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resumo Esta tese apresenta os resultados de experiências de correlações angulares 
perturbadas (PAC), uma técnica experimental que mede as interacções 
hiperfinas em sondas - iões radioactivos implantados nos materiais a estudar, 
o que permite inferir informação local à escala de dimensões atómicas. Foram 
também utilizados cálculos ab-initio utilizando a teoria de funcionais da 
densidade electrónica, obtendo resultados que complementam directamente 
as experiências, e outros resultados também usados para investigação teórica.

Estes métodos foram aplicados em duas famílias de materais. As manganites, 
com a possível existência de ordens magnéticas, de carga, orbital e 
ferroeléctrica, têm interesse fundamental e tecnológico. Cálculos iniciais na 
manganite de Ca provam a sua utilidade como complemento de experiências 
PAC neste tipo de materiais. Os resultados experimentais são  depois obtidos 
nas manganites de terra-alcalina- Ba e Sr, com especial interesse estrutural 
devido à variedade de polimorfos possíveis. Com as sondas de Cd e In 
conseguiu-se estabelecer localização dos iões de sonda e a sua estabilidade 
num intervalo de temperatura grande, e  uma comparação com os cálculos 
permite a interpretação mais aprofundada dos resultados.   Cálculos das 
propriedades hiperfinas nas manganites de terras-raras também são 
apresentados. O segundo tipo de materiais em que foram estudadas as 
propriedades hiperfinas são os pnictídeos de Manganês: MnAs, MnSb, e MnBi. 
Os resultados experimentais obtidos  consideram principalmente o MnAs, cuja 
transição magneto-estrutural tem maior interesse. A transição foi estudada em 
detalhe com a resolução local da técnica, com a obtenção de informação do 
carácter da transição, também com o complemento de outras técnicas mais 
convencionais.

O último estudo desenvolvido nesta tese utiliza apenas os cálculos de 
primeiros princípios, continuando com o tema das interacções hiperfinas, mas 
desta vez em relação com a ferroelectricidade. São considerados vários óxidos 
com metais de transição com estruturas de perovskite ou distorcidas. O 
gradiente de campo eléctrico existente devido à interacção quadrupolar nos 
núcleos é relacionado com a polarização eléctrica espontânea, que é a 
principal quantidade medida em ferroeléctricos. Este estudo dá uma base 
fundamental teórica a alguns estudos empíricos antigos, sugerindo novas 
direcções de investigação em ferroeléctricos e multiferróicos utilizando 
técnicas de medida do gradiente de campo eléctrico.
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abstract This thesis presents the results of perturbed angular correlation (PAC) 
experiments , an experimental technique which measures the hyperfine 
interaction at probes (radioactive  ions implanted in the materials to study), 
from which one infers local information on an atomic scale. Furthermore, ab-
initio calculations using density functional theory electronic obtain results that 
directly complement the experiments, and are also used for theoretical 
research.

The last work in this thesis uses only the first principles calculations, continuing 
the theme of the hyperfine interactions, but this time with respect to 
ferroelectrics. Several transition metal oxides with perovskite or distorted 
structures are considered. The electric field gradient which exists due to the 
quadrupole interaction in nuclei is related to the spontaneous electric 
polarization, the main quantity measured in ferroelectrics. This study provides a 
fundamental theoretical basis for previous empirical studies, suggesting new 
directions for research in ferroelectrics and multiferroics using techniques which 
measure the electric field gradient.

These methods were applied in two families of materials. The manganites, with 
the possible existence of magnetic, charge, orbital and ferroelectric orders, are 
of  fundamental and technological interest. The experimental results are 
obtained in the alkaline-earth manganites (Ca, Ba, Sr), with special interest due 
to the structural variety of possible polymorphs. With probes of Cd and In the 
stability of the probe and its location in a wide temperature range is established 
and a comparison with calculations allows the physical interpretation of the 
results. Calculations of hyperfine properties in rare-earth manganites are also 
presented. The second type of materials in which  hyperfine properties were 
studied are the Manganese pnictides: MnAs, MnSb, and MnBi, compounds in 
which magnetism is fundamental. The experimental results obtained mainly 
consider the MnAs compound, whose magneto-structural transition is of great 
interest. The transition is analyzed in detail with the local resolution 
characteristic of the technique, obtaining information of the character of the 
transition also with complementary, more conventional techniques.
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Chapter 1

Introduction and Thesis Outline

This thesis reports on research done from January 2008 until the end of 2011, at the Physics

Department of Universidade de Aveiro, and at the ISOLDE-CERN (Isotope Separator On-Line)

isotope production and implantation facilities, and associated solid-state physics laboratory.

The work here developed fits within the concept of the author’s group, while using local

probe nuclear techniques to study atomic scale phenomena in materials of interest, and, in a

complementary way, the simulation of such properties. Looking forward to extend the analy-

sis and interpretation capabilities, the present work presents simulations and measurements of

hyperfine properties, by using some of the most accurate methods available.

The experimental part of the work concerns mainly the use of time-differential γ−γ Perturbed

Angular Correlation (PAC) spectroscopy (at the isotope separator on-line (ISOLDE) facility at

CERN). The information obtained from this spectroscopy technique results from the hyperfine

interaction of nuclear moments of excited nuclear states with their magnetic and charge local

environment. In this case, radioactive isotopes with appropriate excited states are implanted

into the samples to study.

The local information obtained with these probes may be unique and essential in many ma-

terials, in which it is thought that very local (atomic or nano scale) phenomena are key factors to

understand the emergent physical properties, e.g. in colossal magnetoresistance manganites [1],

multiferroics, or energetically frustrated materials, where different types of charge, spin, orbital,

and lattice interactions correlate and compete.

The theoretical part of the work uses Density Functional Theory (DFT) calculations [2,

3]. Nowadays, development of computing power and sophisticated first-principles algorithms

using powerful numerical methods allow accurate prediction of numerous interesting and useful

material properties. New materials do not need to be created and studied, and the use of

computations also gives the opportunity to investigate separate degrees of freedom; examples:

only variation of a certain structural parameter is taken into account, or only variation in

magnetic order is considered keeping the structure constant, or pressure variation, with a control

and depth that is often not possible in experiments.

However, there is not a magic tool with advantages, without any limitation, and many cases

are not yet fully understood using DFT calculations where the interpretation of the results is

1
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still not straightforward. For example, among other things, Mott-like insulators and van der

Waals forces are not well described with standard local and semi-local density approximations,

although more sophisticated exchange-correlation approximations have been proposed to deal

with these problems. But even disregarding fundamental limitations of the approximations

used, in complex materials where many factors compete with equal weight to the determination

of the stable states, technical limitations such as the numerical accuracy provided by a given

code may become limiting. On the other hand, experimental hyperfine measurements suffer a

difficult direct or poor empirical interpretation, without some kind of theoretical basis. Often

the combination of experimental hyperfine measurements with the information taken from DFT

calculations is the best approach required to do a confident analysis. Therefore, the larger

part of this thesis conveniently provides both experiment and theory. In the present case,

PAC experiments are the first motivation for the calculations, also working as a cross check

of the calculated values, and the theory provides the underlying physical explanation, with

complementary physical insight of different properties.

The sectioning and presentation of this work has a strong basis on previously prepared articles

on similar topics. However, the work still pertains to different families of compounds, and some

fragmentation of content was unavoidable. Nevertheless, there is a great degree of similarity,

not only in the methods applied - mainly PAC and first-principles calculations - but as well

as by providing an integrated analysis of the different results in the themes adressed, namely:

transition-metal oxides (manganites and perovskite ferroelectrics), magnetism due to manganese

and its interplay with other degrees of freedom (manganites and manganese pnictides).

The organization of this thesis report adopts new directives where the development of ex-

planations of subjects and methods is reduced to reasonable minima when appropriate. Hence,

the next chapter briefly presents the main techniques and references with no exhaustive sur-

vey of the methods. Still, the technical knowledge aspects, which are important for a deeper

comprehension of the subsequent results, are presented.

The following chapters, embracing the results and discussion, are divided according to the dif-

ferent classes of materials studied: chapter 3 concerns the trioxide manganese based compounds

commonly known as manganites. After an introduction to the whole chapter, section 3.2 con-

sists of the exact reproduction of a published article [4] where DFT calculations of the electric

field gradients and electronic structure study CaMnO3. This is a natural starting point of the

calculations, since there was already a considerable amount of experimental 111mCd/111Cd &
111In/111Cd PAC data in CaMnO3 and similar Ca based compounds [5, 6], which could be

compared to theory. It serves also as an introduction to the subsequent experimental work in

the other alkaline-earth manganites. The experimental PAC value in CaMnO3 was successfully

calculated while gaining more insight for the limitations and abilities of DFT calculations when

applied to this topic and compound. The results presented in this section are also relevant

to the previously studied Cd based manganites [7], since some calculations consider very high

concentrations of Cd (Cd0.5Ca0.5MnO3). However, this will not be explored in this thesis. The

situation of very low Cd concentrations, corresponding to the highly diluted impurity limit used

in the PAC measurements, is more relevant for our analysis.
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The work on other alkaline-earth manganites (SrMnO3 and BaMnO3) is presented in sec-

tion 3.3, and makes use of DFT calculations, with similar methods to those used in section 3.2,

presenting, however, a more detailed study. In addition, PAC studies were conducted and com-

plemented by magnetization and X-ray diffraction measurements. BaMnO3 and SrMnO3 are

more complex, at least from the structural point of view, since they form hexagonal polymorphs,

distorted forms of the basic perovskite structure. Many phases can be formed with different layer

packing configurations of MnO6 octahedra, and the amount of each phase depends sensitively

on the synthesis conditions. Since one of the main purposes of this study was a direct compar-

ison of experiment with theory, the emphasis was placed on mostly single-phase samples with

simple structures. The SrMnO3 form obtained, 4H, is relatively simple, while BaMnO3, 6H,

and especially 15R are notoriously more complex, with more atoms per unit cells, due to the

higher number of atomic layers in the hexagonal c axis. The computational study presented

is more detailed in the SrMnO3 phase, where the simpler interpretation and better agreement

with experiments are also achieved (the calculations consider the 111mCd probes used in the

PAC experiments with Cd impurities diluted in supercells of 4H-SrMnO3). The PAC results

obtained in BaMnO3 are more intriguing, with multiple observed electric field gradients, some

agreeing perfectly with theory, for regular Cd cations on the lattice, but also small fractions

which cannot be explained by the calculations considered and remain out of the scope of the

interpretation, probably due to point defects not considered.

There is now great interest in the so-called multiferroics: materials where magnetic and elec-

tric orders coexist and couple, holding promises, for instance, in the creation of new functional

devices or high density memory capacity [8, 9]. The rare-earth manganites, possessing both

magnetic and ferroelectric orders at low temperatures, are examples which allow us to study

this phenomenon. A last section in chapter 3 is devoted to the small radius rare-earth mangan-

ites (YMnO3, HoMnO3, ErMnO3, LuMnO3). These compounds present hexagonal structures,

distinct from the perovskite based structures of other manganites [10]. The denser orthorhombic

phases of these compounds can also be synthesized [11] in high-pressure or soft-chemistry condi-

tions. Both forms exhibit interesting multiferroic properties [12, 13]. Whereas the orthorhombic

phases are not the object of the current study, the hyperfine parameters still provide an op-

portunity to observe the local structure, with the potential to improve our understanding of

the mechanisms at play in the coupling of the various orders. Profiting from the existing ex-

perimental work on the hexagonal manganites, within the author’s group [14], we address the

hyperfine parameters as studied by DFT calculations, which are quite sensitive to the exact

calculation method and description of the compounds. This is a taste of the increased degree

of difficulty due to materials complexity. Therefore, different calculations are tested, varying

e.g. the magnetic order, structure, electronic correlations, and analysing the influence of these

degrees of freedom in the hyperfine parameters. This chapter is mostly a speculative study,

although some aspects of comparison with PAC experiments are explored in the last section.

Chapter 4 (peer-reviewed article [15], except for the appendix) continues with this method-

ology but a different family of compounds is studied: the manganese pnictides MnAs, MnSb,

and MnBi. Special attention is given to MnAs, reflecting a larger interest in this system from
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the scientific community in recent years. Some similarity is seen between MnAs and manganites,

since there is, e.g. , a magnetoresistance effect, and other effects resulting from the interplay of

magnetic and structural orders, such as spin-phonon coupling and magnetocaloric effect. The

main result from experimental studies is a detailed analysis of the phase transition at an atomic

scale. The calculations confirm a simple substitutional picture for the local probe used in the

experiments (77Br/77Se), and give a general picture for the electronic structure of the manganese

pnictides, improving previous calculations.

Chapter 5 is different both in the methods applied and in the studied properties of the ma-

terials. Calculations of spontaneous polarization are performed for a series of perovskite oxide

structures, such as the classic ferroelectrics BaTiO3 and PbTiO3. In contrast with the previous

topics, the magnetism is not an important degree of freedom in these compounds, where metal

ions in the perovskite structures have formally empty d-shells. The original part of this chapter

is solely based on DFT calculations. Nevertheless, some of the results focus on existing materials

and are obviously compared with the relevant existing experimental results. While these ma-

terials are extensively studied, and both their ferroelectric properties and hyperfine parameters

were measured in a variety of conditions, the relation between them was not considered except

in a few works where experiments were compared to empirical models. The analysis presented

here provides another point of view for this relation, based on ab-initio simulations, and showing

a clear relationship between the electric field gradients and polarization.

The two specific methods which were used in this thesis for the implementation of DFT are:

the projected augmented-wave (PAW) method, and the linear augmented plane wave method,

respectively, with the VASP [16] and WIEN2k [17] codes. The first purpose of this work is the

direct comparison of the quantities measured with PAC (electric field gradients and hyperfine

fields), with the results from calculations, for which WIEN2k is the most tested code. However,

the calculation of the electric polarization is more easily achievable with VASP, using the modern

theory [18, 19].

The work presented in this thesis received financial support by research projects

POCI/FP/81979/2007, CERN/FP/83643/2008, FP-109357-2009, CERN-FP-109272-2009,

PTDC/FIS/105416/2008, CERN/FP/116320/2010, Isolde projects, EURONS, ENSAR, the

AQUIFER research program at Universitá L’Aquila, and the FCT PhD grant SFRH/BD/42194/2007.



Chapter 2

Methods

2.1 Experimental radioactive methods

At the ISOLDE-CERN facility, where part of the work was done, high purity beams of a

large variety of isotopes are produced by sending a 1 GeV proton beam to a target, where n-

spallation, fragmentation, and fission reactions originate the isotopes. They are then separated

according to their mass by magnetic fields and delivered as a low energy (< 60 keV) beam

to different experiments. The probe nuclei are then implanted in very dilluted concentrations

(at most, parts per million), therefore impurity-impurity interactions are negligible, and high

solubility of the impurity probe in the host is not necessary, aiming to keep the probe element

from changing the properties of the host material.

Still, ion implantation may create point defects, thus reducing the accuracy of the intended

measurements. In order to minimize this effect it may be enough to anneal the sample, such

that ideally the added thermal energy promotes the probes and their local surroundings to their

equilibrium positions. This is done in high temperature furnaces typically at ∼ 700-1000 C,

depending on the characteristics of the chosen sample, under controlled atmospheres.

The time-differential γ-γ perturbed angular correlation technique (PAC) uses radioactive

isotopes and measures their nuclear spin precession due to the hyperfine interactions of extranu-

clear internal fields with the nuclear moments. The advantages of using radioactive isotopes rely

on the fact that the excited states can be found with appropriate spin, µ - magnetic moments,

and/or Q - quadrupole moment for a certain element, when their corresponding stable isotope

has no appropriate states and NMR/NQR cannot be applied. An additional advantage of ra-

dioactive spectroscopy methods comes from the fact that generally an experiment requires a

small amount of atoms ∼ 1011-1012, which keeps impurity doping at very low levels, as required

to study and simulate highly diluted systems. The variant of the PAC method considered in

this work uses isotopes with a γ-γ decay cascade.

The coupling of the nuclear quadrupole and magnetic dipole moments with the local en-

vironment of the nuclei, due to the electric field gradient and magnetic hyperfine field, splits

the nuclear energy magnetic sublevels. There are changes in the occupations of sublevels in

the time of the interaction, and, consequently, the emission probability of a γ particle becomes

5
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Figure 2.1: a) 4 detector PAC setup. b) 6 detector PAC setup.

time-dependent.

A PAC setup has an array composed of 6 or 4 detectors placed at relative angles of 90◦

and 180◦ [20]. A usual 4 detector setup is shown in figure 2.1(a), with the detectors at right

angles to each other and the radioactive sample placed in the center. It is generally used for

single crystalline samples. A 6 detector setup, shown in figure 2.1(b), can be more efficient.

The experimental PAC observable function is built by combining spectra at 90◦ and 180◦, and

is generally expressed by

R(t) = 2
N(180◦, t) −N(90◦, t)

N(180◦, t) + 2N(90◦, t)
, where N(θ, t) = n

√

√

√

√

n
∏

i=1

N0i(θ, t), (2.1)

with N0i(θ, t) being the experimental coincidence spectra taken at angle θ, as a function of time t,

after subtraction of the chance coincidence background. This expression has several advantages:

it corrects for severe systematic and geometric differences on efficiency of detectors (
∏

n
i=1),

eliminates the exponential part of the intermediate state of the cascade, and it approximates

to a simpler representation of the perturbation function R(t) ∼ A22G22(t); G22(t) contains all

relevant information regarding the hyperfine interactions to study. Finally, 4-det./6-det. PAC

setups have 4/6 det. at 180◦ and 8/24 at 90◦ combinations.

The start and stop photons are detected in accordance to their energies, in a selected energy

window, and within a time window depending on the half-life of the intermediate state of the

γ-γ cascade. After detecting the first photon, the nuclear spins precess in the intermediate state

due to the extranuclear fields, the frequency of which is reflected in the second decay, in the

time-dependence of the anisotropy of the radiation intensity, and the frequencies associated to

these fields are detected by plotting the correlation function of the two decays R(t). Therefore,

during the lifetime of the second decay, the nuclei interact with their environment, and dynamic

phenomena with times of the order of the ns half-life of typical probes may also be detected by
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Figure 2.2: Schematic diagram of the PAC system and detection of the anisotropic radiation
intensity by the detectors.

PAC.

Fig. 2.1 presents a schematic diagram of the measurement of two coincidence spectra.

The main advantage of this technique is that the hyperfine interactions are local and allow

discrimination of different atomic environments of the probes in the lattice. Regarding other

hyperfine interactions techniques such as Mössbauer effect spectroscopy, PAC has an efficiency

that is temperature independent amid a large number of different isotopes, allowing to perform

a variety of experiments with different probe elements.

The general formula for the perturbed angular correlation W (k1, k2, t) for γ-emitted direc-

tions k1, k2, as a function of time t is

W (k1,k2, t) =
∑

k1,k2,N1,N2

Ak1(1)Ak2(2)GN1N2

k1k2
(t)

1
√

(2k1 + 1)(2k2 + 1)
× Y

Nα
1

k1
(θ1, φ1)Y

Nα
2

k2
(θ2, φ2),

(2.2)

where Y (θ, φ) are the spherical harmonics for inclination angle θ and azimuthal angle φ corre-

sponding to the direction k, A are the anisotropy coefficients, G(t) is the perturbation factor

which contains the hyperfine interaction. ki and Ni are restricted to ki = 0, 2, ...,Min(2I, li + l′i)

and |Ni| ≤ ki. The perturbation factor is given by

GN1N2

k1k2
(t) =

∑

Ma,Mb

(−)2I+Ma+Mb

√

(2k1 + 1)(2k2 + 1)× (2.3)

(

I I k1

M ′

a −Ma N1

)(

I I k2

M ′

b −Mb N2

)

〈Mb|Λt|Ma〉〈M ′

b|Λt|M ′

a〉∗, (2.4)

where I is the nuclear angular momentum, M are the nuclear energy sublevels, and Λ is the

time-evolution operator.

A complete and rigorous mathematical derivation of the theory behind PAC is lengthy and

beyond the scope of this report. The interested reader may consult the references [21, 22], and

references therein.
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To get quantitative information from the PAC spectrum, a theoretical fit is performed by

constructing a function Rfit(t). This perturbation function is calculated by using a software

which finds the eigenvalues and eigenstates of the electric, magnetic or combined interactions

hamiltonian [23]. The function is constructed as

Rfit(t) = 2
W ′(180◦, t) −W ′(90◦, t)

W ′(180◦, t) + 2W ′(90◦, t)
. (2.5)

In the case where more than one environment is present, the effective fit function is

W ′(θ, t) =
∑

i

fiW
′

i (θ, t), (2.6)

where fi are the fractions of the different environments. Usually, even in the same environment

the hyperfine interactions are not the same at all probes, but there is a distribution of hyperfine

fields instead of a single value. This may be a consequence of intrinsic inhomogeneities and

distributions of point defects inside a sample, and leads to the damping of the experimental

PAC spectrum. The distribution of fields can be is simulated by a Gaussian or Lorentzian

function in the fit function by a damping factor characterized by the δ (width) parameter. For

the case of a Lorentzian distribution the attenuation function is

D(δ, t) = e−δω0t, (2.7)

where ω0 is the frequency of the fundamental interaction.

In the following chapters where PAC is used, small introductions to the technique are also

presented.

2.1.1 Isotopes

The 111mCd/111Cd and 111In/111Cd are two of the isotopes used in this thesis (section 3.3).

Their decay schemes are shown in figure 2.3. The 111probe and intermediate state of the cascades

is the 5/2+, 245.4 keV, same state. The nuclear moments of the intermediate state are µ =

−0.766(3) µN and Q = 0.77 b (taken from [24]). Since the intermediate state is the same, the

measured hyperfine interactions are equal if the local environment is the same, when using both

probe isotopes. The properties of the other probe state, 77Br→77Se, used in the MnAs system,

are presented in the respective chapter.

2.1.2 Hyperfine Parameters

The interesting properties from the point of view of solid-state materials physics obtained

from the PAC measurements are the Electric Field Gradient tensor (EFG) and the Magnetic

Hyperfine Field (MHF). The EFG is measured from the hyperfine interaction between a charge

distribution with non-spherical symmetry and the nuclear quadrupole moment Q. The mea-

surement of the quadrupole interaction and the knowledge of the probe’s quadrupolar moment
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Figure 2.3: 111mCd (left) and 111In (right) γ-γ decay cascades, showing half-lives and energies
of the decays, and the nuclear spins of the involved states.

gives the EFG. The EFG is defined as the second rank tensor, symmetric and traceless, with

components taken from the second spatial derivatives of the Coulomb potential at the nucleus

site.

Since the EFG is traceless, only two components are needed to define it in its diagonal

form. In the analysis of measurements the quantities usually considered are Vzz and η = (Vxx −
Vyy)/Vzz, called the axial asymmetry parameter. Vxx, Vyy and Vzz are defined according to

the convention |Vzz| ≥ |Vyy| ≥ |Vxx|. The tensor in the laboratory frame may not be initially

diagonal, but the hyperfine parameters only depend on its symmetry and coupling energy of

the interactions, hence the observed frequencies are independent of the reference frame. In the

study of single crystals, the charge distribution interacting with the probe nuclei is oriented with

respect to the crystalline axis, which is revealed by the different amplitudes of the characteristic

frequencies. However, the crystal directions of the EFG cannot be measured in polycrystals,

which is the case in the studies presented here.

The observable frequency with PAC depends on the quadrupole nuclear moment and EFG

in the following way:

ωφ =
2π

4I(2I − 1)
νQk, with νQ =

eQVzz

h
, for η = 0, (2.8)

where I is the nuclear spin and k = 6 for half-integer spin. νQ is called the “reduced frequency”

of the interaction and is independent of η and I.

The magnetic hyperfine field (MHF or Bhf ), arising from the dipole-dipole interaction be-

tween the nuclear magnetic moment and the magnetic moment of the extranuclear electrons,

can be expressed by

Bhf =
ωL~

gµN
, (2.9)

where µN is the nuclear magneton, g the g-factor and ωL the observable Larmor frequency.
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Interpretation and construction of Vzz and Bhf

When calculated by the L/APW+lo method (WIEN2k code) the EFG for transition metal

nuclei can be separated in different contributions, where usually the contributions from p and

d states are the largest. V p
zz and V d

zz have been found to be proportional to the difference of

orbital occupancies in both cases [25], with

V p
zz ∝ 〈 1

r3
〉p[

1

2
(px + py]) − pz] (2.10)

and

V d
zz ∝ 〈 1

r3
〉d[dxy + dx2

−y2 −
1

2
(dxz + dyz) − dz2 ]. (2.11)

For interpretation of the physical origin behind Bhf , it is usual to decompose it in four terms:

Bhf = BC + Borb + Bspin + Blatt, (2.12)

where BC is the Fermi contact interaction of the electronic spin density at the nucleus with the

nuclear magnetic moment, Borb and Bdip are the contributions of the magnetic interaction due

to the electronic orbital momentum and electronic spin momentum, respectively, and Blatt is a

contribution from the other atomic orbitals in the lattice, usually negligible.

The Fermi contact hyperfine interaction BC is given by

BC =
8π

3
µBm(0), (2.13)

where m(0) is the spin density at the nucleus,

m(0) =

∫ EF

dǫ[n+(0, ǫ) − n−(0, ǫ)]. (2.14)

In the analogous interaction rederived for the relativistic case [26] the spin density at the nuclear

position is replaced by the average magnetization over a region within the Thomson radius,

rT = Ze2

mc2
.

The orbital and dipole interactions are calculated as

Borb = 2µB〈Φ|S(r)

r3
−→
l |Φ〉 (2.15)

and

Bdip = 2µB〈Φ|S(r)

r3
[3(−→s −→̂r )

−→̂
r −−→s ]|Φ〉, (2.16)

where Φ is the long range component of the relativistic wave function,
−→
l is the orbital moment

of an electron localized in the atom in question, and S(r) is the reciprocal of the relativistic

mass enhancement of the electron mass, defined by:
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S(r) =

[

1 +
ǫ− V (r)

2mc2

]

−1

(2.17)

2.2 Density Functional Theory Calculations

A brief description will be given of the basic theory behind the first-principles calculations,

and the two different implementations used. Solving the Schrödinger equation traditionally

involves finding the wave-function. Nowadays, the most common alternative way of solving

the quantum-mechanical problem approximately in solids (and, more recently, molecules), is

density functional theory (DFT), where the basic variable is the electronic density. The basis

for this are the Hohenberg-Kohn theorems [2], where it is shown that the electronic density in a

universal functional minimizes an expression for the total energy when the density corresponds

to the ground-state electronic density, and that it corresponds uniquely to the ground-state

wave function. The practical way to solve for the density is usually solving self-consistently the

Kohn-Sham equations [3]:

(− ~
2

2m
∇2 + Vs(r))φi(r) = ǫiφi(r), (2.18)

where VS is the effective potential of a single-particle problem:

VS = Vext. +

∫

n(r′)

r− r′
dr′ + Vxc(n(r)) (2.19)

Vext. is the external potential including the nuclei (since the Born-Oppenheimer approximation is

used) or any applied external fields. Vxc is called the exchange-correlation potential and includes

all the many-body effects which cannot be exactly calculated in this method. Starting with an

initial density, the potential VS is constructed to find the orbitals φi, which are then used to

find a new density using

n(r) =
N
∑

i

|φi|2. (2.20)

Iterating this procedure self-consistently the density eventually converges, and even though it

uses single-particle potentials, it would correspond exactly to the ground-state density of the

many-body system, assuming a complete knowledge of all the functionals used in the equa-

tions. However, in practice, Vxc, the exchange-correlation potential is unknown and must be

approximated. The most basic approximation is the Local Density Approximation (LDA),

wherein at each point in space the exchange-correlation potential corresponds to the exchange-

correlation potential of an electron gas with uniform density equal to the density at that point

(the exchange-correlation of the homogeneous electron gas for various densities has been solved

using the quantum Monte-Carlo method). This approximation is, surprisingly, very useful, but

for materials where there are localized sudden variations of the density in space it is revealed

insufficient. A small improvement to solve this problem consists of making the potential also a

function of gradients of the density at that point, resulting in the so called generalized gradient

approximation (GGA), the term “generalized” coming from certain rules to which the gradients
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must obey. Both the approximations may be generalized to include spin. These schemes usu-

ally both fail in the accurate description of strongly correlated systems, but there are presently

other functionals that improve the results in such cases such as LSDA+U or hybrid functionals.

LSDA+U will be considered in this thesis on the rare-earth manganites.

There are now many codes available with different implementations to solve the Kohn-Sham

equations. The main differences between these implementations are in the description of φi,

and in the use (or not) of pseudopotentials. The two methods used in this thesis are the

linear augmented plane wave + local orbitals method L/APW+lo (WIEN2k code [17]) and the

projector augmented wave PAW, as implemented in the VASP code [16].

2.2.1 L/APW+lo method (WIEN2k) and PAW method (VASP)

The basic idea of wave function description in WIEN2k is in the older augmented plane wave

(APW) method. In this method, the unit cell is divided in two kinds of regions: spheres centered

at the atomic nuclear positions (so-called muffin tin spheres) and the remainder interstitial space.

The basis functions for the Kohn-Sham orbitals are different in the two regions. In the interstitial

space, plane waves are used (eiG.r), where G is a vector in the reciprocal lattice). Inside the

spheres, atomic-like functions are used, of the form
∑

lmAK
lmul(r

′, ǫ)Ylm(r̂′), where Ylm(r̂′) are

spherical harmonics for orbital quantum number l and magnetic quantum number m, ul(r
′, ǫ) is

the solution of the radial Schrödinger equation in a spherical potential for an energy ǫ, where the

AK
lm coefficients are chosen to match the functions with the plane waves at the sphere boundary.

The L/APW+lo method as implemented in WIEN2k further uses linearization energies and

local orbitals to improve the accuracy and efficiency of the calculation (see e.g. [27] for details).

This method is among the most accurate in DFT.

The other code used in the this work is VASP, with an implementation of the projector

augmented-wave (PAW) method [28]. Similarly to the L/AWP+lo method, it also makes use

of the full wave-functions (without the approximation of pseudopotentials), it is a so called all

electron method.

The PAW method has similarities with both the L/APW+lo method (which is a special

case), and to the pseudopotential method (which is a well defined approximation) [28].

Figure 2.5 compares the EFG tensor component Vzz obtained with the BaTiO3 ferroelectric

compound, calculated using WIEN2k and VASP codes. The calculations were done in the

following way: considering the tetragonal ferroelectric structure measured, we use the scaling

parameter ∆ value which represents fractions of the atomic displacements, starting from the

undistorted ideal perovskite (∆ = 0), up to ∆ = 1.2, where ∆ = 1 corresponds to the ex-

perimental structure. The lattice parameters are fixed on the experimental tetragonal values

(a = b 6= c and α = β = γ = 90). The unit cells for the structures corresponding to ∆ = 0

and ∆ = 1 are shown in figure 2.4. . The energy variation with both methods is also shown in

figure 2.5. The energy differences between the polar and centrosymmetric phases are approxi-

mately the same in both methods. Vzz as a function of ∆ is also shown in fig. 2.5, and we find a

reasonable agreement between both methods of calculation, in a sensitive quantity such as Vzz.
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Figure 2.4: a) Tetragonal reference paraelectric structure, with atoms at ideal positions. b)
Measured tetragonal ferroelectric structure, with small vertical displacements for the Ti (grey)
and O (red) atoms.

Figure 2.5: Left : Total energy as a function of ferroelectric distortion in BaTiO3, as obtained
with the L/APW+lo method (WIEN2k code) and PAW method (VASP code), with red and
black circles, respectively. The zero of the energy scale was set as the energy minimum for both
calculations. Right : Vzz as a function of ferroelectric distortion in BaTiO3, as obtained with the
L/APW+lo method (WIEN2k code) and PAW method (VASP code), corresponding to the
closed and open symbols respectively. Different atoms are represented by the different colors
and symbols: Ba = red circles; Ti = green squares; apical O = blue diamonds; equatorial O =
violet triangles.





Chapter 3

Manganites

3.1 General Introduction

The first part of this chapter is dedicated to the perovskite manganites. This well studied but

still intriguing class of materials, was discovered and characterized (structure and magnetism) by

Jonker and van Santen in 1950 [29], for manganites with Ca/Sr/Ba and La. In the following early

studies, a detailed magnetic characterization of La1−xBaxMnO3 was done using neutron diffrac-

tion by Wollan and Koehler [30]. The double-exchange model [31, 32] was used to understand

their basic properties, where the metallic ferromagnetic state in the mixed-manganites is ex-

plained by the hopping of electrons between Mn3+ and Mn4+ sites. This hopping is favoured for

parallel Mn spins, due to the Hund’s coupling in the d-shells of Mn atoms and indirect exchange

between Mn atoms through the O atoms. However, there are ferromagnetic and paramagnetic

insulating states, charge and orbital ordered states, that are not explained within this simple

model concept, and the model only explains qualitatively the other states.The doped LaMnO3

system is the most investigated, due to the spin, electronic and lattice couplings, resulting in

striking phenomena such as colossal-magnetoresistance, the change in resistance of several or-

ders of magnitude observed in LaMnO3 based (doped with Ca or Ba) thin films [33, 34]. In

section 3.2, the calculation of the EFGs in the prototypical Ca manganite will be presented, with

special emphasis in the consideration of Cd dilluted impurities in the supercell. This choice is

due to the extensive use of the 111mCd/111Cd probe in PAC studies. The experimental value was

already determined, and therefore we concentrate in the theoretical study, and show that the

DFT calculations with supercells can reproduce the experimental value in good agreement for

relatively large Cd concentrations, or small number of atoms. Thus we establish the feasibility

of this type of calculations for direct comparison with PAC, which will be used also for the other

alkaline-earth manganites (section 3.3). An analysis of the electronic structure is also made.

Using the above results, section 3.3 is dedicated to the other two most studied alkaline earth

end compounds, BaMnO3 and SrMnO3. This is also a reproduction of an article, to be submitted,

where experimental studies were also conducted. The main part of the experimental results is

dedicated to the EFGs obtained with PAC using 111mCd/111Cd and 111In/111Cd probes. The

structures are in this case more complicated, but the computational results are more useful for

15
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the interpretation of the spectra. We can establish the nature the main environments detected

in the spectra by comparing with theory.

Section 3.4 is dedicated to another structural form of manganites, stabilized when the man-

ganese oxides are based in small rare-earth atoms. The rare-earths of higher atomic number

and Y, Sc have smaller ionic radii, and the perovskite or perovskite-based structures previously

studied are not found in usual conditions. Instead, an hexagonal polytype is formed. It is

possible, however, to stabilize the corresponding perovskite distorted orthorhombic structures

in these compounds, using high-temperature and high-pressure during synthesis. These types

are also multiferroics, predicted [35], and subsequently observed [36], and are also of interest

due to their magnetoelectric couplings. They are improper magnetic ferroelectrics, because the

ferroelectricity is caused by the magnetic structure, and therefore TC coincides with the estab-

lishment of the magnetic order. However, the focus here will be instead in the stable hexagonal

forms, P63/mmc high temperature paraelectric and P63cm low temperature ferroelectric (and

antiferromagnetic) structures found in small rare-earth manganites, particularly in the cases

of YMnO3, HoMnO3, ErMnO3 and LuMnO3. Different order parameters influence the ferro-

electricity in these compounds, in comparison to the orthorhombic variants, since they become

ferroelectric at much higher temperatures than they order magnetically, in contrast to the strong

coupling between magnetic and dielectric orders seen in the orthorhombic variants.Nevertheless,

some magnetoelectric coupling has also been found. The main purpose here is the calculation

of hyperfine parameters (EFGs and MHFs) in the pure compounds. These are very sensitive

parameters, and the influence due to magnetism, structure and electronic correlations on these

results is considered in different calculations, especially in the case of Y. A small final appendix

presents a few calculations with Cd impurities, for the comparison with PAC experiments.
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3.2 First principles calculations of hyperfine parameters on the

Ca manganite with substitutional Cd - modeling of a PAC

experiment

This section is the exact reproduction of a published article [4] (J. N. Gonçalves et al.

Journal of Magnetism and Magnetic Materials. 2010;322(9-12):1170-1173. Proceedings of the

Joint European Magnetic Symposia).

Abstract

The APW+lo (augmented plane waves + local orbitals) method of density functional theory,

as implemented in the Wien2k code, is applied to calculate the electric field gradient of man-

ganites. We report the first-principles calculations on CaMnO3, and modeling of a perturbed

angular correlation experiment with implanted 111mCd isotope. To model the experiment we

additionally calculate in Ca1−xCdxMnO3, where we substitute Cd at the Ca site. Increasing

Cd dilution is done with the use of supercells. We find that the experimental CaMnO3 low-

temperature value V zz ≈ 6 × 10−21V/m2 is reproduced, when optimizing internal parameters.

The analysis of the EFG tensor at the Ca atoms, with different electric field gradients at in-

equivalent positions, reveals that the convergence of the calculations is obtained.

3.2.1 Introduction

Manganese based oxides also known as manganites have been extensively researched because

of both technological potential and theoretical interest, derived from the complex coupling of

magnetic, electric, orbital and structural orders. Although these oxides appear to be quite

difficult to describe in analytical frameworks, computational methods have given interesting

insight in recent years. We report ab-initio density functional theory calculations (DFT) of the

CaMnO3 compound, and its Cd substitutional compounds of the form Ca1−xCdxMnO3. Density

functional theory has been mostly used with LaMnO3 and related compounds. In the case of

the compound CaMnO3, it was used to describe its structural and ground-state properties [37],
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and electronic structure [38], for example.

The calculation of hyperfine parameters has been done with success e.g. in metals [39] and

high-TC superconductors [40], but, to our knowledge, there is not a detailed analysis of this

property in manganites, using ab-initio methods. The electric field gradient (EFG) of the Ca

manganite is analyzed here in detail, comparing the results with a Time-differential Perturbed

angular correlation experiment (TDPAC).

The EFG is the symmetric traceless tensor with components taken from the second spatial

derivatives of the Coulomb potential at the nuclear position. In the principal axis frame of

reference of the EFG tensor, the components of interest are Vzz and the asymmetry parameter

η, defined as |Vzz| > |Vyy| > |Vxx| and η = (Vxx − Vyy)/Vzz. It is measured from the hyperfine

interaction between nuclear charges with non-spherical symmetry and the quadrupole nuclear

moment Q. The measurement of the quadrupole interaction gives the EFG, when there is an

accurate knowledge of the probe quadrupolar moment. It can be related the frequency of the

interaction by νQ = eQVzz/h, when η = 0 (numerical methods are employed when η 6= 0 and

the quadrupole interaction cannot be diagonalized exactly). The EFG is a sensitive quantity,

depending mainly on the local (close to the nucleus) charge density. Thus the understanding

of results obtained from this quantity provides local atomic scale information. In TDPAC

spectroscopy, this property can be measured, provided a suitable isotope, in a wide range of

temperatures. This study is relevant not only to the support and interpretation of experimental

TDPAC data, which is needed, but also for the theoretical study of cadmium impurities in

the Ca manganite. The EFG is obtained directly from the charge density, without arbitrary

correction factors, as is the case for the point charge model.

3.2.2 Calculation Details

In this work we use the Wien2k code [17], that implements the augmented plane wave method

with local orbitals (APW+lo) approach. This method divides the space into non overlapping

spheres, described with spherical harmonics and the interstitial region, described with plane

waves. It’s an all electron method, thus suitable to calculate hyperfine parameters. The spheres

radii used are 2.01, 1.82, 1.62 and 2.13 a.u., for Ca, Mn, O, and Cd respectively. The integration

is done in the reciprocal space with the tetrahedron method. An adequate number of k-points

that provides converging results is selected. The basis size allows plane-waves with Kmax = 4.22

a.u.−1 for one unit cell of 20 atoms, and Kmax=3.70 a.u.−1 with bigger cells. The calculations

are all spin-polarized.

CaMnO3 is a nearly cubic distorted perovskite, it forms an orthorhombic structure with the

space group 62 (Pnma). Its structure is well known experimentally [41]. We also modeled a

TDPAC experiment, by introducing a Cd impurity. The Cd is substitutional at the Ca site when

implanted and annealed to perform TDPAC experiments [6]. The implanted quantities are very

small (of the order ppm) thus requiring a dilution limit study. With the orthorhombic unit cell

of pure CaMnO3, which contains 4 formula units, we can substitute one Ca by a Cd atom and

get the stoichiometry (Ca0.75Cd0.25)MnO3.To increase the dilution we construct supercells by a
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periodic repetition of the CaMnO3 unit cell and subsequent Cd substitution at one of the Ca

atoms. We have used this approach to calculate increasingly diluted compounds until a low Cd

concentration of x = 0.06125(x is the Cd concentration in the formula Ca1−xCdxMnO3), for a

80 atoms unit cell (2x1x2 of the previous orthorhombic cell).

We have kept the lattice parameters fixed to the low-temperature experimental values of the

pure compound [41], but the correct description of the electric field gradient requires at least

internal structural relaxation when calculating with impurities, even in highly diluted situa-

tions [42], so the internal atomic position parameters were optimized by minimizing calculated

atomic forces. With a simpler point charge model it would not be possible to find the correct

structure self-consistently.

The experimental TDPAC EFG values [6] for CaMnO3, to be compared with our calculations,

are |Vzz| = 5.97 1021V m−2 (units used throughout this work for Vzz), η = 0.60 at T = 10K,

|Vzz| = 5.93, η = 0.64 at T = 80K, and |Vzz| = 5.82, η = 0.66 at room temperature, T ≈ 290K.

Using these experimental values we extrapolate 0K values to be Vzz = 5.976 and η = 0.593. We

will compare these extrapolated results with the theoretical results, also at T = 0K.

3.2.3 Results and Discussion

Electric Field Gradient

We start by calculating the value at Ca for pure CaMnO3, and we get, using the experimental

structure, Vzz = −2.28 × 1021 V/m−2 and η = 0.81. Optimizing the internal parameters we

obtain Vzz = −2.17 and η = 0.69. However, there are no experimental hyperfine measurements

that can confirm this.

For simplicity, and in order to study the effect of a different magnetic order, we start by

neglecting the true experimental G-AF magnetic state of the low temperature compound, using

instead Mn atoms with a ferromagnetic spin polarization. We have calculated with the General-

ized Gradient Approximation(GGA), with the Perdew-Burke-Ernzerhof(PBE) parameterization

of the exchange-correlation functional [43] and also with Wu-Cohen(WC) parametrization [44].

With the PBE-GGA, at both 25% and 12.5% of Cd, the Vzz at the Cd is −6.4 respectively,

already close to −5.975 [6](value extrapolated from experiment). Since this doesn’t correspond

to the extremely low concentrations of 111mCd of ppm in the sample, the agreement with exper-

iments suggests that at 25% of Cd the Cd atoms don’t interact enough to change considerably

the electronic density of the neighboring Cd. This is consistent with the fact that the chemistry

of manganites is mainly due to the Mn-O interactions, while the Ca site is more ionic. This is

also in agreement with the local character of the electric field gradient.

The EFG values obtained with WC-GGA are presented in figure 3.2. All the values corre-

spond to structures with optimized internal parameters. At x = 12.5%, using the experimental

positions, Vzz is −7.35 and it goes to −6.2 only with relaxation, much closer to the experiment.

The experimental value is the dashed line and corresponds to the TDPAC value obtained for

the CaMnO3 sample, −5.97× 10−21V/m2 [6]. At the x = 0.5 concentration two structures were

calculated, one in which there is inversion symmetry and another were there is no inversion sym-
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Figure 3.1: From left to right: Optimized structures for x=0.5, with inversion symmetry, and
at right without inversion symmetry(color online).

metry (see figure 3.1). The distance between Cd atoms is smaller in the second case. We also

used a 2x1x2 supercell to include 1 Cd atom for each 15 Ca atoms (6.125%). This value is even

closer to the experimental value (fig. 3.2). Considering that the PAC method and quadrupole

moment of 111Cd both have an error associated, a closer value may not be meaningful of more

accuracy anyway. In the results that follows, we continue to use the WC parametrization of the

GGA.

The asymmetry value extrapolated from experiment, η = 0.593, is higher than the theoretical

value at higher dilution. The theoretical values show an increase with higher dilution of Cd

(fig. 3.2) and could approach the experimental value with higher dilution. The different values

of the asymmetry vary much with different concentrations, when the Vzz are more or less the

same, and are more sensitive to small structure variations.

We note that all of the previous calculations have disregarded the true G-AF experimental

magnetic order, using ferromagnetic calculations. We repeated the calculation of the greater

diluted cell with the G-AF arrangement to find if there were appreciable changes. The resulting

EFG values at Cd were Vzz = −6.00, η = 0.52, closer to experiment but essentially unchanged.

The EFG at Mn and O atoms also don’t have high changes with F/A-AF magnetic orders.

There is another way to obtain the EFG, simpler and faster computationally, which is a

point charge model. The EFG is calculated by taking the atoms as punctual ions, considering

only its nominal charge. The different atoms are differentiated by a Sternheimer antishielding

factor [45] γ∞, which accounts for the inner shell polarization of the probe. The only difference

when substituting calcium by cadmium will be in the Sternheimer antishielding factor. Still, it is

useful to see to what extent it is accurate. With pure CaMnO3, experimental structure [41] and

the APW+lo method the results are Vzz = −2.28 and η = 0.81. With PCM, the same structure,

the results are Vzz = −2.11 and η = 0.90, using the Sternheimer factor γ∞ = −13.95 [46].

Although the PCM approximation gives acceptable results in this very simple case, it cannot

calculate systems with impurities or relaxations. Even pure LaMnO3 is already a different case

due to the extra Mn valence electron that creates effects not accounted for by the PCM.

The average EFG of Ca atoms, for the different concentrations, should tend to the value
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Figure 3.2: Vzz(bottom) and η(top) at the Cd sites using different Cd concentrations for the
compounds Ca1−xCdxMnO3, with the Wu-Cohen GGA. The dashed line corresponds to the
value of CaMnO3 at the Cd probe at extrapolated from the TDPAC experiments. The results
for the x=0.5 structure with no inversion symmetry are presented with crosses.

of Vzz of Ca at CaMnO3 (-2.28 from our calculations) in the limit of lower Cd concentration.

This is observed in the figure 3.3 (the cross represents the same structure as before). At a low

dilution, with 25% of Cd, the average value is already very close. The individual atoms have

different components of Vzz due to the different proximity to the Cd impurity, but in this case

each Cd has already Ca atoms as nearest neighbors.

Electronic Structure

The densities of states calculated for the ferromagnetic calculations of Ca1−xCdxMnO3 with

x = 0 and x = 0.125 are presented, for comparison, for the spin down (blue line) and up (red

dashed line) states(fig. 3.4). The main differences are due to the sharp peaks of Cd states (also

indicating that the Cd atoms don’t interact much), at about −7eV , which are isolated in energy,

and at the bottom of the valence band around −6eV . The Cd d states also hybridize with the

valence band between −6 and 0 eV, and contribute to the peak at the bottom of the conduction

band. In spite of these differences, the main features of the electronic densities of states with

substitutional Cd remain the same.

3.2.4 Conclusion

In summary, we have calculated the hyperfine electric field gradient for the manganite

CaMnO3. We have introduced Cd, substitutional at the divalent cation site, in agreement
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Figure 3.4: Density of states for the down(full line) and up(dashed line) spin states, for
CaMnO3(left) and (Ca0.875Cd0.125)MnO3(right). E = 0 corresponds to the Fermi energy.
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with the PAC experiment. Since the EFG is a very sensitive quantity, its correct calculation is

also a good test to the accuracy of the theoretical calculations. Considering the error associated

with the experimental procedure to determine the hyperfine parameters in PAC, we find good

agreement. Several results confirm the convergence of the calculations and the magnetic order

does not change the EFG appreciably at the Ca site. Further work will involve calculations with

other divalent manganites SrMnO3, BaMnO3, complementing TDPAC experimental studies.

Erratum

On page 18 it is stated: “numerical methods are employed when η 6= 0 and the quadrupole

interaction cannot be diagonalized exactly”. What is meant instead of “exactly” is analitically,

and this only for high spins.
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3.3 Hyperfine local probe study of alkaline-earth manganites

BaMnO3 and SrMnO3

Abstract

We report perturbed angular correlations measurements with 111mCd/111Cd and 111In/111Cd

probes, at the ISOLDE-CERN facility, in the manganite compounds BaMnO3, with the 6H and

15R polymorphs, and SrMnO3, with the 4H polymorph. The electric field gradient (EFG) is

measured, and found approximately constant in a large temperature range. The EFG is also

calculated from first-principles with the density functional (L)APW+lo method, and compared

with the experimental results, by considering diluted substitutional Cd impurities. Based on the

results we assign the sites for the 111Cd and 111In probes, as the Ba (for BaMnO3-6H,15R) and

Sr (SrMnO3-4H) sites, apart from fractions of undetermined origin in the case of BaMnO3-6H.

3.3.1 Introduction

Manganites have been the subject of renewed interest in the last years, due to the cou-

pling of various order parameters, resulting in effects such as colossal magnetoresistance and

multiferroicity.

The divalent alkaline-earth based manganites, of the form AMnO3 (where A is Ca, Sr or

Ba) are electronically the simpler cases, since the metal ions can be formally considered as

Mn4+, without the Jahn-Teller distortion resulting from partially filled d orbitals. The observed

structure in these compounds is related to the ion sizes, since the relation between interatomic

distances and structure can be understood by the tolerance factor t = dA O/(
√

2dMn O) [47],

where dA O and dMn O are the interatomic distances: t = 1 corresponds to the ideal perovskite

structure; values greater than one are found in hexagonal manganites, where the number of

MnO6 octahedra which share faces instead of vertices (as in the ideal perovskite) is increased;

values of t smaller than one are concomitant with an orthorhombic structure. In its ground
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state at low temperature, CaMnO3 is orthorhombic, due to the smaller radius (and tolerance

factor) of Ca2+, while BaMnO3 and SrMnO3 are hexagonal. In spite of this apparent simplicity,

the synthesis of the Sr or Ba systems (Ba in particular) is quite complex. An accurate control

of the thermodynamic conditions, temperature and oxygen partial pressure, in the preparation

and in the cooling steps (slow cool or quenching) is very important to obtain a given phase. The

Ba manganite, for example, can be synthesized in the non-stoichiometric form BaMnO3−x with

different values of x (e.g. Adkin and Hayward [48]).

Different polymorphs of hexagonal structures can be formed, corresponding to different

one-dimensional strings of face-sharing octahedra, for example: hexagonal two-layer (hex 2L)

(ABAB), where strings of face-sharing Mn-O octahedra have infinite length, or hexagonal 6H

(ABCACB), hexagonal 4H (ABAC), and rhombohedral 15R, where these strings are periodically

broken (see figure 3.5).

There are several experimental measurements of structural and magnetic properties carried

on various forms of BaMnO3 [49, 50, 51, 52, 53] and SrMnO3 [50, 54]. The computational

methods that enable first-principles calculations have also given a good understanding of these

compounds. Density functional theory (DFT) calculations have been performed for the study

of these systems, with detailed analysis of the density of states, band gaps, band structures

and chemical bonding in the Ca/Ba/Sr manganites [37], of the magnetic and structural proper-

ties [55] and heat capacity and lattice dynamics [37] of cubic and hexagonal SrMnO3. Hartree-

Fock calculations have also been used for the study of magnetic and electronic properties in

CaMnO3 [56]. These works showed the good reliability of the calculations. Recently, DFT

studies have predicted ferroelectric instabilities in specific strain conditions for CaMnO3 [57],

SrMnO3 [58] and BaMnO3 [59], giving these materials the possibility of being multiferroics. More

recently, it was found that the perovskite mixed manganite Sr1−xBaxMnO3 is ferroelectric, with

large polarization and magnetoelectric effects [60].

In this work, we will use a combined theoretical (DFT calculations) and experimental hyper-

fine studies (perturbed angular correlation spectroscopy, PAC) approach to study two poly-

morphs of BaMnO3, and the SrMnO3 compounds. Monophasic samples were synthesized:

BaMnO3 in the 6H phase and 15R phases, and SrMnO3 in the 4H phase.

We will direct our first-principles calculations to the electric field gradient (EFG), which

is compared directly to the experimental PAC data. A local hyperfine property has several

advantages, e.g., it can be related to chemical bonding and structure and can distinguish between

different local environments of atoms, such as different lattice sites, and local defects in the

probe’s neighborhood. Furthermore, these measurements and calculations may be of relevance

to an analysis of the possible ferroelectricity in relation to the EFG, as done e.g. in the mixed

Pr1−xCaxMnO3 manganite [6]. Since the EFG depends sensitively on the electronic density its

calculation will also be a good test of the theory in these systems.

The diagonalized EFG tensor is usually characterized by its component of largest magnitude

Vzz and the asymmetry parameter η =
Vxx−Vyy

Vzz
.

In a previous work, we have presented first-principles calculations, on the CaMnO3 system,

with the goal of understanding PAC results with a 111mCd-111Cd probe. This probe has the
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Figure 3.5: Structural representation of the unit cells of BaMnO3-6H (left), BaMnO3-15R (cen-
ter) and SrMnO3-4H (right). The larger spheres are Ba/Sr atoms, medium spheres are Mn
atoms and small spheres are O atoms. The Ba/Mn atoms and Ba atoms in the BaMnO3-6H
and -15R structures are marked by the number which will be given in the following results.

particular advantage of keeping the element unchanged during the measurement. We considered

the incorporation of a Cd impurity in the manganite matrix, to calculate the properties at the

probe location [4]. Here we use the same approach for the first-principles calculations, and

expand the perturbed angular correlation study on the other alkaline-earth manganites of Ba

and Sr, with the same 111mCd-111Cd probe and also with the 111In-111Cd probe in one case.

In the next sections we present results of calculations for SrMnO3 and for different poly-

morphs of BaMnO3, and discuss the results. Direct comparison with the experiments is done

by performing the calculations with diluted Cd supercells, for the cases of 4H-SrMnO3 and 6H-

BaMnO3. The experimental results are presented in the following section in the same order,

with its interpretation in relation to calculations.
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3.3.2 First principles calculations

We use the mixed LAPW/APW+lo method, as implemented in the Wien2k package [17]. In

this method the space is divided in spheres and the interstitial space. The wave functions inside

the spheres are expandend in atomic like functions, with spherical harmonics where lmax = 10

was used. In the interstitial region the wave functions are expanded in plane waves up to

a maximum wave number, and a maximum wave vector Gmax = 12 a.u.−1 was used for the

expansion of the charge density. Different number of k-points and maximum wave number for

the planewaves were tested in the simple cases to obtain a good convergence of total energy

and EFG. When calculating larger supercells or different structures the number of k-points

was changed accordingly. The GGA functional from Wu and Cohen [44] is used for all the

calculations except if noted otherwise. Core states are treated fully-relativistically while valence

states are treated in the scalar-relativistic approximation.

SrMnO3

SrMnO3 with the 4H structure has the space group number 194, P63/mmc. The fractional

coordinates and Wyckoff positions of the atoms in this structure are the following: Sr1: 2a;

Sr2: 2c; Mn: 4f (1/3,2/3,zMn); O1: 6g; O2: 6h (-xO,-2xO,1/4). With the experimental data

of P. D. Battle et al. [54], zMn = 0.6122(5) and xO = 0.1807(2), and the lattice parameters

are a = 5.4434(2) Å, c = 9.0704(1) Å. We used this structure as a starting point for our

calculations. After relaxing the free atomic coordinates to calculated atomic forces less than 4

mRy/au, the atomic coordinates are zMn = 0.61341 and xO = 0.18058. This corresponds to

small variations of 0.12% and 0.01% for zMn and xO. The small variation of xO is within the

experimental error. The lattice parameters were not optimized, since usually the influence of

these parameters in the EFG is small, and they are not so reliable as the experimental ones.

In this case we found that a mesh of 6 × 6 × 3 k-points and RmtKmax = 6.5 is enough for

converged results. The EFG values are similar in both experimental and theoretically relaxed

structures, when assuming ferromagnetic (F) arrangement of Mn atoms, as should be expected

if the calculations are accurate (table 3.1).

We also considered the magnetic state where Mn atoms have the same spin polarization

within the same plane of constant z, but neighbor Mn planes in the z direction have opposite

spin polarization. This antiferromagnetism, called A-AF [30], is the stable magnetic order at

low temperatures. For this case the deviation of the theoretically optimized structure in relation

to the initial experimental structure is even smaller, as expected. With the exp. structure, this

order is stable in relation to the ferromagnetic state by 1.4 eV according to our calculations.

The structural coordinates are not moved more than 0.09% relative to the experimental value

in the case of zMn. Both parameters are equal to the experimental ones within the experimental

error. This translates itself in almost exactly equal hyperfine parameters for the theoretical and

experimental structures, even more so than in the F case. Nevertheless, the agreement is already

good for the F state, in the following calculations when we introduce Cd impurities, calculations

are again ferromagnetic, for simplicity, and furthermore, because in the temperature range where
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Figure 3.6: Supercells with Cd substitutional at the Sr 1 site. Cd atoms are represented by
black spheres. Cd concentrations of 25%, 12.5% and 6.25%.

Figure 3.7: Supercells with Cd substitutional at the Sr 2 site. Cd atoms are represented by
black spheres. Cd concentrations of 25% and 12.5%.

we will measure and compare with theory SrMnO3 should be paramagnetic [54]. We show that

the influence of the different magnetic states in the EFG is small, for all atoms, in table 3.1.

Table 3.1: Calculated Vzz(1021V/m2) of 4H-SrMnO3, with the F and A-AF magnetic configu-
rations, experimental and relaxed structures. The asymmetry η is zero except for the oxygen
atoms, where it is also shown (second number).

Atom (F, exp.) (F, rel.) (A-AF,exp.) (A-AF,rel.)

Sr 1 3.94 4.11 4.01 4.09
Sr 2 1.63 1.39 1.90 1.79
Mn -0.29 -0.40 -0.45 -0.48
O 1 7.66; 0.07 7.73; 0.06 7.56; 0.21 7.61; 0.21
O 2 -8.17; 0.01 -8.10; 0.02 -7.89; 0.10 -7.84; 0.09
Mn 2 (A-AF) -0.45 -0.47

In order to reproduce the experimental situations of a highly diluted Cd probe (approx.

smaller than 10 ppm), we start by assuming that the Cd occupies the Sr sites substitutionally.

This substitution of Cd at the alkaline earth site has been shown to be the case for the Ca

manganite, and is usually found experimentally in other manganites [6, 4]. It is also a good

assumption based on the ionic picture Sr2+Mn4+O2−
3 and considering that Cd has ionic charge

2+. Two cases are possible: Cd occupies the Sr1 site, or the Sr2 site (as defined above).

These two situations are considered in independent calculations, and since dilutions of the

ppm order are not feasible for calculations, we use a series of increasingly larger supercells

to calculate different impurity concentrations so that the EFG converges to the high dilution

case when Cd concentration is lowered. As mentioned before, for this case we use only the F

magnetic arrangement. See figures 3.6 and 3.7 for representations of some supercells. With



CHAPTER 3. MANGANITES 29

one atom of Cd substituting one of the sites in a single unit cell, Sr0.75Cd0.25MnO3 is obtained

(25% of Sr sites are substituted). If we double the dimensions in the x direction (2x1x1), we

get Sr0.875Cd0.125MnO3, while doubling both x and y directions gives a Sr0.9375Cd0.0625MnO3

composition (6.25%). Finally, for the case of substitution at the Sr 1 site, we also doubled the

previous supercell in the z direction, getting a 2x2x2 supercell with 3.125% concentration. The

use of high Cd concentrations when compared with experiment is justified by the locality of the

EFG, also seen with the convergence of the results.

Table 3.2 shows the calculations for Cd at the Sr1 site, and the values of Vzz appear to be

approximately converged, around 6 × 1021V/m2 for concentrations of 12.5% and lower. The

calculation with higher Cd dilution, with 3% (1/32) of Cd atoms substituted at Sr sites, gives

Vzz = 6.22 1021V/m2 . The asymmetry parameter η is zero due to the hexagonal symmetry,

except for the 2x1x1 supercell (where a 6= b) constructed for Sr0.875Cd0.125MnO3, where η = 0.34.

Table 3.3 contains the same type of calculations for the case where Cd is substitutional at the

Sr2 site. In this situation Vzz is fairly converged at a value of the order of 1.5× 1021V/m2 when

considering the 2x1x1 supercell (x = 0.125).

Comparing the Vzz values obtained with Cd and the Vzz at the corresponding Sr atom in

the pure compound we find that the value remains of the same order at the Sr2 site, but at the

Sr1 site the value of Vzz with Cd is considerably higher.

We can obtain a crude estimation of the relation between the Vzz(Cd) and the Vzz(Sr) values

in the pure case, by using the Sternheimer factors of a simple point charge model. The relation

is: V Sr
zz = V Cd

zz (1−γCd
∞

)/(1−γSr
∞

), where γ∞ are the Sternheimer factors, to account for the inner

electronic shell polarization of the atoms. Structural relaxations due to Cd substitutions are not

considered. Using values found in the literature for γ∞ we get V Sr
zz = V Cd

zz × a, with 0.62 < a =

(1 − γCd
∞

)/(1 − γSr
∞

) < 0.93 (using three different values for γCd
∞

and two for γSr
∞

, obtained by

different methods [46, 61, 62]). This relation holds when comparing the values obtained by our

first principles calculations at Sr and Cd [Vzz(Sr)/Vzz(Cd) = 4.09/6.22 = 0.66 for the Sr1 site,

and 1.39/1.48 = 0.94 for the Sr2 site], suggesting: a) that the structural relaxations are small;

b) that the Cd bonds are mainly ionic in nature. Indeed, the first suggestion is confirmed if we

compare our relaxed structure obtained with SrMnO3, and the same structure (atomic positions

fixed) with Sr0.96875Cd0.03125MnO3, Cd substitutional at Sr2. The calculated atomic forces are

very low with just a maximum relatively small force of 10 mRy/au in one of the atoms.

The nearest neighbors for Sr1 in SrMnO3(F,rel.) are six O atoms at a distance of 2.72 Å, six

O atoms at 2.84 Å, and six Mn atoms at 3.81 Å. For the relaxed structure with Cd substitutional

at that site (x = 3.125%), the Cd local environment has six O atoms at 2.64 Å, six O atoms

at 2.85 Å, and six Mn atoms at 3.29 Å. These distances have a difference relative to the pure

case of 3%, 0.35% and 13.65% respectively. For Sr2 in SrMnO3 (F,rel.), the local environment

is composed of six O atoms at 2.725 Å, six atoms at 2.759 Å, while the same site with Cd has

six O atoms at 2.701 Å, and other six at 2.750 Å, corresponding to relative differences of 0.88

% and 0.33% (x=3.125%). These changes are very small in general, considering that a different

atom goes to the lattice.The changes are smaller for the positions of atoms in the local vicinity

of the Cd atom at the Sr2 site, suggesting it is more favourable for Cd to be in this site. Indeed,



CHAPTER 3. MANGANITES 30

according to the calculations, between both supercells with 12.5 % Cd (at Sr 1 or Sr 2 sites),

the one with Cd at the Sr2 site is energetically more stable, by 0.2 eV.

Table 3.2: Calculated electric field gradient of 4H-SrMnO3, for a Cd atom substitutional at the
Sr1 site, for various Cd concentrations x, in the formula Sr1−xCdxMnO3.

x Vzz(1021V/m2)

0.25 3.85
0.125 6.08
0.0625 6.47
0.03125 6.22

Table 3.3: Calculated electric field gradient of 4H-SrMnO3, for a Cd atom substitutional at the
Sr2 site, for various Cd concentrations x, in the formula Sr1−xCdxMnO3.

x Vzz(1021V/m2)

0.25 0.36
0.125 1.38
0.03125 1.48

BaMnO3

For the 6H-BaMnO3 compound, 5 k-points in the irreducible Brillouin zone and a maximum

wave number with RmtKmax=7 were used (RmtKmax=6 gives already converged results, and was

used in some calculations with Cd impurities). The starting point for the 6H structure was taken

from the work of Adkin et al. [48]. With this structure the calculated atomic forces are generally

low (one force at 32 and the rest less than 13 mRy/au). The symmetrically unconstrained

atomic parameters were permitted to vary and a theoretically more stable relaxed structure was

obtained, when the atomic forces were lower than 2 mRy/au. The atomic coordinates obtained

have at most a 0.88% difference with respect to the initial experimental ones.

Ferromagnetism was assumed, which is not a known state of BaMnO3, but this should be

reasonable judging by the the similar system SrMnO3-4H (shown previously) where the EFG

has very small changes with a different magnetic state.

Results of the EFG for the structure of Adkin et al. and after relaxation of internal param-

eters are summarized in table 3.4. In order to see if the use of another exchange-correlation

potential has any influence in the calculated EFG, we show also the results with the GGA-PBE

functional [43]. There are almost no changes in the results with the GGA-PBE, typically of

the order or less than 0.1 × 1021V/m2. The asymmetry parameter is also shown for the sites

where symmetry allows it to be different from zero, and it is usually very small. Results for

the EFG of the 15R phase and the hexagonal polymorphs 2H (which is the stable phase at low

temperatures) and 4H are shown in tables 3.5 and 3.6. The 2H structure is taken from [49] and

the 4H structure is taken from our own X-ray diffraction measurements. The 15R experimental

structure is from Adkin et al. [48]. The atomic coordinates were also optimized, and remain
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qualitatively equal to the experimental structure calculations. The variations in the structure

are also small.

These calculations show that the EFG has variations depending on the polymorph particu-

larly in the different atoms of Ba, due to the different packings of Mn-O octahedra. Mn atoms

have Vzz between -2.6 and 0.2 ×1021V/m2 for all polymorphs, and O atoms have EFGs approx-

imately between −9 and 9.5 × 1021V/m2, and in absolute value can be located in the range

5.9-9.45. On the other hand Ba has usually one high value between 10 and 13, and for other Ba

atoms the EFG can be quite low, depending on the structure.

Table 3.4: Calculated EFG of BaMnO3, in the hexagonal 6H polymorph. The two sets of values
obtained with the GGA-PBE (first) and GGA-WC (second) exchange-correlation potentials(Vzz

in 1021 V m−2).

Atom — Vzz (exp) — η (exp.) — Vzz (rel) — η (rel)

Ba 1 — -0.36; -0.42 0.25; -0.16
Ba 2— 12.25; 12.46 13.05; 13.62
Ba 3— 9.65; 9.82 8.62; 9.30
Ba 4— 5.16 ; 5.22 4.82; 4.97
Mn 1— -0.0002;0.04 0.20; 0.23
Mn 2— -1.85; -1.78 -1.75; -1.72
Mn 3— -0.24; -0.19 -0.26; -0.22
O 1— -8.81; -8.87 0.02; 0.02 -8.75; -8.82 0.03; 0.00
O 2— -5.90; -5.95 0.06; 0.06 -6.08; -6.03 0.01; 0.03
O 3— 8.29; 8.31 0.002; 0.001 8.36; 8.27 0.01; 0.01
O 4— -7.54; -7.59 0.39; 0.39 -7.61; -7.60 0.35; 0.37

Table 3.5: Calculated EFG of BaMnO3, in the rhombohedral 15R polymorph with GGA-PBE
functional, relaxed structure with forces less than 6 mRy/au.

Atom Vzz(1021V/m2) η

Ba 1 6.76
Ba 2 11.46
Ba 3 4.69
Mn 1 -1.79
Mn 2 0.15
Mn 3 -1.83
O 1 -8.31 0.07
O 2 -7.73 0.35
O 3 -62.2 0.07

We note the following general rule for the Vzz of Ba atoms in the different structures. In the

2H form, there is only one type of Ba atom, with the high Vzz value reported (table 3.6). The

2H structure consists of infinite chains of face sharing octahedra along the z direction. In other

polymorphs, we see that the higher value of Vzz at Ba sites is of the same order, and looking at

the location of this site in the various structures, and its relation to the Mn-O octahedra, we see

that this Vzz always corresponds to the Ba atoms with z coordinates in middle of the chains of

face sharing octahedra. This can be explained by the fact that the local environment is similar
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Table 3.6: Calculated Vzz of BaMnO3, in the 4H (left), and 2H (right) (structure from) experi-
mental, and relaxed structures. (1021V/m2).

Atom — Vzz — η — Vzz — η

Ba 9.99; 11.93 10.33; 10.22
Ba 1.64; -0.38
Mn 0.10; -0.29 -1.92; -1.90
O 8.58; 8.56 0.07; 0.06 -6.52; -6.58 0.04; 0.06
O -9.45; -9.10 0.08; 0.05

at that site to the one of the Ba atom in the 2H structure, whereas the other atoms are closer

to corner sharing octahedra separating the different Mn-O octahedra chains.

In order to compare with the PAC experiments with Cd probes, we introduce Cd impurities

substitutional at the Ba site. We consider the case of the BMO-6H structure, and note that

the structure is already quite complicated without Cd, making large supercells very time con-

suming. However, already with the unit cell we can substitute one atom of Ba by Cd to get

the concentration x = 1/6. We calculated with a larger 2 × 2 × 1 supercell (Cd concentration

x = 1/24 subs. at the Ba1 site), and the Vzz were found to change little, not only in Cd but in

all atoms. Figure 3.8 shows a comparison of the Vzz obtained with the two BMO-6H cells. There

are groups of atoms with approximately equal Vzz in the supercell, which usually correspond to

only one atom in the unit cell with that same Vzz. In the supercell the internal structure was not

completely optimized, which probably accounts for the difference observed at Cd with relation

to the unit cell. Having considered this fact we calculated the other Cd substitutions also for

the high concentration x = 1/6, in order to reduce computational time, expecting this to be a

good approximation to the low impurity concentration limit. We present the Vzz obtained at

the Cd site substituted in each of the inequivalent Ba sites in the table 3.7. The asymmetry is

zero at the Cd sites for all cases due to symmetry.

It is interesting to remark that the comparison of the EFG at Cd with the EFG at the

respective Ba sites in the pure compound shows no proportionality, meaning that the Cd probes

provoke different changes in the local charge density with the different local environments.

Table 3.7: Calculated EFG of Ba5/6Cd1/6MnO3, in the 6H polymorph, at the Cd site, for
independent calculations with Cd substituted at each of the inequivalent 6H sites.

Site with Cd Vzz(1021V/m2) at Cd

Ba1 -1.59
Ba2 4.83
Ba3 1.61
Ba4 2.37

3.3.3 Experimental results

Monophasic samples of BaMnO3 with the 6H structure, other monophasic samples with the

15R structure, and others of SrMnO3 with the 4H structure were prepared by the urea sol-gel
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Figure 3.8: Vzz obtained for all atoms in a BaMnO3-6H 2x2x1 supercell with one Cd atom
substitutional at the Ba1 site; and Vzz for a conventional 6H cell with the same substitution.

combustion method [63] or with conventional solid state method, by P. Tavares at the Chemistry

department of UTAD.

In the combustion method stoichiometric amounts of BaNO3 and MnNO3·4H2O (ABCR

> 98%) were dissolved in diluted nitric acid. The pH of the solution was adjusted to 5.2 with

ammonia solution. The added amount of urea was calculated so that 3 moles of urea were present

for each mole of cationic element (Ba+Mn). The solution was stirred and heated to evaporate

all water and decompose the urea. At the end of the process (when the temperature reaches 200
◦C) the gel auto ignites and a controlled but fast combustion (3 to 5 seconds) yielded a dark

powder. This powder was calcinated at 600 ◦C for 1 hour followed by 700 ◦C for 5 minutes,

grounded with a mortar and a pestle, passed through a 38 µm sieve and pelletized. The pellet

was thermal treated at 900 ◦C for 40 hours regrounded with a mortar and a pestle, repelletized

and treated at 1400 ◦C for 100 hours with quench cooling (less then 1 minute (yielding phase

Ba-6H)). For samples prepared by conventional solid state method, BaCO3 (or SrCO3) and

MnO2 were mixed with ethanol and calcinated at 700 ◦C during 40 hours. Thermal treatments

were processed at 900 ◦C, 1000 ◦C and 1100 ◦C during 40 hours with intermediate grindings.

Final sintering was performed at 1275 ◦C for 180 hours with natural cooling, yielding phases Ba

-15R and Sr-4H.

The densities of the samples were measured by weighing and volume using a vernier calliper.

The x-ray diffraction patterns were obtained in θ/2θ mode from 10 to 90◦ in an XPert Pro

diffractometer equipped with a XCelerator detector and a secondary monocromator. The data

were analysed using the Powder Cell 2.3 software [64] and structural data from Adkin [48]. SEM

was performed using a FEI Quanta 400 equipped with an EDS from EDAX.
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These samples were subsequently implanted with the radioactive 111mCd and 111In probes,

with concentrations in the order of ppm. The isotope beams were produced at the ISOLDE-

CERN facility, and the implantation was done in high vacuum at room temperature, at 60 keV,

with a dose of approximately 1 × 1012 atoms.cm−2.

In the γ − γ perturbed angular correlation method, the directional correlation of the two

gamma decays in a decay cascade of the radioisotope probe is perturbed by the hyperfine in-

teractions, which depend on the nuclear properties of the isotope and on the extranuclear local

environment [22].

The 111mCd probes decay to 111Cd with two consecutive γ decays. The intermediate state

has a half life t1/2 = 45 ns while the parent state decays with t1/2 = 48 minutes. The quadrupole

nuclear moment of the intermediate nuclear state relevant for the hyperfine interaction is Q =

+0.77b (taken from [24]). The 111In probes decay to the same intermediate state.

All of the relevant experimental information is condensed in the anisotropic ratio function

R(t), expressed as R(t) =
∑

AkkGkk(t), a function of time, where Akk are called anisotropy

coefficients and depend on the spins and multipolarity of the γ decays, and Gkk(t) contains the

information of the hyperfine parameters, relevant to the system under study. The anisotropy

coefficients after detector solid angle corrections are shown in table 3.8.

Table 3.8: Anisotropy coefficients of the γ − γ cascade from 111mCd→111Cd and 111In→111Cd.

Parent nucleus A22 A24 A42 A44

111mCd 0.1258 -0.0956 -0.0006 -0.0004
111In -0.1121 -0.0716 -0.0003 -0.0004

A numerical fit of the R(t) function with its Fourier analysis, taking appropriate nuclear and

transition parameters, yields the hyperfine parameters, EFG and magnetic hyperfine field [23].

The quadrupolar electric interaction gives the electric field gradient, by knowing the quadrupolar

moment of the probe nucleus .

Each measurement at different temperatures was done with a different sample, this was

required to get good statistics in the life time of the isotope. Preceding each measurement

the samples were annealed in vacuum at 700 ◦C during a period of 20 min, to remove defects

from implantation. These conditions were found to be enough in previous studies of other

manganites [6, 65, 5, 66, 67].

In our studies the magnetic hyperfine field is not detected. SrMnO3, known to have TN =

278 [54] or 350 K [50], will be paramagnetic at all temperatures measured (150, 300 and 700
◦C), except for room temperature, where it may be antiferromagnetic. For BaMnO3, the Néel

temperature depends of the polytype. For the phases of interest, 6H and 15R, its values are of

the order 250 K [48], so that also on almost all temperatures measured it is paramagnetic.

X-ray powder diffraction was used not only for the structural identification and quality check

of the samples, but also to check that the conditions of implantation, annealing and measurement

had no observable influence on the initial state of the samples. In these final measurements (at

Univerisidade de Aveiro, by R. Soares), the Cu anode was used, with wavelenghts Kα1 = 5.406Å,
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Kα2 = 5.443 Å, and Kβ = 1.39225 Å. The scanning is continuous with a step size of 0.001

degrees, and 15 < 2θ < 90. X-ray spectra were taken at various high temperatures, including

several hours at a temperature of 900 ◦C, to check that the annealing of 700 ◦C, during 20

minutes before the PAC measurement has no influence on the structure. Refinement parameters

of representative powder diffraction patterns are shown in table 3.9.

For BaMnO3, the several possibilities of different phases (4H,7H,15R,6H,...) that could ap-

pear are not easily distinguishable in the diffraction patterns to exclude that some structural

changes occurred with the implantation or annealing.However, this is unlikely, given the consis-

tent PAC results on the several temperatures measured for BaMnO3-6H, as we will show. The

BaMnO3 2H, the most stable low temperature structure, however, is easily eliminated from this

set of possible structures on all diffraction patterns.

Table 3.9: Main refinement parameters of XRD (at room temperature) for some of the studied
samples, and lattice parameters a and c (Å). SrMnO3-1: 4H structure, PAC measurement at
150 ◦C. BaMnO3-1: 6H structure, PAC measurement at 400 ◦C. BaMnO3-21: sample with the
6H structure. BaMnO3-23: The same sample measured at 900 ◦C. BaMnO3-3: 15R sample,
PAC measurement at 400 ◦C.

Sample — Phases — RP — Rwp — Rexp — a — c

SrMnO3-1 4H 12 18 3.15 5.4526 9.0841
BaMnO3-1 6H 6 10 0.52 5.6277 13.9730
BaMnO3-21 6H 39 51 0.54 5.6652 13.9678
BaMnO3-22 6H 34 45 0.51 5.6877 14.0447
BaMnO3-23 6H 32 44 0.45 5.7162 14.0316
BaMnO3-3 15R 3 4 0.65 5.6978 35.3354

Measurements of magnetization temperature dependence were also performed in the studied

samples, one for each different phase. A vibrating sample magnetometer was used, with T

magnetic field B = 5 T for SrMnO3-4H and BaMnO3-15H, and B = 0.5 T for BaMnO3-6H. The

results are presented in figure 3.9. Small nomalies are detected, signaling magnetic transitions,

in SrMnO3, at 280 K (7 ◦C), in BaMnO3-6H, at 280 K, and in BaMnO3-15R, at 260 K (−16
◦C).

PAC - SrMnO3

The SrMnO3 PAC spectra for temperatures of 150, 300 and 700 C are shown in figure 3.10(a).

The spectra can be reasonably fitted with two distinct local environments, fractions of 50 %.

Vzz are shown for 50/50 fractions and asymmetry fixed to 0 in figure 3.10(b).

However, other values as far as 30/70 % or 70/30 % for the two fractions also provide a

reasonable fit, so it is not possible to determine with any certainty the ratio of the two fractions,

due to the highly attenuated spectra and statistical error. If we assume the fractions fixed at

50/50 and asymmetry values fixed at zero (also not crucial to the fit with these spectra), the

higher, best defined value of Vzz, and the lower Vzz are found to be almost constant in the

temperature range (150-700 C). This is consistent with the similar behavior in the CaMnO3

system [6]. The calculations of the two substitutions of Cd in the two Sr sites, shown earlier,
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Figure 3.9: Magnetization as a function of temperature for the samples: Upper figure: SrMnO3-
4H. Middle figure: BaMnO3-6H . Lower figure: BaMnO3-15R .

give two values of Vzz in qualitative agreement, as the values are rather close (figure 3.10(b)).

These results suggest that the Cd probe occupies substitutionally both Sr sites, even though

calculations predicted Cd substitutional at the Sr 2 site to be slighlty more stable. The Vzz of

lower magnitude is almost constant as, far as we can tell, since given the limited time window

the fit of a low EFG is not very accurate.

PAC - BaMnO3

The spectra for the 6H-BaMnO3 taken between 16 and 700 C do not present appreciable

frequency changes, and similarly the obtained EFG are constant, as shown in figures 3.11 and

3.13. In this case the comparison with the first-principles calculations shows that one of the

experimental frequencies measured is too high (≈ 12 × 1021V/m2) to be accounted by any of

the values calculated with the Cd probe substitutional in a Ba site. Surprisingly this is also

the most well defined fraction of the spectrum, with the smaller line width for the frequencies

[figure 3.13], but cannot be assigned to a Ba site. Its fraction is very large (40-50%) and well

defined, of a unique local environment. We may speculate that the corresponding Cd probes are

favorably located near oxygen vacancies, producing this high EFG, but no calculation exists that

confirms this. The lower electric field gradient values of the other fractions may be interpreted

as substitutional Cd atoms at the Ba sites since its value is between the different calculated

values at the inequivalent Ba sites.

In this case, to get more information and confirm the previous measurements, we have also

implanted the probe 111In/111Cd on 6H-BaMnO3 samples. While the initial state of the γ − γ

cascade is different from the 111mCd and has different anisotropy coefficients, the intermediate

state of the γ-γ cascade is the same, and if the 111In probe goes to the same lattice sites

when implanted as 111mCd, we should get the same quadrupole frequencies. The samples were

measured with this probe in the temperature range 16-850 C. The spectra are, as expected,
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Figure 3.10: Left figure: SrMnO3 sample: the lines represent the fits to the spectra of the per-
turbation functions, at temperatures of 150 (up) , 300 (middle) and 700 C (down). For all three
spectra, the frequencies taken from the fits are approximately equal. Right: Fourier transforms.
Right figure: The circles represent the experimental Vzz obtained with two fractions (open and
closed circles). The horizontal lines represent the Vzz obtained by DFT calculations with highly
diluted Cd probes substituting either one of the two inequivalent sites in the structure.

almost constant on this range of temperatures (13, 16, 206, 409, 510, 611, and 848 C). R(t)

representative functions and its Fourier transforms are shown in figure 3.12. There is a slight

increase of the frequencies of the higher Vzz with increasing temperature, as in the 111mCd probe

case. Unlike the Cd probe case, the fit has to be done not with two, but three fractions. There

are two fraction in agreement with the 111mCd case and there is a third fraction, also high in

comparison wih the calculations. Therefore also in this case a fraction of the probes (≈ 40%)

must be substitutional at the Ba site, with the lower Vzz, while for the other environments we

cannot assign a specific site. Perhaps the additional fraction is due to defects caused by the

implantation of 111In which were not removed with annealing as in 111mCd implantations.

Figure 3.14 shows measurements in the 15-R polymorph samples. The perturbation functions

are quite attenuated and low frequencies are measured at all temperatures 77K ,RT, 300 C and

700C.

At room temperature and above, two different EFG environments clearly give a much better

fit than just one EFG. At 77 K, due to the large statistical error, this is not so clear, but in order

to be consistent with the room temperature measurement, two EFGs were used in all fits. The

fractions of the two environments are approximately 84% and 16% in all the fits (again, for the

low temperature there was a large range allowed due to the larger error, but the values were fixed

in f1 = 84% and f2 = 16%). The electric field gradient parameters for both fractions are shown

in table 3.10. The Vzz parameters are interspersed values on the range 1.89 to 3 for fraction f1

and 3.1 to 5.6 × 1021V/m2 for fraction f2. These small variations may exist due to structural

variations with temperature or dynamic effects. These values are close to the calculated values at

Cd and the lowest experimental Cd Vzz in the BMO6H polymorph, indicating also substutional
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Figure 3.11: Left : Experimental 111mCd/111Cd perturbation spectra for the BaMnO3-6H sample
at the measured temperatures and Fourier Transform (RT), showing quadrupolar frequencies
approximately constant. This is illustrated in the right figure, where all the R(t) graphics are
superimposed.

Cd at the Ba sites in this case.

Table 3.10: Electric field gradient (Vzz, in 1021V/m2) taken from the PAC measurements of
BaMnO3, in the rhombohedral 15R polymorph, at four different temperatures. At 30 C the
spectrum was fitted with two environments, in that case the Vzz of the left column is fitted with
a fraction of 84%, and the right column Vzz corresponds to 16%.

T V zz of f1 Vzz of f2
77 K 2.58 5.55
30 ◦C 1.89 3.12
300 ◦C 2.62 4.66
700 ◦C 3.00 3.72
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Figure 3.12: Experimental perturbation spectra (left) and Fourier Transforms (Right), for the
BaMnO3-6H sample measured at room temperature (full line) and 850 C (dashed line), with
the probe 111In/111Cd. The Fourier transform plot is for room temperature.

3.3.4 Conclusion

The values of the EFG were measured with the 111Cd probe using the PAC method. To

our knowledge this is the first characterization at this atomic-like scale in the phases stud-

ied. It is found that Vzz is roughly constant in a range of temperatures 20-700 C, for both

BaMnO3-6H and SrMnO3. First-principles calculations of the EFG with the accurate FLAPW

method are reported. The calculated EFG at all atoms is reported, with SrMnO3 in the low

temperature structure, and various polytype structures of BaMnO3. The calculations are largely

insensitive to the magnetic order or GGA approximation used, and the relaxed structures give

consistent results with the experimental structures. For direct comparison with the experiments,

we performed calculations with supercells and introducing a Cd impurity substitutional at the

alkaline-earth sites. In the case of SrMnO3 there is a good qualitative agreement, which shows

that the Cd probe occupies the Sr sites. For the case of BaMnO3-6H, although the calculated

values are of the order of one of the measured Vzz values, other high values remain incompatible

with the divalent alkaline-earth substitution. For BaMnO3-15R, the EFG has values of the order

expected if Cd occupies the Ba sites. The main result concerning the temperature dependence

of the EFG parameters is that they do not change appreciably in the range studied T ≥ 300 K.
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Figure 3.13: Left : The circles represent the experimental EFG of BaMnO3-6H implanted with
111mCd/111Cd. There are two distinct environments measured, about 12 and 2.5 × 1021V/m2,
differentiated by empty or full symbols, respectively . The fraction of each environment is rep-
resented by the squares, full or empty, according to the corresponding Vzz. The four straight
horizontal lines are the results of four calculations, considering a Cd probe substitutional at
each one of the four inequivalent Ba atoms in the 6H structure. Right : The circles represent
the experimental EFG of BMO6H implanted with 111In/111Cd. There are three distinct envi-
ronments measured, about 12, 9.5 and 2 × 1021V/m2, differentiated by the symbols (crossed,
empty and full, respectively) in the plot. The fraction of each environment is represented by the
corresponding squares.
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Figure 3.14: Experimental 111mCd/111Cd perturbation spectra (left) and Fourier Transforms
(Right) for the BaMnO3-15R sample, showing that the quadrupolar frequencies are relatively
low at all temperatures measured.

3.4 Electric field gradients calculated from first-principles in

hexagonal manganites

Abstract

We present density functional theory calculations of the electric field gradients and mag-

netic hyperfine fields in the hexagonal rare-earth multiferroic manganites YMnO3, HoMnO3,

ErMnO3 and LuMnO3, with the L/APW+lo (WIEN2k) method. For YMnO3, we discuss the

changes of the hyperfine parameters and electronic structure due to the influence of different

magnetic orders, electronic correlations, spin-orbit coupling, and atomic coordinates. The hy-
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perfine parameters, compared in all atoms, reveal different sensitivities to the type of calculation

for the different atomic sites. The variation of the hyperfine parameters with respect the other

compounds is also analysed.

3.4.1 Introduction

The rare-earth hexagonal multiferroic manganites RMnO3 (with R = Y, Ho, Er, Tm, Yb, Lu,

rare-earths with small ionic radii) have coexisting ferroelectric and antiferromagnetic orders at

low temperatures. The structure is different from the perovskite based structures of other ABO3

oxides [10, 68]: the Mn atoms form two-dimensional triangular lattices, linked by oxygen atoms

and separated by layers of rare-earth and oxygen atoms, forming MnO5 bipyramids between rare-

earth planes. The ferroelectric phase ordering occurs at TC ∼ 800 − 1200 K while the magnetic

transition occurs at much lower temperatures TN ∼ 80 K. The high temperature paralectric

phase and the low temperature ferroelectric phase have the space groups P63/mmc and P63cm,

with symmetry loss in the ferroelectric phase associated to a tilting of the MnO5 bipyramids and a

buckling of the rare-earth horizontal planes (A still higher temperature paramagnetic paraelectric

phase with space group P6/mmm is predicted, but will not be studied within this work. An

intermediate phase between P63/mmc and P63cm has also been proposed on the basis of some

measurements [69], but it was discarded experimentally [70] and by calculations [71]). In the case

of YMnO3 it was argued that the ferroelectricity originates from the electrostatic interactions

resulting from the structural changes alone, associated to the Y atoms, without the involvement

of hybridization changes [72], in distinction to conventional perovskite ferroelectric oxides [73].

However, more recently other studies have found that that rehybridization is involved, but from

the Y d0-ness instead of from the Mn atoms [74]. For HoMnO3, ab-initio calculations of the

Born effective charge tensor [75], local hybridization [76], and local structure measurements in

HoMnO3 [75] indicate that the ferroelectric transition is associated to the displacements of Ho

atoms, and consequent asymmetric bonding with the apical oxygen atoms.

One source of information which may prove useful to study the competition of different phases

in these compounds are measurements of the hyperfine parameters. The hyperfine interactions

can be used by such techniques as perturbed angular correlations (PAC), nuclear magnetic

resonance (NMR) and Mössbauer spectroscopy to get information sensitive to the atomic envi-

ronment of the probe nuclei. The interpretation of the data is not always straightforward, but

first-principles calculations can help to complement the experiments, using the calculated hyper-

fine parameters, such as Electric Field Gradient (EFG) and Magnetic Hyperfine Field (MHF).

In addition, the hyperfine parameters are usually very sensitive to any changes in the material,

thus suitable to study the interplay of various orders present in these compounds, and to test of

the accuracy of DFT calculations.

The EFG is the second-rank symmetric traceless tensor of second derivatives of the electric

potential relative to spacial coordinates, at the nuclear position. It can be characterized by its

diagonal components, defined by their absolute value as |Vzz| > |Vyy| > |Vxx| (usually Vzz and a

second parameter η = (Vxx − Vyy)/Vzz are used in the analysis of measurements), and by three
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vectors corresponding to the direction of each diagonal component.

The relativistic MHF can be split into three main contributions [77]: the contact field, BC ,

is the spin density at the nucleus averaged over the Thomson radius, rT = Ze2/mc2; and the

relativistic analogous of the spin dipolar and orbital hyperfine fields: Bhf = BC + Bdip. + Borb.

In this work we will study the EFGs and MHFs in the hexagonal manganites obtained by

density functional theory (DFT) calculations. For the case of YMnO3 we study both high and

low-temperature phases, along with the influence of several factors: magnetic order, exchange-

correlation functional, with/without additional U to account for electronic Coulomb correlations,

with/without spin-orbit coupling and relaxation of symmetry unconstrained atomic coordinates.

For the other compounds we concentrate on the ferroelectric phases.

Calculation Details

We use the full potential (linearized) augmented plane-wave + local orbitals ((L)APW+lo) ([78]

and references therein) method with the WIEN2k code implementation. With this method,

the valence electrons are calculated with atomic like functions (product of radial functions and

spherical harmonics) inside atomic spheres and plane waves in the interstitial space. The spheres

radii used are 2.2, 1.8 and 1.6 a.u. for the rare-earths, Mn and O, respectively. In the ferroelec-

tric phase, a grid of 8 k-points in the irreducible Brillouin zone was used (4x4x2 grid in the full

Brioullin zone) for the integration in reciprocal space, with the tetrahedron method [79]. The

calculations for the valence electrons are performed in the scalar-relativistic approximation [80]

except if noted otherwise, when spin-orbit coupling is included [81], whereas core electrons

are treated fully relativistically. The basis size allows plane waves with Kmax = 7.5/1.6 =

4.69 a.u.−1.

3.4.2 YMnO3

Paralectric Phase

In the high-temperature paraelectric phase, the unit cell consists of two formula units, made

of two Mn centered oxygen bipyramids vertically separated by Y planes, and the Mn atoms

are triangular lattices, centered in complementary spaces at the two horizontal planes (see

fig. 3.15(a)). The lattice parameters, are a = 3.61 and b = 11.39 Å [82].

The electronic structure for YMnO3 was already calculated taking into accountn the magnetic

order and electronic correlation factors , using the LMTO method with the atomic spheres

aproximation [83] or projector augmented wave (PAW) [84]. We also give our results, which use

a potentially more accurate method for the calculation of hyperfine parameters.

The calculation without spin-polarization in the local density approximation [85], results

in a density of states (DOS) showing a high peak at the Fermi level, suggesting instability in

relation to ferromagnetism by the Stoner criterion. Accordingly, the spin-polarized ferromagnetic

calculation results in a lower total energy by 3.48 eV, and the DOS now has a small number of

states at the Fermi energy in the majority spin channel and an energy gap in the minority spin

channel. The DOS for the F magnetic order is shown in fig. 3.16(a).
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(a) (b)

Figure 3.15: a) Paraelectric and b) Ferroelectric structures of YMnO3, with the A-AF and
frustrated magnetic orders of Mn spins considered in the calculations represented by the vectors.

It was found in these previous DFT calculations that both magnetic order and electronic

correlations play a role in establishing the insulating gap in YMnO3. In this work, we study

the effect of electronic correlations with LSDA + Hubbard U calculations, using an effective

parameter Ueff. = U − J with the fully localized limit correction from Anisimov et al. [86].

Table 3.11 presents the EFG and MHF calculated with LSDA (Ueff. = 0) and LSDA+U,

with Ueff. = 1.77, 3.54, 5.31 and 7.07 eV. The last value of Ueff. = 7.07 eV is similar to

U = 8, J = 0.88 eV obtained from constrained LSDA [83]. Our results show that Vzz at the Y

atoms is insensitive to the value of Ueff., while at the O atoms the values change appreciably

but still little with increasing U (−0.18 × 1021V m−2/eV at the O1 atoms). The O1 equatorial

atoms have three Mn nearest neighbors at 2.08 Å, therefore their sensitivity to the applied

correction at Mn is larger than at the O2 apical atoms, with only one Mn nearest-neighbor

(albeit closer, at 1.80 Å). Naturally, at the Mn sites, where the orbital-dependent potential

is applied, the larger changes are seen. The absolute value of Vzz decreases more strongly

with the value of Ueff. (0.51 × 1021V m−2/eV ). This would suggest that the experimental

determination of EFG(Mn) would give an accurate value of the Ueff. to take into account

in LSDA+U calculations, complementing the band gap measurements normally used for this

purpose. However, ferromagnetic order is not the ground state in this compound, and, as will

be seen later in the ferroelectric phase,the exact magnetic order also has an influence in the EFG

at the Mn site.

The contact MHF is presented and similar sensitivities to the value of Ueff. are seen: −0.20

T/eV , −0.96 T/eV , 0.69 T/eV and −0.06 T/eV for Y, Mn, O1 and O2 respectively. The

difference in relation to EFGs is that in this case Y also has a small variation, decreasing with

the value of U . The contact MHF is dominated by the contribution from the valence electrons

in Y and O1, it has small valence/core contributions at O2, and at Mn there is a big core
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(a) (b)

Figure 3.16: Paraelectric Ferromagnetic (left) and antiferromagnetic A-AF(right) DOS.

contribution ∼ −85 T, mainly cancelled by a valence contribution ∼ 65 T, yielding the total

values ∼ −20 T. These core and valence values are anomalously high when comparing with

other Mn hyperfine fields (e.g. Mn impurity in Ni [77], or Mn in MnAs [4]), probably due to the

fact that the ferromagnetic order is not stable in this triangular lattice. For a more reasonable

calculation of the hyperfine fields some kind of antiferromagnetic order should be taken into

account. The force obtained at the only free atomic coordinate z at the O2 sites is already small

[4.3(-6.5) mRy/a.u. with U=0(7.07)]. In this phase, we do not investigate atomic coordinate

relaxations.

Therefore, we now investigate the influence of a different magnetic order. As a first approx-

imation, the A-AF magnetic order is considered - adjacent Mn planes with oppositely directed

spins, see fig. 3.15(a). We find that the EFGs and MHFs do not change upon change of magnetic

ordering from F to A-AF. This reflects the locality of the hyperfine parameters and exchange in-

teractions, consistent with the weak interplane AF coupling found by DFT calculations [84](the

Mn interplanar distance is large, 5.70 Å). The DOS for the A-AF case is shown for one or the

other spin in fig. 3.16(b) and it is also similar to the F case. Consistently, the F and A-AF states

are almost degenerate in energy (F with 0.01 eV lower energy). However, this is till a crude

approximation, since the Mn planes are not ordered ferromagnetically but instead have some

xy-plane triangular non-collinear order, possibly also with small non-zero z-component. The

changes in the hyperfine parameters and electronic structure should only become pronouced

upon changing the magnetic order of the Mn atoms in the planes. We will study this influence

in the ferroelectric phase.

Subsequently, the spin-orbit interaction was also considered, using the scalar-relativistic basis

and the second variational step[81]. While the EFGs and Fermi contact MHFs suffer negligible

variations, other contributions for the hyperfine fields are calculated and presented here. The

spin dipolar and orbital hyperfine fields, presented in table 3.14, are very significant for Mn and

O atoms, which implies the spin-orbit correction should always be included to get accurate MHF

values. While the spin-orbit coupling introduced negligible changes in the EFGs for the case of
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Table 3.11: Vzz (1021V/m2) and MHF for every atom in the YMnO3 paraelectric structure,
considering the experimental structure, with LSDA+U, for different values of Ueff. (eV), in the
ferromagnetic and A-AF magnetic orders. For the A-AF magnetic order, for each Mn and O
atom there exists an inequivalent atom, not shown, with the same EFG, and MHF of opposite
sign and the same absolute value.

Ferromagnetic A-AF

no spin-orbit spin-orbit
Ueff. (eV) 0 1.77. 3.54 5.31 7.07 0 0

Atom Vzz (1021V m−2)

Y 10.65 10.64 10.65 10.67 10.69 10.64 10.62
Mn -4.90 -3.90 -2.97 -2.15 -1.26 -4.90 -4.89
O 1 -7.57 -7.27 -6.96 -6.65 -6.29 -7.54 -7.53
O 2 3.38 3.49 3.54 3.53 3.47 3.35 3.34

Bhf (T)

Y 6.29 5.91 5.55 5.24 4.89 0 0
Mn -15.03 -16.84 -18.52 -20.02 -21.92 -15.10 -11.21
O 1 11.16 9.88 8.64 7.54 6.23 11.16 6.27
O 2 -0.44 -0.56 -0.66 -0.75 -0.84 -0.71 -8.43

Table 3.12: Decomposition of the total hyperfine fields in contact, orbital and spin contributions,
calculated for the A-AF case with inclusion of spin-orbit interactions. For every Mn and O atom,
another exists with hyperfine fields of opposite signal (units Tesla).
Atom Bhf (total) Bhf (contact) Bhf (orbital) Bhf (spin)

Y 0 0 0 0
Mn -11.21 -15.06 13.22 -9.37
O 1 6.37 11.10 -6.10 1.37
O 2 -8.43 -0.50 -5.62 -2.31

YMnO3, with differences of 0.01 V/m2 in two atoms, it will be shown in the other compounds,

with f -shell lanthanides, that the spin-orbit coupling introduces significant changes in the EFG.

The results obtained for the total DOS are in good agreement with previous first-principles

electronic structure calculations, with other methods [83, 87, 84].

3.4.3 Ferroelectric Phase

We now investigate the ferroelectric P63cm phase. We used for the starting structure the

XRD measurements in YMnO3 single crystal by van Aken et al. [88].

Exchange-correlation potential and atomic coordinates Table 3.13 shows the Vzz cal-

culated with the LDA and GGA-PBE functionals, for the ferromagnetic case, but this time also

by relaxing the atomic coordinates to the most stable theoretical structure within the P63cm

space group. In general the experimental lattice constants give more reliable results than either

LDA or GGA optimized lattice constants, which are usually underestimated or overestimated,

respectively. Therefore the lattice constants are kept at the experimental values here. We can

see that at least qualitatively the EFG remains the same with the atomic coordinates relaxed
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Table 3.13: Vzz (1021V/m2) in the ferroelectric structure, for YMnO3, with ferromagnetic order,
for the experimental and relaxed structures, including three exchange-correlation funcionals:
LDA (with/without Ueff. = 7.07 eV), and GGA (PBE). The last row shows the magnetic
moments the Mn AWP spheres, in µB units
Atom LDA LDA rel. GGA GGA rel. LDA+U LDA+U rel.
Y 1 0.48 0.42 0.53 0.66 0.43 0.84
Y 2 6.06 5.73 6.14 6.21 6.08 5.97
Mn -5.18 -5.07 -4.73 -4.06 -1.65 -1.24
O 1 3.37 3.36 3.38 3.55 3.34 3.61
O 2 3.12 3.26 3.14 3.43 3.26 3.58
O 3 -8.12 -8.15 -8.09 -8.19 -6.87 -6.84
O 4 -7.59 -7.69 -7.51 -7.64 -6.22 -6.30
µMn 3.30 3.30 3.32 3.33 3.59 3.60

Table 3.14: Decomposition of the total hyperfine fields in contact, orbital and spin contributions
for YMnO3, calculated for the frustrated AF case with inclusion of Ueff. = 7.07 eV and spin-
orbit interactions in YMnO3. For every atom, another exists with hyperfine fields of opposite
signal and approximately the same absolute value. The average value is presented.
Atom Bhf (total) Bhf (contact) Bhf (orbital) Bhf (spin)

Y 1 -1.01 -0.95 0.01 -0.07
Y 2 0.79 0.77 0.00 0.02
Mn 1 -23.88 -27.44 -2.77 6.33
Mn 2 -27.35 -30.83 -2.86 6.34
O 1 0.46 -0.98 0.18 1.26
O 2 0.47 -0.94 0.18 1.23
O 3 0.54 -0.91 0.18 1.27
O 4 0.58 -0.84 0.19 1.23
O 5 0.03 1.70 -0.04 -1.63
O 6 2.26 1.67 0.08 0.51

in all cases. The calculated magnetic moments at the Mn atoms are presented also in the table,

and show almost no change with the relaxation. In average, for the LDA+U case, the Vzz and

atomic coordinates of the relaxed structure are closer to the case of the experimental structure.

This is expected, since it has already been seen that this is approximation, together with an ap-

proximated antiferromagnetic order, correctly reproduces the energy gap in this compound [83].

The FM order gives a direct gap much smaller than observed.

As seen before in the paraelectric phase, the Y and O apical atoms are almost insensitive to

the inclusion of U , while the O equatorial atoms, have small but discernable changes and the

Mn atoms have large changes.

Hyperfine Fields

The Fermi contact hyperfine fields, at all the atoms within the GGA ferromagnetic calcula-

tions, using the experimental and relaxed (forces less than 5 mRy/a.u.) structures are shown in

tab,le 3.15. The hyperfine fields suffer small variations of less than 0.2 T between structures.



CHAPTER 3. MANGANITES 48

Table 3.15: Fermi contact hyperfine field (T) for every atom in the YMnO3 ferroelectric struc-
ture, considering the experimental atomic fractional coordinates, and theoretically determined
coordinates.
Atom GGA GGA rel.

total core valence total core valence
Y 1 6.11 0.00 6.11 5.98 0.00 5.97
Y 2 6.66 0.00 6.66 6.46 0.00 6.46
Mn -17.84 -45.09 27.26 -18.04 -45.19 27.15
O 1 -0.37 -0.50 0.13 -0.31 -0.47 0.17
O 2 -0.29 -0.58 0.29 -0.23 -0.54 0.31
O 4 10.66 -0.73 11.39 10.55 -0.73 11.28
O 3 10.85 -0.69 11.55 10.80 -0.70 11.50

The larger value is obtained at the Mn sites, but the Y and oxygen atoms at the Mn planes

(3 and 4) also have sizeable hyperfine fields of opposite sign. The separation in core and valence

contributions shows that this is a contribution of the valence electrons. In the Mn atoms however

there is the core polarization of the inner s electrons by the valence 3d electrons, which results

also in a large core contribution of opposite sign.

The relative differences in hyperfine fields due to the strucutural relaxations are generally

smaller than the ones obtained with the EFGs.

Frustrated magnetism We have also considered, as an approximation to the complex non-

collinear spin order, following [83], a collinear calculation with a frustrated magnetism where

one Mn atom has an opposite spin to the other two Mn atoms in that plane (see fig. 3.15(b)).

The energy is 0.49 eV lower than for the ferromagnetic case. There are 20 different atoms with

differents EFGs due to the loss of magnetic symmetry, four Mn atoms, eight apical and four

equatorial oxygen atoms. It is found, however, that this loss of symmetry nevertheless leaves

pairs of atoms with approximately the same values of Vzz. The averages of Vzz for the ten pairs

of atoms are presented in table 3.16. Comparing the LDA calculation with the ferromagnetic

case, the larger change is again seen at the Mn atoms, with an absolute value decrease from

5.18 to 3.70/2.98. Qualitatively Vzz for the other atoms stays the same. Further including the

spin-orbit coupling does not change V zz. Finally, including Ueff. = 7.07 eV further reduces

the absolute value of Vzz at all sites, but with more relevant change at the Mn sites, down to

∼ 1 × 1021V/m2.

3.4.4 Other hexagonal rare-earth manganites

Table 3.17 shows the calculations of EFG (Vzz) in other three hexagonal manganites, LuMnO3,

ErMnO3 and HoMnO3 at the GGA level of approximation, with experimental and relaxed struc-

tures (For these calculations RKmax = 6 was used, which already gives relatively good conver-

gence for the EFG). It is seen that the influence of the relaxations is small for the O atoms in

all compounds. However it is somewhat larger at the Mn site, and larger still at the rare-earth

sites. In ErMnO3 and HoMnO3 the differences obtained with relaxations are larger than those
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Table 3.16: Vzz (1021 V/m2) calculated for the frustrated antiferromagnetic structure of YMnO3.
Pair of inequivalent atoms have very similar Vzz and the average value for each of these pair is
presented.
Atom LDA LDA+spin-orbit LDA+spin-orbit+U
Y 1 0.66 0.66 0.44
Y 2 6.26 6.27 6.12
Mn 1 -3.70 -3.70 -1.02
Mn 2 -2.98 -2.98 -0.84
O 1 3.53 3.54 3.35
O 2 3.67 3.67 3.33
O 3 3.33 3.33 3.20
O 4 3.50 3.50 3.21
O 5 -7.54 -7.75 -6.54
O 6 -7.20 -7.20 -5.85

Table 3.17: Vzz (1021V/m2) for every atom in the LuMnO3, ErMnO3 and HoMnO3 ferroelectric
hexagonal structures considering the experimental atomic fractional coordinates, and relaxed
free coordinates, with the GGA-PBE approximation, and inclusion of spin-orbit (so) coupling
in the the columns denoted with so.

LuMnO3 ErMnO3 HoMnO3

Atom exp. rel. rel.+so exp. rel. rel.+so exp. rel. rel.+so
R 1 -1.94 -0.88 -0.85 -3.74 -0.95 -1.06 3.78 -1.26 3.82
R 2 14.25 13.48 13.52 9.66 11.16 11.35 11.01 14.27 15.62
Mn -3.59 -3.20 -3.21 -5.71 -5.28 -5.50 -4.40 -3.92 -4.23
O 1 3.15 3.47 3.44 3.41 3.40 3.48 3.40 3.67 3.53
O 2 3.17 3.27 3.25 3.44 3.45 3.53 3.32 3.76 3.50
O 4 -7.41 -7.71 -7.76 -8.66 -8.49 -8.57 -7.54 -5.79 -8.00
O 3 -7.10 -7.17 -7.23 -8.07 -8.06 -8.16 -7.83 -5.71 -7.50

obtained in the YMnO3 and LuMnO3. This is consistent with the added uncertainty in view

of the assumed magnetic order in these cases, since the open f -shell of Er and Ho produces

additional magnetic interactions which are not accounted for.

We further include spin-orbit interaction at the rare-earth sites, in the relaxed structure

determined previously, which is found to give significant differences in the HoMnO3 case.

While in the YMnO3 case it was seen that the effects of structural relaxations were small

on the hyperfine parameters in the ferromagnetic case for several calculations, in the cases of

HoMnO3 and ErMnO3 the magnetic order is found to have a larger influence, since with the

fictitious ferromagnetism in these compounds the forces are high, especially at the Mn atoms,

resulting in larger changes with relaxation, but nevertheless with good qualitative agreement.

3.4.5 Conclusions

We performed a series of calculations in the YMnO3 hexagonal compound to determine the

influence of different factors in the hyperfine parameters. The hyperfine paraters for Y atoms

are insensitive to changes in both magnetic interactions and correlation effects. The calculation
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without spin-polarization is unstable in relation to the spin-polarized calculations, with the same

structure. Only in this case there are also changes in the EFG at the Y sites, with respect to the

ferromagnetic case. The LDA+U approximation, with Ueff = 7eV , in agreement with previous

calculations, gives a good description of this compound, seen here by smaller deviation of the

EFG between experimental and theoretical structure. Spin-orbit interaction is found to have

no appreciable role in the hyperfine parameters in YMnO3, but a more significant role in the

other cases. It is concluded that calculations of hyperfine quantities must be carefully compared

with accurate experiments, which would also be a good indicator of the more important physics

taken into account by the calculations that correctly describes this compound, and also other

rare-earth manganites.

With the other rare-earths there are no qualitative differences between the EFGs at the

experimental and relaxed structures, already at the GGA approximation level. However, the

calculations with corrections to account for the highly localized Mn-d and rare-earth-f electrons

(in Er and Ho) would probably give larger differences.

3.4.6 Calculations for comparison with PAC results

A main motivation for calculations performed in these compounds is the direct comparison

with calculations. In the experiments, a usual probe is a highly diluted 111mCd/111Cd isotope.

Therefore, we end this chapter with a presentation of calculations in these compounds with Cd

impurities assumed to occupy the rare-earth or manganese cation positions. Some of the factors

to take into account in this kind of calculations are also briefly discussed. In order to reproduce

the structural changes in the vicinity of the probe, the free atomic coordinates of the P63cm

space group (zR1 , zR2 , xMn , zMn , xO1 , zO1 , xO2 , zO2 , zO3 , zO4) were optimized, while

the experimental lattice constants were used.

Table 3.18 presents the calculations with Cd, for the rare-earth manganites considered, sub-

stitutional at the rare earth and manganese sites. The calculations assume ferromagnetism.

Even though the interplanar Mn order should affect the EFG at manganese as was shown pre-

viously, this should not show differences for the EFG at Cd, specially if it is occupying the

rare-earth sites. The radius of the Cd sphere is the same of the substituted atom, as defined

previously.

For each EFG calculation per crystallographic site (R1, R2 or Mn), Cd was included in the

structure by substitution at one of the sites in the unit cell, giving the formula R5/6Cd1/6MnO3

or RMn5/6Cd1/6MnO3. In principle a supercell calculation with a more diluted Cd probe would

give a more accurate result. However a test with a larger supercell showed no large differences.

Another fact worth considering is that in these materials the use of an on-site Coulomb potential

may give more precise results. Using YMnO3 and HoMnO3 , as test cases, with a substitutional

Cd atom at the rare-earth and manganese sites (R5/6Cd1/6MnO3 or RCd5/6Mn1/6O3 ), the

LDA+U functional was used with an effective Hubbard parameter Ueff = 6 eV for the Ho 4f

orbitals. However, also in this case the main changes found for Vzz in a test with Ueff. at the

Mn sites should be at the Mn sites, and a Coulomb potential at the rare-earth f orbitals should
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Table 3.18: EFG parameters (Vzz (1021V/m2) and η for Mn site) calculated for some rare-earth
manganites RMnO3 (R=Y, Ho, Er, Lu), considering one Cd probe substitutional at the rare-
earth and manganese sites, with the measured structure and after atomic structure relaxation.
Sample Vzz (R1) Vzz (R2) Vzz (Mn) η Vzz (R1) Vzz (R2) Vzz (Mn) η
YMnO3 0.08 4.10 -18.67 0.06 1.38 6.61 -23.90 0.06
HoMnO3 1.38 3.41 -17.18 0.01 1.31 6.16 -21.17 0.02
ErMnO3 0.16 3.64 -18.01 0.09 1.06 5.56 -23.26 0.02
LuMnO3 -1.09 4.41 -17.47 0.11 0.31 6.54 -19.77 0.05

not change Vzz at the Cd site either way. The test with HoMnO3 showed that indeed rare-earth

and oxygen sites changes in EFG are small, and at the Cd site a difference of only 5% was

found (0.3 1021×V/m2). Therefore, even tough the exact values of the constituent atoms in the

rare-earth manganites are sensitive to changes in the magnetic order and on-site corrections, we

concluded that for substitutional Cd simple simulations with the GGA-PBE approximation and

ferromagnetic order should suffice to give qualitatively correct values.

The EFG at Cd in the two rare-earth sites follows the same trend found in the rare-earth

sites for the pure manganites, with Vzz at R1 being always lower than Vzz at R2. The asymmetry

parameter at the rare-earth sites is zero due to the hexagonal structure symmetry, but not at

the Mn site (presented in the table). Nevertheless, η(Mn) is small. No particular trend is found

for the Cd sites with respect to the atomic numbers or radius of the different manganites. The

differences between the values obtained with unrelaxed and relaxed structures are higher than

those found in the pure structures, as expected, since the Cd impurity should introduce other

changes. The differences are larger at the Mn site. consistent with the fact that Cd has ionic

radius about two times larger than the Mn one, which leads to additionals distortion in MnO5

surrounding bipyramid.

The complementary PAC experimental work has been performed by T.M. Mendonça et al.,

and initial PAC experimental results, with 111mCd→111Cd in YMnO3, confirming part of these

calculations, are already published [14].





Chapter 4

Manganese pnictides

Introduction

This chapter, except for this introduction and the appendix, is the exact reproduction of a

published article [4] on the topic of manganese pnictide systems, the manganese arsenide (MnAs)

in particular. Results obtained at low temperatures in MnAs which were not yet published are

shown in the appendix.

The MnAs compound is ferromagnetic at low temperatures with a NiAs-type structure. This

structure, shown in figure 4.1 (left), with space group P63mmc (194) , has Mn and As atoms at

coordinates (0,0,0) and (1/3, 2/3, 1/4), respectively, with two formula units per unit cell. On

heating, at ∼ 40 C, it undergoes a first-order phase transition, with a discontinuous distortion

to the orthorhombic MnP-type structure, in the Pnma space group, with four formula units per

unit cell. This structure is shown in figure 4.1 (right). The orthorhombic distortion continuously

disappears when heating until a second-order phase transition back to the NiAs-type structure

at ∼ 125 C.

The low temperature hexagonal phase is ferromagnetic, while the high-temperatures is a

Curie-Weiss paramagnetic. The intermediate phase, however, considered paramagnetic, does

not follow a Curie-Weiss law. The magnetization and inverse magnetic susceptibility are shown

schematically in figure 4.2.

Figure 4.1: Left: Hexagonal NiAs-type structure of MnAs. Right: Orthorombic MnP-type
structure of MnAs. The blue and yellow spheres represent Mn and As atoms, respectively.

53
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Figure 4.2: Left: Magnetization and inverse susceptibility in MnAs as a function of temperature
(taken from [89]).

Abstract

The MnAs compound shows a first-order transition at TC ≈ 42 C, and a second-order

transition at Tt ≈ 120 C. The first-order transition, with structural (hexagonal-orthorhombic),

magnetic (FM-PM) and electrical conductivity changes, is associated to magnetocaloric, mag-

netoelastic, and magnetoresistance effects. We report a study in a large temperature range from

−196 up to 140 C, using the γ − γ perturbed angular correlations method with the radioactive

probe 77Br→77Se, produced at the ISOLDE-CERN facility. The electric field gradients and

magnetic hyperfine fields are determined across the first- and second-order phase transitions en-

compassing the pure and mixed phase regimes in cooling and heating cycles. The temperature

irreversibility of the 1st order phase transition is seen locally, at the nanoscopic scale sensitivity

of the hyperfine field, by its hysteresis, detailing and complementing information obtained with

macroscopic measurements (magnetization and X-ray powder diffraction). To interpret the re-

sults, hyperfine parameters were obtained with first-principles spin-polarized density functional

calculations using the generalized gradient approximation with the full potential (L)APW+lo

method (Wien2k code) by considering the Se probe at both Mn and As sites. A clear as-

signment of the probe location at the As site is made and complemented with the calculated

densities of states and local magnetic moments. We model electronic and magnetic properties

of the chemically similar MnSb and MnBi compounds, complementing previous calculations.
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4.1 Introduction

The magnetic compound MnAs has been intensively studied, since it exhibits a magne-

tocaloric effect [90], under hydrostatic pressure [91], as well as when doped with metals [90, 92],

making it an interesting material for magnetic refrigeration applications. Moreover, it can be

grown as epitaxial films on Si and GaAs substrates [93], where applications such as a source for

spin injection make it of promising use for spintronics [94].

In parallel, it is a material with theoretical challenges. In this front some first-principles

studies are directed to this compound, e. g. see refs. [95, 89, 96, 97, 98]. The orthorhombic phase

is usually considered paramagnetic, however it does not follow a Curie-Weiss law and it has also

been considered to be antiferromagnetic [96]. Also of interest is the existing magnetoresistance

effect which is attempted to be related to the CMR found in the perovskite manganites [99], and

a remarkable spin-phonon coupling found crucial to the magnetostructural transition [98]. Its

particular coupling of magnetism and structure has been the origin of macroscopic models [100]

for magneto-volume effects.

At low temperatures, MnAs is ferromagnetic and it has a NiAs-type structure. This stru-

cture, with space group P63mmc (194), has Mn and As atoms at coordinates (0,0,0) and (1/3,

2/3, 1/4), respectively, with two formula units per unit cell. On heating, at about 40 C, it

undergoes a first-order phase transition, with a discontinuous distortion to the orthorhombic

MnP-type structure, with a parallel discontinuous change of volume, loss of ferromagnetism,

and a metal-insulator transition. The orthorhombic distortion continuously disappears when

heating until about 125 C where it undergoes a second-order phase transition to the NiAs-type

structure with a paramagnetic state, now following a Curie-Weiss law.
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Thermal hysteresis is measured in this transition: on heating, the hexagonal→orthorhombic

phase transformation occurs at temperatures TC,i ≈ 40.5−42.5 C, while on cooling this transfor-

mation occurs at TC,d ≈ 33.9−37.9 C [101, 102, 103, 104, 105] (variations in different studies are

probably resulting from small differences in the stoichiometry of samples). Phase coexistence

in a temperature interval of approximately 2 C is reported by neutron and X-ray diffraction

measurements [99, 106]. The orthorhombic B31 structure, with the space group Pnma(62), has

coordinates for Mn and As atoms of (0.995, 1/4, 0.223) and (0.275, 1/4, 0.918), respectively [103].

The lattice constants of the hexagonal phase at room temperature are a = 3.722, c = 5.702

Å, and changes to a = 5.72, b = 3.676 and c = 6.379 Å in the orthorhombic phase (with four f.

u. per unit cell) at the first-order transition correspond to a volume loss of 2%.

We report a study in this compound using γ−γ time differential Perturbed Angular Correla-

tion (PAC) spectroscopy (see e. g. [22] for details), to our knowledge the first use of this nuclear

technique in the compound. Since PAC measures the combined hyperfine interactions - mag-

netic hyperfine field (MHF), and electric field gradient (EFG), the sensitivity of its atomic-scale

measurements allows the study of the atomic environments as a function of temperature.

Other hyperfine interactions techniques have been used for the study of MnAs and related

compounds in previous studies. Using Mössbauer spectroscopy with the 57Fe probe at 0.25 at%

concentration, Kirchschlager et al. [107] detect a quadrupole splitting, which they interpret on

the basis of motion of the probe atoms, but they do not measure magnetic hyperfine field. Also

using 57Fe impurities as probes, in the related MnAs1−xFex compound [108], with x = 0.01,

0.03, and 0.15, Abdelgadir et al. reported measurements involving the first-order transition

at TC,d = 2 C (for x = 0.01), where they also detect an unusual dependence of the magnetic

hyperfine field. NMR spectroscopy has also been performed at 4K [109], and in the range from

−190 up to 38 C, with double signals from both Mn and As atoms, where a resonance anomaly

was observed at ≈ −50 C as due from atoms at the domain walls [110].

Our work studies a temperature range from 13 to 140 C and liquid nitrogen temperature

(−196 C). Measurements are made in the first-order phase-transition region and above, passing

the second-order phase transition (section 4.2.2). The temperature range near the first-order

transition is studied in more detail (section 4.2.3). X-Raw powder diffraction and magnetization

measurements are also performed and its results are compared with PAC results.

The experimental results are complemented with density functional theory calculations of

the hyperfine parameters, using the full potential mixed (linear) augmented plane wave plus

local orbitals (L)APW+lo method. In order to improve and complement other first-principles

studies, we also show calculations of other properties, and for the chemically similar manganese

pnictides MnSb and MnBi.
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Figure 4.3: Diagram of the γ − γ decay cascade of 77Se, with the properties of the relevant
intermediate isotope, and of the decay from the parent isotope 77Br by processes of electron
capture and positron emission.

4.2 Experiments

4.2.1 Experimental details and sample preparation

A mixture of radioactive isobars of mass 77, 77Kr, 77Br and 77Se were produced at the

ISOLDE isotope separator online facility at CERN, and implanted at 30 keV to a dose of

approximately 1016 atoms/m2 in MnAs samples at room temperature. After waiting for the

decay of 77Kr (t1/2 ≈ 74 min) for 12 h, the PAC experiments have started on the decay of 77Br

to 77Se, after annealing, as described.

One test sample was measured as implanted, but the resulting spectrum was highly attenu-

ated due to implantation defects. Subsequently, a first annealing step at 600 C for 200 s was done

in vacuum (5 × 10−4 mbar), followed by a fast quench to room temperature for both samples,

after which the spectra substantially improved.

The γ−γ cascade of 77Br→77Se is shown in figure 4.3. The hyperfine interaction is measured

in the 9.56 ns, 249.8 keV, I = 5/2 intermediate state of the cascade, with quadrupole moment

Q = 1.1(5)b, and magnetic moment µ = 1.12(3)µN [24].

The directional correlation of the decays is perturbed by the hyperfine interactions and

the experimental anisotropy ratio function R(t), which contains all of the relevant information,

is expressed as a function of time, t. R(t) =
∑

AkkGkk(t), where Akk are the anisotropy

coefficients, depending on the spin and multipolarity of the γ decays, and Gkk(t) contains the

information of the hyperfine parameters. Due to the solid angle attenuation of the detection

system the anisotropy is reduced, and the effective experimental anisotropy was found to be

A22 ≈ −0.13(1). The long half-life of the parent isotope 77Br, 57 h, and the relatively short

half-life of the intermediate state, allowed us to perform several measurements with a very good

true to chance coincidence ratio from a single implantation shot.

The PAC-spectrometer, a high efficiency setup of six BaF2 detectors, provides 30 coincidence

spectra (6 from 180◦ and 24 from 90◦ between detectors [20]).
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4.2.2 1st set of PAC experiments

The obtained PAC experimental functions R(t) and the respective Fourier analysis are shown

in figures 4.4 and 4.5.

The spectra were fitted using a numerical algorithm that calculates the hamiltonian of the

interaction to obtain the magnetic Bhf and quadrupole EFG parameters [23]. Figs. 4.4 and 4.5

also show the Fourier analysis of the R(t) functions for all temperatures measured.

Table 4.1 shows all fit parameters obtained at the different temperatures, in the chronological

order of measurements. Between the last two measurements, the sample was heated to 100 C,

so the 35 C measurement is made on cooling.

The fit procedure can consider several fractions of 77Se nuclei interacting with different

hyperfine fields due to different local environments. For the ferromagnetic case the fits mainly

reveal nuclei interacting with a magnetic field. Additionally for all phases, a fraction must be

considered of 77Se nuclei interacting with a strong (EFG3) distribution, that we attribute to

nuclei on defect regions of MnAs which could not be annealed. This fraction was firstly allowed

to vary, but the quality of the fit is not very sensitive to its value. In the final fits we constrained

this value to the average of all previously found values, f3 = 22%.

Upon the transition the magnetic interaction vanishes and a slow frequency, due to the

orthorhombic phase EFG is revealed. The limited time window and low quadrupole moment

makes it difficult to measure the EFG2 parameters of the orthorhombic phase with high precision.

Even in the most accurate measurements it can be fitted reasonably in a large range. On the

other hand, the stronger EFG3 of f3 = 22% has a large damping which also makes its accurate

determination difficult. Therefore, in the present experiments, the asymmetry parameters η2,

η3 were set to zero, since large variations produce small changes in the results. On the other

hand, this procedure agrees with the fact that the hexagonal and weakly distorted orthorhombic

symmetries produce very small axial asymmetry parameters. The frequency ω02 was also fixed

in an average value.

The magnetic phase, characterized by a well defined magnetic hyperfine field, could be

characterized also by a very small EFG. The fit program properly handles this problem by

resolving the Hamiltonian for the combined interaction. In the results we present only a pure

magnetic interaction, since with a combined interaction the EFG (Vzz) would have to be very

small in this phase and cannot be properly disentangled within the short analysis time of 45

ns. We estimate a majorant for Vzz . 1 × 1021V/m2, above which the quality of the fit would

significantly degrade.

The obtained Vzz attributed to the orthorhombic phase is less than 1.1 × 1021V/m2 at all

temperatures measured.

The frequencies ω and Lorentzian widths σ are similar for the whole temperature range

in this phase. However, we point that before the experiment performed at 141 C during six

hours, EFG2 shows a relevant attenuation of σ2 ≈ 300 Mrads−1. After this measurement the

attenuation was considerably reduced and the characteristic EFG3 parameters attributed to

Se interacting with defects of MnAs have considerably changed. Both modifications compare
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Figure 4.4: (Color online) PAC spectra and Fourier Transforms of the first five measurents, in
chronological order. The fits are represented by the red lines.
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Figure 4.5: (Color online) PAC spectra and Fourier Transforms of the last five measurents, in
chronological order. Between 21.2 and 35 C the sample was heated to 100 C, so that the 35 C
measurement is made on cooling. The fits are represented by the red lines.
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Table 4.1: Fit parameters, from measurements when heating and cooling the 1st sample, in
chronological order. Fraction (%) of the measured interactions, quadrupolar frequency (ω0)
(Mrad.s−1), Larmor frequency ωL (Mrad.s−1) and width of Lorentzian function used in the
fitting procedure (σ) (Mrad.s−1). The magnetic frequencies have an estimated upper limit for
the error of 15 Mrad.s−1. The fraction f3 and the frequency of the orthorhombic phase were kept
fixed at an average value. H = hexagonal ferromagnetic, O = orthorhombic, H∗ = hexagonal
paramagnetic.

T (◦C) f1 ωL1 σ1 f2 ω02 σ2 f3 ω03 σ3 Phase

17 78 637 21 - - - 22 945 69
35 78 547 28 - - - 22 1466 69 H

41.5 78 506 33 - - - 22 1484 55

50 - - - 78 29 290 22 1108 10
45 - - - 78 29 330 22 874 96 O
41 - - - 78 29 290 22 963 46

141 - - - 78 29 435 22 1324 17 H∗

21.2 78 618 33 - - - 22 176 40 H

35 60 546 65 18 28 31 22 176 43 H+O

well with what is observed in the second set of PAC experiments immediately after the 600 C

annealing step. We think this is evidence for an incomplete annealing that was compensated

during the lenghty six hours measurement at 141 C.

The EFG parameters measured at 141 C, above the second-order phase transition, shows a

very low Vzz as expected from the NiAs-type structure, and there is no hyperfine field since the

sample should be paramagnetic, following a Curie-Weiss law at this temperature.

The measurement at 35 C shows a lower amplitude of the R(t) function due to the coexistence

of hexagonal and orthorhombic phases. Still, there is a stronger attenuation of the magnetic

field that can correlate with the dynamics of the phase coexistence.

The first-order transition reported in the literature when heating is clearly seen in the PAC

spectra at approximately 42 C with the disappearing magnetic hyperfine field when measuring

at 50 C.

The fact that the spectrum measured at 41.5 C (when raising T, fig. 4.4) and the spectrum

measured at 41 C (when lowering T, fig. 4.5) are markedly different, shows that the hysteretic

behavior of the macroscopic magnetization usually measured is also present at the microscopic-

local like hyperfine field.

4.2.3 2nd set of PAC experiments - First-Order Transition

A detailed study of the first-order transition has been done according the following order,

on a second sample: 21.1, 40.8, 41.3,, 43.5, 124.5 (raising temperature); 41.4, 39.5, 37.5, 36.6,

33.3, 32.5, 29.9, 13.3, -196 C (lowering temperature).

The first five PAC measurements, done when heating the sample, from room temperature,

to above the first-order transition, are shown in figure 4.6.

The five measurements, done when cooling the sample, from 36.6 to 13.3 C, also passing the
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Figure 4.6: (Color online) PAC spectra and Fourier Transforms. Measurements made when
heating the sample. The fits are represented by the red lines.

transition, are shown in figure 4.7.

The measurements done when cooling the sample above the phase transition (41.1, 39.5,

37.5, 36.5 C), coming from a high temperature (124.5 C), are not included, since those spectra

are similar to the first spectrum in figure 4.7, at 36.6 C.

A last measurement performed with the sample at liquid nitrogen temperature is shown in

figure 4.8.

In a similar way to the preceding section, the fits were done considering a magnetic hyperfine

field and low EFG, which are characteristic of each phase. For the reasons already detailed the

asymmetry parameter is set to zero for all EFGs, and the fraction attributed to defect and

orthorhombic frequencies are fixed in average values. Also, an additional EFG characterized

by a quadrupole interaction of ω0 ≈ 176 Mrad.s−1, Vzz ≈ 6.4 × 1021 V/m2, is found that

accounts for 30% of the probe nuclei in perturbed environments of the sample, still remaining
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Figure 4.7: (Color online) PAC spectra and Fourier Transforms. Measurements made when
cooling the sample. The fits are represented by the red lines.
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Figure 4.8: (Color online) PAC spectra and Fourier Transforms at -196 C. The fits are repre-
sented by the red lines.
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Table 4.2: Fit parameters, with temperatures in chronological order, for the 2nd sample. Frac-
tion (%) of the measured interactions, quadrupolar frequency ω0 (Mrad.s−1), Larmor frequency
ωL (Mrad.s−1), and width of Lorentzian function used in the fitting procedure σ (Mrad.s−1).
The magnetic frequencies have an estimated upper limit for the error of 15 Mrad.s−1. f3 and cor-
responding frequency were fixed at an average value, as was ω02. H = hexagonal ferromagnetic,
O = orthorhombic.

T (◦C) f1 ωL1 σ1 f2 ω02 σ2 f3 ω03 σ3
21.1 70 619 3 - - - 30 176 23
40.8 70 510 9 - - - 30 176 22 H
41.3 70 499 12 - - - 30 176 18

42.3 40 495 10 30 28 20 30 176 10 H+O

43.5 - - - 70 28 24 30 176 9
124.5 - - - 70 28 26 30 176 27
41.4 - - - 70 28 36 30 176 17
39.5 - - - 70 28 46 30 176 24 O
37.5 - - - 70 28 47 30 176 22
34.5 - - - 70 28 29 30 176 14
33.3 - - - 70 28 197 30 176 73
32.5 - - - 70 28 20 30 176 11

29.9 70 571 9 - - - 30 176 48
13.6 70 648 4 - - - 30 176 98 H
-196 70 1050 0 - - - 30 57 29

after annealing.

The values of all fitted parameters can be found in table 4.2.

As can be seen by the changes in the spectra, the transformations occur near TC,i ≈ 42.3 −
43.5C and TC,d = 30 − 32.6 C. Therefore we estimate the thermal irreversibility to be between

10-13.5 C. This hysteresis is somewhat larger than that reported in other works by X-ray and

magnetization measurements (10 C) [101, 102, 103, 104, 105].

Figure 4.9 shows magnetization measurements on the same samples with a vibrating sample

magnetometer with B = 0.01 T, showing TC,i = 45 C and TC,d = 30.7 C. The abrupt change

over 2 C, at ≈ 44 C, when heating (see fig. 4.9), is in agreement with the hyperfine field changes

measured above 43.5 C.

As in the first set of PAC measurements, there is a hyperfine field of 24 T just before the

transition. Then the magnetic phase disappears in a small temperature interval, as shown in the

spectra of figure 4.6 at 42.3 and 43.5 C. This shows no continuous decrease of the hyperfine field

to zero before the transition. Note that this conclusion cannot be learned from macroscopic

magnetization measurements only (see figure 4.9), where the magnetization can be seen to

decrease to zero, since just before the ferromagnetic to paramagnetic phase transition and within

the temperature difference of 1 C, only a very small variation of the hyperfine field is observed.

This clearly shows that the magnetization changes are mainly the result of changes in phase

fractions, instead of thermal disorder.

Figure 4.10 shows the hyperfine fields obtained, where the agreement for both experiments

can clearly be seen.
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value at -196 C. Circles for measurements when heating, squares for cooling. The open symbols
show the results of the first experiment, for comparison. The lines are the first (when heating)
and last (when cooling) measurements at the orthorhombic phase.
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Figure 4.11: (Color online) XRD Fractions of the total area corresponding to the peaks of the
hexagonal phase, at three 2θ intervals.

Notice that the attenuation of the hyperfine fields in the ferromagnetic phase increases to-

wards the phase transition temperature. When cooling from high temperature the same behavior

is observed and at liquid nitrogen temperature (- 196 C), no attenuation is observed. These ob-

servations hint at dynamic processes due to spin fluctuations.

At 42 C the amplitude of the magnetic part of the R(t) functions is smaller than at lower

temperatures, showing a reduced fraction of the ferromagnetic phase still present. A fraction of

60% for the 77Se atoms at the ferromagnetic phase while other 10% show a small quadrupole

frequency. This third fraction has Vzz = 1.08 (η was fixed to zero), corresponding to the value

found for the other fits in the orthorhombic phase. We can say that the phase coexistence only

occurs in a width of 2.2 C or less, since the measurement below and at (41.3 C) and above and

at (43.5 C) show only the ferromagnetic and paramagnetic phases, respectively. This width is

in agreement with previous measurements of approximately 2 C [99, 106].

The 1st order structure transformation was also probed with temperature dependent X-ray

powder diffraction studies in a Philips diffractometer. We performed detailed measurements

as a function of temperature, in three selected diffraction angle regions, were changes in the

transition are easily seen. Three 2θ intervals were selected, 31.4-32.6, 41.8-43.1, and 48.6-50

degrees, where one peak characteristic of the hexagonal phase disappears in the transition with

the appearence of peaks characteristic of the orthorhombic phase. In the 31.4-32.6 2θ interval

the (101) peak disappears with the appeareance of (102) and (111) peaks almost at the same

angle. The same situations occur when the (102) peak disappears and (202), (211) peaks appears

in the orthorhombic phase for 41.8-43.1 degrees. For 48.6-50 degrees, the (110) hexagonal peak

transforms into (013), (020), (212) and (301) peaks in the orthorhombic phase. The fit of the

peaks was done simply with gaussian functions, one gaussian for the hexagonal peak and another

gaussian for the two or more highly overlapped orthorhombic peaks. The areas of each peak

should correspond approximately to the fraction of each phase.

Figure 4.11 shows the fraction of the hexagonal phase obtained this way for the 3 angu-

lar intervals. The hysteresis produces here a difference of approximately 12 C. Magnetization
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measurements show a somewhat higher thermal hysteresis difference at half height, 14 C, which

might indicate that the magnetic coupling is disturbed before the hysteresis is completed. The

thermal hysteresis interval obtained from PAC has a large uncertainty (10-13.5 C) but is in

agreement with both measurements.

4.3 First-principles calculations

Knowing the lattice location of the PAC probe is of fundamental importance to understand

the values obtained. After the decay of 77Br, it is expected that the 77Se PAC probe may be

substitutional at the As site, since As has a similar atomic radius and a neighbor atomic number.

In order to check this assumption and to see the differences in the hyperfine parameters actually

measured at the probe site, we have used ab-initio density functional calculations.

Despite the existence of some published works reporting ab-initio simulations in this system,

the hyperfine parameters are usually not reported. The work of Ravindran et al. [97], presents the

calculation of the hyperfine parameters and magneto-optical properties, using density functional

calculations, of three manganese pnictides MnX (with X=As, Sb and Bi). Their calculations used

the FLAPW method and the electric field gradient and magnetic hyperfine field were presented.

However, as suggested by A. Svane [111], the calculated structures of [97] are incorrect, since

the positions of Mn and the pnictide were exchanged with respect to the the stable NiAs-type

structure. Recently, calculations of the hyperfine parameters in bulk and surfaces of MnAs were

also reported, and the correct values were obtained [112].

Here we also calculate the hyperfine parameters with the similar full potential (L)APW+lo

method, as implemented in the Wien2k code [17]. In this method the space is divided in

spheres, centered at the atoms, where the valence states are described by atomic-like functions,

and the interstitial space, where plane waves are used.

The Mn and As atomic spheres used have both a radius of 2.5 a.u. . We checked convergency

of the hyperfine parameters and total energy as a function of the number of k-points used for

integration in the Brillouin zone and the number of plane waves in the basis. The calculations are

spin-polarized and consider a ferromagnetic arrangement of Mn moments. For the calculations

of hyperfine parameters, spin-orbit coupling is included, for the other properties no spin-orbit

coupling is included, with a scalar-relativistic basis for the valence electrons, while for the core

electrons the treatment is always fully-relativistic. For Mn core states are 1s, 2s, 2p, and 3s, and

valence states are 3p, 3d, and 4s, while for As 1s, 2s, 2p, 3s, and 3p are core states and 3d, 4s, and

4p are valence states. The PBE Generalized Gradient Approximation [43] exchange-correlation

functional is used, since the LSDA is known to give poor results in this compound [113].

The calculated EFG of the MnAs sites in the hexagonal phase is shown in the table 4.3. Due

to the hexagonal symmetry η is zero, and the direction of the principal axis of the EFG tensor

is parallel to the c-axis. The EFG inside the spheres, which is almost equal to the total EFG,

can be separated in different contributions, since the the states are described in combinations

of spherical harmonics, with different angular momentum components. In this case the p-p and

d-d contributions of the density are the dominant terms, with Vpp
zz ∝ 〈1/r3〉p[1/2(px + py) − pz]
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Table 4.3: Calculated electric field gradient of MnAs, at the hexagonal phase, with room tem-
perature lattice constants: a=3.722 Å, c=5.702 Å.

Atom Vzz(1021V/m2) η Vzz dir.

Mn -3.63 0 (0,0,1)
As 1.53 0 (0,0,1)

Table 4.4: Calculated hyperfine Fields of MnAs (T): room temperature lattice constants:
a=3.722 Å, c=5.702 Å, hexagonal phase.

Atom BC core valence Borb Bdip

Mn -6.5 -39.3 32.8 0.5 -3.0
As 25.0 0.4 24.5 -0.1 -0.2

and Vdd
zz ∝ 〈1/r3〉d[(dxy +dx2

−y2)−1/2(dxz +dyz)−dz2 ]. For Mn, Vpp
zz = −1.45 and Vdd

zz = −1.70

×1021V/m2, states with both p and d character contribute to the total EFG. For the As atoms,

the states of p character are the dominant contribution with Vpp
zz = 1.27 and Vdd

zz = 0.06 × 1021

V/m2. Cutting the 3d10 states out of the density calculation the Vzz at As remains almost the

same, confirming that the contribution from the As filled d electrons is negligible.

In order to improve the results of the previously mentioned work, we also calculated the

EFG at MnSb and MnBi. We discuss them in section 4, along with other quantities.

The Fermi contact hyperfine field at the nucleus is calculated, with the electron density

averaged at a sphere with the Thomson radius, rT = Ze2/mc2, according to the formulation of

Blügel et al. [26] in which
−→
BC = 8π

3
µB

−→mav, i. e. the contact hyperfine field is parallel to the

average spin density. The contributions of the contact hyperfine field due to core and valence

electron density contributions are discriminated in the tables. We remark the fact that while in

As the hyperfine field is determined almost exclusively by its valence contribution, caused by the

polarization by Mn atoms, the core and valence contributions of Mn cancel in a large amount.

This is due to the core polarization mechanism [26], where the core hyperfine field in Mn has a

negative sign due to the polarization of core s electrons by the d shell: the majority electrons

are attracted to the polarizing d electrons while the minority electrons are repelled, resulting

in an excess minority charge at the nucleus. The on-site orbital and spin dipolar contributions

are also calculated. These contributions are small when compared with the contact hyperfine

field. In order to see the change due to different lattice parameters in the hyperfine fields, we

calculated also with the low temperature lattice constants [114] and the obtained values are

almost equal (tables 4.4 and 4.5). This simply shows that the collinear spin density functional

theory calculations cannot reproduce temperature related changes based only on the lattice

constants.

The previously obtained hyperfine parameters are in reasonable agreement with the GGA

calculations of Jamal et al. [112]. Some differences are expected, since while their calculations

consider the full theoretical lattice optimization, we only minimized the atomic forces keeping

the lattice parameters fixed at the experimental values. Relative to their results, for the Vzz at

Mn and As, small differences of 5% (1.53 against 1.46) and 4% (-3.63 against -3.78) are obtained,
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Table 4.5: Calculated contact hyperfine field of MnAs (T): low temperature lattice constants:
a=3.732 Å, c=5.678 Å, hexagonal phase.

Atom BC core valence

Mn -6.1 -38.7 32.5
As 25.5 0.4 35.1

Se at As site

Vzz(1021V/m2) η Vzz dir.
-0.27 0 (0,0,1)
BC core valence Borb Bdip ——Bhf total (T)

56.6 0.4 56.2 -2.1 -0.2 54.3
Se at Mn site

Vzz(1021V/m2) η Vzz dir.
17.80 0 (0,0,1)

BC core valence Borb Bdip —— Bhf total (T)
-23.1 -22.9 -0.2 3.4 -1.8 -21.5

Table 4.6: Hyperfine parameters with Se probe substitutional at the As or Mn sites in MnAs.

respectively. For the hyperfine fields the differences are -9 (present work) compared with 1 T at

the As site (small absolute difference) , and 24.7 (present work) compared with 31.8 T at the

Mn and As sites.

To compare with the PAC results using the implanted probe, the presence of a highly diluted

(ppm) Se probe must be accounted for in supercell calculations. The EFG and hyperfine field

were calculated for hypothetical situations where the Se is substituted at As and at Mn sites

using Mn15/16Se1/16As and MnSe1/16As15/16) supercells.

The results for supercells with Se concentration of 1/16 are shown in the table 4.6. The

atomic forces were not high, and were minimized by moving the free atomic coordinates. The

small changes in this type of system due to the lattice constants (tables 4.4 and 4.5) motivated

us to keep using the MnAs room temperature lattice constants. The hyperfine field calculated

with the Se atom substitutional at the As or Mn sites would be exact only at 0K (disregarding

zero-point effects, which should be small [115]). Our closest measured value is at liquid nitrogen.

There is a good agreement of the measured 49 T at 77K when compared with the calculated

54.3 T at the As site. In contrast, for the case in which Se is substitutional at the Mn site,

|Bhf | is too low when compared to the experiment, even near the transition, and the very high

Vzz = 17.4 × 1021 V/m2 immediately discards the possibility that the probe is located there,

whereas the EFG is very small for As-site substitutional Se, in agreement with experiment.

The calculation of the formation energies ∆Hf for the two substitutions also indicates this

assignment,

∆Hf = Esup
imp − 8 × EMnAs − µSe + µAs/Mn (4.1)

where Esup
imp is the total energy of the 2×2×2 supercell with a Se impurity, EMnAs is the energy

calculated for the pure compound, and µSe is taken as the total energy of nonmagnetic hcp Se.
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Table 4.7: Electric field gradient of MnAs, MnSb and MnBi, p-p and d-d contributions in the
atomic spheres.

Compound Atom Vzz(1021V/m2) Vp−p
zz Vd−d

zz

MnAs Mn -3.63 -1.45 -1.70
As 1.53 1.27 0.06

MnSb Mn -3.92 -1.40 -1.97
Sb 4.67 3.97 0.10

MnBi Mn -4.43 -1.91 -2.49
Bi 9.46 9.44 0.21

The chemical potential of As or Mn (according to the substituted site) is set as the energies of

fcc antiferromagnetic Mn and nonmagnetic rhombohedral As. The formation energy obtained

for substitution at the As site is 0.03 eV, while for the Mn substitution it has a higher value of

2.84 eV, confirming the hyperfine calculation. However, since Br is the implanted atom , if there

is no time for relocation between the Br→Se decay and the PAC measurement, the formation

energy of Br should be a better indication. Therefore, we also calculate these formation energies,

using the energies of supercells of the same size for the same substitutions, with Br, and the

energy of nonmagnetic solid Br2 as µBr, instead of µSe, in the previous formula. The obtained

results are 0.94 eV for the Br at As substitution, and 3.95 eV at the Mn site, again confirming

the As substitution.

4.4 Manganese Pnictides

Full potential calculations of the hyperfine parameters and other properties of manganese

pnictides were performed by Ravindran et al. [97], but with the anti-NiAs structure. Here we

report the same properties as calculated with the FLAPW method, i. e. the spin magnetic

moments, the density of states and the hyperfine parameters, with the NiAs-type structure.

The hyperfine parameters are especially sensitive to the type of structure. For the atoms of

Mn and As, in the true structure Vzz = −3.7 and 1.4 × 1021V/m2, respectively, while in the

anti-MnAs structure Vzz = 0.4 and 11.8 × 1021V/m2.

Table 4.7 shows the EFG of the three manganese pnictides. The asymmetry parameter and

Vzz direction are omitted, since they are always 0 and (0,0,1). The EFG of the pnictide site

increases with increasing atomic number (As, Sb, Bi), which coincidentally also happens in the

work of Ravindran et al. [97]. For the EFG of Mn the situation is reversed, in our calculations

its absolute value increases, while their results with the inverted structure have a slight decrease

ascribed to volume effects, which cannot be true now.

The spin moments for each atom, calculated inside the LAPW spheres, are presented in

table 4.8. Experimental values and values obtained from other band-structure calculations are

also presented. With our calculation, the values obtained, in µN per formula unit, are now in

a better agreement with experiment. Similar calculations (references in table 4.8), which have

used the NiAs-structure, get values which are in accordance to our results, consistently lower
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Figure 4.12: (Color online) Total density of states for MnAs, MnSb, and MnBi in units of
states/(eV f. u.). The up states are represented by the red full line and the down states by the
blue dashed line. Energy is in eV, relative to the Fermi energy (dashed line).

than experiment.

The spin projected density of states (DOS) for the three manganese pnictides is shown in

figure 4.12, with energy reference equal to the Fermi energy. The band structure has been

obtained before for these compounds by several authors. Although the DOS obtained by [97] is

different, coincidentally most of the qualitative features apply also. Mainly Mn d and pnictide

p states hybridize decreasing the free value 5µB . In both our study and theirs there are large

peaks at the up states, below the Fermi energy, largely due to Mn d states, at approximately

-2.5 eV. The Mn d-states for the down spin are shifted to the conduction band. This can be

seen in figure 4.13, where the important states of each atom are discriminated in their s, p and

d character. The As s states are nearly isolated between 13 and 10.5 eV below the Fermi energy.

The total number of states at the Fermi level is 2.51 for MnAs, 2.22 for MnSb, and 1.95 for

MnBi. In comparison, with the anti structure the values are higher, respectively 3.46, 2.78,

2.05 [97], which suggests that the structure is not so stable, as expected . The experimental

value of 2.4 ± 0.4 states for MnSb estimated from specific heat measurements [116] is also in

agreement.

The magnetic hyperfine field increases greatly from MnSb to MnBi, due to the larger polar-

ization from the s electrons at the nuclear position, which largely increases due to the additional

s-orbitals of higher principal atomic number, and the fact that Mn in MnBi has the larger

magnetic moment, so that it polarizes the Bi valence electrons. The magnetic moment of the

pnictogen site is very small, so that the core contribution of the hyperfine field is also small.

For MnSb, previous NMR measurements have determined a frequency of 260 MHz at low tem-

peratures, attributed to domain wall edge resonances [129], correspondig to a hyperfine field

Bhf = 3.93 T, equal to our calculated value for the bulk. The hyperfine field has been measured

in MnBi, at the Bi atoms by nuclear orientation [130], Bhf = 94 T, comparing reasonably with
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Figure 4.13: (Color online) Density of states of MnAs in the hexagonal phase divided in the
most important contributions for the majority (upper figure) and minority (lower figure) states.

Table 4.8: Total magnetic moment for MnX (X=P, As, Sb, Bi) in the cell and magnetic moments
inside the Mn and X LAPW spheres, in units of µB/formula unit. Previous experiments and
calculations are compared with our results.

1021V/m2 Compound Mns Xs MnXt

MnAs(present work) 3.29 -0.14 3.17
MnAs(exp.) -0.23 [117] 3.40 [117]

MnAs(theory) 3.10 [118]
3.14 -0.08 3.06 [119]
3.18 -0.13 3.14 [112]

MnSb(present work) 3.44 -0.14 3.34
MnSb(exp.) -0.30 [117] 3.55 [120]; 3.50 [121]

MnSb(theory) 3.34 -0.07 3.27 [118]
3.35 -0.032 3.32 [122]
3.30 -0.06 3.24 [123]
3.5 -0.17 3.31 [124]

MnBi(present work) 3.49 -0.11 3.42
MnBi(exp.) 3.82 [125]; 3.84 [126]; 3.9 [127]

MnBi(theory) 3.71 -0.10 3.61 [119]
3.50 -0.02 3.56 [128]
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Table 4.9: Fermi contact hyperfine Fields of MnAs, MnSb, and MnBi, core and valence contri-
butions, orbital and dipolar hyperfine fields (T ).

Atom BC core valence Borb Bdip

Mn -6.5 -39.3 32.8 0.5 -3.0
As 25.0 0.4 24.6 -0.1 -0.2

Mn -8.5 -41.5 33.0 1.2 -2.8
Sb 30.6 -2.0 30.8 0.1 -0.5

Mn -5.8 -42.1 36.3 3.6 -2.8
Bi 82.6 -1.2 83.8 0.2 -1.0

our value of 81.8 T.

4.5 Conclusion

We have measured the hyperfine parameters with the perturbed angular correlation method

in MnAs. The hysteresis at the hexagonal-orthorhombic 1st order phase transition is clearly seen

from a microscopic point of view, complementing the X-ray and magnetization measurements.

The hyperfine magnetic field is the same at a given temperature, irrespective of cooling or

heating the sample even in the phase coexistence region. This local probe study shows that

the magnetization changes observed are mostly due to a change of phase fractions, which can

be related to XRD studies. We provide a clear demonstration of the nature of the first-order

phase transition, by microscopic observation of phase separation at the hyperfine interactions

range (sentitive to approximately less than 10 Å), much shorter than the range of diffraction

techniques. We measured phase coexistence in a small interval of temperature (2 C), comparable

with previous measurements. In contrast, in other cases, PAC measurements were able to find

very small coexistent regions of two competing phases, in a much broader temperature range

than that given by x-ray diffraction [65].

Ab-initio calculations are used to complement the experiment. Realistic simulations of the

diluted probe with supercell calculations show that the 77Se probe, if substitutional, is located at

the As site. This information is taken from the comparison of calculated and measured hyperfine

parameters, and it is verified by the calculated formation energies. Our results reproduce the

hyperfine field at low temperature with good quantitative agreement.

It may be interesting to try an experiment with a probe of high quadrupole moment, since

in this case the EFG is very small and has an overlying high amplitude magnetic hyperfine field,

which makes its accurate determination difficult. Improved results for the compounds MnSb and

MnBi, of hyperfine parameters, magnetic moments and density of states were also presented and

discussed.
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Figure 4.14: Hyperfine field at 77Se in MnAs, in the FM phase. The measurement was made
from low temperature and heating. The last measurements are noted by the small points. The
hyperfine field was firstly measured from low temperatures up to room temperature, and then
the temperature was lowered to the region where the discontinuity in the derivative was seen
(left, lower figure). The right figure is a zoom of the last measurements.

4.6 Appendix

4.6.1 Low temperature PAC results

In this section, we show still unpublished additional PAC results obtained in MnAs at low

temperatures. In a new experiment using a cryostat device, still with the 77Br→ 77Se probe, we

measured the MHF at various temperatures, from 10 K up to room temperature. As discussed

before the EFG is very small and cannot be properly measured in this phase. The resulting

hyperfine fields are shown in the upper part of figure 4.14.

In the paper previously presented, these results were not yet discussed, and the comparison

with the calculations was made with the 77 K measurement. With the present results, at the

lowest temperature of 10.8 K, the comparison is more meaningful. The agreement between

theory and experiments is now improved, the calculated value 54.3 T agrees well the measured

value at 10.8 K, which is 50.3 T.

The most interesting feature found at low temperature is the anomaly at 150 K. The fact

that there is an anomaly is shown by two features. An approximation of the derivative of

the hyperfine field with respect to temperature is shown in the lower part of figure 4.14, and

an irregularity is seen at this temperature, where the slope changes abruptly. The MHF was

measured regularly, starting from low temperatures and heating until room temperature, and

after that the sample was cooled again to this region to measure this anomaly in more detail

(shown in the plot by red points). The measurements on heating were not replicated. The

hysteresis and anomaly at this temperature are probably related to the pressure-temperature

phase diagram, shown in figure 4.15. In it, an hysteresis region involving the hexagonal and

orthorhombic phases starts precisely at 150 K, at zero pressure.
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Figure 4.15: MnAs pressure-temperature phase diagram (taken from [131]).

4.6.2 NMR results

For reference, figure 4.16 presents the NMR resonance frequencies obtained at low tempera-

tures by Pinjare and Rama Rao [110] and Amako [109].

Erratum

On page 58, it is stated: “On the other hand, this procedure agrees with the fact that the

hexagonal and weakly distorted orthorhombic symmetries produce very small axial asymmetry

parameters. ”. This is a generalization which does not always hold, since the local symmetry

of the site may give high asymmetry parameters in weakly distorted orthorhombic phases. One

example is seen earlier, with CaMnO3.
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Figure 4.16: Left : Temperature of the NMR resonance frequencies measured with 55Mn and 75As
in MnAs (taken from [110]). Right : Ti concentration dependence of the 55Mn NMR frequency
in MnAs1−xTix, at 4 K (taken from [109]).



Chapter 5

Ferroelectricity and Electric Field

Gradients: an ab-initio study

The first experiences using hyperfine interactions applied to ferroelectric materials brought

out some interesting results. It was found, in different materials, a quadratic [132] (BaTiO3) or

linear [133] (Rochelle salts) relationship of the EFG with respect to the spontaneous polarization.

Figures 5.1(a) and 5.1(b) show these cases.

Yeshurun et al. [135] studied the electric field gradients (EFG) in perovskites, and predicted

the relationship of local fluctuating EFGs in the lattice with the electric susceptibility. Their

model assumes a cubic paraelectric structure, and considers the average displacement z0(T )

from the high symmetry paralectric phase at a given temperature, plus the time-dependent part

∆z(T, t). Therefore, the time dependence of the displacement is z(t, T ) = z0(T ) + ∆z(T, t).

The instantaneous local EFG can be given by (considering here only the Vzz component) by

Vzz = Vzz(z = 0) + dVzz

dz z + 1
2
d2Vzz

dz2
z2 + .... The first term is zero by definition, from the cubic

symmetry of the paraelectric phase, the second term vanishes also by symmetry but the third

term remains. Therefore, Vzz ∝ z2 = z20 + 2z0∆z + (∆z)2. The connection between the local

instantaneous EFG and the EFG actually measured depends on the experimental technique

Figure 5.1: a) Quadrupole splitting measure by 57Fe Mössbauer spectroscopy in BaTiO3, with
the spontaneous polarization squared (P 2

s ) on a matching scale. b) The polarization and sat-
telite line separations in NMR (quadrupole coupling constant) varying with temperature (taken
from [134]).

77
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Figure 5.2: Left: V zz (V/Å2) as a function of temperature, in the Pr0.15Ca0.85MnO3 sample
(η in the inset). Right: Plot of measurements in NaNO2, of the square of the spontaneous
polarization quadrupole splitting as a funtion of the quadrupole splitting, with temperature as
an implicit parameter (taken from [134]).

used. The authors then extended the analysis to the case of the perturbed angular correlation

(PAC) technique. They considered the fast and slow frequency regimes and conclude that in

both cases Vzz should be proportional to the electric susceptibility. The derivation in both cases

uses the fluctuation dissipation theorem, whereby the mean square of the fluctations (∆z)2

is proportional to the sum over all q vectors of the electric susceptibility (∆z)2 ∝ T
∑

q χq.

Therefore, the EFG should have a critical behavior at the paraelectric-ferroelectric transition.

This was successfully used as a supporting argument for the study of a novel phase transition

in Pr1−xCaxMnO3 [6]. This brought a strong motivatios for a theoretical study of the relation

between the EFG and ferroelectric properties. The measurement of the EFG with temperature

variation as measured in one Pr1−xCaxMnO3 sample is shown in figure 5.2(a).

Concerning the static time-independent part of the EFG, Yeshurun et al. claim that Vzz

should be proportional to P 2 in perovskites. Dening [134] also discusses this and argues that

if the site has inversion symmetry in the paraelectric structure then the EFG is proportional

to P 2, otherwise it is proportional to P . They use previous experimental results in NaNO2 to

validate the quadratic relation, presented in figure 5.2(b).

In spite of these previous models and experimental studies, a theoretical study from first-

principles which relates these properties has not yet been attempted. Until recently, the po-
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larization was not accurately calculated because the proper concept of polarization was only

developed in the 1990s [18, 19], with the modern theory. In this conception the polarization is

a bulk property, defined by the adiabatic flow of current as the crystal is modified. It is related

to the Berry phase of the Bloch wavefunctions, or equivalently to the changes in the Wannier

charge centers constructed from the same wave functions. Polarization is only defined modulo a

“quantum of polarization”, eR/Ω, where R =
∑

j mjRj is a lattice vector and Ω is the unit cell

volume. Therefore, it is a multivalued quantity, a lattice of vectors. In practice, by computing

the polarization along many intermediate points in a path, the values can be chosen in a single

branch, eliminating the uncertainty mod eR/Ω.

In this chapter, to investigate the previously found relationship in perovskites, we study the

variation of the EFG with respect to polarization, having static displacements as an implicit

parameter, with the use of first-principles calculations of both quantities. The presentation of the

main results in an article format, to be submitted. The final appendix presents supplementary

materials related to the subject, for a better visualization of the results.
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Abstract

The hyperfine interaction between the quadrupole moment of atomic nuclei and the electric

field gradient (EFG) provides information on the electronic charge distribution close to a given

lattice site. In ferroelectric materials, the main property is the macroscopic polarization, which

also depends on the electronic charge distribution due to the loss of the inversion symmetry. We

present first-principles density functional theory calculations of ferroelectric materials such as

BaTiO3, KNbO3, PbTiO3 and other oxides with perovskite structures, by focussing on both the

EFG tensors and the ferrolectric polarization. We analysized the EFG tensor properties such

as orientation and correlation between components and their link with electric polarization.

This study aims to support previous studies of ferroelectric materials where a relation between

the EFG tensors and the polarization was observed, that we confirm now, by establishing this

relationship on a solid ground of first-principles methods. Hopefully, when this relation is well

understood, a new door is open to disentangle ferroelectric ordering in materials where standard

techniques to study polarization are not easily applied.

5.1 Introduction

There is great interest in ferroelectric/multiferroic materials nowadays due to their potential

application in a panoply of subjects, ranging from high density memories to magnetoelectric

sensors [8, 9]. The complexity of electronic phenomena at the nanoscale makes them a re-

search hot topic and a fertile ground for new experimental techniques which are able to probe

point-like, atomic-scale properties. To this aim, the use of local probes such as in hyperfine in-

teractions techniques, like Mössbauer effect spectroscopy, perturbed angular correlation (PAC)

spectroscopy, nuclear magnetic resonance (NMR), and nuclear quadrupole resonance (NQR),

give access to atomic scale information of the electronic charge density [22] through the measure

of the the electric field gradients (EFGs), thus probing the phenomenology of materials at the
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nanoscale.

From a theoretical point of view, advances in modern density functional theory have made the

calculation of the spontaneous electric polarization (P ) a routine calculation on ab-initio frame-

work [136, 18, 19]. Recently, the calculation of EFGs, which are quantities directly accessible to

experiments, have become also possible from first-principles [137, 138, 39, 139, 140, 141, 142].

However, to the best of our knowledge, a theoretical study on the framework of ab-initio density

functional mehods aiming to investigate both the P and EFGs in a ferroelectric material is still

missing in the current literature despite the fact that it was shown a long time ago a linear

correlation[133, 143, 144] between P and EFG values at a given site. This “correlation” would

suggest that informations obtained through the measurements of EFG tensors can provide in-

direct access to the polarization as well. If true, one could study a macroscopic property of the

crystal, such as P by using local probes. In this work, we want to explore such a possibility.

A nucleus with nuclear spin I ≥ 1 has a non-spherical nuclear charge distribution, i.e. a

non-zero quadrupole moment. The hyperfine techniques previously mentioned can measure the

quadrupole coupling constant, which is the interaction between the nuclear quadrupole moment

and the EFG. The EFG, in turn, arises due to the Coulomb potential at the nucleus, and

is a sensitive measurement of the surrounding electronic charge density. More precisely, it

is defined as the symmetric traceless second-rank tensor of second derivatives of the Coulomb

potential with respect to to the spatial coordinates, Vij = ∂2V/(∂xi∂xj), at the nuclear position.

In the principal axis coordinate system, the tensor is diagonal and its elements are ordered

by the convention |Vzz| ≥ |Vyy| ≥ |Vxx|. Usually Vzz and the axial asymmetry parameter

η = (Vxx−Vyy)/Vzz are used in the analysis of measurements. We recall that the EFG is lattice

site dependent, and its principal axes (x̃,ỹ,z̃) may not be the same at every site, although they

are usually along symmetry axes of the crystal.

Previous studies have shown that in some ferroelectric materials, P follows a temperature

dependence which can be related to the EFG at specific atomic sites. For instance, Nuclear

magnetic resonance (NMR) using 23Na in Rochelle salts [NaK(tartrate)·4H2O] showed P and

EFG are linearly related [133, 143, 144]. In 1978 Yeshurun suggested [135] that the EFG due to

static displacements should be proportional to P 2 in perovskite crystals using an empirical model

for interpreting previous 57Fe Mössbauer measurements in BaTiO3 [132]. Dynamical aspects

were also considered by relating the EFG to the electric susceptibility, and it was found that

the EFG should have a critical behavior when approaching TC [135]. This peculiar feature was

recently used in the identification of ferroelectricity with EFG measurements [6]. In this work,

the Pr1−xCaxMnO3 was studied with the measurement of the EFG at 111mCd probes implanted

into the sample. An abrupt change was found in a short temperature interval. This was

associated to the onset of ferroelectricity, since the EFG should be dominated by a contribution

proportional to the electrical susceptibility at the transition, i.e. with its critical behavior [135].

In the same work, [6] it was also suggested that the temperature dependence study of EFG

tensor can give information on the onset of the charge or orbital ordering (CO or OO). phase.

In Ref. [134] it was shown the static part of Vzz should have the following behaviour with respect

to P : either it is proportional to P 2 in sites which have inversion symmetry in the paraelectric
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structure, or P is proportional to the EFG, like in Rochelle salts. The quadratic relation was

supported by experiments in NaNO2 [134], and in PbHfO3, not too close to TC (where critical

behaviour is found), by perturbed angular correlation (PAC) measurements [145]1. It is therefore

clear from the current literature that P and EFG tensor are closely related quantities. Our study

aims to explore this direction, by calculating both P and EFG for simple ferroelectric materials

and studying a possible correlation between these quantities.

This work is organized as follows. In Sect. 5.2 we discuss the computational details. In

Sect. 5.3.1 we present the results and discuss the relationship between P and Vzz for simple

tetragonal or more orthorhombic systems 5.3.2. Finally, we analyze the possible linear cor-

relations between EFG tensor components in Sect. 5.3.3. Finally, in Sect. 5.4 we draw our

conclusions. A study of the variation of Vzz(P ) with the atomic numbers of different materials

is shown in the Appendix 5.5.

5.2 Technical details

We have considered a series of simple ABX3 type perovskite compounds. [146] For BaTiO3,

PbTiO3 and KNbO3 we have considered the tetragonal experimental structures. We also consid-

ered other perovskite-related compounds, such as BaZrO3, CaTiO3, PbZrO3, SrTiO3, NaNbO3

and LiNbO3 by considering a pseudo-cubic phase at the experimental lattice constants of the

cubic paraelectric phase. The ferroelectric distortion was mimicked by a polar displacement of

the atoms.

The experimental displacements in tetragonal BaTiO3 are zT i = 0.0203 , zO1 = −0.0258,

and zO2 = −0.0123, in fractional coordinates. We calculate the EFG as a function of ∆z, which

represents the fraction of the displacements (zT i, zO1, zO2) mentioned above. Therefore, ∆z = 1

corresponds to the equilibrium (experimental) structure. Values of 0 ≤ ∆z ≤ 1.2 are used.

For the compounds where the cubic structure is used, a ferroelectric state is considered using

the same fractional distortions as in BaTiO3. Although these states may not be observed in

normal conditions, this allows us to study the possible correlation of polarization and EFG in

different systems or as a function of strain.

The density functional theory calculations use the PAW method [28], as implemented in the

Vienna ab-initio simulation package (VASP) [28], with the GGA-PBE functional [43]. We used

a gamma-centered Monkhorst-Pack 7×7×7 k-points grid, and an energy cutoff of 400 eV. The

polarization is calculated with the Berry phase approach [18, 19]. The EFG is calculated at the

atomic sites (A, B, and apical O(1), equatorial O(2) sites).

1This technique measures the precession of nuclear spins, by the angular correlation of a γ-γ decay cascade,
emmited by probe isotopes introduced in the sample. It works by measuring the coincidence rate of a γ-γ decay
cascade, the first decay selecting only those isotopes with a preferred orientation (and associated anisotropic
radiation pattern), and the measuring the correlation of the second decay in relation to the first. The resulting
anisotropy correlation function has a perturbation during the lifetime of the intermediate state which is due to
the hyperfine interactions.
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Table 5.1: Lattice constants (in Å) and fractional atomic distortions in the c direction used in
the calculations of the perovskite compounds. (a) Cubic lattices, experimental values [146]. (b)
Theoretical lattice parameter, found by the volume optimization in the cubic phase, with atoms
at the ideal positions.

Compound a c δA δB δO1 δO2

BaTiO3 [147] 4.00 4.03 0.02 -0.03 -0.01
KNbO3 [148, 149] 4.00 4.06 0.02 0.04 0.04
PbTiO3 [150, 151] 3.90 4.16 0.04 0.11 0.12
BaZrO3 (a) 4.19
CaTiO3 (a) 3.83
NaNbO3 (a) 3.94
PbZrO3 (a) 4.13
SrTiO3 (a) 3.91
LiNbO3 (b) 4

5.3 Results

5.3.1 Relation between EFGs and P

We start by discussing the case of BaTiO3. The variation of the total energy with the

distortion is shown in figure 5.3(a). The curve shows the expected double well profile and

the theoretical distortion (corresponding to the energy minimum) is close (85%) of the exper-

imental distortion, with a 20 meV energy difference between the undistorted and theoretical

structures 2. The calculated P value is 28.6 µCcm−2 while the experimental is 27 µCcm−2. In

all results the vertical dashed and point lines correspond to the calculated energy minimum (at

the experimental lattice constant) and experimental distortion respectively.

Figure 5.3(b) presents P as a function of the ferroelectric distortion 3. One can see that

P is approximately a linear function of the distortion. This appears to be the general case in

perovskite ferroelectrics, as found in previous calculations [152].

Figure 5.3(c) shows the EFG component Vzz as a function of distortion for all sites.

Figure 5.3(d) shows the Vzz EFG component as a function of P 2. The lines are linear

regressions to the data, and the good agreement shows that Vzz at each site varies linearly with

P 2.

The results obtained for KNbO3 are similar and a linear relation is also seen in figure 5.4(a).

At the A, B, and apical O1 atoms, the relation found in almost all the compounds considered

here is
(∆Vxx 0 0

0 ∆Vyy 0

0 0 ∆Vzz

)

= ∆P 2 ×
( axx 0 0

0 ayy 0

0 0 azz

)

. However, since these sites have η = 0, the

tensor is defined by only one independent parameter. Vxx = Vyy = −1/2Vzz, and the quadratic

coefficients also follow the same symmetry axx = ayy = −1/2azz. The equatorial oxygen sites

2For KNbO3, PbTiO3 the same shape of energy curve is obtained with energy differences of 30, 20 meV and
theoretical distortions at 85, 94%. For the other compounds the energy minimum is the undistorted phase, as
expected, except for LiNbO3 which has a minimum at small values of distortion.

3For BaTiO3 and KNbO3 we considered the displacements also opposite directions, with P taking negative
and positive values. In other cases the distortion is taken only for the direction of positive P along the polar axis.
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(a) (b)

(c) (d)

Figure 5.3: BaTiO3 in the tetragonal phase. (a) Energy (eV) as a function of distortion. The
distortion of Ti and O atoms is varied in equal intervals from 0 to 1.2. (b) Polarization (µC/cm2)
as a function of distortion. The vertical dashed line corresponds to the calculation of minimum
energy. The vertical point line corresponds to the experimental distortion. (c) Vzz (1021 V/m2)
at each site, as a function of distortion . d) Vzz at each site as a function of P 2 (pC2cm−4). The
lines are quadratic fits to the data.

(a) (b)

Figure 5.4: Vzz at each site as a function of P 2 (pC2cm−4). The lines are quadratic fits to the
data.(a) KNbO3, (b) PbTiO3, in the tetragonal phases.
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Table 5.2: Fit coefficients for the O2 atoms. V(P)=V(0)+a×P2. V(0) in units of 1021 V/m2, a
in units of 1022Vm−2C−2.

Compound EFG component V(0) a

BaTiO3 V1 1.310 -0.0192
V2 1.030 0.2965
V3 -2.341 -0.2773

(O2) sites [at (0.5,0,0.5) and (0,0.5,0.5) in the reference structure] do not have an n-fold rotation

axis like n ≥ 3. This implies that the axial symmetry parameter is not zero. In this case the

variation of the EFG tensor as a function of P does not show such a simple relation.

The Vzz component follows a quadratic variation for all the atoms in all the compounds

studied, with only two exceptions, PbTiO3 and CaTiO3. At the Pb site of PbTiO3 a small

cubic term in the polarization is found necessary for a good fit (not shown). At the O2 sites

of BaTiO3, PbTiO3 and CaTiO3 there are interchanges of components, which will be explained

next.

The variation of the EFG with displacements can be understood by considering a Taylor

series expansion.

Vzz = V 0
zz +

∑

i

∂Vzz

∂ri
δri +

∑

i

∂2Vzz

∂r2i
δr2i + ...

where δri are small deviation with respect to the atomic positions in the paraelectric structure.

When the transition involves small displacements and for atoms where the EFG does not undergo

large changes in the transition this expansion should converge rapidly. For sites without inversion

symmetry the linear term should be dominant, whereas for sites with inversion symmetry the

linear term vanishes and the quadratic term in the expansion becomes relevant [134].

The coefficients obtained are shown in table 5.3, for all the constituent atoms.

EFG tensor directions and component interchanges

In the paraelectric structure of BaTiO3 the principal component of the tensor Vzz for the Ba

and Ti atoms is aligned along the z axis. For the O atoms, the EFG tensor is also aligned with the

tetragonal crystalline axes, and Vzz is directed to the neighbouring Ti atoms. For BaTiO3, with

increasing ferroelectric distortion (P ), in all distortions calculated, the direction of Vzz remains

the same for all atoms. The Vxx and Vyy components also mantain their directions in this path,

for the Ba, Ti and O1 atoms, along the x and y axes respectively. For the O2 atoms, however,

the Vxx and Vyy do not always correspond to the same orientations. The three components of

the EFG tensor for O(2) site in BaTiO3 are shown in figure 5.5(a). At a given distortion, due to

the convention |Vyy| ≥ |Vxx| the regular curves followed by these components are interchanged.

For distortion ∆ ≤ 0.9 the directions for Vxx, Vyy are z and x for O2 at (0.5,0,0.5); z and y for

O2 at (0,0.5,0.5). For higher ∆ these directions are interchanged. Nevertheless, the quadratic

behavior of EFG(P ) is maintained here and this interchange is ignored.

Table 5.2 shows the coefficients of the quadratic terms for the variation of the EFG tensor
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Table 5.3: Coefficients a for the fits of the expression Vzz(P ) = Vzz(0) + a × P 2. Vzz(0) in
units of 1021 Vm−2, a in units of 1022V m−2C−2, for the compounds in tetragonal and cubic
perovskite type structures.

BaTiO3 KNbO3 BaZrO3 CaTiO3 PbZrO3

Vzz(0) a Vzz(0) a Vzz(0) a Vzz(0) a Vzz(0) a

A 0.16 -1.080 0.14 -0.128 0.00 -0.945 0.00 -0.186 -0.01 -1.911
B 0.78 -0.949 3.60 -1.042 0.00 -0.759 0.01 -0.724 -0.02 -0.985

O1 2.70 -1.410 2.25 -1.041 -1.43 -1.124 -0.114 1.025 -3.61 1.009
O2 2.32 0.288 1.37 0.625 -1.41 0.300s – – -3.59 0.232

SrTiO3 NaNbO3 LiNbO3 PbTiO3

0.00 -0.551 0.00 -0.077 0.00 -0.012 5.28 -1.787
0.01 -0.834 -0.00 -0.164 0.00 -0.311 5.58 -0.562
1.08 -1.193 0.30 -0.882 0.67 -0.940 1.63 -0.303
1.11 0.253 0.32 0.389 0.69 0.363 – –

components at each crystalline axis direction. For BaZrO3, PbZrO3, NaNbO3, LiNbO3 and

SrTiO3 there are no interchanges between tensor components, while for CaTiO3 and PbTiO3

there are exchanges between the 3 components. For the sake of clarity, we show only here the O2

EFG tensor components for PbTiO3 (figure 5.5(b)), where there are as many as 6 interchanges

of one tensor component in the range of distortions considered. In particular, there is an inter-

change near the experimental distortion of which one should be aware in EFG measurements,

since a kink measured in a Vzz dependence could be a consequence of the convention that Vzz is

the largest EFG component in magnitude, instead of a phase transition.

Moreover, as already mentioned, to obtain a satisfactory fit to Vzz(P ) at the Pb site a

small cubic term should also be considered (fig. 5.4(b)), Vzz(P ) follows approximately a linear

behavior for larger values of P 2, and at the O2 site two of the curves of components with constant

direction also need cubic terms for a good fit (fig. 5.5(b)). The much larger displacements in

this compound would indeed indicate that the Vzz(δr) expansion does not converge so fast as in

other cases.

5.3.2 Orthorhombic structure

BaTiO3 exhibits monoclinic, rombohedral, and orthorhombic phases at different tempera-

tures. In order to see what are the differences in the EFG and P with a change of structure,

we have made a series of calculations in the orthorhombic phase. We also took one experi-

mental measurement [147] of the orthorhombic structure as the reference distortion (∆ = 1)

and calculated from ∆ = 0 to ∆ = 1.2 of this distortion keeping the lattice parameters (a, c)

constant. The theoretical distortion of minimum energy is once again found to be close to 85%

the experimental distortion.

The resolved components of the EFG tensors at the four inequivalent atoms against P 2

are displayed in figure 5.6, and the coefficients resulting from the fits are in table 5.4. In this

structure there is not a single site with axial symmetry, and the relationship between EFG and

P will never be as simple as discussed above. There are also discontinuities in Vzz at Ba and
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(a) (b)

Figure 5.5: (a) BaTiO3 in the tetragonal phase: Vzz, Vyy, and Vxx components of the EFG
tensor for the O2 atoms as a function of P 2. The lines are fits to the components of constant
direction. (b) PbTiO3 in the tetragonal phase: Vzz, Vyy, and Vxx components of the EFG for
the O2 atoms as a function of P 2. The [001] direction are also indicated. Depending on the
specific atom, two of the curves correspond to either the [100] or [010] directions.

Table 5.4: Coefficients a for the fits of the expression V (P ) = V (0) + a× P 2 for BaTiO3 in the
orthorhombic phase, where V1,2,3 is a component of the tensor with regular variation. V1,2,3 in
units of 1021V m−2, a1,2,3 in units of 1022V m−2C−2.

Ba Ti O1 O2
V1(0) -0.17 -0.80 2.17 -1.13
a1 0.563 0.498 0.318 0.193

V2(0) -0.11 0.48 -1.07 -1.45
a2 -0.256 -0.829 -0.174 0.411

V3(0) 0.27 0.32 -1.09 2.58
a3 -0.307 0.331 -0.144 -0.605

Ti sites due to the interchange of components. Nevertheless, ignoring these interchanges, the

relation for each direction is purely quadratic in all cases. These results, like the previous ones,

show that there is no physical meaning in the change of the principal axis definition (as xx, yy,

or zz), and that the conventional assignment may obscure a simpler relation with crystal axes.

5.3.3 Correlations between EFG tensor components

For the cases studied with tetragonal and cubic lattice parameters, η 6= 0 only in the O2

atoms. For η = 0 the components of the EFG are trivially related, but when η 6= 0, the

possible correlation between tensor parameters should be studied. Any correlations between the

components of the tensors can be interpreted in a plot of one component against the other and

not in the usual parametrization of Vzz and η.

However, just plotting Vzz against Vxx results in a distorted cobweb plot, where continuous

EFG tensor trajectories are not correctly connected through the line η = 1. Czjzej proposed a
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(a) (b)

(c) (d)

Figure 5.6: EFG tensor components in the principal coordinate system, of (a) Ba, (b) Ti, (c)
O1 and (d) O2, as a function of P 2 for orthorhombic BaTiO3. The lines are fits to the tensor
components of constant directions.
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different system to erase these problems [153], initially to deal with the analysis in amorphous

systems. However it is also suited to investigate the correlations between the tensor compo-

nents [154, 155]. This plot, with −2Vxx as a function of |2(2Vzz + Vxx)/
√

3| is especially useful

for this. With these linear combinations of tensor components, the tractories are connected, and

straight if there is a linear dependence of Vzz on Vxx. In this plot, the lines of constant η are

the diagonal lines: the boundary lines correspond to η = 0 and the horizontal line corresponds

to η = 1. The herringbone lines correspond to constant Vzz. The upper (lower) wedge is for

positive (negative) Vzz.

Reflections at the boundary of the plots, seen for example in BaTiO3 and KNbO3 are asso-

ciated with the interchange of Vxx and Vyy components previously shown, and the passing of the

trajectory by the line η = 1 corresponds to change in sign and orientation of Vzz, which shows

that interchanges may only appear with changing η. The trajectories in the Czjzek plot of all

the cases except for the orthorhombic structure are shown in figure 5.7.

If the trajectories in this plot are straight lines, this shows that the EFG tensor components

are linearly related. This is usually the case, except for LiNbO3 and NaNbO3, where the

trajectory is approximately straight for low values of P , but becomes curved for higher values.

This means that the whole tensor, when considering the distortions that give rise to ferroelectric

polarization, can be described by a single parameter. This might have important implications on

the way experimental data should be analyzed, since the components are not independent, and

the combination of all information will be more useful than each of them taken separately. The

study of the EFG dependence on temperature (or on other variables) usually done by separating

Vzz and η, can be performed by identifying the global single parameter.

5.4 Conclusions

In summary, our calculations provide a theoretical ab-initio support for previous observa-

tions of a quadratic dependence of Vzz versus P in ferroelectric materials with the perovskite

structure and other distorted structures. Exceptions to this rule are seen in CaTiO3 and PbTiO3

where exchange of directions of the tensor orientation and a cubic (additional term) dependence

are observed. However, for most cases the local symmetry of the atom means that the EFG

tensor is axially symmetric and all the components are trivially related to each other. For the

equatorial oxygen atoms this is not the case. Nevertheless, the components of the EFG tensor

are quadratically related to P and linearly correlated to each other for most cases.

We hope this work will stimulate more EFG studies. If only a static contribution to the EFG

is involved, which should be the case far from the transition, this study shows that measurements

of EFG variations can be directly related to polarization variations for most ions of perovskite

compounds. One could in principle get accurate values for the variations of polarization from

EFG experiments, using the ab-initio values of EFG and P as calibrations.

The EFG, working as a local analogue of P , has the added advantage of higher spatial

resolution and short time scales, which allows local probing of nanoscale phenomena at specific

lattice sites. The different types of lattice sites, including defects, can be discriminated by
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Figure 5.7: Cjzjek plots for trajectories with P (or distortion), as implicit parameters in the
perovskite materials studied, at the equatorial oxygen (O2) sites.
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their different EFGs. Its critical behavior in phase transitions may be analyzed, and the order

of the transitions can be established with a high degree of detail. In hysteresis loops, it can

act as a static measurement of the electric polarization in individual domains, not limited by

depolarization effects much more sensitive to polarization reversal. It is also suited to probe

phase coexistence or inhomogeneous polarization states with atomic selectivity, well beyond the

reach of conventional polarization measurements. Moreover, piezoelectric force microscopy is

usually restricted to studies near the surface of samples, while EFG studies can be performed in

bulk or at the surface of materials, by using diffusion, evaporation or implantation techniques

to add the probe atoms in the environments to study.

5.5 Appendix : Supplementary information

This section presents some complementary results from the calculations described in this

chapter: the visualization of the electron densities corresponding to the ferroelectric and para-

electric states of a few cases, the graphics of the polarization dependence of the EFG in the other

perovskite structures considered (BaZrO3, CaTiO3, LiNbO3, NaNbO3, PbZrO3, SrTiO3), and

the plot of the energy as a function of distortion for the classic ferroelectric materials studied,

KNbO3 and PbTiO3. BaTiO3 was already presented in the main text, figure 5.3(a). Finally we

analyze a trend found for the Vzz(P ) function in the different compounds studied.

Electron densities Figure 5.8 shows the electron densities of the valence electrons in BaTiO3,

in the xz TiO2 plane, in for the paraelectric (ideal positions) and experimental ferroelectric

tetragonal structures. The asymmetry in the c direction responsible for the polarization is

clearly seen in the second plot, with an increase in electron density between the Mn and O

(upper) atoms, relative to the paraelectric case.

Fig. 5.9 shows the electron density for PbTiO3. In this case the changes are much more

pronounced than in BaTiO3, as expected from the larger atomic displacements. These plots

were obtained with the L/APW+lo method (WIEN2k code), with the GGA-PBE functional.

Vzz(P ) for the pseudocubic perovskites Figure 5.10 shows Vzz as a function P 2 of for the

cases presented in table 5.3, except for BaTiO3, KNbO3 and PbTiO3, which are shown in the

previous sections. P 2 correspond to the structures with distortion from 0 up to ∆ = 1.2, where

∆ = 1 is the experimental value of the distortion, keeping the lattice parameters fixed to the

experimental values in all the calculations. The perfect agreement with the linear regression fits

shows the quadratic dependence of Vzz(P ).

Energy Figure 5.11 shows the calculated energy as a function the ferroelectric distortion ∆z for

KNbO3 and PbTiO3, calculated with the PAW method (VASP), with the GGA-PBE functional.

The distortion corresponding to the experimental measurement is close to the distortion of the

energy minimum, as expected. For KNbO3 distortions corresponding to positive and negative

P were calculated, while for PbTiO3 the distortion is taken only in the path 0 → +P .
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(a) (b)

(c)

Figure 5.8: Electronic density of BaTiO3 in the xz TiO2 plane, for b) paraelectric and c)
ferroelectric structures. The isolines are in units of e/Å3 [scale in a)].
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(a) (b)

(c)

Figure 5.9: Electronic density of PbTiO3 in the xz TiO2 plane, for the b) paraelectric and c)
ferroelectric structures. The isolines are in units of e/Å3 [scale in a)].
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(a) (b)

(c) (d)

(e) (f)

Figure 5.10: Vzz of BaZrO3, CaTiO3, LiNbO3, NaNbO3, PbZrO3, SrTiO3, as a function of P 2.
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(a)

(b)

Figure 5.11: Total energy as a function of the ferroelectric distortion ∆ for a) KNbO3 and b)
PbTiO3.
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(a)

(b)

Figure 5.12: (a) Vzz at the A site as a function of P 2, showing the different coefficients (slopes of
straight lines). (b) Coefficients of quadratic term of Vzz(P ), at the A site, for a series of materials
with the perovskite structure, as a function of atomic number ZA. The line is a quadratic fit.

Comparison of Vzz(P ) in different materials In the following we analyze the relations

found in different materials. The quadratic coefficients a in the Vzz(P ) expression follow an

interesting trend with atomic number (ZA, nuclear charge), shown in figure 5.12. The atoms

at the A sites with a larger number of electrons show a larger magnitude of a, that follows

a quadratic dependence on ZA (Vzz(0) does not follow any particular trend for the tetragonal

structures studied).



Chapter 6

Conclusions

The complementary use of local probe hyperfine interactions experiments with density func-

tional calculations applied to ferroic materials was the main topic of this thesis. The results

obtained with different methods complement each other allowing a more confident interpretation

of the physical basis behind each situation. The chosen materials show a diversity of behaviors

ranging from complicated structural orders, magnetic and electric orders.

The magnetic hyperfine field field worked as a powerful property to the study of the atomic

environments in the detailed temperature steps of the irreversible first-order transition in the

MnAs compund. The good agreement of calculations with experiments both in manganites

and manganese pnictides in general shows the predictive power of density functional theory for

the hyperfine measurements. Some exceptions, however, merit further analysis, since they do

not appear to conform to the usually considered picture in the simulations of substitutional

probes. The approach of using computations as predictions and guides to experiment was also

successfully used in the investigation of ferroelectricity and electric field gradients in oxides. In

this case, motivated by previous experiments and work in progress, the systematic study of a

wide range of compounds allowed the support of previous experimental results and discussions.

It also suggests that a more general relationship.

This work shows perspectives for future investigations. The new developments of multi-

ferroism in many bulk and thin film materials, shows a wide variety of cases in which the

first-principles calculations are successfully used, and a study of low dimensional materials is

also a new avenue for exploration. In the last chapter, only materials with the basic perovskite

structure and without magnetic order were studied. It will be interesting to study other ma-

terials, e.g. ferroelectric states in sites without inversion symmetry in the paraelectric reference

structures, and/or with different types of distortions, or multiferroics where other mechanism for

ferroelectricity is at play, and where the influence of magnetic order in the EFG may be large.

In this case, one should in first place see if the relationship is still quadratic or not, and how do

the values change for different cases. One main objective in the future will be to apply the study

of this relationship to previously studied, but more complex cases, such as the Pr1−xCaxMnO3

manganite, already with supporting experiments [6].
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