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We have investigated low temperature magnetic aagnetocaloric properties of manganese
(Mn) doped YCggMnp 1505 (YCMO) polycrystalline compound, synthesized viaid state
reaction route. The lattice volume was found taease in comparison to that of pristine YgrO
(YCO) compound. On the other hand, the paramagaetieerromagnetic Néel temperatufi, (

~ 132 K) was found to be lower than that for YCQ@aceic. On cooling belowy, under field
cooled (FC) mode with an applied magnetic fielddd¥2 T, magnetization flipped the polarity
from positive to negative domp= 62 K. Furthermore, the magnetization switchiexmperature,
defined as compensation temperature, exhibited iependency and decreased with increasing
field. Besides, the magnetization reversal phenamedisappeared under higher applied

magnetic field values. For the first time, the metgealoric effect for this compound was



measured near 36 K through the parameters like et@gentropy change4S) = ~ 0.186 J k{

K*and the relative cooling power (RCP) ~ 6.65 3,kender an applied field of 5 T.
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1. Introduction

The orthochromites (RCHOR stands for trivalent rare-earth ion) have beeensively
investigated during this decade because of theipws interesting physical properties such as
temperature induced magnetization reversal (TIMR)}3], exchange bias (EB) [3, 4], spin
reorientation (SR) [3, 4] and magnetocaloric efféRtCE) [2, 5, 6]. These effects make
chromites as the potential applicants for thermamtg switches [7], sensors [7, 8], thermally
assisted random access memory [9] and magnetigeedtion devices [10, 11]. Historically,
magnetization reversal (MR, also called negativgmatization) was first observed by Néel in
spinel ferrimagnetic oxides due to different tenapere dependence of sublattices magnetization
and their antiferromagnetic (AFM) coupling. MR isora prominently observed in RCs§O
systems in comparison to orthoferrites (REe@r any other materials [12]. As far as MR in
chromites is concerned, AFM spin order betweerBthelectrons of CY ions and #electrons of
R* ions is responsible for the observed behavior7[®, 13-15]. Moreover, the doping of
transition metal (TM) ions like Mii or F€* at the Cr site also leads to the appearance of MR
phenomenon. This doping induced MR in chromiteassribed either in terms of competition
between single ion anisotropy or Dzyaloshinskii-Mar (DM) interaction and due to the

paramagnetic (PM) moment of dopant ions under #gative internal field [16, 17].There are



reports of MR generation in TM doped orthochromitesch as SmGgsMng 1503[18],
EuCip.ggMng 1605[19], LaClhgMnp1504[16], YCrixMnO3[20], SmCi.cFe0s[21], LaCrn.
«Fe03[17], LuCkMn,03[22], and SrpsGdy 1Cro sdMno.160:[23]. Manganese ion i.e. Mh has
one extra electron id-shell in comparison to €t (3d®) ion. This fourth electron, present in the
gy orbital, is of particular interest and is respotesiior the ferromagnetic (FM) double-exchange

interaction between M and Cr* ions in the AFM matrix.

Compound YCrQ@also comes under orthochromites even though it doesontain any rare-
earth ion. It possesses orthorhombic perovskitestre withPnma space group. It is reported to
exhibit canted antiferromagnetism (CAFM) below théel temperatureTy = 140 K) [24- 26]
and dielectric anomaly like a ferroelectric traimsitat 473 K [27]. Recently, Ma#t al., through
the electron paramagnetic resonance (EPR) studeslialectric meausremnts, have suggested
the presence of possible magnetodielectric couphngCrO; system at 230 K, much above its
Néel transition temperature [28]. Experiments halg® been performed to tailor its electrical,
optical and magnetic properties by TM doping asi@. For exmpale, Sintet al. [29] explored
electrical and optical properties of Mn doped Ygnm@noparticles. The optical band gap and
activation energy were found to get enhanced witliedasing Mn concentratioZhang et al.
noticed that the electrical resistivity and activaion energy increased at first and then
decreased with increasing Mn content in YCy,Mn,O3 compounds [30]. The ceramics
exhibited the hopping conductivity and the anomalyin electrical resistivity was explained
due to the variation of C** and Mn*" ions concentration as Mn content changes.i et al.
[20] explored the magnetic properties of Y{Mn,Os system (x = 0.15 - 0.4). Maa al. [31]
demonstrated the coexistence of sign reversal th Ipsagnetization and exchange bias in

YFep sCrps03 compound. Besides MR, field induced spin reorigoatransition and exchange



bias have also been reported in holmium (Ho) medifiYFe sCrosO3 compound [32, 33].
Oliveiraet al. [6] reported MCE of YCr@compound form 98 K to 182 K temperature range, the
magnetic entropy change-AS) = 0.36 JkgK™ and the refrigerant capacity or relative cooling
power (RCP) = 7.1 J Kgwas obtained neaFy, under an applied field of 5 T. The literature
survey revealed that magnetic field dependenceagfnetic properties especially magnetization
reversal and the low temperature magnetocaloreceff< 50 K) have not been performed on
Y Cro.89Ving 1503 ceramic yet. Therefore, in this article we remarth studies onYGgsgVing 1503

compound, for the first time.
2. Experimental details

Polycrystalline YCggdVing 1603 (YCMO) compound was synthesized following the
conventional solid state reaction method using fpghty of Y,O3; (99.9%, Sigma Aldrich),
Cr,03 (99.9%, Sigma Aldrich) and Mnf(99.99%, Sigma Aldrich) as starting materials.
Stoichiometric mixtures of these compounds weresgritged thoroughly and first calcined at
900 °C for 24h followed by crushing the lump and second calcimatib 1350 °C for 24. Then
the products were hydrostatically pressed in tmenfof cylindrical pellets, and sintered in air at
1400 °C for 24h. The crystal structure of samples was charactrime x-ray diffractometer
(PANalytical-Empyrean) and analyzed using the Rilehanalysis program. The XRD data were
recorded using Cu Kradiation with wavelength 1.540 A at a scanninig @f 0.01degree per
second from 20% 6 < 80°.The surface morphology was studied by a fesfdssion scanning
electron microscope (FESEM) using Mira3TESCAN iastent. Magnetization measurements
were conducted using a vibrating sample magnetonettached with a Quantum Design
Physical Property Measurement System. The protamfolsarming process for zero field cool

(ZFC) case, and the cooling process for field c(feC) case were adopted for the data



acquisition. Magnetization versus magnetic fieM-H) data were also acquired at different

temperatures between 2-74 K range for the calaulaif magnetic entropy change.
3. Results and Discussion

3.1  Structural properties

Room temperature Rietveld refined (usiRgllProf program) x-ray diffraction (XRD)
pattern of YCMO compound is displayed in Fig. Mdiile the estimated lattice parameteas;
5.5501(1) Ab = 7.5146(2) A and = 5.2464(2) A, and the goodness-of-fittiig:?), reliability
factors, Wyckoff positions and the density value provided in Table I. All the characteristic
peaks can be indexed to an orthorhombic G-type b/V2 > ¢) structure withPnma (ICSD
No. 98-025-1108) space group. It can be noticethfiiable | that the lattice volume of the
polycrystalline YCMO ceramic is larger than thgtoged for undoped YCrsdYCO) compound
[4, 25]. This is attributed to the bigger size ofi¥1(0.645 A) ion as compared to'€¢0.615 A)
ion. Further, from the lattice parameters, we daled the octahedral bond leng — 0, here

B stands for Cr ) and tilt angles according to tha@formalism[34];
B—0=ab/4c, 6 =cos (c/a), ® = cos~ 1 (V2c/b) (i)

The 6 tilting results from the bending of the B — O — B > angle, while thep tilting arises
from the decreasing of tleeandb axes. The calculated values of bond lengthk-(0), tilt angles
6[101] and@[010] are found to be 1.987 A, 19.05° and 9.12°, respalgt Mn doping resulted
in the increasing of the tilt angle and decrease @ftilt angle in comparison to the values of
pristine YCrQ compound [35]. The FESEM image of sintered pefietielineated in the Fig.

1(b). The grain growth usually takes place durimjesing process and the present micrograph



revealed the polyhedral shaped polycrystallinengraif varying size. The average grain size of
the compound, estimated from the grain size digtidin histogram using Microsoft Visio-2013
software, was 373 nm [inset Fig. 1(b)]. The staaométric ratios of the constituents of YCMO
compound was confirmed by Energy-dispersive X-rpgcgroscopy (EDXS) and the same is
illustrated in Fig. 1(c).The presence of subtle amaf aluminum (Al) in the EDXS image may

be from the alumina (ADs) crucible, which was used for the preparatiorhef¢compound.

Table I: List of reliability factors and atomic positiofrtem the Rietveld refinement.

Reliability factors
2 fi i
X Ry Ryp Rp Volume (&) Density (g/cf)

2.18 3.57% 12.9% 16.5% 218.8105 5.595

Atomic positions

Wyckoff positions X y z Occ.
Y 4c 0.0681(4)  0.25 BO(5) 0.9691
Cr 4b 0 0 0.5 0.8056
Mn 4b 0 0 0.5 0.1502
o1 4c -0.035(3) 0.25 %)  0.8660
02 8d ¢0.711(1)  -0.054(2) 0.301(2)  1.7789
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Figure 1: (a) XRD pattern, Ip) FESEM micrograph anaY EDXS image of YCMO ceramic.

3.2 Magnetic Properties:-

Fig. 2(a) displays the ZFC and FC magnetizatiorswertemperatureM-T) curves of

YCMO compound at an applied field of 0.02 T in enperature range from 2 to 300 K. From



room temperature to Néel temperatufg ~ 132 K [calculated from the derivative of
magnetization and shown in inset of Fig. 2(a)]shmple exhibited the paramagnetic behavior. It
is worth mentioning here thai, for the pristine YCr@is ~141 K[4, 24-25]The Ty of YCMO
sample decreased with respect to that of pristi@®©Yoecause of the development of double-
exchange interaction between #Cr** and Mr** ions [18-20, 36]The itinerant electron of
Mn®" (¢3,ek) ion hops between MA" and Mn*/Cr®* (¢3,€9) through oxygen ion. This
mechanism leads to the development of the ferromagtic (FM) behavior and the
weakening of the antiferromagnetic interaction amog Cr* ions and the ensuing decrease

in Néel temperature.

Further, in order to get more insight about thegmatic behavior of the present
compound, we plotted reciprocal of magnetic susisipt y * versusT curve (inset Fig. 2(a)).
In the high temperature region (above 150,K},behaves linearly and well fitted by the Curie-
Weiss law as shown by the solid line. From thénfitt the calculated effective magnetic moment
(Mefr) and asymptotic paramagnetic Curie temperatiyg dre found to be 4.6s/f.u. and - 242
K, respectively.The theoretically obtained negative value o\, (though experimentally no
temperature exists below 0 K) signifies the antifeomagnetic interaction among the CF*

ions [6]. Had it been a ferromagnetic interactionthe sign of 6y would have been positive

The estimated theoretical value froiy((cal) = \/x(ug’?})z + (1 - x)(ug;f)z was 4.04ug/f.u.

which is due to the contribution of a spin-only’Cand a free-ion M moment. It is satisfying

to note that the theoretical and experimental \sare close to each other.

Below Ty in both ZFC and FC mode (under = 0.02 T), magnetization increases with

decreasing temperature. Tiv-c curve develops a hump with peak Bkta = 102 K and



magnetization maximurivlhax~ 0.26 emu/g. Thereafter, it decreases monotonaushses zero
magnetization NIrc = 0) at compensation temperatdigm,~ 62 K. Finally,Mrc approaches a
minimum value oM, ~ -1.09 emu/g at 2 K. On the other haMjrc remains almost constant
up to ~ 60 K. Below this temperaturBlz-c decreases rapidly. The subtle difference in the
crossover temperatures between ZFC and FC datdbenagcribed to the random distribution of
net moments in the ZFC mode and their preferredntation along the external field in FC
mode. Like other Mn doped chromites, in presentesygs the magnetization reversal resulted
from an interplay of different interactions suchMs®**- Mn®*, Mn®*- CP** and C¥*- C** which

are either FM or AFM in nature [20]. The amounthadgnetization reversal is usually measured
in terms of the ratio oy, andMpyax, i.€. Myin/Mumax, and for the present studied compound it is
found to be ~ - 4.2 a = 0.02 T. Its value reported in literature for @trchromites like
LaCry.gsMng 1503 and EuCgggMng 1503 compounds, is -2 and -0.6, respectively under #mes
field condition [16, 19]. The crossover temperatwas also found to decrease with increasing
field. Further, there is an anomaly observed aK36 ZFC magnetization under 0.1 T applied
magnetic field. This anomaly temperature is defiaedpin reorientation transitiofiggr. At this
temperature, magnetization changes slope andilisved that the spins of Tions which are
coupled AFM rotate from thé, (c-axis) to the /> (a-axis). Mn>* ion is found to induce such
rotation of spins in chromites [19] since it is a highly magnetic anisotropic Jahn Tedr
active ion. Therefore, the magnetic interaction errgy in systems with Mr* ion consists of
isotropic Heisenberg exchange term, the antisymmatr Dzyloshinskii-Moriya (DM)
interaction and the last term due to magnetocrystdihe anisotropy energy. In compounds

like the present one where a highly magnetic anisapic ion is present, the last term



dominates over others and causes a decrease in matio energy and the ensuing spin

reorientation transition.

In order to further understand the magnetizatiorengal, FC magnetization curves at 0.02

and 0.1 T, respectively were fitted (shown by sbhd) using the following equation [14]:

_ C(H[+H) b,
M= Mc, +———— (i)

whereM, Mc¢,, C, H;, H and@ stand for the total magnetization, weak FM compbré canted
Cr" ions, a Curie constant, an internal field from®'Cion, an applied field and a Weiss
temperature, respectively. The evaluated paramatershown in Table Il. The negative value of
H, confirms the assumption that it is opposite todpplied field and its value being larger than
the applied magnetic field allows the spins of itmsyet aligned antiparallel to €rions. The
size of AFM domains is expected to increase wittieasing applied field and that gives rise to
increase irH, andMc, values. With the application of much higher applieldi.e, H>0.2 T,
Mec curves shift towards positive magnetization axithait any considerable changeNkRT
behavior, as shown in Fig. 2(c). This is due to #vwelution of AFM domains size during

increasing the applied field.

Table Il Fitting parameters fdvl-T curves recorded in FC mode.

External field (Tesla) Mcr (emu/g) H, (Tesla) 0 (K)
0.02 1.242 -0.0468 -43
0.10 1.336 -0.1303 -91
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Figure2: (a)-(c) ZFC and FC magnetization curves measured at 0.@21TT, 0.2 T and 0.3 T.

FC data fitted at 0.02 T and 0.1 T with Eq. (insét of fig. 2(a) is the reciprocal of dc magnetic
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susceptibilityy * versus temperature (the solid line representsrie @ueiss-type fit) along with
dM/dT graph, (d) magnetization versus magnetic field at differentngeratures and the
temperature dependence of the saturation magnetizand the coercivity. of the weak FM

component are shown in the inset of fig. 2(d).

In order to understand the magnetic behavior belaw we have acquired magnetization
isothermsM(H) at different temperatures 2 K, 25 K, 50 K, 75 RQXK and 125 K in the range
of + 9 T magnetic field. The data are plotted ig. 2(d), from where it can be inferred that the
loops are well symmetric about the field axis arkilgit hysteresis without any saturation. These
loops are attributed to the coexistence of weak(leM field) and AFM (high field) components
where magnetization increases linearly in the largegnetic field region, and the net
magnetization is thus given by the relation [2M[H) = yarH+Ms, where yaeH is the
antiferromagnetic contribution ands is the saturation magnetization of the weak
ferromagnetism. Thus the value bfs can be obtained by subtracting the antiferromagnet
contribution from the total magnetization. Insetfrag. 2(d) shows the decreasing trendviafand
coercive field Hc) values with increasing temperature up to 125 Krobites, like the present
one, exhibit hysteresis in the magnetization tepee behavior. The area under the hysteresis
curve represents the losses. This eventually alibtesooling efficiency. Such problems of
chromites can be overcome by synthesizing thenguesiy procedure that produces particle size

less than 100 nm.

3.3Magnetocaloric Property:

12



Magnetocaloric effect (MCE) is related to the magneefrigeration, it is induced via the
coupling of the magnetic sublattice with the magnéeld. The magnetic entropy changey
associated with the MCE, can be evaluated fromntlagnetization data using the Maxwell

relation [37];

AS(T)ap = [y ) pdH (i)

whereH, andHg are the initial and final applied magnetic fieldsspectively. Generall\S is
calculated from theMl-H curves acquired in the first quadrant. Next, eigua(iii) can be
simplified using trapezoidal rule [38];

AS(Taw)an = oo (OMy + 2 E05+ M + 5My,) (iv)
The relative cooling power (RCP) is usually caltedbby integrating the magnetic entropy
change between temperatuigandT, at different magnetic field values [39];

RCP = [,* AS(T)ay dT v)

whereT; andT, are the low and high temperature limits in theigefation cycle.
In order to calculate the magnetocaloric effectY@MO compoundM(H) data were obtained
between 2-74 K temperature range with an interfal\d = 5 K under the magnetic field\K)
variation from 0-9 T. The results are plotted ig.R3(a). Thereafter-AS versus temperature for
different AH values was derived from the M-H curves using dquativ). Fig. 3(b) illustrates
the result of magnetic entropy change. It can bensihat— AS is positive in the entire
temperature range with value ~ 0.186 J kg* observed neafsg under 5 T applied magnetic
field. This value is significantly smaller than thabserved for chromites with magnetic rare-
earth ions [36]. Nevertheless, it is comparablenmmites having nonmagnetic ions at the rare-

earth site like SmCr§X0.25J kg K™*) and EuCg sdMng 1605 (1.82J kg K™) under the same field

13



conditions [40, 19]. The RCP values was estimateah fEq. (v) with integration temperaturés

= 14 K andT, = 62 K. The maximum RCP is obtained 6.65 3 kjH = 5 T magnetic field. The

values of— AS and RCP at other fields are given in Table Ilithdugh, Liet al. [20] have

reported the magnetocaloric data of Y@n,Os; system (x = 0.15 - 0.4), however; their

temperature range of study was above 70 K. Applgtemd data was available in literature at

low temperature range for doped or undoped YCO camg@ to compare with the present

compound, therefore; this is the first magnetogaldata on doped YCr{xeramic below 50 K.

Table 1ll: Magnetic entropy change and relative cooling poaterarious applied magnetic
field.
Huax (T) -DSwax (J kg™ K7) RCP (J kg™)

1 0.02 1.05

3 0.102 3.66

5 0.186 6.65

7 0.273 9.87

9 0.365 13.52

14
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Figure 3: (@) M- H curves in first quadrant at different temperatui® magnetic entropy

change as a function of temperature under differ@agnetic field values.

Conclusion

In summary, we have carried out detailed low terapee investigations of magnetic and
magnetocaloric properties of YCMO orthochromite.ldde Néel temperature and under low
applied magnetic field, magnetization reversal waserved in the FC magnetization curve
which disappears with high magnetic field. Spinrigatation transition was observed and the
magnetocaloric effect perceived through indirecasugement of magnetic entropy change and
the relative cooling power, for the first time, é@xiked maximum value near the spin

reorientation temperature.
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