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We have investigated the origin of magnetization and exchange bias (EB) reversals in the YbCrO; compound
at the magnetization compensation temperature, Tcomp Of 16.5 K by dc magnetization, ac susceptibility, neutron
diffraction (ND), neutron depolarization, specific heat, and dielectric measurements. A weak magnetization
(Mc;) is observed below the Néel temperature 7y (~120 K) in dc magnetization, which is consistent with a canted
antiferromagnetic (AFM) state due to ordering of Cr** moments. Specific heat data exhibit a A-shaped peak at Ty.
Further, a monotonic increase of ac susceptibility at low temperatures and the Schottky anomaly in the specific
heat data account for the polarized nature of the Yb>* moment (My,) under the molecular field of the AFM
Cr*" sublattice. Our ND study has confirmed a finite polarized Yb*" ordered moment, and the G,-type AFM
ordering of Cr** moments below Ty. The temperature variations of the lattice constants a and b show a crossover
from positive to negative thermal expansion (NTE) across the Tcomp While cooling. Below Tcomp, the separation
between Cr-Cr atoms lying in the ab plane increases with decrease in temperature, which corroborates with the
observed NTE of the lattice constants. In the present compound, the sign change of the net magnetization arising
out of the AFM coupled polarized Yb*" (Myy) and the ferromagnetic Cr** (M¢,) sublattice moments results
in the sign reversal of magnetization. Interestingly, anomalous behavior of the coercive field with its minimum
value at T ~ Tcomp is observed. EB also changes sign at T ~ Tcomp. Moreover, the temperature variation of the
real part of the dielectric constant reveals an anomaly at Tcopmp, indicating a weak magnetodielectric coupling in
the YbCrO; compound. A training effect analysis ensures the conventional nature of the observed EB. Neutron
depolarization study sheds light on the temperature-dependent domain magnetization with its zero value at the
Tcomp- The presence of the observed important phenomena viz. magnetization and EB reversals in a single-phase
compound suggests their possible use in making magnetization switching, spin-value, thermomagnetic, and other

spintronic devices.
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I. INTRODUCTION

The rare earth chromites RCrOs, where R is a rare earth
element, have continued to be a focus of research in the
last few decades due to their interesting applications in
spintronic devices, solid oxide fuel cells, multiferroics, and
thermo-electric devices [1]. These materials crystallize in the
orthorhombic crystal structure with four formula units per
unit cell. In orthochromites, depending upon the rare earth
element, Cr’* sublattice usually orders at the Néel temper-
ature (Ty ~ 112-288 K [2]) into a canted antiferromagnetic
(AFM) structure with a small ferromagnetic (FM) compo-
nent of moment; however, R>* sublattice orders in the liquid
helium temperature range. In some systems, the rare earth
element does not order and remains in the paramagnetic
(PM) state down to 2 K [3]. The interaction between or-
dered Cr** and the ordered/polarized R** sublattice moment
can produce various interesting phenomena, such as negative
magnetization (NM) [1] and exchange bias (EB) [4]. The NM
[also called magnetization reversal (MR)] is a phenomenon
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in which net dc magnetization of a system under a con-
stant magnetic field changes its sign from a positive to a
negative value at a certain temperature, called compensation
temperature (7comp) and is found in several single-phase mag-
netic systems [1]. Whereas EB is a phenomenon in which
isothermal M(H) hysteresis loop shifts along the horizontal
magnetic field axis from its normal symmetric position when
the system is cooled under some magnetic field through the
Tx of the material. In the literature, EB has been reported
in various heterogeneous magnetic systems such as core-
shell nanoparticles (BiFeypgsMng,0; [5], BiFeO3;/NiFe,04
[6], and Laj,Ce sCrOs [7]), FM/spin-glass systems [8], and
FM/AFM multilayers [9]. Some systems exhibit positive EB
(PEB) and some negative EB (NEB), but the sign reversal
from a positive to a negative value under the effect of ex-
ternal parameters such as temperature and cooling magnetic
field is rare and is mainly found in some heterogeneous sys-
tems [8] and intermetallic compounds [10]. Recent studies
have shown that several bulk homogeneous systems such as
NdMnO; [11,12], YFe5CrpsOs [13], TmCrOs [14,15], and
Gd;_,Y,CrOs3 [16] exhibit both sign reversal of magnetiza-
tion and EB across the Tcomp With varying temperature and
magnetic field, where different types of mechanisms play
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a role. For example, in NdMnOs3, exchange coupling be-
tween Nd and canted Mn ordered moments was responsible
for observed sign reversal of magnetization and EB phe-
nomena. In YFe(5Cr 503, coexistence of NM and EB was
explained by competition between Dzyaloshinskii-Moriya in-
teraction and single-ion magnetocrystalline anisotropy. In
TmCrO3/Gd;_,Y,CrOs, exchange interaction between the
polarized moment of Tm/Gd sublattice and the canted Cr
moment was responsible for these two phenomena. Although
the cause of NM and EB is different in different systems,
these systems have one common feature: all are AFM-
dominating systems with a weak FM moment. Additionally,
all these systems have >1 magnetic ion at the same or
different sublattices. The systems showing sign reversal of
magnetization have important applications in making ther-
momagnetic switches, and the sign reversal of EB across
the Tcomp could be exploited to make thermally assisted
magnetic random access memory [17]. In this paper, we fo-
cus on the magnetic rare-earth-based perovskite compound
YbCrO;s.

The reported macroscopic dc magnetization data on bulk
[18-20], nanoparticle [21], and single-crystal [22] of YbCrO;
compound reveal that magnetic phase transition occurs at
Ty ~ 120K. These magnetic studies on YbCrOj3 also reveal
that the compound exhibits NM with Tcomp ranging from
~16.5 to 19 K and a sign reversal of EB across the Tcomp
[18-20]. However, microscopic and mesoscopic understand-
ing of these two phenomena viz. NM and EB in the present
compound is still lacking. We recall that no such NM and
EB phenomena are exhibited by YCrO; [23,24], where Y3+
is a nonmagnetic ion, an isostructural compound to YbCrOs.
It indicates the possible roles of Yb’*-Cr** or Yb*-Yb**+
magnetic interactions in inducing the NM and EB phenom-
ena in the YbCrO3; compound. In this paper, we investigate
the possible mechanism behind NM and EB phenomena in
the YbCrO3 compound by carrying out detailed microscopic
neutron diffraction (ND), mesoscopic neutron depolarization,
macroscopic (dc and ac) magnetization, specific heat, and di-
electric studies. Field-cooled cooling (FCC) and field-cooled
warming (FCW) modes of measured dc magnetization reveal
that the compound exhibits NM with a 7Tcomp of 16.5 K. From
low-temperature ND study under zero magnetic field on the
present compound, we have shown that, at 120 K (7y), cr3t
orders into a G-type AFM configuration along the z axis, and
in addition, a small polarized Yb’* ordered moment down
to 1.5 K is also evident from ND. Slightly negative thermal
expansion (NTE) behavior along a and b axes was attributed
to an increasing distance between Cr-Cr atoms lying in the
ab plane below the Tcomp. Monotonic increase in ac suscep-
tibility at low temperatures account for the polarized state of
Yb** spin, which is in complete agreement with present ND
and specific heat studies. Neutron depolarization study sheds
light on the zero domain-magnetization state at T ~ Tcowmp.
Isothermal field-cooled (FC) magnetization M(H) curves re-
veal the sign reversal of EB across the Tcomp. Interestingly,
the compound exhibits anomalous behavior of coercivity and
remanent magnetization in the vicinity of Tcomp. In addition
to magnetic properties, dielectric properties are also studied
to investigate the magnetoelectric coupling in the present
YbCrO3 compound.

II. EXPERIMENTAL DETAILS

Polycrystalline compound YbCrO; was prepared by the
standard solid-state reaction method with Yb,O3 (99.99%)
and Cr;03 (99.99%) as the starting chemicals. X-ray diffrac-
tion (XRD) was performed at room temperature to check the
phase purity of the compound. The dc magnetization mea-
surements were performed in FCC and FCW modes using a
commercial vibrating sample magnetometer as a function of
temperature (4-300 K) and different applied magnetic fields.
The ac susceptibility measurement under 987 Hz frequency
was carried out as a function of temperature down to 2 K
using a commercial ac susceptibility setup. For EB measure-
ments, the sample was cooled in the presence of magnetic
field down to the measuring temperature, and then isother-
mal M(H) hysteresis loops were recorded under £50 kOe
magnetic field. Before every EB measurement, the sample
was warmed to the PM state (200 K) for demagnetization.
The one-dimensional neutron depolarization experiment was
carried out in the temperature range of 2-300 K using the po-
larized neutron spectrometer at Dhruva reactor (A = 1.201 A),
Trombay, Mumbai. For this experiment, the sample was first
cooled from room temperature down to 2 K in the presence
of 50 Oe magnetic field, and then transmitted neutron beam
polarization (Pr) was measured in the warming cycle as a
function of temperature keeping the same magnetic field on.
The sample used for this experiment was in the form of
a pellet (7.5 mm thickness) of cylindrical dimension. The
temperature-dependent ND experiment (1.5-300 K) under
zero magnetic field was carried out on powder diffractome-
ters PD-1 (A = 1.094 A) and PD-2 (1 = 1.2443 A) equipped
with one-dimensional position-sensitive detectors at Dhruva
reactor, Trombay, Mumbai. Here, low temperature has been
achieved by using a “He cryostat. Specific heat measurement
over a temperature range of 4-200 K was carried out using
a commercial physical property measurement system. Low-
temperature dielectric measurements were carried out using a
commercial Novocontrol alpha impedance analyzer. For cool-
ing the sample down to 5 K, a closed-cycle refrigerator with
“He exchange gas was used. Temperature-dependent capaci-
tance (dielectric) data were measured in the frequency range
10 Hz to 1 MHz and over the temperature range of 5-300 K.

II1. RESULTS AND DISCUSSION
A. X-ray diffraction

Figure 1 shows the powder x-ray diffraction pattern of
the YbCrO3; compound recorded at room temperature. The
diffraction pattern was analyzed with the Rietveld refine-
ment [25] technique using FULLPROF software. All Bragg
peaks have been indexed in the Pbnm space group, and no
extra Bragg peak was detected, which indicates the single-
phase formation of the compound. YbCrOj crystallizes in
an orthorhombic crystal structure, and lattice constants de-
rived from the Rietveld refinement are a = 5.194 A(S), b=
5.500(6) A, and ¢ = 7.487(4) A. The lattice constants match
well with literature-reported values [18-20,26]. Derived crys-
tal structure along with CrOg octahedra is shown in Fig. 1(b).
Further structural details with varying sample temperature
have been discussed in Sec. III B 3.
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FIG. 1. Rietveld refined x-ray diffraction pattern of YbCrO; at
300 K. All Bragg peaks have been indexed with respective (kkl) val-
ues for the Pbnm space group. The observed and calculated patterns
are represented by black symbols and a solid red line, respectively.
The difference pattern has been shown at the bottom by a blue line,
while Bragg peaks have been shown by the vertical green lines.
(b) Crystal structure of the YbCrO; compound along with CrOg
octahedra. Here, O, is the apical oxygen along the ¢ axis, while
equatorial oxygen O, atoms lie in the ab plane.

B. Magnetic study
1. dc magnetization and ac susceptibility

Temperature (7) dependences of FCC dc magnetization
(M) curves under various applied magnetic fields (H) are
depicted in Fig. 2(a). As the temperature decreases from
room temperature, the compound shows a magnetic order-
ing at Ty ~ 120K. As we further decrease the temperature,
magnetization increases and becomes maximum at 7 ~ 70 K.
Interestingly, with further lowering of T, magnetization curves
under H < 1kOe show a downturn and approach to zero at
the compensation temperature, Tcomp. The Tcomp value is
16.5 K for H = 50 Oe and matches well with previous litera-
ture reports [18-20]. At T < Tcomp, magnetization becomes
negative and remains negative down to the lowest measured
temperature of ~4 K. For 1 kOe < H < 5kOe, magnetization
curves show a downturn below ~70 K, but net magnetization
remains positive down to 4 K, while on the contrary, for
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FIG. 2. (a) Field-cooled cooling (FCC) M(T) curves recorded
under various cooling magnetic fields. Inset shows the derivative of
the dc magnetization curve measured under H = 50 Oe. (b) The real
part of the ac susceptibility (x,.) measured at 987 Hz. Inset shows
the d xac/dT vs T curve.

H > 5kOe, M(T) curves show a steep rise below 70 K. The
derivative of the dc magnetization curve measured under
50 Oe magnetic field shows a minimum around the 7y and
a peak at T ~ 14K (close to Tcomp of 16.5 K). Both these
anomalies at Ty and Tcomp are clearly visible in the real part
of the ac susceptibility and its derivative curve, as shown in
Fig. 2(b). Thus, macroscopic dc magnetization and ac suscep-
tibility measurements are not sufficient to understand these
anomalies in the YbCrO; compound. Therefore, experimental
techniques, such as low-temperature neutron depolarization
and ND, have been employed to understand the details
of the low-temperature magnetic transition in the YbCrO;
compound.

2. Neutron depolarization

Neutron depolarization is a mesoscopic probe, and it can
measure the spatial magnetic inhomogeneity on a length scale
from 100 A to several microns [27-29]. In this experiment,
a beam of polarized neutrons is passed through a sample.
During the passage, magnetic induction of magnetic domains
exerts a dipolar field on the neutron spin and depolarizes it
owing to the Larmor precession in the local magnetic field
of domains. Thus, a neutron depolarization experiment gives
a good estimate of the net magnetization of the sample over
the length scale of magnetic domains. The decrease in neutron
beam polarization below T < Ty suggests a magnetic order-
ing in YbCrOs; with nonzero domain magnetization (Fig. 3).
At T < 70K [temperature at which dc magnetization be-
comes maximum, Fig. 2(a)], the neutron beam starts to gain its
polarization, and full recovery is observed at T ~ 20 K (close
to Tcomp)- This indicates nearly zero domain magnetization in
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FIG. 3. Thermal variation of transmitted neutron beam polariza-
tion (Py) under 50 Oe magnetic field for YbCrO3; compound.

YbCrO; around the Tcomp. At T < Tcomp, the neutron beam
gets depolarized again with lowering of temperature, indicat-
ing again a nonzero domain magnetization in the sample.

We have estimated the average domain size using the fol-
lowing relation:

Py = P,exp[—a(d/8)(®;)*] 1

where P; and P; are the incident and transmitted neutron
beam polarizations, « (~%) is a dimensionless parameter,
d (~7.5 mm) is the effective thickness of the sample, and
®s5 = (4.63 x 107'°G'A2)ABS is the precession angle per
domain for a neutron of wavelength A (1.201 A) travelling a
distance § (average domain size) in a domain magnetization B
(=4 M,p). Here, My and p are the saturation magnetization
and density of the sample in emu g~! and g cm™, respectively.
Domain magnetization B at 5 K was estimated to be 283.24 G
by using M, = 2.65emug™' and p = 8.48 gcm™>. Here, M,
was obtained from the zero FC M(H) curve (not shown) at
5 K after subtracting the AFM contribution [30]. Using these
values in Eq. (1), an average domain size § ~ 0.94(4) um at
5 K has been estimated.

To reveal the microscopic origin of magnetic transition in
YbCrOs for T < 20K, Cr®* and Yb** sublattice moments
have been measured from temperature-dependent ND data
under zero magnetic field.

3. Neutron diffraction

To determine the magnetic structure and variation of struc-
tural parameters in the YbCrOs; compound, ND patterns at
various temperatures (1.5-300 K) under zero magnetic field
have been recorded. To determine the magnetic structure
of YbCrOs, we have obtained the propagation vector K by
using the K-SEARCH program of the FULLPROF suite [25].
This program gives K = (000), which is suitable for finding
the magnetic structure of the RCrO; family, and it remains
unchanged in YbCrOj for T < Tn. The propagation vector
describes the moment orientations of equivalent magnetic
atoms in different nuclear cells. We have refined our ND data
in the PM phase, i.e., T > Ty by varying scale factor, zero
shift, instrumental parameters, atomic positions, occupancies,
lattice constants, and isotropic thermal parameters (B). Based
on the Rietveld refined ND data in the PM phase, full occu-
pancies of Yb>*, Cr*", and O~ ions at their respective sites
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FIG. 4. (a) Rietveld refined neutron diffraction patterns at vari-
ous temperatures. All Bragg peaks have been indexed with respective
(hkl) values. The observed and calculated data are shown by black
symbols and a solid red line, respectively. The difference of these two
patterns is shown at the bottom by a blue line. The upper and lower
vertical lines (green) represent the position of nuclear and magnetic
Bragg peaks, respectively. The low angle magnetic and nuclear-cum-
magnetic Bragg peaks are shown by the shaded area. Here, data have
been recorded in the angular range of 3° < 26 < 130°, but for clarity,
only data up to 260 = 40° are shown. (b) Thermal variations of G,
(Cr) and F; (Yb) magnetic moments.

have been obtained. Consequently, we fixed the occupancies
of these ions in the refinement of ND data at T < Ty, where
only scale factor, atomic positions, lattice constants, atomic
moments, and isotropic thermal parameters were refined.

The Rietveld refined ND patterns at some of the selected
temperatures are depicted in Fig. 4(a). Structural parameters
obtained from the ND refinement are listed in Table I. For
comparison, parameters obtained from the Rietveld refine-
ment of the XRD pattern at 300 K are also listed. It is evident
from Fig. 4(a) that, at T < Ty (~120 K), a new Bragg peak
(011) at 26 = 16.16° appears. The other Bragg peak (101)
with strong magnetic contribution at 260 = 16.80° has a very
small nuclear contribution also. In addition to this, enhance-
ment in intensity of the Bragg peak (002) at 20 = 18.97° is
also observed.

Now we discuss the magnetic structure of the
YbCrO3; compound using crystal symmetry arguments.
Orthochromites crystallize in the Pbnm space group, and
transition metal ions occupy the 4b crystallographic site
at positions (4, 0, 0), (3, 0, 1), (0, 1, 1), and (0, 1, 0).
The irreducible representations in Bertaut notation [31]
associated with the 4b site are I'1 (A, Gy, C;), I'3(Gy, Ay, F,),
I's(Fy, Cy, G;), and I'7(Cy, F, A;). On the other hand, rare
earth ions occupy the 4c¢ crystallographic site at positions
(-x7 Vs %) (Xv )7’ %) (%+X, %_)’» %), and (% - X, %‘i‘y,
i), and corresponding irreducible representations are
'1(C), To(Ay, Gy), T5(F), Ty(Gy, Ay), Ts(F, Cy), To(G),

124402-4



INTERTWINED MAGNETIZATION AND EXCHANGE BIAS ...

PHYSICAL REVIEW MATERIALS §, 124402 (2021)

TABLE I. Structural parameters obtained from the Rietveld re-
finements of powder XRD at 300 K and powder ND data at 300 and
1.5 K. Here, Ol is the apical oxygen atom, and O2; and O2, are the
equatorial oxygen atoms lying in the ab plane.

XRD (300 K) ND (300 K) ND (1.5 K)
a(A) 5.194 (5) 5.197 (6) 5.187 (3)
b(A) 5.500 (6) 5.501 (9) 5.494 (4)
cA) 7.487 (4) 7.480 (11) 7.470 (6)
Fractional coordinates
Yb (4¢)
X —0.0194 (2) —0.0199 (1) —0.0196 (2)
y 0.0688 (5) 0.0695 (8) 0.0714 (9)
b4 0.2500 0.2500 0.2500
Cr (4b)
X 0.5000 0.5000 0.5000
y 0.0000 0.0000 0.0000
b4 0.0000 0.0000 0.0000
O1 (4¢)
X 0.1146 (11) 0.1123 (15) 0.1130(8)
y 0.4555 (12) 0.4585 (11) 0.4586 (15)
z 0.2500 0.25000 0.2500
02 (8d)
X —0.3111 (15) —0.3097 (16) —0.3103 (14)
y 0.3102 (9) 0.3036 (11) 0.3040 (12)
b4 0.0544 (3) 0.0577 (5) 0.0565 (7)
Isotropic thermal parameters (A2)
Byp 0.292 (15) 0.322 (19) 0.106 (17)
B, 0.271 (25) 0.326 (35) 0.117 (54)
Boi 0.421 (35) 0.424 (40) 0.362 (45)
Bo 0.521 (30) 0.468 (32) 0.321 (26)
Bond length A)
Cr-Ol1 1.973 (2) 1.975 (2) 1.970 (1)
Cr-02, 1.967 (5) 1.989 (3) 1.984 (4)
Cr-02, 2.009 (3) 1.986 (5) 1.982 (4)
Bond angle (deg)
Cr-O1-Cr 142.051 (6) 142.988 (6) 142.787 (10)
Cr-02-Cr 144.098 (8) 144.354 (8) 144.557 (4)
x? 1.56 3.14 3.11

['7(Cy, Fy), and TI'g(A;). The best fit (lower Ry,) of the
present ND data at 7 < Ty has been obtained using I‘5(Fxcr,
CyCr , GS‘ ; FXY", CyY b) representation [Fig. 4(a)] with finite Ggr
and FY® moments. Here, G is the AFM Cr’* sublattice
moment, which gives intensity corresponding to additional
{(011) and (101)} Bragg peaks below the 7y, consistent
with a previous literature report [3], whereas F.Y° is the
polarized FM Yb** moment which accounts for the enhanced
intensity of the (002) nuclear-cum-magnetic Bragg peak. It
is necessary to include a finite moment for Yb3t (Fbe) in
addition to GZCr to get good agreement between the observed
and calculated ND data. For instance, at 1.5 K (50 K), R, is
~6.40 (3.30) by considering both GS* and F,** components
in comparison with Ry, ~ 7.40 (4.50) considering only the
GZCr component. Further, no finite intensities corresponding
to the C, component of both Cr** and Yb*" sublattices and
the F; component of Cr" are seen in the present ND data of
the YbCrO3; compound. It is reported that the FM component
of canted AFM Cr** (Fxcr) in RCrO3; compounds is of the

FIG. 5. Schematic representation of the magnetic structure of the
YbCrO; compound as obtained from neutron diffraction study at
1.5 K.

order of 1072 to 107> up [32]. For instance, Salazar-Rodriguez
et al. [33] have reported FxCr ~ 0.013 ug at 2 K in YCrOs,
an isostructural compound to the present YbCrOj3. This small
FS in the YbCrO; compound cannot be measured with
certainty from the present ND data. However, the presence of
the F" moment is evident from our dc magnetization data
below 7y [Fig. 2(a)]. Temperature variations of GS* and F,Y°
moments are shown in Fig. 4(b). The G' moment increases
monotonically with decrease in temperature, showing a
Brillouin function dependence with temperature. However,
the FY* moment increases continuously until 50 K, which is
close to the temperature for maximum EB (discussed later)
and maximum magnetization [Fig. 2(a)]. At T < 50K, the
Fbe moment decreases down to 10 K, and a small increment
is observed at T < 10K. This small increment in the F.Y°
moment accounts for observed anomalies in derivatives of the
dc and ac susceptibility data and depolarization of the neutron
beam at 7' < 20 K. The magnetic structure of the YbCrOs;
compound at 1.5 K is depicted in Fig. 5. In next section,
we have used the model of Cooke et al. [34] to explain
observed NM in the present YbCrO3; compound where the
weak FM component of Cr** (Mc,) and the polarized Yb**
(My,) moments are fitted to the temperature-dependent dc
magnetization across the Tcomp-

Figure 6 shows temperature variations of the lattice con-
stants, unit cell volume, and interatomic Cr-Cr distances via
the oxygen atom. Lattice constant a decreases continuously
until 20 K. At T < 20K, lattice constant a shows an abrupt
increase, indicating NTE behavior. Similar NTE behavior is
observed along b at T < 10K. However, the lattice constant ¢
decreases monotonically with decrease in temperature down
to 1.5 K. The unit cell volume V as a result shows small NTE
behavior below ~10 K.

To understand the origin of NTE behavior in the YbCrOs3
compound, interatomic distances between Cr’* atoms via
Ol (apical oxygen along the ¢ axis) and O2 (equatorial
oxygen in the ab plane) were derived at various tempera-
tures. It was found that the Cr-Cr distance via O1 decreases
monotonically with decrease in temperature; however, the
Cr-Cr distance via O2 shows an abrupt rise at 7 < 20K.
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FIG. 6. Thermal variations of the (a) lattice constants, (b) unit
cell volume, and (c) Cr-Cr distance via O1 (along the ¢ direction)
and O2 (in the ab plane), respectively. The solid lines are guides to
the eye.

This explains the monotonic decrease of lattice constant ¢
and NTE along a and b axes. Here, observed NTE in the
YbCrO3; compound is ~0.08%, which might be assigned to
magnetoelastic/magnetovolume effect produced by the repul-
sion between neighboring chromium ions. A similar kind
of variation in lattice constants has been observed for the
YbCrg sFeo 503 compound [35].

4. Negative magnetization

In the literature, there are various kind of magnetic sys-
tems, such as garnets [36], spinels [37], orthovanadates [38],
orthoferrites [39], and intermetallic alloys [10], which show
the phenomenon of NM. However, the origin of the NM in
different systems is different. The present compound YbCrO3
also shows this phenomenon [Fig. 2(a)] below 16.5 K. Now
we will give a possible explanation of the observed NM
phenomenon in this compound. The Rietveld analysis of
ND patterns at various temperatures indicates that a small
and polarized Yb’* moment [Fig. 4(b)] persists down to
1.5 K. A linear increase in ac susceptibility [Fig. 2(b)]
below ~40K also indicates the polarized nature of Yb**
spins. Now we consider the role of the polarized moment
of the rare earth ion (Yb’') to the observed NM in the
YbCrOs compound. The NM in the present compound can
be explained by considering the AFM coupling between
the polarized Yb>* moment (My,) and the FM compo-
nent of the Cr*™ moment (M), as explained in the case
of other orthochromites [40-42]. The Yb>* sublattice ex-
periences an internal field due to ordered Cr** sublattice
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FIG. 7. M vs T curve measured under 50 Oe magnetic field. Solid
line is the fitted curve as per the model proposed by Cooke er al.
[34]. Inset shows the variation of M, and H; as a function of applied
magnetic field, where solid lines are guides to the eye.

below the 7y. We have estimated the magnitude and sign
of the internal field by fitting the magnetization across the
Tcomp in the YbCrOs; compound by the model proposed
by Cooke et al. [34]. According to this model, temperature
dependence of the magnetization (M) under some applied
magnetic field (H) for T < 70 K can be fitted to the following
equation:

M =MCr+CYb%s 2

where Mc, is the FM component of canted Cr** sublattice,

Cyp is the Curie constant of Yb>*, 6 is the Curie-Weiss
constant, H; and H are the internal and applied magnetic
fields, respectively. The value of the Curie constant is
2.576 emu K Oe™! mole™, as determined from effective mo-
ment of the Yb>* ion (et ~ 4.54 ug). The M vs T curves for
H < 1kOe have been fitted with Eq. (2), and one of the fitted
curves is shown in Fig. 7. The variations of derived parameters
M, and H; with applied magnetic field are shown in the inset
of Fig. 7. Here, M, and |H;| are found to increase with the
increase of applied magnetic field, a behavior observed in
other orthochromites as well [40-42]. The negative value of
H;j highlights its direction against the applied magnetic field
as well as M¢;. At T < Tcomp, Myy, polarizes more and more
in a direction opposite to M¢; and becomes greater than M,
resulting in NM. Similar explanations for the NM in TmCrO3
[15] and NdCr;_,Mn, O3 [41] compounds have been given in
the literature.

5. Exchange bias

The temperature variations of magnetization for H <
1kOe reveal the NM phenomenon in the present compound.
When a compound shows NM and exhibits a sign reversal
of EB across the Tcomp, it may be useful for many techno-
logical applications [17]. Therefore, it is of great interest to
explore EB in the present compound. To understand the EB
behavior, we have recorded isothermal M(H) hysteresis loops
at various temperatures in the range of 5-125 K, i.e., T < Ty
under cooling magnetic field (Hcoor) of 10 kOe. Some of
the recorded hysteresis curves are shown in Fig. 8(a), and
the thermal variation of the derived coercive field (Hc) from
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The measurement range was £50 kOe. For clarity, only the data for 20 kOe are shown.

M(H) loops is depicted in Fig. 8(b). The Hc is defined as
Hc = |Hey — Hea| /2, where Hey and He, are the left and right
coercive fields in M(H) curves. Below Ty ~ 120K, H¢ in-
creases and reaches its maximum value at 7 ~ 110 K. Further,
at T < 110K, it decreases and shows a minimum (240 Oe) at
T ~ 20K (close to Tcomp). Below 20 K, He again increases
with a value of 320 Oe at 5 K.

It is known that, in RCrOj3 orthochromites, various kinds of
interactions among rare earth and transition metal ions, such
as Cr’t-Cr’*, R¥*-Cr’*, and R*T-R**, influence the magnetic
properties. Just below the Ty, Cr**-Cr** interaction domi-
nates, and in the liquid helium temperature range, R3>*-R**
interaction dominates. On the other hand, R3"-Cr3* interac-
tion plays an important role in the intermediate temperature
range. Thus, it is the Yb**-Cr>* interaction which is responsi-
ble for the observed Hc behavior in the measured temperature
range of T < Ty (blocking temperature, a characteristic tem-
perature other than Tcomp at which EB becomes zero). Here,
it is noticed that not only the superexchange coupling between
Yb’* and Cr** spins contributes to the observed Hc, but
the FM Cr*" moment also plays an important role. Similar
behavior of H¢ has been reported for GACrO;, where a sharp
increase in Hc (~400 Oe) at T < 10K was observed [43,44].
This rise in Hc was attributed to the AFM coupling between
Gd3*-Gd** spins. However, for the present YbCrO; com-

pound, an increase in Hc at T < 20K (close to Tcomp) is very
small ~80 Oe. This small increase in Hc might be due to the
increasing polarized Yb>* moment, as evidenced by dc mag-
netization data (see Sec. III B 4). The remanent magnetization
(MR) follows the same temperature dependence [Fig. 8(c)]
as that of Hc. The My is defined as Mg = |[Mg; — Mral/2,
where Mg; and Mg, are the remanent magnetization values
corresponding to H = 0 during the ascending and descending
branches of an M(H) loop, respectively. Here, we have shown
this kind of anomalous behavior of Hc and Mg for the YbCrO;
compound. However, similar behavior has been observed in
the Ru-doped YbCrO; compound [19].

Further, it has been observed in Fig. 8(a) that, for T <
Teomp (16.5 K), M(H) loops shift toward positive magnetic
field and negative magnetization axes, and for T > Tcomp,
M(H) loops shift toward negative magnetic field axis and
positive magnetization axes. It suggests a crossover from PEB
to NEB across the Tcomp in YbCrOs. The EB field values are
derived by the following relation:

Mgy + Mg,
—

The temperature variations of Hpg and Mgg are shown
in Figs. 8(d) and 8(e). For T < Tcomp, Hgp is found to be
positive. With the increase in temperature, Hgg decreases and

and MEB = (3)
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becomes zero at Tcomp and finally becomes negative at 7 >
Tcomp. After that, |Hgg| increases and becomes maximum
at T ~ 60K (a temperature close to the point of maximum
magnetization). Then it starts to decrease and becomes zero
at Tg ~ 110K, which is quite close to the temperature at
which Hc exhibits a maximum [Fig. 8(b)]. Such a crossover
of EB across the Tcomp has been reported for other Cr-based
orthochromites [40,41] and also in intermetallic compounds
[10].

The sign reversal of Hgg could be attributed to the
competition between Mc; and My, moments across the
Tcomp. For T < Tcomp, My, dominates over Mc,, as dis-
cussed earlier while describing the NM (Sec. III B 4). This
facilitates an easy (hard) switching of magnetization from
positive (negative) to negative (positive) in the FC hysteresis
loop, resulting in a positive EB. PEB has been reported in
the literature also [30,45,46]. For Tcomp < T < Tn, magne-
tocrystalline anisotropy increases with increasing temperature
[see Fig. 8(b)], so Cr** will pin more and more the polar-
ized Yb>™ moment. Thus, an extra negative magnetic field
is required to switch the Yb*>* moment in the direction of
the applied magnetic field. This causes the M(H) loop to
shift toward the negative horizontal axis of the magnetic field,
and thus, NEB appears. The temperature dependence of Mgg
[Fig. 8(e)] is like Hgg, except for T < Tcomp, Mg is negative,
while for T > Tcomp, it is positive. Now we discuss a possible
explanation for the vertical shift, i.e., Mgg in the hysteresis
loops. Various heterostructures, such as FM/spin-glass and
FM/AFM interfaces exhibit Mgg, which has been driven by
different mechanisms. For example, in FM/spin-glass systems
[8], Mgp arises due to the frozen uncompensated FM spins
at the FM/spin-glass interface. In the Co/Ca;Rug 9gFeq 0204
heterostructure [9], Mgg arises due to the FM contribution of
canted Ru (Fe) moments. In the present compound, Cr** sub-
lattice exhibits a canted AFM configuration, as evidenced by
the macroscopic dc magnetization measurements. Therefore,
FM Cr** spins might be responsible for the observed Mgg in
the YbCrO3; compound.

The isothermal M(H) loops shown in Fig. 8(a) were
recorded at various temperatures in the following protocol
(known as P type): (+50kOe) — (0kOe) — (—50kOe) —
(0kOe) — (4+50kOe). To confirm the conventional EB be-
havior of the compound, we have recorded the M(H) loops at
60 K in another protocol (known as N type): (—50kOe) —
(0kOe) — (+50kOe) — (0kOe) — (—50kOe), as shown
in Fig. 8(f). Here, the maximum applied field (Hyax) to
record a M(H) curve in the P- and N-type protocols was 50
kOe. In the N-type protocol, both horizontal and vertical shifts
of the M(H) loop exist, and Hgg for this protocol is 3.10 kOe,
which is close to the Hgg value at 60 K in the P-type pro-
tocol. This symmetric shift of the M(H) loop in the opposite
directions for the P- and N-type protocols implies the intrinsic
nature of the EB in this compound, and thus, the possibility of
the minor loop [47] effect has been excluded. Additionally, we
have considered another approach to exclude the possibility
of the minor loop effect. If the anisotropy field (Ha) of the
compound is less than the maximum applied field (Hyax),
then the system should show a genuine or conventional EB.
To calculate the Hs, we have used the law of approach to
saturation magnetization method on the virgin curve of the
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FIG. 9. Variation of —Hgg and Mgg at 60 K with Hcoor. Inset
shows the dependence of —Hgg on the number of hysteresis loops (1)
recorded under Heoor = 10kOe at 60 K. Square (red) symbol shows
the experimental data, and solid black line is a fit to the experimental
data.

M(H) loop [48] at 5 K as given below:

a b?

M=mg(1-L 7 H, 4
s( I H2)+XF “

where a and b are the constant parameters, M is the saturation
magnetization, and xg is the high field susceptibility. Here,
parameter b = 4K?/15M}? gives the measure of magnetocrys-
talline anisotropy (where K is an anisotropic constant). Using
these parameters, the value of Hy (~2K/Mj) is determined
to be ~21 kOe, which is comparable with the H, values
found in the single-layered Ruddlesden-Popper perovskite
LaSrCoy sMng 504 [49] and LaMng ;Feg 305 [50]. Thus, the
derived value of Hy in the present compound is less than the
Hyiax, which further indicates the absence of a minor loop
effect.

To gain more insight into the EB phenomenon, we have
recorded M(H) loops under different cooling magnetic fields
(Hcoovr) at 60 K. Figure 9 demonstrates the effect of HcooL
on the EB fields at 60 K. No reversal of EB field was observed
with varying Hcoor, as observed in temperature variation
of EB parameters. At low Hcoor, not all M¢, align in the
direction of the applied field, so the exchange coupling is
expected to be weak, and hence, Hgp is small. However, as
HcooL increases, more and more M¢, align in the direction
of the applied field. At HcooL = 0.5kOe, all M, will be
aligned in the direction of the applied field; consequently,
exchange coupling gets saturated. Thus, saturation of M,
results in the observed saturation of the Hgg. Similar behavior
of cooling field dependence of Hgg has been reported for
NdCr;_,Mn,0O3 [40] and Dy,_,Nd,CrO3 [51] compounds.
Similarly, Mgp follows the same trend with HcooL as that of
Hgg. Since change in Mgp is very small (~2%), this suggests
that the M¢, does not change so much with increase of HcooL .

Training effect (TE) is a complementary characteristic of
Hgg, and it is manifested as a gradual decrease in Hgg when
the system is cycled through several consecutive hysteresis
loops [52]. We have done this measurement for five consec-
utive hysteresis loops at 60 K. It is found that Hgg decreases
monotonically with increasing number of cycles (n), as shown
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FIG. 10. Temperature dependence of the specific heat capacity
(Cp) under zero applied magnetic field. Inset shows the fitting of low
temperature hump as per Eq. (6).

in the inset of Fig. 9. The data were fitted with the following
model [53]:

n
Hly = HE + A exp< ) —i—Afexp( f) ©)

where Hfy is the EB field of the nth hysteresis loop, and
A,, Ay, P., Pr, and Hgy are the fitting parameters. Here,
A, and P, are the parameters related to the rotatable AFM
spins, while Ay and Py correspond to the frozen AFM spins,
respectively. The parameters obtained from the fitting are
HE; = 3.002 kOe, A, = 0.067kOe, P, = 3.5, Ay = 3.3kOe,
and Py = 0.23. These values are quite like the values ob-
tained for Lag 15PrggsCrO3; [54] and the Ruddlesden-Popper
perovskite LaSrCogsMng 5O, [49]. Since decrease of Hgg
in YbCrOs is very small (~2.5%), it signifies a stable spin
configuration against the cycling of hysteresis loops. This
observation agrees with the cooling field dependence of EB
fields (see the main panel of Fig. 9).

C. Specific heat capacity

Figure 10 shows the specific heat capacity [55] Cp of the
YbCrO3 compound under zero magnetic field in a tempera-
ture range of 4-200 K. A A-shaped anomaly is observed at
120 K, which is associated with the canted AFM ordering (Ty)
of Cr>* moments, in agreement with other macroscopic as
well as microscopic measurements on the YbCrO3; compound.
With decrease in temperature from 7y, Cp continuously de-
creases down to 15 K, close to Tcomp. Afterwards, it increases,
and a small hump is observed centered at 7 ~ 7 K. This hump
might be related to magnetic Yb>* spins [56] since no such
peak is present in specific heat data of YCrOs, where Y37
ion is nonmagnetic [57]. Further, it may be noted that the A-
shaped anomaly showing magnetic ordering of rare earth ions
due to R*T-R*" interaction is present in nonmagnetic B-site-
based perovskite compounds such as NdGaO3; and NdCoOs3
[58].

The hump in low-temperature Cp data for the YbCrOs;
compound could be attributed to the Schottky anomaly, which
arises due to the polarized Yb>* spins. We have fitted the low-
temperature Cp data under zero magnetic field by considering
the lattice and the Schottky term for a two-level system as

200+

1504~
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FIG. 11. Variation of real part of dielectric constant (¢’) as a func-
tion of temperature at various frequencies. Inset shows the dielectric
anomaly at Tcomp-

[59,60]
Co(T) = a\T? + & T° + a3 T’

AEN exp(iF)
V()]s )
keT /| [1 4 exp(£5)]

Here, a;, ay, and a3 are the lattice (phononic) specific
heat parameters, N/R is the number of free spins with R as
a universal gas constant, and AFE is the energy gap for the
Zeeman splitting of the Yb** doublet. The low-temperature
hump in Cp data for the YbCrO; compound fits well
with Eq. (6), as shown in the inset of Fig. 10, and the
fitting parameters are a; = 3.63 x 102 Jmole™' K3, a, =
—6.12 x 10*Tmole' K3, a3 =2.93 x 10%Tmole™' K7,
N =8.66Tmole”' K!, and AE = 0.53meV (~ 6.1K). The
inset of Fig. 10 shows that our experimental data fitted well
with Eq. (6). This indicates that the hump in Cp data of
the YbCrO; compound comes from polarized Yb** spins,
consistent with literature reports on YbFeOs [61,62], an
isostructural compound to YbCrOs. Thus, the polarized
Yb’* moment in the present YbCrOs; compound becomes
significant at low temperatures (<7comp) and therefore plays

an important role in dictating magnetic properties viz. the EB
and MR.

D. Dielectric study

We have also performed temperature-dependent dielectric
measurements in the frequency range of 1 Hz to 1 MHz.
Figure 11 shows that, at any temperature, the real part of the
dielectric constant (¢’) decreases with increasing frequency,
showing that YbCrO; has temperature-dependent Debye-like
relaxations [63]. A shoulderlike feature is observed in 10 Hz
spectra of ¢’ at T ~ Ty and this shoulder shifts toward high
temperature with increasing frequency. Moreover, &’ shows
an anomaly at Tcomp, and this anomaly persists at all mea-
sured frequencies (see the inset of Fig. 11). This indicates the
possible correlation between electric and magnetic properties
in the YbCrO3; compound. The observed dielectric anomaly
at Tcomp indicates a weak magnetoelectric coupling in the
YbCrO3; compound. Such a magnetoelectric coupling has
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been reported in other orthochromites also, where the inter-
action between magnetic rare earth and canted Cr ions is cited
as one of the possible causes of such a coupling [64].

IV. SUMMARY AND CONCLUSIONS

In summary, we have investigated the origin of intertwined
magnetization and EB reversals across Tcomp (~16.5 K) in
the YbCrOs compound by carrying out dc magnetization, ac
susceptibility, specific heat, ND, neutron depolarization, and
dielectric measurements. The dc magnetization study is con-
sistent with a canted AFM ordering of Cr** moments below
Tn (~120 K) involving a weak FM component of magneti-
zation (Mc;). The observed Schottky anomaly in the specific
heat data and monotonic increase of ac susceptibility at low
temperatures are well accounted with a polarized nature of
the Yb>t moment (Myy). This polarization has been further
confirmed by ND study, where a finite ordered moment for
Yb3t has been observed below Tn. Moreover, ND study infers
the G,-type AFM ordering of Cr’** moments at low tem-
peratures with Ty ~ 120K, though the weak FM component
(M¢;) could not be measured due to the detection limitation of
the ND technique. Interestingly, with decreasing temperature,
NTEs of lattice constants a and b below the Tcomp have also
been found. These NTEs are attributed to the increase in sepa-
ration between Cr-Cr atoms via equatorial oxygen atoms lying
in the ab plane below the Toomp. The phenomenon of NM,
observed in the present dc magnetization study, has been ex-
plained in terms of the competition between the antiparallelly
coupled My, and Mc; moments. In the FC dc magnetization
measurement, the weak FM component of Cr** sublattice
Mc, gets aligned along the direction of the applied field,
yielding a net positive magnetization in the temperature range
Tecomp < T < Tn. At temperatures below the Teomp, Myb

[aligned opposite to the applied field (H) and Mc,] over-
takes Mcy, resulting in a net NM for the YbCrO3; compound.
Similarly, EB, arising due to the atomistic AFM coupling
between Myp and M, moments, also changes sign at the
Tcomp- At T > Tcomp, the compound shows a usual positive
magnetization behavior with a NEB. Below the Tcomp, While
recording a FC M(H) hysteresis loop with field decreasing
from H = + Hpx, a sign change of magnetization from pos-
itive to negative occurs at a relatively lower value of applied
field (corresponding to a lower value of left coercivity Hcy).
This happens because the NM state is favored at T < Tcowmp,
whereas extra magnetic field is required to change the sign
of magnetization from negative to positive during the forward
field cycle (i.e., over H = —Hpx to +Hpax), as the magnetic
state changes to a positive state, which is energetically un-
favorable at T < Tcomp. This results in a relatively higher
value of right coercivity (Hc;). For the present compound,
both Hc; and Hc» are positive, and the EB is positive at T <
Tcomp- Neutron depolarization study under 50 Oe magnetic
field sheds more light on zero domain magnetization state at
the Tcomp. An anomaly at T ~ Teomp in dielectric measure-
ment indicates the possible correlation between electric and
magnetic properties, i.e., a weak magnetoelectric coupling in
the YbCrO3; compound. The present understanding of mag-
netization and EB reversals across Tcomp in a single-phase
compound and the observed magnetoelectric coupling may
open the possibility for making thermomagnetic switches,
spin-valve, electromagnetic, and other spintronic devices.
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