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High-temperature magnetism and crystallography of a YCrOj; single crystal
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Magnetization measurements and time-of-flight neutron powder-diffraction studies on the high-temperature
(300-980 K) magnetism and crystal structure (321-1200 K) of a pulverized YCrO; single crystal have been
performed. Temperature-dependent inverse magnetic susceptibility coincides with a piecewise linear function
with five regimes, with which we fit a Curie-Weiss law and calculate the frustration factor f. The fit results
indicate a formation of magnetic polarons between 300 and 540 K and a very strong magnetic frustration. By
including one factor 7 that represents the degree of spin interactions into the Brillouin function, we can fit well
the applied-magnetic-field dependence of magnetization. No structural phase transition was observed from 321
to 1200 K. The average thermal expansions of lattice configurations (a, b, ¢, and V) obey well the Griineisen
approximations with an anomaly appearing around 900 K, implying an isosymmetric structural phase transition,
and display an anisotropic character along the crystallographic a, b, and ¢ axes with the incompressibility K >
K§ > Ké’. It is interesting to find that at 321 K, the local distortion size A(02) &~ 1.96A(01) ~ 4.32A(Y) =~
293.89A(Cr). Based on the refined Y-O and Cr-O bond lengths, we deduce the local distortion environments
and modes of Y, Cr, O1, and O2 ions. Especially, the Y and O2 ions display obvious atomic displacement and
charge subduction, which may shed light on the dielectric property of the YCrO; compound. Additionally, by
comparing Kramers Mn>* with non-Kramers Cr** ions, it is noted that being a Kramers or non-Kramers ion can

strongly affect the local distortion size, whereas, it may not be able to change the detailed distortion mode.

DOI: 10.1103/PhysRevB.101.014114

I. INTRODUCTION

The cooperating and competing interactions between
charge, spin, lattice, and orbital degrees of freedom in
condensed-matter science result in a variety of exotic macro-
scopic properties such as multiferroicity that continues to
be an exciting field of research [1-7], urging experimental
and theoretical scientists to unravel the complicated electron
correlations and obtain a full understanding of the origin of
the enduring phenomena.

Multiferroic materials are so called because multiple long-
range orders such as magnetic and ferroelectric within them
all coexist and/or interact with each other to give the sub-
stance extraordinary properties. They are potentially valuable
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materials for promising multifunctional magnetic and electric
devices in information storage [4-9] and provide a mode for
information writing and reading [10—13]. Multiferroic materi-
als can be classified into two types, based on the detailed cou-
plings. In the first type, magnetism and ferroelectricity have
different microscopic origins and thus a weak interaction ex-
isting between them. In such kinds of materials like YMnOs,
the ferroelectricity was usually caused by symmetry break-
ing [14,15]. By contrast, in the second type of multiferroics,
magnetism and ferroelectricity are strongly coupled with each
other and a particular magnetic order may lead to the appear-
ance of ferroelectricity, like in the case of TbMnO; [16]. As
is well known, the magnetization in multiferroic materials
is localized and originates from unpaired electrons in the
partially filled d- or f-shell. Previous studies report many
microscopic mechanisms for the formation of ferroelectricity
such as charge order [17], lone electron pairs [18], structural
geometry [14], magnetoelectric coupling [19], and oxygen
vacancy [20].

©2020 American Physical Society
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The ABO3 system with a perovskite-type crystalline struc-
ture constructs a significant part of the multiferroic materials.
Among them, the BiFeO; thin film has been believed to be
a typical representative in the research field of multiferroics.
It simultaneously holds both a ferroelectric transition (7 =
1103 K) and a large remanent polarization (P, ~ 55 £C/cm?)
above room temperature, which was attributed to the ordering
of lone electron pairs [21]. The YMnO3; compound accom-
modates both a ferroelectric transition at ~914 K and an
antiferromagnetic (AFM) transition at ~76 K [22], and its
ferroelectric polarization (P ~ 6 uC/cm?) was suggested to
be caused by the geometric variation, i.e., the tilting and
distortion of MnOs blocks modifies the interaction between
Y and O ions and thus forms the unbalanced dipoles of Y
ions [14,15,23]. A very strong magnetoelectric effect exits
in the TbMnO3; compound and its charge polarization was
induced by the specific magnetic order [2]. By changing
chemical pressure, i.e., substituting the elements located at
the crystallographic A or B site, a wide range of crystalline
structures with potential multiferroic property could be real-
ized [24].

Ferroelectricity is hard to coexist theoretically with mag-
netism in one perovskite so understanding the incompatible
factors that are responsible for both properties has been a cen-
tral topic in the area of multiferroics [4,25,26]. A perovskite-
type YCrO; compound was reported in 1954 [27]. This
compound is likewise a rare system to retain ferroelectricity
and magnetism simultaneously. The YCrO3; compound shows
a magnetic phase transition at Ty ~ 141.5 K; the applied-
field-dependent magnetization shows an unsaturated magnetic
moment of mere ~ 0.096 ug per Cr’t jonat 2 Kand 7 T,
which indicates that the YCrO3; compound may behave like
a canted AFM state below the Ty; with regard to the low-
temperature magnetic structure as well as the corresponding
spin interaction parameters, the Dzyaloshinskii-Moriya inter-
action mechanism has been considered in a further report
on our inelastic neutron scattering study of the YCrO3; com-
pound [28]. A dielectric anomaly of the YCrO; compound
was observed at ~473 K with polarization P ~ 2 uC/cm?,
which was ascribed to the local Cr-ion off-centering dis-
placement [29]. Electric polarization was reported in the or-
thorhombic GdCrOj3 polycrystalline samples below the canted
AFM phase transition temperature 7y ~ 167 K [30], which
was accompanied by anomalies of both the Gd-Cr and Gd-O
bond lengths [31,32]. The ferroelectricity of the GdCrO3 com-
pound (P ~ 0.7 uC/cm?) [30] was proposed to be induced by
the magnetic coupling between 4 f and 3d electrons, as well
as the atomic off-center displacement of a Gd site [31,32]. It
is pointed out that most of the previous research works on
YCrO3 compounds were focused on polycrystals due to the
difficulty in growing large and high-quality single-crystalline
samples, and the high-temperature magnetism and crystallo-
graphic information were seldom studied, though such kind
of information is essential in completely understanding the
previously observed dielectric anomaly [29].

In this paper, the magnetization, crystal structure, thermal
expansion, and local crystalline distortion of a pulverized
YCrOs; single crystal have been studied by PPMS DynaCool
characterizations (300-980 K) and time-of-flight neutron
powder-diffraction studies (321-1200 K). With our modified

Brillouin function that includes a parameter n representing
the degree of magnetic interactions and a Curie-Weiss (CW)
law, we uniquely determine the detailed magnetic parameters
such as the effective paramagnetic (PM) moment, PM CW
temperature, the parameter 1, and the frustration factor f
to quantitatively understand the magnetism in YCrO; com-
pounds. The space group of the crystal structure keeps Pmnb
in the entire temperature range. Anisotropic thermal expan-
sion exists along the crystallographic a, b, and ¢ axes with the
largest incompressibility Ky along the a axis, demonstrated by
our fitting with the first-order Griineisen function taking into
account only the phonon contribution for an insulator. The Y,
Ol, and O2 ions show very large local distortion size A. We
extract the detailed local distortion modes of Y, Cr, O1, and O2
ions. It is noted that distinct atomic displacement and a large
charge subduction exiting for the Y and O2 ions are indicative
of their important roles in producing the dielectric anomaly of
YCrO3; compound.

II. EXPERIMENTAL

Polycrystalline samples of YCrOs; were prepared from
stoichiometric mixtures of raw Y,03 (ALFA AESAR, 99.9%)
and Cr,0O3 (ALFA AESAR, 99.6%) compounds by traditional
solid-state reaction method [33]. After milling and mixing by
a Vibratory Micro Mill (FRITSCH PULVERISETTE 0), the
mixture was heated at 1000 °C for 24 h with an increasing and
decreasing temperature speed of 200°C/h in air to perform
the process of prereaction. A similar heating procedure was
carried out at 1100 °C. After that, the resultant green mixture
was isostatically pressed into a ~ 12 cm cylindrical rod with a
pressure of 70 MPa. The rod was then sintered once at 1300 °C
for 36 h in air. With above firing steps and milling and mixing
with a ball of 50 mm in diameter after each heating process,
we finally obtained a dense and homogenous pure polycrys-
talline YCrOj phase. High-quality single crystals of YCrO;
were grown by the floating-zone (FZ) technique [33,34] with
a laser diode FZ furnace (Model: LD-FZ-5-200W-VPO-PC-
UM) [35].

The DC magnetization was measured with a temperature
increasing speed of 1 K/min at 0.3 T in the temperature range
from 300 to 980 K on a Quantum Design Physical Property
Measurement System (PPMS DynaCool instrument). The M
curves at 300, 500, 700, and 900 K versus applied magnetic
field (uoH) up to 14 T were also recorded.

We got the powder sample for structural study by care-
fully pulverizing one as-grown YCrO; single crystal. High-
resolution time-of-flight neutron powder-diffraction studies
were carried out at the POWGEN diffractometer (SNS, USA)
from 321 to 1200 K to explore the detailed temperature-
dependent structural information. A large Q (= 27 /d) band
was measured from 0.759 to 3.695 A~!. Neutrons are very
sensitive to oxygen atoms in comparsion to x rays, and time-
of-flight neutrons naturally overcome the A /2 problem. There-
fore, the band at high Q regime is able to monitor all possible
structural modifications. We use the FULLPROF SUITE [36] to
refine all collected time-of-flight neutron powder-diffraction
data. The scale factor, lattice constants, zero epithermal shift,
and background contribution determined using a linear in-
terpolation between automatically selected 30 points, peak
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FIG. 1. (a) Measured magnetization (M) of chromium ions in single-crystal YCrO; compound (circles) with an increase of temperature at
woH = 0.3 T (~40008 circles overlap each other so most of the error bars are embedded into the symbols). The solid line is a fit by Eq. (1)
as described in the text. (b) Corresponding inverse magnetic susceptibility x ! (circles) of chromium ions in single-crystal YCrO; compound
versus temperature. The solid line indicates a CW behavior of the data as described by Eq. (2) from 300 to 980 K, which was extrapolated to

x ! = 0 (dashed line) to show the PM Curie temperatures .

profile shape, atomic positions, isotropic thermal parameters,
and preferred orientation were all refined in the final analysis
step.

III. RESULTS AND DISCUSSION

A. Magnetization versus temperature

To explore possible magnetoelectric  coupling
effect [37,38] in a single-crystal YCrOs; compound, we
performed a magnetization measurement at DC field of 0.3 T
from 300 to 980 K. That broad temperature regime is far
above the weak ferromagnetic (FM) transition temperature,
~ 140 K, so we could ignore magnetic anisotropy, and
covers the temperature point of ~473 K, at which the
dielectric anomaly was reported [29]. As shown in Fig. 1(a),
we transferred the measured magnetization into magnetic
moment ug per Cr>* ion. With an increase of temperature, the
magnetization decreases smoothly in the whole temperature
range. The data collected in pure PM state can be fit to

_om
T — 6O’

where m is a constant, and gy is the PM CW temperature.
The diamagnetism of Cr>* ions is a temperature-independent
constant, ~ — 1.1 x 107 emu/mol [39], which is quite tiny
50 it can be neglected reasonably. Actually, the measured Cr>*
magnetization at 980 K and 0.3 T is equal to 4.33(1) emu/mol
in this study, by far larger than its diamagnetism. We tried to
fit the measured data, shown as the solid line in Fig. 1(a). This
results in ¢y = —264.0(1) K [Fig. 1(b)], and the goodness
of fit x?> = 68.629. As shown in Fig. 1, it is obvious that
the fit is not comparable to the collected data, indicating that
the CW temperature should have multiple components as a
change in temperature. To confirm this, we included a con-
stant, Mc,, into Eq. (1) to express the temperature-independent
ordered magnetism of Crt jons [40,41], though the YCrO3
compound stays in a pure PM state from 300 to 980 K. With

ey

the modified equation, we fit our temperature-dependent mag-
netization data and the resultant Mg, = —2.329(2) emu/mol,
much smaller than the Cr** diamagnetism, which is physical
nonsense.

The linear increase of the inverse magnetic susceptibility
x~ ! = % with temperature in the pure PM state obeys well
the molar susceptibility by CW law [34,42,43],

3kp(T — Ocw)

-1
x (T)=
NAﬂsz

; @

where kz = 1.38062 x 10723 J/K is the Boltzmann constant,
Ny = 6.022 x 102 mol~! is the Avogadro’s number, and
Uess = gUa~/J(J + 1) is the effective PM moment. Here J =
S for the YCrO; compound. As shown in Fig. 2(a), we first
fit the data in the temperature regimes of 300-400 K and
750-980 K (solid lines) and extrapolated them to the whole
temperature range (dash-dotted lines). The two lines intersect
at T ~ 620K and are not able to cover all features of the
data. In addition, there exists no anomaly in crystallographic
information at 620 K as discussed below. Therefore, it is
evident that x ~! versus T obeys a piecewise linear function as
shown in Fig. 2(b). Only if we separated the inverse magnetic
susceptibility into five regimes were we able to model all
features and fit well the data by Eq. (2). The corresponding
fit results as well as the goodness of fit, RZ, are listed in
Table I. With increasing the temperature ranges, the mea-
sured effective PM moment, (lefs neas, decreases from 4.09(1)
(300—400 K) to 3.47(1) ug (750-980 K), whereas the corre-
sponding PM CW temperature, ¢y, increases from —331.6(1)
(300—400 K) to —64.8(2) K (750-980 K). In the temperature
ranges of 300-400 K and 400-540 K, the measured effective
PM moments [lers peas = 4.09(1) and 3.97(1) g, respec-
tively. Both values are larger than the calculated theoretical
ONe [leff theo = 3.873 up supposing that all valence states
are ionic and integer. The enhancement may be attributed
to unquenched orbital angular momentum or the existence
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FIG. 2. (a) Inverse magnetic susceptibility x ~! (circles) of chromium ions in single-crystal YCrO; compound versus temperature. The
solid lines indicate CW behaviors of the data as described by Eq. (2) at respective temperature regimes of 300-400 K and 750-980 K. They
were extrapolated down to x ~! = 0 (dash-dotted lines) to show the PM Curie temperatures 6c; and up to 1020 K (dash-dotted line). The
fit results are listed in Table 1. (b) Inverse magnetic susceptibility x ~! (circles) of chromium ions in single-crystal YCrO; compound versus
temperature. The solid lines indicate CW behaviors of the data as described by Eq. (2) at respective temperature regimes of 300400 K,
400-540 K, 540-640 K, 640-750 K, and 750-980 K. They were extrapolated to x ~! = 0 (dashed lines) to show the PM Curie temperatures

Ocw. The fit results are listed in Table 1.

of local FM clusters with short-range spin interactions, i.e.,
magnetic polarons [34,44-46]. In the temperature range 540—
640 K, ot meas = 3.86(1) ug is consistent with fefs theo-
At elevated temperature regimes of 640-750 and 750-980 K,
Heff meas Decomes smaller than flefs theo- Based on these
observations, it is deduced that the above hypothesis on the
formation of magnetic polarons is more reasonable. The in-
crease of temperature easily destroys magnetic interactions,
i.e., the forming ground of magnetic polarons.

It is interesting that in the whole studied temperature
range, all deduced PM CW temperatures, Oqy, are negative,
indicating an AFM interaction, and largely deviated from the
weak FM transition temperature 7y = 141.5(1) K that was

obtained from our magnetization study on the same single
crystal at low temperatures of 5-300 K. The coappearance of
AFM and FM phenomena may indicate a canted AFM state
with strong magnetic frustration that can be characterized by a
frustration parameter f = @. The larger (than 1) the value of
f, the stronger the correspon"ding magnetic frustration is [47].
As listed in Table I, the f values are all larger than 1 except
for the one in the temperature range 750-980 K, implying
an existence of strong magnetic frustration and a complex
low-temperature magnetic structure.

The values of f for the RMnO3; compounds were reported
to be 10.1 (YMnO3), 10.3 (LuMnO3), and 7.8 (ScMnOs3) [22].
Within these compounds, the Mn ions form a triangular

TABLE I. Theoretical quantum numbers for YCrO; compound: spin S and the Landé factor g;. We summarize the theoretical (theo) and
measured (meas) (Fig. 1) values of effective (eff) chromium moment, fto¢¢, and PM Curie temperature, 6cy. R represents the goodness of fit.
Ty = 141.5(1) K was extracted from our low-temperature (5-300 K) magnetization measurement. We also calculated the magnetic frustration
factor f. The n factor is from Egs. (3). See detailed analyses in the text. The numbers in parenthesis are the estimated standard deviations of

the last significant digit.

A YCrO;j single crystal

S 3/2
87 2
Mesf_theo (MB) 3.873
MversusT @ 0.3 T
T (K) 300-400 400-540 540-640 640-750 750-980
et meas (IUB) 4.09(1) 3.97(1) 3.86(1) 3.70(1) 3.47(1)
Oy (K) —331.6(1) —290.3(1) —245.7(2) —172.0(2) —64.8(2)
f = 10cul/Tx 2.34(1) 2.05(1) 1.74(1) 1.22(1) 0.46(1)
R? 0.999 0.999 0.999 0.999 0.999
M versus uoH @ T
T (K) 300 500 700 900
n 0.50(1) 0.63(1) 0.70(1) 0.72(1)
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FIG. 3. Measured magnetization per chromium ion in single-
crystal YCrO; compound (circles) as a function of applied magnetic
fields up to 14 T at 300, 500, 700, and 900 K. The dashed lines
are fits to Eqs. (3). See detailed analysis in the text. Error bars are
standard deviations and embedded into the circles because collected
data points (~ 1600) at respective temperatures overlap each other.

lattice in the hexagonal structure, therefore, there exists
a geometrical spin frustration. It is pointed out that the
crystallographic structure of YCrO; compound doesn’t ac-
commodate any geometric frustration [43,48-51]. The mag-
netic frustration in YCrO; compound originates from the
observation of AFM and FM behaviors, which necessitates

POWGEN (SNS, USA)

S bcaaa o — R
| @ 4 AU A ERE@ S L LN
R TS WYY
14

bz

W T
e T

Intensity (arb. units)

d-spacing (A)

FIG. 4. Observed (circles) and calculated (solid lines) time-of-
flight neutron powder-diftraction patterns of a pulverized YCrO; sin-
gle crystal, collected on the POWGEN diffractometer (SNS, USA) at
321,750, and 1200 K. The vertical bars mark the positions of nuclear
Bragg reflections (space group Pmnb). The lower curves represent
the difference between observed and calculated patterns.

FIG. 5. Crystal structure (space group Pmnb) with one unit cell
(solid line) of the YCrOs single crystal within the present experimen-
tal accuracy at the studied temperature regime of 321-1200 K. The
solid balls were labeled as Y, Cr, O1, and O2 ions, respectively.

a determination of the detailed low-temperature magnetic
structure.

B. Magnetization versus applied magnetic field

In this paper, we focus on the measurement of high-
temperature (= 300 K) magnetic properties. As shown in
Fig. 3, we monitored the magnetization as a function of
applied magnetic field up to 14 T at 300, 500, 700, and
900 K with a small piece of randomly orientated single crystal
(~14.91 mg). While increasing applied magnetic field, the
magnetization increases linearly at all temperatures. The mea-
sured magnetic moment at 300 K and 14 T is 0.079(1) us/Cr,
mere ~ 2.63% of the theoretical saturated (sat) Cr>* moment
Msat_theo = giSus = 3 up (Table D).

For theoretically isolated atoms, the change of magnetiza-
tion with applied magnetic field at high temperatures obeys a
Brillouin function given by [52]

M(poH) = nM5;,By(x), with
2J +1 2J+1 1 1
B = th — —coth| —x |,
) = —oyce ( 2J x) 27 °° (2Jx>

3

where M2 = g;Jus = 3 ug is the theoretical value of the

saturated mole moment, J = % is the total angular momentum,
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TABLE II. Representative refined structural parameters, including lattice constants, unit-cell volume, atomic positions, isotropic thermal
parameters (B), bond lengths, bond angles, and distortion parameter (A) of CrOg octahedra, of the pulverized single-crystal YCrO; compound
by the FULLPROF SUITE [36] with crystal structure (Pmnb) as shown in Fig. 5 at 321, 750, and 1200 K. The Wyckoff site of each ion and the
relevant reliability factors were also listed. The numbers in parenthesis are the estimated standard deviations of the last significant digit.

Pulverized YCrOs; single crystal
(Orthorhombic, space group Pmnb, Z = 4)

750 1200
7.5615(3) 7.5976(3)
5.5280(2) 5.5367(3)
5.2636(2) 5.2921(2)

90 90
220.02(2) 222.61(2)
4c 4c
0.25 0.25
0.0675(9) 0.0649(10)
—0.0155(7) —0.0142(8)
5.7(17) 5.4(19)
4b 4b
0,0,0.5) (0,0, 0.5)
4.8(15) 4.5(16)
4c 4c
0.25 0.25
0.4660(9) 0.4668(10)
0.1039(9) 0.1017(11)
5.2(18) 5.1(19)
8d 8d
0.0531(5) 0.0523(6)
0.3039(5) 0.3044(6)
—0.3074(6) —0.3070(7)
5.2(18) 5.1(19)
2.238(6) 2.250(7)
2.291(7) 2.308(8)
2.282(5) 2.287(6)
2.507(5) 2.533(6)
2.351(2) 2.366(3)
1.977(1) 1.983(2)
1.989(3) 1.993(4)
2.003(3) 2.010(3)
1.990(1) 1.995(1)
145.98(6) 146.66(7)
145.96(12) 146.15(14)
0.285 0.329
7.44 6.88
8.09 7.58
431 4.06
3.52 3.49

T (K) 321
aA) 7.5332(3)
b(A) 5.5213(2)
c(A) 5.2418(2)
a(B,y)() 90

v (A% 218.02(1)
Y 4c

X 0.25

y 0.0689(8)
z —0.0169(6)
B (A?) 4.4(13)
Cr 4b
x,y,2) (0,0,0.5)
B (A?) 3.8(12)
01 4c

x 0.25

y 0.4654(7)
z 0.1053(8)
B (A% 3.9(14)
02 8d

X 0.0545(4)
y 0.3039(5)
z —0.3082(5)
B (A% 3.9(14)
Y-011 (A) 2.232(5)
Y-012 (A) 2.281(6)
Y-021 (A) (x2) 2.269(4)
Y-022 (A) (x2) 2.487(4)
<Y-0 > (A) 2.338(2)
Cr-01 (A) (x2) 1.972(1)
Cr-021 (A) (x2) 1.988(3)
Cr-022 (A) (x2) 1.999(3)
< Cr-0 > (A) 1.986(1)
/Cr-01-Cr (°) 145.54(5)
/Cr-02-Cr (°) 145.46(11)
A(Cr) (x107%) 0.306

R, 7.83

Rup 8.12

Rexp 4.49

x2 3.26

and x = “”’JZB%"H Equations (3) were used to fit the collected

data as shown in Fig. 3 (dashed lines). The corresponding n
values at respective temperatures are listed in Table I. When
n = 1, i.e., the theoretical case, there exists no magnetic ex-
change. With a decrease of temperature, spin interactions and
the resultant magnetic order become possible. Since rotating
and aligning spin moments of an antiferromagnet necessitate
a very strong applied magnetic field, depending on detailed
exchange parameters [53-55], measured magnetization will

deviate from the value of the saturation moment, leading to
the n value getting smaller than 1 and becoming smaller and
smaller with an increase of AFM domains. As temperature de-
creases, the 1 values decrease, in agreement with the increase
of f factors (Table I).

C. Time-of-flight neutron powder diffraction

To explore possible structural phase transitions of YCrO;
compounds above room temperature, we carried out a
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FIG. 6. Temperature dependence of the lattice constants, a, b,
and c, of the pulverized YCrO; single crystal (void symbols), which
was extracted from our FULLPROF [36] refinements based on the
time-of-flight neutron powder-diffraction data collected on POW-
GEN diffractometer (SNS, USA) between 321 and 1200 K. The
solid lines are theoretical estimates of the variation of structural
parameters at the respective temperature regimes of 321-900 K
and 900-1200 K, using the Gruneisen model [Eqgs. (4) and (5)]
with Debye temperature 6, = 580 K and extrapolated to the entire
temperature range of 321-1200 K (dashed lines). Error bars are
standard deviations obtained from our FULLPROF [36] refinements
in the Pmnb symmetry.

time-of-flight neutron powder-diffraction study from 321 to
1200 K. Three representative neutron powder-diffraction pat-
terns are shown in Fig. 4. We carefully checked the Bragg
peak shape, especially for the peaks located in the low-d
regime. All collected Bragg peaks were well indexed with
the space group Pmnb (orthorhombic structure). No additional
peak and possible peak splitting were observed. We therefore
conclude that within the present experimental accuracy, there
exists no structural phase transition for the YCrOz; compound
from 321 to 1200 K. The refined crystal structure in one unit
cell was depicted in Fig. 5. The refined structural param-
eters at 321, 750, and 1200 K, including lattice constants,
unit-cell volume, atomic positions, and thermal parameters
are all listed in Table II, where the extracted bond lengths,
bond angles, and the distortion parameter of CrOg octahedra
are also displayed. The low values of the reliability factors
validate the goodness of our refinements.

D. Anisotropic thermal expansion

Figure 6 shows our refined lattice constants, a, b, and c,
at all temperatures from 321 to 1200 K. The corresponding

223+

N N N N
= N N N
[(e] o - N
T T T T

Unit-cell volume ¥ (A?)
N
®

217 ¢

300 450 600 750 900 1050 1200
T(K)

FIG. 7. Temperature-dependent unit-cell volume, V, of the
YCrOs single crystal (void symbols). This was extracted from our
FULLPROF [36] refinements based on the time-of-flight neutron
powder-diffraction data collected on POWGEN diffractometer (SNS,
USA) between 321 and 1200 K. The solid lines are theoretical
estimates of the variation of V within respective temperature regimes
using the Gruneisen model [Eqgs. (4) and (5)] with Debye temper-
ature 6, = 580 K and extrapolated to the whole temperature range
(dashed lines). Error bars are standard deviations obtained from our
FULLPROF [36] refinements in the Pmnb symmetry.

change in unit-cell volume (V) was depicted in Fig. 7. For
the insulating YCrO3; compound, the contribution of lattice
vibrations to the thermal expansion of the lattice configuration
(¢) is much larger than that of electrons. Therefore, the
temperature-dependent nonmagnetic contribution component
of the thermal expansion is mainly from phonons. This can
approximately be calculated based on the Gruneisen function
at zero pressure with the first-order fashion [46,56,57],

e(T) =gy + KyU, 4)

where ¢ is the lattice configuration at 0 K, Kj is a constant
that reflects the incompressibility of the compound, and the
internal energy U can be estimated based on the Debye
approximations,

T\° * x3
U(T)=9NkgT | — dx, 5)
<®D> /0 e —1

where N = 5 is the number of atoms per formula unit, and
®p = 580 K is the Debye temperature that can be determined
by the upturn point of the ¢ — T curve [46]. With the above
Egs. (4) and (5), we fit the lattice configurations (a, b, ¢, and V)
of YCrO; compound in two temperature ranges of 321-900 K
and 900-1200 K (solid lines) and extrapolated the fits to the
whole temperature regime (dashed lines) as shown in Figs. 6
and 7. The fit results are shown in Table III. Within each
temperature regime, as a whole, the temperature-dependent
lattice configurations agree well with the theoretical esti-
mations. However, at the boundary of the two temperature
regimes, i.e., around 900 K, there exists an anomaly.

For lattice constants a, b, and ¢, the incompressibility
Ky in the temperature range 900-1200 K is larger than
that in 7 = 321-900 K, which may be attributed to more
developed phonon modes above 900 K. In both tempera-
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TABLE III. Fit parameters of the lattice configuration € (a, b, c,
and V) of YCrO; compound with Egs. (4) and (5), where N = 5 and
kg = 1.38062 x 1072 J/K, at the respective temperature regimes of
321-900 K and 900-1200 K (Figs. 6 and 7).

T (K) 321-900 900-1200
Op (K) 580 580

€l (A) 7.52180(2) 7.51080(7)

et (A) 5.51790(4) 5.51580(1)

€5 (A) 5.23320(3) 5.22330(5)

eV (A% 217.190(1) 216.350(9)

K¢ (A/D) 3.380(7) x 10" 4.160(5) x 107
Kb (A/T) 8.390(1) x 10 9.910(8) x 10'
KS (A/D) 2.590(4) x 107 3.300(8) x 10"

KY (A3/1) 2.400(7) x 10'° 3.000(2) x 10'°

ture regimes, K¢ > K¢ > K! indicates an anisotropic thermal
expansion along the three crystallographic directions. This
jointly results in the unit-cell volume expansion as shown in
Fig. 7. (K900 1200x) — Ko321-900x))/ (K321 ~900k)) = 22.71%,
(K$o00- 120000 — Koz21-000x))/ K1 —o00x) = 18.24%, and
(K5000—12008) — Ko321-9008))/ (Ko 321-900x)) = 27.80%, which
implies that the temperature-dependent relative increase of K
is the largest one along the crystallographic ¢ axis.

For the YMnOj3 compound, a clear structural phase tran-
sition with a change in space group from centrosymmetric

1.984¢

Bond length (A)

1.976}
1.968.
1.995}
1.990}

1.985}

300 450 600 750 900 1050 1200
T (K)

FIG. 8. Temperature-dependent bond lengths of Cr-O1, Cr-O21,
and Cr-O22 as well as the averaged bond length of Cr-O, i.e., <
Cr-O >, of the single-crystal YCrO; compound (void symbols). This
was extracted from our time-of-flight neutron powder-diffraction
study. Error bars are standard (for the Cr-O1, Cr-O21, and Cr-O22
bond lengths)/combined (for the Cr-O bond length) deviations. Solid
lines are linear fits.

2.296¢
2.282}
2.268;}

2.527}
< 2.508}
£ 2.489;

5 2.254]

g

2 2.240}
2.226!

2.310¢
2.295}
2.280¢

300 450 600 750 900 1050 1200
T (K)

FIG. 9. Lengths of Y-O11, Y-O12, Y-O21, and Y-O22 bonds of
the single-crystal YCrOs; compound versus temperature varying from
321 to 1200 K (void symbols), which was extracted from our time-
of-flight neutron powder-diffraction study. Error bars are standard
deviations. Solid lines are linear fits.

P63 /mmc to P6scm occurs at 1258(14) K [15,58,59]. This
structural phase transition temperature is much higher than its
improper ferroelectricity transition temperature around 914 K
and its AFM transition temperature around 76 K [22]. Clear
anomalies were observed in the lattice constants a¢ and ¢
and unit-cell volume V as well as the distance between Y1
and Y2 ions, the displacements of O3 and O4 ions, the
tilting angle of apical O1-Mn-O2, and the lengths of Y1-
O bonds, accompanying the structural phase transition [15].
Moreover, an isosymmetric phase transition was found at
~ 900 K, accompanied by a sharp decrease in polarization and
anomalies in physical properties, which was attributed to a Y-
O hybridization [15]. In our study, for the YCrO; compound,
structural anomalies were observed in lattice configurations
(a, b, ¢, and V) as well as Cr-O and Y-O bond lengths
around 900 K (as shown below). However, no clear change
in the space group was distinguished. The preservation of the
Pmnb space group of YCrO; compound may suggest that
an isosymmetric structural phase transition happens around
900 K [15,60].

E. Bond lengths of Cr-O and Y-O

To analyze detailed local crystalline environments of Cr
and Y ions in the YCrO3 compound, we extracted and plotted
the lengths of Cr-O21, Cr-022, and Cr-O1 (Fig. 8) and Y-O21,
Y-022, Y-O11, and Y-O12 (Fig. 9) bonds. The averaged Cr-O
bond length, i.e., < Cr-O >, was calculated and plotted in
addition (Fig. 8). We tentatively refined the bond lengths
with a piecewise linear function in the entire temperature
regime with two ranges of 321-900 K and 900-1200 K. As
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FIG. 10. Temperature variation of the distortion parameter, A, of
Y, Cr, O1, and O2 ions of the single-crystal YCrO3; compound (void
symbols), calculated by Eq. (6) from the refined structural parameters
between 321 and 1200 K. Error bar is root means square deviation.
The solid/dashed lines are tentative linear fits.

shown in Figs. 8 and 9, the fit results (shown as solid lines)
clearly display an anomaly around 900 K, consistent with
our observation in the lattice configurations of a, b, ¢, and
V (Figs. 6 and 7). From the temperature range of 321-900 K
to 900-1200 K, the slope of the bond length versus T curve
obviously increases for the Cr-O21, Cr-Ol, Y-O21, Y-O22,
and Y-O12 bonds, e.g., for the Y-O22 bond, it increases from
4.42 x 1075 t0 7.23 x 1075 A/K, by ~ 63.57%, whereas the
slope sharply decreases for the Cr-O22 and Y-O11 bonds, e.g.,
for the Cr-O22 bond, it decreases by ~ 62.59%.

By comparing all Cr-O and Y-O bonds, we find that only
the length of Cr-O21 bond increases in an inconspicuous way
from 321 to 900 K, implying a small contribution to the
thermal expansion of the lattice configuration. From 900 to
1200 K, the upturn of the lattice configuration (a, b, ¢, and V)
was attributed to an increase of the lengths of Cr-O21, Cr-Ol,
Y-021, Y-O22, and Y-O12 bonds. It is reasonable to deduce
that the anisotropic thermal expansion in lattice constants a, b,
and c is from different increases in lengths along the different
directions of Cr-O and Y-O bonds.

F. Local distortion modes of Y, Cr and O ions

Identifying a detailed local crystalline environment is es-
sential in determining electronic structure, spin configuration,
orbital degeneracy, and crystal field effect of 3d-, 4d-, 5d-,
or 4f- compounds [33]. A quantitative measurement of the
magnitude of a local crystalline environment can be evaluated

021 021
OTTIIN]

022

c a 022
Vb 012

FIG. 11. Local pentahedron environment of Y ions in the single-
crystal YCrO; compound, which was extracted based on our FULL-
PROF refinements [36]. The Y, O11, O12, O21, and O22 ions are
labeled as displayed. Detailed bond lengths of Y-O11, Y-O12, Y-O21
(x2), and Y-022 (x2) are listed in Table II. The arrows sitting on the
Y-O bonds schematically show the deduced pentahedron distortion
configuration.

by the local distortion parameter A defined as [33,34,61,62]

1 (dy — (d)\?
A= - —, 6
n ; ( (d) ) ©
where n is the coordination number, d,, is the bond length
along one of the n coordination directions, and (d) is the
averaged bond length. With Eq. (6), we calculated the local
distortion parameter A as a function of temperature for the
Y, Cr, O1, and O2 ions as shown in Fig. 10. For the 3d crt
ions in single-crystal YCrO; compound, it is interesting that
the local distortion parameter A keeps almost a constant in
the whole temperature range, displaying no response to the
previously reported dielectric anomaly [29]. The averaged A
value of Cr** ions from 321 to 1200 K is of ~3.3 x 107>
that is approximately two orders of magnitude lower than that
of 3d Kramers Mn>" ions in the Jahn-Teller (JT) distorted
regime of single-crystal La%SréMnO3 compound [34]. This
sharp comparison dramatically demonstrates the importance
of local crystalline environment.

It is noted that the Y, O1, and O2 ions show huge A values,
almost two orders of magnitude larger than that of Cr ions.
At 321 K, A(02) = 1.96A(01) =~ 4.32A(Y) =~ 293.89A(Cr),
indicating a significant local crystalline environmental effect
of 02, O1, and Y ions on the property of a YCrO; compound.
This urges us to figure out the local distortion modes of
Y, Cr, and O ions, as schematically drawn in Figs. 11-13,
respectively.

Figure 11 shows the local pentahedron environment of Y
ions. It is worth mentioning that there are six Y-O bonds at
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(a) 01

022

Ol

FIG. 12. (a) Local octahedral environment of Cr ion in the single-crystal YCrO; compound, which was extracted based on our FULLPROF
refinements [36]. The arrows drawn through the oxygen ions (2 x O1, 2 x 021, and 2 x 022) schematically show the deduced octahedral
distortion mode. Representative refined bond lengths of Cr-O1, Cr-O21, and Cr-O22 at 321, 750, and 1200 K are listed in Table II. (b) In such
octahedral geometry, we schematically drew the approximate 3d,. orbital shape in real space.

the neighbor of the Y atom, i.e., with a coordination number
6, two Y-Ol and four Y-O2 bonds. Among them, 2 x Y-
022 bonds are stretched, and Y-O11, Y-O12, and 2 x Y-O21
bonds are shortened (Table II). This results in both the O11-
021-022-012 planes being bent outward, shifting the charge
weight center of Y ions upward, whilst holding the 2 x 021
and the 2 x 022 ions within one 021-022-022-021 plane.
The extracted pentahedron distortion mode of Y ion was
schematically displayed by the arrows sitting on the six Y-O
bonds.

The Cr ion in YCrO; compound has three electrons in the
unfilled 3d shell, therefore, Cr>* is a non-Kramers ion, in
principle, without JT effect. That is why Cr’* ions have a
very small local distortion parameter A (Fig. 10). From our
refined Cr-O bond lengths as listed in Table II, we deduced
the octahedral distortion mode of Cr** jons (coordination
number 6) in YCrO; compound, as shown in Fig. 12(a). This
distortion mode, as schematically displayed by the arrows

sitting on oxygen ions, results from stretched Cr-O21 and Cr-
022 and shortened Cr-O1 bonds, behaving like a cooperative
JT distortion. The local crystalline environment of Cr* ions
in YCrO; compound coincides with the 75, orbital shapes (dx,,
d, dy;). As shown in Fig. 12(b), the 3d,, orbital shape in real
space was accommodated into the CrOg octahedron. Because
the two Cr-O1/021/022 bonds locate along the plane/body
diagonal direction and have the same length, the sum effect of
electric-lattice interactions is canceled out. Therefore, within
the present crystal symmetry, no displacement happens to the
Cr ions.

Figure 13 illustrates the local distortion environments of
Ol [Fig. 13(a)] and O2 [Fig. 13(b)] ions in single-crystal
YCrO;3; compound. Both O1 and O2 ions have a coordination
number 4, forming a tetrahedron. By comparing the refined
Cr-O and Y-O bond lengths (referring to Table II), we deduced
two tetrahedral distortion modes for the O1 and O2 ions,
respectively, as displayed by the arrows sitting on the Cr-O

FIG. 13. Local tetrahedral environments of O1 (a) and O2 (b) ions in the single-crystal YCrO; compound, which was extracted based on
our FULLPROF refinements [36]. The Y, Cr, O1, and O2 ions are labeled as displayed. Detailed bond lengths of O1-Cr (x2), O1-Y, O2-Cr, and
02-Y at 321 K were marked. The arrows sitting on the O-Y and O-Cr bonds schematically show the deduced tetrahedral distortion modes.
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FIG. 14. Temperature variation of the bond valence states
(BVSs) of Y, Cr, O1, and O2 ions in the single-crystal YCrO; com-
pound, calculated from our refined structural parameters between
321 and 1200 K by the FULLPROF SUITE [36]. For a clear comparsion,
we also calculated the average BVSs of O1 and O2 ions, i.e., (O1 +
02)/2. Error bars are combined standard deviations.

and Y-O bonds. For example, for the O1 ions [Fig. 13(a)], the
2 x Cr-O bonds are shortened, whereas the two Y-O bonds
are stretched. This pushes the Ol ions towards to the Cr
ions. So do the O2 ions [Fig. 13(b)]. Within the two oxygen
tetrahedrons, the longest Y-O bond is Y-O2 = 2.487(4) A (at
321 K) as displayed in Fig. 13(b). This drives the O2 ions very
close to the bottom Y-Cr-Cr plane, a large negative charge
displacement. Compared to the Ol ions, the local crystalline
environment of O2 ions is much more distorted in agreement
with our calculations as shown in Fig. 10 where the local
distortion parameter A of O2 ions is approximately two times
larger than that of O1 ions.

The distortion parameter A, to some extent, is a criterion
for what magnitude a certain atom displaces with its surround-
ing ligands [33]. For example, Kramers ions usually show
a JT distortion whose magnitude can be expressed by the
size of the distortion parameter A. The JT effect occurring
in 3d transition metal oxides can lead to the degeneracy of
d orbitals accompanied by lowering the structural symmetry
to release the electronic occupied energy. That can result
in charge/orbital ordering and magnetic transition and may
shed light on the colossal magnetoresistance effect [33,63].
For 3d° Cr*t ions in YCrOs compounds, no JT effect is
expected, and thus the distortion parameter A of Cr** jons
is quite small, which is hard to break the centrosymmetry of
the center Cr>t ions, therefore, no ferroelectricity is expected
from the Cr-sites. However, as shown in Figs. 11 and 13(b),

8.
6.
41
8 Cr
Zof
< tdnol ¢
2.
81 01/02
6.
41

2300 450 600 750 900 1050 1200
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FIG. 15. Temperature variation of the isotropic thermal param-
eters, B, of Y, Cr, and O1/02 ions in the single-crystal YCrOs;
compound. During our FULLPROF [36] refinements, we constrained
the B sizes of Ol and O2 ions to the same value. Error bars are
standard deviations.

the centrosymmetries of Y3+ and O%’ ions could be broken by
their large local environmental distortions, which may induce
the geometric ferroelectricity. Similar observation was also
reported on the orthorhombic GdCrO3; compound, in which
the Gd* and O?* ions move toward different directions and
produce a huge charge density in the Gd-O bonds [32].

G. Bond valence states of Y, Cr and O ions

It is well known that bond valences are strongly correlated
to bond distances, and some empirical relationships were
previously proposed [36,64—66]. With our refinements, we
extracted the bond valence states (BVSs) of Y, Cr, and O ions
as shown in Fig. 14. As temperature increases, the BVSs of Y,
Cr, and O ions almost decrease linearly. The calculated BVS
values for the Cr and O1 ions are 2.956(7)+ and 2.079(11)—
at 321 K, close to the ideal 34 and 2—, respectively. However,
for the Y and O2 ions, the calculated BVS values, BVS(Y)
= 2.636(15)+ and BVS(02) = 1.757(8)—, differ largely
from the respective perfect values of 34+ and 2— in the
pure ionic model. Therefore, there exit positive and negative
charge displacements from Y and O2 ions that coincide with
their strongly distorted local crystalline environments. In the
Pmnb symmetry, there are two nonequivalent crystallographic
sites for the O1 and O2 ions. As shown in Fig. 14, the
charge difference between O1 and O2 ions is approximate
0.317(15)e™ with ~ 21 standard deviations, indicative of a big
degree of the charge disproportion. It is of interest to notice
that our extracted charge difference between O1 and O2 ions
is even much bigger than the charge difference between Mn**
and Mn*" ions in the charge/orbital ordered states of man-
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ganites [34,67] where for the La 1 Sr 1 MnO; compound [34],

the charge difference is 0.11(5) e, and for the half-doped
Nd;SriMnO; [67] it is 0.16 e™. It is thus reasonable to
deduce that the Y and O2 ions play an important role in
forming the dielectric anomaly of YCrO3; compound.

Finally, the temperature-dependent isotropic thermal pa-
rameters B of Y, Cr, and O1/02 (constrained to be the same)
ions of YCrO; compound were present in Fig. 15 where
almost no change exists from 321 to 1200 K within the
experimental accuracy.

As is well known, the contribution of magnetism in YCrOj3
compound comes from the Cr’* (3d%) ions supposing that
the YCrO3 compound forms pure ionic bonds and thus there
is no magnetic contribution from oxygen sites [33,34]. As
in the foregoing discussion, the dielectric anomaly [29] of
YCrO3; compound may be ascribed to the obvious atomic
displacement and charge subduction of Y and O2 ions. The
Y3* ion is nonmagnetic because the ground-state electronic
configuration of neutral Y is [Kr]4d'5s?. Therefore, the
structural parameters extracted from our time-of-flight neu-
tron powder-diffraction study don’t display a response to the
previously observed dielectric anomaly. On the other hand,
that doesn’t mean that there is no magnetoelectric coupling
existing in YCrO3z compound. To unravel this coupling neces-
sitates measurements with extremely high applied magnetic
fields. By comparison, the YMnO; compound belongs to a
hexagonal symmetry with the structural building block of
MnOs, and its ferroelectric polarization is due to opposing
unequal dipoles of the two Y sites as well as the tilting
and distortion of the MnOs blocks [14,15,23]. The Gd**
(4f7) ions in GACrO3 compounds has a very strong magnetic
contribution. It is expected that the Gd-Cr coupling in GdCrO3
compounds is much stronger than the Y-Cr coupling in YCrO3
compound. As foregoing remarks, the previously reported
dielectric anomaly of YCrO; compound may be due to large
atomic displacement and charge subduction of Y and O2 ions,
whereas, only Cr ions contribute to its magnetism. That may
be the reason why the structural parameters don’t show any
anomaly around 473 K.

It is stressed that the space group Pmnb belongs to a
centrosymmetric structure in which the sum of negative and
positive charge shifts has to be zero. Our interesting observa-
tions, e.g., the extremely large local distortion parameter A
of Y, O1, and O2 ions, the obvious displacement of Y and
02 ions, and the charge subduction of Y and O2 ions, indicate
that the actual structural symmetry of YCrO3; compounds may
be much lower than Pmnb. As a foregoing discussion, even
though Kramers ions like Mn>* theoretically and experimen-
tally exhibit a larger local distortion, e.g., a JT/cooperative JT
effect, than non-Kramers ions like Cr>F, their detailed distor-
tion modes can be the same, as demonstrated in this study.
Additionally this distortion mode can even be applicable to
the 4 f ions [51].

IV. CONCLUSIONS

To summarize, we have quantitatively investigated the
high-temperature (300-980 K) magnetism and structural in-
formation (321-1200 K) of a single-crystalline YCrO3 com-
pound. The high-temperature magnetization can only be fit by
the CW law with multiple effective PM moments and multiple
PM CW temperatures with strong magnetic frustration, im-
plying a complicated low-temperature magnetic structure. The
magnetization versus applied-magnetic-field curve obeys well
our modified Brillouin function with an inclusion of a factor n
denoting the strength of magnetic interactions. We refined the
crystal structure with Pmnb symmetry in the entire studied
temperature range within the present experimental accuracy.
Detailed structural information including lattice constants,
unit-cell volume, atomic positions, thermal parameters, bond
lengths, local distortion parameter, bond angles, local distor-
tion modes, and BV Ss were extracted. The thermal expansions
along the a, b, and c axes are anisotropic with an anomaly
appearing around 900 K. We attribute this anomaly to an
isosymmetric structural phase transition. The local distortion
parameter A of Cr ions is about two orders of magnitude lower
than that of Y and O ions. We find that both Y and O2 ions pro-
duce a clear atomic displacement and a large charge deviation
from theoretical ones. We thus suggest that the Y and O2 ions
may play an important role in forming the previously reported
dielectric anomaly of the YCrOs; compound. The present
results make YCrOj; a particularly significant compound for
theoretical and further experimental studies on fp; physics.
The magnetic structure and dielectric property would be fur-
ther explored in combination with theoretical calculations.
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