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Tuning of multiferroic order with Co doping in CuCr,0y:
Interplay between structure and orbital order
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We observe a ferroelectric (FE) order in an unexplored CuCr,O,4 with a reasonably high value of the FE Curie
temperature (7rg) at 170 K, which is also much higher than the magnetic ordering temperature. The systematic
substitution of Jahn-Teller (J-T) active divalent Cu ion by a non-Jahn-Teller active divalent Co ion causes a
systematic shift of 7gg from 170 K for x = 0 to 146 K for x = 0.8 in Cu,_,Co,Cr,0,. The values of electric
polarization vary from 0.0665 Ccm™2 to 0.1704 ;«Ccm ™2, which is maximum for x = 0.6, associated with
the highest value of the coercivity. The synchrotron diffraction studies of the compounds with x = 0.2 and 0.8
confirm that a structural transition to a polar /ma?2 space group from the tetragonally distorted /4, /amd structure
gives rise to the ferroelectricity. In all the members of Cu;_,Co,Cr,0y series, the Tgg is observed at much higher
temperature than the corresponding magnetic ordering temperatures (7y). These results are in contrast to that of
the reported results of Trs < Ty for the end member with x = 1 or CoCr, 04, where the J-T active Cu”* is absent.
We propose that the J-T distortion in the entire series with 0 < x < 0.8 holds the key, where interplay between
the J-T distortion driven orbital order and the structural distortion correlates tuning of the 7gg in Cu;_,Co,Cr,Oy.
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I. INTRODUCTION

Over the past few decades, the delicate interplay among the
charge, spin, orbital, and lattice degrees of freedom provides
many rich consequences. One of the fascinating outcomes
is the colossal magnetoresistance in the mixed-valent man-
ganites [1,2]. Moreover, this intricate interplay gives rise to
the diverse ranges of the interesting magnetic properties from
the frustrated magnetism to the multiferroic properties [3-8].
In the above cases, the orbital ordering driven by the the
Jahn-Teller (J-T) distortion has been found crucial, which
was intimately correlated to the structural distortion and also,
eventually, directed the magnetic properties.

Recently, the J-T effect driven occurrence of multiferroic
order has been proposed for ABOs-type perovskite [9] includ-
ing RMnOj [10] and RNiOj [11]. The interplay among J-T
effect, orbital ordering, structural instability, and ferroelectric-
ity has been proposed for A-site ordered double perovskite
CaMnTiyO¢ [12] and spin-chain compound Ca3;CoMnOg
[13]. The AB,O4-type spinel compound, CuCr, Oy, attracts the
community for the Cu®t ions at the tetrahedral site, where
the Cu®* with 3d° electronic configuration is strongly a J-T
active ion [14,15]. An example of a tetrahedral unit connected
with a CrOg octahedron within the general representation of
a cubic structure is depicted in Fig. 1(a) having a Fd3m
space group. The four corners of a tetrahedron are occupied
by the oxygen ions (O>~), whereas the Cr** ions occupy
the octahedral site with the six O>~ sitting at the corners of
a octahedron, as also depicted in Fig. 1(a). Because of the
distortion of the CuO;, tetrahedra driven by the J-T effect,
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as depicted in Fig. 1(b), the degeneracies of the e, and f,
orbitals are lifted, resulting in the ordering of the d orbitals,
which is shown in Fig. 1(c). The compound crystallizes in
the cubic structure with the Fd3m space group above 853 K,
below which the compound undergoes a structural transi-
tion to a tetragonal structure with the /4, /amd space group
[14,16-24]. The CuQ, tetrahedra in the tetragonal structure
are compressed into a square planar structure, resulting from
the J-T effect. The magnetic and structural transition, and
infrared spectroscopy, proposed concomitant occurrence of
ferrimagnetic order (7y) and structural transition in CuCr;Qy,
suggesting a strong magnetoelastic coupling [7,8,25,26]. The
neutron scattering studies proposed a magnetic structure with
a moment of 0.5 up per formula unit, where two canted crt
sublattices and one Cu’" sublattice were coupled antifer-
romagnetically below Ty [18,23,24]. The 63.65Cy and 3Cr
nuclear magnetic resonance studies further confirmed that the
angle between the Cr*" and the Cu*™ magnetic moments was
found to be 2~98° [5]. Furthermore, the spin-orbit coupling of
Cr ions was proposed to be much stronger than that of Cu ions
related to the orbital ordering in CuCr,0O4.

In the present work, we report an unexplored ferroelectric
(FE) order with a significant value of polarization of ~0.15
uC cm~? for CuCr,04. Here, the ferroelectric order is ob-
served at much higher temperature than the magnetic order
with a FE Curie temperature (7rg) of ~170 K. The doping
of Cu?* with Co?* systematically tunes the Tpg as well as
magnetic ordering temperature (7y), which decreases with
increasing x in Cu;_,Co,Cr;O4. The synchrotron diffraction
studies of the two representative compounds with x = 0.2
and 0.8 clarify the occurrence of the ferroelectric order. A
structural transition to a polar structure with a Ima2 space
group from the centrosymmetric tetragonal structure with the

©2019 American Physical Society
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FIG. 1. (a) Connecting Cr octahedron and Cu tetrahedron within
the unit cell. (b) Distortion of CuO, tetrahedra driven by the J-T
effect. (c) Lifting of orbital degeneracy of d orbitals in the tetrahedral
coordination due to J-T effect.

14 /amd space group is observed around Trg. The possible
correlation of the J-T distortion with the observed structural-
transition-driven occurrence of the FE order are discussed for
Cul,xCOXCr204.

II. EXPERIMENTAL DETAILS

The polycrystalline compounds with the chemical formula
of Cu;_,Co,Cr,04 for 0 < x < 0.8 are prepared by the solid-
state reactions [27]. The single-phase chemical composition is
confirmed by the x-ray diffraction studies at room temperature
recorded in a PANalytical x-ray diffractometer (Model: X’ Pert
PRO) using the Cu Ko radiation. The single-phase chemi-
cal composition is further verified by the synchrotron x-ray
diffraction studies recorded with a wavelength of 0.14235 A
(87.1 KeV) at the PO7 beamline of PETRA III, Hamburg,
Germany, using a two-dimensional (2D) Perkin Elmer de-
tector in the temperature range of 10-300 K. Analysis of
these synchrotron powder diffraction data are done using the
Rietveld refinement with the commercially available MAUD
and FULLPROF software. The powder samples pressed into
pellets are used for the dielectric measurements using a
E4980A LCR meter (Agilent Technologies, USA) equipped
with a PPMS-II system of Quantun Design. The pyroelectric
current (/) is recorded in an electrometer (Keithley, model
6517B) by sweeping temperature at a constant rate. The I,
is integrated with time for obtaining spontaneous electric
polarization (P). The sample is poled with different electric
fields during the cooling process. Thereafter, all the electrical
connections across the sample are short circuited for an hour
or more, before the measurements of I, are carried out in the
warming mode in zero electrical field. It is noted that in all
the measurements, the electrical contacts are fabricated using
an air-drying silver paint. The dc magnetization is measured
in a commercial magnetometer of Quantum Design (MPMS,
evercool), where the dc magnetization is recorded in both the
zero-field-cooled (ZFC) and field-cooled (FC) protocols.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The x-ray diffraction patterns of the powder samples of
Cu;_,Co,Cr,04 with x =0, 0.2, 0.4, 0.6, 0.8 are recorded at
300 K. Herein, the results for x = 0 reproduce the previous
reports of CuCr,04 [14,16-24]. All x-ray diffraction pat-
terns are analyzed by using the Rietveld refinement with the
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FIG. 2. Rietveld refinement of x-ray diffraction patterns of
Cu;_,Co,Cr,04 for x = (a) 0, (b) 0.2, (¢c) 0.4, (d) 0.6, (e) 0.8
respectively at 300 K. (f) Variation of the volume of the unit cell
at room temperature. For x = 0, 0.2, and 0.4, the structure is fitted
with the tetragonal /4, /amd and for x = 0.6 and 0.8 with the cubic
Fd3m structures.

tetragonal structure with the /4, /amd space group for x <
0.4 and cubic structure with the Fd3m space group for 0.6 <
x < 0.8, as shown in Figs. 2(a)-2(e). Figure 2(f) shows the
variation of the unit cell volume (V) with x, where the V(T
shows an increasing trend with increasing the Co doping. The
result is reasonable, because the divalent Co ion has higher
value of the ionic radius than that of the divalent Cu ion. The
bars below the diffraction patterns show the peak positions.
The difference plots at the bottom of the diffraction patterns in
Figs. 2(a)-2(e) confirm the absence of any additional impurity
peak, where the reasonable fits are indicated by the decent
ranges of the reliability parameters, R,, (%) = 4.0-5.05, Rexp
(%) =2.4-3.0, and x>=2.1-1.9.

Thermal variations of the ZFC and FC magnetization
(M) curves recorded at 1 kOe are displayed in Figs. 3(a)—
3(e) for Cu;_,Co,Cr,04 with x =0, 0.2, 0.4, 0.6, 0.8. Fig-
ure 3(a) shows the temperature dependence of magnetization
for CuCr,04 measured in the ZFC and FC protocol, as re-
ported earlier [3]. The first T derivative of magnetization (not
shown in the figure) provides the value of Ty. The values of
Ty, as determined from the derivative plot, are listed in Table I
and also depicted in Fig. 3(f). The value of Ty is close to
that observed in the previous reports [3,28]. The value of Ty
decreases with increasing x. The M (T') results for x = 0.2,
0.4, 0.6, and 0.8 are plotted in Figs. 3(b)-3(e), respectively,
displaying different characteristic features. The reversal of
magnetization in the thermal variation of the ZFC curve is
observed for x = 0.2 and 0.8. The ZFC curve for x = 0.2 be-
comes negative below 280 K and remains negative, showing
a decreasing trend. For x = 0.8, the M (T") also changes sign
around ~70 K and it becomes positive below x35 K, which
is consistent with the previous reports measured at different
magnetic fields [25,29]. The FC curve of the compound with
x = 0.6 exhibits a change in sign around ~80 K and remains
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FIG. 3. Temperature (7') variations of the FC-ZFC magnetization
for Cu;_,Co,Cr,04 for x = (a) 0, (b) 0.2, (c) 0.4, (d) 0.6, (e) 0.8.
Right axis shows the corresponding inverse susceptibility x ~! (T)
and the Curie-Weiss fit. (f) Plot of magnetic ordering temperatures
(Ty) and ferroelectric Curie temperatures (7gg) with x.

negative until 2 K. In accordance with the previous reports,
these are the usual characteristics of the ferrimagnetically
ordered state, where the compensation of magnetization along
the magnetic field leads to the change in sign of M(T)
[27,30-32].

The inverse susceptibilities (x ') measured in the FC
protocol with 7" are shown in the right axis of Figs. 3(a)-3(e)
for all the compositions. The linear fit using Curie-Weiss law
is displayed by a straight line for each curve. From the high-
temperature linear Curie-Weiss fit, the effective paramagnetic
moment (uer) and Curie-Weiss temperature (Ocw) are ob-
tained, which are listed in Table I, along with the theoretical
values ([4meo). The theoretical values of g are calculated
using the following equation [33]:

Heff = \/ (I =0 or + Xl o + 202 . (1)

We note that the values of g are satisfactorily close to the
corresponding values of e, for x O and 0.2. The values
of wg are larger than the values of iy, for the rest of the
members. The e, as obtained from the higher temperature
Curie-Weiss fit for these compounds, are suggested for the
satisfactory matching with the e, values. The value of
Ocw/Ty ratio is close to 1 for x = 0 and it increases with
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FIG. 4. Magnetic hysteresis loops at 2 and 10 K for
Cu;_,Co,Cr,04 with x = (a) 0, (b) 0.2, (c) 0.4, (d) 0.6, (e) 0.8,
respectively. (f) Left axis shows the magnetization values at H = 50
KOe and right axis shows the values of coercivity with x.

increasing x, pointing to an increase of magnetic frustration.
The value of the ratio is maximum for x = 0.6.

Figures 4(a)—4(e) depict the magnetic hysteresis loops
recorded at 2 and 10 K for all the compositions. We note
that the loops at 2 and 10 K nearly overlap for all the
compositions, except for x = 0.6, where the coercivity (Hc¢)
slightly decreases at 10 K. In all the cases, the magnetization
does not saturate at 50 kOe. The values of magnetization at
50 kOe (My=soxoe) and H¢ are plotted with x, as depicted
in Fig. 4(f). The value of My_soxo. decreases systematically
with increasing x. The Hc¢ also increases with increasing x
and shows a maximum at x = 0.6, below which it shows a
decreasing trend. The highest coercivity might be correlated
to the highest magnetic frustration for x = 0.6.

The dielectric permittivity (€) is recorded at different
frequencies (f) by varying T for all the compositions.
Figures 5(a)-5(e) shows the thermal variation of real com-
ponent of dielectric permittivity (¢) for x = 0, 0.2, 0.4, 0.6,
and 0.8, respectively. In Fig. 5(a), a steplike change in €'(T)
is noticed around 170 K, at which the FE Curie temperature
is observed for the parent compound. The results of the FE
order for the entire series are discussed below. The signature
of Trg in €/(T) is also evident for x = 0.2 and 0.4 and is

TABLE I. Magnetic and ferroelectric parametrs of Cu;_,Co,Cr,0, at different x.

Magnetic Ferroelectric
Ty Ocw |©cw /Ty ett Htheo Tre P
x () X) (us) () XK) (nCem™?)
0 122 —115 0.94 3.24 3.71 170 0.1423
0.2 100 —136 1.36 4.21 4.45 168 0.1384
0.4 99 —250 2.52 6.41 577 156 0.1124
0.6 91 —527 5.79 7.10 5.64 154 0.1704
0.8 85 —346 4.07 6.75 6.15 146 0.0665
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FIG. 5. The T variations of € at different f in the range of
2007 Hz to 4 MHz for Cu,_,Co,Cr,0,4 with x = (a) 0, (b) 0.2, (c) 0.4,
(d) 0.6, (e) 0.8, respectively. (f) T variation of €¢” at f = IMHz.

not detectable for x = 0.6 and 0.8. In addition, another low-T'
anomaly (T5) is observed for x = 0.2, 0.4, 0.6, and 0.8, which
is not so evident in the M (T") curve. The signature of T is not
detectable for the parent compound. However, a weak change
of slope in the ZFC curve may be correlated to the low-T
anomaly in €'(T'), pointing to a magnetoelectric coupling. The
low-T anomaly is attributed to the spiral magnetic order, as
suggested in the previous reports [25,27,29-32]. In Fig. 5(f),
the imaginary components (¢”) are depicted for all the com-
positions.

To confirm the FE order, the values of I, are recorded with
T for all the compositions. A peak in I,(T') is observed for all
the samples, as evident in Figs. 6(a)-6(e) for x = 0, 0.2, 0.4,
0.6, and 0.8, respectively. Here, the /,(T) is measured for the
two different rates of 3 and 5 K/min. A sharp peak in the 1,(T")
curve is observed at ~170, ~168, ~155, ~154, and 146 K for

x=0,0.2,0.4, 0.6, and 0.8, respectively. The integral of I,(T")
over time gives the value of P(T). We note that the /,, recorded
at different heating rates provides a reproducible value of P
with T'. The thermal variations of P for different poling fields
(E) and both for the positive and negative E are depicted in
Figs. 6(f)—6(j). The reversal of P(T') due to a change in sign of
E (£5 kV/cm) signifies the ferroelectric order [34-37]. The
P values increase with E, pointing to the fact that the P does
not saturate for £ at —5 kV/cm for x = 0, 0.6, and 0.8. The P
values saturate at 5 kV/cm for x = 0.2 and 0.4. The values of
P are considerable and vary from 0.0665 to 0.1704 ;£C cm >
for E = 5 kV/cm, as listed in Table I. We note that the value
of P is maximum for x = 0.6, where the maximum values
of ®cw /Ty ratio and coercivity are observed. The results are
significant, because the large strain attributed to the structural
distortion may lead to the enhancement of the coercivity. This
strain may direct the increase of the polarization value [36,38—
40]. The detailed structural studies of the compound with x =
0.6 will confirm it. The value of P reduces significantly for
x = 0.8 with the maximum content of Co. Nevertheless, the
values of P for the rest of the members of the Cu;_,Co,Cr,04
series are quite large compared to the polarization values of
the promising multiferroics [40—43]. To find out the origin
of the ferroelectric order much above the magnetic ordering
temperature, the structural properties are investigated by the
synchrotron diffraction studies over a temperature range of
10-300 K for the two representative compounds with x = 0.2
and 0.8.

In accordance with the previous reports [21,26], the
diffraction pattern at 300 K of the sample with x = 0.2 is re-
fined using the /4, /amd space group, as depicted in Fig. 2(b).
The refined atomic positions are given in Table II. Tempera-
ture variation of the integrated intensity of the (101) diffrac-
tion peak is depicted in Fig. 7(a), which displays the anoma-
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FIG. 6. The T variations of the pyroelectric current (/,) at two different thermal sweep rates with a —5 kV/cm poling field for
Cu;_,Co,Cr,04 with x = (a) 0, (b) 0.2, (c) 0.4, (d) 0.6, (e) 0.8 and the corresponding electric polarization (P) with T for x = (f) 0,

(2) 0.2, (h) 0.4, (1) 0.6, (j) 0.8.
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TABLE II. Atomic positions associated with the structural pa-
rameters of Cu;_,Co,Cr,0,4 for x = 0.2 and 0.8. O* stands for the
occupancy.

x=0.2

T Space

(K) group Atoms X y Z O*  Site

300 /4,/amd Cu 0 0.25 0375 08 4b
Co 0 0.25 0375 02 4b
Cr 0 0 0 1.0 8¢
o 0 0.5364(0) 0.2526(0) 1.0 16h

100 Ima2 Cu 0.25 0.375 0 0.8 4b
Co 0.25 0.375 0 02 4b
Crl 0 0 0 1.0 4a
Cr2 0.25 0.75 0.25 1.0 45
Ol 0.5392(9) 0.25 0 1.0 8¢
02 0.25 0.5 0.7100(8) 1.0 4b
03 0.25 0 0.7703(0) 1.0 4b

x=0.8

300 Fd3m Cu 0.375 0.375 0375 02 8b
Co 0.375 0.375 0375 08 &b
Cr 0.25 0.25 0 1.0 16¢
O 0.2380(3) 0.2380(3) 0.2380(3) 1.0 32e

200 I4,/amd  Cu 0 0.25 0375 02 4b
Co 0 0.25 0375 08 4b
Cr 0 0 0 1.0 8¢
o 0 0.5370(3) 0.2515(1) 1.0 16A

100 Ima2 Cu 0.25 0.375 0 02 4b
Co 0.25 0.375 0 0.8 4b
Crl 0 0 0 1.0 4a
Cr2 0.25 0.75 0.25 1.0 4b
Ol 0.5387(7) 0.25 0 1.0 8¢
02 0.25 0.5 0.7069(5) 1.0 4b
03 0.25 0 0.7705(7) 1.0 4b

lies at Ty and Tgg around ~100 and ~168 K, respectively, as
also indicated by the vertical broken lines in the figure. Here,
the signature of Tpg in the integrated intensity plot is corre-
lated to the structural transition, as reported earlier [35,40,41].
A selected 26 region of the diffraction peaks around Trg is
highlighted in Fig. 7(b). The figure indicates a small shift in
the peak position and the change in the intensity around Tgg.
We note that the refinement using /4, /amd space group is not
satisfactory below Trg. An example of the refinement of the
diffraction pattern at 100 K using the 14, /amd space group is
depicted in Fig. 7(c). Inset magnifies a small 20 region of the
pattern, indicating a significant mismatch in the refinement
process. We incorporate ISODISTORT [44] software to find
out the possible polar space group, which can fit with the
diffraction patterns below the Tgg, to address the FE order
above the magnetic order. The best fit is obtained for the Ima2
(46) space group. The better refinement of the diffraction
pattern using the Ima2 space group at 100 K is shown in
Fig. 7(d) with the small reliability parameters, R,, (%) ~ 3.3,
Rexp (%) ~ 2.1, and x2 ~ 2.0. Inset of the figure magnifies a
small 26 region and confirms the satisfactory fit. The refined
coordinates of the atoms at 100 K are listed in Table II.
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FIG. 7. (a) The T variation of the integrated intensity of the
(101) peak. (b) The magnified (101) peak at different temperatures
around 7rg. The Rietveld refinements of the diffraction pattern at
100 K using (c) 14, /amd and (d) Ima2 space groups. Insets of panels
(c) and (d) further highlight the quality of the refinements in a small
20 region. The T variation of (e) lattice parameters a and ¢ and
(f) the unit cell volume (V) for x = 0.2.

Thermal variations of the lattice parameter, a, b, and c,
as obtained from the refinements, are depicted in Fig. 7(e).
We note a structural transition to a polar structure of Ima2
space group from the I4,/amd structure, as highlighted in
the figure by the different regions separated by a vertical
broken straight line. The lattice constant c at high temperature
converts to the b axis at low temperatures below Trg and keeps
on decreasing with the decrease in temperature. In contrast to
the decrease of ¢, the lattice constant a in the high-temperature
region increases with the lowering of temperature down to
Tre and it undergoes a steplike decrease at Trg. Below Tgg,
it splits into new lattice constants such as a and ¢, which
continue to increase until the lowest temperature. The changes
in the slopes of a(T), b(T), and c¢(T) are evident around
Ty, indicating a magnetoelastic coupling. The calculated unit
cell volume (V) is plotted with T in Fig. 7(f). The V(T)
decreases with decreasing temperature, exhibiting a discontin-
uous change at Trg and an anomaly close to 7. To investigate
the deformation at the structural transition, the bond lengths
and bond angles are measured by varying the temperatures.

The Ima2 space group allows one Cu atom, two Cr atoms
(Crl and Cr2), and three O atoms (O1, O2, and O3) in
the structure. The tetrahedral site occupied by Cu®* ion is
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FIG. 8. Temperature variations of the (a) Cu-O bond length
(dcu-0), (b) basal Cr-O bond length (dgr_o), and (c) apex Cr-O bond
length (d¢,_) with T. Schematic representations of the (d) connect-
ing CuOy tetrahedron and CrOg octahedra and (e) their distortions at
Ty forx = 0.2.

connected with four oxygen atoms, whereas the Cr*" ion
occupies the octahedral site and six oxygen are sitting at the
corners of the octahedra. The connecting two CrOg octahedra
and one CuOQ, tetrahedron are depicted in Fig. 8(d). The Cu’*
in a tetrahedron is connected with O1, O2, and O3 below Trg
and the corresponding bond lengths are defined as dcy—o1,
dcu—02, and dey—o3, respectively. Here, CuCr, Oy is the parent
compound and Co?* substitutes the Cu®>* ion. For simplicity,
we discuss only CuO4 in place of (Cu/Co)Oy tetrahedra.
In the case of CrOg octahedra, the apex and basal bond
lengths are defined as d¢,_, and d?,_, respectively. Thermal
variations of the dcy—o1, dcu—02, and dcy—o3 are depicted in
Fig. 8(a). At the structural transitions, the dcy—o; and dcy—o2
increase, whereas the dc,_o3 decreases, as depicted by the
arrows in Fig. 8(e). The increases of dcy—o1 and dey—op at
Trg are ~0.8% and ~2.5%, respectively, whereas the decrease
of dcy—o3 is ~1.8% at Tgg. Below the structural transition,
the dcy—o1 shows an increasing trend, whereas the dcy—o2
and dcy—o3 decrease with decreasing temperature. The dgr_o
with T is shown in Fig. 8(b). At the structural transition, the
dng—Ol contracts, below which it shows a decreasing trend
with decreasing 7. The contraction of the dcb?rlfoz and the
elongation of the d?,,_,, are also shown in Fig. 8(b), which
are further described by the arrows in Fig. 8(e). Here, the
decreases in the dng—Ol and dgrl—OZ are ~0.5% and ~1.3%,
respectively at Tgg. The increase in the d3r1703 is ~1.2%. Be-
low the structural transition, the d2,,_,, decreases, whereas
the values of d%,_,, and d%,_,; increase with decreasing
temperature. The values of d¢,,_, and d¢,,_; are close and
have similar temperature dependence, as depicted in Fig. 8(c).
Here, the decreases in di,,_, and d¢,.,_,, are ~0.3% and
~0.2%, respectively. Similarly, the d¢,,_,, decreases at the
structural transition, below which it decreases with decreasing
temperature. Here, the decrease in df,;_,, at Tgg is ~ 0.5%.

—_
9
F
n

Cu-O-Cr (deg)
2
>

123.5-

Cr1-0-Cr2 (deg)

FIG. 9. The T variations of the (a) Cu-O-Cr and (b) Cr-O-Cr
bond angles. (c) Schematic representation of the details of the bond
angles for x = 0.2.

As displayed in Fig. 8(e), the Cr20¢ octahedron contacts,
whereas the mixed distortions are observed for Cr1Og¢ oc-
tahedron and CuOy tetrahedron. We note that the strongest
distortion is &2.5% at Tgg, which is observed along the dcy—02
bond direction and is inclined nearly 10° with the crystallo-
graphic ¢ axis. On the other hand, the distortion is ~1.8%
along the dcy—o3 bond direction, which is 25.8° inclined with
the ¢ axis. For the CrlOg, the distortions are significant as
1.2% and 1.3% for the d2,,_,; and d2,,_p,, respectively.
Importantly, these two bond lengths make the angles of ~18°
and ~38° with the ¢ axis. The distortion of Cr,; Og is much
smaller than the rest of the two units. From the overall studies
of distortions, we note that the major distortions are found
close to ¢ axis and thus the electric polarization direction is
indicated close to the crystallographic ¢ axis for x = 0.2.

Figure 9(a) shows the thermal variations of the bond angle
Cu-O-Cr, which slowly increases with decreasing temperature
above Trg. Because of the distortions, the two bond angles,
defined as «; and «; in Fig. 9(c), are possible below Trg. Be-
low the Tgg, the ¢ increases and «;, decreases with decreasing
temperature. Thermal variations of the bond angle Cr1-O-Cr2
bond angles are depicted in Fig. 9(b). Above Txg, a slow de-
creasing trend is noticed with decreasing temperature. Below
Trg, the two bond angles defined as B; and B,, as described
in Fig. 9(c), show contrasting behavior. The B; decreases,
whereas the §, increases with decreasing temperature.

Similarly, the high-Co-doped sample with x = 0.8 is thor-
oughly investigated by the synchrotron diffraction studies in
the temperature range of 10-300 K. Temperature variation
of the integrated intensity of the (200) diffraction peak is
depicted in Fig. 10(a), which displays several signatures at
different significant temperatures. It shows an anomaly around
~247 K, as indicated by an arrow in the figure. With the
further decrease in temperature, a maximum is observed
around the Tpg. Another peak is also observed around Ty,
which is followed by a sharp “dip” close to the T, propos-
ing a strong magnetoelastic coupling. In accordance with
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FIG. 10. (a) The T variation of the integrated intensity of the
(200) peak. (b) Rietveld refinements of the diffraction pattern at
200 K using both the Fd3m and 14, /amd space groups. Inset shows
a magnified peak with a better refinement using the /4, /amd space
group. Rietveld refinements of the diffraction pattern at 100 K using
the (c) 14, /amd and (d) Ima2 space groups. Insets further highlight
the quality of the refinements in a small 260 region. The T variations
of the (e) lattice parameters, a, b, and ¢, and the (f) unit cell volume
forx =0.8.

the observed structural transition to a tetragonal [4;/amd
structure around ~853 K from the cubic Fd3m structure for
the parent compound (x = 0) [14,16-24], a similar structural
transition to a tetragonal /4;/amd structure is also observed
at a much lower temperature of ~247 K, around which an
anomaly in the intensity plot is observed. An example of the
Rietveld refinement of the diffraction pattern at 200 K using
the 14 /amd space group is depicted in Fig. 10(b), where the
inset shows the satisfactory fit of a selected small 26 region.
An unsatisfactory fit using the Fd3m space group is also
shown in the inset by the curve with the green color. The
refined atomic positions are given in Table II. In accordance
with that observed structural transition at ~168 K forx = 0.2,
another structural transition to the polar /ma2 space group is
proposed around ~145 K for x = 0.8. The comparisons of
the refinement of the diffraction pattern at 100 K using the
14, /amd and Ima2 space groups are depicted in Figs. 10(c)
and 10(d), respectively. Insets of the corresponding figures
clearly shows the selected peaks of the small 26 region and
confirms the better fit using the Ima2 than the /4 /amd space
group. Thermal variation of the refined lattice parameters with

297/ \\\Y
/m \\

0 100 200 300
T(K)

dego )

a5 e
3 W)\
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g 2.0 o1
“';:g Y \ o2 O
b
z.usf 16@200 30 J\a ol ) [

FIG. 11. The T variation of the (a) Cu-O bond length (dcy—0),
(b) basal Cr-O bond length (d’ér — 0), (c¢) apex Cr-O bond length
(d¢._o), (d) Co-O-Cr bond angle, and (e) Cr1-O-Cr2 bond angle. (f)
Schematic representation of the details of the bond lengths and bond
angles for x=0.8.

the structural transitions at ~247 K and ~146 K are shown in
Fig. 10(e). Three different temperature regions of structural
phases are shown by three different patterns. An additional
vertical broken straight line is also shown, indicating the
temperature of magnetic ordering at ~85 K. Temperature
variation of unit cell volume is depicted in Fig. 10(f) and it
shows a change of slope around the structural transitions.

In order to probe the structural distortions correlated with
the appearance of the ferroelectric order microscopically, the
bond lengths and bond angles between different atoms are
investigated further. Figure 11 described the thermal varia-
tions of the bond lengths and the bond angles. Descriptions
of the bond lengths and bond angles are summarized in
Fig. 11(f). In Fig. 11(a), the thermal variations of dc,_o are
shown with different characteristic features. Since Co is the
major component at the tetrahedral site in Cug>Coy3Cr,0y,
we use Co only at the tetrahedral site for the simplicity. The
dco—o shows a discontinuous increase at 247 K, which is
followed by an another discontinuous change at 7rg. Below
Trg, the dco—o1 increases with decreasing temperature. The
dco—0p decreases after an initial increase, whereas the dco—o3
decreases monotonically with decreasing temperature. The
steplike increases of dco—01 and dco—02 are ~0.8% and 2.3%,
respectively. The steplike decrease of dcy—o3 is ~2.3 % at Tgg.

As depicted in Figs. 11(b) and 11(c), a considerable step-
like decrease of dgr_ o and a steplike considerable increase of
d¢._ are observed at 247 K, pointing a significant distortion
of the CrOg octahedra. In addition, another intricate distortion
is observed at Tpg. The changes in the basal dc.—o bond
lengths are observed at Tg. The d2, ., increases, whereas
the d2.,_o, and d?, o, decrease at Tyg. The magnitude of
changes are ~1.5%, ~2.3%, and ~0.8% for dc,1—03, dcr1-02,
and dcp-o1, respectively. Below Trg, the dgr1703 and dgr%m
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show an increasing trend, whereas d2,, _,, shows a decreasing
trend. Similarly, the changes in the apex bond lengths are
observed at Tgg. The changes in d¢,,_,, and d&,_n; are
nominal at Trg, where a considerable decrease in dg,,_,), is
observed at Trg. The change in d¢,_q, is ~0.2%. Below
Trg, the di,,_, and d¢,_ o, decrease, whereas the d¢.,_q,
increases with decreasing temperature. Analogous to that
observed for the distortion of the compound for x = 0.2 at Ty,
the distortions are considerable for the dc,_02 and dco_o3 in
the CoQy tetrahedron and the dgr%m and d(b:rzfoz in the CrOg
octahedron. Here, the dco—02, dco—03, do_op» and d2, o5
bonds make the angles of ~10°, ~25°, ~38°, and ~18°,
respectively with the ¢ axis and indicate that the electric
polarization direction is close to the crystallographic ¢ axis.

The bond angles are described in Fig. 11(f). The bond
angle between the tetrahedron and octahedron, designated as
the Co-O-Cr bond angle, and the bond angle between the
two nearest neighboring octahedra, assigned as the Crl-O-
Cr2 bond angle, are depicted with temperature in Figs. 11(d)
and 11(e), respectively. A steplike decrease in Co-O-Cr bond
angle and a steplike increase in Crl1-O-Cr2 bond angle are
noted at the high-temperature structural phase transition at
247 K. Below Tgg, the Co-O-Cr bond angles are redefined as
o1 and oy, as described in Fig. 11(f). A steplike increase in o
and a steplike decrease in «; are observed at Tgg, below which
a decreasing trend in o, and an increasing trend in «; are
observed with decreasing temperature. At Tgg, the Cr1-O-Cr2
bond angle is redefined as B and f,, as described in Fig. 11(f).
The B; and B, exhibit a steplike increase and decrease at
Trg, respectively, below which the B, increases and the S,
decreases with decreasing temperature. The vertical broken
straight line indicates the position of Ty in the figure, where
a change in slope is noted in the o and g values, pointing
to a magnetoelastic coupling. We further note that the Co-
O-Cr bond angles change in the range of ~123.0-123.5°,
which is much smaller than the changes in the range of
~91.5-94.3° for the Cr1-O-Cr2 bond angles. This indicates
that the structural-distortion-driven tilting of the Cr octahedra
is significant compared to the tilting of the Co tetrahedra.

In the current observation, the nature of the ferroelectric
order in Cu;_,Co,Cr,0y4 is distinctly different from the re-
sults of the extensively studied end member at x = 1 or
CoCr,04 [27,45,46]. The FE order of CoCr,O4 was reported
at the conical magnetic order around 25 K, which is much
below the long-range ferrimagnetic ordering around ~97 K.
Furthermore, unlike the members of Cu;_,Co,Cr,04 family
for x < 1, the MnCr,04 and CoCr,O4 (x = 1) exhibit an
isostructural transition at the ferroelectric order [41,47]. In
contrast, the symmetry lowering is noted at Trg for x < 1
in Cu;_,Co,Cr,0y4, associated with Tpg > Ty. Importantly,
the value of P is nearly ~300 times larger for x = 0.8 than
the values for CoCr;Oq4. In fact, the Tpg is much higher
than the 7y associated with the larger P value for the en-
tire series with 0 < x < 0.8. The existence of the Cu®** in
the series of compounds is imperative, because the Cu’*"
with the 3d° electronic configuration is strongly a J-T active
ion. The results are rather consistent with that observed for
Coyp gNig,Cr,0,4 with Tgg > Ty, where the J-T active Ni** led
to the crucial role [4]. The delicate interplay between orbital

and structural degrees of freedom has been suggested in spinel
compounds, where the J-T cations led to the structural phase
transitions [6-8]. In those cases, the removal of the orbital
degeneracy was settled in the ordering of the d orbitals and
gave rise to the lowering of the crystal lattice symmetry. The
compound with x = 0, i.e., CuCr,0y, revealed a first-order
structural transition from a high-temperature cubic structure
in a Fd3m space group to a tetragonally distorted structure
with a 14| /amd space group near 853 K [15]. The structural
change has been proposed as a consequence of a transition
from an orbitally disordered to an orbital ordered state driven
by the J-T distortion of the CuQO, tetrahedron. Consistent
with this suggestion, a structural transition to the orbitally
ordered 14, /amd structure is anticipated for x = 0.2 above
300 K, which is beyond the maximum available limit of
temperature for the synchrotron diffraction studies. However,
with decreasing the quantity of the Cu®* cation for x = 0.8,
this structural transition temperature is reduced to 247 K, as
evident in the thermal variation of the lattice parameters in
Fig. 10(e).

Another low-temperature structural transition to a polar
structure of Ima?2 space group from the tetragonally distorted
14, /amd structure is noted for x = 0.2 and 0.8, which is
crucial for the appearance of ferroelectric order. Temper-
ature dependence of the phonon frequencies, as obtained
from the optical conductivity spectra for CuCr,Qy, clearly
demonstrated a splitting of the phonon frequencies around
~170 K [7], at which we observe a ferroelectric order. A
recent investigation of neutron diffraction studies of CuCr,O4
confirmed a new collinear magnetic phase in between 125 K
and 155 K [28]. The appearance of this new magnetic phase
is relevant to the observed ferroelectricity around 170 K. The
onset of magnetic ordering of the new magnetic phase and
deviation of magnetization from the Curie-Weiss behavior
close to Trg [Fig. 3(a)] may be correlated to the proposed
structural transition as well as ferroelectric ordering at 170 K,
where possible exchange striction mechanism may lead to the
ferroelectricity [42]. Possible exchange striction mechanism
needs to be confirmed from the neutron diffraction studies
in other members of Cu;_,Co,Cr,O4. We further note that
the structural transition to a polar structure of Ima2 space
group is confirmed around 168 and 146 K for x = 0.2 and
0.8, respectively, which lead to the ferroelectric order. Here,
the control of the J-T distortion, driven by the substitution of
the J-T active Cu by a non-Jahn-Teller active Co cation, causes
a systematic shift of the structural transition to a polar /ma2
structure from the /4, /amd structure, which directs the tuning
of the FE ordering temperature in the Cu;_,Co,Cr,0Oy4 series.

In conclusion, the interplay between the J-T distortion
driven orbital order and the structural instability correlated
with the occurrence of ferroelectric order are invested in the
Cu;_,Co,Cr,0y4 series for 0 < x < 0.8. In all the members,
the FE orders are observed at much higher temperatures
than the corresponding magnetic ordering temperatures. The
structural transition to a polar Ima2 space group from the
tetragonally distorted /4, /amd space group causes emergence
of the ferroelectricity. The J-T active Cu?* in Cu;_,Co,Cr,04
is suggested to hold the key for the FE ordering at higher
temperature and systematic change of the Tyg through the
systematic substitution of Cu** by Co*.
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