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Abstract

TIMO; perovskites (M** = transition metals) are exceptional members of trivalent
perovskite families because of the strong covalency of TI**-O bonds. Here we report
on the synthesis, crystal structure and properties of TICrO; investigated with
Mossbauer spectroscopy, specific heat, dc/ac magnetization and dielectric
measurements. TICrOs perovskite is prepared under high pressure (6 GPa) and high
temperature (1500 K) conditions. The crystal structure of TICrOj; is refined using
synchrotron X-ray powder diffraction data: space group Pnma (No. 62), Z = 4 and
lattice parameters a = 5.40318(1) A, b =7.64699(1) A and ¢ = 5.30196(1) A at 293 K.
No structural phase transitions are found between 5 and 300 K. TICrO; crystallizes in
the GdFeOs-type structure similar to other members of the perovskite chromite
family, ACrO; (A* = Sc, In, Y and La-Lu). The unit cell volume and Cr-O-Cr bond
angles of TICrOs are close to those of DyCrOs; however, the Néel temperature of
TICrO5; (T = 89 K) is much smaller than that of DyCrO; and close to that of InCrOs.
Isothermal magnetization studies show that TICrOs; is a fully compensated
antiferromagnet similar to ScCrO3 and InCrOs, but in contrast with RCrO3 (R3 =Y
and La-Lu). ac and dc magnetization measurements with a fine step of 0.2 K reveal
the existence of two Néel temperatures with very close values at Tn = 87.0 K and Ty
= 89.3 K. Magnetic anomalies near Tx, are suppressed by static magnetic fields and

by 5 % iron doping.
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Introduction

Perovskite-type compounds with the general formula R**B**0;3, where R** = Y and
La-Lu and B> = V, Cr, Mn, Fe, Co, Ni and NipsMngs, have been attracting a lot of
attention for decades. RVO3 compounds have been investigated in connection with
different orbital and spin orderings and negative magnetization."> Some RCrO;
compounds exhibit spin-reorientation transitions, and doped RCrO; are good oxygen-
ion conductors and show sensitivity toward methanol, ethanol, some gases and
humidity.4 RMnOs-based materials exhibit multiferroic properties, colossal
magnetoresistance, different charge and orbital orderings, and ferromagnetic (FM),
antiferromagnetic (AFM), insulating and metallic properties.5 RFeO3 compounds have
high magnetic ordering temperaturesﬁ’7 and also multiferroic properties.8 RCo03
compounds have been investigated a lot because of spin-state transitions of Co™’
RNiO3 compounds are interesting because of charge orderings and metal-insulator
transitions.'® Most of the R**B**0; perovskites crystallize in the GdFeOs-type Pnma
structure, and monoclinic distortions of the GdFeO; structure are observed in RNiOs
due to charge disproportionation on Ni’* ions'® and R,NiMnOs due to Ni** and Mn*
ordering.11

If we consider the extended family of R*B**O; perovskites (abbreviated as
A**B**05 hereinafter) we will find more peculiarities and interesting behaviours. All
members with A>* = Bi show distinct structural and physical properties in comparison
with R** = Y and La-Lu because of the lone electron pair of Bi** and the covalency of
the Bi**-O bonds.'? BiCrO; and BiMnOj3 adopt the space group C2/c, and BiMnOs is
the only stoichiometric trivalent perovskite manganite with ferromagnetic properties
(Tc = 100 K). BiCoOj has a polar P4mm structure with supertetragonality and high-
spin Co™ ions." BiNiOs has the charge disproportionation on the Bi ions to actually
yield Bigs "Bios "Ni**Os and triclinic symmetry (space group P-1); but the charge
distribution restores to the trivalent Bi**Ni**Os, and the symmetry to the Pnma space
group above about 4 GPa at room temperature (RT)." BiFeO; (space group R3¢)"
and Bi1,NiMnOg are multiferroics.'®
There exist a number of perovskite compounds with A** = In, for example,

InCrOs," InRhO3," (In;,Mn,)MnO; (1/9 < y < 1/3)'® and In,NiMnOs," whose

structural and physical properties have just recently been clarified.'®*! Interestingly,
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even though Sc¢®* (rym = 0.870 A) is smaller than In** (ryiy = 0.92 A),* the number of
reported perovskites with A = Sc is larger than that with A* =In” They include
ScV0;,%* ScCr05,*% ScMnO3,%° ScRhO3,2' (Sco.05C00.05)C003, ScoNiMnOg> and
Sc(Ni,Mn)Os;*” most of them have been prepared just recently for the first time.
Peculiarities in perovskites with A** = Sc and In appear because of the small size of
Sc® and In** ions and resulting large structural distortions and because of the
covalency of the In’*-O bonds.

One can expect peculiarities in perovskites with A** = T1'"*® because of the strong
covalency of the TI**-O bonds. Detailed structural and physical properties have been
reported for TlFeO3,6’7 TlNiO329’30 and just recently for TanO3.31 It was indeed
found that the Néel temperatures, 7y, of TIFeO; and TINiO3 are much smaller than
those of the corresponding RFeO3; and RNiO; families (R = Y and La-Lu), while the
unit cell volumes of TIFeO; and TINiO; are close to those of DyFeO; and DyNiOs,
respectively.ﬁ’29 TIMnO3 was found to crystallize in a triclinically distorted GdFeOs-
type structure with space group P-1, and properties of TIMnOj; are distinct from those
of all other AMnO; manganites (A3 " =Sc, Y, La-Lu and Bi).3 ! For TICrOs3, only
lattice parameters but no properties have been reported.'’

Therefore, in this work, we describe the synthesis, crystal structure and properties
of TICrOs. We find that TICrO; has the same peculiarities as those found in TlFeOf’7
and TlNi03,29’30 namely, Ty of TICrO; is much smaller than that of DyCrOs, but the
unit cell volume and Cr-O-Cr bond angles of TICrO; are close to those of DyCrOs.
Isothermal magnetization studies show that TICrOs; is a fully compensated
antiferromagnet similar with ScCrOs; and InCrOs, but in contrast with RCrO; (R3 =Y
and La-Lu). ac and dc magnetization measurements revealed the existence of two

Néel temperatures with very close values at Tn, = 87.0 K and 7Tn; = 89.3 K.

Experimental

TICrO; was prepared from a stoichiometric mixture of Cr,03 (99.9 %) and T1,0;
(99.99 %) taking care because of the high toxicity of thallium and its compounds. The
mixture (with the weight of about 0.7 g) was placed in Au capsules and treated at 6
GPa in a belt-type high-pressure apparatus at 1500 K for 2 h (heating rate to the
desired temperature was 10 min). After the heat treatment, the samples were quenched

to RT, and the pressure was slowly released. The TICrO; samples were dark-green
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pellets, stable in air. TlCr0‘9557Fe0‘0503 was prepared using the same method from
stoichiometric mixtures of Cr,0Os, T1,05 and 57Fe:203.

X-ray powder diffraction (XRPD) data were collected at RT on a RIGAKU Ultima
III diffractometer using CuKa radiation (26 range of 10-100°, a step width of 0.02°,
and a counting time of 2 s/step). TICrO; contained trace amounts of Cr,O3 impurity
(Figure S3 in electronic supplementary information (ESI)). The refined lattice
parameters of TlCr0_9557Feo_0503 at RT were a = 5.4009(1) A, b=17.6461(12) Aandc=
5.2991(1) A. Low-temperature XRPD data of TICrO; were measured between 4.8 and
300 K on a RIGAKU SmartLab instrument using CuKal radiation (45 kV, 200 mA;
260 range of 5-120°, a step width of 0.01°, and scan speed of 4 deg/min) and a 4 K
cryostat system. No structural phase transitions were detected, and no anomalies in
the temperature dependence of the lattice parameters were found at 7 (Figure S4 in
ESI); the refined lattice parameters of TICrO; at 4.8 K were a = 5.3974(1) A b=
7.6426(2) A and ¢ = 5.2928(1) A.

Synchrotron XRPD data of TICrO; were measured at 293 K on a large Debye-
Scherrer camera at the BL15XU beam line of SP1ring—8.32’3 3 The intensity data were
collected between 1° and 61.5° at 0.003° intervals in 20; the incident beam was
monochromatized at A = 0.65298 A. The sample was packed into a Lindenmann glass
capillary (inner diameter: 0.1 mm), which was rotated during the measurement. The
absorption coefficient was also measured, and Rietveld analysis was applied using the
RIETAN-2000 program.34

dc magnetic susceptibilities (y = M/H) were measured with SQUID
magnetometers (Quantum Design, MPMS-1T and MPMS-XL) between 2 and 400 K
in different applied magnetic fields under both zero-field-cooled (ZFC) and field-
cooled (FC) conditions and using pieces of pellets. FC measurements were performed
on cooling (FCC) from high temperatures to 2 K and on warming (FCW) after the
FCC measurements. In all ZFC measurements, a sample was rapidly (within 3-5 min)
inserted into a magnetometer, which was kept at 10 K; then, temperature was set to 2
K, and finally a measurement magnetic field was applied. Isothermal magnetization
measurements (M vs H) were performed between —70 and 70 kOe at 2 K and between
—10 and 10 kOe at other temperatures using the ZFC and FC regimes. In the FC
regime, a sample was cooled to a desired temperature at 10 kOe from 300 K with the

cooling rate of 10 K/min; two branches were measured from 10 kOe to —10 kOe and
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from —10 kOe to 10 kOe. High-field M vs H measurements were performed on the
NIMS hybrid magnet at 2 K between 0 and 280 kOe. In the ZFC regime, a sample
was rapidly inserted into a magnetometer kept at a desired temperature; three
branches were measured from 0 Oe to 10 kOe, from 10 kOe to —10 kOe, and from
—10 kOe to 10 kOe. Frequency dependent ac susceptibility measurements at different
static magnetic fields (Hq. = 0, 10, 100, 1000 and 10000 Oe) were performed with a
Quantum Design MPMS-I1T instrument from 150 to 2 K at frequencies (f) of 1.99 and
299.5 Hz and an applied oscillating magnetic field (H,.) of 5 Oe. Specific heat, C,,
was recorded between 2 and 300 K on cooling at 0 and 90 kOe by a pulse relaxation
method using a commercial calorimeter (Quantum Design PPMS). Dielectric
properties of TICrOs; were measured using an Agilent E4A980A LCR meter between 3
and 300 K in the frequency range of 100 Hz and 2 MHz.

"Fe Mossbauer spectra were recorded at 12 and 300 K using a conventional
constant-acceleration spectrometer MS-1104Em in the transmission geometry. A
radiation source >’Co(Rh) was kept at RT. All isomer shifts are referred to o-Fe at
300 K. Experimental spectra were processed and analysed using methods of spectral
simulations implemented in the SpectrRelax program.” We had to use a relatively
large *’Fe concentration (5%) because of strong absorption of y rays by heavy TI**

cations.

Results

Structural parameters of TICrOs; are summarized in Table 1, and a picture of the
corresponding crystal structure is shown in Figure 1. Experimental, calculated and
difference synchrotron XRPD profiles are shown in Figure 2. Our lattice parameters
of TICrO; (a = 5.40318(1) A, b = 7.64699(1) Aandc= 5.30196(1) A) agree very well
with the reported values (a = 5.405 A, b=7.647 A and ¢ = 5302 A)."” Table 2 gives
the primary bond lengths and bond angles, bond-valence sums (BVS)* and a
distortion parameter of the CrOg octahedron (A4(Cr)). The BVS values of all the
cation sites are close to the formal ionic values of +3.

The dc magnetic susceptibilities of TICrOs and TlCr0_9557Feo_0503 are shown on

Figure 3a and in Figures S5, S6 and S10-13 of ESI. At small magnetic fields, we
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observed a difference between the ZFC and FCC curves below about 89 K for TICrO;
and 88 K for TlCr0‘9557Feo.0503; the difference is typical for AFM materials with small
spin canting. However, the FCC curves were different from those of materials with
well-defined weak ferromagnetism, e.g. YCrO; (Figure S5 of ESI). In YCrOs, FCC
curves at small magnetic fields are much larger than ZFC curves, and FCC curves
have a tendency to saturate. This fact shows that weak ferromagnetism of TICrO3 and
TICro9s° Feo 503 is extremely small; it is indeed suppressed above about 500 Oe in
TICrOs (Figure S6b of ESI) and 100 Oe in TlCr0‘9557Fe0‘0503. The ZFC and FCC
curves almost coincided with each other at 10 kOe; and except for peak-like
anomalies at Ty, they were typical for antiferromagnets. Interestingly, the ZFC curves
at 10 Oe, 100 Oe and 10 kOe also almost coincided with each other in TICrO; (Figure
S10 in ESI). The inverse FCC magnetic susceptibilities (at 70 kOe) between 200 and
400 K were fit by the Curie-Weiss equation
2(T) = 12N Gks(T-0)) (1)

where /¢ is effective magnetic moment, N is Avogadro’s number, kg is Boltzmann’s
constant, and & is the Weiss constant. The fitting parameters were fer = 3.973(8) 18
and @ = —245(2) K for TICrO; and g = 4.049(6)ug and 6 = -234(2) K for
TICro.5 Feo0503. The Lesr Values were very close to those of ScCrOs (& = 3.965 up),
InCrO; (tierr = 3.945u5) and YCrOs (tef = 3.958.5)™ and to the localized Cr*
moment of 3.87 .

Specific heat of TICrOs; showed sharp anomalies near 7y = 89 K (Figure 3b)
indicating the onset of long-range magnetic ordering. The magnetic field of 90 kOe
had almost no effect indicating the robustness of the AFM state. The specific heat
between 2 and 17 K could be fit by the equation (the insert of Figure 3b)

CuD)=yT+ AT + BT 2)
where the first term is associated with the electronic contribution, and the second and
third terms describe the lattice contribution. The y coefficient was found to be very
small; therefore, y was fixed at zero. The fitted parameters were f; = 0.2238(11)
mJmol'K™* and g, = 4.92(5)x10* mJmol'K®. The S value gives the Debye
temperature, ®p = (234NkB/ﬁ1)1/ 3, of 206 K. A broad peak was observed at 19.6 K on
Cp/Ta vs T curves of TICrOs;, which could originate from the Einstein mode in the
lattice contribution to the specific heat because of the presence of heavy TI** ions

(Figure S14 of ESI).
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The M vs H curves of TICrO; and TlCr0,9557Fe0‘0503 at 2 K are given on Figure 4a;
they showed an up-turn deviation from the linear behaviour at magnetic fields higher
than about 20 kOe. This fact could indicate an increase of a ferromagnetic
contribution and a possible field-induced phase transition above 70 kOe. The M vs H
curves of TICrOs; and TlCr0,9557Fe0,0503 were very close to each other and to those of
ScCrO; and InCrO3.20 The magnetization of TICrO; reached about 0.04,4 at 2 K and
50 kOe. The M vs H curves were shifted from the origin (a negative exchange bias
effect) when they were measured in the FC regime below Ty (Figure 4b). No shifts
were found in the ZFC regime below 7y and in the FC regime above Ty. This
behaviour was observed in many other materials>’ (e.g. ScCrO;3 and InCr03)23 and
attributed to different inhomogeneities, such as, the presence of magnetic impurities,
where some spins can be pinned. Despite the detection of extremely weak
ferromagnetism on the FCC y vs T curves at small magnetic fields (Figure 3a), the
(ZFC) M vs H curves showed no detectable hysteresis and no remnant magnetization
(Figure 4) indicating a fully compensated antiferromagnetic state. To check the
existence of field-induced transitions, M vs H curves of TICrO; and ScCrOs; were
measured up to 280 kOe at 2 K (Figure 5). Field-induced transitions were indeed
detected from about 98 kOe in ScCrOs; and 104 kOe in TICrOs, where the M vs H
curves demonstrated changes in the slope. The magnetization of TICrOs reached
about 0.284 at 2 K and 280 kOe, and that of ScCrO; - 0.365. The M vs H curves
between 200 and 280 kOe followed the following equations: M = 4.30(9)*1072;13 +
1.127(4)*10 °H(Oe) for ScCrO3 and M = 0.96(11)*10 %z + 9.70(4)*10”"H(Oe) for
TICrOs. It means that the field-induced small canted magnetic moment is larger in
ScCrO; in comparison with TICrOs;. We note that very similar high-field M vs H
curves were observed in BiFeOs, where a field-induce transition from about 200 kOe
corresponds to the destruction of the cycloid magnetic structure.

The ac susceptibility data of TICrOs; measured with a step of 0.2 K near 7y showed
that there are two transitions with close temperatures at Tx, = 87.0 K and Tn; = 89.3
K (Figure 6a). The transition at 87.0 K had very sharp peaks (the width of the peaks
was about 1 K) on both ¥’ vs T and y " vs T curves; the existence of peaks on the y "
vs T curves indicates the appearance of a weak ferromagnetic moment. The transition
at 89.3 K showed A-type anomalies on the ¥’ vs T curves and no anomalies at the y "’

vs T curves. Identical behaviour was found in ScCrO; with Tn, = 68.6 K and T =
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73.0 K.* Sharp anomalies at Tx, on both y’ vs Tand y " vs T curves were completely
suppressed in TlCro_9557Feo_0503, that is, by doping; and this compound showed only
A-type anomalies on the y' vs T curves at Ty = 87.5 K (Figure S7 of ESI). Sharp
anomalies at Ty on both ' vs T and y " vs T curves in TICrOs; were also suppressed
by a static magnetic field (Figure 7a); at fields above 100 Oe, no anomalies can be
detected on Tnz. On the other hand, a static magnetic field of even 10 kOe had no
effects on other parts of the y' vs T and y" vs T curves of TICrOs; and
TICry.05° Feg,0505 (Figure S7 of ESI).

After finding the existence of two Néel temperatures at Ty, = 87.0 K and Ty =
89.3 K by ac susceptibility measurements, dc magnetic susceptibility measurements
were repeated with a fine step of 0.2 K near 7y (Figures 7b and 8). With the 0.2 K
step, dc data also revealed the existence of two peaks on the ZFC curves and two
steps on the FCC and FCW curves. dc magnetic anomalies near Ty, = 87.0 K were
strongly suppressed by a magnetic field. It should be noted that no signs of a double
transition near Ty were detected with a measurement step of 1 K (Figure S12 of ESI).

Dielectric measurements showed a very small kink on the dielectric constant of
TICrO; at Ty (Figure S15 of ESI) similar to the dielectric data of ScCrO; and
Il’lCI'O3.20 The kink in TICrO; was observed at frequencies of 200 kHz-2 MHz; at low
frequencies, strong dielectric relaxation appeared that masked the anomaly at Tn. The
dielectric relaxation appeared at the intermediate temperatures of 90-160 K and at low
temperatures of 5-30 K; the similar behaviour was also found in ScC1rO3.20 We note
that the dielectric constant of TICrOs exhibited a much stronger kink at about 45 K (at
2 MHz); however, that kink was strongly frequency-dependent and coincided with the
dielectric relaxation processes, therefore, it is believed to be extrinsic.

Mossbauer spectra of TlCr0‘9557Fe0‘0503 recorded at T > Ty consisted of a
symmetric quadrupole doublet (Figure 9a) with the isomer shift (d30x = 0.36(1)
mm/s) corresponding to the high spin Fe®* ijons in the octahedral oxygen
coordination.” Full width at half maximum (Wsok = 0.31(1) mm/s) of the doublet
was close to the instrumental resolution (0.28(1) mm/s for a-Fe,03) giving evidence
for one crystallographic site for Fe®* ions in agreement with the crystal structure. The
quadrupole splitting of the doublet (43p0x = 0.46(1) mm/s) was in good agreement
with Ak = 0.47(2) mm/s in TIFeOs.° The electric field gradient (EFG) at the °'Fe

nuclei in electronically isotropic Fe* (&, 6Alg) ions originates from the distortion of
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their crystal environment (a lattice contribution). Our calculations of the EFG tensor’

using the crystal data for TICrOs showed that, in addition to a monopole lattice
contribution, a dipole contribution has a large weight coming from the induced
electric dipole moment of oxygen O” anions that depends on oxygen dipole
polarizability (ap). The best agreement between the theoretical and experimental
values of the quadrupole splitting was obtained for the polarizability of ao~ 1.1 A’
(using formal charges Zy = +3, Z¢: = +3 and Zp = -2). The obtained high value of ao
agrees well with the data for other oxides (0o = 0.5-1.5 A%

Mossbauer spectra recorded at T < Ty (Figure 9b) consisted of hyperfine
Zeeman structures reflecting combined electric and magnetic hyperfine interactions.
The spectra could be well described as a superposition of two sextets, Fel and Fe2,
having very different partial contributions (Ige; = 83% and Ig.2 = 17% at 12 K). The
most intense Fel sextet with the saturated hyperfine field (at 7 — 0 K) on ’Fe nuclei
of Hy(0) =497(1) kOe can be assigned to Fe®* ions antiferromagnetically coupled
with the six nearest Cr’* neighbors (6Cr’*; OFe’). The second Fe2 sextet with Hyp(0)
= 455(2) kOe can be assigned to Fe®* ions for which one of the six nearest Cr'*
neighbors is replaced by an Fe® cation resulting in the (5Cr’*; 1Fe™) local
surrounding. The partial contribution (Irex = 17%) of the Fe2 sextet is in agreement

with the expected one from the binomial formula (~22 %).

Discussion

The unit cell volume of TICrO; (V = 219.1 10\3) is close to that of DyCrO; (V =
219.4 A% similar to the pairs of TIFeOsy/DyFeOs; (225.7 A%226.3 A?)°%7
TINiOs/DyNiO; (213.3 A*/213.4 A%),**° TIMnOs/DyMnO; (227.2 A*227.2 A%
and TICoO3/DyCo0; (205.79 A%/206.47 A%; a = 5.3000(2) A, b = 7.4519(3) A and ¢
=5.2106(2) A for TICoOs). This fact suggests a revision (proposed in Ref. 29) of the
Shannon ionic radius of TI? *, which is currently close to that of Lu’ +,22 to be similar to
Dy3+. The Cr-O-Cr bond angles of TICrO; (144.18° and 145.91°) are also close to
those of DyCrOs3 (143.71° and 146.93°: experimental data from neutron diffraction).*
However, we should mention that the available Cr-O-Cr bond angles of RCrO3; show
large variations even for the same composition, for example, 147.8° and 148.8° for

YCrO; (XRPD),*' 145.6° and 146.3° for YCrOs (neutron),” 145.9° and 148.2° for
HoCrO; (XPRD),*' 144.3° and 147.7° for ErCrO; (neutron),” 143.3° and 146.7° for

10
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ErCrO; (XPRD),* 140.3° and 145.3° for TmCrO; (XPRD),* 147.5° and 148.0° for
DyCrOs (neutron).*® Theoretical studies predicted the average Cr-O-Cr bond angle of
DyCrO; to be about 145.5°% Systematic studies of RCrOs; by neutron powder
diffraction gave about 148° for DyCrOs,*® and the average Cr-O-Cr angle of TICrO;
is close to that of YbCrOs based on the results of Ref. 48.

Independent of the TI** size used (rym(TI**) = 0.98 A** or rym(TI**) = rym(Dy™*) =
1.027 A) the unit cell parameters of TICrO; show significant deviations from the
general trends of the ACrO; (A = Sc, Y and La-Lu) family, namely, the b and ¢
parameters are larger than expected, and the a parameter is smaller (Figure 10). The
same deviations were observed in Ir1CrO3.23 Such peculiarities of InCrO; and TICrO;
could originate from the strong covalency of the In**-O and TI**-O bonds.

In the ACrO; (A = Sc, In, Y and La-Lu) family, the Néel temperature (7n)
monotonically decreases with decreasing the radius of the A** ions from Ty = 288 K
for LaCrOs to Ty = 112 K for LuCrO3,4’20 T~ =93 K for InCrO320 and Ty = 73 K for
SCCI‘O}ZO It is well known that the B-O-B bond angle (3), which is reduced from 180°
due to cooperative rotations of BOg octahedra in orthorhombic perovskites, is a major
factor that governs the evolution of the superexchange coupling parameter, J oc cos’9,
since Ty = 4S5(S+1)J/kp in the mean-field theory applroximation.48 The evolution of Ty
with the Cr-O-Cr superexchange angle (8) for ACrOs is presented in Figure 11. Ty of
TI1CrOs; is smaller than even that of InCrOs;. From this point of view, TICrOs3 is similar
with TIFeO; (Tx = 560 K) and TINiOs (T = 105 K), whose Tn’s are significantly
smaller than those of LuFeO; (Ty = 625 K) and LuNiO; (Ty = 130 K),
respectively.ﬁ’29 But 7y of TIMnO; (Tx = 92 K) having a different structural distortion
(space group P-1) is close to that of the lighter rare earth manganite PrMnOs (Tx =
100 K).3 ! For AFeOs (A = Tl and Pr-Lu), a correlation was found between Ty and the
lattice parameter ratio, 2"p/c (in the Pnma setting); TIFeO; has the significantly
lower Ty and 2"2p/c values in comparison with RFeOs (R = Pr—Lu).G’7 However, we
could not find such a correlation in ACrOs3 (A = Sc, In, Tl, Y and La-Lu): the 2p/c
ratio of TICrOs; (1.020) is close to that of LuCrO; (1.021).

In addition to the smaller 7y of TICrO; in comparison with those of RCrOs;, we
find an abnormally low value of the hyperfine magnetic field at the ’Fe nuclei in
T1Crg9sFe0s03. Figure 11 shows the experimental angular dependences of the

saturated hyperfine magnetic fields at SR nuclei, Hy{(3), for RCryg9Fe( 0103 (with R

11
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= La, Y and Lu) and TlCro,gsFe0,05O3.49 For RCrgg9Fe( 0103, the Hys values decrease
with increasing the average Cr-O-Cr bond angle. This behaviour is due to a super-
transferred hyperfine field (Hstyp) resulting from a spin transfer from neighbouring
3d orbitals of the Cr'* cations via oxygen 2p orbitals into ns (n = 1 - 4) orbitals of
central Fe** cation.” The Hgryr contribution is sensitive to the 3 angle in the Fe-O-Cr
pathways: Hstyp = HGCOSZS + Hnsin28, (H,; and H, are parameters representing the
spin-transfer via the ¢ and 7 B-O bonds in the Fe-O-Cr pathways, respectively).*"
The Hy{(0) value for TICr9sFep0s03 shows a noticeable deviation from the linear
dependence Hy(9) o cos*9 found in Ref. 49. We suggested that a possible reason for
this effect is the indirect influence of TI** cations on the parameters of the Cr-O and
Fe-O chemical bonds.” As TI** cations have high polarizability and rather high
electron affinity,39 we assumed that the inductive redistribution within the
Tl«—O«(Cr,Fe) chains leads to weakening of Cr-O and Fe-O bonds (decrease in the
H, parameter) and, therefore, to decrease in the experimental Hy{(0) values for
TICro.95Fe.050s.

The size of TI** is within the range of that of the rare-earth cations. Nevertheless,
magnetic properties of TICrO; are different from those of RCrO; (R =Y and La-Lu)
and very close to those of ScCrO; with the smallest (reported so far) cation at the A
site. RCrO; compounds exhibit well-defined weak-ferromagnetic properties because
of spin canting of the overall G-type antiferromagnetic structure.****'*4* M vs H
curves of ScCr03,20 InCrO; and TICrOs (Figures 4 and 5) show that they are fully
compensated antiferromagnets without spin canting. This property is quite unexpected
considering that all ACrO; compounds with A = Sc, In, Tl, Y and Lu-La are
isostructural with each other, and the symmetry should allow spin canting.47 Spin
canting first appears at Ty in TICrO; (Figure 3a) as expected, but then it is suppressed.
There are some analogies in the M vs H and y vs T curves of TICrO; and BiFeO;
(Figure S13 of ESI). The latter one has the short-range G-type antiferromagnetic
ordering with spin canting, but the overall magnetic structure has no net moment
because of an incommensurate spin cycloid structure with a very long period."” dc
susceptibility curves of TICrOs; and BiFeOs at larger magnetic fields exhibit strong
peaks at Ty (Figure S13 of ESI), but then they start to decrease (in BiFeOs, because of
the cycloid structure with zero net magnetization). The M vs H curves of TICrO; and

BiFeO; demonstrate similar field-induced transitions (in BiFeO;, due to the

12
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destruction of the cycloid structure). Non-trivial magnetic structures of ScCrOs,
InCrO3 and TICrOs could be at the origin of their different properties in comparison
with RCrOs; this idea needs confirmation with neutron diffraction. Therefore, TICrO;
perovskite has many peculiarities in comparison with RCrO; (R = Y and La-Lu),

originating from the strong covalency of the TI**-O bonds.

Conclusion

In conclusion, we prepared TICrO; perovskite under high pressure (6 GPa) and
high temperature (1500 K) conditions. Structural properties were investigated
between 5 and 300 K. We found the existence of two Néel temperatures with very
close values at Tn; = 87.0 K and Tn; = 89.3 K. The transition at Ty, is very sensitive
to static magnetic fields and different perturbations, such as, small iron doping.
Magnetic and dielectric properties of TICrOz; are very close to those of ScCrOs
despite different sizes of TI** and Sc¢®* cations and different nature of TI**-O and Sc**-
O bonds. The absence of spin canting suggests a non-trivial magnetic structure in

TICrOs. TICrO3 has many peculiarities in comparison with RCrO; (R =Y and La-Lu).
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Table 1. Structure Parameters of TICrO3 at Room Temperature.

Site WP X y Z B (A%

TI 4c 0.04617(3) 0.25 0.98732(5) 0.390(4)
Cr 4b 0 0 0.5 0.416(12)
o1 4c 0.4504(7) 0.25 0.1050(5) 0.28(5)
02 8d 0.3009(5) 0.0558(3) 0.6969(4) 0.33(5)

WP: Wyckoff position. The occupation factor of all sites is unity.

Space group Pnma (No 62); Z=4; a = 5.40318(1) A, b =7.64699(1) A, ¢
=5.30196(1) A, and V = 219.0668(3) A*; p.u = 9.229 g/em’.
Ryp=1.61% (S=1.51), Ry, =1.22 %, Rg = 3.50 %, and R = 2.73 %.

The weight fraction of Cr,O; is 0.8 %.

Table 2. Selected Bond Lengths (I (A) < 3.1 A), Bond Angles (deg), Bond Valence
Sums, BVS, and Distortion Parameters of CrOs, A, in TICrO; *

TI-02
TI-0O1
TI-O1
TI-02
TI-02

BVS(TI*")

2.217(2) x2

2.222(3)

2.272(3)

2.544(2) x2

2.718(2) x2
2.91

Cr-02 1.979(3) x2
Cr-02 1.980(3) x2
Cr-0O1 2.009(1) x2

BVS(Cr’™) 2.93

A(Cr-0) 0.49x107*

Cr-O1-Cr 144.18(5)

Cr-02-Cr 145.91(5) x2

N
“BVS = Zvi , Vi =exp[(Ro — [;)/B], N is the coordination number, B = 0.37, RO(T13+)

i=1

=2.003 and Ry(Cr’") = 1.724.
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Figure 1. Projections of the crystal structure of TICrO; along different directions.
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Figure 3. (a: the left-hand axis) ZFC (filled symbols) and FCC (white symbols) dc
magnetic susceptibility (y = M/H) curves of TICrO; at 100 Oe and 10 kOe. (a: the
right-hand axis) FCC inverse curves ( [1 vs T) of TICrO3 at 100 Oe and 70 kOe and
TlCr0_9557Fe0_05O3 at 70 kOe. The parameters (i, and &) of the Curie-Weiss fit
between 200 and 400 K are given. (b) Specific heat data of TICrO; at a zero magnetic
field (white circles) and 90 kOe (black circles) plotted as Cy/T vs T. The inset shows
the C,/T vs T’ curve (symbols) between 2 and 17 K with fitting results (line).
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Figure 4. (a) M vs H curves of TICrO; and TlCr0,9557Feo,0503 at 2 K. (b) FC M vs
H curves of TICrO; at 5, 80, 85, 88 and 94 K and ZFC M vs H curves at 5 K. Details
between —0.3 and 0.3 kOe are shown; the M v H curves themselves were measured
between —10 and 10 kOe. For FC, (1) is the branch measured from 10 kOe to —10 kOe
and (2) is the branch measured from —10 kOe to 10 kOe. For ZFC, (1) is the branch
measured from 100 Oe to 10 kOe, (2) is the branch measured from 10 kOe to —10 kOe
and (3) is the branch measured from —10 kOe to 10 kOe.
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Figure 5. M vs H curves of TICrO; and ScCrO; at 2 K measured with the NIMS
hybrid magnet from 0 to 280 kOe and from 280 to 0 kOe. The filled symbols show M
vs H curves of TICrOs; and ScCrOj; at 2 K measured with an MPMS up to 70 kOe.
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of the ac susceptibility as a function of temperature (2-150 K) for TICrOs.

Measurements were performed on cooling at a zero static magnetic field using the ac

field with the amplitude H,. = 5 Oe and frequencies f =2 and 300 Hz.
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Figure 8. ZFC, FCC and FCW dc magnetic susceptibility curves of TICrOs at 10 Oe
with a fine measurement step of 0.2 K near 7x. (b) FCC and FCW dc magnetic
susceptibility curves of TICrO; at 1, 100 and 200 Oe. The curves at 100 and 200 Oe

are shifted by —0.001 cm’/mol for the clarity.

24

Page 24 of 29



Page 25 of 29 Dalton Transactions

100

96

Absorption (%)

8 8 1 I 1 1 1

100

O
O

O
oo

Absorption (%)

O
~

O
(@2}

v (mm/s)

Figure 9. STFe Mossbauer spectra of TlCro,gs5 7Feo‘0503 at (a) 300 K and (b) 12 K

(black circles) with fitting results (lines).
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Figure 10. Room-temperature lattice parameters and unit cell volume of ACrOs
compounds (A3+ = Sc, In, Tl, Y, rare-earths and Bio_gYo,l)z3 crystallizing in space
group Pnma as a function of the ionic radius (in the 8-fold coordination).”” The lines
through the lattice parameters are the smooth lines drawn for eye; the solid line
through the volumes is the least-square linear fit of the data for RCrO; (R = La-Lu).
BiCrO; crystallizes in a different space group of C2/c; therefore, only the volume is
given. Arrows show expected lattice parameters for InCrOs; and TICrOs; from the
monotonic trends in the family. The data for TICrO; are given with two ionic radii,

rvin(TI**) = 0.98 A (the Shannon ionic radius)** and ryp(TI) = rym(Dy™) = 1.027 A.
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