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ABSTRACT: Phase transitions and detailed magnetic properties of polycrystalline AP-YVOj3 oo
(prepared at ambient pressure by a conventional solid-state method) and polycrystalline HP-
YVO; 041y and HP-YVO; 51y (AP-YVOj treated at 6 GPa and 1600 K during 130 and 15 min,
respectively) were investigated. The three samples showed a remarkable exchange bias (EB)
effect. HP-YVO;, and HP-YVO;,s had similar chemical composition, crystallographic
parameters, and particle size, but their magnetic properties were qualitatively different. EB was
negative at all temperatures in AP-YVO; and HP-YVO;,, resulting in the absence of
magnetization reversal (MR). Positive EB was observed in HP-YVO;, between Ty, = 71 K and
T* = 88 K resulting in MR or negative magnetization between those temperatures. It was
demonstrated that polycrystalline HP-YVOj; o, behaved similar to single crystals of YVOj;,s By
the careful control of the trapped magnetic field, measurement conditions were found under
which no MR occurred in HP-YVOj3, at moderate magnetic fields, indicating that MR is not an
intrinsic property of YVO;,s A drastic effect of trapped magnetic fields on MR and memory
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effects were observed. The importance of an “insignificant” anomaly at Tgy = 140 K for MR was suggested. We also suggested

» o«

that “positive exchange bias”, “defects
other perovskite materials with the MR effect.

1. INTRODUCTION

Perovskite vanadates, RVO; (R = Y and rare earths), have been
attracting a lot of attention for decades.' ™' One reason is rich
phase diagrams and different spin and orbital ordering."?
Another reason is the observation of the magnetization reversal
(MR) or negative magnetization effect.>"® MR was originally
predicted and observed in some ferrimagnets having several
magnetic sublattices due to different temperature dependence
of sublattice magnetizations. However, the origin of MR in
RVOj; and other perovskite-type compounds with one magnetic
sublattice is still a matter of debate in the literature. Different
explanations have been proposed.

MR was observed by Goodenough et al. in polycrystalline
samples of LaVO; (below 138 K) but not in polycrystalline
YVO, and LuVO,> This fact led to the idea that cooling
through a first-order structural magnetostrictive transition in
LaVO; could enhance the V3" orbital angular moment and
reserve the Dzyaloshinsky vector to create a weak ferromag-
netic component in a direction opposite to the applied field.
Later, MR was observed in single crystals of YVO; (mainly
along the a axis (= 527722 A) in the Pbnm setting) below a
second-order magnetic transition with Ty, = 116 K.>° This fact
allowed proposing a different mechanism where the single-ion
magnetic anisotropy and Dzyaloshinsky—Moriya interaction
compete with each other and lead to negative magnetization.
However, a fit based on this model resulted in the anisotropy
term to be about 1.7 times the main exchange, and this result
violated the assumptions of the model.® There were other
problems with the model as discussed by Kimishima et al."*"*
MR in polycrystalline NdVO; and SmVO; was explained based

-4 ACS Publications  © 2013 American Chemical Society

8529

, “interfaces”, and “pinning” should be keywords for understanding YVO; and probably

on the N-type ferrimagnetism model.'*'> However, this model
did not find experimental confirmations. It was suggested
recently that MR in RVOj is caused by inhomogeneities from
defects in the orbital sector of quasi-one-dimensional orbital
systems.'® A drastic effect of the trapped magnetic field inside a
magnetometer was found on the MR process in YVOj in ref 16.

MR effects were observed in perovskite solid solutions. In
polycrystalline YFe;CrysO; and BiFeysMn;;O; with two
different B-type cations, the competition between the single-
ion magnetic anisotropy and different Dzyaloshinsky—Moriya
interactions was also suggested as the origin.'"’ "> However,
two recent papers on BiFe;  Mn,O; put forward sample
inhomogeneities as the origin of MR.*"** MR was observed in
perovskite solid solutions with two different A-type cations, e.g,,
polycrystalline Lag;sPryssCrO; and Lay,CesCrO;°>** In
Lag;sProgsCrO;, a Pr’*-Cr’* coupling was assumed even
though the ordering/effect of magnetic A-type cations occurs
at low temperatures. The effect in Lay,Ce;sCrO; nanoparticles
was explained by their core—shell structure and the existence of
a disordered shell with uncompensated spins, but spins from
Ce* were also assumed to have a contribution.”*

It should be mentioned that the so-called exchange bias (EB)
effect was detected in many cases when detailed magnetic
studies have been performed on perovskite materials with
MR.'"7?12*** The EB effect manifests itself in shifts of
isothermal magnetization (M—H) curves relative to the origin
depending on measurement conditions.”® Shifts could occur in
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Table 1. Different Parameters of AP-YVO;, HP-YVO;, and HP-YVO;(II)

sample
AP-YVO, HP-YVO,(II) HP-YVO,
synthesis reduction of YVO, in 10% H, + 90% Ar at  treatment of AP-YVO; at 6 GPa and 1600 treatment of AP-YVOj; at 6 GPa and 1600 K
1273 K for 4 h K for 15 min for 130 min

oxygen content YVO,.995(10) YVOs053(10) YVO3.04110)
lattice parameters®

a (A) 5.59715(10) 5.60441(3) 5.60429(4)

b (A) 7.58268(14) 7.57378(4) 7.57220(5)

¢ (A) 5.28261(10) 5.27839(3) 5.27761(4)

V(A% 224.207(7) 224.050(2) 223.965(2)

b/v/2¢ 1.0150 1.0146 1.0145

enmental density 5.49(2) - powder

g/cm?)

particle size Average: 63 nm ~1=§ pym
Too from DSC (K) 196 196
Tyi (K), from peaks on 117 113

¥ vsT
Ty (K)© 118 114
Ty, (K)° 80 78
Tpar (K)© 145 135—140
exchange bias negative at all temperatures
negative magnetization No No

5.535(10) - pellet

negative at all temperatures

5.540(10) - pellet; 5.53(2) - powder

~5—15 um
195
112.4

114

71

140

positive between 71 and 88 K
yes, between 71 and 88 K

“Single crystal data: a = 5.60453(3) A, b = 7.57294(4) A, ¢ = 5.27722(3) A3 PThe accuracy of density measurements was checked by measurements
of commercial single crystals of SrTiO;, LaAlOs, and YVO,, where the perfect agreement between calculated and experimental densities was found
(see the Supporting Information). “From peaks on dc FCC dy/dT vs T curves at 100 Oe.

the left direction relative to the origin (negative EB) or the
right direction (positive EB). When negative and positive EB is
observed on one sample depending on temperature or cooling
conditions, it is called tunable EB. EB has been observed in
core—shell nanoparticles, phase separated bulk materials, and in
many multilayered thin films.>® In other words, EB requires
interfaces or inhomogeneities. The EB effect was observed in
polycrystalline YVO5,® LuVO;,> SmVO;,'* and NdVO,," but
left without proper explanation and attention. The (tunable)
EB was found in polycrystalhne Lay ;sPr,. 85Cr03,
Lay,CeysCrOs,>* YFe,5Cry<O,,"” and BiFey4Mn,,0;.>"

In this paragraph, we summarize additional information
about YVO; because our work is focused on this compound.
YVO; is typical Mott—Hubbard antiferromagnetic insulator
with V3* (S 1, S is spin) magnetic ions. Two
antiferromagnetic phase transitions occur at Ty, = 116 K (C-
type spin ordering) and Ty, = 77 K (G-type spin ordering),
and two types of orbital ordering were observed below T =
200 K (G-type) and Ty, (C-type). YVO; crystallizes in the
GdFeOs-type perovksite structure at room temperature (space
group Pnma; lattice parameters a = 5.60608 A, b = 7.57421 A,
and ¢ = 527839 A;"* a = 5.60453 A, b = 7.57294 A, and ¢ =
527722 A)."> There is a second-order structural phase
transition at T to the monoclinic P2,/n space group, and a
first-order structural phase transition at Ty, back to the
orthorhombic Pnma space group. We emphasize that so far,
magnetization reversal was found only in single crystals of
YVO,.*~ 16 1t was found that magnetization changes its sign
below about T* = 95 K and then switches back below Ty,;
changes of signs were always observed on crossing Ty, and T*
in modest magnetic fields independent of field-cooled (FC) or
zero-field-cooled (ZFC) regimes.”® The difference between
ZFC and FC curves was observed below Tgo = 130 K (we will
call it Tgy) in polycrystalline YVO, in early papers on
YVO,,**° but this anomaly remains without attention in further
papers especially on single crystals. It was suggested that short-
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range order takes place at Tey.>>¢ Some anomalies were found
in Debye—Waller factors near 150 K; they were ascribed to the
appearance of local structural disorder on V atoms.”’

We believe that there should be a general mechanism of MR
in different perovskite materials mentioned above because they
demonstrate very similar magnetic behavior through their Tys.
Therefore, in this work, we reinvestigated a classical system,
YVO;, using detailed magnetic measurements. YVO; has one
type and nonmagnetic Y>* ions. Therefore, the A-type
sublattice should not play a role. There is one type of B
cations, and there is only one crystallographic site for V** ions
in the Pnma structure. Therefore, many proposed mechanisms
of MR in perovskite materials can be ruled out immediately.
Some polycrystalline samples of YVO; were shown to behave
similar to single crystals. A remarkable EB effect responsible for
MR was observed. We proposed that fundamental questions for
understanding YVO; and other perovskite materials should be
“what are the origin and mechanism of EB in single-phase
materials?” and “what are the origin and mechanism of tunable
EB?”

2. EXPERIMENTAL SECTION

YVO, was first prepared from a stoichiometric mixture of Y,0; and
V, 05 by heating at 923 K for 30 h followed by annealing at 1273 K for
70 h in an Al,O; crucible with several intermediate grindings. Single-
phase YVO, was then reduced in a mixture of 10% H, and 90% Ar at
1273 K for 4 h. The resultant sample was a single-phase YVO; powder.
Its oxygen content was determined to be YVO,gg5(;0) from the
thermogravimetric (TG) analysis in air (from the weight gain
corresponding to oxidation of YVO;,5 to YVO,; see the Supporting
Information). This sample will be called AP-YVO;, where AP stands
for ambient-pressure. AP-YVO; was treated at 6 GPa in a belt-type
high pressure apparatus at 1600 K for 130 and 15 min with the heating
rate of 130 K/min. After heat treatment, the samples were quenched
to room temperature (RT), and the pressure was slowly released. The
resultant samples were dense pellets (Table 1) and will be called HP-
YVO; (for the sample annealed for 130 min) and HP-YVO,(II) (for

dx.doi.org/10.1021/ic401042x | Inorg. Chem. 2013, 52, 8529—8539



Inorganic Chemistry

the sample annealed for 15 min), where HP stands for high-pressure.
The oxygen content was HP-YVO; o4 (10) and HP-YVOs 55310 (I) (see
Table 1). For simplicity, the YVO; formulas will be used in most parts
of the paper.

X-ray powder diffraction (XRPD) data were collected at RT on a
RIGAKU Ultima III diffractometer using CuK,, radiation (26 range
from 19° to 140 (150)°, a step width of 0.02°, and a counting time of
10 s/step). The XRPD data were analyzed by the Rietveld method
with RIETAN-2000.>® Density was measured using the Archimedes
method using CCl, with the density of 1.5867 g/cm®.

For the TG analysis, experiments were performed in a usual furnace
in air (heating rate S K/min, annealed at 1173 K for 1 h) in Pt holders,
and we weighted powdered samples before and after the oxidation. All
samples were dried at 413 K for 24 h before the TG experiments. One
TG/DTA experiment was performed in air on a SII Exstar 6000 (TG-
DTA 6200) system between 300 and 1173 K at a heating—cooling rate
of § K/min in a Pt holder. Differential scanning calorimetry (DSC)
curves were recorded using powdered samples on a Mettler Toledo
DSC1 STARS system at a heating/cooling rate of S K/min under N,
flow between 293 and 148 K in Al capsules. Several DSC runs were
performed to check the reproducibility, and good reproducibility was
observed.

Temperature-dependent magnetization measurements were per-
formed on a SQUID magnetometer (Quantum Design, MPMS 1T)
between 2 and 10 and 300—350 K in different applied fields under
both zero-field-cooled (ZFC) conditions on warming and field-cooled
(FC) conditions on cooling (FCC) and warming (FCW) in the
“settle” mode. In the FCC regime, a sample was usually measured on
cooling from the maximum measurement temperature after a ZFC
measurement. In the FCW regime, a sample was inserted into a
magnetometer at 300 K, then a magnetic field was applied, and then
temperature was set to the lowest temperature with the rate of 10 K/
min; a measurement was performed on warming. In the ZFC regime,
two cooling procedures were used. In the first procedure (which is a
standard and typically used procedure in our laboratory), a sample was
rapidly (within 3—5 min) inserted into a magnetometer, which was
kept at 10 K. This procedure will be called g-ZFC, where q stands for
quenched. In the second procedure, a sample was inserted into a
magnetometer kept at 300 K, then temperature was set to 5—10 K
with the rate of 10 K/min, and at 5—10 K, a magnetic field was
applied. This procedure will be called s-ZFC, where s stands for slow
(cooled).

We paid special attention on a trapped field (TF) inside
magnetometers for g-ZFC and s-ZFC measurements and measure-
ments in low magnetic fields. Our Quantum Design MPMS
instrument has the “reset magnet” option, where a superconducting
magnet is warmed. The “reset magnet” option reduces the absolute
value of the trapped magnetic field below about 0.01 Oe (but the sign
of the field was negative in most cases, e.g, M(Nb) & +5.0 X 107 emu
at S K). Then, we used an Nb superconducting sample and the
iterative process to set (if needed) the trapped magnetic field to a
positive value; however, with the process the TF could be reduced
below 0.1 Oe at the sample position (that is, we reduced the absolute
value of the magnetization (M) of a powder Nb sample (about 100
mg) below 107 emu at 5§ K, cf, M(Nb) = —1.22 X 10~ emu at 1 Oe,
M(Nb) = —1.32 X 1072 emu at 10 Oe, M(Nb) = —6.52 X 1072 emu at
50 Oe, and M(Nb) = —1.30 X 107! emu at 100 Oe). Therefore, a
positive trapped magnetic field below 0.1 Oe will be called the “zero
field” throughout the paper, and all ZFC measurements were
performed under this condition. In some cases, we intentionally set
a positive trapped field (PTF) or a negative trapped field (NTF) of
about 1—2 Oe after the “reset magnet” procedure as specified in each
case below. The sign of the trapped magnetic field was checked by the
Nb sample. However, we did not adjust the real value of the trapped
field to the nominal value.

Isothermal magnetization measurements were performed in the
“settle” and “no overshoot” mode between —10 to 10 kOe on MPMS
1T and between —50 to 50 kOe on MPMS ST at different
temperatures using the ZFC and FC regimes. In the FC regime, a
sample was cooled to a desired temperature at 10 kOe (50 kOe, or 100
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Oe) from 300 K with the cooling rate of 10 K/min. Details are
specified in the text for each measurement.

Frequency dependent ac susceptibility measurements at a zero static
magnetic field were performed with a Quantum Design PPMS
instrument from 300 to S K at frequencies (f) of 0.5, 1, S, and 10 kHz
and an applied oscillating magnetic field (H,.) of 10 Oe and on a
Quantum Design MPMS instrument from 300 to 2 K at f = 300 kHz
and H,. = S Oe. Specific heat, C,, at 0 Oe and 90 kOe was recorded for
HP-YVO; and HP-YVO,(II) between 2 and 300 K on cooling and
heating by a pulse relaxation method using a commercial calorimeter
(Quantum Design PPMS). No noticeable difference was found
between curves at 0 Oe and 90 kOe (see Figure S21 in the Supporting
Information).

A powder AP-YVOj; sample and dense pellets of HP-YVO; and HP-
YVO,(II) were used in all magnetic measurements (except for Figures
$23—825 in the Supporting Information). We emphasize that we
checked two different orientations of a piece of a pellet of HP-YVOj; in
respect to a magnetic field and checked different parts of a pellet; FCC
curves at 100 Oe and M—H curves were identical. This fact showed
that pellets had no preferred orientation. We used pellets to prevent
particle movements during measurements. The powder AP-YVO,
sample was tightly wrapped by plastic tape or mixed with an Apiezon
N-grease to prevent particle movements. We found no principal
difference between two types of fixation.

3. RESULTS

3.1. Structural Properties. Figures 1 and 2 show the
XRPD patterns of AP-YVO,, HP-YVO,, and HP-YVO,(1I). All
samples were single-phase. The refined lattice parameters are
given in Table 1. The refined structural parameters are reported
in Table S1 in the Supporting Information. All the parameters
were in very good agreement with the reported values. Figure 2,
which shows the XRPD patterns in the 26 range of 100—140°,
illustrates that HP-YVO,; and HP-YVO,(II) were almost
identical. The average particle size of AP-YVOj; estimated
with the Scherrer equation was about 63 nm. The grain size of
HP-YVO; estimated with an optical microscope was between
about S and 15 um, and that of HP-YVO,(II) was between
about 1 and S um (see Figure S2 in the Supporting
Information).

3.2. DSC Studies Across Too. DSC curves of AP-YVO,,
HP-YVO;, and HP-YVO;(II) across T are shown in Figure 3.
DSC anomalies in AP-YVO; were noticeably smeared in
comparison with HP-YVO; and HP-YVO;(II): the DSC
anomaly (on heating) ended at about 211 K in AP-YVO,,
but at about 202—203 K in HP-YVO; and HP-YVO,(II).
Smearing could be caused by nanosized particles of AP-YVOs.
Both HP-YVO,; and HP-YVO;(II) demonstrated almost
identical anomalies at Too. The Ty values were determined
from peak positions on the DSC heating curves, and they are
given in Table 1.

3.3. Specific Heat Studies of HP-YVO; and HP-YVO;(ll).
Figure 4 depicts the C,/T vs T and C, vs T curves of HP-YVO,
and HP-YVO,(II). (Specific heat of AP-YVO; was not
measured because only powder was available). There were
anomalies at Too, Ty, and Ty, in HP-YVO,. There was a drop
in the C,/T values at Ty, on cooling and a clear anomaly on
heating in HP-YVOj;. These features are artifacts of the pulse
relaxation method. This method sometimes cannot give reliable
values of C, for first-order phase transitions. The drop of the
C,/T values at Ty, was often observed in previous papers
(sometimes because of the detachment of a sample from a
holder).'>'® Specific heat anomalies were noticeable smeared in
HP-YVO4(II) at To (in comparison with the DSC curves) and
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Figure 1. Fragments of experimental (black crosses) and calculated
(red line) XRPD patterns of (a) AP-YVO;, (b) HP-YVO,, and (c)
HP-YVO,(II) between 20 = 19—50° in the logarithmic scale. The bars
show possible Bragg reflection positions. The inserts show optical
microscope images of pellets of HP-YVO; and HP-YVO;(II); the side
of the square is 20 ym.

Ty, and no anomalies were observed at Ty, on both cooling
and heating.

3.4. ac Susceptibility Studies. y’ vs T and y” vs T curves
of the three samples are given in Figure S. Both ' vs T and y”
vs T curves showed sharp peaks at Ty; (the peaks were
centered at 112.4 K) in HP-YVO; indicating the appearance of
a weak ferromagnetic state (due to spin canting). No y” vs T
anomalies were detected at Ty, and the y’ values dropped at
Ty, indicating that there should be no weak ferromagnetic
moments or at least no significant changes in weak
ferromagnetic moments below Ty, in comparison with the
Tny < T < Ty interval in HP-YVO,.

x' vs T and y” vs T curves were noticeable different in AP-
YVO; and HP-YVO,(II). Almost no anomalies were observed
at Ty; (and no anomalies at Ty,) on the y” vs T curves. No
noticeable anomalies were observed at Ty, on the y' vs T
curves. The peak at Ty, (observed at 117 K in AP-YVO; and
113 K in HP-YVO,(II)) on the 3’ vs T curves was noticeably
weaker and broader than the peak in HP-YVO,.

We emphasize that a kink was observed at Tyo and no
anomalies were observed at Tpy (~140 K) on the ac
susceptibility curves of the three samples.

3.5. dc Magnetic Studies. 3.5.1. AP-YVO;. dc magnetic
susceptibilities of AP-YVO; are shown in Figure 6. No MR was
observed on ZFC curves when TF was zero or positive. With
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Figure 2. Fragments of experimental (black crosses) and calculated
(red line) XRPD patterns of (a) AP-YVO;, (b) HP-YVO;, and (c)
HP-YVO,(II) between 26 = 100—140° in the logarithmic scale. The
bars show possible Bragg reflection positions.
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Figure 3. Differential scanning calorimetry curves of AP-YVO,, HP-
YVO;, and HP-YVO,(II) on (a) cooling and (b) heating (S K/min)

showing anomalies near T. The second runs are shown.

NTF, negative magnetization was detected on ZFC curves (see
Figure S4 in the Supporting Information), but this is a usually
observed artlfact for materials having a (weak) ferromagnetic
moment.”> (When the coercive field and remnant magnet-
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Figure 4. Specific heat data of HP-YVO, (circles) and HP-YVO,(II)
(squares) at a zero magnetic field on cooling (white circles and
squares) and heating (filled circles and squares) plotted as C,/T vs T
(the left-hand axis) and CvsT (the right-hand axis). Vertical arrows
show phase transitions. Measurements were performed at least twice
to confirm reproducibility (see the Supporting Information).
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Figure 5. (a) Real ' and (b) imaginary »” parts of the ac
susceptibilities as a function of temperature (2—300 K) of AP-YVOj,,
HP-YVO,;, and HP-YVO;(II). Measurements were performed on
cooling at a zero static field using the ac field with the amplitude H, =
10 Oe (HP-YVO;) and H,. = 5 Oe (AP-YVO, and HP-YVO,(I)) at
different frequencies. The y” vs T curves of AP-YVO; and HP-
YVO,(II) were shifted for the clarity. The insert shows a kink at To
in HP-YVO; on the ¥’ vs T curve.

ization are small near Ty or T, even a small negative magnetic
field can form a domain structure with a preferential
magnetization direction (instead of random field directions).
At low temperatures, when the coercive field and remnant
magnetization are much larger, a moderate positive field cannot
reverse those domains resulting in negative magnetization). No
MR was also observed on FCC (Figure 7a) and FCW (Figure
SS, Supporting Information) measurements. The difference
between the ZFC and FCC curves and the field dependence of
the FCC curves was observed below Ty (about 145 K). These
results are in agreement with all previous reports on magnetic
properties of polycrystalline AP-YVO,.>** We observed a kink
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Figure 6. q-ZFC (filled symbols) and FCC (white symbols) dc
magnetic susceptibility (y = M/H) curves of AP-YVOs; at 100 Oe (the
right-hand axis). The left-hand axis gives the same inverse curves (H/
M vs T). The parameters (.4 and 6) of the Curie—Weiss fits below
and above Ty are given.
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Figure 7. FCC H/M vs T curves of (a) AP-YVO,; and (b) HP-

YVO,(II) at 10, 100, 1000, and 10000 Oe. Only FCC curves were
recorded (without ZFC curves).

at T similar to single crystals,® and this feature has not been
reported before, to the best of our knowledge, for polycrystal-
line AP-YVO,.

In our work, we determined/defined magnetic transition
temperatures from peak (anomaly) positions on the FCC dy/
dT vs T curves at 100 Oe (see Table 1 and Figure SS in the
Supporting Information). The dy/dT vs T anomaly near Ty,
was rather broad and weak, but this is the only way to define
Ty, because only dc magnetic measurements showed some
anomalies.

3.5.2. HP-YVOs(ll). All dc magnetic susceptibilities of HP-
YVO;(II) were qualitatively similar with those of AP-YVO,
(Figure 7b and Figures S26, S28, and S29, Supporting
Information), but with some quantitative differences (Figure
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Inorganic Chemistry

$30, Supporting Information). Importantly, no MR was
observed on dc magnetic susceptibilities of HP-YVO,(II).
The phase transition temperatures are summarized in Table 1.

3.5.3. FC Curves of HP-YVOj;. dc magnetic susceptibilities of
HP-YVO; were qualitatively different (Figure 8). FCC curves

(a) T“l
110 kOe

M (emu/ mol)

Herr = 3.25 i
=3 K

Jierr = 2734
f#=-148 K

HIM (mol /em?)

150 200 250
Temperature (K)

—T

300 350

Figure 8. (a) FCC magnetization curves (M vs T) of HP-YVO; at 10,
100, 1000, and 10000 Oe. (b) Same curves plotted as H/M vs T. The
parameters (y.5 and 0) of the Curie—Weiss fits below and above Toq
are given. The vertical arrows show magnetic anomalies and
characteristic temperatures. Only FCC curves were recorded (without
ZFC curves).

resembled those of single crystals of YVO; (see also Figures
$8—S12 in the Supporting Information,).*'® A classical form of
the FCC and FCW curves with MR effects was observed at 10,
100, and 1000 Oe. Clear anomalies were observed at T = 200
K, Tpy = 140 K, Ty; =114 K, and Ty, = 71 K on the dy/dT vs
T curves (Figures S9 and S12, Supporting Information). As we
mentioned, we defined transition temperatures from peak
positions on the dy/dT vs T curves. Different definitions could
be at the origin of slightly different values in comparison with
the literature data (especially for Ty, where a first-order
transition takes place). MR took place at T* (about 88 K in our
case) at 10 and 100 Oe. Above Tg, there was no field
dependence of magnetic susceptibilities indicating the absence
of magnetic impurities with higher transition temperatures.
Below Tpy, noticeable field dependence was observed (Figure
8b). This is a clear feature of the development of a weak
ferromagnetic moment; this is why we call this temperature
Try The anomaly is observed only on the dc measurements.
No anomalies could be seen on specific heat and ac
susceptibilities.

3.5.4. ZFC Curves of HP-YVO; We performed detailed
studies of ZFC curves of HP-YVO, (Figure 9). Independent of
the value and sign of TF, q-ZFC curves had negative
magnetization from 10 K to about Ty, then positive from
Ty, to T*, then negative or positive from T* to about Ty, and
finally positive again above about Ty;. The value and sign of TF
had a more drastic effect on s-ZFC curves. The s-ZFC-NTF(—2

8534

0.01
(a) H = 100 Oc
= R A N e
£
e
= 000
2
ey i
E WWD(”% - q-ZFC-PTF(0 Oe)
ooy, | ~o- q-ZFC-PTF(2 O¢)
T 00000000000 ODO00000000TT
SN— o q-ZFC-NTF(-2 O¢)
Y A e ottt LR S AR
e oy (b) H=100 Oc
0.03 PR ,b
0.02
=
£ 001 ]
"‘::“-
E %
5 0003 '.
T o011 fl
= | - S-ZFC-PTF(0 O¢)
002 ,jl o s-ZFC-PTF(2 Oc)
R o 5-ZFC-NTF(-2 Oc)
0,03 ~—r 77T T T T 7T
0 20 40 60 80 100 120

Temperature (K)

Figure 9. (a) q-ZFC susceptibility curves (M/H vs T) of HP-YVO,
measured at 100 Oe. The sample was rapidly (within 3—5 min)
inserted into a magnetometer (which was kept at 10 K) having
different trapped magnetic fields (PTF: a positive trapped field, NTF:
a negative trapped field). (b) s-ZFC susceptibility curves (M/H vs T)
of HP-YVO; measured at 100 Oe. The sample was inserted into a
magnetometer at 300 K and having different trapped fields, then
temperature was set to 5—10 K at the rate of 10 K/min, and then a
magnetic field of 100 Oe was applied.

Oe) and s-ZFC-PTF(2 Oe) curves were almost symmetrical in
respect to the line with y = 0.0035 cm®/mol (the value of
susceptibility in a paramagnetic region just above Ty;) similar
to single crystal data."® No (!) MR was detected when TF was
kept as low as possible (during the s-ZFC-PTF(0 Oe)
measurements). Finding just one condition under which no
MR takes place proves that all other similar measurements
(deferred by the value and sign of TF and the sample insertion
procedure) are artifacts, and MR observed during those
measurements is not intrinsic.

All the q-ZFC curves behaved similar to the s-ZFC-NTF(—2
Oe) curve. This result could be explained by nonuniform
distribution of a magnetic field inside a magnet. The rapid
movement of a sample through a magnet at low temperatures
could cause preferential formation of domain structures with
negative magnetization.

We also performed the following ZFC procedure: the HP-
YVO; sample was cooled down from 300 K to a desired
temperature between 10 and 110 K (below Ty;) in a zero
magnetic field, then a magnetic field of 100 Oe was applied, and
measurements were performed as a function of time up to 100
min (relaxation measurements (see Figure S13 in the
Supporting Information)). The magnetization remained
positive at all temperatures during this ZFC protocol, and the
temperature dependence of susceptibilities followed the ac
susceptibility curve instead of the dc susceptibility curve (Figure
10a; red circles), that is, there was a step-like decrease of
susceptibilities at Ty, instead of a step-like increase.
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Figure 10. M/H vs T curves of HP-YVO;. The sample was cooled
down from 300 to 100 K at the rate of 10 K/min under different
trapped fields: (a) 0 Oe, (b) 1 Oe, and (c) —1 Oe; then a magnetic
field of 100 Oe was applied at 100 K, and the measurements were
performed on cooling from 100 to 10 K (black circles; the first curve)
and from 10 to 140 K (white circles; the second curve). (d) The third
curve was measured from 140 to 10 K (at 100 Oe). The curve was
identical for all three protocols (a), (b), and (c). In the panel (a), the
' vs T curve (from Figure Sa) is shown for comparison by the blue
line; red circles show relaxation curves: the sample was cooled down
from 300 K to a desired temperature in a zero magnetic field, then a
magnetic field of 100 Oe was applied, and measurements were
performed as a function of time up to 100 min (see Figure S13 in
Supporting Information).

3.5.5. Modified FC Curves of HP-YVO;. All FCC and FCW
curves (at moderate fields, Figure 8 and Figures S9 and S10,
Supporting Information) showed the MR effect. In standard
measurement protocols, the sample was always cooled in a
magnetic field from 300 K, that is, through Ty,. Considering
the observation of (tunable) EB (see part 3.6), which requires
cooling through Ty of an antiferromagnet in a magnetic field,
we modified the FC protocols as follows. The HP-YVO,
sample was cooled down from 300 to 100 K (below Ty;) in
a zero magnetic field or trapped magnetic fields of —1 and 1
Oe. At 100 K, a magnetic field of 100 Oe was applied, and
measurements were performed from 100 to 10 K (the first
curve), then from 10 to 140 K (the second curve), and finally
from 140 to 10 K (the third curve). The results are presented in
Figure 10. The third curve from 140 to 10 K was identical for
all three runs (with PTF(0 Oe), PTF(1 Oe), and NTF(-1
Oe)) (Figure 10d). No (!) MR was detected when TF was zero
even when the sample was cooled and warmed through Ty,
and T* at 100 Oe (Figure 10a) in contrast with the
observations for single crystals.’ With PTE of 1 Oe, a tiny
MR took place near 75 K (Figure 10b). With NTF of —1 Oe,
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the initial magnetization was negative, then it changed to
positive, and finally to negative again below Ty, (Figure 10c).
These results clearly showed that magnetic behavior depended
on how the sample was cooled through Ty,. In other words, the
sample remembered how it was cooled through Ty;: the sign of
magnetization (below Tly,) reflected the sign of a (moderate)
field during cooling through Ty, and the value of magnet-
ization (below Ty,) reflected the value of a (moderate) field
during cooling through Ty;.

We empbhasize again that finding just one condition under
which no MR takes place proves that all other similar
measurements (deferred by the value and sign of TF) are
artifacts, and MR observed during those measurements is not
intrinsic.

3.6. Isothermal Magnetization Curves. M—H curves of
AP-YVO,, HP-YVO;(1I), and HP-YVO; are shown in Figure 11
and on Figures S16—S20, S27 in the Supporting Information.
M—H curves of HP-YVO,(II) were qualitatively similar with
those of AP-YVO; (the Supporting Information). The M—H
curves were basically linear between —10 kOe and 10 kOe
without hysteresis below about 80 K. A tiny needle-like
hysteresis opened between —50 kOe and 50 kOe (below 80 K;
the Supporting Information) or above 80 K (Figure 11c). The
FC measurements clearly demonstrated features of the EB
effect: the M—H curves exhibited almost parallel shifts. AP-
YVO, always showed “up” shifts or negative EB (Figure 11d).
HP-YVO; had “down” shifts or positive EB between Ty, and
T* (Figure 11b), and negative EB at other temperatures. The
magnitude of the shift was the same for cooling in fields of 100
Oe and 10 kOe in HP-YVO; at 80 K (Figure S18d in the
Supporting Information); this is a feature typically observed in
multilayered thin films with EB.*®

4. DISCUSSION

The structural parameters (fractional coordinates and V—O and
Y—O bond lengths) of the three samples were very close to
each other and to the reported parameters (see the Supporting
Information). Therefore, the high-pressure synthesis does not
modify the crystal structure of YVOs.

The oxygen content of AP-YVO,gg5¢;9) and HP-
YVOs0s3010)(I) was slightly different, and either were the
lattice parameters and the DSC anomalies at Tyo. The particle
size of AP-YVO, and HP-YVO,(II) was quite different.
Nevertheless, magnetic properties of AP-YVO; and HP-
YVO,(II) were surprisingly similar to each other. Both samples
show qualitative similar y’ vs T and y” vs T curves (but with
slightly different transition temperatures), the absence of MR
(particularly on FCC curves), and negative EB at all
temperatures.

On the other hand, the oxygen content of HP-YVOj44;(1)
and HP-YVO;53(10)(II) was the same within standard
deviations and close the oxygen content of single crystals
(the reported values were YVO,455 and YVO,,).%"> The
lattice parameters of HP-YVO; and HP-YVO,(II) were very
close to each other and to the lattice parameters of single
crystals (Table 1). Because of the similar lattice parameters, the
XRPD patterns in the 26 range of 100—140° were almost
identical (Figure 2). Both facts, very similar chemical
composition and lattice parameters, supplement each other. If
the chemical composition of HP-YVO; and HP-YVO;(II) were
different, it would be reflected in the lattice parameters and
XRPD patterns in the 26 range of 100—140°. The particle size
of HP-YVO; and HP-YVO;(II) was also of the same order of
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Figure 11. M vs H curves of HP-YVO; at (a) S0 K, (b) 80 K, and (c) 100 K and (d) AP-YVO; at 80 K under the ZFC and FC protocols. ZFC(1):
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magnitude (several micrometers), and the DSC anomalies at
Too were identical.

Despite the above similarities, magnetic properties of HP-
YVO, and HP-YVO;(II) were qualitatively different. HP-YVO,
behaved similar to single crystals,”'® that is, it showed MR at
T* and Ty, when it was cooled through Ty, at moderate
magnetic fields (and even small trapped magnetic fields). HP-
YVO, demonstrated also positive EB between T* and Ty, (in
the FC mode) in comparison with HP-YVO,(II). Considering
the above similarities, we can conclude that the average oxygen
content is not a determinative factor of different magnetic
properties. We note that the composition of AP phases without
MR was reported to be YVO3_03(1)26 and YVO3_00(2)3 confirming
again that the oxygen content itself does not determine
magnetic properties. MR properties were strongly sample-
dependent for almost identical samples, HP-YVO,, HP-
YVO,(II), and another sample HP-YVO,(b) (see Tables S1
and S3 and Figures S31—S34 in Supporting Information). This
is an indication of an extrinsic origin of MR in oxygen
nonstoichiometric HP-YVO; ;. Intrinsic properties of YVO,
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seem to be represented by properties of the most
stoichiometric AP-YVO,.

The oxygen excess in perovskites (ABOs,s) is usually
understood as cation deficiency (A;,B;,O;). Therefore, the
HP-YVO;y,, composition corresponds to HP-Y( s,V 05,03,
which means the presence of a small amount of V** ions at the
B site in addition to vacancies. The experimental density of HP-
YVO, (Table 1) was slightly smaller than the calculated XRD
density (about 5.57 g/cm’) confirming a cation-deficient
picture. The experimental density of AP-YVO; (Table 1) was
even smaller and corresponded to a composition of
Yo.037V003702061. We note that crystal-structure analysis
methods and analytical methods are not capable of distinguish-
ing between ideal Y**V**O; and Y**)45,V>"005702.06; containing
both cation and oxygen vacancies. Resistivity measurements
could give some information, but accurate resistivity measure-
ments of insulating materials are difficult, and one needs dense
ceramics for measurements and a standard sample for
comparison. Accurate density measurements seem to be the
only method to distinguishing between YVO; and

Y0.987V0.98702.961'
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During the high-pressure treatment of AP-YVOj;, the sample
is slightly oxidized. The same process seems to occur during
crystal growth by a floating-zone method at ambient pressure
because the reported composition of single crystals was
YVOs;032) and YVO3‘02.6’12 The process corresponds to a
transition from YVO; (or Yy95,V005702961) to cation-deficient
Yo087V09s703 and it should involve ion/vacancy migration
through crystallites. Reaching the equilibrium of vacancy
distribution requires time. HP-YVO, and HP-YVO,(II) were
very similar to each other (as discussed above; except for
magnetic properties). They were annealed at high pressure
during different time: a short period of 15 min for HP-
YVO,;(II) and a long period of 130 min for HP-YVO,
Therefore, at this point, we can suggest that quite different
magnetic properties of HP-YVO,; and HP-YVO,(II) are
originated from different annealing time and, as a result, from
different distribution of ion vacancies (or defects, in general).
HP-YVO,,; and single crystals of YVO,,s (which are slowly
grown) could reach an equilibrium distribution of defects, and
they demonstrate similar magnetic properties.

It is interesting to note that there was a plateau-like anomaly
near 770 K in the weight increase on the TG curve of AP-YVO;,
and a corresponding anomaly on the DTA curve centered at
757 K (Figure S3, Supporting Information). The oxygen
content near the plateau was about YVO;,, (at 765 K) and
YVO, 55 (at 780 K). That oxygen content was close to the
oxygen content of HP-YVO;,; and HP-YVO; 55(II). There-
fore, the presence of the plateau might reflect the existence of
thermodynamically stable partially oxidized phases of YVO,,s.

We found that the MR effect appears in HP-YVO; only after
cooling in moderate fields (and even small trapped fields)
through Ty;. No MR effect was observed when HP-YVO; was
cooled in a zero magnetic field through Ty, and a field was
applied below Ty, (Figures 9b and 10a). We observed clear
features of the EB effect in AP-YVO;, HP-YVO,(Il), and HP-
YVO; (Figure 11), and EB was tunable in HP-YVO,. The
tunable EB in HP-YVOj; should be responsible for the MR
effect.”>*° Exchange bias is a property of a coupled AFM-FM
system,”> and the effect is due to magnetic interface
interactions.>"*> Therefore, we should first ask ourselves
“what are the origin and mechanism of the (tunable) EB effect
in YVO;” instead of “what is the origin of the MR effect”. This
question is principally different from all previous works because
it allows looking at the problem from a different viewpoint. The
primary question can, in turn, be separated into several
secondary questions.

The first question is: “what is the origin of an FM part in
YVO;?” It is probably the anomaly at Tk, which is higher than
Ty1- However, the origin of the anomaly at Tpy is still a
mystery to be solved. First, the possibility of a real magnetic
impurity should not be ruled out even in “single-phase” and
single-crystal materials. Second, the anomaly at Ty could be a
surface phase transition. A surface transition was recently
detected in another simple perovskite BiFeO; (in bulk form),
and that surface transition could be seen in magnetic
measurements.”> It was argued that BiFeO; cannot be
considered as a homogeneous material anymore because its
skin layer is quite different from the bulk with its own structural
and magnetic properties.”> Third, explanations given in refs 3,
26, and 27 as “short-range order” and “local structural disorder
on V atoms” could also be valid. Very detailed and careful
studies are needed to determine the origin of the anomaly at

«
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Ty they are out of the scope of the present work because they
will require different approaches and methods.

To illustrate the importance of the anomaly at Ty we
performed the following experiments. HP-YVO; and AP-YVO,
were cooled from 300 to 5 K in a negative field of —10 kOe,
then a magnetic field of 100 Oe was applied at 5 K, and the
susceptibility measurements were performed on heating from S
to 300 K. In the case of AP-YVOj;, negative magnetization was
observed from S to 135 K, that is, noticeably higher than Ty,
(see Figure S7 in the Supporting Information). This fact shows
that some spins aligned by the negative field of —10 kOe
remained in this direction under the opposite field of +100 Oe
even in a paramagnetic region where bulk spins should follow
the external field. Despite a large number of papers on
properties of single crystals of YVO;, there is no clear
information whether single crystals of YVO; show magnetic
anomalies at Tgy; or not. Anomalies at Tpy; in polycrystalline
YVO, were well documented.***

The only anomaly at Ty cannot be responsible for the
appearance of the tunable EB effect (and the MR effect) in HP-
YVO; because AP-YVO,, HP-YVO;, and HP-YVO,(II) showed
similar anomalies at Tpy (Figures 6—8). Therefore, the
interaction of the FM part (in minority) with the AFM part
(in majority) is crucial. This interaction leads to negative EB in
AP-YVO; and HP-YVO,(II) at all temperatures (and the
absence of the MR effect, as a result), but to the positive EB in
HP-YVO; between Ty, and T*. The nature of this interaction
is also a mystery to be solved.

Another secondary question is: “what is the origin of
interfaces in YVO;?” There are interfaces between regions with
defects (caused by the presence of vacancies and V*" ions) and
ideal regions. There is interface between the surface layer and
the bulk. Interfaces could form during low-temperature phase
transformations and incomplete phase transitions. For example,
phase separation and coexistence of two crystallographic phases
down to 5 K was observed in SmVO,, which shows MR.**
Uncompensated spins could form near defects, surface, phase
boundaries, and other inhomogeneities, and they could be
differently pinned in AP-YVO,, HP-YVO,, and HP-YVO,(II)
considering their different defect chemistry, crystallinity, and
particle size.

YVO; is an almost pure antiferromagnet below Ty,. At least,
no spin canting was detected from neutron diffraction
studies,”"® and we observed no anomalies on the y” vs T
curves at Ty, (Figure Sb). However, magnetization remained
positive even at —10 kOe during the FC M—H measurements
(Figure 11 and Figures S16, S18, S20, and S27, Supporting
Information) in this AFM material. This result can only be
understood assuming that some spins aligned during the FC
procedure remain in the same direction because they are tightly
pinned and do not follow the external field.

Majority of perovskite materials with the MR effect crystallize
in the GdFeO;-type structure® with space group Pnma (with
some exceptions, for example, HP-BiFe, Mn, O,*"*® and AP-
BiFe, ,Mn,0,*). Magnetic behavior of those perovskite
materials with the MR effect can be described as follows. On
cooling in moderate magnetic fields (the FCC mode),
magnetization shows small jumps on crossing Ty because of
the appearance of a weak intrinsic ferromagnetic moment. On
further cooling, the magnetization reaches maximum. The
maximum can be rather sharp (e.g, in LaVO;)*'%*”® or very
broad (e.g, Lag ;sProsCrO5, > Lay,CesCr0O;,>* TmCrO,,>
NdVO,,'® and BiFey4Mn,,0;).>' After the maximum, the
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magnetization gradually decreases and crosses the zero value at
a certain compensation temperature (T*). T* is usually field-
and sample-dependent. The situation in YVO; (and, for
example, in TmCrO;)* is complicated because of the existence
of Ty, when the magnetic state established below Ty is
changed, and the magnetization sharply returns to its normal
positive value below Ty,. All materials, where detailed studies
have been performed, show tunable EB.'*!7212%2%37,3940
There are few examples (e.g, YVO; and BiFe,4Mn, ,0)*'
where ferromagnetic-like anomalies (Tgy) were detected above
Ty, but the small number of examples could probably be caused
by the fact that little attention has been paid. Perovskite
materials with the MR and EB effects have different
compositions at the A and B sites.”® Taking YVO; as an
example, the influence of magnetic rare-earth ions at the A site,
the coupling between cations at the A and B sites, the existence
of different competing magnetic interactions between different
ions at the B site, and the nanosized nature of materials can be
ruled out as the primary origin of the MR and EB effects in
perovskites. We suggest that their similar behavior is caused by
the existence of pinned uncompensated interfacial spins and
weak intrinsic ferromagnetic moments, and pinned spins are
originated from different inhomogeneities. In general, the origin
of inhomogeneities can be quite different depending on the
system. For example, clustering effects were suggested in
BiFe,_,Mn,O,>" and observed experimentally by Mbssbauer
spectroscopy.”> A skin layer was observed in BiFeO;.**> Dopant
segregation®' and phase separation sometimes take place.”>**
Secondary phases were observed in bulk and thin films of
BiFeO;, and EB was associated with interfaces between the
primary and secondary phases.*** In YVO,, vacancies and V**
ions are probably responsible for inhomogeneities.

5. CONCLUSION REMARKS

Our results provide significant contribution to understanding
the mystery of the magnetization reversal effects in YVO; and
allow looking at the problem from a different viewpoint.
Tunable exchange bias should be responsible for magnetization
reversal in YVO;. We demonstrated that magnetization reversal
is not an exclusive property of single crystals, but some
polycrystalline samples of YVO; also exhibit magnetization
reversal. By finding conditions under which no magnetization
reversal occurs (upon crossing Ty, and T* at moderate
magnetic fields), we suggested that magnetization reversal is
not an intrinsic property of YVO;. By the intrinsic property, we
mean a property caused by exchange interactions among
homogeneous spins of V** ions in bulk. We observed a drastic
effect of trapped magnetic fields on the magnetization reversal
effect, the memory effect (when a sample remembers how it
was cooled through Ty;), remarkable exchange bias effects in
polycrystalline YVO;, and tunable exchange bias effect in HP-
YVO;. We suggested that “positive exchange bias”, “defects”,
“interfaces”, and “pinning” should be keywords for under-
standing YVO; and probably other perovskite materials
exhibiting magnetization reversal in addition to or instead of
“single-ion magnetic anisotropy” and “Dzyaloshinsky—Moriya
interaction” keywords; and a general fundamental question
should be: “what are the origin and mechanism of exchange
bias in (seemingly) single-phase and homogeneous materials?”
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