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The thermal evolution of structural and magnetic details of the orthovanadate TmVOs3, studied in detail by
neutron and synchrotron powder diffraction, is reported. Crystallizing in space group Prnma at room temperature,
TmVO; undergoes a first structural phase transition to P2, /a at Too = 180 K, where a G-type orbital ordered
state develops. At Ts = 75 K, a change back to Pnma occurs, and the establishment of C-type orbital order takes
place. The V3* ions order antiferromagnetically with a magnetic propagation vector k = 0 below Ty; = 105K,

while the Tm?t sublattice orders at Ty, = 20K following the same propagation vector. Between Ty; and Ts, a
coexistence of G-type (P2, /a) and C-type (Pnma) orbital ordered states exists. The P2, /a phase is magnetically
separated into two fractions, which adopt a C,C,0 and G,00 coupling, respectively, while the Pnma volume
fraction follows a 0G,0 magnetic structure. At Ty;, the appearance of the Tm sublattice magnetization (0C,0)
leads to a spin flop transition of the V sublattice from 0G0 to G,00. The results are presented and analyzed in
the general context of the series of RVO; compounds, and they are used to discuss recent magnetization results.
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I. INTRODUCTION

Transition metal perovskites of type RTO; (where R is a
rare earth or Y) have attracted enormous interest in condensed
matter physics over the last 25 years due to the plethora
of interesting electronic and magnetic properties they show.
While manganites became famous for the existence of charge
and orbital ordering phenomena and for related giant magne-
toresistance and ferroelectric properties [ 1-3], cobaltates were
intensively studied for the occurrence of spin state transitions
and nonconventional metal-insulator transitions [4-6]. The
appearance of an unusual magnetic order and of charge
disproportionation in combination with a sharp metal-insulator
transition was discussed in nickelates [7-9]. Vanadates were
less studied until anomalous diamagnetism for LaVO; [10]
and a temperature induced multiple magnetization reversal
was found for YVOj3; [11], which triggered numerous studies
on the crystallographic, magnetic, and electronic properties of
the RVO; family of compounds.

All RVO3; compounds adopt at room temperature a dis-
torted perovskite structure with space group Pnma with one
single Wyckoft site 4b for the V cation [12]. The lattice pa-
rameters are linked to the original undistorted cubic perovskite
structureby a ~ ¢ ~ /2a, and b ~ 2a,, where aj, corresponds
to the lattice parameter of the cubic phase. Specific heat data
[13] showed two phase transitions for YVOj3: a second-order
transition at Ty = 115K, reflecting the appearance of long-
range magnetic order, and a first-order structural transition
at Ts = 78K, where a change of the magnetic structure
takes place simultaneously [14]. The structural transition is
accompanied by changes of the lattice parameters, which lead
to an anisotropy in the V-O bonds within the VOg octahedra,
and this was linked to the creation of a G-type orbital order.
Kawano et al. [15] reinvestigated the magnetic structures of
YVO; and found a change from C-type antiferromagnetic
(AFM) to G-type AFM at Ts. Their results opened the way as
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well for a better understanding of the crystallographic structure
for T > Ts. Postulating that the change of the magnetic
structure from G-type below Tg to C-type above Ts has to
be accompanied by a change of the orbital order as well, Ren
et al. [16] deduced that G-type orbital order (OO) has to be
present above Ts. The appellations “C-type” and “G-type”
follow here the classification of magnetic structures in these
perovskites. Both types of orbital order denote an alternate
occupation of the dy,d,; and d,,d,, orbitals between adjacent
V sites within the ac plane. If this alternate order expands
along the b direction, the G-type OO is formed, whereas the
C-type OO is created through the superposition of identical
orbitals on adjacent V sites in the b direction [17-19]. Because
the formation of G-type orbital order is not possible in the
orthorhombic Pnma space group—indeed this symmetry does
not allow the presence of differently distorted ac planes—the
crystal structure above Ts has to be of lower symmetry.
Neutron diffraction and synchrotron x-ray diffraction revealed
that YVOs; adopts most probably the monoclinic space group
P2, /a above Ts and stays in this orbital ordered phase even
above Ty, until a second structural transition takes place at
Too ~ 200 K [19]. The same monoclinic space group had
already been proposed before by Bordet ef al. [20] for LaVO3
below 140K, where this compound, which is formed with
the R cation having the largest ionic radius, displays a nearly
coupled crystallographic-magnetic transition. The transition
to the OO state at Tpo leads to relatively small changes in
the structural parameters and is therefore less visible than,
for example, in the manganites. This is due to the fact that
the Jahn-Teller interactions are weaker in the orthovanadates
as only the 1,, orbital electrons are active. An even further
reduction of the symmetry through dimerization in the b
direction and formation of singlet orbital spin-Peierls states
was proposed to occur in YVOs3 [21] and was discussed as a
possible reason for the reduced ordered magnetic moment of
the G-type orbital ordered phase [22].
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Miyasaka et al. [23] proposed a first phase diagram of the
RVO; system as function of the ionic radius of the R cation. A
clear division was made between compounds with small ionic
radii, R = Lu-Dy, and those with larger R ions (Tb-La). While
the former exhibit structural transitions at Tpg, where the
monoclinic structure with G-type orbital order sets in, and at
Ts, where the orbital order changes to C-type and the structure
changes back to orthorhombic, and a magnetic transition at
Tn, with a sequence Too > Ty > Ts, the latter see only Tpo
and 7Ty and stay therefore down to lowest temperatures in a
G-type orbital ordered state. An exception to this sequence was
said to exist for CeVO;, where Ty > Too was claimed and
included in the phase diagram. This apparent inconsistency
was, however, solved by Reehuis et al. [24], who showed that
here as well, Too > 1N, as expected. Previously, Reehuis et al.
[25] had proposed that above Ts within the G-type orbitally
ordered phase, YVOs still shows short-range C-type orbital
order and a magnetic structure of type C,G,C;, which is
not allowed from magnetic symmetry analysis [26]. A phase
separation scenario with the coexistence of the low temperature
orthorhombic phase and the monoclinic phase was explicitly
excluded. The trend of the magnetic ordering transition at
Tx to decrease in temperature with decreasing ionic radius
was connected to the increasing octahedral distortion, which
leads to a stronger localization of the 3d electrons and a
weakening of the V-O-V superexchange interactions [27]. The
opposing influences of the octahedral distortion and of the
magnetic exchange striction on the appearance of the different
orbitally ordered states as a function of the R ionic radius were
discussed in detail by Sage et al. [28]. The phase diagram was
modified substantially by adding a region of phase coexistence
of orthorhombic Pnma and monoclinic P2;/a phases for
R = Tb-Nd, which opens up slightly below Ty. This phase
coexistence goes in line with a coexistence of orbital ordered
C-type and G-type phases and excludes therefore a sharp phase
boundary between the two states as a function of the ionic
radius of R>*. For SmVOs3, it was found that the monoclinic
angle of the G-type orbitally ordered phase increases strongly
as the C-type OO phase, which has a lower volume, sets in
[29]. Interestingly enough, Reehuis ef al. [25] did not find any
sign of this phase coexistence in their single-crystal studies
on TbVOj3; and NdVOs;. These findings point towards a strong
influence of internal strain on the microscopic behavior of
the system and to a possible difference between powder and
single-crystal samples.

Although knowledge of the magnetic and structural behav-
ior of the rare earth orthovanadates RVO; has enormously
increased over the last 20 years, several questions remain to
be solved, especially for the part of the phase diagram where
ra” < rp . The rare studies that exist are limited to only partial
aspects of the general problem. Munoz et al. [30] refined
a G-type magnetic structure for YbVO; at 2K assuming a
monoclinic structure but did not reflect on the existence of
a possible reentrant structural transition to an orthorhombic
structure as expected for this part of the phase diagram.
For R = Er, Ho, and Dy, Reehuis et al. [31] determined
the different magnetic structures as function of temperature
from single-crystal neutron diffraction but did not perform
any detailed low temperature crystal structure studies. The
existence of the sequence Too > Ty > Ts was deduced for
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HoVOs; from the temperature dependence of some nuclear
reflections and for ErVO; and DyVOj; in analogy to YVO;3
from the temperature dependence of the magnetic structures.
The magnetic structure of the V sublattice within the mon-
oclinic phase region was determined to be C,G,C, (P2/a
or Pnma setting) for R = Dy, Ho, and Er, similar to YVO3,
and therefore again not compatible with magnetic symmetry
analysis. There exists no determination of the structural details
of the monoclinic phase in this phase region apart from that
on YVOs;. As the temperature-induced change from G-type
orbital order to C-type orbital order in YVO3; was connected to
a slight increase in the octahedral distortion as the temperature
was lowered, and the characteristics of G-type and C-type OO
are best seen in the individual V-O bond lengths and V-O-V
bond angles, a systematic temperature-dependent study of a
further RVO; compound with 3™ < rgj is clearly required.

In a recent study, some of us determined the existence of
successive phase transitions in TmVO3 from magnetization
and specific heat measurements [32]. Four transition temper-
atures were linked to the onset of orbital order at Too =
175K, the appearance of magnetic order at Ty; = 108K,
a spin-orbital transition at 7s = 78 K, and to the magnetic
order of the Tm sublattice at T, = 15 K. The presence of the
transitions Topo > Tn > Ts and of a magnetization reversal at
Ts resembles strongly the situation in YVOs3. The ionic radius
of Tm3* situates TmVO3 between YbVO3 and ErVO; and
therefore in the part of the phase diagram of RVO3; compounds
where more structural studies are needed to allow a comparison
to the situation in YVOs.

This paper presents detailed results of a temperature
dependent diffraction study using high intensity and high
angular resolution neutron powder diffraction as well as
x-ray synchrotron radiation. The evolution of the structural
parameters and of the magnetic structures of TmVOs; is
followed and shows that a G-type orbital ordering at Tpo leads
to strongly differing V-O distances, to a change of space group
to P2y/a, and, at Ty, to the formation of a predominantly
C-type magnetic order with spin components C, Cy, which are
allowed by magnetic symmetry analysis. At T, a structural
transition back to the Pnma space group with C-type OO is
accompanied by a change to the G-type magnetic structure
possessing a single component G,. Clear evidence for phase
coexistence of Pnma and P2;/a in the temperature region
around T is given. This nuclear phase coexistence goes along
with the coexistence of the two associated magnetic structures.
The ordering at Ty, of the Tm sublattice in a C,-type magnetic
structure leads to a spin flop transition of the vanadium
sublattice from G, to G,. These results will be discussed in
comparison with published data on other RVO3 compounds.

II. EXPERIMENTAL DETAILS

The preparation and magnetic characterization of the pow-
dered sample of TmV O3 has been described in [32]. Neutron
powder diffraction data were taken on the high resolution
powder diffractometer D2B and on the high intensity powder
diffractometer D20, both situated at the Institut Laue Langevin,
Grenoble, France. In total, 17 data points were recorded
on D2B with A =1.5947A on heating between 1.5 and
300K, putting special emphasis on the temperature regions
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around 75 and Ty. The instrumental angular resolution of
one measurement at 85K was optimized by using a 10/
collimation of the primary neutron beam and by placing
additional slits behind the monochromator in order to limit the
wavelength spread of the monochromatic beam. Additional
data were taken on cooling down at 90K and 80 K using
the optimized resolution. A first thermodiffractogram was
measured on D20 by ramping up the temperature at a speed of
0.3 K/min between 1.7 K and 240 K and taking spectra every
5 min. A wavelength of A = 2.4156 A was selected using a Ge
(113) monochromator at a takeoff angle of 90°, representing
a high resolution option of this instrument [33]. A second
thermodiffractogram was taken under the same conditions but
on cooling down between 120K and 1.7 K. Several longer
(20 min) data points were additionally taken between 60 K
and 110K and between 85K and 100K (60 min) in the high
flux option of D20 using a highly oriented pyrolytic graphite
(HOPG) monochromator at the low takeoff angle of 42°, giving
A =2.4165A. Synchrotron experiments were performed on

TABLE 1. Lattice constants, atomic parameters, and thermal
parameters as determined from the refinement of the neutron data
in Pnma (300K, 50K) and P2,/a (120K). Due to the extremely
small scattering length of V, no thermal B factors were refined for
this atom type.

T (K) 300 120/110* 50

Space group Pnma P2y/a Pnma

aA) 5.5851(1) 5.5904(1) 5.5603(1)
5.59172(2)*

b(A) 7.5535(1) 7.5222(1) 7.5359(1)
7.52061(3)

cA) 5.2461(1) 5.2442(1) 5.2526(1)
5.24382(2)

y (°) - 90.010(7) -
90.011(1)*

Tm: x 0.0693(2) 0.0700(3) 0.0703(2)

y Ya Y4 (fixed) Ya

z 0.9798(3) 0.9794(3) 0.9794(3)

Uiso 0.0056(3) 0.0033(4) 0.0020(4)

Vix Ya Va Ya

y 0 0 0

Z 0 0 0

Voix - 0 -

y - e -

z - V2 -

O;:x 0.4572(3) 0.4571(3) 0.4581(3)

y Va Va (fixed) Va

b4 0.1152(3) 0.1163(3) 0.1174(3)

Uiso 0.0080(4) 0.0062(4) 0.0051(4)

O,:x 0.3058(2) 0.3126(10) 0.3008(2)

y 0.0583(1) 0.0580(12) 0.0599(1)

z 0.6899(2) 0.6940(10) 0.6862(2)

Uiso 0.0081(3) 0.0052(14) 0.0048(3)

O5:x - 0.7005(9) -

y - 0.5601(13) -

z - 0.3161(11) -

Uiso - 0.0049(14) -

RBrage 43 4.1 4.4

#From high resolution synchrotron powder data.
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the powder diffraction station of the BL0O4-MSPD beamline
[34] of the ALBA synchrotron located in the Barcelona
area, Spain. Data were collected in transmission mode using
the 13 channel multianalyzer detection (MAD) setup—220
Bragg reflection of silicon crystal—which offers the highest
possible instrumental angular resolution (A2 ~ 0.005°).
In order to minimize absorption, patterns were recorded
at short wavelength, A = 0.31776 A, and with the sample
filled in a 0.5-mm-diameter borosilicate capillary. Data were
registered on cooling at several temperatures between 295 K
and 80 K and on heating at 110 K and 150 K. Low temperatures
were achieved using a liquid nitrogen cryostream (Oxford
Cryosystems Series 700). While the use of the neutron data
is due to its comparatively high scattering cross section,
which is advantageous for the exact determination of the
oxygen positions, the superior resolution of the synchrotron
data allows the exact refinement of unit cell parameters. All
diffraction data were refined by the Rietveld method using
the FullProf [35] refinement package. Magnetic symmetry
analysis was done using the program BASIREPS [36,37],
included in the FullProf suite.

III. RESULTS AND DISCUSSION

A. Temperature dependence of structural parameters

High resolution data confirm the Pnma crystal structure
of TmVOj; at 300K and exclude the presence of impurities.
Structural details are listed in Table I. Several transitions of
structural and/or magnetic origin are visible in the thermod-
iffractogram shown in Fig. 1. The transition situated at about
180 K is in accordance with the knowledge gained from the
other RVO3; compounds tentatively attributed to an orbital
ordering transition. Synchrotron data taken below T confirm
the change to the monoclinic space group P2;/a, which leads
to the existence of two independent V sites.

The high resolution neutron data were accordingly refined
below Too in P2;/a and revealed the occurrence of strongly
enhanced differences in the V-O bond distances within the

Temperature (K)

50 es
20 (deg)

FIG. 1. Neutron thermodiffractogram of TmVO; between 2K
and 240 K. The left inset shows a contour plot of the low 20 angle
region with the appearance of magnetic reflections at Ty; and Tx;;
the right inset displays a high 2® angle region, where the structural
transitions at Too and Tg are visible through strong shifts in the
position of Bragg reflections.
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FIG. 2. (a) Variation of the V-O bond lengths with temperature as determined from high resolution neutron data of D2B. Note appearance
of G-type OO below 180K and of C-type OO below 75 K. (b) Variation of the monoclinic angle with temperature refined from synchrotron

(closed circles) and neutron (open squares) data.

ac plane reflecting the orbitally ordered state Fig. 2(a). The
distortion from the orthorhombic lattice is very small, with
the monoclinic angle increasing linearly from 90° at 150K to
about 90.018 (1)° at 80 K Fig. 2(b).

Table I lists the structural details of the refinement of the
neutron data taken at 120 K. Due to the very small value of
the monoclinic angle, it was possible to perform a cyclic Le
Bail fit of the 143 data sets between 2 K and 240K in space
group Pnma in order to determine the thermal variation of
the lattice parameters. Hereby, the low angle 2® region where
magnetic peaks appear at low temperatures were excluded
from the refinement. At Too ~ 180 K, changes in the slope of
all three lattice parameters are visible Figs. 3(a)-3(c). They,
however, compensate for each other and lead to a monotonic
behavior of the thermal expansion over Tpo Fig. 3(d). A jump
of all three lattice parameters leading to a volume contraction is
visible at around Ts = 75 K and is related to a second structural
transition, which indicates the change from the P2,/a phase
having G-type OO back to a Pnma phase with now C-type
0O0. No anomaly is visible at the magnetic transition at Ty =
105 K (Fig. 1), where the V sublattice becomes magnetic (see
Sec. III B), while small changes in the thermal variation of the
lattice parameters are visible at Ty, ~ 20 K, where the Tm
sublattice orders magnetically (see Sec. III C).

The second thermodiffractogram recorded on cooling down
was analyzed in the same way and did not reveal any significant
thermal hysteresis when comparing it to the data taken on

T
S
559 l 7.545
5.585 f\_fi /
- . 7.54 s
b
5.58 . ‘ 7.535~\l : ®)
€54575 1 2 153 d TN1 ‘,0
© 557 TNZ N1t el S
T 7.525 Py
5.565 00 T 7 Too
556 7.52 .
5.555 7.515
5%, 50 100 150 200 250 2'o 50 100 150 200 250

Temperature (K) Temperature (K)

heating up. The strong volume contraction is again positioned
at Ts = 75 K, while small changes in the lattice parameters are
seen at around Tpp = 180 K.

We will now turn to the discussion of the temperature
dependence of some structural details. Figure 4(a) displays
the behavior of the octahedral tilting represented by the
V-0;-V angle along the long b direction: A nearly linear
increase of this angle corresponding to a decrease of the tilting
can be determined for the temperature region between base
temperature and 75 K and between 200 K and 300 K within the
Pnma phase regions. At Tg, at the transition into the P2;/a
phase, the angle jumps to a smaller value before it increases
in an accelerated way up to Tpo, where the reentrance into the
Pnma phase region takes place.

Analyzing the data for YVOs, Blake et al. [19] postulated
that the increase of the octahedral tilting drives the system
from a G-type OO (P2;/a) to a C-type OO (Pnma). The data
on TmVO; show now that the situation is more complicated:
At T, the octahedral tilting becomes larger (the V-O;-V angle
decreases; Fig. 4(a)) when entering the P2;/a phase. The
argument of Blake er al. still holds, however, if we assume
that there is an upper stability limit for the P2;/a phase to
support the octahedral tilting. In this context, it is interesting to
discuss the thermal contraction of TmVOs;. Figures 3(a)—
3(d) show that below Tpo, the thermal contraction is solely
determined by the strong decrease of the b axis of the P2;/a
phase. There are two ways for the structure to accommodate

T
S
5.252 l 220.8
d)
5.25 \-\ © 2206 T
T N1
5248 . 02204 s
=< T T =< l
[
05246 N2 Nt—T 2202 T, /
00 =)
5.244 * l S 220 . oo
o
5.242 \..‘..,\// 219.8 ansmgmnt
5.24 219.6
0 50 100 150 200 250 0 50 100 150 200 250

Temperature (K) Temperature (K)

FIG. 3. Thermal variation of the lattice parameters of TmVO; (a,b,c) and of the volume (d) as determined from high intensity neutron data

using D20 in the 90° takeoff angle, high resolution option.
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FIG. 4. Variation of the V-O;-V angle (a) and of the V-O; bond length (b) as a function of temperature as determined from high resolution

neutron data of D2B.

this contraction: either by a decrease of the V-O; distances
or by an increase of the octahedral tilting. Figures 4(a)
and 4(b) show that both effects take place between Tpo and
100 K. Below 100 K, however, the volume contraction is only
absorbed by the increase of the tilting, while the V-O, distances
stay constant. It seems that the V-O; distances cannot be
compressed more strongly, a fact which could indicate the
stability limit of the P2,/a phase, where the G-type OO can
no longer be supported by the structure, and a transition to the
C-type OO at Ts sees a relief of both the V-O; distances and
of the octahedral tilting.

Following an idea by Goodenough [38], Mizokawa et al.
[39] calculated the stability of the different orbitally ordered
states as a function of the octahedral tilting and the induced
change in the covalence between the A site and the oxygen
ions. They concluded that the increasing octahedral tilting
should lead to a shift of the R cation, which favors the C-type
OO with respect to the G-type OO for large tilting angles.
While within the G-type OO phase, this shift is along the [101]
direction (Pnma setting), it changes into the [001] direction
within the C-type OO phase, thereby keeping closest contact
to the four nearest neighbor oxygen ions. For TmVOs, this
effect can be seen in Fig. 5, where the temperature dependent

0.5718 - 90K .
(]
T 05712 |
=
°
8 0.5706 160 [25 K
S —+*
x 150 K
g 057 'ZSOK 2K
|_

0.5694 |300K

0.0208 00216 0.0224
Tm z coordinate

0.02

FIG. 5. Variation of the x and z coordinates of Tm with tem-
perature as determined from high resolution neutron data of D2B.
Squares represent the high temperature and the G-type OO phases;
open triangles represent the C-type ordered OO phase.

displacement of the Tm cation can be related to the increasing
octahedral tilting [Fig. 4(a)] and to the change to the C-type
OO below 80 K [as will be seen in Fig. 10(a)].

B. Magnetic order of the V sublattice
for T > T, phase coexistences

In the temperature range between Ty; and Ts, the magnetic
intensities are very low (Fig. 6), and a difference pattern
between 85K and 110K using the high intensity D20 data
is used to visualize the pure magnetic peaks (Fig. 7). They
can be indexed with the magnetic propagation vector k = 0.
Magnetic symmetry analysis (Table II) shows that for each
of the two vanadium sites, there are two allowed irreducible
representations (IR), each containing three basis vectors (BV).
Assuming that the same IR is acting on the two vanadium
sites, and assuming equal moments on both vanadium sites,
the two IRs can be—depending on the parallel or antiparallel
alignment of the two sites—combined to give four different
allowed magnetic structures (Table II). In order to refine the
intensities of the six clearly visible magnetic peaks, one has to
assume concurrent contributions from C-type and G-type spin
order (SO), which is not an allowed solution from magnetic
symmetry analysis.

Even when trying to combine BVs from two different IRs
(e.g., G:G,C; or C,C,G.), it is not possible to calculate
the correct intensities. Only when assuming the coexistence
of two IRs, both having two nonzero BVs, namely, C,C,0
and G.G,0, is it possible to refine the data. The persistence
of G-type SO above Ts within the G-type OO phase has
been mentioned before by Reehuis et al. [25] for YVOs;.
While Reehuis et al. excluded the possibility of a coexistence
of two different nuclear phases and assumed a spin-canted
state, our high resolution neutron data taken at 85K prove
the coexistence of the P2/a and the Pnma nuclear phases.
The two phase refinement of the data is shown in Fig. 8; the
inset displays a 20 range where Bragg peaks characteristic
for each phase are well separated. The detection of the
phase coexistence (86% P2,/a, 14% Pnma) is facilitated by
relatively large differences in the lattice parameters (Table I).
The same coexistence was found in the 75 K data, with now
the majority phase being Pnma (79%). Data taken on cooling
show that this phase coexistence is also present in similar
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FIG. 6. Variation of the integrated intensity of three characteristic magnetic reflections with temperature: 001 (a), 011 (b), and 110 (c).

proportions when coming from 7 > Ty. This proves that the
phase coexistence is not the result of an incomplete phase
transition from Pnma to P2;/a at Ts when coming from low
temperatures, but is characteristic for the temperature region
between Ts and Ty independent of the thermal history.

This phase coexistence immediately suggests that the
magnetic peaks visible in the difference data files are stemming
from two different nuclear phases: the C-type SO components
from the P2;/a phase, and the G-type components from
the Pnma phase. By fixing the atomic coordinates and the
lattice parameters to the values determined in the refine-
ment of the high resolution D2B data taken at 85K, the
corresponding high intensity data taken also at 85 K on D20
were refined in order to determine scale factors for the two
nuclear phases. The phase ratio was 85%/15%, i.e., nearly
identical to the previously determined value. Using these
scale factors, the purely magnetic pattern can be refined,
with C,Cy0 SO (Rmae = 9.5%) within the P2;/a phase
and G;G,0 SO (Rma = 5.0%) within the Pnma phase. The
components amount to C, = 0.82(1)ug, C, = 0.32(2)ug, and
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20 (deg)

60

FIG. 7. Rietveld refinement of the difference pattern between
85K and 110K of TmVO; showing purely magnetic scattering of
V3*. The dots (red) and the solid line (black) represent the observed
and calculated intensities, respectively, and the line below (blue)
indicates the difference between them. Tick marks indicate the
calculated positions of allowed magnetic Bragg peaks for P2;/a
(upper two rows) and Pnma (lower row). The two magnetic peaks
created by the G-type magnetic order have been indexed (see main
text).

G, =1.005)us, Gy = 1.19(5) ug, giving total moments of
0.88(1) up for the P2;/a phase and 1.56(4) ug for the Pnma
phase, respectively. There is, however, no IR of type G,G,0
in Pnma [26], and the magnetic moment value refined for
the Pnma phase of 1.56 up is surprisingly high compared to
the low temperature value, vide infra. The high resolution
data taken below Tg at 50K indicate the unique presence of
the Pnma phase at this temperature (Table I) and a C-type
0O. The V-O bond lengths within the basal plane of the
VOg octahedra are now less different than in the G-type OO
phase but still significantly more different Fig. 2(a) when
compared to the orbitally disordered Pnma phase above Too.
The magnetic structure is of G-type following the allowed
IR C,G,F;, with C; = F, =0 and G, = 1.33(3) ug, with
the magnetic moment pointing in the direction of the long
b axis. The size of the magnetic moment and the magnetic
structure were confirmed using high intensity data, which gave
G, = 1.28(3) ug. It is unlikely that the magnetic structure of

TABLE II. BVs of the two IRs of the vanadium atoms V,
and V, located, respectively, on the Wyckoff positions 2¢ and 2d
for the magnetic propagation vector k = 0 in space group P2,/a.
Combination of the BV of the two V sites by assuming either a ferro-
or an antiferromagnetic alignment leads to the allowed couplings
G,G,F,,C,.C A, (IR1),and Fy, F,, G, A,, A,, C, (IR2).

IR1 IR2
Vi BV1 BV2 BV3 BV1 BV2 BV3
%00 100 010 001 100 010 001
00% —-100 0-10 001 100 010 00-1
Vv,

0% % 100 010 001 100 010 001
“%»0 —-100 0-10 001 100 010 00-1
V, ferromagnetically aligned to V,

%00 100 010 001 100 010 001
00% —-100 0-10 001 100 010 00-1
0%% 100 010 001 100 010 001
“»%0 —-100 0-10 001 100 010 00-1

G, G, F, F, F, G,
V, antiferromagnetically aligned to V,
%00 100 010 001 100 010 001
00% —-100 0-10 001 100 010 00-1
0%%» —-100 0-10 00-1 —-100 —-010 00-1
Y220 100 010 00-1 —-100 -010 001
C, C, A, A, A, C,
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FIG. 8. Observed (red dots), calculated (black line), and differ-
ence pattern of the refinement of the nuclear structure only of TmVO;
at 85 K. The tick marks indicate the calculated positions of the Pnma
(upper row) and P2, /a (lower row) phases.

the low temperature Pnma phase increases the moment size
when entering the phase coexistence region on heating, and
this raises questions for the above presented solution for the
85K data. Taking up the proposition of Reehuis er al. [25]
for YVOs, it was therefore assumed that the P2;/a phase
possesses as well a G-type component in its SO. By testing
all possible orientations of the C and G components, good
refinements were achieved for the T = 85 K data using models
with either (1) C,CyG./G,00 or (2) CcG,C./G,00 for the
P2, /a phase and Pnma phase, respectively. The magnetic R
factors are significantly lower in these models compared to
the C,C,0 (P2/a)/G1G,0 (Pnma) model presented above,
and the magnetic moment of the Pnma phase is similar for (1)
with 1.33(2) up and slightly lower for (2) with 1.15(2) ug as
at 50K, where the Pnma phase is the unique phase present.
Let us recall here that the C,G,C; SO had been proposed by
Reehuis et al. [25] for the P2;/a phase of YVOs;. There are,
however, three arguments that speak against these solutions
for the magnetic order in the phase coexistence region. First of
all, neither a SO of type C;C,G; nor of type C,G,C, would
represent an allowed IR for the P2;/a phase, and second of
all, a G, 00 model for the SO of the Pnma phase at 85 K would
mean that the SO of this Pnma phase sees a spin reorientation
between T < Ts, where the SO is 0G,0 and T > Tg as it
becomes the minority phase.

The third argument against these solutions is based on
the temperature dependence of the magnetic peaks: The high
resolution neutron diffraction data taken on D2B and D20
permit us to quantify the coexistence of the two phases Pnma
and P2;/a on heating in the temperature region 70K < T <
110K. The phase percentage of the Pnma phase is seen to
decrease from about 15% at 85 K down to about 7% at 105 K.
At the same time, data taken between 85 K and 100 K with very
high statistics (60 min/point) show that all magnetic peaks are
present up to Ty, with, however, a change in the intensity ratio
between the two magnetic peaks (110, 011) created through
G-type SO (Fig. 9). The relative intensities of the 110 and
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FIG. 9. Variation of the intensity of the magnetic 011 (/y;;, open
squares) and 110 (/;10, open circles) reflections and of the ratio
1110/ 1p1; With temperature.

011 reflections change from I;19/Ip;; ~ 0.78 to I;19/Io11 ~
0.59 between 85K and 100K. The intensity ratio created
through solely G- or solely G,-type SO can be calculated
as Ij10/Ip11 = 1.05 and I;19/Ip11 = 0.38, respectively. This
means that the G, component decreases between 85K and
100K and should therefore be attributed to the decreasing
Pnma phase, while the G, component should belong to the
main P2;/a phase. As at the same time, the weak intensity
of the 100 reflection forces the strongest component of the
C-type SO to also be oriented along the crystallographic a
direction, and this conclusion calls for the coexistence of two
types of SO embracing either spatially or temporally different
parts of the same P2;/a nuclear phase. This coexistence of
spatially/temporally separated spin orders indicates that the
P2, /a phase might see as well the coexistence of different
orbitally ordered regions. Contrary to the Pnma phase, which
cannot house G-type OO, the P2;/a symmetry supports
G-type and C-type orbital order. Figure 7 shows the refinement
of the difference data set between 85 K and 110 K using the SO
models of C,C,0and G,00 for the P2;/a phase and 0G0 for
the Pnma phase. The refined coefficients are C,, = 0.82(1)usg,
C, =0.32(2)up, and G, = 0.45(2)up for the P2,/a phase,
and G, = 1.25(4)up for the Pnma phase. Assuming equal
moment values for the two types of SO within the P2;/a
phase, this leads to a 78%/22% phase distribution for the
C-type/G-type spin orders, with each having a total moment
of Mf,* = 0.99(2) ug. This can be compared to the results
of Reehuis et al. [25], who determined for the monoclinic
phase of YVOs3, using the model of a single C,G,C; SO, very
similar components for the C-type and G-type components,
resulting in uf,* = 1.02 up. The solution proposed for the
phase coexistence region seems at first sight complicated but
has the advantage of fulfilling important criteria: The moment
size and the direction of the G-type coupling (0G,0) of the
Pnma phase are identical to the situation at lower temperatures,
where this phase is the sole nuclear phase. The C,C,0 and the
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TABLE III. IRs and their BVs of Tm situated on the Wyckoff site 4¢ for k = 0 in space group Pnma.

1R2 IR3

1IR6 1IR7

IR1 IR4 IR5 IR8
Tm BVI BVI BV2 BVI BV2 BVl BVl  BVI BV2 BVl BV2  BVI
X, Vaz 010 100 001 100 001 010 010 100 001 100 001 010
—x+%, Y z4% 0-10 —100 001 —100 001 0-10 010 100 00—1 100 00—-1 010
—X, %, —2 010 —100 00-1 100 001 0-10 010 —100 00—-1 100 001 0-10
x4+, Yo, —z4+%  0—10 100 00-1 —100 001 010 010 —100 001 100 00-1 0-10

—Cy— A,—— —-0G, C,—F, —Ay— —F,— G, — A, F,—C, -G,—

G,00 SO couplings within the P2;/a phase are allowed by
magnetic symmetry, and the magnetic moment size adopts a
value typical for the monoclinic phase region. Possible reasons
for the reduced magnetic moment value of V3t (§ = 1) within
the G-type OO phase were discussed by Tsvetkov et al. [22]. A
coexistence of short-range correlations of C-type orbital order
with G-type orbital order within the same nuclear phase has
already been proposed earlier in the literature for YVO3 [40].
Although allowed from symmetry considerations (Table II
[26]) there is no sign of a ferromagnetic component in any
of the coexisting magnetic phases.

In a very recent paper, Skoulatos et al. [41] proposed for
LuVOs;—which also adopts a monoclinic phase having C-
and G-type SO components in an intermediate-temperature
range—a superposition of both coupling schemes onto the V
sublattice fixed in time. For LuVOs3, Skoulatos et al. found
the modes (C,C,0) and (G,G,0), which are very similar
to the ones found here for TmVOs;. In the general case, a
superposition of these two modes has to lead to unequal
moment values for the V sites in the sublattice. However,
asin [41] C; ~ Cy and G, ~ —G,, the superposition leads to
moment sizes equal within the error bars. This physical picture
of the coexistence of spin orders by superimposing interference
within the same crystallographic phase is less probable in the
case of TmVOs3, because here C, > Cy and G, > G, =0,
which would lead to largely different magnetic moment values
of 1.3 up and 0.5 pup for crystallographically identical V sites.

For HoVOs;, Blake et al. [42] discussed the possibility
of having a competition between the Jahn-Teller coupling,
leading to the distortion below T, and orbital fluctuations,
which would lead to a further reduction in symmetry and, in
extremis, to the formation of a dimerized state. The single
crystal neutron data presented in [42] showed that there
are significant orbital fluctuations present, which perturb the
G-type OO and lead to an average structure of HoVOs;
better described in space group Pb11. We cannot exclude this
possibility to exist as well for TmVOs3; however, our powder
data, having less sensitivity than the single-crystal data of [42],
do not give any indication for a further symmetry reduction of
TmVO; from P2;/a below Too.

It has been shown above that the coexistence of the two
OO phases is limited to the temperature region Ts < T <
Tni- Above Tnp and up to Tpg, only the G-type OO phase
exists. For SmVO; [29], which is a typical example of an
RVO3; compound with an intermediate size R, a similar phase
coexistence has been shown also to be restricted to the region
below 7n. This means that the appearance of the C-type
OO phase (having a magnetic G-type coupling) below Ty is

triggered by the appearance of the magnetic order, although
the main phase with G-type OO adopts a different magnetic
coupling scheme. Similar to the situation in SmVO; [29],
a strong influence of the majority G-type OO phase on the
minority C-type OO phase—probably through strain—can be
detected within the phase coexistence region when looking
at the respective unit cell volumes. At 85 K, where the phase
fraction of the C-type OO phase represents about 14%, this
difference amounts to only 0.07%, whereas the relaxed C-type
OO phase at 50 K has a volume that is 0.15% smaller than that
of the G-type OO phase (at 85 K). This value is similar to the
one found for YVO; [19], where the transition to the C-type
OO phase at lowest temperatures is also fully achieved.

C. Magnetic order of the Tm sublattice spin flop transition

Below Ty & 20 K, strong changes in the intensities of the
magnetic reflections are visible (Fig. 6) as the Tm sublattice
becomes magnetically long-range ordered following the same
magnetic propagation vector. Table III lists the allowed IRs
and their BVs for the Wyckoff position 4c¢ for k = 0 using
the standard notation Pnma for the orthorhombic phase. At
2K, asimple C,-type SO corresponding to the allowed IR1 is
found for the Tm site with ,u%; = 2.15(2)iup. Contrary to the
situation found at 50 K (0G ,0), the spins of the V sublattice are
no longer pointing in the direction of the long b axis but follow
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FIG. 10. Variation of the individual spin components of Tm and
V with temperature.
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FIG. 11. (a) Sketch of a hypothetical magnetic order where the spins of the Tm** ions follow a C, configuration and those of the V** ions
follow a G, configuration. (b) Actual magnetic structure of TmVO3 at 2K after a spin flop of the V spins.

a G,00 SO. Figure 10 shows the results of a cyclic refinement
of the magnetic structure between base temperature and 70 K
using high intensity data.

Coming from base temperature, the spin reorientation of
the V3* spins is synchronized with the decline of the magnetic
moment value of the Tm sublattice; at about 13K, G, > G,.
This change of SO corresponds to a spin flop transition and
can be directly explained by the strong internal field created
by the Tm sublattice acting on the V3* sites. Figure 11(a)
shows the situation where the Cy, coupling of the Tm sublattice
along the b direction creates a parallel internal field for one
half of the V spins and an antiparallel internal field for the other
half. The V subsystem reacts with a spin flop to a direction
perpendicular to the internal field [Fig. 11(b)]. There is again
no sign of a ferromagnetic component on the V sublattice,
neither above nor below Tyy.

This spin flop is accompanied by a visible magnetostriction
effect, leading to a decrease of the a and an increase of the
c lattice parameters at T = 13 K [Figs. 3(a), 3(c)]. The other
RVO3 compounds with rﬁ*’ < r]?y' where information on the
magnetic structure at base temperature is known are YVOs,
HoVO3;, and ErVOs; [24,32], which all see a 0G,0 SO of the
V spins identical to TmV O3 above Ty;. The main component
of the SO of the Ho sublattice in HoVOs is C,, perpendicular
to the G, SO of the vanadium sublattice, and therefore not
perturbing it by its strong internal field. For ErVOs;, one has to
ask oneself, however, why the strongly polarizing ordered Er
sublattice, which adopts the same 0C,0 configuration as the
Tm sublattice in TmVOj3, does not as well lead to a spin flop
transition in ErVOj3;. One reason might be that due to the low
value of Ty = 2.5 K, the spin flop has not yet taken place at the

measuring temperature of 1.6 K (value given in Table IT of [31],
but see [43]), or that the spin flop is hindered by a stiff lattice. In
this context, itis interesting to see that the de Gennes scaling for
the magnetic transition temperature of the R sublattice—which
should be proportional to (gy — 1)>J(J + 1), where gj is the
Landé factor, and J is the total angular momentum—is not fol-
lowed by ErVO3, which should have a Ty, higher than TmVO3.

IV. CONCLUSIONS

The neutron and synchrotron diffraction study of the
temperature dependence of TmVO; confirms the existence
of a multitude of structural and magnetic phase transitions:

(1) On cooling, a first structural transition from Pnma to
P2, /a takes place at Topo = 180 K and leads to the creation of
two long and two short V-O bonds symptomatic for a G-type
orbital ordered phase. The monoclinic angle is small (y =
90.012° at 110K).

(2) AtTn; = 105K, the magnetic order of the V sublattice
induces a structural phase coexistence of a majority P2;/a and
a minority Pnma phase. The P2 /a phase sees a further phase
separation into a volume fraction adopting a C,C,0 magnetic
coupling and a second fraction having a G,00 magnetic
coupling. The Pnma phase fraction orders magnetically with a
0G, 0 structure. At 85 K, the magnetic moment values amount
to about y = 1.0 ug.

(3) At Ts =75K, the Pnma phase becomes the sole
nuclear phase. Reaching a maximum value close to Ts within
the P2;/a phase, the octahedral tilting is partly relieved when
going through the transition to Pnma. This structural phase
transition is accompanied by a volume contraction and the
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establishment of C-type orbital order, where the V sublattice
follows a 0G0 magnetic coupling with uy = 1.3 up at S0K.

(4) At Tnp = 20K, the Tm sublattice orders in a C,-type
magnetic structure (U, = 2.15 up at 2 K) and induces a spin
flop of the V sublattice from 0G,0 to G,00.

Most of these results place TmVO; into close corre-
spondence with YVOj3 [25], which is the only other RVO;
compound with r§+ < ;’]3;r for which detailed structural and
magnetic studies have been presented. The phase coexistence
of Pnma and P2/a found below Ty; places TmVO; at
the same time in close relation to the RVO; compounds
with R = Sm, Eu, Gd, and Tb, for which a similar phase
coexistence was found. TmVOs is, however, unique because
the structural phase coexistence is not present down to lowest
temperatures, but only between Ty; and Ts. The coexistence
of two magnetic couplings within the C-type orbitally ordered
phase with P2 /a symmetry is shared by TmVO3; and LuVOs.
Whether the two magnetic couplings are spatially separated
or superposed on the same magnetic sites remains a matter
of debate. In the case of TmVOs3, a scenario where the two
magnetic orders are present in volume fractions separated in
space has been shown to be more likely. The existence of a
spin flop transition of the V sublattice induced by the magnetic
order of the R sublattice has not been detected before but can
be explained by the strong internal field acting on the transition
metal sites.

The magnetization results presented in [32] and their
similitude to those of YVOs3 [11] can now be related to the
phase transitions at Tnp, Ts, and Ty found in the diffraction
results. The discussion of the magnetization reversals found
at Ty and at Ts for YVOj3 by Ren ef al. [16] can be equally
applied to the case of TmVOj3. The fact that neutron diffraction
did not find any sign of a ferromagnetic component, either
for the P2;/a phase or for the Pnma phase in TmVO;
(similar to YVO3 [25]), can be explained by the inability
of neutron powder diffraction to detect magnetic moments
below about 0.1 ug. The magnetization data measured under
a field of 0.5 T (Fig. 3 of [32]) show strong changes in
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the magnetization curves and the appearance of significant
ferromagnetic components that are induced by the application
of the magnetic field. A similar conclusion might be drawn
as far as the existence of first-order transitions is concerned:
While the zero-field neutron diffraction data did not reveal
any significant thermal hysteresis, either at T or at Ty, the
magnetization data under a field of 0.5 T (Fig. 3 of [32])
showed clear signs of hysteretic behavior at Ts and Ty, with
widths of the hysteresis loops of about 9 K. It can be suggested
that under a magnetic field, the magnetic coupling of the Pnma
phase sees an induced ferromagnetic component below Tg
and becomes type 0G, F; (see [26]). Because the main phase
fraction of the P2;/a phase above Ts has a C,C,0 magnetic
coupling, which does not allow a ferromagnetic component
(see Table II), the Pnma phase should be stabilized by the
magnetic field compared to the P2;/a phase and lead to the
thermal hysteresis between field-cooled warming (FCW) and
field-cooled cooling (FCC) curves at 7s. A similar argument
should hold at Ty, where the still present fraction of the Pnma
phase, with its induced ferromagnetic component, shifts 7y
to higher values on warming.

In summary, high angular resolution and high intensity
neutron diffraction and synchrotron diffraction data revealed
the presence of four transitions at Too, Tni, s, and Tnp, which
place TmVOj3 within the phase diagram of RVO3; compounds
corresponding to its R3* ionic radius close to YVOs. Details
like the presence of structural and magnetic phase coexistences
can be found as well in RVO;3 compounds with similar R**
radii; however, their temperature dependence as well as the
presence of a spin flop transition are for the moment unique.
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