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Crossover behavior of the crystal structure and the relation to magnetism in perovskite RTiO;
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We found that a crossover behavior of the crystal structure at high temperatures dominates the magnetic state
at low temperatures in the series of RTiO3 (R is rare earth). At the crossover temperature, which exist only in
the samples that become antiferromagnetic at lower temperatures, the temperature derivative of lattice con-
stants changes its sign, and the crossover temperature approaches zero as the Neel temperature approaches zero
in the phase diagram of the ionic radius of R vs temperature. This result indicates that the orbital state of the
Ti ion dominates the low-temperature magnetic state in RTiO5.
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A change in magnetic states in a series of compounds
associated with a change in orbital states is a characteristic
behavior in transition-metal oxides. A typical example is
seen in doped perovskite manganites, R;_,A,MnO; (R is a
rare earth and A an alkaline-earth ion). In this series of com-
pounds, the ordering of Mn spins changes from ferromag-
netism (FM) to A-type (ferromagnetic alignment of spins
along planes), C-type (ferromagnetic along straight lines),
G-type (conventional antiferromagnetic alignment), and CE-
type (ferromagnetic along zigzag lines) antiferromagnetism
(AFM) associated with the change of the Mn orbital order-
ing, which is induced by the variation in the hole concentra-
tion x and the average ionic radius of R,_A,." Another ex-
ample is seen in (undoped) perovskite vanadates, RVOs3, in
which the ordering of V spins changes from C-type to G-type
AFM associated with the change in the V orbital ordering
from G-type to C-type.> In both cases, Kanamori-
Goodenough-type discussion® is applicable to explain the
magnetic state on a specific type of orbital ordering.

On the other hand, the change in magnetic states in per-
ovskite RTiO; with the change of rare earth (R) has not been
fully understood yet. In this series of compounds, the order-
ing of Ti spins changes from G-type AFM with a larger ionic
radius of R to FM with a smaller ionic radius of R, and the
threshold is between R=Sm (AFM) and Gd (FM).°-8 Various
theoretical studies®™!'" indicate that there is antiferro-orbital
ordering in the FM state, and NMR measurement,'? polar-
ized neutron scattering,'> and resonant x-ray scattering'*
have confirmed the existence of such antiferro-orbital order-
ing, i.e., the alternate occupation of ald,)+pB|d,,) and
ald,,)+Bld,,) orbitals in the Ti ion. However, the result of
resonant x-ray scattering does not support the change in the
orbital state associated with the change in the magnetic state
from FM to AFM but indicates that the antiferro-orbital or-
dering seemingly survives even in the AFM state.'> Theoreti-
cally, it was proposed that the magnetic state changes from
FM to AFM with a continuous variation of parameters but
without a distinct change of orbital ordering.'®!?

Another experimental result related to the change in mag-
netic states in RTiO5 is a variation in the crystal structure
clarified by diffraction measurements.'®!> Namely, the ratio
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of the a lattice constant to the b lattice constant of the ortho-
rhombic RTiO; (with the so-called GdFeOs-type distortion),
alb, varies from a/b<1 for the FM compounds to a/b>1
for the AFM compounds. Microscopically, the ratio of the
in-plane oxygen-oxygen bond along the a and b direction,
ro.0=(02-02),/(02-02), (02 refers to the in-plane oxygen)
varies from rg o~ 1 for the FM compounds to rq.o>1 for
the AFM compounds, and the ratio of the two in-plane Ti-O
bonds, r3y.0=(Ti-02)e/ (Ti-02) ey varies from rp o> 1
for the FM to rr;.o~ 1 for the AF compounds. This variation
in bond length is consistent with the theoretical studies that
the lattice distortion rpy.g>1 favors the antiferro-orbital or-
dering and ferromagnetic ordering whereas rq.o>1 induces
a trigonal crystal field to the 1,, orbital and favors the ferro-
orbital ordering (where the |a))=(|d,)+|d,)+|d.))/\3
states extending toward the (111) direction are occupied) and
antiferromagnetic ordering.’ However, it is not obvious
whether this type of lattice distortion exists ab initio and
affects the orbital state of Ti or occurs as a result of orbital
ordering.

One of the problems here is that both types of distortions
(the variations of rg.q and rr.g) and both ferro-orbital and
antiferro-orbital ordering do not violate the symmetry of the
GdFeO; distortion (space group Pbnm), which is a common
distortion observed in the compounds with a perovskite
structure (even without transition metals). This makes the
transition between two different orbital states unclear unlike
the orbital ordering in manganites and vanadates that is ac-
companied with a clear change in the space group.

In this Rapid Communication, we studied the detailed
temperature dependence of the crystal structure for RTiO;
over a wide temperature range. We found that at very high
temperatures (7>600 K), the crystal structure varies with T
in the same direction, i.e., da/dT>0 and db/dT <0, for all
the samples but there exist crossover temperatures, 7, only
for the samples showing the AF state at low 7 and below T+,
the crystal structure behaves in such a way that da/dT<0
and db/dT> 0. This result indicates that the crossover line of
the crystal structure at high 7" dominates the magnetic-phase
boundary at low 7. We propose that this crossover arises

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.82.020401

TAKUBO et al.

400 F T T T T 20F
~300 - 15+

£
2

§200 = 10+

x
= NdTiO, J/

100 = o 9 5+

.M'"'..‘”‘"
M
0k 1 1 L4 ok =
0 20 40 80 100 0 10 20 30 40 50 60
Temperature (K) Temperature (K)
400 F (c) T T T T

g300 I~ Long -

g ) Sr

£200}- 4%, 7 shor

é 0.5 ‘

of
F 100 - e 0
Tc v %d 1
0 I 1 107894/@® | 1 1

1.04 1.06 1.08 1.10 1.12 1.14 1.16 1.18 1.20
Tonic radius (A)

FIG. 1. (Color online) [(a) and (b)] Temperature dependence of
inverse magnetic susceptibility 1/x(7) for RTiO3. Arrows show (a)
Neel temperatures (7y) or (b) Curie temperatures (7). (c) Phase
diagram of perovskite titanates. The solid lines correspond to mag-
netic ordering temperatures and the thick dashed line to the cross-
over in the structural change (see text).

from the orbital ordering and it becomes crossover because
the GdFeO;-type lattice distortion acts as a “magnetic field”
for the orbital degrees of freedom as pseudospins.

Single crystals of RTiO; with R=Nd, Sm, Gd, Y, and the
mixed compounds, Sm;_,Gd,TiO; (x=0.2,0.5,0.75) were
grown by a floating zone method. X-ray diffraction measure-
ment using a synchrotron radiation x-ray source was per-
formed at SPring-8 BL02B2 equipped with a large Debye-
Sherrer camera.?! For the measurement, single crystals were
crushed into powder and then a precipitation method*? was
applied to obtain fine powder with a homogeneous size. The
powder was sealed in a 0.2 mm ¢ quartz capillary and tem-
perature was controlled by a N, gas flow system between 90
and 800 K. Rietveld analysis of the diffraction data was per-
formed with Rietan-2000.>3 Strain measurement by a strain-
gauge technique was conducted for several samples between
20 and 300 K. For the measurement, the orientation of the
single crystals was determined by a Laue method. Magnetic
susceptibility was measured by a superconducting quantum
interference device magnetometer.

Figures 1(a) and 1(b) show the result of (inverse) mag-
netic susceptibility and the magnetic-phase diagram. The
ground state changes from FM to AFM in Sm,_,Gd,TiO; at
x=0.5. This result is consistent with the previous
literature.®

Figures 2(a)-2(c) show the variation of the a, b, and ¢
lattice constants with temperature, in which the y axis is
defined as (AL/L),=[a(T)-a(700 K)]/a(700 K), etc. Here,
the 7 dependence of strain measured by a strain gauge,
which is normalized to the value at 200 K obtained by the
x-ray diffraction measurement, was also plotted in the same
graphs. With decreasing T from 700 K, (AL/L), decreases
for all the samples down to 400 K. However, at lower 7,
(AL/L), of some samples exhibits an upturn and increases

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 82, 020401(R) (2010)

T T T T T T T T
(a) * ok (©) . gl
R B NdTio3 e U
! 2 ' g
S2F H 434} [l i
5 2 '§g = !!AO
N l....-" g e 26 ’fN 5 ° T
- sm,,Gd,Tio "= gl 8 |
=R A A x=00 |~ o 50
CI) " x=02 - —/eéggéo _
© 5
-6 —ﬂﬂﬁi;o A Y ]
. o° 0 YTIOs o e Te | ! ! |
T 0 200 400 600 800
Temperature (K)
7\9%% @ T —
N 0 | [ 7=S00KA oy,
a g E[ r=300k i
3 2 E
d 208 FT=90K
g - 2 A J \n
204 . (de@
z m SmTiO;
T b E 7'= 300 K|
N TS ® ] 1 + 0.0f
0 200 400 600 800 25

Temperature (K) 5 20 (deg)

FIG. 2. (Color online) Variation in the (a) a, (b) b, and (¢) ¢
lattice constants with temperature. The y axes are defined as
AL/L=[a(T)-a(700 K)]/a(700 K), etc. Symbols are the data ob-
tained from x-ray diffraction measurement and solid lines are from
strain measurement. (d) Synchrotron x-ray powder diffraction pat-
terns (plus marks) and Rietveld refinement patterns (solid lines) of
SmTiO;5 at 300 K with A=0.7776 A. The solid line at the bottom
corresponds to the difference between observed and calculated in-
tensities. The inset shows the variation in the diffraction peaks, 020,
112, and 200 with temperature.

with decreasing 7. By comparing the results with the
magnetic-phase diagram shown in Fig. 1(c), it is found that
the samples showing an upturn in (AL/L), are those showing
the AF phase at low 7. Furthermore, another anomaly exists
at the magnetic-phase transition temperature in the data mea-
sured by a strain gauge; (AL/L), further increases below Ty
for SmTiO; but decreases below T for GdTiO;, consistent
with the data previously reported.'!%2* Therefore, the a lat-
tice constant keeps on decreasing with decreasing 7 for the
FM samples and further decreases at 7 whereas for the
AFM samples, it first decreases with decreasing 7 but exhib-
its an upturn at a certain temperature and increases with de-
creasing 7 and further increases below TYy.

The behavior of (AL/L), is similar to (AL/L), but in the
opposite direction. Namely, for the FM samples, the b lattice
constant keeps on increasing with decreasing 7 and further
increases at T whereas for the AFM samples, it first in-
creases (or almost T independent) but exhibits a downturn at
a certain temperature, and further decreases below Ty. On
the other hand, the (AL/L). does not exhibit such a
R-dependent behavior; ¢ monotonically decreases with de-
creasing T for all the samples.

To see the characteristics in the 7" dependence of the lat-
tice constants for RTiO; more clearly, the ratio of a to b,
each of which is normalized to the value at 700 K, is plotted
as a function of 7T in Fig. 3. As can be seen, a/b keeps on
decreasing with decreasing 7 for YTiO;, GdTiOs;, and
Sm;_,Gd, TiO5 with x=0.75, all of which become FM at low
T. However, an upturn of a/b appears for Sm;_,Gd, TiO;
with x=0.5, which is located at the magnetic phase boundary
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FIG. 3. (Color online) The ratio of the a lattice constant to the b
lattice constant (normalized to the value at 700 K) as a function of
temperature. Arrows show the minimum of the data (T;) for each
sample.

between the FM and AFM phases, and the temperature
where the upturn occurs (the minimum of a/b shown by
arrows) increases with decreasing x for Sm,_,Gd,TiO;, and
amounts to ~300 K for NdTiOs, all of which become AFM
at low T.

The temperature where a/b shows a minimum, T: is plot-
ted as a function of the ionic radius of R in Fig. 1(c), together
with T and Ty. Note that 7, is not a transition temperature
but should be regarded as a crossover temperature. As can be
seen, T; exist only on the AFM side. In other words, the
crossover line for the crystal structure divides the FM and
AFM phase at low 7. This feature in the phase diagram in-
dicates that T7, a crossover temperature of the lattice, and Ty
are correlated with each other.

To understand the microscopic nature of the crossover, we
focus on the variation of bond lengths with temperature ob-
tained by the Rietveld analysis. An example of the analysis is
shown in Fig. 2(d).? In Fig. 4, ro.o=(02-02),/(02-02),,
which is coupled with the ferro-orbital ordering, and ryyqo
=(Ti-02)ng/ (Ti-02) o, Which is  coupled with the
antiferro-orbital ordering, are plotted as a function of 7. As
can be seen, rg.o exhibits a clear 7 dependence correlated
with the 7 dependence of the lattice constants shown in Figs.
2 and 3; rqg.o is larger than unity and becomes larger with

T T T o 7yTio,

. ® NdTi B Sm,_Gd,TiO.
1.02 (a) [H o] 104 (b) .GATiO;
=il A x=1.0
Sm, Gd | TiOy } 1.03 Pog® % T o x=075
A

o

1.01 |-

L] E %
A
702
° x_oo"lr"-..‘ oL.02 % T J E
L % ; k’i— R
ook “7\ %%i 1.01 e i i
x= "\ ovro, | 100 o 0 Y el o
0.99 £~ L0 555 B A x=00 .
| 1 1 1 1 0.99 @ NdTiO; —
0 200 400 600 800 0 200 400 600 800

Temperature (K) Temperature (K)

FIG. 4. (Color online) (a) The ratio of the two in-plane O-O
bond lengths, rg.0=(02-02),/(02-02), and (b) the ratio of the
two in-plane Ti-O bond lengths, rrj o= (Ti-02)4p,/ (Ti-O2) gr as a
function of temperature.
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decreasing T for the AFM samples whereas rg.o keeps on
decreasing with decreasing T for the FM samples. On the
other hand, rr;.o does not show a systematic 7 dependence.
Theoretically, the deviation of rg_g from unity corresponds to
a trigonal distortion of the TiOg octahedra, which favors the
|a1g Y=(|dy)+|d,.)+|d.))/\3 orbital along the (111) direc-
tion and induces ferro-orbital ordering in the crystal.!®!7 In-
versely, the ferro-orbital ordering, in which an electron oc-
cupy the a;, orbital at all the sites, induces a trigonal
distortion of TiO4 octahedra to further stabilize the orbital
state. Thus, it can be concluded that in the AF samples, the
ferro-orbital ordering occurs and that induces the trigonal
distortion of TiOg octahedra and the deviation of rg o from
unity. This result means that the crossover line in Fig. 1(c)
corresponds to a crossover from the high-7" phase, which is
likely to be the antiferro-orbital state, to the low-7 phase, the
ferro-orbital state.

As discussed in the introduction both the ferro-orbital or—
dering with the occupancy of the |a;p)=(|d)+|d,,

+|d_))/ V3 state and the antiferro-orbital ordering with the
alternate occupancy of ald,)+pld,,) and a|d,)+pld..)
states do not violate the symmetry of the GdFeOj; distortion.
In this situation, the ferro-orbital state and the antiferro-
orbital state cannot be eigenstates but they are mixed.
Namely, the GdFeO; distortion inherently existing in the
crystal acts as a “magnetic” field to the orbital degrees of
freedom as pseudospins. Thus, it is reasonable that orbital
ordering (pseudospin ordering) becomes crossover under the
influence of a lattice distortion (an applied magnetic field),
similar to the situation in the ferromagnetic spin system that
loses its critical behavior with applied magnetic field.

It should be noted that the 200 and 00/ peaks with the odd
number of 4,/ in the resonant x-ray scattering, whose exis-
tence has been interpreted as the antiferro-orbital ordering,
appear unless the occupancy of the |d,.) and |d.,) is com-
pletely the same in RTiO;. In other words, with the existence
of the GdFeOs distortion, the appearance of these peak does
not necessarily mean the antiferro-orbital ordering. The
present experimental result indicates that the ferro- or
antiferro-orbital ordering manifest itself in the temperature
dependence of some parameters, rq._q in this case. We specu-
late that the study of the detailed temperature dependence in
the intensity of the resonant x-ray scattering will give more
direct evidence on this issue.

One of the important aspects in the present experimental
result is that the antiferro-orbital ordering is the higher-7
phase and the ferro-orbital ordering is the lower-7 phase.
This seems inconsistent with the model proposed by Mochi-
zuki and Imada,'®!” where the ferro-orbital ordering is sta-
bilized by the trigonal distortion and the crystal field inher-
ently existing in the crystal. In the language of spin systems,
this can be described in such a way that the AFM state would
be the ground state without a magnetic field but the FM state
is stabilized by a magnetic field. In this case, it never hap-
pens in spin systems that the AFM state, which is stabilized
by a spin-spin interaction, is the high-7" phase and the FM
state, which is stabilized by a magnetic field, is the low-T'
phase. The difference of the present orbital system from the
spin systems is that a magnetic field, corresponding to a lat-
tice distortion as a real quantity, is also affected by the pseu-
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dospin ordering, i.e., orbital ordering. Therefore, both the
ordering of the 7,, states in Ti and the lattice distortion, par-
ticularly a trigonal distortion of TiOg octahedra, have to be
taken into account simultaneously to understand the phase
diagram of RTiO;.

In summary, we studied the crystal structure of RTiOj
over a wide temperature range (80-800 K) with various rare-
earth ions R across the boundary of the AFM and FM phases.
We found crossover temperatures 7, existing only in the
samples that become antiferromagnetic at lower tempera-
tures, where the temperature dependence of the lattice con-
stants changes its sign. Microscopically, the ratio of the in-
plane oxygen-oxygen bond along the a and b directions,
ro.0=(02-02),/(02-02), deviates from unity (ro.o>1) be-
low T, resulting in the enhancement of the trigonal distor-
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tion of TiOy that favors the occupancy of the nondegenerate
state, |a;,)=(|d,,)+|d,,)+|d.,))/\3. The present results indi-
cate that the variation in magnetic states from the AFM to
FM in the series of RTiO;5 is dominated by the variation in
orbital states occurring at higher temperatures.
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