aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Y {1—x}La {x}VO {3}: Effects of doping on orbital
ordering
S. Yano, Despina Louca, J. C. Neuefeind, J.-Q. Yan, J.-S. Zhou, and J. B. Goodenough
Phys. Rev. B 90, 214111 — Published 31 December 2014
DOI: 10.1103/PhysRevB.90.214111


http://dx.doi.org/10.1103/PhysRevB.90.214111

Y, .La,VOj: the effects of doping on orbital ordering

S. Yano,! Despina Louca,' J. C. Neuefeind,? J.-Q. Yan,?? J.-S. Zhou,* and J. B. Goodenough?

"Unidversity of Virginia, Charlottesville, Virginia 22904, U.S.A.
20ak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
3 University of Tennessee, Knoxville, Tennessee 37996, USA
4 University of Texas at Austin, Austin, Texas 78712, USA
(Dated: December 11, 2014)

The effects of isovalent doping on orbital ordering in the perovskite Y;_,La, VO3 was investigated
using neutron diffraction and the pair distribution function analysis. YVOs is a prototype for orbital
ordering, exhibiting two consecutive transitions to G-type and C-type ordering with decreasing
temperature. Evidence for local orbital ordering above the transition temperature of Too ~ 200 K is
presented, obtained from the temperature dependence of the oxygen-oxygen octahedral correlations.
This suggests that locally, G-type orbital ordering is present above the Too temperature but it is

short-range. With doping, it is expected that orbital ordering disappears altogether.

By 30 % of

doping as in Yo.7Lao.3 VO3, even though no orbital ordering is expected, we find that locally, C-type
orbital correlations are most likely present below the magnetic transition temperature, T n, allowing
for a direct paramagnetic to orbitally ordered/antiferromagnetic transition in this composition.

PACS numbers: 75.85.+t, 61.05.F-, 61.50.Ks
INTRODUCTION

Transition metal perovskite oxides exhibit unusual
properties arising from strong electron-lattice interac-
tions that can lead to orbital ordering [1], charge and spin
stripe formation[2], polaron localization[3], Jahn-Teller
(JT) distortions [4] and even phase separation. The
insulating Y;_,La,; VO3, a JT active system, has been
of considerable interest due to its complex phase dia-
gram [5-13] associated with orbital physics [14-18, 20—
22]. With cooling, the parent compound, YVOs, under-
goes a transition to a G-type orbital ordering (anti-phase
ordering along the c-axis, G-O0) at Tpo ~ 200 K, fol-
lowed by a C-type antiferromagnetic spin ordering at
Ty ~ 116 K (C-SO) and finally to an orbital flipping
transition at Teg ~ 77 K with C-type orbital ordering
(in-phase ordering along the c-axis, C-OO0) and G-type
spin ordering (G-SO) [19, 20]. The transitions in the or-
bital and magnetic degrees of freedom are coupled with
structural transitions. Above 200 K and below 77 K,
the crystal symmetry is orthorhombic, while at interme-
diate temperatures, 77 K < T < 200 K, the symmetry
is monoclinic [23]. For comparison, on the other end,
in LaVOg, the Tpo transition is suppressed, while the
antiferromagnetic transition at Ty ~ 143 K is quickly
followed by a structural transition (T; ~140 K) from the
orthorhombic to the monoclinic phase, the latter of which
accommodates a G-O0O/C-SO phase [24]. This state re-
mains down to the lowest temperature where no orbital
flipping transition is observed. Little is known of the
suppression of Top and the disappearance of Teg as a
function of doping.

The V3t 3d-orbitals are doubly degenerate in the ¢3,
manifold. While the d, orbital is lower in energy and
always occupied, the occupancy of the second orbital,

dy. or d,., alternates along the c-axis. The alternat-
ing occupancy yields the G-type and C-type orbital pat-
terns. This is best observed in the pure sample of YVOsg.
Above Tpo, the crystal structure is orthorhombic with
the Pbnm symmetry. In the temperature range between
Teag < T < Too, the structure is monoclinic with the
P21 /a symmetry, while below T, the system re-enters
the orthorhombic phase. The orbital patterns in the
two symmetries are shown in Figs. 1(a) and 1(b) [23],
where in (a) the orbitals are in-phase along the c-axis in
the Pbnm symmetry while in (b), the orbitals are out-of-
phase in the P21 /a symmetry. Also shown in this figure
is the spin orientation of Ti3* ions. Above 200 K, no ev-
idence for orbital ordering has been observed, suggesting
that the orbitals are fluctuating. This is corroborated
by thermal conductivity measurements and Raman scat-
tering experiments [6, 25, 26] that show unambiguously
that the orbitals are fluctuating above Tpo while some
degree of orbital fluctuation is retained in the interval
between Tny < T < Too. Complete static orbital order
is only achieved below T¢¢.

When YVO3; is doped with La®t as in Y;_,La, VO3, it
was previously shown that the Tpo transition is quickly
suppressed and disappears by x = 0.2 [6]. Coupled with
this suppression is the disappearance of the transition to
the monoclinic phase as well, in the 77 - 200 K range,
prior to reentering the orthorhombic phase. Beyond x
= 0.2, only the orthorhombic phase is evident with the
G-SO spin structure, in the absence of orbital ordering.
At much higher doping levels, on approaching LaVOs, G-
00/C-S0 ordering re-appears. It was earlier suggested
that these phase transitions may be driven by the change
in orbital ordering, following the JT pattern of distortion
[27, 28]. Thus solid solutions of Y;_,La, VO3 provide an
opportunity to investigate the disappearance of G-OO as



a function of z, presumed to occur above z ~ 0.2, through
the local structure.

The local atomic structure of Y;_,La, VO3 (0 < z <
0.30) was studied using neutron diffraction and the pair
density function analysis. In YVOg, evidence is provided
that supports the presence of a local G-OO state above
200 K. The local symmetry above Tpo deviates from
the expected average orthorhombic structure and it can
be fit by a local model with a G-OO octahedral pattern.
With doping, a sharp decline in the intensity of the local
pair correlations is observed especially above 3 A at the
lowest measured temperatures. This is brought upon
by the buckling and distortions of the VOg octahedra
leading to a locally distorted structure. By 30 %, the
distortions observed locally reflect the presence of orbital

ordering with a crossover transition around Ty resulting
in a local G-SO, C-OO state.

EXPERIMENTAL DETAILS

Three single-phased Y;_,La; VO3 (0 < x < 0.3) sam-
ples were melt-grown using an image furnace following
the procedure described elsewhere [29], with special at-
tention given to prevent composition segregation. All
samples were obtained by crashing well-crystallized sin-
gle crystals into powders. The Lat? and Y2 ions carry
no moment thus any observed magnetic signal arises from
the V3* ions. The isovalent substitution of La3t for Y3+
allows for the study of the evolution of the transition
temperature with the ionic radius at the A-site without
interference from a magnetic moment.

The powder neutron diffraction experiment was car-
ried out using the NOMAD diffractometer which is a
high-flux, medium-resolution diffractometer at the Spal-
lation Neutron Source (SNS) of the Oak Ridge National
Laboratory [30]. The data were collected for 2.5 hours
at each temperature. The average structure was deter-
mined by the Rietveld method [31] and the same diffrac-
tion data was normalized and Fourier transformed to get
the pair density function (PDF). The Rietveld refine-
ment provides a description of the average or long-range
atomic arrangement, with reliable information of the unit
cell parameters, while the PDF provides information on
the nature of local distortions that do not follow the lat-
tice periodicity. This method has been applied success-
fully in many oxide systems [33-35]. The PDF is a real
space representation of the atomic correlations [32]. The
diffraction data were corrected for instrumental back-
ground and sample containment, and normalized using
a vanadium standard. The corrected data were used
to obtain the total structure factor, S(Q), where @ is
the momentum transfer defined as Q = 4wsind/\ and a
Qmaz ~40 A-1 was used. The S(Q) is Fourier trans-
formed to obtain PDF, p(r), defined as follows:

o) = o+ 5 [ QS(@ 1) sin(@r)aQ

where pgy is the average atomic number density. Data
were collected between 5 and 300 K. Vanadium has a
small neutron scattering length and is negative as well.
Thus correlations involving vanadium are negative given
that the amplitude of the PDF peaks is normalized with
the scattering length as well as the concentration of
atoms in the unit cell.

RESULTS
The structure of YVO3

The temperature dependence of the lattice parameters
obtained from the Rietveld refinement are listed in Table
I. The P2;/a setting rather than the standard P2, /c
was chosen in order to retain the double perovskite struc-
ture along the c-axis. In Fig. 2(a), the PDF’s corre-
sponding to the local structure of YVO3 at several tem-
peratures are plotted up to 5 A. The first negative peak
corresponds to the V-O correlations, the shortest pair
correlation in the perovskite unit cell. This peak, and
any peak that includes V, is small in intensity because of
the small coherent neutron cross-section of the vanadium
ion. Following are Y-O and O-O correlations. Given
the weak scattering from vanadium, it is mostly Y and
O correlations that contribute to the total PDF. As can
be seen from the figure, differences are observed in the
local structure of YVOj3 as a function of temperature,
especially above 150 K, that are discussed below.

At the lowest measured temperature, the average crys-
tal symmetry is orthorhombic. A model PDF is cal-
culated using the atomic coordinates and unit cell di-
mensions obtained from the Rietveld refinement of the
orthorhombic cell. The model PDF is a linear combina-
tion of all the partial functions calculated for each pair of
atoms assuming a Gaussian distribution, and normalized
by the concentration and scattering lengths [33]. The
comparison of the model PDF for the orthorhombic sym-
metry (solid line) yields a very good agreement with the
experimental data (symbols) corresponding to the local
structure at 5 K as shown in Fig. 2(b). Also shown in
this figure is the difference between the model and data.

Upon warming, the structure undergoes a transition to
the monoclinic symmetry, P2 /a, in the 77 K < T < 200
K temperature range. The data at 200 K is compared to
a model PDF calculated using the P2;/a atomic coor-
dinates and unit cell dimensions (Fig. 2(c)). Although
the overall agreement is good between the two, several
differences are observed that cannot be reproduced using
the average structure model. Also shown in this figure
is a comparison between the same data at 200 K and a



local model that fits the data well. The local model fol-
lows the monoclinic symmetry constraints but with the
oxygen coordinates refined further to fit the short-range
structure.

Above 200 K, the crystal structure re-enters the or-
thorhombic phase. A comparison of the data at 250 K
with a model PDF assuming the orthorhombic symme-
try shows that a mismatch exists between the average
structure and the local structure. This is most promi-
nently demonstrated in the 3.8 - 4.4 A range shown in
the upper panel of Fig. 2(d). In this, the data dis-
plays a three-peak structure that cannot be reproduced
by the model calculated based on the orthorhombic sym-
metry. This region corresponds to O-O and Y-O cor-
relations in real space. To reproduce this structure, it
requires that the monoclinic symmetry be used, which in-
dicates that locally the symmetry remains P21 /a above
Too even though globally it is orthorhombic. The three-
peak structure is evident in the 200 K data shown as well,
but the split is smaller at this temperature. Thus, even
though Tpo marks the temperature of the orbital order
to disorder transition, the local atomic order does not
follow the global structural order.

What is responsible for the differences observed be-
tween the data and the average structure? The answer
lies in the oxygen correlations. To reproduce the dis-
torted structure observed between 3.8 - 4.4 A, a local
model is used in which the oxygen site symmetry is bro-
ken as in the monoclinic symmetry. The fitting shown
in the lower panel of Fig. 2(d) is quite good up to 5 A,
but for longer distances, the fitting breaks down which
suggests that the proposed distortion pattern does not
propagate in the long-range structure, but is local, within
the unit cell. It is only when it become long-range that
the symmetry would change to monoclinic globally with
cooling.

Table II is a complete list of the O - O and the Y -
O bond lengths that contribute to this region in space at
200, 250 and 300 K. The local structure described above
implies that an orbital pattern exists even above Tpo
that is locally very similar to the one observed in the Teg
< T < Too(=200k) temperature range. Shown in Fig.
3(a) is a schematic of the ab-plane of the VOg octahedra
where only oxygen-oxygen bond lengths are indicated.
The values are obtained from the local model fitting of
the data at 250 K. For simplicity, a pseudocubic unit cell
is chosen for the representation. The z = 0 and z = 0.5
are plotted because of the nature of the orbital pattern
which alternates along the c-axis. The long and short
0-0 bonds in Fig. 3(a) follow the G-type orbital pattern
indicated in Fig. 3(b). Plotted in gray are the orbitals
of 3d,y which are always occupied. Superimposed are
the orbitals of 3d,. and 3d,, which alternate occupancy
along the c-axis. These findings serve as evidence for
local G-type orbital ordering above Too.

The structure of Y,.La;_. VO3

With doping, G-type orbital and C-type spin ordering
gradually disappear and the gap in Tcg < T < Too
closes. Above x = 0.20, no evidence has been observed
to support the presence of a G-O0/C-SO state, while a
transition from the low temperature C-O0/G-SO to an
orbitally disordered and paramagnetic state occurs in-
stead. The absence of the G-OO state with doping also
corresponds to the absence of the C-SO magnetic phase
above x = 0.20. Coupled with this is the absence of the
monoclinic structure phase in the intermediate tempera-
ture regime.

The magnetic diffraction pattern and its composition
dependence shown in Fig. 4 is in agreement with the
structure previously reported [20]. Upon cooling, the C-
SO phase appears below 116 K in the parent composition,
YVOs, evidenced by the presence of the (100) magnetic
peak (Fig. 4(a)). At 77 K, a spin flip transition to the
G-SO magnetic state occurs and two magnetic peaks are
most prominent, the (011) and (101), as shown in Fig.
4 (b). Very little difference is observed in the x = 0.1
composition which indicates that the magnetic structure
is the same as in the pure sample. By x=0.3 however,
only the low temperature G-SO magnetic structure is
present (Fig. 4(c)).

With doping, the local structure changes in significant
ways as can be seen from Figs. 5(a) and 5(b) which are
plots of the PDF’s corresponding to the local structures
for the three compositions at 5 K (a) and 150 K (b). At
5 K, even though the average symmetry is orthorhom-
bic in all three, clearly the local structure changes as a
function of La doping that cannot be accounted for by
substituting the bigger La atom for Y. The substitution
of the larger La for Y leads to an expansion of the lat-
tice and a shift of the PDF peaks to the right. Locally
however, the correlation peaks become very broad and
loose their intensity. A similar observation is made at
150 K, at which temperature, a structural phase transi-
tion to the monoclinic phase occurs in the x = 0.0 and
0.10 but not in the x=0.3. It can also be observed from
Figs. 5(a) and 5(b), that the shape of the first negative
PDF peak that corresponds to V-O pair correlations does
not change with doping which indicates that the octahe-
dron remains rigid. At the same time, the suppression
of the intensity and broadening of the peak correlations
especially above 3 A indicate significant loss of the coher-
ence of the correlations. This striking change is mostly
observed within 5 A.

In Fig. 5(c), the data of the x = 0.10 composition at
150 K is compared to a model calculated from the average
monoclinic structure. The x = 0.10 is very similar to the
parent compound, with its Tpo transition suppressed
down to 170 K. On the other hand, its T¢g increases
to 98 K. The fitting to the monoclinic symmetry which



corresponds to the G-OO phase is quite good. However,
just like in the case of the pure sample (see Fig. 2(c)), it
cannot reproduce the splitting of the correlations in the
3.8 to 4.4 A range. Just like in the parent compound, a
local model needs to be implemented where the oxygen
coordinates were refined further to fit the short-range
structure.

By x = 0.30, the smearing of the PDF peaks in the data
is quite distinct (see Fig. 5(a)). At this composition, no
orbital ordering is expected. Is there evidence for local
orbital ordering at this composition? In Fig. 6(a), the
data at 300 and 5 K are compared to models calculated
from the constraints of the orthorhombic symmetry but
with the parameters refined to fit the data. We focus
on the O-O octahedral correlations as in YVOs3. Shown
in Fig. 6(b) is the temperature dependence of the oxy-
gen pairs which represent short and long O-O bonds as
indicated in the inset. In the Pbnm symmetry, the stack-
ing along the c-axis does not change, implying that the
same orbital pattern exists along the c-axis as in the pure
YVOs3. This suggests that local C-type orbital ordering
is present in Y. 7Lag 3VO3 below 120 K. Below T "120
K, the spin ordering favors orbital ordering leading to a
large separation of the O-O bond distances. Table ITI
provides a list of the local O-O bond lengths as a func-
tion of temperature from fitting the data using the local
model. Above this temperature, the bonds are split but
the split is smaller as seen in the figure. It can also
be seen in the 300 K data of Fig. 6(a) that the correla-
tions have smeared out significantly, making it harder to
distinguish between the short and long pairs. The loss
of coherence of the (Y,La)-O affects the orbital ordering
state of this system via the A-O covalency[36]. Given
that the A-site ions are involved, A-site pair correlations
are also smeared.

netic, and orbital flipping transitions in Y 9Lag.1 VO3,
but only one transition to an antiferromagnetic phase in
Yo.7Lag3VOs. Combined with our data it is suggested
that in Y¢.7Lag.3VOs3, the system transform from a para-
magnetic state to C-O0/G-SO which resembles LaVOs.
Future plans will include extending this work to LaVOg
by further doping Y;_,La,VO3.
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Table I: The temperature dependence of the lattice pa-
rameters in YVOg3. The temperature dependence of the
crystal symmetry is consistent with previous measure-
ments.

T (K) Space group a (A) b (A) c(A) Vol (A%)
300 Pbnm  5.6111(1) 7.5838(2) 5.2847(1) 224.88(
950  Pbnm  5.6115(1) 7.5783(2) 5.2822(1) 224.68(
200  P2i/a  5.2803(2) 7.5709(2) 5.6117(2) 224.34(
150 P2 /a  5.2735(1) 7.5435(3) 5.6053(2) 222.98(
50  Pbnm  5.5946(1) 7.5612(2) 5.2869(1) 223.65(
5 Pbnm  5.5940(2) 7.5603(2) 5.2866(2) 223.58(

Table II: The results from the local structure refine-
ment of the experimental data of YVOg at three temper-
atures. Listed are the O - O and Y- O correlations in
the 3.8 - 4.4 A range. The subscripts (a+b) and (a-b)
indicate the directions of the O-O bonds. The Y-O bonds
are the closest correlations to the O-O correlations.

T (K) O(1)-0(1). 0(2)-0(2)  0(3)-0(3) Y-O pairs (A)

200 4.040(37) 4.016(62)(q4p) 4.102(62)(q4s)  4.208(59)

SUMMARY 3.949(38) 4.119(64)(q—p) 3.929(65)(4—p)  4.220(42)

250 3.954(37) 4.172(64)(a4p) 3.920(62) (a4  4.149(43)

The local structure of Y;1_,La; VO3 has been investi- 4. 056(37) 3. 916(66)(,1 b 4. 091(65)((1 b) 4. 199(57)

gated using neutron scattering and the pair density func- 300 4.119(38) 4.148(66)(41p) 3.964(62)(41p)  4.156(30)
i lysis technique. The phase di h i “ ¢

tion analysis technique e phase diagram shown in 3.968(38) 4.021(63)(a_s) 4.011(60)(0_y)  4.276(44)

Fig. 7 summarizes our results. In YVOsg, local G-
type orbital order is most likely present above Topo =
200 K where the local structure favors a modified P24 /a
symmetry and G-type orbital ordering. Since the lo-
cal G-type orbital order is present at room tempera-
ture, the system naturally turns into a G-type orbital

Table III: The temperature dependence of the local
bond lengths of O-O correlations in x = 0.30. The values
are given in angstroms.

T (K) O(1)-0(1) O(2)-0(2)short O(2)-O(2)10ng

ordering state at T=200 K. By doping La®t at the 5 4.014(7) 3.987(17) 4.083(17)
Y site and by decreasing tem.perature,. the system loses 50 3.989(9) 4.006(21) 4.074(21)
the G-OO state. G-type Qrbltal ordering dlsappgars at 120 4.015(9) 4.027(20) 4.042(21)
Yo.7Lag.3VO3. Our analysis suggests that C-OO is most

likely present in Y 7Lag.3VO3 as discussed above. From 150 4.018(9) 4.033(21) 4.033(21)
specific heat measurements on the Yo gLag 1 VO3 [6] and 200 4.013(10) 4.022(21) 4.040(21)
Yo.7Lag.5VO3 [37], it was suggested that there exist three 250 4.019(9) 4.016(23) 4.056(24)
phase transitions, namely orbital ordering, antiferromag- 300 4.018(10)  4.003(24) 4.050(24)
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Figure captions

Fig. 1: A schematic of the vanadium orbitals with
C-type and G type orbital ordering in YVO3. In (a),
below T" < 77 K, the system has C-type orbital order-
ing (OO)and G-type spin ordering (SO). In (b), for the
temperature range of 77 K < T < 200 K, the system
has G-type orbital ordering and C-type spin ordering in
the monoclinic phase. The red arrows correspond to the
spin direction.

Fig. 2:The temperature dependence of the local struc-
ture of YVOs3. In (a), four PDF’s are plotted. The inset
is an enlarged region of the local structure between 3.9
and 4.5 A. In (b), the data at 5 K is fit using the param-
eters for the orthorhombic average structure. In (c), the
200 K data is fit using two models: (upper) comparison
with the average monoclinic structure; (lower) compar-
ison with a local structure. In (d), the 250 K data in
the range shown is compared to two models: (upper)
comparison with the average Pbnm; (lower) comparison
with a local model that is modified from the monoclinic
symmetry.

Fig. 3: A schematic diagram of the VO3 octahedra in
YVO; in the ab plane at z = 0 and z = 0.5. (a) Only
bond lengths between O-O correlations are shown. The
arrows indicate direction of displacement. The short and
long O-0O pairs are stacked alternately along the c-axis.
(b) The expected orbital pattern is shown.

Fig. 4: The magnetic Bragg peaks in (a) are due to C-



type spin ordering with Ty = 116 K. In (b), G-type spin
ordering appears below Tog = 77 K. In (c), G-type spin
ordering is observed in all three compositions at 7' = 5
K.

Fig. 5: The composition dependence of the local struc-
ture is shown at two temperatures: T= 5 K in (a) and
T = 150 K in (b). (c) The data of the 10 % composi-
tion at 150 K is fit using the monoclinic P2;/a average
structure.

Fig. 6: (a) The data for Yy 7Lag 3VOs3 at two temper-

atures are fit using a local model that is refined based
on the Pbnm coordinates. (b) The bond lengths of O-O
pairs around 4.0 A are obtained from the refined unit
cell. The O-O bonds split to short and long below Tl .

Fig. 7: The phase diagram of Y;_,La,VO3. The
crosses correspond to the temperature points that were
collected. L-OO designates the presence of local orbital
ordering. This appears above Tpo in the 0 and 10 %
compositions and below Ty in the 30 %.
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