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Anisotropic optical conductivities due to spin and orbital ordering in LaVO3 and YVO3:
First-principles studies
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The anisotropy of low-energy (0;5 eV) optical excitations in strongly correlated transition-metal oxides is
closely related to the spin and orbital orderings. The recent successes of LDA1U method in describing the
magnetic and electronic structures enable us to calculate the optical conductivity from first principles. The
LaVO3 and YVO3, both of which have 3d2 configuration and have various spin and orbital ordered phases at
low temperature, show distinct anisotropy in the optical spectra. The effects of spin and orbital ordering on the
anisotropy are studied in detail based on our first-principles calculations. The experimental spectra of both
compounds at low-temperature phases can be qualitatively explained with our calculations, while the studies
for the intermediate temperature phase of YVO3 suggest the substantial persistence of the low-temperature
phase at elevated temperature.
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I. INTRODUCTION

The strong couplings among the spin, lattice, and cha
degrees of freedom in transition-metal oxides are essent
mediated by the orbital degree of freedom, which play
crucial role in controlling the phases and various physi
properties.1–3 The direct observation of orbital structure
difficult, yet several experiments4–6 have been developed t
detect the anisotropy induced by spin and orbital orderin
Among them, the measurement of anisotropic opti
conductivity5,6 by using polarized light can provide us wit
useful information. The low-energy optical excitations belo
the strong O 2p to transition-metal 3d charge-transfer pea
mostly come from the transition-metal 3d-to-3d transitions.
Those transitions reflect sensitively the spin and orb
structures of the system through optical transition-matrix
ements, and show anisotropy when spin and orbital are
operatively ordered.7,8 Nevertheless, the proper analysis
experimental anisotropic optical spectra requires the deta
understanding of electronic and magnetic structures.

Both LaVO3 and YVO3 are insulators with aPbnm
orthorhombic unit cell witha'b'c/A2 at room tempera-
ture. There are two 3d electrons per V31 site. Synchrotron
x-ray and neutron diffraction results9 suggested that LaVO3
undergoes a magnetic phase transition at 143 K~Ref. 10! and
a structural phase transition at 140 K. The low-temperat
phase has theC-type antiferromagnetic~AF! spin configura-
tion ~i.e., ferromagnetic~FM! coupling along thec axis and
AF coupling in thea-b plane!. Due to the Jahn-Teller distor
tion, one of the VuO bond is longer than other two in th
VO6 octahedron. The longer bond lies in thea-b plane and
0163-1829/2003/67~3!/035101~6!/$20.00 67 0351
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its orientation alternates for the neighboring V sites in t
plane. The stacking of the longer bonds also alternates a
the c axis. Hereafter, we call this kind of distortion th
G-type Jahn-Teller distortion. This low-temperature pha
has P21 /a crystal symmetry.

The structural and magnetic phases for YVO3 are quite
complicated.11–13 With lowering the temperature, this com
pound first undergoes a structural phase transition at 20
from a disordered phase to theG-type Jahn-Teller distorted
structure, the same structure as the low-temperature pha
LaVO3. Then theC-type AF ordering develops at 116 K
(TN1). With further lowering the temperature to 77 K (TN2),
another structural and magnetic phase appears. The
temperature (,77 K) phase recovers thePbnmcrystal sym-
metry with theC-type Jahn-Teller distortion~i.e., the longer
bonds stack along thec axis in the same orientation rathe
than alternately!. The magnetic structure of this low
temperature phase isG-type AF structure~i.e., AF coupling
both in the a-b plane and along thec axis!. Strong
temperature-induced magnetization reversal can be obse
at TN1 andTN2.14

Sawada and Terakura studied the electronic and magn
structures of LaVO3 and YVO3 by using the full-potential
linearized augmented-plane-wave method. They first co
pared the results15 between LDA~local density approxima-
tion! and GGA ~generalized gradient approximation!, and
then applied the LDA1U method16 to LaVO3.17 They found
that the LDA and GGA are not sufficient, and LDA1U is
necessary in order to predict the low-temperature phase
rectly. Recently, the polarized optical conductivities
LaVO3 and YVO3 were measured by Miyasakaet al.18 and
©2003 The American Physical Society01-1
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very clear anisotropy was observed. To understand the im
cations of those spectra, we developed the plane-w
pseudopotential method based on LDA1U to calculate the
optical conductivity and studied the effects of spin and
bital orderings on the anisotropy. The experimental spe
of both LaVO3 and YVO3 at low-temperature can be qual
tatively explained by our calculations, while the studies
the intermediate temperature phase (77 K,T,116 K) for
YVO3 suggest the complication of magnetic and orbi
structures. In Sec. II of this paper, we will describe o
method, and the results are discussed in Sec. III.

II. METHOD

The Vanderbilt type ultrasoft pseudopotential19 is useful
not only for efficient calculations for transition-metal oxid
but also for implementing the LDA1U method to treat ef-
fects of strong correlation. In the LDA1U method, the
strong Coulomb interaction is explicitly taken into account
the subspace of localized orbitals through a Harteree-
scheme. The detailed description of our LDA1U scheme
was given in Ref. 3.

The interband optical conductivity is calculated from t
converged Kohn-Sham wave functionsucnk& and eigen val-
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ues En(k) by using the following Kubo formula20 ~in Ry
units!:

sab~v!52
16

V (
kn

i f nk(
m

1

vmn
2 2~v1 id!2

3Fv1 id

vmn
Re~pnm

a pmn
b !1 i Im~pnm

a pmn
b !G , ~1!

wherea andb(5x,y,z) are indices for directions,v is the
excitation energy,V is the volume of the unit cell,n andm
are band indices,f nk is the Fermi distribution function,
vmn5Em(k)2En(k) and d is the lifetime broadening (d
50.01 Ry in this work!, pnm

a 5^cnku(2 i¹a)ucmk& are the
matrix elements of the momentum operator. The calculati
for the matrix elementspnm

a require the all electron wave
functions cnk , which can be obtained from the followin
core compensation form:21,22

ucnk&5ufnk&1(
i

$uc i&2uf i&%^b i ufnk&, ~2!

wherefnk are the pseudo-wave functions obtained from
self-consistent pseudopotential calculations,i is the index for
u-

t

FIG. 1. ~Color! The unit cell
and coordinates used in the calc
lations. Four V sites ~black
spheres!, labeled as V-1, V-2, V-3,
and V-4, are included in the uni
cell.
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FIG. 2. ~Color! The calculated projected densities of states~PDOS! for the lowest-energy states of three systems. They are~a! LaVO3 10
K structure withG-OO andC-SO; ~b! YVO3 65 K structure withC-OO andG-SO; ~c! YVO3 100 K structure withG-OO andC-SO. The
lines with arrow indicate the optical transition paths from V-1 site to other sites. All the PDOS and paths for different orbitals are in
by different colors. The solid arrows show the real transition in this spin and orbital configuration, while the dashed arrows show the
transition in different magnetic structures. The positive and negative PDOS values mean↑-spin and↓-spin, respectively. See the text fo
detailed explanations.
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atomic orbitals, c i and f i are atomic all-electron and
pseudo- wave functions respectively,b i are the localized
functions as defined in Ref. 19. Therefore, the matrix e
ments of momentum operator can be obtained as:21,22

pnm
a 5^cnku~2 i¹a!ucmk&5^fnku~2 i¹a!ufmk&

1(
i j

^fnkub i&$^c i u~2 i¹a!uc j&2^f i u~2 i¹a!uf j&%

3^b j ufmk&. ~3!

Practically, the core contribution@second term of Eq.~3!#
can be calculated in the pseudopotential generation pro
and stored as input of self-consistent calculations. T
present process has been well checked by using LaMnO3 as
an example.7,8 Throughout the calculations, 30 Ry has be
03510
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used for the cutoff energy of plane-wave expansion, and
use (63634) mesh for thek-points in the linear tetrahe
dron method with the curvature correction. The parame
Ue f f in LDA1U scheme is chosen to be about 3.0 eV
order to reproduce the experimental band gaps.3,18,23

III. RESULTS AND DISCUSSIONS

A. Electronic structures

The unit cell and coordinates are defined in Fig. 1. Fou
atoms, say V-1, V-2, V-3, and V-4, are included in the u
cell. Following the common convention, we defined thex, y,
andz directions as the@110#, @ 1̄10#, and@001# directions of
the unit cell respectively. Three structures, LaVO3 at 10 K,9

YVO3 at 65 K,13 and YVO3 at 100 K ~Ref. 13! are treated
here, which have theG-type,C-type, andG-type Jahn-Teller
1-3
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FIG. 3. ~Color! The calculated optical conductivities for various phases. Three structures,~a! LaVO3 at 10 K,~b! YVO3 at 65 K, and~c!
YVO3 at 100 K, are calculated. For each fixed structure, results for four different magnetic configurations are plotted togeth
experimental results. The figure enclosed by the red border line corresponds to the most stable spin structure. The experimental cu~a!,
~b!, and~c! are taken at 10 K, 67 K, and 110 K, respectively.18 The solid lines are results forE//c, while dashed lines forE//a. See the text
for the detailed explanations.
iv
tic

ie

o

n-
r

k
ec
a

s

.
he

be

te
y
s

pin
c-
ed:

ed
is
nd
distortions, respectively. For each fixed structure, relat
stability is studied among four kinds of collinear magne
structures:C-type AF,G-type AF,A-type AF~i.e., FM layers
coupled antiferromagneticaly along thec axis!, and FM spin
ordering~SO! states.

Each of the above Jahn-Teller distortions is accompan
by the same type of orbital ordering~OO! and stabilizes a
specific related magnetic structure. In the present case,
calculations suggest that theG-type andC-type OO favor the
C-type andG-type AF SO, respectively. This result is co
sistent with experimental observations and also with the p
vious calculations15,17 and unrestricted Hartree-Foc
studies.24 Now we concentrate on the discussion for the el
tronic structures of the lowest-energy magnetic state of e
structure. They are~a! LaVO3 10 K with G-OO andC-SO;
~b! YVO3 65 K with C-OO andG-SO;~c! YVO3 100 K with
G-OO andC-SO. The obtained magnetic moments for the
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three states are all about 1.7mB /V. The calculated electronic
projected densities of states~PDOS! are summarized in Fig
2, where different orbitals are shown by different colors. T
O-2p and V-eg states are not plotted.

For ~a!, the occupied electronic configuration can
nominally expressed as V-1:dxy

↑ dyz
↑ ; V-2: dxy

↓ dzx
↓ ; V-3:

dxy
↑ dzx

↑ ; V-4: dxy
↓ dyz

↓ . One of the two electrons on each V si
will occupy thedxy orbital, and another electron will occup
the dyz or dzx orbital alternately from one V atom to it
neighboring V atoms, resulting inG-OO. TheC-SO is mani-
fested as the up spin state for V-1 and V-3, and the down s
state for V-2 and V-4. Due to deviation from the cubic stru
ture, certain degree of mixture of orbitals can be observ
for example, the small occupation ofdzx

↑ orbital ~green line!
for V-1 site. Note here that, in our calculation, for each fix
structure and spin configuration the orbital polarization
fully relaxed self-consistently. The calculated electronic a
1-4
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magnetic structures of YVO3 in the intermediate temperatur
~100 K! phase~panelC in Fig. 2! can be understood in th
same way as the low-temperature phase of LaVO3 in terms
of the same spin and orbital orderings. This can be seen f
the similarity of the panel~a! to the panel~c! in Fig. 2.

For the low-temperature phase of YVO3 ~panelB in Fig.
2!, the situation is different. The nominal electronic occup
tions can be understood as V-1:dxy

↑ dyz
↑ ; V-2: dxy

↓ dzx
↓ ; V-3:

dxy
↓ dyz

↓ ; V-4: dxy
↑ dzx

↑ . As for the OO and SO in thea-b plane,
the present situation is the same as those of~a! and ~c!.
However, the OO and SO along thec axis are different. In
the present case, all the V atoms along a givenc axis have
the same orbital occupation, while those belonging to
nearest-neighborc axes have different orbital occupation
For instance, thedyz orbital is occupied for both V-1 and V-3
sites. ThisC-OO leads to stability of theG-SO through AF
superexchange. Comparing LaVO3 with YVO3, we can find
strong mixture of orbitals in YVO3. This is due to the en-
hanced structural distortion in YVO3 compared with LaVO3.
The V-O-V angles are about 157 deg in LaVO3, while they
are reduced to about 144 deg in YVO3.

Similar analysis was made for all other magnetic pha
of these three structures. Among several results obtained
noticed the following interesting and possibly important fe
ture: for a fixed crystal structure, a change in the magn
structure will not cause any significant change in the orb
ordering. It is likely that the orbital structure is mostly dete
mined by the specific structure distortion in the present ca

B. Optical conductivities

The results for optical conductivity are summarized
Fig. 3. Experimentally, two peak structures (a and b) are
observed forE//c in both compounds, with peakb located at
higher energy than peaka. For LaVO3, peaka has a very
sharp structure at low-temperature and is significantly s
pressed above the transition temperature. Peakb is quite
weak and almost temperature independent. In YVO3, on the
other hand, peakb has a larger weight with strong temper
ture dependence and peaka is weak with only little tempera-
ture dependence. For both LaVO3 and YVO3, theE//a spec-
tra are quite broad and almost temperature insensitive.

1. LaVO3 low-temperature phase:

For LaVO3 at 10 K, theG-OO with C-SO state is the
most stable state. We first analyze the case ofE//c, where
we consider the intersite transition between V-1 and V-3
the transition dipole is along thec axis. The calculated opti
cal conductivity forC-AF in Fig. 3 shows clearly a shar
peak corresponding to the experimental peaka. Looking
back to the calculated PDOS in Fig. 2, and taking the tr
sitions from V-1 site to other sites as examples, we can
sign the sharp peaka for E//c to the transition from V-1-dyz

↑

to V-3-dyz
↑ as denoted by the solid red arrow in Fig. 2. Th

transition is not allowed if the magnetic structure alongc
axis is AF, like in theG-AF andA-AF states, where no pea
is obtained around the same position of peaka. Therefore,
the peaka should be suppressed above the magnetic tra
tion temperature as observed in experiment. On the o
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hand, peakb seen in experiment does not exist in the calc
lated spectra forC-AF. Since the spectral weight of peakb is
very small and temperature insensitive in experiment,
speculate that this peak may come from certain compon
of imperfect spin ordering along thec axis. For example, let
us reverse the spin of V-3 site in Fig. 2~a!. The transition
from V-1-dyz

↑ to V-3-dyz
↑ located at higher energy~denoted

by the red dashed arrows in Fig. 2! will be allowed and
contribute to a sharp peak near the position of peakb, as
shown in the spectra for theG-AF andA-AF state forE//c.
Before moving to YVO3, we briefly discuss the case o
E//a, where the intersite electronic transitions between V
and V-2 are important. The two transitions from V-1-dxy,yz

↑

to V-2-dxy,yz
↑ ~denoted as solid blue and red arrows in Fig.!

are allowed for thea-b plane spectra, which show a broa
structure due to the broad band width of unoccupied mino
spin states. Thesea-b plane transitions produce a structure
E//a curve at the position of peakb of E//c curve. Due to
the doubling of transition paths, one may expect a stronga-b
plane spectral weight. However, by calculating the mat
elements, the actuala-b plane spectrum is not so muc
weighted due to the longer bonds in thea-b plane. The
shoulder in the experimentalE//a curve at about 1.5 eV, i.e.
the energy of peaka in the E//c curve may originate from
the spin disordering in thea-b plane. First we note that a
very tiny peak is seen at this energy in theC-AF ground-state
configuration. This structure mainly comes from the tran
tion from the occupied V-1-dzx

↑ component to a smal
V-2-dzx

↑ component just above the Fermi level. Howev
this structure is too weak to explain the shoulder at 1.5 eV
the spin state between V-1 and V-2 may become parallel
in A-AF and FM, the transition corresponding to the r
dashed arrow may become allowed and produces a pea
shown in Fig. 3.

From the above assignment, some important parame
can be estimated by using the Hartree-Fock model. The p
position ofa should corresponds to energyU2J, and peak
b corresponds toU1J, whereU andJ are on site Coulomb
and exchange parameters. The estimated values forU andJ
are 2.2 eV and 0.6 eV from our calculations, and about
eV and 0.32 eV from experiments for LaVO3. The smallerJ
parameter estimated from experiments may suggests the
canting or fluctuation at elevated temperature, especially
YVO3 as discussed below.

2. YVO3 at low-temperature„TË77 K…:

Now let us discuss the low-temperature phase of YVO3.
In this case, theC-OO with G-SO state is the most stabl
state. As the results, the strong peakb for E//c can be ex-
plained as the transition from V-1-dyz

↑ to V-3-dyz
↑ as noted by

the solid red arrow in Fig. 2~B! with energy U1J. This
transition is not allowed for the FM coupling along thec axis
as in the case ofC-AF or FM state, and should show stron
temperature dependence as observed in experiment. A
the small peaka, the situation forC-OO is different from the
case of LaVO3 with G-OO. In the present case ofC-OO, the
significant mixture of different orbitals under strongly di
torted VO6 environment is crucially important to produc
this small peaka located at energyU2J @corresponding to
the transition as noted by the green arrow in Fig. 2~b!#. Let
us explain the situation in more details. If there is no orbi
1-5
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mixing ~the intersite hybridization for the same orbitals s
exists!, dyz is fully occupied anddzx is empty in the majority
spin state both at V-1 and V-3. The unoccupieddzx

↑ at V-1

hybridizes with unoccupieddzx
↑ ~not dyz

↑ ) at V-3 to produce a

small dzx
↑ component at V-3 site at the energy of major

spin empty state. In this case, the weight of the transit
from V-1-dzx

↑ to V-3-dzx
↑ is zero because of the zero occup

tion of V-1-dzx
↑ state, and the small peaka should not exist.

However, as already mentioned the orbital mixing betwe
dyz and dzx is significant due to the lattice distortion an
produces the partial occupation of V-1-dzx

↑ state@green line
in Fig. 2~b!#. This will contribute to the small peaka. We
should emphasize here that by keeping theC-OO any mag-
netic coupling along thec axis will produce a peak arounda
only through the orbital mixing and therefore the peaka will
never be strong, in contrast to the case of LaVO3. Neverthe-
less, those states with different orbital ordering, like the
termediate temperature phase withG-OO and C-SO, can
contribute to the peak structure arounda as shown in Fig.
2~c!.

3. YVO3 at intermediate temperature„77 KËTË116 K…:

The observed spectra for the intermediate phase of YV3,
which hasG-OO andC-SO, is hard to be explained by ou
calculations. Our calculations suggest a picture similar
that of the low-temperature phase of LaVO3, because the
two systems have the same spin and orbital orderings. H
ever, the observed spectra is quite similar to the lo
temperature phase of YVO3, which has different spin and
orbital orderings. In particular, the observed peakb is stron-
ger than peaka and temperature dependent, while the cal
lations suggest the opposite. One possible scenario to ex
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the observed picture is to suggest the persistence of l
temperature phase (C-OO andG-SO! at elevated tempera
ture, or at least certain mixture of other magnetic states,
G-OO with G-SO orG-OO with A-SO states. This argumen
can be supported by the following facts. First, the smalJ
parameter~about 0.25 eV! estimated from experiment sug
gests the possibility of strong canting or magnetic fluctuat
at elevated temperature~100 K!. Second, the recent neutro
experiment25 on this compound actually suggests the ex
tence of G-type spin canting and significant reduction
magnetic moment at 100 K. Nevertheless, according to
calculations, to be able to reproduce the observed shape,
stantial ~more than 50 percent! mixture of low-temperature
phase is required.

In conclusion, we developed the first-principles plan
wave-pseudopotential method based on LDA1U to calcu-
late the interband optical conductivity. We calculated the
isotropic optical conductivities of LaVO3 and YVO3 for
different orbital and spin ordered phases, and studied
effects of spin and orbital ordering on the anisotropy. T
experimentally observed spectra for both LaVO3 and YVO3
at low-temperature can be qualitatively explained by our c
culations. On the other hand, our calculation for the interm
diate temperature phase for YVO3 suggests that substantia
mixture of low-temperature phase may persist at eleva
temperature.
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