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Anisotropic optical conductivities due to spin and orbital ordering in LavVO; and YVOg:
First-principles studies
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The anisotropy of low-energy (85 eV) optical excitations in strongly correlated transition-metal oxides is
closely related to the spin and orbital orderings. The recent successes of UDAethod in describing the
magnetic and electronic structures enable us to calculate the optical conductivity from first principles. The
LaVO; and YV, both of which have &2 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 Y)/&uggest the substantial persistence of the low-temperature
phase at elevated temperature.
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[. INTRODUCTION its orientation alternates for the neighboring V sites in the
plane. The stacking of the longer bonds also alternates along
The strong couplings among the spin, lattice, and chargéhe ¢ axis. Hereafter, we call this kind of distortion the
degrees of freedom in transition-metal oxides are essentialla-type Jahn-Teller distortion. This low-temperature phase
mediated by the orbital degree of freedom, which plays @éas P2/a crystal symmetry.
crucial role in controlling the phases and various physical The structural and magnetic phases for Yy/&e quite
properties.™ The direct observation of orbital structure is complicated:*~*® With lowering the temperature, this com-
difficult, yet several experimerfts® have been developed to pound first undergoes a structural phase transition at 200 K
detect the anisotropy induced by spin and orbital orderingsfrom a disordered phase to ti@&type Jahn-Teller distorted
Among them, the measurement of anisotropic opticalktructure, the same structure as the low-temperature phase of
conductivity® by using polarized light can provide us with LaVO;. Then theC-type AF ordering develops at 116 K
useful information. The low-energy optical excitations below(Ty;). With further lowering the temperature to 77 K\,),
the strong O P to transition-metal 8 charge-transfer peak another structural and magnetic phase appears. The low-
mostly come from the transition-metatido-3d transitions.  temperature € 77 K) phase recovers tigbnmcrystal sym-
Those transitions reflect sensitively the spin and orbitaimetry with theC-type Jahn-Teller distortiofi.e., the longer
structures of the system through optical transition-matrix elbonds stack along the axis in the same orientation rather
ements, and show anisotropy when spin and orbital are cahan alternately The magnetic structure of this low-
operatively ordered® Nevertheless, the proper analysis of temperature phase B-type AF structure(i.e., AF coupling
experimental anisotropic optical spectra requires the detailefloth in the a-b plane and along thec axis). Strong

understanding of electronic and magnetic structures. temperature-induced magnetization reversal can be observed
Both LaVO; and YVO; are insulators with aPbnm  at Ty, and Ty,. ™
orthorhombic unit cell witha~b~c/\/2 at room tempera- Sawada and Terakura studied the electronic and magnetic

ture. There are two @ electrons per ¥' site. Synchrotron  structures of Lav@ and YVO,; by using the full-potential
x-ray and neutron diffraction resultsuggested that LaV{ linearized augmented-plane-wave method. They first com-
undergoes a magnetic phase transition at 14R&f. 10 and  pared the results between LDA(local density approxima-

a structural phase transition at 140 K. The low-temperatur¢ion) and GGA (generalized gradient approximatiprand
phase has th€-type antiferromagneti¢AF) spin configura- then applied the LDA U method® to LaVO,.Y” They found

tion (i.e., ferromagneti¢FM) coupling along the axis and that the LDA and GGA are not sufficient, and LRAU is

AF coupling in thea-b plane. Due to the Jahn-Teller distor- necessary in order to predict the low-temperature phase cor-
tion, one of the V—O bond is longer than other two in the rectly. Recently, the polarized optical conductivities of
VOg octahedron. The longer bond lies in theb plane and LaVO; and YVO; were measured by Miyasaka al® and
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very clear anisotropy was observed. To understand the impliwes E,(k) by using the following Kubo formufd (in Ry
cations of those spectra, we developed the plane-wavgnits):

pseudopotential method based on LBA to calculate the
optical conductivity and studied the effects of spin and or- 16 1
bital orderings on the anisotropy. The experimental spectra 0 ,5(®)=— v > if > B I
of both LavQ; and YVO; at low-temperature can be quali- kn m omp~(0+id)
tatively explained by our calculations, while the studies for wtis

the intermediate temperature phase (/2 kK<116 K) for X
YVO; suggest the complication of magnetic and orbital @mn

structures. In Sec. Il of this paper, we will describe ouryhere o and B(=x,y,z) are indices for directionsy is the
method, and the results are discussed in Sec. Il excitation energyy is the volume of the unit cellh andm
are band indicesf,, is the Fermi distribution function,
omn=Em(K)—E,(k) and § is the lifetime broadening {
=0.01 Ry in this work, 75,={nul(=iV,)|¢me) are the
The Vanderbilt type ultrasoft pseudopotenffiak useful  matrix elements of the momentum operator. The calculations
not only for efficient calculations for transition-metal oxides for the matrix elementsry,,, require the all electron wave-
but also for implementing the LDAU method to treat ef- functions ,,, which can be obtained from the following
fects of strong correlation. In the LDAU method, the core compensation forit:?2
strong Coulomb interaction is explicitly taken into account in
the subspace of localized orbitals through a Harteree-like
scheme. The detailed description of our LBA} scheme |¢nk>:|¢nk>+2 {141) =)} Bil bk 2
was given in Ref. 3.
The interband optical conductivity is calculated from thewhere ¢, are the pseudo-wave functions obtained from the
converged Kohn-Sham wave functiopg,) and eigen val- self-consistent pseudopotential calculatidris,the index for

rC

Re( b +i Im(msmB )|, (1)

IIl. METHOD

FIG. 1. (Color) The unit cell
and coordinates used in the calcu-
lations. Four V sites (black
spherej labeled as V-1, V-2, V-3,
and V-4, are included in the unit
cell.
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A)LavVO,10K  B)YVO,65K  C) YVO, 100K
(G-00, C-S0) (C-00, G-S0) (G-00, C-S0)
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FIG. 2. (Color) The calculated projected densities of staBOS for the lowest-energy states of three systems. TheyaaleaVO; 10
K structure withG-OO andC-SO; (b) YVO4 65 K structure withC-OO andG-SO; (c) YVO4 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 indicated
by different colors. The solid arrows show the real transition in this spin and orbital configuration, while the dashed arrows show the possible
transition in different magnetic structures. The positive and negative PDOS valuesTrsgam and | -spin, respectively. See the text for
detailed explanations.

atomic orbitals, ; and ¢; are atomic all-electron and used for the cutoff energy of plane-wave expansion, and we

pseudo- wave functions respectivelg; are the localized use (6<6X4) mesh for thek-points in the linear tetrahe-

functions as defined in Ref. 19. Therefore, the matrix eledron method with the curvature correction. The parameter

ments of momentum operator can be obtained'3s: Uess in LDA+U scheme is chosen to be about 3.0 eV in
order to reproduce the experimental band gafs3

7Tﬁm:<’zbnk|(_ i Va)' ‘pmk> :<¢nk|(_ [ Va)| ¢mk>

I1l. RESULTS AND DISCUSSIONS
+ 25 (bl B (=1l 5) = (il (— V)| b))} |
i A. Electronic structures
><<,8j|¢mk>_ (3 The unit cell and coordinates are defined in Fig. 1. Four V
atoms, say V-1, V-2, V-3, and V-4, are included in the unit
Practically, the core contributioisecond term of Eqi3)]  cell. Following the common convention, we defined g,
can be calculated in the pseudopotential generation processdz directions as th€110], [110], and[001] directions of
and stored as input of self-consistent calculations. Thehe unit cell respectively. Three structures, Laya@ 10 K?
present process has been well checked by using LaMisO  YVOg at 65 K® and YVO, at 100 K (Ref. 13 are treated
an examplé€:® Throughout the calculations, 30 Ry has beenhere, which have thé-type, C-type, andG-type Jahn-Teller
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A) LaVO, 10K B) YVO, 65K C) YVO, 100K
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FIG. 3. (Color) The calculated optical conductivities for various phases. Three structarésVO; at 10 K, (b) YVO4 at 65 K, and(c)
YVO; at 100 K, are calculated. For each fixed structure, results for four different magnetic configurations are plotted together with
experimental results. The figure enclosed by the red border line corresponds to the most stable spin structure. The experimenia) curves in
(b), and(c) are taken at 10 K, 67 K, and 110 K, respectiv¥lithe solid lines are results f@&//c, while dashed lines foE//a. See the text
for the detailed explanations.

distortions, respectively. For each fixed structure, relativahree states are all about Lg/V. The calculated electronic

stability is studied among four kinds of cpllmear magnetic projected densities of stat¢éBDOS are summarized in Fig.

structuresC-type AF, G-type AF, A-type AHi.e., FM layers 2 where different orbitals are shown by different colors. The
coupl_ed antiferromagneticaly along thexis), and FM spin  0-2p and Ve, states are not plotted.

ordering(SO) states. S ~ For (a), the occupied electronic configuration can be

Each of the above Jahn-Teller distortions is accompaniefominally expressed as V-1d! d! ; V-2: d! dl : V-3:

by the same type of orbital orderin@O) and stabilizes @ g1 gl - \.4: g\ d' One of the two electrons on each V sit

specific related magnetic structure. In the present case, oyfil| 5o = OxyQyz: NS OF IS WO S18CHONS on Sach V Site
P . 9 : P » OWill occupy thed,, orbital, and another electron will occupy

calculations suggest that tietype andC-type OO favor the

X . . the d,, or d,, orbital alternately from one V atom to its
C-type andG-type AF SO, respectively. This result is con- peighiioring v atoms, resulting i8-00. TheC-SO is mani-
sistent with experimental observations and also with the pr

€ested as the up spin state for V-1 and V-3, and the down spin

. . '17 . N i N
vious falculatlon’sr’ and unrestricted Hartree-Fock gtate for V-2 and V-4. Due to deviation from the cubic struc-
studies™* Now we concentrate on the discussion for the elecyre, certain degree of mixture of orbitals can be observed:

tronic structures of the Iowest—energy magnetic state of eacyr example, the small occupation df, orbital (green ling

structure. They ar¢a) LavVO; 10 K with G-OO andC-SO;  for -1 site. Note here that, in our calculation, for each fixed
(b) YVO3 65 K with C-O0 andG-SO; (c) YVO3 100 Kwith  structure and spin configuration the orbital polarization is
G-O0 andC-SO. The obtained magnetic moments for thesefully relaxed self-consistently. The calculated electronic and
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magnetic structures of YVgin the intermediate temperature hand, peak seen in experiment does not exist in the calcu-
(100 K) phase(panelC in Fig. 2) can be understood in the lated spectra fo€-AF. Since the spectral weight of pekis
same way as the low-temperature phase of LagWOterms ~ Very small and temperature insensitive in experiment, we
of the same spin and orbital orderings. This can be seen froigPeculate that this peak may come from certain component
the similarity of the panefa) to the panelc) in Fig. 2. of imperfect spin ordering along theaxis. For example, let

For the low-temperature phase of Yy@panelB in Fig. ~ US reverse the spin of V-3 site in Fig(a2 The transition

{ T i
2), the situation is different. The nominal electronic occupa-om V-1-dy, to V-3-dy, located at higher energidenoted
by the red dashed arrows in Fig) @ill be allowed and

; T a4l - v\io Al 4l - e
g?ndi c.a\r/1 ;edTur;(TjeriLO(?d ?ﬁ Vgsydya Sv02: dtﬁﬁzt;( IV 3 contribute to a sharp peak near the position of pgalas
xylyz: V-2 Oy Oz, AS TOT the an n PaNe,  shown in the spectra for th®-AF and A-AF state forE//c.
the present situation is the same as thosdapfand (c). Before moving to YVQ, we briefly discuss the case of

However, the OO and SO along teaxis are different. In- g//5 \yhere the intersite electronic transitions between V-1
the present case, all the V atoms along a giveaxis have  anq /.2 are important. The two transitions from Vel
the same _orbltal occupation, v_vh|le those_ belonging to th% V-2—d)T(y yz (denoted as solid blue and red arrows in Fig. 2
nearest-nelghboc axes h"%"e d'ﬁefe”t orbital occupations. e aj10wed for thea-b plane spectra, which show a broad
For instance, the,, orbital is occupied for both V-1 and V-3 g1 ,cture due to the broad band width of unoccupied minority
sites. ThisC-OO leads to stability of th&-SO through AF gyip, states. Theseb plane transitions produce a structure in
superexchange. Comparing Lay@ith YVOg, we can find  E//a curve at the position of peak of E//c curve. Due to
Strong mixture of orbitals in YVQ This is due to the en- the doub”ng of transition pathS, one may expect a stmmg
hanced structural distortion in YV{rompared with LaVQ.  plane spectral weight. However, by calculating the matrix
The V-O-V angles are about 157 deg in Lay/Qvhile they  elements, the actua-b plane spectrum is not so much
are reduced to about 144 deg in YYO weighted due to the longer bonds in tlaeb plane. The
Similar analysis was made for all other magnetic phaseshoulder in the experiment&l/a curve at about 1.5 eV, i.e.,
of these three structures. Among several results obtained, whe energy of peakr in the E//c curve may originate from
noticed the following interesting and possibly important fea-the spin disordering in tha-b plane. First we note that a
ture: for a fixed crystal structure, a change in the magnetiwery tiny peak is seen at this energy in tBeéA\F ground-state
structure will not cause any significant change in the orbitaconfiguration. This structure mainly comes from the transi-
ordering. It is likely that the orbital structure is mostly deter- tion from the occupied V-X, component to a small
mined by the specific structure distortion in the present casé\/-z-dlX component just above the Fermi level. However,
this structure is too weak to explain the shoulder at 1.5 eV. If
B. Optical conductivities the spin state between V-1 and V-2 may become parallel like
in A-AF and FM, the transition corresponding to the red

The results for optical conductivity are summarized indashed arrow may become allowed and produces a peak as
Fig. 3. Experimentally, two peak structurea @nd 8) are  gnown in Fig. 3.

observed foE//c in both compounds, with pegklocated at From the above assignment, some important parameters

higher energy than peak. For LavVO;, peaka has a very  can be estimated by using the Hartree-Fock model. The peak

sharp structure at low-temperature and is significantly supposition of « should corresponds to energyy—J, and peak

pressed above the transition temperature. P@ak quite g corresponds tdJ +J, whereU andJ are on site Coulomb

weak and almost temperature independent. In ¥V@h the  and exchange parameters. The estimated valued fomd J

other hand, pea@ has a larger weight with strong tempera- are 2.2 eV and 0.6 eV from our calculations, and about 2.1

ture dependence and peaks weak with only little tempera- eV and 0.32 eV from experiments for La¥OThe smallei

ture dependence. For both Lay@nd YVGO;, theE//a spec- parameter estimated from experiments may suggests the spin

tra are quite broad and almost temperature insensitive. canting or fluctuation at elevated temperature, especially for
YVO; as discussed below.

VA%

1. LaVO5 low-temperature phase:

For LavQ; at 10 K, theG-OO with C-SO state is the
most stable state. We first analyze the cas&M@t, where
we consider the intersite transition between V-1 and V-3 a

the transition dipole is along theaxis. The calculated opti- . o 1
. AL in Ei plained as the transition from V-d., to V-3-d!, as noted by
cal conductivity forC-AF in Fig. 3 shows clearly a sharp the solid red arrow in Fig. ) with energyU+J. This

peak corresponding to the experimental peakLooking transition is not allowed for the FM coupling along thexis

back to the calcul.ated PDOS n Fig. 2, and taking the tran:,is in the case of-AF or FM state, and should show strong
sitions from V-1 site to other sites as examples, we can a

. o f St'emperature dependence as observed in experiment. As for
sign the Tsharp peai for E//c to the transition from V-1dy, e small peake, the situation folC-OO is different from the

to V-3-d, as denoted by the solid red arrow in Fig. 2. This case of LavQ with G-OO. In the present case 6£00, the
transition is not allowed if the magnetic structure along significant mixture of different orbitals under strongly dis-
axis is AF, like in theG-AF andA-AF states, where no peak torted VQ; environment is crucially important to produce

is obtained around the same position of peakTherefore, this small peake located at energy —J [corresponding to

the peaka should be suppressed above the magnetic transthe transition as noted by the green arrow in Figh)R Let

tion temperature as observed in experiment. On the othars explain the situation in more details. If there is no orbital

2.YVO; at low-temperature(T<77 K):

Now let us discuss the low-temperature phase of ¥VO
én this case, theC-OO with G-SO state is the most stable
state. As the results, the strong pe@kor E//c can be ex-
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mixing (the intersite hybridization for the same orbitals still the observed picture is to suggest the persistence of low-

exists, dy, is fully occupied andi,, is empty in the majority

spin state both at V-1 and V-3. The unoccuptdzlq at V-1

hybridizes with unoccupied., (notd§2) at V-3 to produce a

small d;x component at V-3 site at the energy of majority
spin empty state. In this case, the weight of the transitio

temperature phaseCfOO andG-SO) at elevated tempera-
ture, or at least certain mixture of other magnetic states, like
G-00 with G-SO orG-0O0 with A-SO states. This argument
can be supported by the following facts. First, the sndall

rgarameter(about 0.25 eV estimated from experiment sug-

ests the possibility of strong canting or magnetic fluctuation

1 T
from V-1-d,, to V-3-d, is zero because of the zero occupa- 5t glevated temperatuf@00 K). Second, the recent neutron

tion of V-1-d], state, and the small peak should not exist.

experiment® on this compound actually suggests the exis-

However, as already mentioned the orbital mixing betweenence of G-type spin canting and significant reduction of
dy, and d,, is significant due to the lattice distortion and magnetic moment at 100 K. Nevertheless, according to our

produces the partial occupation of Vd];; state[green line
in Fig. 2(b)]. This will contribute to the small peak. We
should emphasize here that by keeping @©®0 any mag-
netic coupling along the axis will produce a peak around
only through the orbital mixing and therefore the pealill

never be strong, in contrast to the case of LgVNeverthe-

calculations, to be able to reproduce the observed shape, sub-
stantial (more than 50 percenmixture of low-temperature
phase is required.

In conclusion, we developed the first-principles plane-
wave-pseudopotential method based on LD to calcu-
late the interband optical conductivity. We calculated the an-

less, those states with different orbital ordering, like the in-isotropic optical conductivities of Lav and YVO; for

termediate temperature phase withOO and C-SO, can
contribute to the peak structure arouadas shown in Fig.
2(c).

3. YVO; at intermediate temperaturé77 K<T<116 K):

different orbital and spin ordered phases, and studied the
effects of spin and orbital ordering on the anisotropy. The
experimentally observed spectra for both Lay/éhd YVO;

at low-temperature can be qualitatively explained by our cal-
culations. On the other hand, our calculation for the interme-

The observed spectra for the intermediate phase of yVO diate temperature phase for YYGuggests that substantial

which hasG-O0 andC-SO, is hard to be explained by our mixture of low-temperature phase may persist at elevated
calculations. Our calculations suggest a picture similar tdémperature.
that of the low-temperature phase of Lay(bhecause the

two systems have the same spin and orbital orderings. How-

ever, the observed spectra is quite similar to the low-
temperature phase of YV which has different spin and The authors appreciate Professor Y. Tokura and Dr. S.
orbital orderings. In particular, the observed p¢hals stron-  Miyasaka for fruitful discussions and providing their experi-
ger than peaky and temperature dependent, while the calcu-mental data. The authors also acknowledge the valuable dis-
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