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We present first-principles studies on the orbital states of the layered perovskitegSGRUO,. The
crossover from antiferromagneti@&F) Mott insulator forx<0.2 to nearly ferromagnetiM) metal atx
=0.5 is characterized by the systematic change ofxth@rbital occupation. For the AF sidx€0.2), we
present firm evidence for they ferro-orbital ordering. It is found that the degeneracyt gf (or e,) states is
lifted robustly due to the two-dimensional crystal structure, even without the Jahn-Teller distortion gf RuO
This effect dominates, and the cooperative occupatioxyajrbital is concluded. In contrast to recent propos-
als, the resulting electronic structure explains well both the observed x-ray-absorption spectra and the double-
peak structure of optical conductivity. For the FM sidke=(0.5), however, thay orbital with half filling opens
a pseudo-gap in the FM state and contributes to the Spid/2 moment(rather thanS=1 for x=0.0 casg
dominantly, whileyz,zx states are itinerant with very small spin polarization, explaining the recent neutron
data consistently.
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[. INTRODUCTION spin (S=1) state forx=0.0. A similar picture may hold also
for x=0.2.” The recent polarized neutron-diffraction studies
The spin and orbital structures in £3Sr,RuQ, (0=sx  for x=0.5(Ref. § suggested dominant magnetization distri-
<0.5) attract much attention recently as a model system obution on thexy orbital rather than the theoretically sug-
toq electrons. It is an antiferromagnetiéF) Mott insulator ~ gestedyz/zx orbitals.lOTherefore itis an important and chal-
for x<0.2, but nearly ferromagnetidFM) metal at lenging issue to determine the orbital state o} C&rRUO,
x=0.51"3There are four electrons occupyitg, states per explaining ponslstently the available experiments, which we
Ru**, while g, states are empty. The isovalent substitutionundertake in this paper. _ . .
of Sr for Ca does not change the number of electrons, byt W& show that the crossover of magnetic properties with
modifies the crystal structure systematicitiyie to their dif-  Ncreasing doping is characterized by the systematic change

ferent ionic radii. The key issue here is the orbital degree o}n the xy orbital occupation. For the AF sidx£0.2), we

freedom, which couples with lattice and magnetism stronglyggmw:ﬁ;ha;ézs p;;(ia(;jr:cgid |§:so_\?vrebnlgltoh)eo)r<(fgnsg ;\gra
Extensive experimentii® and theoreticdr'? studies have y P b P

L : : d(b) the double-peak structure of the optical conductivity.
bgen done for th|s Issue, while th? present understanding e further point out that the stabilization of thg state is
this compound is quite controversial.

. . - , . quite robust, and mostly due to the two-dimensiof®D)
First, for the AF sideX=0.0), the preferential occupation oy qta field, which has not been considered seriously so far.

of the xy orbital was predicted by earlier calculation®.  |"contrast to the AF side, for=0.5, the electronic structure
However the O & x-ray-absorption spectroscopiXAS) g characterized with thgz/zx states with small moment and
study reported the occupation of about 0.5 holes inXiie  the xy orbital with half filling, which opens a pseudo-gap in
orbital? In addition to this, the photoemission experimentthe EM state and contributes to t1e=1/2 moment domi-
suggested strong spin-orbit couplit§OO0, leading to the nantly. This picture, which is in strong contradiction to the
proposal of compleng orbitals* The presence of 0.5 holes previous propos&ﬁ explains the neutron dé[aonsistently_

in the xy orbital also led Hotta and Dagotfoto propose the
“antiferro-orbital ordering” (AFO) with 22 periodicity of
RuG; in the plane. The recent experiment on optical conduc-
tivity was interpreted in terms of this orbital patteriiow- The calculations were done with the first-principles plane-
ever, the lattice distortion corresponding to the AF®., the  wave pseudopotential method. In our previous wbike
2X 2 structurg is not observed experimentally, and the or- effects of structural distortions were emphasized by taking
bital pattern of AFO is not consistent with the recent reso-into account important distortions mostly, however here we
nant x-ray scattering experimehin which no superlattice use the experimental structures to compare the calculated
peak was observed. Second, for the nearly FM side (results with the measured spectra. Five experimental struc-
=0.5), the fitting of the Curie-Weiss-type susceptibility sug-tures are considered, i.ex=0.0 at 11 K and 295 Kx
gestedS=1/2 spin moment,in sharp contrast with the high- =0.1, 0.2, and 0.5 at 10 KTwo kinds of magnetic states,

Il. CALCULATION METHOD
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) xo0. aspects of the calculation were described in the previous
10K AF | paper’ For the studies of XAS spectra and optical conduc-

tivity, the interband transitions are calculated from the con-

verged Kohn-Sham wave functions and eigenvalues, by us-
ing the core compensation form of pseudo-wave functions
(see Ref. 16 for technical details

Ill. RESULTS AND DISCUSSION

(d) x=0.0 A. Ca,RuQ, (x=0)

295K FM

PDOS(States/eV)

We start with CaRuQ, at 10 K. Our calculations predict
the AF ground state with energy gain about 28.2 meV with
respect to the FM state. The mechanism for stabilizing the
AF state was analyzed in our previous pdper terms of
! ot | lattice distortion, flattening, rotation, and tilting of RgO
-2 - -2 ‘ The projected density of statéBDOS in Fig. 1(a) suggests
that the present situation may correspond to the localized
spin picture ofS=1, where thexy states are fully occupied

FIG. 1. (Colon The calculated PDOS of Ruedt, orbitals for and theyz/zx orbitals are half filled. In reality, as the Rul4
various states. The solid red arrows indicate the main optical tranPTbitals are extended, inter-site hybridization modifies the
sition paths, while the dashed red arrow shows the transition whiclPicture quantitatively. For example, the occupation numbers
is significantly suppressed. Note the transitions indicated here medin LDA+U) are given as follows:nly=0.86, ni,z,zx

Energy (eV)

that from the states at one Rusite to the corresponding states at =0.87, niy=0.79 andnf,Z,ZX:O.ZS, with up and down ar-
nearest-neighboring RU site. rows indicating the spingsee Figs. (a) and 2a)]. The co-

operative occupation of they orbital for all Ru sites forms
FM and staggered AF states, are considered for each struthe FO ordering. These occupation numbers give Ag28s
ture. In the previous work the local spin-density approxi- the magnetic moment of a Ru atdvhig, (o5, Which agrees
mation (LSDA) was adopted for the entire range. The valid-Well with the experimental value of 14 .° As for the spin
ity of LSDA for predicting the stable magnetic state of polarization of oxygen, the in-plane oxygen atoms have no
ruthenates was demonstrafédHowever for CaRuQ, ~ net polarization due to symmetry while the apical oxygen
though LSDA can predict the stability of AF magnetic order, atoms are strongly polarizethbout 0.1mug) due to the
the band gap does not op&h: As we aim to analyze the strongp-d hybridization because thgz/zx orbitals which
optical conductivity also, a proper reproduction of the bandextend toward apical oxygen contribute dominantly to the Ru
gap is important. Therefore, we employ the LBA)  spin polarization. The corresponding values in LSDA for the
schem&"15 for the insulating region (&x<0.2) with U,;  above orbital population are/,=0.80, nj,,,=0.82, n},
=2.5 eV to reproduce the band gap of,8a0,. The LSDA  =0.71, anohiﬂzx= 0.40. Therefore, the basic feature of the
was employed for other region of The details of other orbital population remains the same in LSDA, though the

1 1.5 0.2
+ @ (b) (©) FIG. 2. The calculateda) or-
éfé:é\\ en_y/_é s 2 0.15 ! bital occupation numbers an(h)
0.8 rA—-v-—A 4 ; _— magnetic moments for the ground
\ nIm \ S o Q\® | n piane state of Ca_,SrRuQ, with dif-
\ by 2 \,’ ferent dopingx. MX.y (Myz,) de-
206 \o—0md \ =005 % . notes the magnetic moment asso-
£ Voo ) v Mey g I apical ciated with thexy (yz/zX) orbital
g Ao g 05— i and Mgy rora1=Myy+2.0M, 5y
3 H Ei\EJ E T The absolute value of magnetic
04 r ! n, ) 20 L (d) moments from oxygens are shown
3/@ 05 M, S Ll \ in (c) (see text for further explana-
g :Ei \ tions). The paneld) shows the to-
02 + I ~ M i 0 oo tal energy difference between .the
/) s v gy = o] \ l(:M grz)dOAj)F_ states. Thg A'Fh s;]de
= x=0.0,0.1 is connected with the
I Ofﬁ/z,] L 0 é\f FM side x=0.2,0.5 by dashed
0 02 04 0 02 04 0 02 04 lines.
doping x doping x doping x
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2 0RO, —r?) states. This can be seen in Fig. 3 from the global up-
03 | 3 : ; :
N ™ ECLRIO, 3 ward shift ofyz,zx bands and their oxygen bonding counter-
X 2 ! ] parts relative to those of they state. Second, due to the
15+ 33l X0 ! absence of Ru-O bond at one side of the apical oxygen along
~ cem Xy “ﬁ? - the c axis, the remaining Ru-O bonds are strengthened. This
%g = 03 ol will further push upyz andzx states, which are the antibond-
5 1+ 4 v j ing parts of the p-4d hybridization.
2 0605 095 1 105 (2) The compressive JT distortion: Thg state is further
2 Bond length ratio (c/a) lowered by about 0.06 e\see inset of Fig. Bdue to the 2%
shrinkage of the apical Ru-O bond length observed for
CaRuQ, at 10 K.

(3) The orbital-dependent hybridization: In the AF state,
the intersite hybridization between the occupied orbitals and
10 the unoccupied ones, which is the origin of the super-
Energy (eV) exchange, will push up the unoccupigd/zx states, and
again enhance the splitting betweey andyz/zx in minor-
ity spin by about 0.07 eV from our calculations. This effect
does not exist in the FM state, and will explain the reduced
occupation ofxy orbital in the FM solution even fox
=0.0[see Fig. 1b)].

As the results;n}(y reads 0.79, 0.72, and 0.67 for the cases
corresponding toX=0.0, 11 K, AR, (x=0.1, 10 K, AF,
orbital polarization and the spin polarization are reducedyhere JT distortion is nearly vanishingnd «=0.0, 11 K,
compared with those in LDAU. For example, LSDA gives  FM), respectively. It is clear that they occupation is domi-
0.93ug asMgy totai- The reduction in these polarizations is nantly determined by the energy-level splitting due to the 2D
due to the stronger intersite hybridization caused by the varstructure, which is comparable with the typical band width of
ishing band gap in LSDA. Therefore, we believe that thet,; states. The existence of such 2D crystal field is common
results obtained by LDAU which adjusts the effective for all the layered perovskites, while it has not been consid-
Coulomb repulsiond ¢ to reproduce the band gap should beered seriously so far. This effect, which is not taken into
quantitatively more reliable than those by LSDA. The account in the analysis by Hotta and Dagdttwill certainly
present results for the electronic structure are consistent witSuppress the stability of their proposed AFO state for

FIG. 3. (Color) The projected density of states of tetragonal
CaRuQ, without the JT distortion in the NM state. The inset shows
the calculated energy-level splitting between xheand theyz zx
states for CaRupand CaRuQ, with tetragonal Jahn-Teller distor-
tion, which is defined as the bond-length rat{&i-O bond length
along thec axis vs that in theab plane.

the previous calculationg:** CaRuO,.
As for the orbital character, there are three factors mainly e also performed self-consistent calculations by includ-
contributing to the stabilization of they orbital. ing the SOC wusing the relativistic fully separable

(1) The energy-level splitting due to 2D crystal field in the pseudopotentiat$ in the framework of noncollinear magne-
layered structurefin contrast to its 3D counterpart, where tism. We found that the obtained orbital occupations are al-
the t,4 (or ey) states are degenerditd=ig. 3 (main panel  most identical to those for the case without SOC in the AF
shows the calculated PDOS for the nonmagn@tiM) state  ground state of GRuO,. This is consistent with above dis-
of CaRuQ, without the Jahn-Telle(JT) distortion (i.e.,  cussions in the sense that the crystal field is strong enough to
three Ru-O bonds having equal lengtim the inset of Fig. 3, quench the orbital moment and stabilize the real orbital
we show the calculated energy difference betweenxthe Note that the photoemission measurerfievas done at 150
and theyz,zx bands as a function of the tetragonal JT dis-K which is above the Nel temperature where the degree of
tortion, by calculating the center of gravity for each band.orbital polarization is reduced.

Clearly, even for the hypothetical tetragonal,Ra0O, with- The electronic structures obtained in the present work can
out JT distortion, thexy orbital is lower in energy than the account well also for the observed XA&Ref. 4 for

yz andzx orbitals by about 0.2 eV as estimated by our cal-Ca,RuQ, though the number of holes in they state is not
culation. This lowering ofky state energy is added to that exactly 0.5(the estimated number of holes is between 0.2
due to the tetragonal distortion as demonstrated in the almosind 0.3 from our calculations for the AF ground staféhere
uniform downward shift of the dashed line (RuQ,) from  are two important aspects in the experimental analysis. One
the solid line (CaRug) in the inset of Fig. 3. As a first is the distribution of holes amorg, states and the other is
approximation, the origin of the energy-level splitting is at- its variation from the low-temperature AF phase to the high-
tributed to the following geometrical aspect in the secondtemperature paramagnetieM) phase. Such information was
neighbor configurations. In GRuQ,, Ru-O-Ru in theab  derived from the observed relative intensity of two XAS
plane is replaced with Ru-O-Ca along thaxis. Two factors peaks A and B) as a function of light incidence angie
coming from this geometrical aspect contribute to theThe peaks A and B correspond to the-2p transition at the
energy-level splitting. First, the electrostatic potential due taapical and the in-plane oxygen, respectively. In the single
the reduced positive charge of the second neighbot"Ca electron transition limit, we obtain the XAS spectra from the
along thec axis will raise the energies of those orbitals ex- converged Kohn-Sham eigenstates by calculating the matrix
tending along thec axis, such as thgz and zx (or 3z? elements of the optical transitidf.For the low-temperature
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A B FIG. 5. The(a) experimenta(Ref. 20 and(b) calculated optical
0.4 conductivities. The interband transitions are calculated by using the
02 Kubo formula. The simple average of FM and AF solutions is used
to simulate the PM state at 295 K.
0 L
0 1 2 3 4 0 1 2 3 4

Relative Energy (eV) at one RA™ site to the unoccupied minority spiyiz (zx)
state at the neighboring R site. In the simple energy-level
FIG. 4. (Color) The calculated relative intensity_of two XAS picture (i.e, the occupation number of each orbital is re-
peaks @ andB located at 528.5 and 529.5 eV experimentadly & garded as integers, either 0 o It is easy to understand the
function of light incidence ang|e. origin of peaks (which corresponds to transition shown in
o ) Fig. 1(c) of Ref. 5 with energyJ +J), but not that ofe. This
AF phase, the calculation is straightforward. However, Wesrgument has been used by Leteal5 against the FO order-
have to i_ntroducg an approximate treatment for simulatingng_ So they pursue the proposal for the AFO statehich
the XAS in the high-temperature PM state. Here we use th@ag heen shown in the above discussions not to be favored.
following simplest approximation in the cluster expansionyowever, our calculation clearly shows the existence of peak
technique for treating the alloy problethassuming that a , at about 1.0 eV, which is due to the nonvanishing transi-
magnetic state can be regarded as an alloy with two constity;s, matrix element betweery andyz/zx states, and cru-

ents, up spin state and down spin state. As the simplest agy|ly depends on the orthorhombic distortion and the admix-
proximation, we use a dimer for the cluster. Then the XAS Ofture of xy and yzZ/zx states of Ru-d. One of the strong

paramagnetic state can be approximated simply as an av§fyntributions to is the transition from the occupied major-
age of XAS of FM and AF stateslf we use a larger cluster, ., siinxy state at one R site to the unoccupied minority
other magnetic orders have to be taken into account and t inxy component mixed into thgz,zx states at the neigh-

short-range order effect can be inclugefls shown in Figs. borin + oo ;
g RU" site[see Fig. 18)]. Therefore, the double-peak
4(a) and 4c), our calculated XAS at 11 K and 295 K can be tructure is just the natural consequence of strong hybridiza-

well compared with the experimental spectra taken at 90 ion. The

) ] . peaks should be strong at the low-temperature AF
and 300 K(Fig. 3 of Ref. 4. At eleyated tempergture, which hase and sensitive to the magnetic ordering. Actually, this
tends to suppress the compressive JT distortion a_nd 10 elansition should be suppressed in the FM configuraftam
hance the spin disorderir{gncreasing FM component in spin shown in Fig. 1d)], because of the flipping of the spin. The

confi_guration%g the n}(y will decrease as_obtained in our cal- peaka is weak at low-temperature AF state, and should be
culations for the 295 K structursee Figs. &) and Xd)],  sensitive to the occupation numbenof orbital. The less,,
being consistent with the experimental tendency. is, the stronger the transition is. Actually, this transition is

Recently, the anisotropic optical ~conductivities N e enhanced in the FM configuration as shown in Fig.
CgRuO, were measured by Lest al” and Junget al™" For  q(q) Therefore, with the increasing temperature, the en-

the E//a spectra(see Fig. 5, two peak structuregcalleda  pancement of peak can be understood by the increasing
andp at about 1.0 eV, and 2.0 eV respectivedye related 0 gpical Ru-O bond length and the increasing FM components
the 4d-4d transmons(tht_a strong peak at 3.0 eV is due to the j, ine spin configuration, both of which will suppress the

p-q charge transfer By increasing the temperature, spgctral occupation, while the reduction of pegkis mostly due to
weight transfer from the strong pefkto the weak peakr IS the spin disordering. The reduction of the gap at elevated

observed6 and simultaneously the gap is reduced. Wemperature can be understood in terms of reduction in the
calculaté® the optical conductivities by using the Kubo AF long-range order.

formula?! and all transition matrix elements are calculated

from first principlest® As shown in Fig. 5, the experimental

results can be well explained by our calculations, and the B. Ca,(SrxRUO,

corresponding transition paths are indicated in Fig. 1 by red Above results present firm evidence for tkyee FO order-
arrows. Again we use the simple average of FM and AFng for x=0.0. Now going fromx=0.0 to 0.1, we see quan-
solutions to simulate the PM state at 295 K. For the low-titative change of the electronic statgSigs. 1e) and 2,
temperature AF state, the pegkat 2.0 eV is mostly due to while the ordering pattern does not change qualitatively. The
the transition from the occupied majority spiz (zx) state  elongation of the Ru-O bond along tleeaxis® (going from
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x=0.0 to 0.] tends to suppress the occupatiornxgforbital Our picture forx=0.5 was obtained by the LSDA calcu-
and to destroy the AF order. As a result, we see from Fig. 2ations which tends to overestimate the FM stability. Experi-
the followings:(1) the energy gain of AF state with respect mentally no FM long-range order has been observed, while
to the FM state reduces, being consistent with the reduceghe sjgnificant enhancement of susceptibility down to 2 K
Neel temperaturd y observed experimentally?) the reduc-  (pet 2 clearly suggested the existence of strong FM corre-
tion of ordered moments3) electron transfer in the minority lation (at least for short rangeActually, the recent experi-

spjn ch.annel from th'ely. orpital (niy) o thgyz{zx orbitals - ents down to 0.3 K(Ref. 7) suggested the existence of
(nyz/z><)v Qnd (4) redistribution of magnetlzatlon from the weak FM componentcluster glassat this doping. This may
YZ/ZX or?ﬂgls (Myz/2_x)_t° thexy orbital (M,,). The reduc- suggest that some magnetic orders may be energetically in
tion of n,, is also visible from the calculated XAS spectra - degeneracy with FM state. At present we do not have

Xy Z. . . .
[shown in Fig. 4b)], where the relative intensity of tWo . tjear idea about what magnetic orders they may be and
the problem is left for future studies.

peaks A andB) is just between those of Figs(al and 4c).
Finally, we discuss only briefly the case for the critical

However forx=0.5, where Ru@is quite elongated and
has only strong rotation around tbexis without tilting, the . . )

situation is completely differenFigs. 1f) and 4. These pointx=0.2. 10 K is already ahove the metak-insulator tran-
structural modifications produce basically two importantStion temperaturéin this case, and the system crystallizes in
changes in the electronic structure compared with the case e L-F_’bcaphase with a Io_ng ?plC&U Ru-O bond, suggesting
CaRUO;: (1) reduction inn}(y due to the elongation; an@) the adjacency to the metallic s@gzé 0.5). Howe_ver, in con-
broadening of theyz/zx bands due to the absence of tilting. trast to the case of=0.5, the tilting of RuQ still exists to
Nevertheless, the existence of Ru@tation keeps they ~ reduce the width ofyz/zx bands as well ak=0.2. This
band narrové? This will contribute to the high density of aspect tends to stabilize the insulating AF state. If we adopt
states at the Fermi level of nonmagnetic solution, leading td-SDA, the former aspect is emphasized to make the case of
the Stoner-type FM instability. Since this instability mostly Xx=0.2 very similar to the case of=0.5 as can be seen in
comes from thexy state, we observe from the FM solution Fig. 2. On the other hand, the LDAU method withU ¢

[Fig. 1(f)] that the xy states are strongly spin polarized, =2.5 eV emphasizes the latter aspect to bring the AF state
opening a pseudogap and contributing to the magnetizatiovery close to the FM state with the energy difference given
dominantly (Fig. 2). On the other handyz/zx bands are by Ery—Ea-=—3 meV. Note, however, that the similar
quite broad, and are located around the Fermi level withLDA +U calculation forx=0.5 enhances the stability of the
much reduced spin polarization compared with the case afM state with respect to the AF state and doubles the energy
x=0.0. In contrast to th&s=1 picture with the magnetic difference in Fig. 2d). These calculations, though not con-

moment supported by thez/zx orbitals for thex=0 case clusive, clearly suggest that the system with 0.2 may be
(C&RuQy), the present case may correspond to$sel/2  in the critical situation.

picture where thexy orbital contributes to the magnetic mo-
ment. This picture accounts well for the observations by the
Curie-Weiss fitting withS= 1/2 of susceptibility and the po-
larized neutrofishowing the spatial magnetic moment distri-
bution of thexy character. The large spin polarization for the  We have presented a systematic picture for the orbital
in-plane oxygen atoms and the negligibly small one for thestates in Ca_ ,Sr,RuQ, (0<x=0.5). For the AF side X
apical oxygen atomfFig. 2(c)] are the results coming from <0.2), we conclude that the orbital ordering is of the FO
the xy orbital origin of the Ru magnetic moment and aretype with the dominanky occupation and that thgz/zx
consistent with the experimefit. _ orbitals contribute to the magnetic moment. The electronic
In contrast to the present study, the proposal in Ref. 10gcture corresponds basically $o-1 in the localized spin
which claims the contribution ofz/zx states to the magne- i re. However, strong intersite hybridization due to ex-
tization, was obtalned. by n.eglectmg thgll%u@btatmn., tended Ru 4 orbitals significantly modifies the magnetic
which is an Important |ngred|ent for obtaining our orbital- moment distribution and the present calculation agrees well
dependent picture. In their treatméftan elaborate LDA with the experiments. For=0.5, our LSDA calculation pre-

+DMFT (dynamical mean-field theoryscheme was used, . .
but high-symmetry structure of SRuQO, was assumed. Then d'_CtS the s;_y_stem to be ferromagnetic and the nang utzanq
0\f\nth half filling may correspond to aB=1/2 localized spin

the effects of doping are simulated by increasing the size of", _
U, instead of changing the bandwidth. However, we pointed?/cture. Experimentally the system shows strong tendency

out in our calculation that the strong Rg@otation will re- ~ toward ferromagnetism but remains paramagnetic xor
duce the band width ofy significantly, but not that ofz,zx ~ = 0-5 even down to very low temperature. Only below 0.3 K,
bands. This difference produces the main source of the dighe existence of cluster glass phase with weak FM compo-
crepancy discussed above. The characteristic results of ofienht was observed. The LSDA calculation seems to overes-
picture forx=0.5 are the much suppress@hhancefipeak timate the stability of ferromagnetism in other cases
A (B) in the XPS spectrgFig. 4(d)] and the structureless also. This problem is left for future studies. However, the
optical spectra below the charge-transfer pggilg. 5b)].  present result for the character of the spin-density distribu-
These predictions should be confirmed by further experition is consistent with the neutron data. We emphasized that
ments. the structural modifications such as rotation, tilting, and flat-

IV. CONCLUDING REMARKS
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