PHYSICAL REVIEW B 71, 205103(2005

Optical properties and correlation effects in NgCoO,
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We have calculated the optical spectra ofGl@0, for x=0.3, 0.5, and 0.7 within the local density approxi-
mation (LDA). A comparison of our results to available experimental data shows good agreement of the
important features and trends, but reveals a nearly uniform shift of peak positions and poor quantitative
reproduction of intensities. We show, through application of a simple model, that these differences can be
attributed to overhybridization between Co and O orbitals and spin fluctuations that renormalize the bandwidth.
Application of the LDA+J procedure shifts the optical peaks farther from their experimental locations,
indicating that this method of incorporating correlation effects is ill-suited for the case afdda.
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[. INTRODUCTION In this context, it is important to verify to what extent the
The layered cobaltate NG00, is the subject of consid- LDA bands correctly describe the one-electron excitations
erable interest not only because of a possibly unconvention@nd fermiology of NgCoG,. Quantum oscillation probes
superconducting stafebut also due to its unusual magne- Would be ideal to investigate thelﬁerml surfd€s), particu-
totransport and thermoelectric behaviotand an intriguing |21y the predicted small pocket3;but so far no such stud-
magnetic phase diagrafs the Na content is varied from €S have been reported. Several photoemission reports are

low to high, the system moves from a paramagnetic metafvailabler>but because the electronic structure is expected
with Pauli-ike susceptibility through a narrow, charge- [© be sensitive to both surface states and surface quality,
ordered, insulating region arounet0.5 to a second metallic generalization of these results to the details of bulk electronic

but now Curie-Weiss-like, paramagnetic region. NearProperties is questionable. Infrared optics has a penetration

x=0.75, a magnetic transition, possibly signalling the onseﬁ)enptgr?[;ﬁ/t‘ﬁpa t("(‘)’?e;]eo?ggﬁ.tshse anlzms fr:r? d“%‘;:yr?hu;g_
of a spin density wave, apped5.It has been recently g P ISSI : y

reported that, at low temperatures, a second insulating statPr® provide the most reliable probe of the electronic struc-
may set in ak=0.25. ture available to date. Several of these experiments have

Local density approximatiofLDA) calculation® show a  P€en repo'rtea'.lf‘ZOSince optical absorption is an integrated
band structure that evolves smoothly within contrast to  Property, involving a variety of interband transitions, it is
the sharply different regions described above. The experidSually difficult, if possible at all, to interpret the results in
mental magnetic phase diagram is not well reproduced, and§'MS of the electronic structure without full first principles
weakly magnetic metallic ground state is found incorrectlyc@lculations. _ ,
for all Na concentrations. Neglect of strong correlation ef- Here we report such calculations. By comparing our cal-
fects by the LDA is the most obvious culprit, but their pre- culz_ited LDA spectra with optical experiments reported for_
cise role in NaCoO, is so far not well understood. Circum- Various Na contents, we are able to assign the three main
stantial evidence indicates that it should be substantial, wit€aks to specific interband transitions and thereby examine

most estimates of the Hubbatdl quite large in comparison N detail the dependence of these peak positions and
with thet,, bandwidth. However, the system does not behavétrengths on bandwidths and energies. The peak shifts one

characteristically as a doped Mott-Hubbard insulator, par€XPects to see in Mott-Hubbard-type compounds are not re-
ticularly around the superconducting composition where &/ized in this system, even for the insulating compounds.
lack of local magnetic moments on @dons is indicated by ~Furthermore, application of the LDAY methodology exag-
susceptibility measuremeri&!! Additionally, it has been gerates rather than rectifies the systematic dlscrepanu_es be-
observed that LDA calculations in systems with strong Hubtween the LDA and measured spectra. We employ a simple
bard correlations routinely underestimate the tendency t&nodel to illustrate that overestimation of GeO hybridiza-
magnetisnthe larger the difference) -1, between the Hub- tion due to _overly extende_d orbitals wpuld produce pre-
bard repulsion and Hund's rule coupling, the greater thefisely the kind of peak shifts we see in our LDA spectra.
underestimation2 while overestimating the antiferromag- SPin fluctuations predicted early frand later observeéd at
netic superexchangg In the LDA, N3CoO, is magnetid® ~ Some values ok,_ could also affect the spectra by renormal-
but with in-plane antiferromagnetic instabilities that areizing the bandwidth of thé,; complex. This is also consis-
smaller than ferromagnetic. Effects beyond LDA are requiredent with the differences we observe in our transitions com-
to suppress magnetism, but frustration is doubtful as #ared with experiment.

mechanism for this su_ppression_. Because of this, and despite Il CALCULATED OPTICAL CONDUCTIVITY

the largeU /W ratio, spin fluctuations may offer a more plau-

sible reason for deviations between calculated and observed Using theWien2Kk? full-potential augmented plane wave
magnetic ground states. +local orbital code(APW+lo), we calculated the optical
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FIG. 2. (Top panel The LDA optical conductivity for
Nay Co0, with arrows delineating the three main peaks(lined
arrows, B (solid arrows, anda (dotted arrows A Gaussian broad-
ening of 0.06 eV was usedBottom panel Interband transitions
corresponding to peaks in the optical conductivity

peak tot,-€, transitions, and the-peak to transitions from
fully occupied Op states to unoccupieg) states. Our calcu-
lated peaks and the identification of their origins agrees well
with tight-binding result® obtained for Ng<CoO,. The tyg
and theey complex, although formally labeled according to
=2 (i.e.,d) symmetry representations, are in reality substan-

FIG. 1. (Color onling The layered structure of N@oO,, CoO, tially hybridized with O. Therefore, as opposed to rdad
octahedra make up the top, middle, and bottom planes, and lightansitions in a free atom, suchl-t” dipole transitions are
a_toms are i_ntercalated Na in the virtual crystal approximatadh  5jlowed because of the O admixture and physically are of
sites occupied charge transfer nature. Thg bands are split into aa,4 and

two e/, bands by the trigonal crystal field,and all y transi-

conductivity for NgCoO, within the P63/mmc symmetry tions are from a loweg'-like state to an uppee-like or
(SG No. 194 at three Na contentx=0.3,0.5, and 0.7. To a,4-like state. Thee;-€; transitions are wholly due to small
vary the Na content, we used the virtual crystal procedure ohole FS’s near th& points of the BZ and contribute to a just
occuping every B site with an ion of fractional chargesee  visible shoulder beneath the lowest energy peak in the cal-
Fig. 1. For bothc anda lattice constants, we used experi- culated spectrun{an arrow designates this shoulder near
mental databut relaxed the O height separately for exch 0.4 eV in Fig. 2. However, there are aIIoweeL—alg transi-
The APW sphere radii were the same for all calculations, 2.@8ions in the same energy range that contribute roughly
for Na, 1.85 for Co and 1.55 for ORK,o (essentially a equally to the peak intensity and therefore, the existence of
measure of the plane-wave cufoffias set to 7.0, giving a these hole pockets cannot be inferred from the existence of
basis set of 833 APW's and 60 local orbitals. Our densitythe shoulder. The calculategl peak has several distinguish-
was well converged using 480 points in the irreducible able subpeaks corresponding to transitions from different
Brillouin zone (BZ). parts of the BZ. In Fig. 2, the peaks of the spectrum for

We first calculated the imaginary part of the dielectric Na; <CoO, are shown and representative transitions are indi-
constant, €'(w), in the random phase approximation cated along high symmetry points of the corresponding band
(RPA)?442 ysing the standard code of theien2kpackage. structure. The ratio of’(w) to the joint density of states
The real part of the optical conductivity; (w), can then be (JDOS, provides a gauge of the magnitude of the matrix
obtained byo’ (w)=(w/4m)€’(w). The resulting spectra ex- elements for these transitions. In contrast to the JDOS itself,
hibit three main peaks, which we labg] 3, anda, accord-  which is largest for the,g-e; transitions(8 peak, the matrix
ing to the notation of Wanget all® We can identify the elements are, predictably, larger for thepeak and, surpris-
specific interband transitions giving rise to these peaks usingngly, for the y peak(t,g-t;g) even larger. The largest ele-
a band-by-band decomposition dfw). Each ofy, 8, anda  ments are roughly a factor of 3 greater than the largest
have distinct origins. They peak corresponds to transitions elements which are nearly twice the size of the largest
between different bands of the metaltig, complex, theg  elements.
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Data of Hwang et al - tion (VCA) for disordered ions is to underestimate the aniso-
tropy for all values ofx. A detailed comparison with super-
cell calculation®® shows that it is only interlayer hopping
] that is affected by the VCA and that the features relevant to
] optics are well reproduced such that the trends reported here
1000 ‘ . are not affected by this approximation. We do expect that a
0 I calculation employing real, disordered Na ions would result
Caleulated (LDA) Spectra - in a broadening of the peakas compared to the VOAdue
p—— h to leaking of the indirect transitions. As Na is removed, the
8 x-05 ] in-plane plasma frequency and the electronic anisotropy in-
) NQ; crease until, ak=0.3, the in-planew, is 2.86 eV and the
3"‘\"9'.\} o] c-axis w, is 0.337 eV, approximately an order of magnitude
f"" . apart. The increase in Drude weight and concurrent enhance-
L =2 L L ! m_ent of an'isotropy with eleptron removal compare favorably
Energy (eV) with experimental observatiofs?
Despite these instances of good agreement, some dramatic
FIG. 3. (Color online A comparison of experimentéop panel differences between the spectra are obvious. The experimen-
and calculatedlower panel optical spectra. Note that the lowest tal peak intensities are almost a factor of 2 smaller and ap-
calculated Na concentration is 0.3, slightly different from the ex-proximately 0.5 eV lower in energy than our calculated ones
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perimental value of 0.25. when using a Gaussian broadening of 0.06 eV. This value
was chosen to match peak widths to experiment, but because
I1l. COMPARISON WITH EXPERIMENT the broadening should in reality be energy dependent, the

lower peaks of our spectrum are somewhat over-broadened.

The three(y, 8, @) conductivity peaks are clearly recog- Experimentally, the strong dip just below thepeak deepens
nizable in all available optical data. The reported positiondrom x=0.25 tox=0.5, but then becomes shallow again at
and strengths of these peaks, however, vary somewhat b&=0.7, whereas the LDA gap deepens and widens monotoni-
tween experiments, even for identical dopifig82°For con-  cally with increasing Na content. It has been previously sug-
sistency of comparison, we use mainly the report of Hwan(‘:gested that botl8 and « peaks could be identified with tran-
et al.® where spectra for several compounds of different NaSitions across the,-e; energy gap and that spin splitting of
content are available. Overall, the LDA spectra are seen to b€ tyq states could account for differences between observed
in good qualitative, but poor quantitative agreement with ex-Peak positions and calculated paramagnetic band posttfons.
periment(see Fig. 3, a situation we will attribute to LDA  Though no observation of static magnetism has been made
overhybridization, and/or spin fluctuations in the next secfor anyx<0.75, the LDA is known to predict an FM ground
tion. But first, we discuss the doping dependencies and gergtate for allx, suggesting that magnetic fluctuations may be
eral shape of the spectra. These are quite well reproduced Ifesent in the systefd?! Direct observations of FM spin
calculation. At bothx=0.25 andx=0.5, optical measure- fluctuations;* a spin density waveat x=0.75, andc-axis
ments at very low frequency detect a small semiconducting\FM ordering” atx=0.85 further support the idea that mag-
gap. At all energies above the calculated Drude peak, thigetism may play a role in optics. However, since regular
gap has no effect on the optical speéEhere are two clear Optics does not allow for spin-flip transition, spin splitting
trends followed by both the LDA and measureg(w) as  May shift optical transitions only if one of the two electronic
electron count is increasdma addea First’ the o andB StateS involved in a tl’ansi.tion is Spllt while the Other is not.
peaks shift away from each other and become broader. Se¢his is not the case for eithey or 3 peaks. There is some
ond, they peak sharpens and moves slightly lower in energy€ffect on the position of the: peak because of oxygen ad-
Both effects have their origin in an upward shift of Co- Mixture, but it is merely 0.15 eV even at=0.3. Thus, the
derived bands as the Cé-band filling is increased. The observed shifts of the absorption peaks with respect to the
greater energy difference between thepGstates and the LDA, especially the two high-energy peaksand 8, cannot
shiftede, band determines the-peak position, and a reduc- Pe due to magnetic effects.
tion in hybridization between Co and O orbitals, now further

separated in energy, weakens thee, crystal field splitting, IV CORRELATIONS EEEECTS AND BAND

causing the downwarg-peak shift. Since the peak is due RENORMALIZATIONS

to transitions within the,y band complex, its sharpening and

shift down are both attributable to a slightly narrowgg The smallt,; andey bandwidths of NgCoO, suggest that

bandwidth caused by decreased O mixing. Our calculatedorrelation effects in Cal may be important. Our renormal-
in-plane plasma frequency a=0.7, w,=1.39 eV, agrees ized atom calculations for HubbardJ on Co vyield
well with values extracted from experimefit?® U=3.7 eV, while thet,y bandwidthW is 1.5 eV, so that the
wp=1.48 eV andw,=1.17 eV. Thec-axis plasma frequency Hubbard ratio(accounting for degeneracis U/Wy{3=1.5.

is calculated to be 1.48 eV, nearly the same as the in-plan8pin-unrestricted band structure calculations yield a half-
value, reflecting the lack of anisotropy at higher Na levels.metallic ferromagnetic ground state, contrary to experiment.
Here we note that the effect of the virtual crystal approxima-All this suggests that we adopt a circumspect attitude toward
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conventional LDA calculations for this compound as it is 800
quite likely that the actual experimental electronic structure
is considerably renormalized compared to the LDA resiiits. (00|
Indeed, angle-resolved photoemission  spectroscopy_
(ARPES measurement&'®have detected a heavy quasipar- &
ticle band near the Fermi energy with a total width of & 4%
~70 meV, much smaller than the LDA bandwidth. Thisisan e
interesting finding, but surface sensitivity should be kept in 4,
mind. Indeed, differences between surface electronic struc
ture, as measured accurately by ARPES, and bulk electroni
structure have been established in other oxides, including  ° ——
cuprate?® ruthenate® and manganifé-3? compounds. Opti- Energy (eV)
cal experiments, with their longer penetration depth, have the
potential to tell us more about the specific shortcomings of FIG. 4. A comparison of LDA+YJ and LDA optical spectra at
LDA calculations in NaCoO,. The optical spectra of good x=0.7 (spin-up and spin-down spectra are added toggetAdithree
metals are reproduced remarkably well for a very large enpeaks shift upward with the application 0f further deviating from
ergy rangée? and even in strongly correlated systems, goodexperimental results.
agreement is often achievétiDeviation of the LDA spectra
from experiment, if properly analyzed, is an indispensableznergy, up even further. In Fig. 4, the upward shift of fhe
probe of the nature of the relevant many-body effects. peak, with an applied) of 4 eV, is enough to merge it with
Let us first recall the typical inadequacies of LDA calcu-the a peak. In comparison with the LDA specti@lso
lations in systems with localized electrons. The best knowrshown the agreement with experiment is significantly
case is exemplified by Mott-Hubbard insulators. Here theworse. We conclude that thddA+U approach is not appro-
missing physics is mainly the Coulomb repulsion betweerpriate for NgCoO,.
electrons localized at the same site. Typical examples are Another possible manifestation of electron-electron corre-
f-electron compounds, highs cuprates, or 8 oxides. This lations is found in®He and in CrQ.3” Here collective exci-
group is characterized byl) underestimation of propensity tations (magnons or paramagnonplay the same role as
toward magnetisnup to the level of total loss of a magnetic phonons in the sense of “dressing” quasiparticles and in-
ground state, as in cupraje$2) underestimation of band creasing their mas$.As a result, the optical spectra more or
gaps between occupied and empty bands, @hdveresti- less proportionally squeeze toward the low frequency. Soft-
mation of the superexchange antiferromagnetic interactioening of magnetic excitations near a quantum critical point
(this increases with hopping and decreases with the banléads to large spin fluctuations and suppressfah or par-
gap; the former is overestimated and the latter underesttial) of magnetic ordering®“° A comparison of the experi-
mated in LDA). As a leading correction to the LDA, the mental and calculated properties of J8a0, indicates the
LDA+ U method has been very successful in the prototypicapresence of such effects. Thaggiantum criticality is likely to
systems listed above. For these, the LDAmethod repro- be an important reason for deviation from the LDA in
duces the missing Mott-Hubbard effects, such as a downNa,Co0O,.
ward shift of the occupied bands relative to the unoccupied Finally, one should not forget about a very prosaic short-
bands(with corresponding shifts of interband transitions to coming of the LDA, it includes a spurious self-interaction
higher energies In metallic systems, it must be kept in mind that leads to overextended Drbitals, and thus overesti-
that the main correlation effects are dynamic, and best aanated hybridization with ligand orbitals. This effect becomes
counted for by methods such as dynamical mean field theorgtronger for more localized orbitals.
(DMFT), to which LDA+U is only a static approximation. We shall now try to assess qualitatively the ramification of
Nonetheless, the LDAW methodology has been used for these two effects. The first, “dressing” of one-electron exci-
metals and, particularly because ,8a0, has insulating tations is qualitatively similar to the electron-phonon cou-
phases for at least one valuexptthe optical effects of Mott- pling induced renormalization, except it occurs in a larger
Hubbard-type correlations in the system, if they exist, shouldenergy range. It is reasonable to expect it to affect the whole
be reproduced by this scheme. t,q band or a large part of it, leading to overall narrowing of
Inspection of the LDA band structure of MzoO, in con-  all threet,g bands. This, in turn should shift both components
junction with experimental data indicates the Mott-Hubbardof the vy transition, thee’-eé one and thes;-a;4 one to lower
effects discussed above are not applicable here. The tendenegergies, without muc?'n change in their intenditlye extra
toward magnetism is overestimated, and so is the band gapectral weight is transferred to high energies, as in the
between thd,, andey; bands. The LDA ground state is fer- electron-phonon couplinglt is unlikely that, as sometimes
romagnetic, and not antiferromagnetic. Not surprisingly thenassumed, the top of tl"ﬂ-‘{g band will be shifted down with
LDA+U calculationg>3® only worsen the situation. The respect to they, 4 band. First, dressing of the quasiparticles
tyy-€y distance, already 0.5 eV too large, increases furthemnakes them heavier, but normally does not shift different
and the tendency towards magnetism becomes even strongstates near the Fermi energy with respect to each other. Sec-
Additionally, for more subtle reasons, the tepsubbands of  ond, this would not only eliminate the/-e; transitions, but
the t,; manifold are shifted down with respect to tilg;  would also shift thegj-a,4 to higher energy, worsening the
band. This in turn shifts they peak, already too high in agreement with experiment. It is also unlikely that such
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“dressing” would affect the unoccupigg band, which is too  optical matrix elements in a two-band tight binding model
far away from the Fermi level. scale with the off-diagonal elements of the Hamilton{tns

Let us now estimate the possible effects of contraction ofollows from the tight binding definition of dipole matrix
the Cod orbitals. To this end we use the simplest possibleslements agA;|dH/dk|A,), where A are the eigenvectors
tight binding model, namely one where only hearest neighand these scale ag,. This is in accord with overestimation
b20r Co—O pdo andpdm hoppingsiwe will call theset, and  of the g-peak intensity and lends further support to our as-
t7, respectively are included, and the energy of the [O- g mption that the LDA overestimates tpeo- hopping am-
level is ta_ken to bg sufficently far removed from the €o- plitudes in NaCoO, by approximately 10%. This is a static
level that it can be integrated out. Both assumptions are eXsfact. On the other hand, the dressing of the quasiparticles is
tremely crude, as direct Ge Co and especially ©-O over-  gynamic in nature and requires a methodology that explicitly
laps are not small, nor is the-d energy separation small. hcjydes fluctuations. Some notable work along this line,

The model nonetheless provides a useful qualitative framesaseq on simplified models, has been recently reported in the
work. The resulting %5 Hamiltonian has a 2 ¢, sub-  f.2mework of DMETA!

block with diagonal elements proportional tf;). Because
there is no path connecting & orbital on one site to any
neighboringe, orbital via oxygen, there is no dispersion in

this subblock. The 33 t,q subblock has noticeable disper- e have calculated the LDA optical conductivity spectra
sion controlled byt?, with the overall upward shift of the of Na,CoO, and compared it with experimental data for sev-
same order. Finally there is a dispersive off-diagonal suberal different Na contents. There is good qualitative agree-
block, corresponding to O-assisted hopping between neighment in terms of the number of peaks and their behavior with
boringtzg andeg orbitals. The scale of this block is set by the Changingx, but exact peak heights and positions are not well
productt,t,. Note that in a cubic structure, sutly-e; hop-  reproduced. Though the underlying reasons for this are likely
ping through an intermediary O is impossible. correlation effects neglected by the LDA, we argue that us-
We now make the further simplifying assumption thating LDA+U as a remedy is inappropriate for this compound.
t,>1,. We can then neglect the ligand field on theorbitals  Spin fluctuation driven renormalization of thg band com-
(proportional tot?,), leaving only the ligand field on the,  plex and overextension of Co-orbitals are shown to affect
orbitals (proportional tot?). Since theB peak is due td,y  the optical spectrum in a manner consistent with the discrep-
-6y transitions, its position reflects a crystal field splitting of ancies between calculation and experiment. These cause nar-
the Cod states which results from a combination of electro-rowing of thet,y band and reduction of crystal field splitting,
static and ligand field effects. Using a linearized muffin-tin respectively, bringing LDA optical peaks into good agree-
orbital (LMTO) calculation with all Ce—O hybridization  ment with experimental reports.
suppressed, we found that the crystal field splitting reduces
from =3.4 eV to=1 eV, i.e., the electrostatic crystal field is
1 eV, and the ligand field is 2.4 eV. The latter is probably
overestimated because the LDA overhybridizes thedCo- The authors would like to thank C. Ambrosch-Draxl, B.
orbitals. Specifically, ift, were 12% smaller than it's LDA Batlogg, A. Boothroyd, R. Jin, W. Koshibae, and I. Terasaki
value (12.4/1.9=1.12, the 8 peak would shift down by for valuable input and discussions. M.D.J. is supported by
0.5 eV, in agreement with the experiment. Furthermore, théhe National Research Council. Work at the Naval Research
intensity of this peak would also be reduced, because theaboratory is supported by the Office of Naval Research.
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