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A microscopic three-band Anderson-Mott-Hubbard model for cubic disordered tungsten bron¥¢®Na
and NaTa W, _,0; is studied over a range of doping levels y at the level of an unrestricted Hartree-Fock
approximation in order to understand the effects of disorder and electron interaction on the electronic ground
state and their implications for the chemically induced metal-insulator transition observed at least in the latter
materials. For sufficiently largtl a pseudogap develops Bt in agreement with photoemission spectra and
tunneling current measurements which is found to significantly affect the localization and hybridization char-
acteristics as well as the three-dimensional spatial distribution of quasiparticle states and thus constitutes the
central feature of the model. The formation of the pseudogap is rationalized via a repulsion between occupied
and unoccupied conduction band quasiparticle states induced by antiferromagnetic correlations occurring on
length scales which—for the most relevant parameters—are controlled by the doping-dependent tight-binding
Fermi surface. Light is shed on experimental results which hitherto have not found a satisfactory rationaliza-
tion. [S0163-182@99)04802-X]

I. INTRODUCTION are known as bronzes, after the original and most highly
studied example of sodium tungsten bronzg \N®; (dis-

A detailed understanding of the factors which influence acovered in 1823 by Wer®), on which we here focus. For
metal-insulator transitiofMIT) driven by the progressive reviews on structural and electronic properties of tungsten
filling of a conduction bandCB) in a solid—in practice bronzes see Refs. 7, 8, and 9; additionally some theoretical
achieved by varying its chemical composition and thusaspects have been discussed by Nbtt.
disorder—is a continuing problem that has challenged both Undoped WQ is a charge-transfer insulator of band gap 3
experimentalists and theorists for many yeaihe simplest eV. Overlap between O 2 O 2p, and W 5 orbitals
theoretical example of such occurs in a disordered but nongives rise to filled valencgébonding bands(VB’s), associ-
interacting model such as the single-band Anderson modebted predominantly with O and empty conduction bafzfs
in which disorder leads to localization of single-particle tibonding of mainly W charactet!
states at the band edge$The system then displays a MIT Numerous experimert$? and band  structure
as the Fermi level crosses the mobility edge separating resalculationd®~" imply that the Na atoms are ionized, their
gimes of localized and extended states. In real systems, howalence electrons entering thg,(7*) conduction band of
ever, electron interactions frequently occur on an energ¥WO;. By chemically controlling the sodium context the
scale similar to the bandwidth and disorder strength, leadin@B filling fraction can be continuously varied between zero
to rather complex behavior which has proved notoriouslyand 1/6, corresponding to the perovskite Nay¥®which all
difficult to describet This is particularly evident in the inten- interstitial sites are occupied. Fully doped Na\WQvhich
sively studied case of transition metal oxides, in which the
dominant interactions occur between electrons indlogbit-
als of a given transition metal site. Of these, perovskites W,
form a large and important class, whose relatively simple
crystal structurdFig. 1) renders them particularly amenable @Na
to both experimental and theoretical investigation, and which )
has received much recent attention due to the discovery of
high-T. superconductivity in closely related cuprate com- e
pounds. The chemical composition of perovskites of formula a
ABO; may be precisely varied and controlled—either by  FIG. 1. Cubic unit cell of perovskiteABO;. The transition
substitution or removal of the electropositive elem&mir by ~ metal atomsB and oxygens are located at the corners and edges of
substitution of the transition met8—enabling a MIT to be the cube, respectively. The electropositive elem®miccupies the
induced and studied in considerable det@iThese materials interstitial.
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closely resembles ReQhas roughly the conductivitys) of ~ importance of strong interactions is provided by NNRefs.
copper® As x is decreased from unity—and the CB filling 37—39 and electron spin resonarice(ESR studies, to
fraction correspondingly lowered from 1/6—the sign of which we will refer in Sec. VI.
do/dT changes ak~0.318 but the system remains metallic ~ Tungsten bronzes thus clearly exhibit the properties of a
down to x~0.211° At this composition the system is be- multiband system arising from overlap sf p, andd orbit-
lieved to be close to a MIT, mainly attributed to Andersonals on different species together with the effects of strong
localizatiort resulting from Coulombic disorder generated electron interactions, and varying disorder generated by the
by the randomly disposed Naions, although a generalized dopant Na or substituent Ta atoms.
Mott criterion for a correlation-induced MIT has also been  To gain a deeper understanding of the origins of these
found to be applicable to this systéthDirect examination properties we investigate an electronic model which we be-
of the MIT is difficult, however, since below~0.4 the cu- lieve faithfully incorporates the principal effects of these fac-
bic phase(which itself exhibits slight distortiorf) is meta-  tors. To motivate our choice of model Hamiltonian we first
stable, a two-phase mixture of tetragonal and cubic structuresote that a variety of experimental probes—including inelas-
being the stable form down te~0.287 below which a tic neutron scatterinf} positron annihilatiof! and constant
tetragonal phagé or a mixture of various phas®sresults. initial state (CIS) photoemissioff—of the Fermi surface
Recently, cubic samples witk as low as 0.14 have been over a range of doping levels well within the metallic phase
found to be superconductiffput no information on the nor-  of Na, WO, demonstrate that a tight-bindir@B) model in-
mal state properties has been given. However, at low dopingluding only nearest-neighbdNN) hoppind® gives a good
the tetragonal phase is reported to be insuldfifgnd we  description of the underlying band structure. Such a rigid
note that the MIT is not believed to be driven by the struc-band model cannot, of course, describe the insulator or the
tural phase transitidf). Investigation of the MIT stems from approach to the MIT from the metallic side. We therefore
experiments on Ta-substituted bronzes NgW,;_,O3, in  incorporate into the TB Hamiltonian both disorder and elec-
which the structural phase transition can be suppreéﬁsled. tron interactions as follows. We model the disorder gener-
these systems, the doping levelxs-y since Ta has one ated by the Coulomb fields of the randomly disposed Na
fewer electron than W. The electronic properties of thesdons via microscopically correlated disorder in the W and O
materials are similar to the unsubstituted compounds at thsite energies. The primary effects of electron interactions are
same doping level—for examplelo/dT is also found to  represented via an on-site Hubbasdor W 5d orbitals; in
change sign at—y~0.3 (Ref. 27— but their conductivities passing we note that a purely on-site repulsion is likely to be
are systematically reduced; this has been attributed to theiost realistic in the metallic phase due to screening of the
additional disorder created by the Ta impuritl&rom the  long-ranged Coulomb interaction by itinerant electrons.
limiting behavior of the conductivity at low the MIT has With the resultant multiband Anderson-Mott-Hubbard
been positioned at—y between 0.18 and 0.18:%® (AMH) model we seek to address the following questions.
Recent experiments have provided clear evidence that a Under what conditions will a pseudogap arise in the
purely disorder-induced Anderson transition cannot fully ac-single-particle spectrum in both metallic and insulating
count for the nature of the MIT. For example, Raychaudhuriphases, what is its microscopic origin, and how can its oc-
has concluded from detailed loWw-studies that strong inter- currence be reconciled with the existence of a well-defined
action effects express themselves in the temperature depeRermi surface well into the metallic regime?
dence of the conductivitdo/dT in both metallic and insu- What are the localization characteristics of single-particle
lating regimes® Most significantly, direct evidence for the excitations, particularly in the vicinity of the Fermi level, and
importance of electron interactions has been obtained frorhow do the combined effects of disorder and electron-
tunneling current measuremeftd’ and photoemission electron interactions influence the MIT?
studies®> % these clearly reveal the existence of a What are the implications of the formation of a pseudogap
pseudogap at the Fermi levElr over a range of doping on the nature of the chemical bonding as the doping level is
levels within the metallic phase, which may even developvaried?
into a soft gap within the insulator. The existence of a What are the principal effects of Ta substitution?
pseudogap is further consistent with the observation of a The model Hamiltonian represents an interacting many-
Friedman anomaly in th& dependence of the Hall coeffi- body problem with the statistical complexities of a disor-
cient, i.e., a freezing out of charge carriers at [B\iat least dered system. We require an approximation that is qualita-
for x=0.22(Ref. 19], although several alternative scenariostively applicable both to the metallic and insulating phases,
have been propos&tft—see Sec. Il for a discussion. and is able to account for the broad features of the MIT.
Well within the metallic phase the pseudogap, which Analytical methods such as disordered Fermi liquid
occurs on a scale of&50-100 meV, is found to have theory, while powerful well into the metallic phase, break
square-root edges, consistent with the well-known predictiomlown as the MIT is approached and are, of course, inappli-
from Fermi liquid theory for a three-dimension@D) disor-  cable in the insulating regime. Numerical methods such as
dered, interacting electron system, that the spectral densigxact diagonalization and quantum Monte Carlo are limited
D(E)x|E—Eg|*? near Er.*® As the MIT is approached to very small system sizes—far too small to infer any infor-
from the metallic side, the pseudogap edges become disnation on localization properties or the MIT. We here adopt
tinctly linear, which has been interpreted as a breakdown oén unrestricted Hartree-FodkJHF) approximation for the
Fermi liquid theory within the met&P In the insulator the following reasons:(i) It is capable of describing, at least
classical Coulomb gap modé&has been invoked to explain qualitatively, both the metallic and insulating phag@s.The
the possible existence of a soft gap. Further indication of th&JHF approach represents the simplest nontrivial approxima-
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tion which can account for the first effects of strong interac-are expected to have electronic properties showing strong
tions in leading to local moment formatiofiii ) Disorder can  signatures of the underlying 2D nature of thebonding—a
be treated exactly, subject to averaging over finite-sized sydeature which will remain on the inclusion of disorder and
tems.(iv) Efficient numerical algorithms allow large systems electron interactions. In practical terms, we may take full
to be studied, enabling the pseudogap and localization promdvantage of the above decoupling to study a three-band,
erties to be reasonably resolved and the corresponding Ml®ne-orbital-per-site model in 2D, enabling the consideration
to be identified. of sufficiently large length scales to ascertain localization
Point (ii) perhaps requires further clarification in the properties and investigate the detailed band structure. This is
present context. A mean-field approximation such as UHFessential, since a previous study which ignored this aspect
predicts that, when local moments exists, they occur on arsuffered from severe finite-size effeéfsin Sec. 11l we con-
bitrarily long time scalegwhether characterized by some sider the effects of incorporating beyond-NN transfer matrix
vector or spin glasslike Such magnetic “ordering” does not elements, leading to a fully 3D system.
occur experimentally in tungsten bronzes. Nonetheless, in Disorder—arising from the random disposition of sodium
providing a snapshot of the correlations in a fluctuating localons—is accounted for microscopically by representing each
moment system, the UHF approximation permits a goodsodium ion at interstitial sitg by an attractive model poten-
qualitative interpretation of the effect of such correlations ortial which lowers the orbital energies at oxygen and transi-
the electronic structure—a central theme of this study. tion metal sitesi by V(|r'—r!|). Electron interactions are
The outline of the article is as follows. In Sec. Il we incorporated via a Hubbald on thed orbitals. The resultant
derive the model, describe its treatment within UHF, andthree-band Anderson-Mott-Hubbard Hamiltonian is thus
outline the assessment of localization properties. Section Ill§iven by
presents detailed results for the M&O5 system, focusing on
the density, localization, and spatial distribution of single- N on ap o
particle states. In Sec. IV we rationalize the emergence of the H= ;T € niv+<ij> . lijCioCjo
pseudogap microscopically in terms of the effects of interac- ’ ’
tions in leading to magnetic correlations within a system of - ~A A
disordered itinerant electrons. We examine the effect of the +i§; VeiNic T35 iev%a.o UnisNi—q @)
additional disorder introduced by Ta substitution in Sec. V, ’ o
followed by concluding remarks in Sec. VI.

:F|TB+|:|dis+Hint )
~t ~ . . T
Il. MODEL wherec;, andc;, are fermion creation and annihilation op-
ivehn. =cl ¢
To derive a tractable model Hamiltonian, we take advan_erators, respectivelyn;,=c;,Ci;, and( ) denotes a Slém

tage of an underlying symmetry of the cubic Wfost band over NN's  only. The TB_ parameters. €
structure which emerges within a tight-binding description.e{fwﬁd'fTa,w'fO,Zp}_ and t;; are derived from Harrisdh
First, we note that the cubic crystal field splits the conductiort!S"9 2 ﬁ'xed lattice spacinga of 3.78 A and Vc;
bands intot,y(7*) and e4(c*) manifolds, of which the =37"V(|r'~rl]). We note that, except for disorder, the
former, arising from planar W dt,,) and O 2(w) over- Hamlltonlan(ils)_;()s topol_oglcally equwalent_ to a simplified
lap, lies lower in energy. Bands derived from the sodiumEmery modef=°used in the context of higfi; supercon-
valence orbitals are found to lie 11 eV above the Fermiductors. However, in tungsten bronzes,WeD; the maxi-
level2 as mentioned in Sec. |, Na valence electrons enter thBum CB filling fractionx’(=x/6) is 1/6 —i.e., far away
WO, CB. As shown originally by Wolfranf® an excellent ~from half-filling— due to the threefold degeneracy of thg
representation of thes, band structure is obtained by retain- bands. Fol(|r—r!]), either a cutoff potentialas proposed
ing only NN W-O hopping matrix elements. This observa-by Dasgupta and Halley for high; systems"), which sup-
tion has the following important consequences. First, Plies a constant shif¢c per sodium ion to the orbital ener-
Hamiltonian describing ther bonding between W) and gies of the NN_oxygen and tungsten sites, or a screened
O 2p orbitals can be rigorously decoupled from the full 17- Coulomb potential has been employed. Most of the work has
band model. Second, since now ottly, and p(7) orbitals been done folVc=—0.3 eV — which value corresponds
lying in a common plane are coupled, thg CB states be- roughly to the binding energy to a Coulombic donor in YO
come fully two dimensional. Since the energy of a given(Ref. 10 — and compared to results of supplementary cal-
single-particle CB state may now be specified by two com<ulations for Vc=-0.2 and —0.1 eV, together with a
ponents of the crystal momentum, the Fermi surface of th¢/ukawa potential with screening radius\¥#2.5 A and
full 3D system is expected to show strong 2D characteristicsPackground dlele.ctnc constaet, =5.31% We have consid-
This is confirmed by the observation of a strong Kohnered values oU in the range 0-10 eV, which should be
anomaly in phonon dispersion curves deep in the metalli€ompared with a CB TB bandwidth of-2t where t
phase’®*4Furthermore, the topology and doping dependence=1.6 eV is the modulus of the NN W-O transfer integral.
of the Fermi surface of the full 3D Syste(again well into At this pOint it is instructive to diagonalize the nondisor-
the metallic regimg as revealed by phonon spectra, CISdered, tight-binding Hamiltoniafl ™8, which elucidates the
photoemission spectfd,and positron annihilation studiés, nature of the underlying band structure, makes contact with
can be well described in terms of an effective 2D rigid bandthe well-known Emery modéf and will form a starting
model® point for our analysis of the pseudogap in Sec. IV.
Therefore cubic tungsten bronzes, while fully isotropic, Making the first canonical transformation, defined by
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result from a set oN independent two-level systems, with
atomic limit (i.e., t=0) charge transfer gap\= ey s
—€o and a canonical transfer matrix elemengk)

where|o!) ) denotes an atomic spin orbital centered on site— 20\ T Yiy:

m, with |e{1=W 5d,,,2=0" 2p,,3=0 2p,}, the
TB Hamiltonian is rendered block diagonal:

FITB=k2 Hig - (4)

I3|k(, has matrix representation

€w 5d —i2t ’ykx —i2t ‘}/ky
ﬂko.: 12t ykx €0,2p 0 (5)
i2t ’yky 0 60,2{)

in the subset {y{)}, 1€{1,2,3, and t=|ty], %,

=sinik,a). Hrg can be simplified further by a second uni-

tary transformationJ"HgU. U is block diagonal,

022 Oklf’ (6)

ko

and the matrix representation of, in the subsety{)), |
e{1,2,3, is given by

1 0 0
Yk, Yk,
R 2.2 7. .2
Opo= \/ka‘" Yk, \/ka+ Y |, 7)
i Yk, Yk,

2 2 2 2
Vit Yk, Vit Yi,
the columns of which define a new basis
{ke)  bho Dl - 8)

Application toH+g yields

l’-\JTQTBOZKE Olaﬂkaoko’z; HI?O" (9)
where
€wsg —t(K) 0
I:||?(,= —t(k) €0 0 (10
0 0 EO,Zp

From Egs.(5—(12) it is clear that the TB Hamiltonian
employed here is formally equivalent to that of the three-
band Emery model for Cufplanes in highf, systems with
NN hopping only*® which reflects the topological equiva-
lence of therr bonding in the W@ planes and ther bonding
between Cu 8,2_,2 and O Z(o) orbitals. To our knowl-
edge the second unitary transformatideg. (9)] was first
used in the context of a simplified Emery mofknd in
that case the site energies and Hubbdr@re taken to be
such that the O g bands fall in between lower and upper
Hubbard bands of predominant Cud haractef*° holes
doped into the Cu@planes thus enter the Op2bands.

Note[from Eg.(12)] that the bandwidtiB of the conduc-
tion and valence bands depends botht amd A :

1 \/1
_ TA2 2 TA2
B \/4A +8t 4A .

Clearly B—0 in the limit A/t—oo.

The Hamiltonian(1) is solved via a UHF approach. For
conceptual and numerical convenience the resultant local
moments are constrained to lie along a comnmomaxis
(“Ising-spin” UHF) with S'=0; we do not expect the re-
striction to collinear moments to have a significant effect on
single-particle propertie¥.

The UHF Hamiltonian corresponding to E@) is given
by

(13

=X H,,

Ho=2 eNig+ > tijei.raaj(r_l— > Unini_,, (14
i i icW.Ta

where the overbar denotes an expectation value over the
UHF ground state, and the bare site ene¢gy ei°+ V¢, has
been defined. Equationid4) are solved self-consistently, in
lattices with 2700—30000 sites. During the iteration, only

CB states are taken into account in the evaluation ohthe
since the valence band is filled and separated from the CB by
a gap of about 2 eV. The diagonalization at each step is
performed via the Lanczd%*® algorithm and the total den-
sity of statesDOS) in the CB is calculated using the spec-
trum slicing method”*® Typically 15—20 iterations are re-
quired to ensure convergence, which is enforced with respect

The transformatior9) has thus decoupled a flat, nonbonding 1 poth spin densities and the ground state energy. For the

band

Epo= €0,20 (11

at the unperturbed O [2site energy fron13|TB, and from
Eg. (10) = bonding and antibonding bands with energies

1 1
Eko" :§(6W,5d+ Eoym)i ZA2+t(k)2 (12)

smallest system sizes at least 25 disorder realizations are
taken into account in the evaluation of densities of states and
the assessment of localization properties.

Local charges and magnetic moments follow from the
converged eigenvector coefficients via

niZE Hit)': <2F |aiao'|2! (15)

a
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S en =S 5 g Wit the results of Ref. 591 1) and £ are used inter-
M= ONio= 2 ]800l (16) changeably throughout the paper. As a complementary mea-
sure of localization we additionally employ the participation
where g, is the eigenvector coefficient for the UHF CB ratio ®* defined here as
state|ao). From Eq.(14), with effective o-spin site ener-
gies for transition metal sites defined wa,=¢,+Un;_,, ) 4
i.e., §|: |aia0'|
Peo=\ —wz | - (23
(o)’

-1

eig=ei+%U(ni—o,u,i), (17)

it is clear that the self-consistent UHF Hamiltonian is for- III. Na ,WO;
mally equivalent to a disordered tight-binding Hamiltonian | this section numerical results of the 2D model for
with correlated site-diagonal disordéand additional off- Na WO, are discussed, i.e., density and localization charac-
diagonal disorder for the Ta-substituted case considered igyistics of CB single-particle states, followed by an exten-
Sec..\/). ] ] sion to 3D with an emphasis on localization properties.
It is also helpful for later purposes to define the weight of Starting from the 2D TB Hamiltonian we first consider
single-particle stategra) on tungsten and oxygen sites, via priefly the noninteracting =0) Anderson limit, where the
randomly dispersed Na ions induce Coulombic disorder in
q‘(’YVUE E a0 2=1— 2 |aiw|251_q20 (18)  the tungsten and oxygen bare site energies. The disorder is
ieW ieO naturally greatest fox=0.5 where the corresponding site
in the basis of atomic spin orbitals. F@ant)bonding TB energy distr?butions are founq to be Gaussian, _bgcoming
states, i.e.E,,=Ey; , the tungsten population is given skevx_/ed to, h'gmow) site energies at smalléfarge) f||||ng_
by?® fractl_onsx . Despite the attractive, short—rqnged, and_ micro-
scopically correlated nature of the effective potentials, no
gap or pseudogap arises in the resultant CB DOS fonany
- (190  i-e., no impurity band is split from the CB: the effects of
2E. — €w,50~ €0,20 disorder on the DOS are simply to broaden the band and to
round the van Hove singularities.
TB states at the bottom of the CB, whelEg, = EW,5d. [se+e On introducing the Hubbartl the effectiveo-spin site
Eq. (12)], thus have pure nonbonding character, icg, energies become disordered, reflecting both Coulombic dis-
=1 o o ) ] order in the bare site energies and disorder in the distribution
The localization characteristics of quasiparticle states args |gcal charges and moments; see E). Nonetheless, for
obtained from the system-size scaling behavior of the renofiteraction strengths up 1d=5 eV, the above general pic-

+,-_
W+,— _ Eko’ €w,5d
ko -

malized correlation lengtf ture is found to remain essentially unchanged. Centrally,
A however, a further increase ld up to 6.5 eV and beyond
Lo _ao (20) results, for allx considered, in the formation of a pseudogap
«T A(quch’ at Eg, which broadens and deepens with increadihg-ig-
ure 2 shows the resultant CB quasiparticle DOS Uat
where =6.5 eV and 0.05x=0.60, obtained from spectrum slicing
Un with a resolution of 6 meV which is of the order of the
> |2 al?/8) ac zrinj finite-size fluctuations at the respective system sizes; this fine

A i 21) rgsolution is needed to fuIIy pick up the pseudogap espe-

ac (q" )2 ' cially at the smallest doping levels 0.05 and 0.10. Most im-
“r portantly, it allows for comparison with experimental tunnel-

£ . is the corresponding correlation length for Bloch statesing conductance data. Figure 3 reproduces Fig. 19 in Ref. 5,

in the system of the same size, the prime denotes a sum ovehowing the normalized tunneling conductaii@as a func-

W (and Ta) sites only, and the exponenis 1 or 2%° The tion of the bias voltage for(A) Au-Nag,¢WO;, (B)

minimum image conventi$fiis used in connection with cy- Au-Nay,sWO;, (C) Au-NageTayWodO3, and (D)

clic boundary conditions in the evaluation of;. While  Au-Ng3,Ta 1805 junctions at 4.2 K; note that the

A§)., must be calculated numerically, it is readily shown curves have been shifted relative to each other for clarity.

that Insofar as the experimental curves are representative of the
DOS near the Fermi levélhich is itself quite a subtle mat-
@ _ IL?+2 ter; see, e.g., Ref. 30 for a discussiagood agreement is
ABlocn=2a 6 ' (22)  found between the numerical results and experimentxfor

=0.6 [Fig. 3(A)], with regard to both the curvature and
whereL is the linear system size in units afHere L g}l isin  width of the pseudogap; see Figa#(solid line). Curve(B)
practice averaged over spin indices, a suitably small energiyn Fig. 3, together with curve&C) and(D) which correspond
interval, and disorder realizations. Since the localizationto tantalum-substituted tungsten bronzes at lower doping (
characteristics obtained from the system-size scaling behav-y)=0.5 and 0.18, suggests that the pseudogap becomes
ior of ,C(ang are found to be independent ofin agreement more pronounced on decreasing—(y); this has also been
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/fw”w“\/fﬂ// /\ ™y %1 i
> _V /M a
2 v m)
S, | s 4 et =
EJ\ \/,"\/M/M’ g \W‘\M
=g S \ N
B
,/«/ “ o 0 y T Y
Jﬂ o T -0.1 0.0 0.1
r”ﬂM E-E. [eV]
] 0 y > 3 FIG. 4. Normalized CB density of states for the 2D model of
B Na,WO; nearEg. (a) (solid lineg U=6.5 eV, Vo=—0.3 eV, L
E-E¢ [eV] =60, and x=0.60. (b) (dashed ling U=10 eV, Vo=

FIG. 2. CB density of states for the 2D model of M&O; ~0:3 eV, L.=50, andx=0.40.

with U=6.5 eV, Vc=-0.3 eV, and (from bottom) x
=0.05, 0.10, 0.20..., 0.60. The linear dimensioh =100 for x
<0.1;,L =70 otherwise.

and to clarify the numerical analysis, it is instructive to con-
sider first a system without a pseudogap. To this end, Fig. 5
shows a scatter plot of the energy-dependent renormalized
. e correlation length’ (Y [see Eq.(20)] for U=5.0 eV, V¢
inferred from CB photoemissidh of NaWO; and  — _0.3 ev, andk=0.30. Statistics have been gathered from
Na,-TaW,_,O; samples. In our numerical spectra the DOS5 disorder realizations with 3600 tungsten atoms. Signifi-
at Eg mdeeq decreases with decreasmgl’hg Wldth'Of the' cantly, a fairly sharp crossover from strongly to weakly lo-
pseudogap is, however, found to narrow slightly with dimin-cajized states with increasing energy is observed, and the
ishing x at fixed U This is in contrast to experiment, al- correlation length of weakly localized states is virtually that
though readily explained by invoking aadependent)(X)  f Bloch states £ (M=1.0) in this relatively large system;
that increases with decreasirgas one indeed expects physi- s general trend is also found in systems that exhibit a
cally due to screening of the Coulomb interaction. More im'pseudogap.
portantly, the results, together with those fo~=7.5and 10 \15re quantitative information on localization properties
eV, show that linear pseudogap edges are compatible Wit opiained from the system-size scaling®fY, shown in
our model. This is illustrated in Fig.(H) (dashed lin&  Fig 6 for the same parameters. The energy scale is divided
showing the pseudogap fef=10 eV andx=0.4. We note jyi pins of width 0.05 eV and, in each bin, the renormalized
in passing that tantalum substitution has no further signifiqrejation length is plotted for systems of linear dimensions
cant effect on the pseudogap shape as will be shown in Sef._ 30, 40, 50, and 60 W atont&om left to right. If £ 1)
V. o . . decreases with, the states are deemed localized, while if it
We now turn to the localization properties of CB quasi-j, reases or stays constant, the states are weakly locafized.
particle states, especially those in the vicinity Bf which 5 ¢jear that the system-size scaling corroborates the quali-
are relevant for the MIT. How does the pseudogap affect thg,ge analysis of the scatter plot. From Fig. 6 it is clear that
localization properties of these states? For later comparisof, o Fermi level lies in a region of very weakly localized

states. We anticipat@nd find belowthat the introduction of

1.1 T Y . . '
A Au-Na,Ta, W,_,0, {Singke xual} g, n=0.64
x Uy =y~ /#n.o,n ol
// o N=0.69 ]
ror )’bnztoi 08 |
E &
8 £
3 0.6
30.9 - 30 N _
© ~
x ¥ 0.4
Az 06 0O
0.8 T=4.2K B= 0.45 0 0z |
c= 0.6 0.
D= 0.34 0.16
0.7 1 1 1 1 i 0.0 . . \ )
-150 -100 -50 0 50 100 150 -0.5 0.0 05 10
v (mV) E-E, [eV]

FIG. 3. Reproduction of Fig. 19 in Ref. 5 by courtesy of Dr. A.

FIG. 5. Scatter plot of the renormalized correlation lengf?

K. Raychaudhuri and the publisher Taylor & Francis. Note that thefor U=5.0 eV, V.=-0.3 eV, x=0.30, andL=60 for the 2D

curves have been shifted relative to each other for clarity.

model of NgWO;.
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10| JUS—— - in Fig. 7(b), and in the system-size scaling 6f%) (Fig. 8).
7] While Figs. {a) and 1b) each show an enhanced local-
08 b 1 ization of states in the pseudogap, the two measures also
H] exhibit important differences. Whereads'® [Fig. 7(a)] at-
06 1 tains its maximum value of 1.0 both below and above the
“ ] pseudogap &, indicating that the corresponding quasipar-
04 1 ticle states are extended, the participation r&id=ig. 7(b)]
remains well below the Bloch limit oN=2500. These dif-
027y 1 ferences occur because the participation ratio—which mea-
sures the number of sites that contribute significantly to a
0.0 05 0.0 05 10 given single-particle state—does not contain direct informa-
E-E, [eV] tion about its spatial extent, whereas the correlation length

does. In interacting systems this difference can be relevant:
FIG. 6. Scaling behavior of the renormalized correlation lengthfor example, the participation ratio of the extended single-
£ for the 2D model of N@WO; for U=5.0 eV, Vc=-0.3eV, particle states of a perfect Neantiferromagnet on a hyper-
system sized =30, 40, 50, and 6Qfrom left to right in each  cypic lattice with|x|=1 is reduced by a factor of 1/2 with
energy bin of width 0.05 e) andx=0.30; see text. respect to that of Bloch statgsee Eq(23)]. The correlation
IengthAfg by contrast is unaffected by such correlations in

a small interplane coupling will render these very weakly .
localized states extended, while more strongly localize _he limit L — < [see Eq(22)], and reflects correctly the spa-

states will remain thu&i.e., the crossover between strongly tal ‘?X_te”F of singlt_a—particle states. Itis thus .pre_ferable to t_he
and weakly localized étatés becomes a mobility edge in thRarticipation ratio in the assessment of localization properties
full 3D system. We thus associate a MIT with the passing of" "thﬁracnﬂg sygtems.f Kiv localized stat ist both
the Fermi level into a region of very weakly localized states, ough regions of weakly focallzed states exist bo

as the doping levek is progressively increased. Following above and(or sufficiently Iargex) below E, it is found .
these lines, we position the MIT fod=5 eV atx~0.1 that forU=7.5 eV states in the pseudogap always remain

: : trongly localized, regardless xfstrong electron in-
from studies over a range of doping levels. more S : .
We now increase the interaction strengthlie=-7.5 eV. teractions thus SUppress the '.V”T foun 5 eV, aview :
This has a profound effect on both the DOS—in which aSupported by the scaling studies of the 3D systems described

pseudogap now arisésee also Fig. 1@) (top)—and on the below. Can then a compositionally driven MIT occur in our

localization characteristics, reflecting the important interpla)fnbOdel a(tja Hubpardﬂ Ialtlrg’;a E_noughgto %"eld thﬁ pseudogap
between disorder and electron interactions. Figufe) 7 observed experimentally? Figure 9 shows the system-size

) . i M for U=6.5 eV, Vo=—0.3 eV, andx
shows the renormalized correlation lengh® for U Scaling of £ 0 r YCo :
—7.5 eV(with Vo= —0.30 eV, x=0.30 aggim and a sys- =0.05 (a), 0.30 (b), and 0.60(c). While atx=0.05 states

tem size of 2500 W atoms. While the general trend fromaround Er are C'?a”y Iocalizec_i, fox=0.30 and 0.60 the
strong to weak localization is qualitatively similar to the  Stronger localization of states in the pseudogap found at

—5 eV case, states in the pseudogap are seen to be more -0 €V is almost completely lifted. In conjunction with the

strongly localized than would be predicted from the Overa”co”r_reip%ndi.ng D%i;:ig' 2)’(;”9 CO”EIUde that at~0.§hme- .
trend. This behavior is also manifest both in the participatiorf®'c Pehavior and a pseudogap that compares with experi-

ratio of pseudoparticle states defined by E28), and shown mental results can coexist within the AMH model. The criti-
’ cal level of dopingx,~0.3 at U=6.5 eV is, however,

somewhat in excess of the experimental reguyt0.2 and

100 1 (as abovgthe numerical pseudogap width at low doping is
0.75 slightly too small. As mentioned above, one may account for
2, o050 the latter by invoking screening and thus>adependentJ,
' although we note that this will in addition cause increased
0.25 | localization of states aroun .
0.00 We now consider the spatial distribution of quasiparticle
' states. It is clear from thedt§yand experiment that the spec-
800 - tral properties of CB states are only marginally affected by
the small matrix elements that actually render the states 3D.
o 400 | Neglect of these couplings enabled us to study above the
formation of the pseudogap at an adequate energy resolution.
However the presupposition that the localization properties

of quasiparticle states in the full 3D system can be inferred
from the 2D model deserves further consideration. The TB
Hamiltonian is therefore extended by the addition of O-O
FIG. 7. (a) Scatter plot of the renormalized correlation length N€Xt-nearest-neighbotr-type transfer matrix elements of
L£® for U=7.5 eV, Vo=—0.3 eV, x=0.30, andL=50. (b) magnitudeit, whereby only parallel planes are coupled and
Scatter plot of the participation ratio for the same parameters. Th#he one-orbital-per-site approximation is retained. In this
entire CB is shown. way the model remains numerically tractable for meaningful

E-E. [eV]



878 HARTMUT DUCKER et al. PRB 59
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FIG. 8. Scaling behavior of the renormalized correlation lengff for the 2D model of NaWO, for U=7.5 eV, V.=—-0.3 eV,
system sizes of =30,40,50,60,7@from left to right in each energy bin of width 0.05 g\andx=0.05 (a), x=0.30(b), andx=0.60(c)
(from back to front; for details see text.

system sizes. It should also be emphasized that we seek heg@a"ng of £ . This can no longer be done in an entirely

to address aspects of dimensionality, and not to refine thgatisfactory way, however, since systems large enough to
band structure. Most significant are the localization characeliminate degeneracy effects cannot yet be handled even on
teristics of quasiparticle states, as inferred from system-siziarge vector computers, despite the approximations that have

1.03
1.09 0.5 (a’)
1.0 0.8 (b) 1~9;_@_: i \lll]
08 * (C) l"-""—"‘Q;_@_: T
3, |
§u: .84
3y 0.4
0 2 S\T
-3 0 \\\T\
0.0 : 0 g
T~ ~05 010 ] S 1‘0\\
1o Yoo
\0.5 010‘ | ) 1\.'0\
Ep o 05 T~ U=6.5 eV
F [GV] 1.0

FIG. 9. Scaling behavior of the renormalized correlation lengt® for the 2D model of NaWO; for U=6.5 eV, Vc=—0.3 eV,
system sizes of =30,40,50,60,7@from left to right in each energy bin of width 0.05 g\andx=0.05 (a), x=0.30 (b) andx=0.60 (c)
(from back to front.
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been made. We thus pursued two alternative approaches:
four planes, enlarging the number of unit cells per plane
from 3@ to 5¢; (b) 307 unit cells per plane with coupling of
K=4, 6, 8, and 10 planes. Proceduagis found to support
the assumption above that strongly localized states in the
strictly 2D system remain so in the 3D model, while very
weakly localized states become extended. In ¢asewhich
corresponds to system-size scaling solely in the direction
perpendicular to the planes, the renormalized correlation
length of states which were very weakly localized in the 2D
system—though close to unity—decreases very slightly with @
increasing number of planes. This behavior, coupled with the °< BRER
results of proceduréa), suggests strongly that these highly 25 |-
anisotropic states are extended in the plane and decay weakly _
in the perpendicular direction, as considered in detail below. 5
Most importantly, states within the pseudogap are found to
be more strongly localized with respect to the overall trend,
as in the pure 2D case. FIG. 10. (a) Scatter plot ofA (>°P for the 3D model of N@WO,
Insight into the dimensional crossover is gained from a&or U=7.5 eV, Vo=—-0.3 eV, x=0.60, L=30, andK=8. The
separate summation of “in-plane” and “out-of-plane” con- dashed horizontal line denotdd22? . (b) AP, same parameters;
tributions toA®) [Eq. (21)]. We define the in-plane correla- (c) AP, K=4. In (b) and(c) the dashed horizontal lines denote

—

=

)
<

-1.0 05 0.0 05
E-E, [eV]

tion length A (2P via A, for Bloch states in 20uppe and the 3DA &) (lower).
K 1/2
E Z” |aiw|2|ajw|2ri2j planes are assigned logical indices, such that the plane giving
A0 k=1 0. (24) the largest contribution is numbered 20 and that giving the
ac (qW )2 ’ smallest, 1. Strongly localized states towards the lower edge

of the CB are seen to be essentially confined to a single
where the indexX runs over all planes and the double prime plane. Moving into the band, states gradually spread out over
denotes a sum over tungsten sites withinkipéane only; the  an increasing number of planes such that, well abBye
correspondingx(leg‘c’ﬁ, is given byay/(L2+2)/(6K) and thus states decay weakly in the direction perpendicular to the
decreases for fixell with increasing numbers of planes, planes. Again, however, there is one notable exception:
The complementary out-of-plane correlation lengtff°” is  States in the pseudogap remain strongly. Nbte that the
obtained from a sum over pairs of tungsten sites belonging tobserved Friedman anomaly in tiielependence of the Hall

different planes, and coefficient® is consistent with this behavior. The freezing
5 5 out of charge carriers at low has been explained both in
A(Z'O‘»:a\/l_ +2( 3 i) LL1KT+2 (o5  terms of areduced DOS Bf: and localization of Fermi level
Bloch 6 K/ "2 6 ° states, together with thermally accessible extended states

close toEg .3* These features are, of course, intimately re-
lated within the present model.

We have provided ample numerical evidence—and thus
corroborated our initial hypothesis—that in this anisotropi-
: . o cally coupled system the spatial extent of quasiparticle states
ing energy dependence _Af(z'l_p) shown in Fig. 1) for the 5 yoverned primarily by the 2D localization characteristics.
same parameters and in Fig.(@0with K:‘;; the upper  noreover, the 3D and 2D models do not differ in CB spec-
dashed horizontal line designates the 20§)., and the g properties, or distributions of local charge and moment
lower A§s®). Starting with strongly localized states at the magnitudes to be discussed below. In short, the original 2D
lower band edge a rapid growth of the in-plane correlationmodel appears to be well founded. The 2D nature of local-
length follows and a peak is reached which is limited by theized pseudogap states revealed by the 3D model nonetheless
2D A§),. From thereom\ ) falls off gradually to its 3D requires further investigation, beginning with a rationaliza-
Bloch limit, with a distinct exception: the pseudogap wheretion of the physical origin of the pseudogap, to which we
A@P) approaches its 2D Bloch limit. Note that this behavior now turn.
occurs irrespective of the number of planes, and that the We start by considering the distributions of effective
position of the low-energy peak corresponds to the energy-spin site energies {¢,} [Eq. (17)]; since H,
where weakly localized states are first observed in the 2B=H({€,}), the latter ultimately govern the properties of
model (cf. Fig. 8. the UHF ground state and reflect the self-consistent, inhomo-

To investigate further the nature of a given state, we nowgeneous distribution of local charges and moments over the
study the contributions from individual planes to its overall sites. Although these distributions tell us nothipgr se
weight on tungsten sites. We increase the number of planesbout correlations between the effective site energidgsch
to 20 (but are forced to reduce the plane size to 400 Wwill be crucial in understanding the microscopic origin of the
atomg; the results are shown in Fig. 11. For each state, th@seudogap they do reveal the first effects of Coulomb in-

AP is shown in Fig. 1) for U=7.5 eV, L=30, K
=8, andx=0.60, together withA &%) (dashed horizontal
line); it is found to exhibit similar behavior as the total cor-
relation lengthZ (?). Consider, by contrast, the correspond-
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percentage of tungsten population

@]
O

/

9/
(]

Vi

o
O

1

A
O

i

FIG. 11. Distribution of tungsten population over logical planes vs energy for the 3D model, #/Qtawith U=7.5 eV, V.=
—0.3 eV, andx=0.30 (L=20, K=20); for details, see text.

teractions on the effective disorder and, in addition, allow a0.0 eV (from bottom), with Vc=—0.3 eV andx=0.20
simple interpretation of, e.g., pseudoparticle spectra in cerdeft) andx=0.60 (right). At U=0, f(e;,) is equivalent to

tain parameter regiméé5?

Figure 12 shows thénormalized distributions of effec-
tive tungsten site energidge; ), for U=0.0, 5.0, 7.5, and

x=0.20 x=0.60
2 |
vT.—.O M Y b SO
el A
L i A
o
zZ
z2
=0 \ \ \ \ \ ‘
-2 -1 0 -2 -1 0
giG_SW,Sd [eV] gic_SW,Sd [eV]
86 420 86 420
#NN Na #NN Na

N\
RN

RS

FIG. 12. Distribution of effective tungsten site energf¢s; )

for (from bottom) U=0.0, 5.0, 7.5, and 10.0 eW/.=-0.3 eV,

andx=0.20(left) and 0.60(right); see text.

the distribution of bare site energid§e;); this in turn is
equal to the distribution of tungsten sites with a given num-
ber of NN sodium iond (#NN Na), if the latter are repre-
sented by the cutoff Coulomb potential. As evident from Fig.
12, the fraction of low-energy sites is considerably reduced
for U=5.0 and 7.5 eV, and the effective width tfe;,) is
narrower than that of(¢;): the low-energy sites are thus
screened by the Coulomb interaction and the effective disor-
der is reduced. Accordingly, the CB width is first found to
narrow upon raisingJ from 0. The screening is particularly
effective atU=5 eV, since a further increase in the inter-
action strength leads to increasingly significant spin polariza-
tion which ultimately enhances the effective disorder. This is
evident from Figs. 13 and 14 which show the mean local

chargen; and mean local moment magnitufje;| on tung-
sten sites with a given number of NN sodium iqfay. 13,
and the distributions of local charge and moment magnitudes
(Fig. 14; in each case forVe=-0.3 eV, with U
=5.0, 6.5, 7.5, and 10.0 eVfrom bottom and x=0.20
(left) and x=0.60 (right). At U=10 eV the near complete
spin polarization enhances the effective disorder as is evident
from f(¢;,) (Fig. 12, leading as found above to localization
of quasiparticle states throughout the lower part of the con-
duction band. Note, however, thatldt= 6.5—which value is
most relevant for tungsten bronzes—the great majority of
sites carries very small moments.

The above results also provide a natural explanation for
observed Knight shifts. In order to explaff®W NMR line
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x=0.20 x=0.60 &\  counted for the asymmetric line shape ofgMaVO; which
\ 0\0 is skewed to smallK| values, for the near-symmetric line
0.3 f \\ \\‘\ " o shape of NgggWO3, and for the relative peak positions.
X‘\‘. \\\K‘\ N From Figs. 13 and 14, and corresponding results for 0.05
00 F— — Tory = =<x=0.60, our model is entirely compatible with the obser-
03 | 1\\ .\\\ 1 vations. With the assumption thét;«n;, the Knight shift
\\»& \ \\‘\‘\ 4\?3 distribution and hence NMR line shape is proportional to the
\\,\‘M local charge distributionf(n;), shown in Fig. 14. From this
00 (177 N it is evident that forx=0.2 the line shape is indeed asym-
03 | «\ e | % metric and skewed to low;, while for x=0.6, by contrast,
\‘\’\\R\\\\\‘ \\\:\:\'\\‘w © f(n;) is essentially symmetrically distributed and centered on
0.0 — , : e | : R higher n; [the irregularity inf(n;) at lower U for x=0.6
03 | '\\ \\ . reflects simply the discrete nature of the cutoff Coulomb
- \\‘N o° potential, and is entirely removed if a Yukawa potential is
00 . ‘\\i\\, U employed. Likewise Fig. 13 shows that; increases mono-
~ 8 6 4 2 0 8 6 2 0 tonically with the number of NN Na ions, in a close to linear
#NN Na #NN Na fashion. Finally, it is found experimentally that the peak of

the 83W NMR signal in Ng ,MWO; virtually coincides with
the signal of WQ. This is also in agreement with our re-
sults, since ak=0.2 the great majority of sites are found to
carry only a very small additional charge to that of pure

«—— mean local charge
mean local moment magnitude

FIG. 13. Mean local charge; and mean local moment magni-
tude|u;| on tungsten sites with a given number of NN sodium ions " 3"
for (from bottom) U=5.0, 6.5, 7.5, and 10.0 eW/.=-0.3 eV,
andx=0.20 (left) and 0.60(right). IV. EVOLUTION OF THE PSEUDOGAP

) ) The preceding results are not of course sufficient by them-
shapes in metallic Nda,W, 05, Dubson and Holconf8  selves to explain the formation of a pseudogap, whose exis-
have argued that th&#W Knight shiftsK = {K;} are propor-  tence has been shown above to have a profound effect on the
tional to the local chargeK;<n; (K is negative with re- properties of single-particle excitations near the Fermi level
spect to the reference signal of W@ince inner shell core E__ since this problem is central to the MIT, it is now ex-
polarization is the dominant coupling mechanism in the amined in detail. We begin by considering a one-band AMH
band. They postulate that; is proportional to the number of model. There are two reasons for this: first, because the mi-
NN sodium ions minus the number of NN tantalum atomscroscopic origins of a gap or pseudogap are most clearly seen
where in NQWO; the NMR line shape is expected to reflect at this simplest of levels and, second, because the 2D three-
the distribution of the number of NN sodium ions pand model we consider may be mapped with high accuracy
f(#NN Na). In this way Dubson and Holcomb have ac-onto an underlying effective one-band model, as subse-

quently explained.

x=0.20 x=0.60 S Consider a generic site-disordered one-band AMH model
20 Q\Q’ on a hypercubic lattice id dimensions,
\Q'Q . - SO | . -
M H:Z €N+t 2 Ci(TCjU'+_UZ NigNi—gs (26)
0 , : ‘ o (i 25
30 1 - - . - .
/\‘fo in the Ising spin UHF approximation,
0 ‘ e o
£ 40 1 & H=> A,
= o’ 7
=
= 0 . H-L‘“>c'-|.r|-"|7|"1 ' A A o
80 | Q HO'ZE 6i0'nia'+tz CiTO'CjU! (27)
40 | 1| ©° ' (i)
, L o , with effective o-spin site energies given by E¢L7). The
0.0 0.1 0.0 0.2 0.4 canonical transformation
[THA! [T,
—— distribution of local moment magnitudes f(|u,|) . 1 A
—— distribution of local charges f(n) Cko:_NEi: e"iCi,, (28)

FIG. 14. Distributionsf(n;) and f(Jui|) (shaded of local
charge and magnetic moment magnitudes (floom bottom U PO . . . . .
tSCl Ci,, is now applied to the Ising spin UHF Hamil-

=5.0, 6.5, 7.5, and 10.0 eW,c=—0.3 eV, andx=0.20(left) and (ij)CioCjo Pp gsp

0.60 (right). tonian, whereupotd, is given by

which diagonalizes the one-band TB Hamiltonian,
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HU=; E<k>ﬁk0+§1 T o(DCCikiqo- (29
Here,
d
E(k)= —2@1 cogkia) (30)

is the TB energy dispersion, with,,=c{ c, the usual

number operator, and the structure factor of the effective

o-spin site energies,

1 .
Fo(@=52 €€, (3D

HARTMUT DUCKER et al.
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1
E(k) _EO'U|,LL|
H = E Hk(r: @ 1
keMBZ keMBZ —EO'U|,LL| E(k+m)
1
E(k) _EUU|M|
=6 1 (33
ke MBZ —EO'U|,LL| —E(k)

where® denotes a direct sum. Note that the formation and
position of the gap are controlled by correlations between the

is thus defined. Given a distribution of effective site energiegffective site energies, which in turn are governed by the

over the sites, Eq29) shows that the structure factbr,(q)

shape of the TB Fermi surface.

acts to couple TB states; the coupling naturally depends only The essential characteristics of the above picture at half-

on the differencey of the associated crystal momenta.

filling are robust to the inclusion of disord& In general a

To understand the formation of a pseudogap we thus hawetrict gap naturally no longer occurs, disorder smearing the

to consider the TB energy dispersi@{k) in conjunction

gap to produce a pseudogap containif}y Nonetheless, as

with T',(q). From Eq.(17), the latter can itself be expanded known from study of 2the 3D half-filled Gaussian site-
in terms of the structure factors of the bare site energieglisordered AMH modet? a pseudogap remains characteris-

[T'(q)], local charge$I',,(q)], and local momentsS,(q) ],
to give

1
Io(@)=Tdq)+ 5Ull(q)—aS,(q)]. (32

Clearly, a completely randoml’,(gq) cannot yield a

tic of the disordered antiferromagnetic phases of the AMH

(including both insulating and metallic regimeandicating

the broad significance of the above repulsion mechanism.
Away from half-filling the nesting property of the under-

lying TB Fermi surface is of course lost. Nevertheless, in

disordered interacting systems, AF correlations occurring on

doping dependent length scales may still act to repel states

pseudogap: disorder-induced random couplings between TBn opposite sides of the Fermi surface: this is the micro-

states lead simply to the trivial effects of broadening andscopic origin of the pseudogap in our model, as now shown.
blurring of the TB DOS. To produce a pseudogdp,(q) To this end we adopt the same strategy as in the example of
must exhibit ag-dependent structure which reflects spatialthe one-band AMH model above; i.e., the three-band Ising
correlations among the effective site energies; moreoveispin UHF Hamiltonian is evaluated inkaspace basis of TB
since the pseudogap tracks, this structure must depend eigenstates. Here, a sequence of three unitary transforma-
on the filling fraction of the band. tions is required to accomplish this. In addition, physically
A good example to illustrate these principles is the non-well-motivated and accurate approximations enable the full
disordered limit(the pure one-band Hubbard mogdet half-  three-band Hamiltonian to be reduced to an effective one-
filling. For d>1, the ground state of the model possessedand model. Full technical details are given in the Appendix,
antiferromagnetic(AF) long-ranged order, and a nonzero and the essential physical arguments that lead to an effective
band gap, for any finitdJ. Both features are correctly cap- one-band model are as follows.
tured by UHF. In this cas€E ,(q) is strictly nonrandom, due (i) Disorder on oxygen sites is insignificant for the rel-
to the perfect magnetic ordering and uniformity of the localevant states at the bottom of the CB due to their small oxy-
chargesn (=1) and bare site energies: I, (q)= gen population, and can thus be neglected to the extent that a
—(1/2)0US,(q) = — (1/2)0U|u| 847, where Er has been nonbonding, purely oxygen-derived valence band decouples
set to zerdi.e.,e= —U/2). To connect the structure 8)(q)  from the full Hamiltonian as in the case of the underlying TB
to the formation of a gap &, note that the AF ordering HamiltonianH ™ [cf. Eq. (2)] discussed in Sec. II. The re-
vectorr is also the nesting vector of the TB Fermi surface atsultant effective two-band model for bonding and anti-

half-filling. For concreteness considde=2, where at half-
filling the TB Fermi surfaceE(k)=0 is a square with side
length|#| =|(m/a)(1,1)|. From Eq.(29), eachk state within
the magnetic Brillouin zonéMBZ) (i.e., eachoccupiedTB
state is thus coupled to a statet+ # outside the MBZ(i.e.,

bonding bands is considered at the end of this section, and is
found to capture very accurately the properties of CB single-
particle states.

(i) In the final step the two-band model is reduced to an
effective one-band model for CB states, by neglect of matrix

an unoccupiedTB statg. This perfect repulsion reflects an elements between VB and CB TB states which are small in
optimal balance between the constraints of interaction energyomparison to the charge-transfer gap between valence and
minimization and kinetic energy maximization. It leads self- conduction bands.

consistently tgu|#0 and, most importantly, to a band gap  The validity of these approximations is, of course, directly
of magnitudeU|u| containing the Fermi level, for alU testable by comparison of results from the full three-band
>0; this is directly evident from the self-consistent Fock model with those of the effective one-band model. For ex-
matrix corresponding to Eq29): ample, Fig. 15 compares the resultant CB single-particle
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full 3-band ;
................. effective 1-band ;

“'vv
it
e

D(E) [arb. units]

-1

E-E. [eV]
FIG. 15. CB density of states of the effective one-bétotted
line) and full three-band modeld)=6.5 eV, Vo=-0.3 eV, x st
=0.30, andL=70. '

FIG. 16. CB energy dispersion of the three-band TB model.
spectra fortU=6.5 eV andx=0.3. The one-band model is Gray-shaded contours are shown on top.
seen to be in excellent agreement with the full three-band

model, particularly in the relevant low-energy part of the states. Here, the prefactoq‘((,**q‘(ﬁ;)”z, i.e., the geomet-

DOS. ] S ~ric mean of the renormalized TB tungsten populations of the
The resultant effective one-band Hamiltonian is a direcleoypled states, is largely irrelevant to the formation of the
analog of Eq.(29), and (as detailed in the Appendixis pseudogap since it is fully determined layy,, €, andt

given by and varies smoothly wittk and q. Consider, however, the
R R structure factors of the bare site energiE$(q), local
HZE Hos chargesl'/(g), and momentsS,(q) on tungsten sites that
7 contribute tol’/ (q) as in Eq.(32). I'.(q) reflects the micro-
scopically correlated nature of the disorder potential, but
Ho=2 Einie+ 2 To(@)ae "l 5 oCiaCiciqs-  does not itself lead to a pseudogap as pointed out in the
k kg#0 previous sectionl'/,(q) [an illustrative example of which is
(34 shown in the last panel of Fig. (&] is found to be barely
Here, the prime denotes that the structure fadtf(q) is  affected by the interaction strengtbf. Fig. 13 and to be
given by Eq.(31) with the summation over tungsten sites very similar toI’’(q), indicating partial screening of the dis-

only, and the star indicates that CB TB states createdjpy order potential and thus partial cancellation [6f(q) and

are renormalized with respect to those of the TB Hamiltoniarg UT 1(q).

ATE that underlies the three-band AMH modef. Eq. (2)]. In_direct analogy to the pure half-filled Hubbard model
This renormalization is simply due to a shift in the TB site COnsidered above, we may thus focus on the local moment
energiesey s and e, 5, Which reflects the average effect of Structure factoiS,(q), whose doping dependence is shown
disorder and interaction on the position and width of thein Fig. 17a) for U=6.5 eV andL=100 as obtained from
bands. Thus, the mean effective tungsten site enekgigs single disorder realizations of the 2D three-band AMH

dth b . — b qi model [Eqgs. (14)] via Fourier transformation of the self-
and the mean bare oxygen site eneegyare to be used In - qngistent UHF local magnetic moments on tungsten sites. In
place of the Harrison parametesg sq andeg o, in Egs.(12)

: ; the metallic phas&>0.3, |S,(q)| is far from random, being
and(19) to evaluate the renormalized TB CB energy dlsper-peaked on a ring whose radius is the diametar(8) of the

W+ x
TB Fermi surface: the latter is, to a very good approxima-

sionE,* and tungsten populatiogy. *, respectively.
The above transformations have thus effected an apPPrOXion  circular in the 2D model at the relevant small filling
#actions (and square at half-filling see Fig. 16. As in the

mate, but accurate, diagonalization of the three-band Isin

spin UHF Hamiltonian. All specifics of the underlying band g, 2 ple of the half-filled Hubbard model, therefore, the TB
structure — as determined by the crystal lattiegy, €0,  Fermi surface thus determines the spatial correlations be-
andt — are now contained in the diagonal entri8§’ of the  tween local moments, which minimizes repulsion between
effective one-band Hamiltonian, whose dependencekpon TB states below the TB Fermi surface while maximizing
andk, is shown in Fig. 16. The combined effects of disorderrepulsion between states on opposite sides, hence leading
and electron interaction on single-particle properties, as deagain to a pseudogap Bt , and the largest total energy gain
scribed in the previous section, originate from the off-within the variational UHF procedure.

diagonal elements q@f*q\(\/J,E;)l/zF,’,(q) which, directly In the insulating regimdwhich is also accessible for
parallel to Eq.(29), act to couple the renormalized CB TB >0.3 via an increase i), localization of states naturally
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renders the Fermi surface ill defined. Correspondingjyg)  TB states(close to unity. This represents essentially the en-

loses its ringlike structure and becomes disklike: see Fige'dy difference between spatially correlated and random lo-

17(a). Nonetheless, the radius of this disk still evolves with €@ moments, and thus should occur on an meV scale char-

2ke , and the TB Fermi enerdf; *. remains a good estimate acteristic of magnetic correlations as opposed to the eV scale
’ F(T

) ) o of the Coulomb interaction, as indeed is observed experi-
of the exact Fermi energy. Thus, whil&kaspace description mentally.

is inappropriate for smalk and largeU, one still expects As we have seen above, the UHF self-consistency in-
persistence of the basic underlying mechanism relating locglolves mixing of renormalized TB states below the Fermi

magnetic correlations to the formation of the pseudogap. energy with higher-lying states in the conduction band. We

In summary, the origins of the pseudogap stem fromgthe might therefore expect it to have a significant effect on

dependence df /(q), whose evolution with both CB filling chemical bonding. In the remainder of this section we con-
fraction and interaction strength is dominated by that ofsider implications of the pseudogap for chemical bonding, as
S,(q), reflecting the presence of, and spatial correlation berevealed by a population analysis of CB single-particle

tween, local moments. The latter is of an AF nature as evistates. The results provide further numerical evidence for a
dent from the up and down spin densities shown in Figband repulsion induced by magnetic correlations.

17(b). Furthermore, the characteristik2 dependence of We consider the hopping operator

S)(q) in turn sets anx-dependent length scale for spatial

correlation bet\{veen the moments. At half—'ﬂllmg, for ex- HhopEE 2 tij&i.rgajg (35)
ample, the nesting vectear corresponds to antiferromagnetic o (i)

coupling on the shortest possible length scale, i.e., betwe

NN transition metal sites, while asdecreases, the AF length

scale correspondingly increases as illustrated in Fi¢h)17 . R
Three further points should be noted. First, relatively (AP, =(ao| A" ac)=E,,— 2 €4la,.l? (36

strong local moments typically overlap clusters of tungsten !

sites in the vicinity of sodium ions, and while the averageis a measure of the antibonding character of CB single-

distance between neighboring clusters also decreases wigarticle statesa o).

increasingx, the relative phases of the local moments are The expectation value is most conveniently evaluated in

found to be governed by the diameter of the TB Fermi suryne pasig8), where the matrix elements Bf°P are given by

face. In consequence, the bare site energies can be randorﬁ " ho

redistributed over tungsten and oxygen sites prior to the sel }5 (A3) and(H"),, becomes

consistent UHF procedure, without any significant effect on .

the appearance of the local moment structure fa{gn) (AR = -2 t(k)Re(am,alor), (37

and the pseudogap. This serves further to show that the mi- K

croscopically correlated nature of the disorder potential isvhere Re( ) denotes real part. Moreover, if disorder on oxy-

not a prerequisite for the formation of a pseudogap in thegen sites is neglecte@s justified above the secular equa-

model, although correlated disorder is more effectivelytions associated with the resultant two-band UHF Hamil-

screened than uncorrelated disorder. We add moreover thadnian (A7) can be exploited to obtain the relations

for a given disorder realization, the effect of raisidgn the R

spin densitiedFig. 17b)] is a sharpening of the observed (Hh°p>aU=2\/qSUTM (38

patterns, which naturally reflects the enhanced localization of

states and the formation of stronger moments. While thié’;md

ultimately renders th&-space description obsolete, the per-

Shose expectation value

"1 ho
sistence and sharpening of the pattern in real space indicates, E :?OJF 1 @ (39)
as one would expect, that the repulsion mechanism remains “ 2 q°
operative and becomes more effective, and it is this that un-
derlies the concomitant broadening of the pseudogap seen in _ 1 T
Fig. 4. =eot 5 —5 (40)
Second, we stress that, whil&kaspace representation has Yoo

b_ee_n empl_oyed in the preceding anal_ysis, disorqle_r is esserhereTwEEkt(k)2|a(kw) 12 is a measure of kinetic energy
tial in leading to local moment formation at the filling frac- andq20=2k|a(1) |2=1—2k|a(w)|2=1—q\2’0 is the oxygen

tions and interaction strengths studied. This reflects the en—O ation ftWUCB tathy ;aT\/I wimum information can
hancement of electron interactions in localized singleJD puiation ot the S ). Maximu 0 onca

particle states? for example, if at U=7.5 eV the thus be gained if,, andq, are evaluated separately.

concentration of sodium ions is artificially reduceat fixed We have adopted two specific numerical sc)hemes in order

CB filling fraction x), local moment magnitudes decrease!© obtain the requisite expansion coefﬁmeat%’(,._

and the pseudogap ultimately vanishes. _ () Approxmat_e smgle;-pgrtmle states are retrleyed from_a
Finally, we add that additional support for the aboveSingle Lanczos diagonalization after the oxygen site energies

mechanism derives from the width of the pseudogap itselfof @ given converged UHF configuration have been replaced

which is given roughly byJ|u|gW**, where|u| is the av- by their average valueo.

erage local moment magnitude on tungsten sitespghid is (if) UHF calculations are performed using a common oxy-

an effective tungsten population of occupied renormalizedyen site energg, from the outset.
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FIG. 17. (Colon (a,top Color encoded plots ofS,(q)| for U=6.5 eVVc=—-0.3 eV, L=100, and(rowwise from top left x
=0.05, 0.10, 0.20. . .,0.60. A half-circle of radius R is also shown as a black solid ling: has been calculated from the requirement that
the resultant circle encompasxXM,.. g points, whereN,. is the number of occupied CB states. The last panel in the bottom row shows
the modulus of the structure factor of the local chard&gq)| atx=0.60. The mean local charge has been set to Zbrbottom) Color

encoded contours of the bare site energilest) and up- and down-spin densitie, on tungsten sites fotJ=6.5 eV, Vo=
—0.3 eV, L=100, andx=0.05 (top), x=0.30 (middle), andx=0.60 (bottom). All data derive from the 2D three-band AMH model.
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E-E; [eV] E-E; [eV] bottom of the conduction band have nonbonding character,
4 0 1 2 1 o 1 2 13 disorder must lead to an admixture of more antibonding
states with largeg™ and T. In addition, from the disorder-
induced broadening of the band, and E4)), it follows that
the increase ifT ,,, is more than compensated by thatj, .
i i Note that these remarks apply only to CB states beneath the
central van Hove singularitithe Fermi level at half-filling

Most importantly, Fig. 18a) reveals marked features as-
sociated with the formation of a pseudogap. Compared with
Fig. 18b), both T,, and qg(, are increased for occupied
single-particle states and decreased for unoccupied states just
above the Fermi level, indicating, respectively, méesg
antibonding character ofun)occupied states. A sharp and
symmetric crossover occuas the Fermi level itself. We add
that these effects are not restricted to states within the
pseudogap, but thatll occupied single-particle states and a
comparable number of unoccupied ones are thus affected.
0" : ‘ ’ : : ‘ Additionally, E,, is generally lower for occupied single-

0 1000 2000 0 1000 2000 3000 particle states and higher for those unoccupied states, com-

CB eigenvalue index CB eigenvalue index pared to the corresponding TB model, again indicative of a
repulsion between TB states on opposite sides of the Fermi

FIG. 18. CB oxygen populatiofibottom, T, (middle), and  |eyel. We add that this nonlocal change of the chemical
DOS (top) for U=75 eV, Vc=—-03 eV, x=0.30, andL  ponding may also be relevant to the subsequent effects of
=100.(a) (left) correlated andb) (right) scrambled tungsten effec- g |actron-phonon interactions: it may lead to an enhancement
tive site energiegsee text In the top and middie panels the TB ¢ holaron formation by antiferromagnetic correlations, as
analogs are also shown. found by Zhong and Scthiler®” in their study of a Holstein-

Hubbard model. Aspects of the possible significance of po-

In both cases the coefficienty,, follow from a fast |arons in sodium tungsten bronzes have been discussed in
Fourier analysis applied to the subset of tungsten eigenvect®efs. 34, 40, 44, and 68.
componentga;,,} of each single-particle state.

The single-particle properties obtained from these two
proceduregi.e., DOS, oxygen populations, and localization
characteristicsare found to be in excellent agreement with  Since insulating cubic tungsten bronzes W&, have not
results of the full model. Moreover, the approximate single-been prepared, but a MIT has been reported in cubic
particle energie£,,, of approach(i) virtually coincide with  Na TaW,_,03,'® it is of interest to study the effects of
the exact values for states at the bottom of the conductiopartial substitution of W by Ta. In our model, Ta sites are
band. We attribute the insignificance of disorder in the oXy-consistently represented by their respective Harrison param-
gen site energies to the small oxygen population of occupiegterser, 5 andt;;, which leads to additional diagonal and
CB states and note that, for the same reason, incorporation gff-diagonal disorder. For simplicity we assume thhis the
a realistic HubbardJ on oxygen sites is likely to have a same for W and Ta sites. The sodium content has been fixed
negligible effect. at x=0.30 or 0.40 and UHF calculations have been per-

In Fig. 18a) we show results derived from approa6h  formed for all possibley<x in steps of 0.05. Figure 19
above foru=7.5 eV, X:0.30, andL=100. These should shows the resultant CB DOS folU=7.5 eV, VC
be compared with those of Fig. @8, in which for each =030 ev, x=0.30, andy=0.10, together with the associ-
disorder realization and spin the self-consistent UHF conated Ta partial DOS. Also indicated are the W and Ta site
figurations {(r; ,€;,),i e W} have been scrambled prior t0 energiese,y 5y and era 5. Since the latter is always consid-
procedure(i). This eliminates any spatial correlations and, eraply in excess of the Fermi level, Ta sites contribute pre-
therefore, theg-dependent repulsion discussed above. Thgjominantly to states at the top of the CB and have little
Hamiltonian is then that of a two-band Anderson model withyejgnt in occupied CB states. The Ta local charges are thus
tungsten site energies drawn randomly from the distributionsmga||, and we note that the precise value of the Hubhard
of self-consistent effective tungsten site energies. Figurg Ta sites is therefore of minor significance. At a coarse
18(b) shows that the pseudogap disappears entirely UpORumerical resolution of 0.1 eV, Ta substitution has very little
scrambling, and that the conduction bandrrows even  effect on the low-energy part of the CB for &llstudied; this
though the removal of spatial correlations corresponds in efpa5 peen reported in Refs. 33 and 36. A bin width of 6 meV,
fect to an increase in disorder. _ however, allows for a more detailed analysis. We find a weak

Figure 18b) shows the general effect of disorder on pseudogap with a width of roughly 30 meV alreadylat
chemical bonding at the bottom of the conduction band: both. g eV, a feature absent in N&O,. Figure 20 shows the

T., andqS, (and thus(H"P),,) are enhanced with respect DOS of Na WO, (dotted line and NasTa W, Os for
to their renormalized TB analogg;, andqQ*, which are U=7.5 eV andV.=—0.3 eV in the lower portion of the
also shown as solid lines. This can be understood by revertB, i.e., for two systems with the same doping level. The

ing to the effective one-band model: since TB states at thevidth and depth of the pseudogap are slightly enhanced in

D(E) [arb. units]

T(XG

ac

V. TWO-DIMENSIONAL RESULTS FOR Na ,Ta,W;_,0;
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FIG. 21. Scaling behavior of the renormalized correlation length
FIG. 19. CB density of states and associated Ta partial densit§ ‘¥ for the 2D model of NaTaW,_,0; for U=6.5 eV, V=

of states for the 2D model of N&aW; ,O; with U —0.3 eV, system sizes &f=30, 40, 50, 60, and 7Grom left to
=75 eV, Vc=-0.3 eV, x=0.30, y=0.10, andL=50. Also  right in each energy bin of width 0.05 ¢V and ,y)
indicated are the W and Ta site energiggsy and er, g - =(0.30,0.25)(a) (shadedi and (0.30,0.05)b).

the substituted bronze, as is the width of the occupied part dietermining the position of the MIT. The effects of addi-
the CB. These results indicate an enhancement of electrdipnal disorder do, however, persist in the metallic phase,
interactions resulting from stronger localization of leading to the experimentally observed systematic reduction

pseudoparticle states in the more disorderegmsany, ,0;  in the conductivity of NgTa,W; ,Os compared to that of
NaWO; at the same filling fractior

system.
Semiquantitative evidence for the localizing effects of Ta
substitution stems from the system size scalingdf) V1. DISCUSSION

shown in Fig. 21 forU=6.5 eV, Vc=-0.30 eV, {,y)
=(0.30,0.25)(a), and ,y)=(0.30,0.05)(b). Comparison The three-band AMH model combines three effects of
of Fig. 21(a) with the corresponding N&/Oj, plot, Fig. 8§a),  central importance in describing transition metal oxides,
shows that states in&1/2 eV interval abovég are more hamely, disorder, electron interactions, and band structure.
localized than those in the analogous,W4D; spectrum. Via a mapping of the self-consistent Hamiltonian onto an
The existence of a zero-temperature insulating phase &ffective one-band model, we have disentangled the associ-
x—y=0.05 is clear from Fig. 2B). However, while the ad- ated energy scales and find three mechanisms within UHF
ditional disorder introduced by Ta substitution leads towhereby the ground state energy can be minimized, viz.,

greater localization, interaction effects remain dominant inscreening of bare site energies, the formation of local mo-
ments, and spatial correlations between them. While the pre-

cise nature and strength of the disorder potential are found to
be relatively unimportant, the ground state is naturally af-
fected most significantly by the value &f, which controls
the extent of spin segregation. Ak&=6.5 eV a rather con-
sistent description of electronic ground state properties has
emerged since the chemically induced MIT, the pseudogap,
and remnants of the TB Fermi surface in the metallic phase
are all well captured. The present calculations are of course
confined to a mean-field level, but while a genuine many-
body treatment will no doubt lead to quantitatively different
results, we anticipate that the emergence of AF spin correla-
tions and their doping-dependent length scales, which are
crudely captured by the unrestricted Hartree-Fock approxi-
mation, will nonetheless remain as the underlying origin of
pseudogap formation. In this regard we comment briefly on a
number of additional experimental results that concur quali-
tatively with the picture that has emerged from our analysis.
First, a strong increase in the nuclear spin lattice relax-
FIG. 20. CB density of states of NaNOs(dotted ling and  ation rateT; * in ?Na NMR experiments on NWO; has
Nay 5Ta W, O3 for U=7.5 eV, L=70, andV.=—0.3 eV in  been observed fox<0.353"%° This has variously been as-
the lower portion of the CB. cribed to a substantidlp to 56% admixture of Na 3,3p,

NaO.STa0.1W0.903

D(E) [arb. units]

-05 0.0 0.5 1.0
E-E, [eV]
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or 3d orbitals to Fermi level states at low dopifgE®®®  recent discovery of superconductivity in the vicinity of the
However, a recent high-energy electron energy loss spectroBIT of cubic NaWO; (Ref. 24 and NaTaW;_,0; (Ref.
copy (EELS study of cubic sodium tungsten bronFebas  18) will hopefully incite further work in this direction.
shown that there is no such change in the oxidation number
of sodium. We suggest that the strong increas@lirjl may
reflect a considerable spin polarization of CB states, which
are likely to have nonzero overlap with sodium ions since In summary, we have made a detailed mean-field study of
they are associated mainly with Wdgt,,) orbitals directed the single-particle properties of the doped transition metal
along face diagonals of the cubes surrounding the latter. Thigxides NaWO3; and NgTa,W; O3, focusing in particular
explanation is consistent with the pressure dependence of tiam the metal-insulator transition driven by progressive filling
nuclear spin lattice relaxation rat®:significantly, under a of the WO, conduction band. The latter was shown to be
hydrostatic pressure of 0.4 GPa, fhpl of low-x samples is intimately connected with the occurrence of a pseudogap in
reduced We would expect such an effect from a pressurethe single-particle spectrum at the Fermi level, for suffi-
induced broadening of thg(7*) conduction bands which ciently large Coulomb interactiod. A physical explanation
should naturally result in less spin segregation; in contrast, itor the microscopic origins of the pseudogap has been pro-
is rather more difficult to understand why a sizable admix-vided by means of a generalized effectiespace descrip-
ture of sodium orbitals to CB states should decrease upotion of the conduction band of the disordered interacting sys-
compression. tem at arbitrary band filling, which directly connects the
Dubson and Holcomb have found two contrary trends inunderlying band structure to the structure factors of the dis-
their #W NMR study of NgTaW;_,0;:% metallic  order potential, local charges, and local magnetic moments.
samples exhibit a broad distribution of Knight shifts, reflect-While the local charges were found to essentially screen the
ing the distribution of local charge®f. Sec. Il), but near- disorder, the emergence of a distinctive magnetic structure,
perfect exponential spin lattice relaxation which can be deexhibiting antiferromagnetic correlations on characteristic
scribed by a singleT; of O(1s). Insulating bronzes by length scales determined by the doping-dependent zeroth-
contrast have a very narrow NMR signal peaked near th@rder Fermi surface, thus indicatecqjadependent repulsion
reference WQ, and a broad distribution of spin lattice re- between occupied and unoccupied conduction band states
laxation times ranging from a few seconds to more than avhich produces the pseudogap and minimizes the ground
day. A continuous evolution of the magnetic propertiesstate energy, a scenario further confirmed by the results of a
across the MIT along these lines is observed. Three difficulpopulation analysis which revealed a concomitant nonlocal
ties arise in this context. change of the chemical bonding. We add that this micro-
(i) According to Dubson and Holcomb, the nuclear spinscopic, mean-field picture of the relationship between the
diffusion is generally suppressed due to the small moment apseudogap and local moment correlations is not confined to
183/ and the wide spread in local fielf&Thus each nucleus the particular model studied here: within a symmetry-broken
should relax at a rate determined by its immediate electronignrestricted Hartree-Fock treatment the essential ingredients
environment, in apparent conflict with the single-exponentia@re interactions, to produce local moments, and disorder,
relaxation in the metallic phase. which enhances local moment formation at the low band
(i) The linewidth of insulating samples is much narrowerfilling fractions characteristic of tungsten bronzes.
than expected from a broad distribution of local environ- In addition, a large-scale numerical study was made of the
ments. localization properties of single-particle states. In a 2D
(ii ) Dubson and Holcomb argue that a population of localmodel of the band structure, the emergence of a pseudogap
magnetic moments produces raean internal field which in the DOS was found to cause a sharp decrease in the cor-
would shift the peak position of the NMR line to higher relation length of Fermi-level states, and thus to strongly
frequencies. Since this is not observed, they rule out the exaffect the estimated position of the MIT. In a fully 3D cal-
istence of moments in this system. culation, strongly localized states — including those in the
We believe the following scenario is consistent both withvicinity of Ex — were found to remain highly anisotropic,
these observations and our results: In the metallic phase thehile states extended in a given plane decay weakly in the
nuclear spin system is exponentially relaxed via couplings terpendicular direction.
AF fluctuations in the CB. As the MIT is approached, nuclei A study of tantalum-substituted sodium tungsten bronzes
associated with low-energy sites experience a stioogl ~ showed that the principal effects of the additional disorder
field due to local moment formation, and their resonance igenerated by the Ta sites are a greater tendency to pseudogap
in effect projected out of the NMR spectrum. The NMR line formation at weaker interaction strengths and a greater de-
is thus progressively reduced to the resonance of high-energyee of localization of single-particle states. As for the pure
sites, which is near to that of WfQlue to the small associ- Sodium tungsten bronzes, interaction effects nonetheless re-
ated CB charges. main dominant in determining the position of the metal-
Finally, AF correlations in the CB of sodium tungsten insulator transition.
bronzes of superconducting compositions have also been in-
voked by Garifullinet al. in order to explain results of mag-
netic susceptibility measurements, ESR afitNa NMR
experiment£>3%7%"tUnfortunately these results are for te-  This research was supported by grants from the Deutsche
tragonal bronzes, and thus only suggestive as far as AF coForschungsgemeinschaft, from the British Council, the
relations in the cubic bronzes are concerned. However thBAAD-ARC exchange program between Great Britain and
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(o A1 S0 o) =T (@), (A5)
APPENDIX where
In order to derive the effective two- and one-band models _
used in Sec. IV we apply first the unitary transformations T (q)= N €, (AB)
ieW

implied by Egs.(3) and(7) to the 2D real-space three-band
Ising spin UHF HamiltoniafEgs.(14)]. This amounts to the The remaining off-diagonal matrix elements betweerk O
evaluation of its matrix elements in the bas® which states,(d;s,) 1A 60y, withi,j e{1,2, vanish if disorder on
yields the following resultscf. Eq. (10)]. _ oxygen sites is neglected as justified in Sec. IV, which de-

(@) The diagonal elements of E(LO) are simply renor-  couples a nonbonding band at the renormalized oxygen site
mahzgd, reducing to the mean-spin gnd mean bare site energy g from the full Hamiltonian as in Eq(10). The
energies for W and @ states, respectively: resultant effective two-band model far bonding and anti-

bonding bands is given by
(dho IHl bl ) = 2 €= €ow (A1) o
=>H
Pleo Al die) = (D 1Al 1) EE—e (A2)
< k | | k > < | | i O- 2 annk0)+2 o n(l)
In practice?oww:,gw for our finite-size system.

(b) The off-diagonal matrix elements between W an# O —E H(K)[EMTED 4 gD Taw
states are entirely unaffected in the absence of disorder in the . (K)[Cky" Co Tty Cir ]
real-space hopping matrix elemerfés obtains for NAWO,
in our mode) or
+ 2 I (q)ce el k+q)a
(Do IH1 By )= —t(K) S 811800, 1€{1,2

(A3)
_H(J'TB+ 2 q)C(W)TCE\é\Qq)o” (A7)

(c) Real-space diagonal disorder embodied in the effec-
tive tungsten and bare oxygen site energies introduces nowhere the fermion creation, annihilation, and number opera-
zero off-diagonal matrix elementgithin the subsets of tung- tors are defined with respect to the bads
sten and oxygen k states, {¢("V}, {6V} and Finally, the effective two-band Hamiltonian is evaluated
(6L pPh, {1 6P 1, respectively, but nonbetween in the basis of renormalized CB and VB TB eigenstates of
these subsefsee Eq (A3)]. The matrix elements for tung-  H} g such thatd . is diagonalized. If matrix elements be-

stenk states are given by tween the subsets of renormalized CB and VB TB eigen-
states that arise in this last unitary transformation are ne-
<W>|H|¢<W> 2 €€ i(k" —k)- (A4) glected as asserted in Sec. IV, the effective one-band model,

Eq. (34), for CB states is obtained.
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