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Origin of band and localized electron states in photoemission of NiO
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In a variety of model studies it has been shown that the problem of a single hole in a Mott insulator can be
quite well addressed by assuming that all that matters is the interaction between the propagating hole and the
spin waves of the insulator. NiO has been often taken as the archetypical example of a Mott insulator and
recent angular resolved photoemission studies have revealed that holes in this material share both itinerant and
localized aspects that are very hard to understand either in conventional band-structure theory or from purely
localized approaches. Starting from a strongly coupled electronic multiband Hubbard model, we derive a
generalized strong-coupling spin-fermion model. The model includes the multiplet structure of the electronic
excitations and describes the interaction of the §)(Boles moving in oxygen bands with the spins localized
on Niions. In linear spin-wave order we find an effective Hamiltonian describing the scattering of the bandlike
holes on the spin waves. This problem is solved in rainbow order, and we find that the outcomes resemble well
the experimental findings. In contrast to earlier impurity interpretations stressing spatial locality, we find that
momentum dependencies are dominating the hole dynamics.

I. SPIN WAVES AND PHOTOEMISSION OF NiO Because this “Hubbard band structure” was now acces-
sible experimentally;® surprises followed. It turned out that
other bands could show up in between tree @rived Hub-

The discovery of the highz. superconductors triggered a Pard bands—in the lated3compounds this is generically the
revival in the interest of the electronic structure of the!l9and 2p band, with the effect that the top of the valence

transition-metal oxides. Several interesting electronic an(§’and is ofp character, resulting in a charge-transfeT)

magnetic properties observed in these materials are causgl ulator. Especially in NiO one has at first sight a problem

: : h such an interpretation since the top of the valence band
by strong electron correlations, driven by the large Coulomb,seems to reflect the multiplet splittings of thel’3lower

interaction U between th_e 6 electrons. Not surprisingly, y,pharq bandLHB). This problem is resolved within this
band-structure theory fails in even the most elementary asq,cgjized” point of view if the effects of covalency are

pects. For instance, the calculations performed within locajzken into account. Even if the finite bandwidth of thp 2
(spin density approximatiofiL(S)DA] predict that some of  gtates is taken seriouslyimpurity approximation”), the hy-
the transition-metal oxidesuch as FeO and Co@re met-  prigization between the LHB and thp band is strong
als, while in reality they are large-gap Mott insulators. Evenenough to pull out bound states above the top of the latter.
if the insulating character, as for NiO, is correctly repro-These bound states can exist in the different spin- and
duced, the value of the gap is too small by an order ofangular-momentum channels of thd 3impurity,” thereby
magnitude’ creating a bound-state structure resembling that of the bare
Some time ago, it seemed that this problem was basicallyHB, which itself shows up as a high-energy satellite.
solved in approaches that emphasized the interactions. It was This way of thinking was formally justified by Zhang and
assumed that the physics was essentially local; single ele®Rice® They showed that the “gap-state” binding energy
tron momentum was supposed to be destroyed complete@OMd be much larger than the bandwidth related to the de-
and instead one could limit the description(&gomid inter-  localization of these bound states; it is correct to assume that
actions and short-range quantum delocalization. In this wa%1e carriers in these materials carry the local quantum num-
the momentum integrated spectral functions could be exPers of the LHB[e.g,, a hole in “Nill)" is either a low- or
plained in some detaft® Most importantly, the so-called sat- high-spin “Ni(lll)" state]. Only if one invests enough en-
elites seen in the photoemission spectspectral weight ©€r9y 0 exceed the Zhang-Ri¢ZR) binding energy, it be-

showing up at large excitation energiesriginally discussed com?sfconslgqu%ntial that these carriers originate predomi-
; - . : e hantly from ligand states.
in terms of spectroscopic artifacts, were identified to corre The angular-resolved photoemissiéARPES study on

spond with Hubbard bands, showing that Hubbard mOdeI?\Iio by Shenet al® constituted an important next step. De-

can be taken quite literally, even on energy scales for WhiCI%pite the successes of the localized approach we just dis-
they were not intended. cussed, these data revealed that the electronic structure of
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NiO is surprisingly bandlike. Especially at higher energies,motion of the hole is accompanied by a backflow of spin
rather well-defined dispersing states were observed, whichuid,!° allowing it to move coherently throughout the lattice
seemed to be naturally explained from conventional band¢“spin-liquid polaron™).
structure theoryrather than from a local, strongly correlated  Because of the strong coupling, one needs a self-
point of view. It is noticed that NiO is special in this regard, consistent theory and under the neglect of vertex corrections
because, e.g., cuprate ARPES spectra do not reveal dispehis becomes the rainbow resummatifor self-consistent
sive features at higher energies. Born approximatioh (SCBA)], where one uses the fully
Here we will present a theory of a different kind, which dressed hole Green'’s function to calculate the hole self-
seems to reconcile in a natural way the dichotomy of theenergy(Sec. I). Assuming that the low-energy part of the
“band” and “localized” nature of the valence-band elec- hole spectrum is dominated by a QP pole, it was shown by
tronic structure of NiO. We start from the fact that NiO is a Kane, Lee, and Redtthat the self-consistently calculated
CT insulator of the largéJ variety. We even overemphasize Green'’s function has indeed a QP peak accompanied by an
the interactions by adopting the above spin-fermion limit thatincoherent part.
is not quite realized in this case. The ground stated&gin In principle, the above theory is devised to describe the
system is a classical antiferromagnet and therefore its elong-wavelength limit. Important for our purposes, detailed
ementary excitation spectrum is understood in great detail iscomparisons of the outcomes of this theory with exact diago-
terms of linear spin-wavéLSW) theory. Accordingly, the nalization studies of small clustel$which were next ex-
problem in NiO is that of the oxygen hole scattering off thesetended to the spectral functions of real particles added to
spin waves via the mediating Kondo interactions. Math-(removed from the antiferromagnetitAF) state!® show that
ematically, this interaction is similar to standard electron-a nearly perfect description is obtained for thirolespectral
phonon(polaron theory. However, the couplings are very function, including the incoherent, multiple spin-wave con-
strong and the interaction vertex shoatreme momentum tributions at energie®>zJ. This can be understood to some
dependencecontrasting sharply to the locality characterizing extent by considering the Isirtgd, limit, which is the worst
phonon problems. case because even the emergent kinetic scale disappears.
We lean heavily on the work done in the context of theLSW-SCBA reproduces essentially corretfiyhe character-
t-J model. This latter model describes the hopping ¢fea-  istic ladder spectrum of the nonretraceable path
tureles$ hole in a Heisenberg spin system. Thé model  approximation:® and it is well known that the corrections
seems at first sight simpler than the spin-fermion model, bu¢‘Trugman loops’®) are not important for the overall shape
it actually describes a more extreme situation. The hole caof the spectrum.
only delocalize by exciting spins and a bare kinetic-energy Coming back to the situation in NiO as described with a
scale is absent: the coupling constant is in fact divergingspin-fermion model, LSW-SCBA should in principle be a
Although the physics at any finite hole density is still un- better approximation than for thteJ model. First, theS=1
clear, it is now generally believed that the one-hole case iantiferromagnet is closer to the classi@arge S) limit than
understood in detail, precisely in terms of the above spinits S=1/2 counterpart. More importantly, the coupling con-
wave framework. The late Schmitt-Rink, together with stant is no longer infinite because of the finite bare band-
Ruckenstein and Varma, were the first to redlifeat the  width of the 2o holes. Nevertheless, the outcomes have to be
one-hole problem could be treated by rather conventionanore complex. In LSW language, bound states occur due to
means, because of the classical nature of the spin vacuura.local binding of the oxygen hole to a magnon. This com-
The Neel state is qualitatively not different from any crystal- posite particle should hop as a whole through the AF lattice,
line solid except that spinespeciallyS=1/2, but also the thereby producing the QP pole, as well as the multiple spin-
S=1 spins of NiQ are much more quantum mechanical thanwave incoherent background. Finally, at even higher ener-
even the lightest ions. However, one is still above the lowenies it is expected that-dependent features exist reflecting
critical dimensionality of the classical mean-field theory andthe bare oxygen bands. Rather remarkably, this is precisely
the Gaussian fluctuatior(spin wave$ can account well for what LSW-SCBA vyields, as shown by our preliminary re-
the quantum corrections. One fermion cannot change the naults reported earlier.*®
ture of the vacuum and, at least asymptotically, the spin The paper is organized as follows. In Sec. Il we consider
waves are also, in this case, all that matters. Evaluating th& two-dimensional2D) slab to represent th@01) surface of
t-J model up to LSW orde(see also Sec.)llyields a Hamil-  NiO and we derive a generalized spin-fermion model that we
tonian similar to the one used in the context of GURef. § believe is sufficiently realistic to be used to interpret the
and looks like that of an electron coupling to acousticwhole valence-band region. This incorporates the full mag-
phonons except that the bare kinetic energy of the former isetic structure, as well as all orbital degrees of freedom of
missing. relevance in planar directions for the valence band. We in-
The topology of the quasiparticleQP) band in thet-J clude both oxygen & and “ 7" orbitals, and the degen-
model is that of a particle hopping on a magnetic sublatticegracy of the 8 shell (g5 andt,4 orbitaly, with the Hund’s
while the QP bandwidth-zJ, is set by the scale of the spin rule interactions in the intermediate states. Under the condi-
fluctuations’ The total extent of the spectrum turns out to betion thatd-d excitons do not play a dynamical role, we show
~zt (i.e., the hole-magnon interaction scaiehile the QP that this reduces to a spin-fermion model, albeit a quite com-
pole strength isa, ~J/t, as expected. Physically this QP is plicated one involving morg@ bands, AF as well as ferro-
different from a normal polaron; the hopping of the hole magnetic(FM) hole-spin interactions, etc. We motivate our
(~1) acts to increase locally the quantum spin fluctuationschoices for the free parameters in the model by spectroscopic
melting the “spin solid” in its immediate neighborhood. The data. Evaluating this model numerically up to LSW-SCBA



PRB 61 ORIGIN OF BAND AND LOCALIZED ELECTRON.. .. 13575

order (Sec. Ill) we find a description of NiO’s single-hole corrections due to the energy difference betweendthe >
spectral function that accounts semiquantitatively for theandds,2_,2 levels are neglected.

angular-resolved photoemission data of this material. The The LHB that consists ofi’ configurations is more com-
paper is summarized in Sec. IV. The Appendix contains theplex. First of all, an oxygen hole moving to a Ni site may
symmetry arguments that allows us to interpret the selfcreate a high-sping=3/2) 4Tlg state when it occupies one

energy obtained at different momenta. of thet,g (d},) orbitals,
Il. SPIN-FERMION MODEL FOR NiO 4Ti,3/2~diTtTBiTl'
A. Effective Hamiltonian 1
T Rt T it
NiO is best characterized as a CT insuldfbwhere the 4Ti,l/2~ﬁ(diti8i1+ Jadf,Bl),

0O(2p) band lies in between the Ni( upper Hubbard band
(UHB) and LHB. If the splittings between these bands is 1
Igrge enough cpmpared to _tk]bp hybridization ¢,q), one Ti,—l/ZN_(diTtTBiT,fl"_ \/EdiTtlBiTO)i
finds that the Ni holes localize, and an oxydeioped hole J3
interacts with theS=1 (3A,) spins on the neighboring Ni
ions. We assume a small hybridization compared with the “Ti —ap—di B . 2

Coulomb interactionU and the CT energyA=gq4—egp,
whereey and e, are the energies ofBand 2o states, re-
spectively. In the regime df,4<A andt,y<U—A, the ef-
fective interactions between an oxygen hole andSsil

In addition to this high-spin state, one has as well two low-
spin doublet states with eithertg, (2Tlg) or aney (2Eg)
orbital occupied by an extra hole,

spins can be derived using perturbation the3m. moving 1

hole may scatter against spin or orbital excitations. The latter 2T, 1o~ —(\/Edi’fwsjl—di’fmsi’fo),

have excitation energies of at least 1 eV and may be safely ' V3

neglected. 3
It is well known that the electronic states described by the 5 -1 t oot t oot

three-band mod&! for high-temperature superconducting Tirl/2”E(‘/EditTBirl_diuBio '

oxides correspond to those treated in an effectidemodel
in the strongly correlated limf.One possibility is therefore and two 2E configurations,
to extend thd-J model by the hopping to further neighbors

that follows from a mapping procedure to the effective space ZEi,uzN BiTldiTx(z) K
of a single band?® While thet-J model is a generic Hamil- , ) ) (4)
tonian, another and more realistic route may be followed by Ei,*l/ZNdix(z)TBifl'

considering spin-fermion models that result from the full - ]

electronic structure in the strongly correlated regime, if both AS @ result of the transitions to all these excited states one
the symmetry of the doped holes and the multiplet structurdinds _the Kondo_—llke exchange mteractlons, originating from
of 3d states are taken into accodfi® If the Coulomb in-  the virtual hopping of thep hole into the Hubbard baf‘dg-
teractions are strong enough, it is in general possible to infurthermore, in order to make a comparison with ale%
tegrate out perturbatively thedcharge degrees of freedom. Surface measured in the ARPES experiments by $he,

The problem that remains is that of a carrier that is stronglyVe "estrict ourselves to a single 2D slab, mimicking the
coupled to the spin background. (00D surface of NiO. By considering the virtual transitions

Undoped NiO is ionic, and one hasNiions in the high- to higher-energy excitations, one finds that the electronic
spin 3A, configuration, while the @ states of oxygen ions states of the Ni@O01) plane are described by the following

are filled. It is convenient to represent the components of th§Pin-nole mode:
8 pi 3

local d® triplets (A,) by hard-core bosorf, H=H + Hﬁ+Hf]+ HQFJF Hp . ®)

B,=d! d! : . :
Iz Without holes the system is described by the superex-

1 change Hamiltonian foB=1 spins on Ni ions,

—=(d},d}, +df dl), 1)

V2 H=J > §§-J > 55, (6

+ + ot (ij) e (A,B),(C,D) (ij) e (A.C),(B,D)
Bi,*l:dxldzl'

T
Bio=

where an AF interactiod couples the pairs of next-nearest
There are two classes of excited states by which the spin afeighbor spinsS along thex andy directions, being sepa-
an oxygen hole may be exchanged with one of the spins imated by one oxygen iofsee Fig. 1b)]. These interactions
the background. Either one of the holes in i triplet  stabilize an AF ground state with two pairs of interpenetrat-
jumps out to a neighboring oxygen site and%aconfigura-  ing magnetic sublatticesA(B) and (C,D), occupied by up
tion is created, or a doped hole moves to the transition-metdlA andC) and down B andD) spins in the respective &

site that results in thd” intermediate state. In the UHB df  state. The weak FM interactiod; = «J, couples the nearest
configurations one has singly occupieg orbitals. These neighbors, i.e., acts between pairs of spins that belong to
excited states are characterized by the enérgif the small  (A,C) and B,D) sublattices, respectively, and is frustrated
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FIG. 1. The BZ(a) for the NiO (001) plane, shown schemati-
cally in part(b), with two holes at each Ni ion indicated by arrows.
The dashed lines ifa) indicate the folding of the BZ in the AF
phase, wheré&'-X shows the nesting vector.

in the AF state. The spin Hamiltonian witB=1 may be
expressed in terms of two Schwinger bosbpsat each site
(Ref. 11, and then is easily diagonalized by considering th
fluctuations around the classical saddle point,

by =bj; =25,

biT:bH:O'

()

wherei e A,C andj € B,D. This gives one branch of acous-
tic magnons with energies, in unfolded Brillouin zone
(B2),

He=2, wqbba, (8)
with magnon energies, given by
wq:4‘][(1_a§q,+)2_(7q_agq,—)z]llza 9

and with y,= 3(cos 2,+c0s 2},), {q +=3C0SELE0,) (de-

fining the lattice distance between Ni and O nearest neigh-

bors as a unit length=1). The spin waves with their cre-
ation operators Bg are described by the Bogoliubov
transformation,

+

Ba=Ugbg=v4b"q

1/2

1+(1-x5)2 0

20507

u

q

1— (1_X(2])1/2 1/2
2(1-x3)12

vq=—sgr(Bq>{

wherex,=Bg/Aq, Aqg=3—J3"{q+, Bg=Jyq—J'{q -, and
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HO=>" [txx(a%,XUan,XU'{_ aL’yUan'yU)
mno
+ +
+ txy( am,XUa”,yG"' am,yaan,XU)]- (12)

whereafn’x(y)g are creation operators for a hole at sitavith
spino=1 or | on orbitals along (y) direction.

We claim that, as in a high-temperature superconductor, a
hole doped to an oxygen orbital in NiO interacts with the
spins on the neighboring transition metal ions by Kondo-like
exchange interactions. They are derived by considering the
intermediated® andd’ states at Ni ions and the correspond-
ing hole configuratiorione or three holgson a Ni ion, which
occur, respectively, when the hole hops from O to Ni ion,
and vice versa. Inl® states one has a hole within one of the
€y orbitals. The spectrum af’ configurations is more com-
plex as one finds either a high—sp‘imlg quartetEq. (2)], or

cone of the low-spin doubletsT,4 [Eq. (3)], and *E, [Eq.
(4)], as intermediate states. Thg oxygen orbitals hybridize
with the d,2_y2 anddg,2_ 2 orbitals (both occupied by one

hole each in®A;) by t, andt,, respectively, while the,g
orbitals hybridize only withunoccupied d,, orbitals byt .

It is convenient to write the three-site hopping and Kondo
terms by defining localle, andt,, symmetries for the oxy-
gen orbitals by their coupling to the respective Nij3tates,
i.e., pointing either along or perpendicular to Ni-O bonds,
respectively. Using this notation, the free oxygen bartrm‘,@(
are renormalized by a moving hole by the spin-independent
part,

J_ t t
Hh_i% [(Tx,e+Tz,e)am,eaan,ea_Ttam,taan,ta]’
[on

(13
wherem andn are nearest neighbors of Ni site
Te@.e= 1L (8) =P (CE)],
Ti=3[23(*T) + Ik (*T)]. (14

The spin-dependent contribution in E®) is of the form

HﬁF:SZ 2 )\tr‘]§§’[a:n§oan§'ﬂ'+H'C']’ (15)

imno -ff/ =et

with A ,= = for o=1,], respectively. In the reciprocal space
H{" leads to the coupling between tkeandk+ Q states,

t t
> ag (Ao paie Ak g8 ],

HA =2
Ko ge'=xy
(16)

by is a Fourier transform of the Schwinger boson 0peratm§vhereQ=(w/2 712) is the 2D nesting vectdiFig. 1(a)]

in real spacd?),

(11)

b= >

biTeiq'ri'f‘
ieA,C

2 by e,

jeB,D

Doped holes that occupy the QR orbitals represent the
second subsystem. We label the @j2rbitals that are ori-
ented alongx or y axes in the(001) plane asx(y) and the
direct oxygen-oxygen hoppings are describedHg,

and
ay(K)=—2[(JIx et Jz,e)SIN(2Ky) — Iy SiN(2K,) ],
ayy(K)=—2[(Iy et I e)SIN(2Ky) — Iy SIN(2Ky) ],
ayy(K) =4[ (I e—Jz,e)COSK, SiNky + J; cosk, sink, | ,(17)

ayx(K) =4[ (I e—Jz,e)COSK, sink, + J; cosk, sink, ].
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with 3~ [HO@FIICB] 3=30(T) Stins=ah 618+
—Jk(“T)], and . (24)
——(at T
I(*T)=t2/[U(*T)~ A +4D,], Smns=7 (8m,si@ns ~ @m,s 8n,s|);
PD2E) =12 /[U(’E)—A—6D,] are defined by hole creation operatafﬁsg inas=e,t (gq
K X(@ a- (18) andt,g) orbital at sitem.

Schmitt-Rink et al.”*! proposed that these kinds of
Hamiltonians can be treated using the powerful formalism of
) polaron theory. The idea is that only the linearized collective

J’,i(z)(A)=tx(z)/[A+6Dq]. excitations (magnon3s of the spin system are important.
) ) ] ] Comparison with exact results for theJ (Ref. 14 and
Compared with the usual spin-fermion model derived from agpin-fermio$2® models shows that this strongly coupled

. 5 .
spin-degenerate Hubbard modef® the present model is nole-magnon problem is accurately solved already in LSW-
more complex. Besides the two flavors of fermioeg], the  scBA, also with regards to the overall structure of the spec-
multiplet structure of the LHB manifests itself in the form of 5| function of a single hole. In LSW order the total Hamil-
one FM,[J¢(*T)], and two AF,[J{?(’E)] and[J«(*T)],  tonian has the following form:
exchange interactions, in addition to the UHB-derived inter-
action[ JX?(A)]. Thus, theferromagneticsign of the Kondo _ + T
interactions is found only for the high-spirs€ 3/2) states Hisw= k%, E”(k)pk'ﬂ”pk'*‘”+§ @qBaPa
similarly as in the spin-fermion model for the Cu@lane®

J(PT)=t2/[U(*T)-A+4D],

The free-fermion part of the HamiltoniabJ+H}, can 1 ; ;
be easily diagonalized to give two hole bands, + _N kq%ya M o(K, Q) Pk—g,uoPk,v-o(Bg+ B-q)
(25)
0 I T
Fn=Hn Hh_k%a O e 19 wherep; ,, represent botk andk+Q statesa) ., aj .,
aLQ,XU, aLQ’yJ for u=1,... ,4,respectively.E, (k) are
where the eigenvalues of the matrix given by E@2). The bare
vertexM ,,(k,q) has a complex form,
get)(K)=2[Eq1+ Ept V(E11—E)?+4E 1 E ], (20) .
. M'u,,(k,CI)Z(Uq'FUq)MMVS(k,q), (26)
with
where

E11= — tyx COSKy COSKy + (Ty o+ T4 ) SIN Ky
ML k@)= 2 [Feo(KVekt Ve (k)
~T,sirky, o2
- +Feer(k+Q,QV (K +q+ QV,er (k+ Q).
Eio=(—tyy—Tyxet T, et Tosink,sink, . (21 27)

The element€&,, andE,; can be obtained frork,; andE;,  This hole-magnon bare vertex depends on the geometrical
by the transformationgk,«k,} and{t,t,}. In the AF  factors that follow from the Bogoliubov transformations for
background the states with momektandk + Q are coupled fermions[V (k)] and bosonsyy,v,). Neglecting the AF

by HA™, and the full free-hole Hamiltoniaklf+Hj+HA™  corrections to the free Hamiltonian results in e, 5(k,q)

leads to the following 4 4 matrix problem: vertex with the first term in Eq(27) only. Moreover,
([Hg]-{—[H‘r]]])(k) )\J[a](k) Fll(kvq):(Jx,e+‘]z,e)[cosqx_COE{ka_qx)]
, 22
Mallto (RO IHDKk+Q)) P ~ 3 cosa,~cos 2k,~ay) ],

(28)
where[---] stands for the X2 matrices labeled by spin F1a(K,q) =2(Jy,e— Iz e)Sink, sin(ky—qy)
indices, and the elements pk] are defined by Eq<17). 23, sink, sin(k,—a,)
The coupling between the subsystem of itinerant holes at t Y x~ O
O(2p) orbitals and localized spins at Ni sites is realized byF,,(k,q) and F,,(k,q) are obtained fromF,,(k,q) and
the Kondo-like spin-hole exchange interactions, originatingr,,(k,q) by the transformationk( ,q,) < (k, ,q,). At small
from the virtual hopping of theg hole into the Hubbard momenta these factors can be approximated-ag(k,q)
bands° ~Ky(y)SiNGyy) While for largek—Q they decrease with in-
creasing momentum transfé¥ ,,(k,q)~clgsqx(y). For small
momenta the ternuy+uy~(q°— «qyd,) ", and the vertex
Hh*SZ% [(Oxetdze)S Sune™ IS Smneds (23 M,.(k,q) vanishesqin tf?eq—>0 limit. I% the opposite limit,
for g—Q we have ug+v,~|q—Q| Y2 but M, (k,q)
where the(nonloca) hole spin 6= 1/2) operators, ~|q—Q| leading to the hole-magnon verte,,(k,q)
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~|a—Q|*? also vanishing in this limit. This behavior of the A =5.0 and thee,-t,, splitting is 10 ,=0.7 (all in eV). This
vertex is different than obtained in the Kondo-lattice modelgiyes the three-site hoppingd:, .= —0.10, T, .= —0.03,
by Ramsik and Prelowsk?® where the form of the Kondo T,~—0.31, and Kondo interactions, .~0.52, J, ,~0.17,

interaction neglects the respective orbital phases in real cony. — —0.06 (all in eV). Thus, the model is dominated by an

pounds leading to a diverging vertex fgr- Q. , AF coupling with thee; symmetry, accompanied by a small
The present model is similar to the one used earlier foi), coupling for thet,, states.
spin polarons in the-J model/*+***"The main differences A\ the numerical calculations were carried out on a

are another coupling terf,,_s, as well as the presence of 50y 20 cluster with toroidal boundary conditions in the irre-
the kinetic termsKi, ,Hj, ,Hy,"). The latter kinetic parts have gucible wedge of the unfolded BZ. The energy axis was
a broader dispersion than that found from the-J model  givided into 2000 points with resolutiofiw~0.01 eV, and

for the realistic parameters of high-temperature superconye stopped iterating when the changes3p [A(K,®)]?
ducting oxides, and is thus expected to more strongly influpecame less than 0.1-0.01@®his corresponds to 20—70 it-
ence the respective spectral functions. The Hamiltoniarations, depending on the value Jf

Hisw also has more independent parameters and can be di- The superexchange parameter can be estimated using the
rectly applied to real systems. As in thd model, a propa-  fourth-order expression

gating hole experiences scattering on the spin excitations of

the AF background, described bi,_. It has been showf 22122 1 1
that an accurate description of the spectral density irtthe - X > z —t—|, (33
model is obtained by treating these scattering processes in A U(“E) A

SCBA.* A similar quality is expected in the presenk4

problem and in the leading order we find the Green functiorvi€lding J~0.072 eV. Although the above expression pre-
(for p ., States dicts a reasonable magnitude hfit might be still underes-
T

timated as there are also significant fifth-order contributions,
1 due to the oxygen-oxygen hoppings, similar to those consid-
G, (k,w)= w—E. (K15, 5P (Ka)' (29 ered by Eskes and Jefferson for Guflanes® The actual
pETITRY TR value ofJ does not change the electronic states in a signifi-
which is determined in the SCBA by the hole self-energycant way, and we have chosér0.1 eV as a representative
obtained from the bare vertex and the self-consistentlyalue. Furthermore, we took the unimportant FM exchange

dressed Green function, interaction (') between nearest-neighbor Ni ions to be
smaller by one order of magnitude thdn(a=0.1).
SP (K w)= M (K, )M 4,(K, )G o(k—q, 0 — wg). The noninteractingy =J =0, etc) version of the above
wklo) a%q ualks DM, 0) Gaglk=a ? model, using the parameters of van Epal?® yields a sat-

(300 isfying fit to the(unpolarized LDA band structuré:® This is
We have solved the system of Eq0) and (29 self- not entirely unproblematic since the band structure of a thin

consistently. Next, we have to project this problem on the2D slab is compared with that of the fully three-(_jimensional
states with momentunk only. Consequently, the Green system. It turns out, however, that the bands derived from the

functions for the originab, , ., (v=x,y) states have been planar 2 orbitals map quite well on the LDA bands of. the
approximated as T same character, at least as longkgs 0 and the only major
difference is in our neglect of the out-of-plape orbitals.
The band that involves these states is degenerate with one of

Gw(k,w)’NVEV V(K2 (K, ), (31 the planar bands along t{1) direction, but the most dis-
persive feature in thél1) direction(Fig. 15 of Ref. 5 turns
giving the single-hole spectral functions, out to be ofp, character. We suspect that this band can be

better neglected because it is most strongly affected by the
loss ofk, as a good quantum number. More generally, on the
level of the spin-hole dynamics we expect that no complica-

exhibiting quite a complex structure that resembles the qua"tions occur because of our neglect of the third direction. The
. . r n is that it mainly involves magnon le of creatin
tative results obtained for thed (Refs. 9, 12, 14, and 27 eason is that it mainly involves magnons capable of creating

dth in-fermi FRED a spin backflow opposite to the momentum of the HBle.
and the spin-fermion modes. In a 2D model of NiO one finds two oxygen bands de-
scribed byHﬂ, with a dispersion of about 3 eV. This disper-
sion is shown in Fig. @) along the main directions within a
We solved the many-body problem given by Eg).using 2D Brillouin zone(Fig. 1). The bands are degenerate along
similar parameters as obtained empirically by van&lpl?®  the I'-M direction. The zeroth-order coupling to the corre-
in a NiQOg cluster in octahedral symmetry or in the multior- lated Ni(3d) orbitals gives the effective hopping via Ni sites,
bital tight-binding modef® We use the following hopping Which modifies strongly these hole dispersions and, as a re-
elements between oxygen nearest neighbarg=t,,  sult, both oxygen bandsH(ﬂ+ Hﬂ) get much closer to each
=0.20,t,,=t,,=—0.35 eV, and between®and 3 orbit-  other[solid lines in Fig. 2b)]. In the'-X (I"-Y) direction
als at nearest neighborst,=1.5, t,=t,/\/3, and t_  they are strongly influenced brylf], while along thel'-M
=1.0 eV. The Coulomb interaction elements &ug“T) direction the dispersions are only slightly pushed upwards.
=6.7+ 10D, U(eT)=9.1+ 10D4, and U(E)=9.1, while  The largest effective hopping is in thg, channel leading to

1
Auu(k,@)= = —IM G, (ko +ie), (32)

B. Parameters and free-hole dispersion
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FIG. 3. Five-band electronic structure of NiO as obtained from
the realistic multiband modéincluding 2p and 3 orbitalg in the
~ U—0 limit, assumings4=—3.0 eV andA=2.0 eV.
]
& . .
more complex at intermediate momenta where all four bands
from Fig. Ac) contribute(with different spectral weighjso
Afm(k,w) (see Fig. 4. However, these spectra, with four or
70 L L L eight (in the (11)/(11) direction dispersive features, look
4.0 completely different than the photoemission data by Shen
' b " © etal®> As we will show below, this difference is removed
20 1 when the states are dressed by the coupling of a moving hole
~ 3.0 J to the quantum fluctuations in spin background.
%
o -4.0
I1l. NUMERICAL RESULTS AND DISCUSSION
5.0
60 A. Spectral functions for a spin-fermion model
In Figs. 5 and 6 we show our results for the spectral

-7.0

functions as line plots along high-symmetry directions in
momentum space. They are drastically modified with respect
FIG. 2. The oxygen electron bands as obtained from the free antb those discussed above in the absence of hole-spin cou-
effective hopping termga) Hy , (b) Hp+Hj , and(c) from the total  pling, and are now characterized by flat features at low en-
free Hamiltonian for oxygen electrondg+Hp+Hp"™, for realistic  ergies accompanied by dispersive features at high energies;
parameters of NiO. Soliddashed lines in (a) and (b) represent  the |atter are well visible on the incoherent background.

states for momenturk (k+Q). In (c) bands are coupled by the | order to arrive at a meaningful comparison with experi-
nesting vectoiQ (see Fig. 1 and cannot be labeled by individual ment, one should keep in mind that it is impossible to ad-
momentak andk+ Q. dress the spectral weight distributions of the photoemission

strong renormalization for the lower band, which is of this T T T T T T T T
character. Including thlel{?F term, one finds that the oxygen
bands at a given momentuknmix with the ones fok +Q
[see Fig. Zc)] resulting in a spectrum broader by2 eV
more than that found foH_+H;} alone[Fig. 2(c)]. More-

over, the(11) and(11) directions are no longer equivalent.
These bare dispersions have little in common with either the
LDA-band structure or with the experimeht.

For a comparison, the truly noninteracting tight-binding <
band structure is presented in Fig. 3. Here we have includec ANAMMM__
all p andd states for th€001) plane in theU, J,—0 limit.
The CT energy between O and Ni statts=2.0 eV was
chosen to give realistic splittings between tpeand d
bands®! We find three Ni bands above the two bands having

{k,c0)

predominantly oxygen character. Thdike bands are simi- . . r . . r
lar to those obtained by Shest al. within LDA.° 0 8 6 4 =2 0 0 8 6 4 2 0
The bands from Fig. ) do not contribute equally to a (V) o(eV)

givenk state. Thus, we have calculated the spectral functions FIG. 4. The electronic spectral functions for the total free

Ak, ) oggamed in the limitV,,,(k,q)=0 (no C(/iLFJpllng Hamiltonian, A% (k,w), as obtained using realistic parameters
to magnong™ At the high-symmetry pointévhereHy"™ part  ajong(a) I'-M [the (100 direction by Sheret al. (Ref. 5], and(b)

of the free Hamiltonian does not contributee have found the combination off’-X and I'-Y directions[(110) direction by
one (at thel' andM point9 or two (at theX and Y pointg Shen et al. (Ref. 5], respectively. The large broadening
peaks representing the bands from Figh)2The spectra are =0.1 eV is used.
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— direction (Figs. 2—-13 in Ref. b Shenet al. argue that the

L | ® DpICL . experiment most likely averages over the magnetically in-
Al XY equivalentI’-X andI'-Y directions, and for this reason we
Yy show in Fig. 8b) the superposition of the spectral functions
in these two directions, to be compared with thel10)”
| AN Al results of Sheret al. (their Figs. 14—22 The spectral func-
N tions resolved along the nonequivalditX andI'-Y direc-

A _,_JEvl\_/\/LJ_ tions are shown in Figs.(8 and &b) separately.
As a somewhat unexpected result, Stetral. reported
_//LL NP N that the spectral functions along t&00) and(110 direc-
o tions look quite similaP. Taking all information together,
there seem to be four distinguishable featufe<C, D, andE
along (100, and A1, C1, D1, andE1 along the(110
direction, taking the notation used in Ref. 5. These fall in
r two groups: two low-lying featuresA/A1,C/C1) showing
0 A 4 5 o 40 B s o very little (if any) dispersion, and two “bandlike” features
@ V) @ (eV) (D/D1,E/E1) at higher energies, where especiallyE1
] ] ) seems to show sizable dispersion at larger momenta.

FIG. 5. The elec_trpnlc spectral func_tlons in the SQBA, At intermediate energies (6 eV<w<-—4 eV) and
Auu(k,w), for the realistic parameters of NiO alon@) I'-M di- 5y from thel” point, some of the pronounced bands in the
rection [the (100) direction by Sheret al. (Ref. 5], and (b) the bare functions(Fig. 4 cannot be identified in our spectra
combination off -X andI'-Y directions[(lllo) direction by Sheret (Fig. 5). This differ.ence is due to the spin fluctuations that
al. (Ref. 5], respectively. The broadening=0.01 eV is used. are building up low-energy coherent states, and at the same

) o _ _ time wipe out some of the bare bands leaving only the high-
perimental side; photoemission does not directly measure thg result, our spectra can be, therefore, divided {ijtbound
single-hole spectral function, but instead a related qua”tit)étates(A/Al features and to some exté®C1 features (ii)
that is modulated by dipole matrix element effects, photoy,gnpinding band stateat intermediate energies, except for
electron(final) state effects, et These are known to re- the special momenta where the hole-magnon vertex becomes
shuffle the spectral weights considerably. Special t0 thgmga|i(most ofD/D1 andE/E1 feature} and(iii) antibound
present case, we have calculated the §)(8pectral weights,  giates(tiny states atw=—8 eV seen in thd'Y direction.
while in experiment both @ and 3 weights are measured. The most spectacular example of these effective states is

As will be further explained, this causes large differences ir\‘ound along the(ll)/(Tl) direction whereeight bands[Fig.

the Intensities Qf th‘? low-lying states. 4(b)] are reduced in the self-consistent procedure to at most
Having this in mind, let us compare the overall appear-, . featuredFig. 5(b)]

ance of our central resultéas shown in Fig. b with
experimenf Figure Ja) (with spectra along th&€-M direc-
tion) can be directly compared with the data along ¢he0)

Alk,m)

On a more detailed level one might argue that at least
superficially there appear to be discrepancies. However, fur-
ther analysis shows a definite meaning to these discrepan-

cies, some of which might hopefully stimulate further experi-
(a)' ' D'l ' (b)l ' ' o ' mental investigation. We address this problem systematically

- Al F - for different experimentally observed features.
_;_JA/LJJ\\_ _/_,,\__A,; B. Bound states and their momentum dependencies
AN A J_J\_JL Let us first focus on the low-energy dispersionless states

A A/Al and C/C1. According to our calculation, these are
ﬁ bound states appearing above the top of the bardand,

% - _/\_JL—-JLL and they only exist in the self-consistent theory. They can be

M oA N ] looked at as local doublets, in analogy to the ZR singlets in
El the cuprate$;their wave functions describepzholes bound

— A to spin flips. In the entirely localized case, this would invoke

a single localized spin flip: the doublet with,,=1/2,
which can be written aF)oc(\/2|1,— 1/2)—|0,1/2)), where
|M,m) refers to thezth componentM) of S=1 Ni spin, and
. . . r . . . r to the zth componentm) of the 2p hole with spins=1/2,
0 -8 Gm (e\;‘; 2 0 -0 8 g) (eV-)4 2 0 localized in a wave packet centered around this particular Ni
site.|1,—1/2) can be taken to be the classical reference state
FIG. 6. The electronic spectral functions in the SCBA, (free hole and Nel vacuum, and|0,1/2) corresponds then
A, .(k,®), for the realistic parameters of NiO along tt@ I'-X with the local spin flip responsible for the binding. The wave
and(b) I'-Y direction, respectively. The broadenieg0.01 eV is  function in SCBA is more involved, however. In addition to
used. these local spin flips it also includes a large number of spin
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P4 e p4 b4 the A1 feature is associated with thé—xy? local doublet
RS ks A A . . .
f 8 fgf 8 %% 8 %7% 8 / The maximum of this bound state at tK& point rather than
AL RN Rl K * at the X point is similar to our recent findings in the spin-
/j }ﬂ /‘f % fermion model for the Cu@plane where pronounced bound
states build up at intermediate momenta close to the

_ /{ ' ,ﬁ‘f _ % _ 2‘7 (wl2,7/2) point®* in agreement with the photoemission
HOAAOKAOFX AOA experiments? although from a simple symmetry consider-
% ;y ;;7 ation one would expect it to be best developed at then()

+, Y o+ 2, p o I n t .
r X Y M Let us now consider theZ8—r? sector. It follows from

FIG. 7. The phases of O orbitals with regard tax®>—y?  Fig. 7 that the coupling is now at maximum at tifepoint.
(top) and Z?—r? (bottom) Ni orbitals at various high-symmetry Therefore, we conclude that ti&l feature corresponds with
points in momentum space. the 3z2—r? ZR doublet. This state is at higher energy be-

cause the Kondo couplifjinvolving the 3z%>—r? state is

flips associated with the local quantum disorder in the spifV€@ker than in thaz__ y* case. The coupling is proportional
system, caused by the short-range delocalization of the hol& the hopping matrix element squared, and the in-plae
similarly as to what is found in thed model®® Starting with hopping is by a factor of 4/3 less for &*~r? orbitals than
the spin-fermion model, it is therefore possible to arrive at dor x*—y? orbitals** Hence, the Kondo coupling is weaker
unifying treatment of the formation of the local bound statesby a factor of 3 and this barely suffices to generate bound
and their subsequeittJ-like delocalization. states in the 2°—r? sector, while the doublets that involve
As it turns out, the formation of the bound states is easiethex?>—y? states are strongly bound. This can be seen in Fig.
to understand in thé'-X andI'-Y directions, and we first 2(c) where, e.g., the bands crossing along kX direction
focus on these directions, setting the stage for what is goinffFig. 2(b)] are separated into two highly dispersif@nding-
on in thel'-M direction. The featured1 andC1 are bound antibonding states and the other two states with small dis-
states, finding their origin in the antibonding p bands of thepersion. Moreover, in thay sector the coupling is also the
noninteracting band structure. It is actually the case that thetrongest at th¥ point resulting in the less bound part of the
Al feature is best developed at thé2 point [Fig. 6a)], broad featureC1 that consists of more than one distinguish-
while the much broade€1 feature develops at &l values  able partsee Fig. 6)]. The other state with &—r? sym-
along thel’-Y direction [Fig. 6(b)]. Using symmetry argu- metry, although mixed witlxy states, is theD1 feature in
ments as explained in more detail in the Appendix, this althe (11) direction[see Fig. 63)]. The nonbonding character
lows us to identify precisely the microscopic nature of theseof this state is consistent with its location at intermediate
states. Because of our strong coupling assumption, the 3energies.
states have to be considered as localized whilglthes 2p Coming back to the experimentye find that the energet-
states are the band states with particular momenta. To finids of the calculatedd/A1l and C/C1 features is roughly
out the magnitude of the spin-hole coupling, we have tocorrect, while the intensities are quite different from the ex-
project the band states at a given momentum on the irredug@eriment. For instance, in the experiment tAéA1 and
ible representations of the 4, point group symmetry at Ni C/C1 peaks dominate at thE point, while we find there
sites. Only at the high-symmetry points (X/Y,M) do these very small spectral weights. Worse, at first sight it might
band states correspond with precise irreducible representappear as rather odd to indicate tAefeature in Fig. 5a)
tions of the local symmetry group. At tHe point the phases although it is clearly distinguishable from the background
of the 2p orbitals can be taken as indicated in Fig. 7. Byonly in a very narrow momentum range. By considering the
multiplying these with the phase factors ekp®R), the  symmetry arguments it is clear, however, why the lowest-
phases of P orbitals atX/Y, M points follow as in Fig. 7. energyA feature is scarcely seen along ##0) direction in
However, fort,,#0 the oxygen orbitals are no longer or- the calculation. The hybridization with theé — y? states van-
thogonal and one should consider instead the wave functiorishes at thd” andM points. Although it becomes finite away
rotated byw/4 in the (001 plane to obtain the appropriate from the end points so that th&feature becomes visible at
meaning of both spectral functions. intermediate momenta, it is at best rather weak. Similarly,
Because of its kinetic origin, the strength of the Kondothe hole-magnon coupling in thez3-r? andxy channels is
coupling can be directly determined from the strength of thealso weaker in th&-M direction as compared to tHeX/Y
bare hybridization. If the locatl state is nonbonding with directions, and for the same reasons as forAlpeak, theC
regard to the band state, the Kondo coupling vanishes, whilgeature is not very pronounced alobhgM.
a maximal hybridization implies as well a maximal hole-  Let us address the behavior of the ZR states at small mo-
magnon scattering. It is directly seen from Fig. 7 that thementa. From Fig. 4 it is seen that the calculation without the
bare hybridization to th&?—y? and %2—r? states vanishes hole-magnon coupling predicts a single delta function at the
both at thel' and theM point; this explains why the low- T andM points (the width comes from the artificial broad-
energy bound-state structures are missing at these [jeg#s ening, signaling the vanishing of hole-magnon coupling at
Fig. 5(@]. Moreover at theX point one can expect the stron- this momentum. Let us consider the limiting case that the
gest bound states in thé—y? channel. However, the mag- Kondo exchange is much larger than the Bandwidth,
netic umklappk— k -+ Q scattering leads to the strongest QP while the Heisenberg exchangdevanishes. It is easy to see
at the X/2 point in this channel. The conclusion is obvious: that in this limit a(tightly bound ZR doublet will be formed
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that is localized around one particular Ni site. This meands much stronger along the 10y direction(Figs. 14, 19, and
that this stateexists at all momentaNevertheless, because of 20 in Ref. 5. This is even in semiquantitative agreement
the disappearance of the bare vertex it would be hardly viswith our analysis.

ible in thep-spectral function at thE point. As shown in the To end this section, let us discuss the precise status of the
three-band Hubbard model for the cupratéshe d-ike  quasiselection rule governing the extreme momentum depen-
spectral function dominates in the low-energy sector near thdences of the intensities in our calculation. These selection
I' point. We remind the reader that in the context of therules are actually not robustthey are only exactly obeyed in
cuprates the existence of a ZR state atlfhpoint has been the strong coupling limitU/t, A/t, (U—A)/t—o, which is

the subject of considerable debafe. straightforward to see. In the argument involving Fig. 7, we

Figure 6 shows that thAl feature is characterized by a insisted on the locality of thel states. As can be seen by
small dispersion in th&-X/Y directions €=0.2 eV) which  comparing Fig. &) with Fig. 3, this works quite differently
is similar to thet-J model: the bandwidth is close ttrS§ a  when thed states are treated as Bloch states. THeBBch
number expected when this bandwidth would be entirely dustates hybridize with the [2 statesat all momenta, with the
to quantum spin fluctuations. This is at first sight a surprisingexception of thé” and M point At the " point, the D states
outcome, since the spin-fermion model is characterized by at ~—4.7 eV (Fig. 2) are thus not shifted by the hybridiza-
large bare kinetic energy (O p2bandwidth which is miss-  tion with the 3 states(Fig. 5. On the contrary, both at the
ing in thet-J model. It can, however, be understood in termsX andY points it is seen that the@states are shifted down-
of the ZR localization: also in our theory the binding of the wards due to thg-d hybridization. At theM point only the
O 2p hole to a particular Ni spin can be regarded as comyp-p hybridization is responsible for the lower energy of the
plete and at long times the QP propagates as the hole in th@P state in contrast to tHeé point.

t-J model, mediated by the spin fluctuations in the back- As we already explained in the Introduction, NiO is in the
ground. The rather dispersionless appearance of the lowintermediate regime” of the old Zaanen-Sawatzky-Allen
energy states in the experimeig therefore not inconsistent classification schem®. This was the conceptual novelty in
with our findings. We notice, however, that there is convinc-this paper: although both/t andU/t are large,  —A)/t is

ing evidence, both theoretica?ﬁ/and experimenta”9? for small with the consequence that the hole dynamiCS is a low-
the importance of lattice driven self-localization in nick- density analogue of the mixed valence regime. Compared to
elates. Another explanation for the lack of dispersions couldn€ strong-coupling limit considered here, the charge dynam-
therefore be the electron-phonon coupling leading to smafcS has to be considerably softer in reality. In the light of the
polaron formation. The essential difference between phonof€neral expen'enc”'é),n is expected that this softening mani-
self-localization and the spin-driven affair discussed here i£€StS itself in first instance in the spectral weight redistribu-
that in contrast to the latter, the phonon mechanism involvedions. Since the selection rules are in some sense an artifact
in the first instance, optic modes. Accordingly, it is charac-Of the_ strong-coupling limit, the_ first manifestation of the
terized by much less momentum dependence than the spiffténing of the charge dynamics has to be that spectral
case, and the mechanism giving rise to the QP bandwidth iWeight is transferred from the high-lying incoherergi-ike

the magnon case is basically absent when phonons are igtates into the neqr—threshold_ ZR sector. This is the reason
volved. that we do not hesitate to claim &iC feature alond’-M,

It should also be noticed that the rather good comparisothough it does not have much spectral weight in the calcu-
of the calculatedA-C splitting with experiment is actually lation.
rather accidental. We consider a single atom layer slab, while
in reality this slab is connected with a half-infinity of bulk,
which will surely renormalize the splitting. Obviously, it is
unreasonable to expect that a simple model as we are using Consider the motion of the hole in the real space corre-
can be quantitatively accurate in this regard. sponding with momenta along tH&-X andI'-Y directions,

To sum up, the symmetry-dictated momentum dependerrespectively. On the one hand, from Fig. 1 it is seen that the
cies of the intensities of th&/A1 andC/C1 features should hole with momentum along thE-X direction moves from
be considered as the main result of this paper and itsne sublattice to the other. On the static leyeb spin
predecessdt. In principle, it allows for a further empirical wave$ this causes a severe magnetic umklapp scattering at
characterization of the nature of these states. Within outhe magnetic zone boundaffig. 2). On the other hand, on
theorist’s limitation, we believe it should be possible to de-the static level the hole with momentum along ey di-
sign experiments specifically targeting this issue. The stratrection moves on a parallel spin background, and there is no
egy could be to tune photon energies such that fes@ec- umklapp in this direction. The absence of a magnetic gap on
tral weights are enhanced over thd @eights and look for the classical level has the effect that the bare kinetic energy
relative changes in the intensities. These should reflect thig much larger, as is evident from Fig. 2. Let us now consider
extreme momentum dependence as we find in our theoreticéhe dynamical theory. One could be tempted to think that
results. For instance, the weight in the low-energy featuresince thel’-Y hole moves effectively through a ferromagnet,
should get drastically reduced at tRepoint3® Is there any  a hole of this kind would not scatter against spin waves at all.
ground to believe these effects on the basis of existing dataConsidering Fig. 6 one finds that this is not the case. Espe-
It is striking that theA feature weakens approaching the highcially at larger momenta the spectral function bears little re-
and small momenta points along th&00) direction in the semblance with the free-particle spectrum and the hole-
experiment of Sheet al® (Figs. 7 and 8 in Ref. 5 while it  magnon scattering is strong.

C. Umklapp hole-magnon scattering
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It can be checked that if the static umklapp scattering 3.0 — 1
would be neglected, the hole-magnon scattering would be J=§;é SV: (@
identical along thel’-X and I'-Y directions(see Ref. 1Y i 8V - i
Although the inclusion of the umklapp changes the detailed o0t i

momentum dependencies of the bare vefies. (27)], its
average strength is barely affected. The rather different ap-
pearance of the spectral functions along th and I'-Y 1.0
directions is therefore primarily caused by the decrease of
free band width in the “antiferromagneticT’-X direction
(Fig. 2. In other words, the umklapp scattering leads to the
Y/2 point being nonbondingand to hardly visibléA1 feature

Ak,)

at this poini while at theX/2 point a strong QFA1 state is
observed. Thus, we have to conclude that the magnetic um- 30 (b) 1
klapp scattering is important and has to be included if a L _
quantitative analysis of the spectral functions is m#féIn a 20
fact, the overall shape of the bound-type spectral function at g: l i |
the X/2 point [Fig. 6(@)] starts to resemble what is found < - .
in the t-J model, where the free kinetic energy is entirely 10l i
absent.
0.0 o DAL
D. Band and scattering states at higher energies 8 -7 6 -5 mE:V) 3 2 10

As we have emphasized in the Introduction, the presence
of the dispersionless states at low energies in the one-hole FIG. 8. The electronic spectral functioAgk, ) for the realistic
spectral function is consistent with the expectations follow-Parameters of NiO ata) the X/2 point, and(b) the Y point, as
ing from the experience with bound states in the cupratePtained forJ=0.1, 0.2, and 0.5 eV.

The surprise comes due to the simultaneous observation of
the strongly dispersive featurdd/D1 and E/E1 at high  “band-like” features. The problem is that the quantitative
energy’ accuracy of the bare model is much more directly probed at

In fact, in our calculations the dispersive high-energy feathese higher energies than is the case of the low-energy sec-
tures(along thel’-X andT'-Y directions are quite well re- tor that is dominated to such an extent by the interaction
produced. In first instance these can be looked at as slightlgffects that the fine details of the bare model are wiped out.
shifted and broadened versions of the lowest-lying bandhe bare model is of course fairly crude. It is limited to a
states of Fig. 4notice that in Fig. 48) much larger broad- slab, and, moreover, it neglects many details of the bare-
eninge=0.1 was used than assumed in Figs. 5 and 6, wherband structure, liks-p hybridization, longer-rangp-p hop-
€=0.01]. This is quite literally true for the sharp featdd  pings, etc., which are known to give rise to sizable distor-
that is quite distinct in thd’-X direction[Fig. 6(@]. This tions of the bare band structure. In this regard, fhand M
feature turns out to be thez3—r? symmetry state, with the points have a special status because of the aforementioned
energy in the vicinity of the noninteracting band state. In thedecoupling of the bare band from the magnons.

I'-Y direction the broad featurel is also well visible at
small momenta. In the experiment, tBéE1 states are most
convincing as “bandlike states.”

That these dispersive features appear in this rather well- Finally, we present the dependence of such characteristic
defined manner should be regarded as a quantitative matt@P features like spectral weights and dispersions on the su-
for which an explicit computation is needed. The only quali-perexchange interaction, and compare our numerical results
tative statement that can be made is that at certain momentith those known for theé-J model**** The dependence of
the hole-magnon vertex vanishes, as explained in the previthe QP states on the value of superexchange between local-
ous section. Obviously, at these special momenta the 2ized spinsJ (for a fixed ratioJ’/J=0.1) is shown in Fig. 8.
holes are not affected by the scattering against the spiAt the X/2 point one finds a decrease in the binding energy
waves. Away from these momenta it is about the relativewith increasing superexchange energy, with some secondary
strength of the hole-magnon scattering in the various barbound state above the main ZR peak, while the high-energy
bands and this is a complicated matter. The main quantitativetates atw~ —6.5 eV are hardly changed by the scale of
outcome of our calculations is that apparently the holespin fluctuations, supporting their interpretation as bandlike
magnon coupling is at the same time strong enough to causeygen statefsee Fig. 8)]. The total energetic extent of the
a strong ZR localization while certain high-energy 2lec-  spectra remains almost not effected by the magnon energetic
trons scatter off magnons sufficiently weakly such that thesscale?? At the Y point the spectra for largekdevelop irregu-
states can be understood in terms of bare band states dressadstructure at intermediate energjsse Fig. &)], showing
up with weak self-energy effects. that it is difficult to form a QP state in this case due to the

Although we already argued that the gross, qualitativeumklapp scattering.
comparison is quite convincing, one might be more skeptical In Table | we present the spectral weights and binding
about the detailed comparison, especially regarding thenergiegrelative positions of QP’s to the free oxygen bands

E. Results for different superexchange and Kondo elements
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TABLE I. QP spectral weights, and positions of the coherent A feature inI'-M direction. Moreover, as the CT gap is
states relative to the free oxygen bafgl (in eV) at theX/2 andX  much larger than in the cuprates, one might consider the
points for various values of (in eV) as obtained for the realistic limit A>U-A (with hole-magnon interactions going

parameters. mainly throughd’ excitation$ and leave the~1/(U—A)
K= (ml4.m4) K= (m/2.7/2) prg;:esses unprojected. They lead .tc? ar? gdditional “
J ay E, a E, ~dypx-¢By" hole-magnon vertex and finite binding energy
of a hole at thel' and M points?®** The resulting Hamil-
0.1 0.106 114 0.026 2.13 tonian is similar to the recently considered spin-fermion
0.2 0.152 0.96 0.145 1.68 model for a Cu@ plane in the mixed-valence regirfié,
0.5 0.208 0.75 0.331 1.14 where one could describe not only the oxygen part of the

spectrum, but also the copped® (°A,) excited states. Al-
o ) ] ternatively, one might simplify the effective Hamiltonian ne-
at theX/2 andX points in the BZ of Fig. 1. One finds that the glecting thet, orbitals in the modef®

QP weight grows up, absorbing gradually the incoherent part | this paper we have actually assumed that the experi-

with increasingJ (0‘:0-1)'7Wh”e the binding energyEy)  ment measures a pureZpectral weight. The experiment is
decreases. The strong QP’s at X1@ point occur quite close |ogg perfect and it also picks up appreciableeight. As we

to the free band, but the spectral weight does not exceegrgued’ at th& andM points the nonboundedness of the 2
~0.2 even atl=0.5 eV, as the free spectrum at this point

tates is gi b t iderations and approved b
consists of four peasee Fig. 4a)], and only the lowest one stafes IS given by symmetry cons bp y

lavs an active role in the formation of the bound state 2" calculations. Nevertheless, the experiment shows a large
?hgrefore the strength of the QP state at Yhpoint, with weight in the sector of bound states at this momentum. This

6
only two peaks in the free spectrum, exceeds the one at thgh come from the @ chanpd or fr.om.the Hubbard cor-
X/2 point for large values of. rections to the Gregn functions, which in thd 'model lead
to some redistribution of the spectral weidht is expected
that also the @ spectral function would show appreciable
IV. SUMMARY AND CONCLUSIONS weights in the ZR sectd® This should even be true in the
strong-coupling limit. As Eskes and Eder have shdfane
Our results demonstrate that the essential features oliras to be careful with wave-function renormalization factors
served in the photoemission for NiO may be understood irshowing up in the strong-coupling expansions. Also in the
terms of a strongly correlated spin-fermion model. The dispresent case, these are neglected and in parallel with-he
persionless state\(Al, C/C1) together with strongly dis- case they are expected to give rise to disproportionally large
persive ones/D1, E/E1) have been found and identified spectral weight transfers to the low-lying states. There is still
with features seen in the photoemission experiméAswe  some controversy about the validity of thel-like models
discussed, the bound states have predominaitlyy? sym-  for these system¥.What is needed is a further systematical
metry, while the other two channels form mainly the stronglystudy of these spectral weight transfer effects in the present
dispersive band part of the spectra at intermediate energiespin-fermion model context, as well as an experimental ef-
Therefore, this work shows that proper treatment of bothfort aimed at the separation of the purp and 3 spectral
“localized” and “itinerant” states is essential in Mott- weights.
Hubbard systems, while both the cluster and impurity model Another effect not included in the present model is the
approaches, and the conventional band-structure theory, mis¢ectron-phonon interaction. We have verified that including
this important aspect. a small electron-phonon verteM(<Jx, where the vertex
The quantum fluctuations of the background antiferro-was assumed to be independent of the momedii@ to a
magnet play a prominent role in causing spectral functiongoupling to an Einstein mode{X~J), and using a similar
showing both localized and dispersive features: a differenSCBA for both kinds of vertice® results in even less dis-
spectral function is obtained when the Ising limit is consid-persive QP’s than those obtained in Sec. Ill. This indicates
ered instead, resembling thed, model. However, in order to that in order to allow a more quantitative comparison with
obtain the ladder spectrum within the SCBA, in analogy tothe experiment, certain imperfections of our spin-fermion
the t-J, model}* one needs to make further simplifying as- model would have to be improved to make it more realistic.
sumptions for the hopping elements in the present spin- Recently the electronic excitations in NiO were investi-
fermion modeft® gated starting from the Hartree-FG8lor the LDA (Ref. 49
The spin-fermion model as derived by us was obtainedapproaches, and taking into account the local three-body cor-
using perturbation theory in the strongly correlated regimerelations. Although the self-energy corrections included in
This implies certain limitations, as we had to assume thathese calculations lead to the correct value of the band gap,
tp,e<<U—A, and the oxygep states are well separated from they neglect the explicit treatment of the oxygen orbitals and
all d” configurations. In reality the lowest’ (°T) configu- do not include any magnetic scattering, which is the main
ration is strongly hybridized with the O states and this ingredient of our strong-coupling model. As a result, the
can lead to a different hole-magnon vertex and consequentlpw-energy states found by them have a predominantly
to some redistribution of the,y-like spectral weight. The nickel character, in contrast with the oxygen-bound states
other consequence of this intermediate character of NiQound in the present method.
would also be some redistribution of the spectral weight The results obtained for NiO combined with the earlier
from the actual bound state towards less visible QP’s like th@nes for the Cu@plané encourage us to argue that similar
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physics stands behind the measured photoemission spectra 1.5 . . . .
for other strongly correlated transition metal oxides, as, for 1.0
instance, CoQsee Ref. 5por FeO, which have similar crys- 05
tal and magnetic structureand their parameters are believed 2 o0
to represent also the CT regirfe. S
On a more general level, the message of this work is that W _1'0
our calculations suggest an interpretation of the single-hole :
spectral function of NiO being different from previous ap- 15
proaches that put more emphasis on local aspects of the 20
problem. Conceptually, it implies that the quantum dynamics 0.4
at work is of a spatial-temporal character. This is a theme
that extends far beyond the present simple context. It under- 0.2
lies such important topics in the field of strongly correlated &)
fermions as the meaning of the infinitely dimensional dy- & 00
namical mean-field theory in physical dimensiGhshe rel- A
evance of the Anderson impurity viewpoint towards heavy- -0.2 ‘ e T\
fermion physics, etc. We suspect that the experimental - i ) .
community might find ways to test the precise instances -0.4 TR— - -
) , . . -10 8 6 -4 2 0
where our picture differs radically from the other interpreta- @ (V)
tions.

FIG. 9. The hole self-energy for the realistic parameters of NiO
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klapp scattering can mix the symmetries belonging tand

APPENDIX: SYMMETRY OF QUASIPARTICLES k+ Q states. To confirm the previous findings concerning the

AT DIFFERENT MOMENTA symmetry of bound states at different points in the BZ, we

. L have performed additional calculations for the realistic pa-
In order to gain more insight into the nature of QP states .
. ' rameters but with the Kondo element of one of the symme-
at different momenta we have examined the self-energ){. itched off in th el (k.a). We ob d sub
3 (k,w) at two high-symmetry pointsX/2 andY) in the rtlest_svlvl Clte t(') nt etxer 'et W('t ). d €o _f_erve fsu N
unfolded BZ(Fig. 9). The real part of (k,») changes sign Standal aitera 'Onf In the 'f ensily and positions ol main
at intermediate energies, being negatipesitive in the low-  features wherJ, (=0 or J, =0 was assumed, whereas for
(high-) energy sector. Such a behavior comes from the fol-t=0 we found only very slight changes in the spectra.
lowing relation between the real part of the self-energy and As far as thel’-X andI'-Y directions are concernedee

spectral functions: the spectra presented in Fig), ve have found that the
bound state A1) has thex?—y? symmetry, while for the
» A k—q,0") remaining spectrum botky and 3?—r? symmetries are al-
— 2 1_v
ReEW(k,w)—% Mﬂv(k,q)ﬁxdw w—wg—o' lowed. In fact, theC1/D1 features in thd'-X/Y directions

(A1) have mainly the 3°—r2 symmetry(very strong change in
g]e intensity of this state was found whdp.=0), while

Th f bound stat ifests itself by the mini
fouigr;?Tie_% Oog\r} inst?oif gwérzlkez)s;ﬁg Img(kewr)mmmweak feature®1, E1 in theI'-Y direction result from the

In addition to these low-energy states one finds the maximi{téractions in all three channels. In thieM direction[Fig.
in Re3,(k,w) at w=—8.0 eV, near the high-energy tiny 5(a)] the low-lying QP state at small momenta and high-

antibound states alorlg-X/Y. The strongest oscillations in €Nergy states close to té point both have predominantly

the self-energy occur at thé/2 point[see Fig. ¢a)] where thex“—y“ symmetry. Moreover, withl, =0 one finds two

the bound states are the strongest, whereas smaller changéilitional band states at intermediate energies inIth¢

are found at the¥ point, making the spectral features at this direction that are present in the model without magnons, but

point less affected by magnon scattering. The oscillation@re completely wiped out by magnon scattering.

above the QP energy are less intense than observed irithe  Unlike in the spin-fermion model for the CyQplane®

model, as compared with Figs(cJ and 7d) of Ref. 14. where ferromagnetically correlatetistates acted like “pair-
The relative phases of orbitals at different momenta carpreakers” on the bound states in teg channel, here we

be easily obtained by multiplying them with appropriate encounter the FM Kondo coupling being negligibllf/(\]ie
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~0.01). This different behavior is naturally explained by m-like in the other. Large overlap between both symmetries
different lattice structures. In the Cy(plane,e; andt,;  combined with a very small; Kondo element gives that
bound states are built on different subsets of oxygen orbitalsnly e, coherent states can be built within our model for
whereas in NiO ao-like orbital in one direction becomes NiO.
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