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Resonant inelastic x-ray scattering in one-dimensional copper oxides
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The CuK-edge resonant inelastic x-ray scatteri®§XS) spectrum in one-dimensional insulating cuprates is
theoretically examined by using the exact diagonalization technique for the extended one-dimensional Hubbard
model with nearest-neighbor Coulomb interaction. We find the following characteristic features that can be
detectable by RIXS experiment§) The spectrum with large momentum transfer indicates the formation of
excitons, i.e., bound states leblonanddoublon (ii) The spectrum with small momentum transfer depends on
the incident photon energy. We propose that the RIXS provides a unique opportunity to study the upper
Hubbard band in one-dimensional cuprates.

Insulating copper oxides, when mapped onto a singlefer depends on the incident photon energy. This is associated
band componerithave their occupied lower Hubbard band with the intermediate state that is characteristic of the RIXS
(LHB) and the unoccupied upper Hubbard b&o#iB) sepa-  process.
rated by a Mott gap. Angle-resolved photoemission spectros- A minimal model that can describe the LHB and UHB is
copy (ARPES has succeeded in observing the momentunthe extended Hubbard model as used in the analyses of the
dependence of the LHB for two-dimension@D) (Ref. 2 EELS spectrd.Hereafter, we use the term ti3electron sys-
and 1D(Ref. 3 cuprates. In contrast to the LHB, the UHB is tem” to stand for the LHB and UHB. The Hamiltonian is
far from our understanding. given by

The information about the UHB can be extracted from
excitations from the LHB to UHB across the Mott gap. A
representative technique for this is electron energy-loss spec-
troscopy(EELS), which has been applied to both ZRef. 4 Hag=—t> (df dis1,+H.c)+UX ninf
and 1D (Ref. 5 insulating cuprates. Another technique is b '
resonant inelastic x-ray scatterifigIXS). When the incident
photon energy; is tuned through the CK absorption edge, +VE nidnidJr]_v (1)
the momentum dependence of the excitations from the LHB !
to UHB has been observed for insulating 2D cuprates,

SECUO,CI, (Ref. § and CaCUG,Cl, (Ref. 7. On the the- whered!  is the creation operator ofi3electron with spinr

oretical side, the present authors predicted the dependenc? itei nd —d' d dnd=n¢ a1 ite C

based on 3 20 i model win sscond- and iy o ST Theonste G

neighbor hopping terns. cuprated gy P 9 9y
Typical examples of 1D cuprates are,SuO; and . .

SrCuQ. Their magnetic susceptibilities are explained by the In the intermediate states of the @edge RIXS process,

1D Heisenberg moddl.ARPES measuremert® showed 3d electrons interact with astcore hole created by the di-

that a photodoped hole cannot exist as a quasiparticle, b toIe transition of an 4 electron to 4 orbital due to absorp-

changes into two collective excitationsspinonand aholon, l'<°n '(I?r]:i:?nlgifc?g[n[)izovt/?;;tgvr:tgsenerWi and momentum
as expected from the 1D single-band Hubbard addnod- e

els. From EELS experimentst has been pointed out that an

extended version of the Hubbard model with a moderate

nearest-neighbor Coulomb interactivhis necessary to un- Hissa=—Ve > nd n® )
derstand excitations across the Mott gap. It is interesting to v TN

know what we obtain in the RIXS spectrum prior to the

experiments.

In this study, the momentum dependence of the RIXxSvheren?  is the number operator of thes-tore hole with
spectrum in 1D cuprates is demonstrated by using the exacspin o at sitei, andV, is taken to be positive. This interac-
diagonalization technique for the extended Hubbard modekion V. causes excitations ofd3electrons across the gap.
We find the following characteristic features that can be deThe photoexcited @ electron is assumed to go into the bot-
tectable by RIXS experiments: The spectral weight concentom of the 4 band with momentunk, and not to interact
trates on the narrow energy region due to the formation ofvith either the 8 electrons or §-core hole due to the delo-
excitons. This is also seen in the dynamical chargecalized nature of the @ orbital® In the final state, the g
correlation function, although the dependence of the intenelectron goes back to theslorbital, emitting a photon with
sity on the momentum transfer is different. We also find thatenergyw; and momentunK;. The RIXS spectrum is then
the spectral weight distribution for a small momentum trans-given b
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FIG. 1. Resonant inelastic x-ray scattering spectra for thé&KCu
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FIG. 2. Dynamical charge correlation functiow(qg,») in the
1D half-filled Hubbard model. The parameters used lafe= 10,
V/t=0 (broken lineg, andV/t=1.5 (solid lineg. The & functions
are convoluted, with a Lorentzian broadening oft0.2

edge in the 1D half-filled Hubbard model. The spectra of the
elastic-scattering process AK =0 are not shown. The parameters freedom is less effective oN(q,w) because of the wave-

used ardJ/t=10, V/t=0, V. /t=15, andl'/t=1. The  functions
(the vertical thin solid lings are convoluted with a Lorentzian
broadening of 0.2 The inset is the Cuslabsorption spectra with a
broadening of 1.0 and the incident photon energy is set to the
value denoted by the arrow.

(AK,Aw)=2 (a2 S, oPky.0

1 2
X P Skg—k; .o]0)
H+e154p— Eg—j—il " 07 0 i@

X 8(Aw—E,+Eg), (€©))

whereH=Hgyq+Hig3q, AK=K,—K;, Ao=0w;— s, S|,
(plya) is the creation operator of thesZore hole (4 elec-
tron) with momentumk and spine, |0) is the ground state
of the half-filled system with enerdy,, |«) is the final state
of the RIXS process with enerdy,, , I" is the inverse of the
relaxation time in the intermediate state, and 4, is the
energy difference between the evel and the bottom of the

function factorizatiof? in the larget limit. At the zone cen-

ter of the interband transitions, one obtains a continuum with
a width of & above the gap of) —4t. The width of the
continuum decreases with an increase of the momentum
transfer, and finally becomes an excitation with enddggt

the zone boundary. This momentum dependence is qualita-
tively consistent with that shown in Fig. 1 and also with
N(g,w) shown in Fig. 2. It is interesting to note that the
integrated weight of (AK,Aw), with respect toA w, is al-
most independent oAK in contrast toN(q,») where the
integrated weight is proportional to ${/2) for the larged
region!

The effect of the nearest-neighbor Coulomb interactfon
on I (AK,Aw) is shown in Fig. 3, wher&/t=1.5 is taken
according to the analyses of the EELS dafxom the com-
parison between Figs. 1 and 3, we find that the shape of the
spectrum changes remarkably foK > 77/2, accompanied by
the formation of sharp peaks together with the shift of the
spectral weight to the lower-energy region. This is due to
excitons that appear at the momenta satisfying a condition
that V> 2t cos(AK/2) ' A similar change is also seen in

4p, band. The momentum component parallel to the 1D CWN(q, ) (see Fig. 2 For AK < /2, the intensity of the spec-
chain is represented byK hereafter. The values of the pa- trum near the lower edge is enhanced by the presence of

rameters are set to hé/t=10, V./t=15, andl'/t=1 as for
the 2D cuprate§ The RIXS spectrum in Eq3) is calculated

on a 1l4-site ring by using a modified version of the

conjugate-gradient method together with the Laiscizch-
nique.

Figure 1 shows the momentum dependence of the RIXS
spectrum for the case &f/t=0. The inset shows the absorp-

tion spectrum of the 4 electron to the # orbital® The inci-
dent photon energy; that appears in Eq3) is set to be the

value denoted by the arrow. This means that the states near

the arrow satisfy the resonance conditions of E). For
small AK, the spectra spread over about &he energy re-
gion, however, shrinks with increasingK, and the spectral

excitonic effects, which is again similar to the feature of
N(qg,w).!* We note that the presence Wfalso affects the
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weight concentrates on a narrow energy regiom Kt= . /7 M

This momentum dependence is similar to that of the dynami- M

cal charge-correlation functiohl(q,»), shown by dashed ud L/l

lines in Fig. 2, which is explained by the particle-hole model AI,H,’ — J\j‘bl,\  —
with only a charge degree of freedortt In the particle-hole 0 5 A/t 10 15

model,holonanddoublonbands separated ty describe the

LHB and UHB, respectively. We note that the spin degree of FIG. 3. The same as Fig. 1, but fevt=1.5.
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Uit=10, Vit =15 states having configurations with the core-hole site doubly

S =l J
i '%.éj N T Vur=15Tn=1 ] occupied by 8 electrons together with an empty site af 3
r g;%.‘ h ] . electrons. On the other hand, in states neare;s4,=
T e T ;yL . —14t (~—V,), the core-hole site is singly occupied by 3
n (O-810qp)t 4 electrons and there is no empty site. Since the different in-

e OT/7 _,J/{L termediate states are used depending on the incident photon
@j}\‘ 5n/7 Jy,L_g energy, the RIXS spectrum depends on the energy. The spec-
<1J§ an/7 M trum in the low-energy region dAw/t<1 in Fig. 4 corre-

é \_3m7 JA\/‘M §ponds t_o singlet ex0|tat.|ons of the spinon pair, pecause the
= o7 W\ intermediate state has singly oc_cup|ed configurations.

| 7 ,‘ ! E ‘ . In sumr;‘wag,lxv;e hav;a examlln[;ad the tmomehr_ntl;]m de%en-

: ‘ ence of the spectrum in cuprates, which provides
AK0 #\/‘UJW a unique opportunitypto study the uppepr Hubbard barﬁ)d, using
0 5 10 15 the exact diagonalization technique for the extended Hub-

At bard model. We have found the following characteristic fea-
FIG. 4. The same as Fig. 3, but with the incident photon energyiures of the RIXS spectrum: The spectrum with large mo-
w; set to the value denoted by the arrow in the inset. mentum transfer,AK> /2, indicates the formation of
excitons, i.e., bound states oflelon and adoublon We

. have also found that the spectral weight distribution for small
RIXS spectrum in the 2D case, although the edge structure -
which is a fingerprint of the shape of the UHiRjoes not rhomentum transfedAK < 7/2, depends on the incident pho-

depend orV. ton energy. The dependence is associated with the interme-

The spectral weight depends on the incident photon er](_jiate state that is characteristic of the RIXS process. These
P 9 P P findings will be good guides for RIXS experiments on 1D
ergy ;. By changing wj—ei54, from about —21t to

_ 14, the distribution of intensity in the lower-momentum insulating cuprates that will be performed in the future.

region shifts to the higher-energy region, as shown in Fig. 4. This work was supported by Priority-Area Grants from
This can be attributed to the nature of the intermediate stathe Ministry of Education, Science, Culture and Sport of
around the resonance condition, denoted by the arrows in thtapan, CREST, and NEDO. Computations were carried out
insets of Figs. 1 and 3. The peaks @t-&;g4p~—21t in ISSP, University of Tokyo; IMR, Tohoku University; and
(~U—2V,) in the absorption spectrum are characterized byrohoku University.
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