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We have investigated the electronic structure of the zig-zag la@thein compound SrCu@©combining
polarized optical absorption, reflection, photoreflectance, and pseudo-dielectric-function measurements with
the model calculations. These measurements yield an energy gap of 1.42.7&Ve\) at 300 K along
(perpendicular tpthe Cu-O chains. We have found that the lowest-energy gap, the correlation gap, is tem-
perature independent. The electronic structure of this oxide is calculated using both the local-spin-density
approximation with gradient correction method and the tight-binding theory for the correlated electrons. The
calculated density of electronic states for noncorrelated and correlated electrons shows quasi-one-dimensional
character. The correlation gap values of 1.42(eMirect transition and 1.88 eMdirect transition have been
calculated with the electron hopping parameter$.30 eV(along a chaip t,,=0.12 eV(between chainsand
the Anderson-Hubbard repulsion on copper sites 2.0 eV. We concluded that SrCyMelongs to the
correlated-gap insulators.
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. INTRODUCTION sion (LSDA+U method have produced an insulating gap of
1.63 eV forU=12.3 eV (Ref. 1) and 2.36 eV forU

Strontium copper oxide, SrCyQObelongs to the new fam- =5 eV (Ref. 12. Due to the lack of experimental data for
ily of quasi-one-dimensiongllD) insulators whose proper- the energy gap of SrCuyQit was not possible to compare
ties have been a subject of intensive studies in recerthese data with experiments. Quite recently, Rosziexl 1°
yearst 12 This oxide, grown in single-crystalline form under calculated the electronic structure of SrGu@sing the
ambient pressure, has an orthorhombic unit Ggdhce group LSDA method, also. They found that the gap in the antifer-
D3/, Cmcm with parametersa=3.577A, b=16.342A,

c=3.9182A,Z=4SrCuq has a unique structure con- Sr O Cu o2

sisting of CuQ squares, mutually connected via common g

edges, that form double copper zigzag chdlfg. 1). Q/\\«&O g\ ,
Magnetic susceptibility measurements of SrGin@ve re- 5

vealed that the Cii moments order antiferromagnetically
below ~2 K.* The exchange interaction energdyis esti-

mated to be 2108200K.° Very recently, a static disorder
spin structure (spin freezing rather than static three- y
dimensional long-range spin order is found in SrGu®ing s\%\

neutron spectroscopy. An angle-resolved photoemission e 9 o

spectroscopy(ARPES study of SrCu@ shows the spin- W

charge separation in this oxide, as a consequence of electron

correlations>® The optical phonons in SrCuyChave been

investigated by measuring Raman scattetifigand far- (a)

infrared reflectivity spectra on polycrystallihe and

single-crystal samples. @ G &8 e O ©
The electronic structure of SrCy(as been calculated eeoo © © 660

using the linear-augmented-plane-wayeAPW) method o © @9 O ©

within the local-density approximatio.DA) to the density- b

functional theory'® As noted in Ref. 10 for this type of cal- (b)

culations the agreement with the ARPES data takes place

only in the region far from the Fermi level. Most recent  FIG. 1. Crystal structure of SrCuydn the (a) (100 and (b)

band-structure calculatiohs'? by the local-spin-density ap- (002) plane. Dashed line rectangle represents a unit cell of the zig-

proximation (LSDA), including an on-site Coulomb repul- zag ladder.
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romagnetic phase of SrCyO reported in previous 8 ~_____—

publicationst**?is probably artificial and appears due to too i 1

small number of thék points in the Brillouin zone taken in 6 _/\/-

the computation procedure. — ]
In this paper we have applied complementary optical 4

spectroscopy techniques to study the electronic structure of
SrCuQ. We have obtained an energy gap of 1.42 @wr7
eV) at 300 K along(perpendicular tp the Cu-O chains.
These values are compared with the results of the electronic

£

1NN

Energy (eV)

structure calculations completed by us. We have established E,
that the tight-binding method for the correlated electrons, I ]
with the hopping parameters=0.30 eV andt,,=0.12eV _2.;?7'5; ]
along legs and between legs, respectivebe Fig. 1and the P 7———
Anderson-Hubbard parametér=2.0 eV yields the energy ]
gap values in agreement with the experimental results. We -4 = —— ]
also have determined the density of electronic states for non- S |
correlated and correlated electrons, which show the one- 6F ]
dimensional nature. According to the electronic structure cal- L
culations and the experimental findings, we concluded that Y r z T

Sr?’ﬁ? rlzn?a(i:r?(;reerli[fe ?higsagalngliit%rr.ganized as follows. Ex- FIG. 2. I_Elect_ronic_ structure of Sfc‘é@"oﬁg the several h_igh-
perimental details are given in Sec. II. The results of elecSYMMetly directions in the BZ calculated using the LSDA with the
tronic structure calculations for noncorrelated electrars gradient corre_ctlon method. The Cartesian .coordlnates of high-
. . . . . . symmetry points are as followsT" (0,0,0; Y (2#/a,0,0),
ing the LSDA with gradient corrections to density-functional (0,27/b,0): Z (0,07/c): T (27/a,0,7/c), (0,2m/b, mlc)
theory are described in Sec. lllA. The reason why we use o e T A '
this method is to obtain the data necessary for the determi- lll. ELECTRONIC STRUCTURE CALCULATIONS
nation of the correlated electronic structure and to compare
our results with the previously published ort8s!?1€|n Sec.
1l B, we applied the tight-binding theory for correlated elec- In the CuQ-layered oxides, the electron dispersion
trons taking into account the realistic crystalline structure oforanches at the Fermi level are derived from thi23,2
SrCuQ. We obtained analytically the energy dispersion re-copper orbitals, mixed with the corresponding @ @bitals.
lations and the density of states of correlated and noncorrédther occupied 8 Cu orbitals (3,2 ,2,dy;,dy;,dyy) are lo-
lated electrons as well as the correlation gap. Experimentalated below the Fermi level and they are strongly hybridized
measurements of dielectric function, reflectivity, photoreflec-with oxygen bands. These cuprates are known as charge-
tance, and optical transmission spectra are given in Sec. IMransfer insulating oxides. In contrast to the Gd&yer cu-
Section V contains the discussion of experimental and theaprates (tetragonal crystal structure oxidesSrCuG has an
retical results and the conclusions. orthorhombic crystal structure with the Cu-O zigzag chains
and, consequently, with the different electronic structure, as
it will be shown later.

For theab initio calculation of the electronic structure of

The present work was performed on a single-crystalSrCuG we usedwiEN97 software packag¥. The program
sample with a size of about 15, 2, and 6 mm alongahle, allows us to compute the electronic structure within the
and c axes, respectively. We used several optical spectrosdensity-functional theory by applying the LAPW method
copy techniques. The pseudo-dielectric-function was meawith a simplified version of the generalized gradient
sured with the help of a rotating-polarizéanalyzey ellip-  approximatiof® for the exchange-correlation functional in
someter. A Xe lamp was used as a light source, a doublthe LSDA description. This approximation takes into ac-
monochromator with 1200-lines/mm gratings, and an S2@ount the charge and spin inhomogeneity in a material by
photomultiplier tube as a detector. The polarizer and anaincluding gradient corrections in the energy functional and
lyzer were Rochon prisms. The measurements were carriegives more precise ground-state enéfgyut does not im-
out in the 1.2-5.6-eV energy range. For the energies belowrove the quasiparticle spectf.
1.6 eV we used a halogen lamp as a light source and Si Figure 2 shows the calculated electron energy dispersions
photodiode as a detector. Optical reflectivity and transmisalong the high-symmetry lines of the Brillouin zoiBZ).
sion spectra were measured at room and liquid-helium temFhe most interesting feature of these calculations is a rela-
perature in the 200-2500-nm spectral range with Perkintively large dispersion along thie, direction parallel to the
Elmer Lambda 19 spectrophotometer. Photoreflectanc€u-O chains and dispersionless bands perpendicular to them,
measurements were performed at room temperature undee., along thek, andk, directions. Along thd’-Z direction
incident polarized light parallel to the and thec axes. The of the BZ, the two bands, which cross the Fermi level, split
reflected light was dispersed through a singla monochro-  slightly, indicating that the interaction between the two
mator and synchronously detected by a Si photodiode. neighboring chains in the ladder is small but still exists. The

A. LSDA with gradient corrections

Il. EXPERIMENTAL DETAILS
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total density of electronic states of SrCui® given in Fig. 3 inclusion of the spin-dependent exchange-correlation poten-
in the energy range between7 and 10 eV. The electron tials) are successful in describing the ground-state energies
density of states is calculated with 1&0points in the irre- and the quantities, weakly depending on a charge or spin
ducible part of the BZ and it is in an agreement with previ-density?®?’ but the excited states are beyond the scale of the
ous publicationd®1®Because the main properties depend ondensity-functional theory.

the electrons at the Fermi level, we paid special attention to To alleviate an energy-gap problem of3)DA to density-

the energy dispersions nekg . In the inset of Fig. 3 we functional theory the LDA-U method has been proposed

show the partial density of electronic states in the energy

range from—1.5 to 1 eV. Figure 4 gives the contribution L e e ]
from the different Cu 8 and O 2 orbitals to the partial 10 1 Cu 3d total
density of states in the energy range close to the Fermi level. | ]
From the results given in Figs. 2—4 we concluded the fol-
lowing.

(i) The electronic structure of SrCyQs a quasi-one-
dimensional one.

(i) The main contribution to the density of states in
SrCuQ near the Fermi level comes from the Cul,3
orbitals.

(i) There is a small hybridization between the Cu
3dy2_,2 and the O D,, 2p, orbitals.

These results are in an agreement with the x-ray absorp-
tion spectroscopy dafd, which show that the holes in
SrCuQ have predominantly &2 ,2 character(which is
analogous to the Cudg2_y2 orbitals in notation for the 2D
high-T. cuprateg The hole occupancy of B,z ,2 is less
than 5% However, the metallic state obtained in the frame-
work of the LSDA calculatior(in Figs. 2—4 the Fermi level
Er=0 is inside the occupied bahdloes not allow us to
compare these results with our experiments.

The applied LAPW method with the gradient LSDA cor-
rections (or other LDA versions to the density functional

Partial DOS (states/eV atom)

employs the orbitally independent exchange-correlation po- O = RS = A
tential, which cannot recognize differedt orbitals in the -4 -3 -2 -1 0 1
copper ion with an oped atomic shell, Ct*"(3d° "), of Energy (eV)

the SrCu@ material. As a result it gives a satisfactory band

structure, but cannot overcome “an energy-gap probleth.” FIG. 4. The contribution of different orbitals to the calculated

In general, the local approximations to the density-functionapartial density of state0S) of SrCuQ. (a) Cu-d DOS, (b) O1-p
theory (for a review see Ref. 22 and Refs. 23—-25 for anDOS, and(c) O2-p DOS.
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[for details see Ref. 28 and its generalization, LSB&  servations have lead us to the conclusion that the band gap in
(Ref. 29]. These methods have extended LDA-like function-SrCuQ is a consequence of strong electron correlations, fa-
als with an addition to them the on-site Hubbard terms and/oring the Mott-Hubbard-like insulating state.
they are based on the unrestricted Hartree-Fock wave func- Although the density-functional theory reduces the Sehro
tions. For the Mott-Hubbard insulating compounds with tran-dinger equation for electrons and atomic nuclei in solids to
sition or rare-earth metals the orbital-dependent poteltial nonlinear single-particle equationg&quations with self-
leads to splitting of the partially filled@or 4f bands form-  consistent potential, which itself depends on the solutions of
ing the upper and the lower Hubbard-like bands. The LDAthe equations the explicit dependence of the ground-state
+ U functional gives more correct antiferromagnetic proper-energy on the ground-state charge and spin density is un-
ties than the LSDA functional. Also LDAU functionals are  known, and such an explicit functional may even not exist.
relevant for study of the temperature-induced phase transias the starting many-body linear Schlinger equation, the
tion from a nonmagnetic insulator to a metal with a localproblem of the nonlinear single-particle equations with the
magnetic moments and for study of the charge orders, wherexchange-correlation potentials is a formidable problem that
LSDA fails. However, the mean-field correction used for acannot be solved without additional approximations. The ex-
single orbital,Un,n,—Un;n, (n, is an expectation value change and correlations are often approximated by the
for the number of electrons with a spin projectipmccupy-  L(S)DA according to which the chargepin density in the
ing a fixed partially filled orbital on a particular lattice gite exchange-correlation potential of an electron gas or a jellium
for an exchange-correlation potential reproduces only qualimodel is replaced by the local density in a real material. The
tatively the correct physics for the Mott-Hubbard insulators.strategy of the LDA approach is close to the Landau Fermi-
Inclusion of the interorbital intra-atomic interactiofSou-  liquid theory, where the energy is a functional with respect to
lomb repulsion and Hund exchangend often the antiferro- a single-particle partition function. But contrary to the Lan-
magnetic ordering (regardless the absence of an antiferro-dau theory, the density-functional theory can calculate only
magnetism in material under consideration; e.g., SrCisO  the ground-state energy, distributions of charge and spin den-
in paramagnetic state above 1.4 #oes not change signifi- sities, and the quantities connected with them. The main
cantly the qualitative character of the LBAU results. The problem in our case is that LDA and its versiofesg., the
obtained gap values differ by about 1 eV from the experi-one used by ysdo not give a clear knowledge about the
mental one$®?° Also in the framework of LDA-U meth-  Anderson-Hubbard parametén essential on-site repulsion
ods the band structure is unsatisfactory, and these method$ the correlated electropg narrow-energy-band materials
produce unphysical insulating states for transition metalsuch as SrCu®
since the LDA+U functionals split even the partially filled The conventional tight-binding methodJ&0) for an
bands due to the self-interaction corrections both for localelectronic structure in solids is self-contradictory. According
ized and extended electron states. It is also known that th® it the eigenfunctions of the Schitimger equation are ap-
electron correlations produce narrowing of the dispersiorproximated using the electron wave functions of the isolated
branches and consequently an increase of the effectivatoms, i.e., a conventional tight-binding method is more suit-
masses:*3which is outside the LDA U domain. able the greater interatomic distances in the crystal. But in
As applied to SrCug the band-gap values obtained in this case the prevailing terms in the Hamiltonian, the strong
the LDA+U calculationd™*? differ significantly from our electron-electron interactionld, become even larger; they
experimental findinggsee Sec. IY. Besides that, a shift of cannot be reduced to any mean-field version, and then the
the energy bands due to a finitecannot guarantee the cor- problem is fully outside the domain of the standard Slater-
rect band extrema positions to identify the direct or indirectKoster scheme. The present tight-binding method for corre-
character of the interband electronic transitions. In Ref. 1lated electrons is based on the hypothesis that the narrow-
the reported band gap 1.63 dihe closest to our measured energy band material properties, e.g., SrgirOour case, are
value corresponds to an unrealistically large Anderson-governed by the intra-atomic electron correlatibhexceed-
Hubbard parametdd =12.3 eV. Having all above in mind, ing considerably the transfer energies.
we developed a model thattroduces the electron correla- A reasonable simulation of the many-body effects leads to
tions already in the zeroth order of the applied perturbationtremendous problems in terms of the conventional Fermi- or
theory with respect to the hopping energies in a realisticBose-operator permutation relations that do not encompass
lattice structure of SrCuf(Sec. IlI B). all possibilities of the second quantization formalism. The
permutation relations for the Okubo-Hubbataperators are
linear with respect to theirselves operators. The necessity to
introduce the operators with more complicated permutation
According to our LSDA datéFigs. 2—4 and also Ref. 21, relations than the fermionic and bosonic relations for study
the main contribution to the electron density of states closef the electron correlations was indicated by Bogoljubov al-
to the Fermi level comes from th#2 2 orbitals, slightly ready in 19484 We consider the tunneling part of any cor-
hybridized with the O P orbitals. In addition, our absorption related Hamiltonian as a perturbation with respect to the
measurementsee Sec. 1Y show that the lowest-energy gap strong electron correlations included in the unperturbed part
is practically temperature independéatcharge-transfer gap of the Hamiltonian. The Hamiltonians with correlated elec-
depends on temperature in accordance with the variation dfons are rewritten in terms of the basis and only basis vec-
the Cu-O distance with temperaturdll these important ob- tors of the corresponding superalgebra. To treatment of such

B. The tight-binding method for the correlated electrons
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Hamiltonians in theX-operator framework is based on a rig- an approximation is common for the 1D cuprdtdsecause
orous successive method that we followed in our previoushe Anderson-Hubbard repulsion usually opens a gap be-
publicationg®~7 and it will be also applied here. The sys- tween the 8 bands. Inside the ladder, the arrangement of the
tematic perturbation theory is based on the generalized Wicku atoms is such that the directions from the Cu ion in one
theorem as an iteration procedure reducing the time-orderd@d to the two nearest Cu ions of the neighboring leg are
product ofn X operators to a product of—1 X operators. almost at a right anglé~90°); see Fig. 1. In our consider-
The first-order self-energy is the tunneling matrix itself from @tion of the electronic structure we assume that these direc-
the perturbative Hamiltonian. t|ons_ form an ideal right ar)gle and the electron energy d|§—
Here in the framework of the 2,2) superalgebra ap- Persions are governed mainly by the correlated electrons in
proach for the SrCuDsystem we will neglect the scattering the single zigzag ladder.
of the correlated copper electrons by the spin and charge Aiming at the determlnatlon of the Anderson-_Hubbard pa-
fluctuations, aiming at comparing the electron spectra witf@meteru from the optically measured correlation-gap val-
the conventional tight-binding calculations, which are done!®S, the further theoretical study is based on the realistic
to first order of the transfer energy. Contrary to the standardt@miltonian with one copper rung/dimexr;-b, per unit cell:
Hubbard model for thes electrons with a single site per a
unit cell, the starting Hamiltonian includes a realistic unit ~ H=—2t>, cosp,al(p)a,(p)+bl(p)b,(p)]—t,,
cell (a few siteg and the correlated electrons with the non- p.o
zero angular momenta. In the framework tbe presented

tight-binding method for the correlated electrottsee non- XE (1+e“pZ)[aTT(p)bU(p)+H.c.]+U

spherical wave functions provide anisotropy of the hopping .o

integrals in the lattice. In the considered order of the pertur- o _

bation theory we will concentrate on the influence of the X_E nJTinJU—,u_E n!, (1
band-structure effects, which are of significance for multi- 1=a,b 1=a,b

component systems such as SrGuO wherea,b denote chainflegs in the ladder directed along the

The LSDA calculation of the electronic structure of ¢ axis), t is an amplitude of the carrier hopping along the
SrCuQ, Figs. 2—-4, revealed that electron energy dispersiontegs,t, is a diagonal hopping amplitude between the l&gs,
are governed mainly by electrons in the zigzag ladder. Thés the Anderson-Hubbard repulsion of tg2_,2 electrons
interladder coupling is negligible because of the largeon the copper site, and is the chemical potential. In LDA
(6.75-A) Cu atom distance between neighboring ladders. Aband-structure calculations the electron-electron interactions
unit cell for the correlated electron structure calculation in-are approximated by an effective single-electron problem,
cludes two Cu ions only, as indicated by a dashed-line rectwhereas in our approach the Anderson-Hubbard parardeter
angle in Fig. 1a). We assume that a ladder unit¢10,%~ is included explicitly in the nonperturbative Green’s func-
has a total charge-2, i.e., there is one holey=1, per a tion. Applying theX-operator procedur&,the correlated en-
copper ion in the ladder. In our minimal model, we neglectedergy bands are governed by zeros of the inverse Green's
hybridization with thep, ,p, orbitals of the intermediate function for the first-ordeiX operators with respect to the
oxygen atoms, assuming tligz_,> character of holes. Such tunneling matrix:

_iC!) _
( 0+ O H L, r v v
for
ay ;
—lw,—u+U
r n_ K +r U U
b lw)= - e @
P @ f0+ * * _lwn_/”“ ’
v v +r r
b f0+
—iwy,—u+U
[ -2 v* v* r r} P
-2

wherer = — 2t cosp, andv = —t,(1+e~'P). Here the cor- tjon |D, *(w)|=0 one can find the four branches of the cor-

relation factorsfy,(-2), in the diagonal Green’s functions relation energy dispersions in an explicit form:
are determined by the fermion occupatiorper site. For a

considered nonmagnetic phase of SrGukey aref,, =1
—n/2, f_,=n/2 and are all equal tG (n=1). After an
analytical continuation,w,— &+i46, from the secular equa-

2
— K, (3

. U
€ (p)=ep™+ \/ (55924 5
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U 2 1-5 T T T T T T T
Ea(p)=ep’— \/(s;*2>2+(5 —u, @) o]
where £5°= —t cosp,*t,,c0s(,/2). For the derivation of
0.5+ 2.

—

these energy dispersions from th& 4 secular equatiofsee
Eqg. (2)] it was useful to apply the proved theorem about the @
decomposition of the determinant with respect to diagonal .
elementgsee Appendix A in Ref. 39

The lower correlated subbands, , and &, , are com-
pletely occupied by the two holes from a unit cell of the

Energ
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20 25

zigzag ladder. It is essential that the chemical poteniial
should be found self-consistently from the equation for a 1.5
particle density, - - - z - T =

n=T > €D, 4p,o), (@)

p,w,apB

where @ and 3 label the rows and columns of the Green’s- 40+ 3
function elements[cf. Eqg. (2)]. For n=1 (the case of : - 2L 3+
SrCuQ) the calculated chemical potential is positioned in 150
the middle of the energy gapuE0). For other densities, ]
n+1, the procedure used generates a correlated metal. Th
upper correlated subbands; , are empty for SrCu@ The
nearest unoccupied energy bandéjs and the correlation
gap (indirect transition; see Fig.)5n an electronic structure
can be estimated as T o]

Ao=minég(p)— maXfA(p)

=/ (t+1,,)2+

2t+ty,

v
&
B

states/eV)

n
o
1
—

DOS (
e |
> |

0
2 15 1.0 1.0 1.5

t+ ot Energy (eV)

(b)

FIG. 5. (a) The tight-binding dispersions for correlated electrons
in SrCuG with parameterst=0.3eV,t,,=0.12eV,U=2.0eV.
The momenta are given in unitp,v2|=|p,|= 7 of the Brillouin-
zone boundaries, the Fermi enerfgy=0 is inside of the correla-
tion gap. Inset: energy gap Wsdependence fax,,= 0 and 0.12 eV.
(b) The correlated electron density of states as a function of energy.

©)

8t

For the noncorrelated energies;?=2&,? [cf. Egs.(3)
and (4)], the electron density of states per atopy(e)
=3p,[8(e—eM)+8(e—&?)], is defined analytically as

follows: . The electronic structure parameters are the same a@fonset:
the energy values of all possible transitions between occupied and
po(e)= 2 (6) empty states.
T\t~ 4t(e —2t) (= J 1-x2
where

directions of the BZ. The correlated electron density of states

1
X12= 7 [ty =V~ 4t(e = 20]= — X4 5. is given in Fig. %b). The overlap of the energy ranges for the
energy dispersions, EqE) and(4), leads to the appearance

The electron-electron repulsiah splits the density of the  Of singularities at
noncorrelated electron stateg(e). After the transformation
to the “correlated” variables, Eq<€3) and (4), one can get
the correlated electron density of states as

£+ (U/2)? (gz—(U/z)z)
62 Po g

£24(U/[2)2

=

(@)

PA= &g A(p,=0)—S,

BA= &g A(P,=0)—S,

p(é)=

t2
f?’AZI-i-(l—a)SLtz-i-(Za—l)S

U 2
+\/ (t+ty)%+ > }

£(p) £.(p)
piSh B §§<p>+u25<§_ 2 )
+alt

8

Figure 5a) shows the correlated electron energy disper-
sions[Egs. (3) and (4)] along theZ and theY symmetry  where

165105-6



OPTICAL STUDIES OF GAP, HOPPING ENERGIES. . PHYSICAL REVIEW B 63 165105

I T I y I y T T I T
-(a) 1000 } fg 300K
Ng 0.201 g Ellc|
20 F S of g
o T Ella|
° -
- 1000} & 135 1.40 145
0.154 Energy (eV) .
4.0
101 16 18 20 22 24 > T=300K
Energy (eV) *§ unpolarized
= 0101(a) 2.9
L [ " l 1 1 1 [
— D 0.6 + } ' '
Zo ®
w o
3 0.4
3
@
a 4
0.2
2
0 Energy (eV)

FIG. 7. (a) Room-temperature unpolarized reflectivity spectra of
Energy (eV) the SrCuQ single crystal.(b) Reflectivity spectra calculated using
experimental data of the pseudo-dielectric-function from Fig. 6. In-
FIG. 6. Room-temperature reat{) and imaginary §,) part of  set: polarized photoreflectance spectra at room temperature.

the pseudo-dielectric-function of SrCyOThe spectra of th€010)
surface taken witha) the a axis (Ela) and (b) the ¢ axis (Elc),  about 2 eV. To determine the precise energies of these elec-
parallel to the plane of incidence. Inset: second derivative of dielectronic transitions we fitted both the real and the imaginary
tric functions forElla polarization in the 1.5—2.5-eV spectral range. parts of the second derivative speckdéa/d E2 simulta-

neously by a least-squares routine in terms of standard line

1 , . [U)? shapes:
e(w)=C—Ae?(w—Ey+il")M,
2\2 2
_ \/ t tlz i ? th_ whereA, Eqy, andl’ are the amplitude, energy, and half line-
8t 2 8t Y’ width of the electron transitions, respectively. Theis a

phase factor and the exponeanthas the value-1/2 for the
and « takes sign+1 and —1 for the correlated subban@s one-dimensional case. The results of the calculations are
[Eq. (3)] andA [Eq. (4)], respectively. The van Hove square- given in the inset of Fig. &. At higher energies we ob-
root divergencies inside the correlated bands are manifestgerved two additional peaks at about 4.1 and 5.1 eV. The
tions of the quasi-one-dimensional electronic structure. Therigin of all these transitions will be discussed later. E¢c
comparison of the calculated electronic structure with thepolarization the first clearly pronounced peak appears at
measured optical transitions allows us to estimate th@bout 3.2 eV, and the next maxima is at about 5.2[s&e
Anderson-Hubbard parameter and the hopping energies @fig. 6(b)]. For this polarization the low intensity of the di-
correlated electrons in the zigzag-ladder compound SgCuO electric function does not allow us to apply the same fitting
procedure as in thElla case.
IV. EXPERIMENTAL RESULTS _ An unpolarized reflectivity spectrum is shown in Fig.a)7
in the energy range from 1 to 5.5 eV. The peak positions at
Figure 6 shows the pseudo-dielectric-functier{ ) 1.42,1.73,2.04, 2.5, 2.9, 4, and 5.2 eV are determined as the
=¢g¢(w)tiey(w) for a light polarized parallel to tha axis  maxima of an optical conductivity function obtained from
[Fig. 6(a)] and thec axis[Fig. 6(b)]. As it can be seen from the Kramers-Kronig analysis of the reflectivity spectrum. In
Fig. 6(@), the maximum ofe,(w) is at about 1.77 eV. This order to distinguish different polarization contributions in the
value corresponds to the energy gap alongataxis direc-  reflectivity spectrum shown in Fig.(&, we calculated the
tion, which is perpendicular to the CuO chains. Besides thgolarized reflectivity spectra using the pseudo-dielectric-
most intensive peak at 1.77 eV, we found the next peak afunction data from Fig. 6. The results of the calculations are
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given in Fig. 1b). As it can be seen from Fig([@), the main
contribution to the unpolarized spectra comes from Eha
polarization. As proof that the lowest-intensity peak in unpo-based materials.
larized reflectivity spectra belongs to tlegic polarization,
we measured polarized photoreflectance spectra in the eenergy change as the temperature is lowered, whereas the
ergy range below 1.5 eV, which are shown in the inset ofabsorption edge of the corresponding gap for Efia shifts

Fig. 7(a). These spectra clearly demonstrate that the reflecto higher energies.

tivity maximum at the lowest energy in Fig(&f originates
from the Ellc polarization. The peak position of this transi- 4.1 and 5.2 eV for both polarizations.

tion is found at 1.43 eV using a photoreflectance fitting line-

(i) The lowest-energy gap appears at about 1.42 eV, well
below the charge-transfer gdfp.7—2.0 eV of other CuO-

(iii) The lowest-energy gap fdElic shows a very small

(iv) The higher-energy electron transitions appear at about

These features can be successfully explained in the frame-

shape procedure based on the third derivative of the primary/ork of the electronic structure calculations, Sec. IlIB. The
spectra’® Thus, we conclude thahe lowest-energy gap in
SrCuG is at about 1.42 eVMfor the polarization along the

Cu-0O chains.

Figure 8 represents the absorption spectra of SiEGCn€a-
sured at room temperature cars K for the incident light
polarized along the and thea axis. These spectra were

calculated using the

relation a(w)=(1/d)In{1

—R(w)?/T(w)}, whereR and T represent the reflectivity and
transmission coefficient, whilal is the thickness of the

sample. As it can be seen from Fig. 8, there is a stron
anisotropy in the positions of the absorption edges for the

polarizations.

V. DISCUSSION

parameters of our model for correlated electrdns,,, and

U, were fitted to the experimental value of the indirégt
gap (Ap=1.42 eV) and an exchange energy along the chain
(leg) J=0.18 eV> We used also the ratio of exchange ener-
giesJ’'/J=0.16(J' represents the exchange energy between
legs, because this value is in the middle of the radgé]
=0.1-0.2 proposed for this kind of copper oxidé4Jsing

the relation between exchange and hopping enerdies
=4t?/U and Eq.(5) for the lowest-energy gap, we estimated
the other model parameters=0.30 eV, t,,=0.12 eV, U

% 2.0 eV. The obtained magnitude of the Anderson-Hubbard
s5ﬁarameter of SrCuQis somewhat lower than thatU(

=2.1 eV) obtained previously by us in the electronic struc-
ture study of Si,Cu,,041.%% The hopping energy=0.3 eV
along the legs is larger than that in the case QfQ®,,04,
(t=0.26 eV) due to the difference between the exchange
coupling constantsl=180 meV in SrCu@is larger than the

The experimental results given in Figs. 6—-8 can be sumd=128 meV value in SyCuw,,04;. The coincidence of the

marized as follows.

Anderson-Hubbard parameterdJ for SrCuQ and

(i) A strong anisotropy of optical properties is clearly Sr;,Cu,,0,; is natural to expect because the local environ-
seen. In the direction perpendicular to the Cu-O chaliis)
the spectral weight is centered at about 1.8 eV. All otheiCoulomb repulsion is governed mainly by the electron inter-
transitions at higher energies have smaller contributions tactions on the same copperrbital.

the dielectric function for this polarization. In the case of the

ment of Cd" ions is similar in these oxides and the on-site

The energy versus wave number curves for correlated

Ellc polarization[Fig. 6(b)] the spectra show very low inten- electrons[Fig. 5a)] show a large dispersion along tlke
sity and the spectral weight for this polarization is shifted todirection (parallel to the Cu-O chains, along theaxis) and

higher energies at about 3.2 and 5.2 eV.

no dispersion along thk, direction, in agreement with the
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LSDA calculations(Fig. 2). Nevertheless, the lowest-energy from the Cu 31— Cu 4p intraionic transition and the highest-
gap at about 1.42 eV appears for the transition fromahe  energy transition about 5.2 eV occurs due to transition be-
theI" point of the BZ[indirect transition, denoted as, in tween the Op and the Cu4 states. The existing band-
Fig. 5a)]. The direct transition gaps,, A, andAg atthel”  gyycture calculations of SrCyQure not detailed enough to
(X) point of the BZ are found to be 1.88, 2.05, and 2.19 eV, 5 roborate this assignment.

respectivelysee Fig. &)]. Let us now consider Fig. 8, where the absorption coeffi-

gaszcorggl%st)o (r);p:r((:ailgrl:tlgt':ﬁgSI(;Cvgsic.e::é%;rtlreaﬁgirtriﬁf;%g cient spectra are presented. There is a large difference be-
0) =H- A= o tween th rption- itions for nd theE
tween the split 8,2 ,2-3d,2_,2 states within each Cu atom. een the absorption-edge positions for Eie and theElia

Thus, it is natural to expect a negligible temperature depenr_)olanzatlons. Besides that, the slope of the absorption coef-

dence of the correlation gap. In fact, experimental data pref-'cIent is higher for theEllc then theElla polarization as a

sented in Fig. 8 show no temperature shift of the absorptioﬁonsequence of a quasi-1D character of this trans[tlon. A
edge for theEllc polarization. It means that SrCy®elongs general approach to analyze the fundamental absorption edge

to the group of low-dimensional insulators with a correlation!S based on the use of the power-law behaviow(@é) in the
gap. Further support for this assumption can be found in th¥iCinity of the band gapiy,,. The absorption coefficient can
case of SICUO;,, also a 1D cuprate. Maitt al*? assigned e described as(w) =A(w—Eg", whereA is a slowly

the gap, observed at about 1.5 eV ipGuO;, as an insulat- varying function that is regarded as a constant over the nar-
ing gap of the correlated nature. Nevertheless, our Ramai®w range under study, and a numitedepends on the na-
spectroscopy studyclearly demonstrated that the resonanceture of an electron transition from the occupied to the empty
behavior in SrCu@differs strongly from that in the 2D cu- band. Thek value is 2 for a direct transition and 2 for an
prates. Namely, the resonant Raman scattering shows thitdirect one. Thus, the/a(w)~(w—Eg,) dependence can
the infrared-active modes and their overtones resonate mudie used to obtain the indirect-gap value by extrapolating the
more strongly for the laser energies near the charge-transf@inear portion of this curve to intersect with theaxis. The
gap in the 2D insulating cupratédn 1D SrCuQ the infra-  direct-gap position can be extracted from a maximum of the
red modes resonate at energies noticeably higher than thgst derivative ofa(w) [a/(w)Nllﬁp]_ This proce-

: 9 i e : ;
correlation gapA,.” Finally, we have found that a spectral gyre s valid for a three-dimensional case and for the para-
weight distribution similar to that given in Fig.(1§) is also  gjic electron energy dispersions.

reported for LjCuO, for the light polarized along the
chains®® This supports once again our findings that the elec
tronic structure of the 1D cuprates differs significantly from
that of the 2D cuprates.

In the inset of the Fig. @ we show theA, gap depen-
dence on theU parameter, Eq(5), for the two different
values of the interchain hoppirtg, att=0.30 eV. The lim-

iting caset,,= 0 represents one leg of the ladder or a single : .
chain structure that exists in 8O, As it is seen in the (=r). Furthermore, from the extrapolation of the linear part

inset of Fig. %a), the interchain hopping reduces a gap. |tof the a(w) to the energy axis, we ob_taln the_ value of 1_.52
means that the corresponding gaps in the single-chain conf¥ (1.65 eV for Elic (Ella) polarization. This energy is
pound SyCuO; should be somewhat larger than that in h|gher(lower) than that obtained by elllpsomgtnc or reflec-
SrCuQ. This agrees well with our experimental findings. tivity measurements. Complete agreement with ellipsometric
Namely, the absorption edge in,8uQ; is at 1.5 eV*? about and reflectivity data is achieved when we consittex Ellc

5% higher than that in SrCuQ see Fig. 8. absorption edge as an indirect transition and théa ab-

The electron structure calculations for correlated electronsorption edge as a direct transitiprvhich is illustrated in
(Fig. 5 make it possible to compare to experimental datathe left and the right insets of Fig. 8. Thus, we have con-
not only the lowest-energy gap value. The peaks at 1.77 anduded thatthe correlation gap in SrCuPrepresents the
2 eV of theEllae,(w) spectra correspond to the, -L . indirect transition of carriers between the occupied and the
andL,_-L,, transitions al” andX points(A, andA 3 gaps, empty correlated subbandEhe indirect transition requires a
respectively. In thél c polarizeds ,(w) spectra we observed change in both energy and momentum of carriers as our
three very-low-intensity peaks at about 2.2, 2.6, and 3 eVband-structure calculations predict; see Fig)5It is well
These transitions can be assigned hs -Lq, (Ay), known that in semiconductors an electron momentum is con-
L,_-Ls,, andL,_-Ls. , respectively. Because of the very served via an interaction with phonoffsFor such a conclu-
low intensity of these modes, it was hardly possible to ex-sion here, further experiments are necessary to clarify this
tract their exact positions from the noise level. The energiepoint. They can be done by the transmission measurements
of all possible electron transitions between occupied andhrough the samples of different thickness and/or comparison
empty states are shown in the inset of Figo)5 of photoluminescence with photoreflectance spectra.

Now we discuss the two higher-energy features at about Quite recently, based on the Bethe ansatz solution for the
4.1 and 5.2 eV. They have been already observed in manklubbard chain it was shoWhthat in an insulating state the
cuprates, as discussed in Ref. 44. Aloes@al** have shown optical conductivity can be described as(w)~C(w
that in Nd,_,Ce,CuQ, the transition at about 4 eV originates — Eyy)Y?, where Eyy is the (Mott-Hubbard gap. Since

The absorption spectra for strongly correlated electron
'systems were analyzed using the density of states versus en-
ergy dependence of 1[Ref. 45 or 3D (Ref. 46 semicon-
ductors with parabolic energy dispersions. Actually, the dis-
persion branches in strongly correlated systems are parabolic
in the vicinity of the high-symmetry points of the BZ.
‘cosp=1—p%2 aroundl” (=0) and cop=—1+p?2 aroundZ
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a(w)~o(w), this dependence has the same power law asalculated using the LSDA with gradient corrections and the
that we used for the direct electron transition. tight-binding method for the correlated electrons. The indi-
For the Ella polarization, the absorption edge shifts to rect (direct) gap value of 1.42 e\1.86 eV is found for the
higher energies by about 0.06 eV, when the temperature dedectron hopping energies between copper sites along legs,
creases from a room temperature to 5 K. For this electronig=0.30 eV, and between then,,=0.12 eV, with the
transition we cannot neglect hybridization of the QUBith  Anderson-Hubbard parameter=2.0 eV. The obtained ex-
the O2p bands. Thus, the absorption edge shifts to higheperimental results and electronic structure calculations have
energies according to the change of the Cu-O distance witBhown that the SrCuQrigzag-chain compound belongs to

temperature. Besides that, this energy gap represents thige low-dimensional insulators with a band gap of correlated
transition between the dispersionless branches with very higRature.

effective electron masses and, consequently, with a strong
influence of ligands. Because of that we believe that for the
Ella polarization the absorption-edge shift appears mainly
due to dilatation of lattice by lowering the temperature.
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ized optical absorption, reflection, photoreflectance, ancht the K.U. Leuven was supported by the Belgian IUAP and
pseudo-dielectric-function measurements with theoretical ef=lemish FWO and GOA Programs. M.J.K. and Z.V.P. thank
timations. At 300 K these measurements yield the energiRoman Herzog AvH, Bonn and University of Valencia, re-
gaps 1.42 and 1.77 eV along and perpendicular to the Cu-Gpectively, for partial financial support. V.A.I. acknowledges
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ACKNOWLEDGMENTS

*Permanent address: Institute of Physics, 11080 Belgrade, P. @3Chr. L. Taske and Hk. Mier-Buschbaum, Z. Anorg. Allg.
Box 68, Yugoslavia. Chem.377, 144(1970.

"Present address: Department Natuurkunde, Universiteit Antwert?Y. Matsushita, Y. Oyama, M. Hasegawa, and H. Takei, J. Solid
pen, Universiteitsplein 1, B-2610 Belgium. On leave from N. S.  State Chem114, 289 (1994).

Kurnakov Institute of the General and Inorganic Chemistry of thel®l. A. Zaliznyak, C. Broholm, M. Kibune, M. Nohara, and H.
Russian Academy of Sciences, Leninskii prospect 31, 117907 Takagi, Phys. Rev. LetB3, 5370(1999.

Moscow.

17. Hiroi, M. Takano, M. Azuma, Y. Takeda, and Y. Bando,
Physica C185-189 523 (1991).

2C. Kim, A. Y. Matsura, Z. X. Shen, N. Motoyama, H. Eisaki, S.

164, Rosner, M. Divis, K. Koepernik, S. L. Drechsler, andH. Es-
chrig, J. Phys.: Condens. Matt&?, 5809(2000.

http:/iwww.tuwien.ac.at/theochem/WIEN97/; B. Blaha,
Schwarty, and J. Luity, Comput. Phys. Commusd, 399

K.

Uchida, T. Tohoyama, and S. Maekawa, Phys. Rev. L#&tt.
4054(1996.

3C. Kim, Z. X. Shen, N. Motoyama, H. Eisaki, S. Uchida, T.
Tohoyama, and S. Maekawa, Phys. Revo® 15 589(1997).

(1990.
183, P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. L&.
3865(1996; 80, 891 (1998.
193, P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson, M. R.
4N. Motoyama, H. Eisaki, S. Uchida, Phys. Rev. L&t6, 3212 Pederson, D. J. Singh, and C. Fiolhais, Phys. Re¥6B6671
(1996. (1992.
SM. Matsuda, K. Katsumata, K. M. Kojima, M. Larkin, G. M. 2°P. Dufek, P. Blaha, V. Sliwko, and K. Schwartz, Phys. Revi9B
Luke, J. Merrin, B. Nachumi, Y. J. Uemura, H. Eisaki, N. Mo- 10 170(1994.
toyama, S. Uchida, and G. Shirane, Phys. Re\3BR11 953 2im. Knupfer, R. Neudert, M. Kielwein, S. Haffner, M. S. Golden,
(1997. J. Fink, C. Kim, Z. X. Shen, M. Merz, N. Naker, S. Schuppler,
0. V. Misochko, S. Tajima, C. Urano, H. Eisaki, and S. Uchida, ~N. Motoyama, H. Eisaki, S. Uchida, Z. Hu, M. Domke, and G.
Phys. Rev. B53, R14 733(1996. Kaindl, Phys. Rev. B55, R7291(1997.
M. V. Abrashev, A. P. Litvinchuk, C. Thomsen, and V. N. Popov, 22p_ Fulde,Electron Correlations in Molecules and Soljdard ed.
Phys. Rev. B55, 9136(1997). (Springer, Berlin, 1995 p. 189.
8M. V. Abrashev, A. P. Litvinchuk, C. Thomsen, and V. N. Popov, 220. Gunnarsson and B. |. Lundqvist, Phys. Rev.1B 4274
Phys. Rev. B55, R8638(1997). (1976.
9Z. V. Popovig M. J. KonstantinovicR. Gajig C. Thomsen, U.  24J. P. Perdew and A. Zunger, Phys. Rev2B® 5048(1981).
Kuhlman, and A. Vietkin, Physica Qto be publisheg 25N, E. Zein, J. Phys. @7, 2107(1984.
cond-mat/001022 unpublishegl %p_ Y. Yu and M. CardonaFundamentals of Semiconductors
10N, Nagasako, T. Oguchi, H. Fujisawa, O. Akaki, T. Yokoya, T.  (Springer, Berlin, 1996
Takahashi, M. Tanaka, M. Hasegawa, and H. Takei, J. Phy’M. S. Hybertsen and S. G. Louie, Phys. Rev38 5390(1986.
Soc.66, 1756(1997). 28y/_|. Anisimov, F. Aryasetiawan, and A. . Lichtenstein, J. Phys.:
117.S. Popovicand F. R. Vukajlovi¢ Solid State Communl06, Condens. Matte®, 767 (1997).
415 (1998. 295, L. Dudarev, G. A. Botton, S. Y. Savrastov, C. J. Humphreys,
24, wu, Q. Zheng, X. Gong, and H. Q. Lin, J. Phys.: Condens. and A. P. Sutton, Phys. Rev. &, 1505(1998.
Matter 11, 4637(1999; 12, 5813(2000. 30y, I. Anisimov, J. Zaanen, and O. K. Andersen, Phys. Rev4B

165105-10



OPTICAL STUDIES OF GAP, HOPPING ENERGIES. . PHYSICAL REVIEW B 63 165105

943 (1991); P. Wei, Z. Q. Qi,ibid. 49, 10 864(1994). 39y, A. Ivanov, K. Yakushi, and E. Ugolkova, Physica2Z5 26
31C. G. Olson, R. Liu, D. W. Lynch, R. S. List, A. J. Arko, B. W. (1997).
Veal, Y. C. Chang, P. Z. Jiang, and A. P. Paulikas, Phys. Rev. B°D. E. Aspnes, inOptical Properties of Solidsedited by T. S.

42, 381(1990. Moss, Vol. 2 of Handbook on Semiconductors
32R. Manske, T. Buslaps, R. Claessen, M. Skibowski, and J. Fink, (North-Holland, Amsterdam, 1980 p. 109; also Ref. 26,
Physica C162-164 1381(1989. p. 317.
333, Merino and R. H. McKenzie, Phys. Rev.6, 2416(2000. 41T M. Rice, S. Gopalan, and M. Sigrist, Europhys. L&8, 445
34N. N. Bogoljubov, Selected Papersvol. 2 (Naukova Dumka, (1993.
Kiev, 1970, in Russian p. 287. 42K, Maiti, D. D. Sarma, T. Mizokawa, and A. Fujimori, Phys. Rev.
35v. A. Ilvanov, Z. V. Popovic O. P. Khuong, and V. V. B 57, 1572(1998.
Moshchalkov, cond-mat/9909046npublishegl 43y, Mizuno, T. Tohyama, S. Maekawa, T. Osafune, N. Motoyama,
367. V. Popovig M. J. KonstantinovicV. A. lvanov, O. P. Khuong, H. Eisaki, and S. Uchida, Phys. Rev.5, 5326(1998.
R. Gajig A. Vietkin, and V. V. Moshchalkov, Phys. Rev. &, 44M. 1. Alonso, M. Garriga, S. Piol, and M. Brinkmann, Physica C
4963(2000. 299 41 (1998.
37v. A. Ivanov, J. Phys.: Condens. Matté&; 2065 (1994; in  “°M. Dressel, A. Schwartz, G. Gner, and L. Degiorgi, Phys. Rev.
Studies of High-T Superconductorsedited by A. Narlikar Lett. 77, 398(1996.
(Nova Science, New York, 1993 Vol. 11, pp. 331-352; 4. Zibold, H. L. Liu, S. W. Moore, J. M. Graybeal, and D. B.
Physica C271, 127 (1996; Philos. Mag. B76, 697 (1997. Tanner, Phys. Rev. B3, 11 734(1996.
38K, Tsutsui, T. Tohyama, and S. Maekawa, Phys. Re61B7180  47J. M. P. Carmelo, N. M. R. Peres, and P. D. Sacramento, Phys.
(2000. Rev. Lett.84, 4673(2000.

165105-11



