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We have studied the electronic structure near the Cu-O planes in the normal and superconducting states in
a high-quality HgBaCaCu;0, thick film using polarized x-ray absorption in order to get quantitative infor-
mation on the changes in density and symmetry of the itinerant holes. We have observed, in our analysis of the
Cu Ls-edge absorption spectra, an increase in the density of doping holes along the planes parallel and
perperdicular to the Cu-O sheets while going from the normal to the superconducting state. Our results show
that some of the holes havel 3@ symmetry and moreover their density also increases as the system goes to the
superconducting state. The results have been discussed in light of the earlier published results on other cuprate
superconducting systems and a probable local and short-range structural change in ghg/@o@ which
may be associated with the superconducting transifi®80163-18227)05845-]

[. INTRODUCTION XAS probes the orientation of the unoccupied states and
thereby the symmetry of the orbitals wherein the charge car-
The pressure dependence of the superconducting transiers are induced by dopirfgAlthough there are a number of
tion temperature ) in Hg-based cuprate superconductors polarized XAS studi¢s*’*8-20n the symmetry of charge
makes them unique among the Cu-oxide highsupercon- carriers, none have been reported on Hg-based cuprate su-
ductors. Among these, HgBa@a,Cu;0, (Hg-1223 has par-  perconductors. Pellegriet al?! have reported x-ray absorp-
ticularly shown a spectacular increase Tp with applied tion studies at the Cliz and OK edges on Hg-1223 mate-
pressuré.Neutron-diffraction studies under high pressure onrials using unpolarized x rays. The symmetry and nature of
this system have revealed a drastic shortening of the apic#éihe doping holes in cuprate superconductors is still an impor-
Cu-O distance which is possibly linked to the increase intant issue yet to be understood fully as many of the proposed
T..2 On the other hand, band-structure calculations based omultiband models for superconductivity assume an active
local density approximationd_.DA’s) have predictetf an  role for holes having Cu@®,_,2 and O 2, symmetries?~2
enhancement of . with an increase in the density of doping Most of the earlier reports have shown that the unoccupied
holes or on insertion of excess oxygen into the Hg-O planesCu 3d states mainly have &2_,2 character with 10—-20%
Again, neutron-diffraction studiéfiave shown that insertion weight of Cu 31,2_,2 charactef 92441z rlier studies on
of excess oxygen has the same effect on the crystal structuiid-2212 thin films have also shown that there exist 10—12 %
of this compound as that when subjected to high pressuréwles having 8,2_,2 charactet*~1" Recently, Srivastava
Novikov and Freemahhave observed that both insertion of et al!® have reported 10-18% of Cud3_,> states com-
excess oxygen and application of external pressure havgared to the total amount of holes in the TI-2212 thin films,
similar effects on the position of the band derived from Hgthus pointing to difference in behavior of the TI-2212 as
6p, and the 2, state of the apical oxygen near the Fermicompared to the Bi-2212 system, showing complete absence
energy Eg). Such a large dependence of the physical propof these state®
erties on the apical Cu-O distances suggests the necessity of Although it is very important to study the changes in den-
a detailed study of the electronic structure around the Cu-Qity of the doping holes having different symmetries associ-
bonds in the Hg-1223 system. ated with the superconducting transition, only a very few
X-ray-absorption spectroscog}(AS) studies using polar- studies have been reported until n6f:82°3%rom inverse
ized photons have been quite successful in providing diregphotoemission studies Wageretral*® have shown that the
information on the electronic structure near the Cu-O bondslensity of O 2 holes increases and that of Cu 3oles
in case of the highF; superconductors. Moreover, polarized decreases when YB@u;0, system goes from normal to the
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superconducting state. Similar changes in the © les

have been observed by Hirait al*® in YBa,Cu,O, thin (a) RT | [(b)
films. Using polarized x-ray-absorption studies Saihil® = I 1 EtT

have shown an increase in the in-plane density of itineran
holes and a decrease in that of covalent Guh®les in the -
Bi-2212 system while going from normal to the supercon-
ducting state. These results are consistent with the picture ¢
a possible charge redistribution in the Cu-O planes below
T¢.3! Khomskii and Kusmartsév have argued that the ob-

served shif? in the position of apex oxygen towards Cu-O

planes belowl . in Bi-2212 and Bi-2223 is coupled with the

increase of doping hole density in the superconducting state
It is quite probable that such a change in density of doping
holes will be more prominent in Hg-1223 compounds, con-
sidering the nature and sensitivity of apical Cu-O bond and  s2s
its correlation withT... Energy (e V)

In this paper we present our Qi x-ray-absorption stud-

ies using polarized photons on a well-oriented, high-quality £ 1. cyL,-edge flouorescence yield polarized XAS spectra

thick film of Hg-1223 superconductor. We have studied theof 1gB3,Ca,Cu,0, thick film recordeda) at room temperature and
nature and density of holes in both the normal and superconp) at 100 K for different orientations of the sample surface, i.e., the
dUCt|ng states. Our results show a considerable increase (%,b) p|ane with respect to the electric field vector

the density of itinerant holes having Cuw3_,2 and Cu

3d,2-y2 symmetries. The results are discussed in light of theector was used along an axis at 90° from the direction of the
possible increase of charge transfer between Cu and apicgicident beam. For th&ll(a,b) measurement the surface of
oxygen. The increase in the density of holes having out-ofthe film was kept at about 5° to the incident beam. It is
plane character beloW, shows that these states may also benormally regarded as the 0° data because the slope of the
important for the phenomenon of superconductivity as preintensity variation curvessee Figs. 3 and)4s very small in

Fluorescence Yield {arb.
T

dicted by many of the theories. this region and consequently the difference between the 5°
and 0° values would be much smaller than the experimental
Il. EXPERIMENT error.

A standard procedure has been adopted to remove the

HgBa,CaCus0, (Hg-1223 films, approximately um in  background contribution, and the normalization point was
thickness, were fabricated by a two-step process which conmehosen on the continuum at 968 eV. The relative intensity of
prises of deposition of precursor films on Sr§i€ubstrates both the lines 8° and A°L has been determined by simu-
by spray pyrolysis and subsequently annealing them with #ating the spectra with a combination of Gaussian and
mercury-containing pellet in a quartz tube. The details of the_orentzian functions. The density of doping holes was cal-
fabrication procedure and the film properties have alreadyulated through the relation
been reported elsewhet&:*® X-ray-diffraction analysis re-
vealed that the films are epitaxially grown on Srji@ith Nh=113g0y /(1 j3qoL) +1}349))
their ¢ axis perpendicular to the substrate surface. The full ) ) o
width at half maximum value for thé06) rocking curve is  WhereL stands for a hole in the oxygen ligand orbital in-
typically 0.5°. The film was post-annealed at 320 °C in O duced by doping.
and it exhibited ar; of approximately 130 K.

The CuL ;-edge x-ray-absorption spectra were recorded at Ill. RESULTS AND DISCUSSION
room temperature and 100 K using the fluorescence yield .
detection mode at the SA 32 line of the SUPER ACO syn-  Figures 1a) and 1b) show the self-absorption corrected
chrotron radiation facility(LURE, Orsay operating at 800 CU Ls-edge polarized x-ray-absorption spectra of Hg-1223
MeV and 200 mA. The x rays were monochromatized bythlck film at room temperatur_e and 100 K, respe_cnvely. Th_e
two beryl crystals(1010) and focused on the sample by spectra have be_en recorde_d in t_he fluorecence yield detection
means of a toroidal mirror to a 0:80.5 mn? spot. The en- _mode for four dlffere_nt orientations of. thg sample s_urface,
ergy scale was calibrated with respect to {Bd®) peak of ~ 1-€- the @,b) pIane'Wlth respect to the incident electric field
CuO at 931.2 eV. The energy resolution was estimated to b¥ector. The experimental spectra were corrected for self-
better than 0.3 eV whereas the reproducibility of the energ)@bsosf?“on in soft florescence following the work of Troger
position is close to 0.05 eV. The width of the core hole haset @-"* The main white line in the spectra, centered at 931.2
been measured to be equal to 0.56 @e&f. 16 at theL, eV and the shoulder around 933 eV, is due to t.he transitions
edge. The HgBLaCwO, thick film with its SITiO, sub-  3d4°—2p3z3d'® and AL —2p;,3d™L, respectively. The

) y <P <P

strate was glued directly to a liquid-helium cryostat usingintensities of3d®) and|3d°L) have been normalized, taking
silver paste. In order to doubly ensure a good electrical conthe intensity of thg¢3d®) white line atEll(a,b) polarization
tact between the thick film and the holder, small contactsas 100. As can be seen from the spectra, the intensity of the
were also made using silver paint at the corners of the filmsg.3d°) peak decreases with the increase of the angle between
For the fluorescence yieldY) mode, a seven-Ge-diode de- the incident electric field vectol) and the sample surface.
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RT LT ——EXPTL at 0 deg.

FIG. 2. The deconvoluted
spectra corresponding to the 0°
sample orientation of Cl.;-edge
flouorescence vyield polarized
XAS spectra of HgBgCaCus0,
thick film in the (a) normal and
(b) superconducting state. The
spectra are least-squares fitted us-
ing a mixture of Gaussian and
Lorentzian line shapes keeping
same parameters for thed®) and
|3d°L) peaks.

Intensity (arb.units)
T

925 930 935 940
Energy (eV)

The spectra corresponding to 0° orientation is due mainly tdoe due to the bulk nature of their samples and the possible
the covalent [3d°)) and doping [3d°L)) holes in the Cu difference in the oxygen stoichiometry of the samples stud-
3d§27y2 and Cu $327y2|= stateg(in plane whereas the spec- ied by Pellegrinet al. and ours. In order to quantitatively
tra at 70° is nearer t&Ellc orientation which shows Cu ¢check our data we have repeated our experiment on another
3d32—r2 and Cu 3132_,2L states(out of plan. The ratio of Hg-1223 thick film. Both sets of data showed quite good

the intensity of the high-energy shoulder due to the transitiofd"€ement 'Also, our earlier polarized XAS studies on Hg-
from 3d°L i/o that of ?he tota?)i/ntensity|6d9>+|3d9L>) of 212 thick films at the ClL; edge have shown comparable

the spectra gives a measure of the number of doping hole%enr‘:‘]'?' r?wf hflfsrégiz (r:u VS|tre frc;rPn tHéH(ra,rE)]) nsipe(;t:ﬁ at
per Cu sité®33n order to obtain covalent and doping hole f20™M eMPerature. Moreover, our measurements of the op-
mum hole content in different samples of Hg cuprates using

densities we have performed a least-squares fitting to th hemical methoditration h h tha- is in th

spectra shown in Fig. 1 using a mixture of Gaussian and"® ¢ eT'lc8%/m§Ol)/%g' ration) have shown h IS 1nthe

Lorentzian line shapes. The parameters used for the fittingrsanlgiguc;es 4a(;_and z'(b) show the variation of intensities of
kept th for all th tra of diff t orientati S

are «epl e same for a The spectra ot ciperent onematon 3d°) and|3d°L) peaks of Hg-1223 thick film in the super-

at the two different temperatures. Figure 2 shows represe ) .
tative spectraEll(a,b) at room temperature and at 100 K conducting state.l It Sh.OUId pe noted from thq figures and
along with the peaks fof3d®) and|3d°L). Results of the Table | that the intensity of in-plane Cud3doping holes

fittings are shown in Table | for an easy comparison. The TABLE I. Density of covalent (3d°)) and doping (3d°L))
density of doping holesn(,) per Cu site for each orientation holes in the normal and superconducting states of HEBL U0,

is calculated using the relation described earlier and is alsthick film. Results are obtained from FY polarized XAS analysis of
shown in Table I. Here it is important to point out that while the CuL 5 edge. For the normalization ¢8d®) and|3d°L) inten-

the intensities of the composite spectra in Fig. 1 and that ofities, the intensity of the white ling8d®) in the (a,b) plane has

the |3d°)- and |3d°L)-resolved components appears to bebeen taken as 100. Orientation denotes the angle between the elec-
larger in case of the room-temperature spectra, the density dfc field vectorE and the plane of the sample surface, i.e., the
the doping holesr{,) as calculated from the relation above (2,b) plane.n, represents the density of the doping holes per cop-
would turn out to be larger for the superconducting stateper site. An asterisk denotes the values obtained from extrapolation.
Using a dipolar angular variation of the form

|30 (00)C0§ 0+|‘3d9>(900)smz 6, the intensities 0f|3d9> Sample state  Orientation . Normallze(: intensity  ny
andf3dgl__) peaks could be found out by an extrapolation of 3d%(=3%) 3d°L(=5%)  ny

0 to 90°. Strictly speaking, thé&-edge signal contains, be- 0 100 37.3 0.27
sidesd, a very smalls contribution as well and asd cross 30 67.6 257 0.26
term which may be 5|gn|f|cant for_a _s,lngle crystal. _However,3oo K 50 50.7 16.8 0.25
in view of the appreciable error limit in the experiment the 70 28.1 8.5 0.23
sd term cannot cause a significant change in our results. 90* 176 4.0° 019"

From Table | and Figs. (@ and 3b) it can be seen that ' ' '

our sample(Hg-1223 thick film) shows approximately 17% 0 100 45.8 0.31
of |3d°®) and 4% of|3d°L) holes having out-of-plane sym- 30 80.2 335 0.30
metry in the normal state. Using unpolarized XAS at thKO 100 K 50 54.6 21.0 0.28
edge on bulk samples, Pellege al?! have shown that for 70 27.9 11.2 0.28
the T.-optimized Hg-1223 compound the density of holes olog 17.7 5.7¢ 0.2%

per Cu-O plane is around 0.13. The large discrepancy may
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measurementsand on YBCO by XAS measuremerifsit is
even more interesting to note the increased intensity of the
out-of-plane doping holes (Cm%irzL) in the supercon-
ducting state in our Hg-1223 samples from Table | and Fig.
4(b). This increase in the density of out-of-plane doping
holes in the superconducting state has been observed in both
samples that we have studied. In principle, the thermal strain
between the film and the substrate resulting from the cooling
of the sample could also contribute to the above change.
However, the thermal expansion coefficients for SgliO
(9%x10° 8 K™% and for the YBaC(123 superconductor
along the directiora (9.6x10 ¢ K™% (the corresponding
value for Hg-1223 not availablavould suggest that the ther-
mal strain is very unlikely to be very different or very sig-
nificant in this case. Moreover, for a thick film it is likely to
be damped out within a small thickness of the film.

The increase in the density of in-plane doping holes has
been explained earlier using the probability of delocalization
of itinerant holes in the superconducting state resulting from
the in-plane relaxation of the local structure of GuO
pyramids’ This idea was supported by extended x-ray-
absorption fine-structuréEXAFS) measurements showing
the presence of honhomogeneous domains at the Cu site at

FIG. 3. Variation of the intensities of the deconvoluted compo-|qy temperatureé%"‘z Our results clearly show that it is not
nents(a) |3d°) and(b) |3d°L) of the CuL ;-edge spectra recorded o1y the in-plane density of holes which is increasing but the

for the normal state. The bars represent a maximum error in th
intensity values taking into account the possible error in experimen

and estimation of the areas of the peaks.

(Cu miz_yzg) has increased by around 15% as the Hg-122
sample goes to superconducting state. This increase is qui
comparable to that observed in Bi-2212pproximately
14%) from CuL; and OK polarized x-ray absorption spec-
troscopy measurement§ Similar observations were also re-
ported on Bi-2212 by inverse photoemission spectroscop
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Blensity of out-of-plane holes also increases as the sample is
Looled belowT .. Moreover, the increase in the latter case is
more prominent. This cannot therefore be explained using

éhe idea of an in-plane structural relaxation of the GuO

ramids alone. On the other hand, our present results could

well explained considering the possibility of a change in
the position of apical oxygen atom of the Cu-O pyramid
below T,.*° Such a change was earlier observed in TI-2212
compound by pulsed neutron-diffraction studies of the
Yitomic pair distribution functiof® This was also observed in
Bi-2212 and Bi-2223 compounds earlf&r.Subtle local
structural changes of short-range order are normally not ob-
servable using many of the common methods of neutron dif-
fraction and crystallographic analysis. A tilt of the Cu-O oc-
tahedra and associated shortening of thexis has been
reported in La_,Sr,CuQ, (Ref. 49 also.

A shift in the position of apical oxygen @) (O in the
Ba-O plang towards the Cu-O plane will result in a greater
overlapping of the O @, and Cu 3l,2_,2 orbitals and
thereby in an enhanced charge transfer along theis. This
may result in the increased density of holes having out-of-
plane character below,. Our observation of a higher value
of n,, for 90° orientation of the sample is quite consistent
with this picture. At the same time, the in-plane structural
changes of the Cu-O planes of the nature described by Toby
et al*® may also be acting together, leading to an increase in
the in-plane density of holes in the Cu-O planes. As has been
observed by Tobt al. in TI-2212, changes in the position
of oxygen perpendicular to the Cu-O planes may be associ-
ated with the transition to the superconducting state in Hg-
1223 also. Such changes, though of a short-range nature, are
found to be coupled with the superconductivity in almost all
the cuprate superconductdfs®=4% As discussed earlier,

FIG. 4. Variation of the intensities of the deconvoluted compo-changes in the Cu-O pyramids, particularly the apical Cu-O
nents(a) |3d®) and(b) |3d°L) of the CuL ;-edge spectra recorded distance in Hg cuprates, are more sensitive and result in large

at 100 K.

changes inT.. This has been shown by high-pressure and
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oxygen doping studies on this systéror instance, appli- temperature. Anyway, the increase in the density of out-of-
cation of pressure has resulted in an increase of 31 K anglane as well as in-plane doping holes beldw in our
insertion of excess oxygen gave an increase of 19 K in theample shows that there are more itinerant holes availiable at
critical temperature. Such a large dependence of the eletew temperature. Even so, it cannot be unexceptionally
tronic structure of Cu-O bonds on the short-range local cryselaimed that this change occurs onlyTatand not at a tem-

tal structure of the Cu-O pyramids was not so prominent inperature higher or lower than it. For that, the measurements
case of other copper oxide superconductors like Bi and Timust be performed just above and below The

bilayer systems. Moreover, in compounds with a single TI-O In conclusion, our polarized x-ray-absorption measure-
layer, a change in the apical Cu-O distance was observeshents using fluorescence yield at the Cyedge on a Hg-
upon insertion of excess oxygen but it resulted in a decreasg223 thick film in the normal and superconducting states
of T..*° Considering these results, one may arrive at a conhave shown a considerable increase in the density of out-of-
clusion that the optimum hole density in systems other thaplane doping holes (chgerL_) and a smaller increase in

Hg cuprates is much lower than that of Hg systems. But,o in-plane (Cu Giz_yzL) density of doping holes. These

g;tan?;] °|_f| th&“:g;ﬂg?ﬁigfmg tg:;qrzsgﬁgﬁg]r Z?rl]ifl(e:lz}:esults indicate that a probable structural change in the Cu-O
rgte sugercc?nductors However, the results of high- ressuPeCtahedra’ though local and short range in nature, may be
P P ; . ' 9n-p associated with the superconducting transition, resulting in a
and oxygen doping studies show that they can be furthe

: . 2 Shift of the apical oxygen towards the Cu-O plane and
doped to increasé&.. Probably, this contradiction makes the thereby in an increased charge transfer between Cu and O.

Hg cuprates difierent fram others. Also, such a dependenc}g‘lso’ our results clearly show that there are more itinerant

?hfetrr]’r?u(cj;ﬁpr:?ghgfl/ealﬂznc?fltg ct)irr]nhhrﬁ ﬁgllga:jle(r:]gi-to r?]':taggioag%oles available for conduction below the superconducting
9 P y may Sransition. Our results also point out the importance of Cu

of the factors behind the large increasdrywith pressure in 3d.2_,2 states which need more attention for a clear under-
Hg cuprates. Results of band structure calculations also Ieag:&znairn of the mechanism of high, superconductivity in
to the same conclusion as they have shown that the positiotrp1iS sys%em g P y

and crossing of the Hg45,—O-2p, band at the Fermi level
depends largely on the position of the apex oxygen in the
crystal structurd:®

Coming back to our results, the increase in the density of
holes having out-of-plane character beldywmay mean that The authors express their gratitude for useful discussions
these states are also important to superconductivity and devith B. Raveau and C. Simon. One of (&R.S) is thankful
serve more attention. Also, this may support some of théo the Commission of European Communities for financial
multiband models involving an active role for the Cu support under the Contract No. CHCT94-0089. This work
3d,2_,2 orbitals. It is still an open question whether the was partially supported by the Commission of European
changes in density of holes in the Cu-O bonds in these mazommunities and NEDO for the R&D of Industrial Science
terials are abrupt or not at the superconducting transitiomnd Technology Frontier Programme.
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