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Metal-dielectric transition in Ba g K 4BiO3_y single crystals studied
by scanning photoelectron microscopy

A. A. Zakharov, U. Johansson, M. Leandersson, H."NyM. Qvarford, I. Lindau, and R. Nyholm
Department of Synchrotron Radiation Research, Institute of Physics, Lund University, Box 118, S-22100, Lund, Sweden
(Received 2 June 1997

The electronic structure of BaK /BiO;_ single crystals has been studied using a scanning photoelectron
microscope with a lateral resolution in the one micrometer range. It is possible to change the oxygen content
(y) and convert the surface from the metallic to the dielectric state presumably by breaking the Bi-O bonds by
using the focused zero-order light to irradiate the sample surface. The electronic states close to the Fermi level
after such a treatment show a different doping dependence as compared to the case of potassium doping. By
imaging the surface on the micrometer scale we find significant variations in the valence band intensity over
the surface and observe a rather large intensity of the density of states close to the Fermi level. This will have
a large impact on the discussions of dynamical lattice distortion and pseudogap behavior in the metallic phase.
[S0163-18207)51634-1

Cubic Bg _,K,BiO; demonstrates the highest supercon-related to the distortion of the crystal structure which results
ducting critical temperaturel(.) among oxide superconduct- in a band splitting around the Fermi level. In the intermediate
ors not containing copper. As compared to the copper-oxiddoping range 6:x<<0.3 the band filling of the semiconduct-
high-T. materials, the characteristic properties of this com-ing Ba, _,K,BiOj is steadily reduced until a critical doping
pound are the absence of local magnetic moments and twdevel at aboutx=0.3 is reached. At this critical level the
dimensional metal-oxygen planes; both are widely believe&nergy gained by the distortion of the crystal structure is lost
to be essential factors in producing a highin the cuprates. and a phase transition to the metallic cubic phase occurs.
Despite numerous studiéRef. 1 and references thergiof ~ This doping behavior is consistent with the assignment of the
Ba, _K,BiO5 the metal-dielectric transition is not fully un- x-dependent core level shifts of BaK,BiO5 to a shift of
derstood hitherto. This is mainly due to the fact that alongthe chemical potential or ‘“rigid-band” shift. Thus it is
with potassium concentration, oxygen stoichiometry is also dhought that the dielectric-metal transition in this system is
key factor in producing the optimal superconducting param+elated to the corresponding crystallographic phase transition
eters. The semiconducting regime of;Bak,BiO5 has been causing a closing of a band gap. With this picture the role of
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FIG. 1. Left: 120< 120 um? surface area image obtained by scanning the sample through the photonhbeaBv.38 eV. Electron
analyzer was locked tB,;,=54.2 eV, corresponding to the maximum intensity of the VB. Right: two photoelectron spectra recorded from
different positions of the surfagenarked by crosse& andB in the figurg. Spectra were normalized to the Bil§, intensity. The arrow in
the spectrunB recorded in the “black” area marks a structure due to surface contamination.
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T T ' LR L the optimal potassium content af=0.4 is realized at an

oxygen content of 3 y=2.95%

Bélo‘sKMBioa_y A Another problem in surface sensitive studies of high-
) temperature superconductdkTSC) is the surface homoge-

En=43.16eV . neity, which also is fundamentally important in practical ap-

plications. Suitable experimental techniques to address this

\\/-' o problem are still scarce and the most powerful spectroscopies

‘..

\ / £ - llumina- typically lack spatial resolution.
W I % . tion time Different kinds of data can be obtained with scanning
‘\___/ 8 . photoelectron microscopy using a focused light probe. First,
_."' $u. % 0Omin surface scans of the photoelectron yield of different core lev-
\‘\/‘_ ;oo ~— els may carry chemical information on compositional homo-
/ FERE geneity. The main obstacle in these measurements is the
—~—— __;' . presence of topographically induced features in the images,
N .'1@"‘ particularly important in the case of crystals having no natu-
\‘-\f‘- / . ral cleavage planes, obscuring the chemical information in
\\./7. ¢ B the images. Second, at selected microscopic areas photoelec-
‘*\j . . tron spectra can be recorded. In the present study of BaKBiO
a) \30 min we find that there is a difference in the Fermi level intensity
distribution over the surface on the micrometer scale, and on
some crystals we observe an intensity three times larger than
' ' S ' ' has been measured so far on high-quality single crystals by
2 ordinary photoelectron spectroscopy,which probes the
Ba, K,BiO, i surfage ona millimeter scgle. T'hese.resullts shed new light on
. the discussion of dynamic lattice distortion and pseudogap
. behavioP in the metallic phase of Ba,K,BiO;. Finally,
L / . after illuminating the sample with zero-order ligtZOL),

S concentrated into an area of a few micrometers in diameter
MJ by the focusing optics, both images and spectra change
;v x=04 markedly in dependence of illumination dose. The BaKBiO
i RSk compound(and perhaps other HT§Cwhich are extremely
{0 sensitive to the oxygen stoichiometry, may be converted
% R f : '~: from the metallic to the dielectric state by exposure to the
“"\/v\/”\ s % x=0.1 focused ZOL beam. By recording spectra from the ZOL il-
W ¢ -\ y=0 luminated areas it is possible to follow the changes in chemi-
R i cal composition and, what is particularly attractive, to trace
- - ;o the metal-dielectric transition as a function of illumination
o™ .(.‘ L K . dose, which causes a decrease in the oxygen content.
x=0.4 The crystals used in the present study were grown from a

P
[ 4
b) M«J » y>0 KOH fluxed melt using the electrodeposition technique in-
— troduced by Nortofi.Potassium content was=0.4 as deter-
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: mined by neutron activation analysis and x-ray diffraction
20 15 10 5 0 measurements using the reference “lattice parameters-
Binding Energy (eV) concentration” dependendeThe critical temperatureT,

FIG. 2. Valence band and shallow core level photoelectron=29 K (T2"*=30 K, AT.=3 K) was determined by AC
spectra for Ba_,K,BiO5_, . (a) Bay K 4BiO3_y at different illu-  susceptibility measurements. The crystals were glued to cop-
mination doses corresponding to the different oxygen content. Theer sample holders with the naturally formgdG plane of
intensity supression at the Fermi level and chemical shift for the VBthe crystal as base. The crystals were cleaved by fractiring
and core levels with time of illumination can clearly be se@. sjty at a pressure around 18 Torr and were kept cooled
Comparison of different dopings in Ba,K,BiO;_,. The bottom (~130 K) during cleavage and measurements.
spectrum was recorded from the microscope beamlinexfo0.4 The scanning photoelectron microsc%pm BL31 at the
after a shor{15 min) ZOL treatmentf,,=86.7 eV. The upper two 550 MeV MAX | storage ring at MAX-lab, Lund, Sweden,
fpewta were recort'd?;_a(t) IiLg_zelamt spot % élmmz), EP“ZSQ%\Q was used in these studies. It utilizes an undulator based fo-
or potassium content=0.1 (dielectric, middle spectrumx=0. cused beam of monochromatized photons in the energy
(superconductor, upper spectrunihe weak features at 8.5 and

) . range from 15 to 150 eV. The beam on the sample, focused
11.5 eV BE in the upper two spectra are from Ba dxcited by . . - . .

. by a ring-shaped ellipsoidal mirror, has a diamgE&NVHM)
second-order radiation. . 0 :
of 1.5 um with 1°—10'° photons/sec and a typical band-

oxygen stoichiometry remains unclear, although some exwidth of 0.1 to 0.2 eV. The emitted photoelectrons from the
perimental results* show the importance of oxygen defects sample are detected by a hemispherical sector electron en-
on the metallic and superconducting parameters. For exergy analyzer mounted in an angle of 47 degrees from the
ample, maximum conductivity and critical temperature forsample normal. The microscope can be operated in two
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FIG. 3. Photoelectron spectra of BgK,BiO;_, in the vicinity of the Fermi level(a) lllumination dose dependence of the intensity
close to the Fermi level for BaK, /BiO;_, recorded at the microscope beamlig,=43.2 eV.(b) Potassium concentration dependence of
the intensity close to the Fermi level for BgK,BiO; recorded at BL2Zbeam spot X 1 mn?), E,n=95 eV. All spectra were normalized
to the maximum intensity of the VB.

modes; either image is obtained by scanning the samplenergy and a noticable intensity at the Fermi level, all con-
through the photon beam with the electron analyzer locked tsidered to be characteristic of a clean surfaed in a good
a specific kinetic energy that records the photoelectron interagreement with band structure calculatiohhe observed
sity, or a selected spot on the sample surface is positionddrge intensity at the Fermi level is of paramount importance
into the focused photon beam to record a laterally resolvedince there has been a long discusdiBefs. 1 and 5, and
photoelectron spectrum of the surface layer. Images wereeferences there]rconcerning suppressed Fermi level inten-
recorded using the photoelectron signal from the valencsity in the metallic phase of Ba,K,BiO; as compared to
band(VB) and all the shallow core levels of Bi, K, Ba, and calculated Fermi level density of states. It has been
0. Photoelectron spectra of the VB and shallow core levelproposed that dynamical structural distortion is responsible
were recorded from several different microscopic areas offor the observed low intensity near the Fermi level due to a
the sample surface. For comparison photoemission data fropseudogap formation, an effect not accounted for in existing
semiconducting and superconducting, B&,BiO5; with x band theories. The present studies show that the intensity at
=0.1 andx=0.4, respectively, were recorded at photon en-the Fermi level is mainly determined by the surface quality,
ergies 80—100 eV at BL2Zbeam spot-size 81 mn?) and the upper spectrum in Figia2 (0 min) has a Fermi-level
which is equipped with a modified Zeiss SX-700 plane grat-intensity(normalized to the maximum intensity of the VBt
ing monochromatdrand a Scienta-type hemispherical elec-least three times larger as compared to the experimental re-
tron energy analyze?’ sults of Namatamet al> under approximately the same ex-
Figure 1 shows an example of an image from a 12Qperimental condition$x=0.38,E,,=40.8 e\}. Our laterally
X 120 um? surface area recorded by electron analyzer lockfesolved experimental results show much better agreement
ing to the kinetic energy corresponding to the maximum in-with existing theory* than previous experimental findings
tensity of the VB. Also shown are two photoelectron spectrado.
recorded from different areas of the surface as marked by the After exposing the sample to ZOL for 15 min and 40 min
crosses in the image. The brigfark) areas in the image [Fig. 2(a)] the spectra display some features that are charac-
correspond to highlow) intensity of the VB. Images re- teristic of the dielectric behavior. First of all, the intensity at
corded at kinetic energies corresponding to the different coréhe Fermi level is significantly decreaspdf. Fig. Ja)] and
levels of Bi, K, Ba, and O were very similar, which allows us the whole spectruntvVB and core levelsis shifted towards
to conclude that the main cause of the intensity distributiorhigher BE by about 0.3—0.4 eV. This BE shift has previously
is a topography effect. But the important finding is that areadeen observed for the dielectric-metal transition due to po-
of low intensity (e.g. the “black” areaB in the figure al-  tassium substitutioh® Figure Zb) illustrates the situation for
ways show an extra structure at 8.5 eV binding end€Rfy) different potassium and oxygen doping inBgK,BiO5_ .
(marked by the arrow in spectruB) which is known to be The bottom spectrum was recorded at 86.7 eV photon energy
due to contamination of the surfate. at the microscope beamline after expos(ir® min) to ZOL
Figure 2a) shows VB and shallow core levéD 2s, K when the sample was transferred to the dielectric state. The
3p, Ba 5p) photoelectron spectra from an area which hasmiddle spectrum(dielectric sample, potassium context
been exposed to different doses of ZOL. The upper spectrurs0.1) and the upper spectrurfsuperconductor, potassium
in Fig. 2(a) recorded before irradiatiof® min), displays fine contentx=0.4) in Fig. 2(b) were recorded at BL22 at ap-
structures in the VB(shoulders at 4.5 and 6.2 eV binding proximately the same photon ener@0 eV). The peak po-
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' ' band” behavior. To illustrate this, photoelectron spectra of

| Metallic Bi Ba, _,K,BiO5 recorded at BL22 for the dielectricx&0.1)
Bi 5d

and metallic k=0.4) composition in the same energy win-
dow as in Fig. 8) are presented in Fig.(B). One can
clearly see the “rigid band” shift which amounts to about
0.35 eV in the case of potassium substitution. Thus, one can
conclude that oxygen and potassium doping in B&,BiO5
have a different nature influencing different electronic states
near the Fermi level.

As to the question of the nature of the electronic states
affected by ZOL treatment, in Fig. 4 spectra within the Bi 5
energy region for a heavy-dose illuminated surface are
shown. In addition to the Bi &, 3> peaks at BE 25 and 28
eV for superconducting BaK sBiO3 a new doublet appears
with 2 eV lower BE which is characteristic of metallic
] Bi.*213 Our interpretation of the effect of ZOL treatment is
that Bi—O bonds are broken in the surface layer resulting in
the formation of metallic Bi. This changes the optimally po-
tassium doped BaKBIiO from a metallic state to a dielectric
state and this process is quite different from the case of
5 changing the potassium doping at a fixed oxygen concentra-

Intensity (arb. units)

L L tion.
30 25 20 To conclude, we have performed photoemission measure-
Binding Energy (eV) ments on BgeKoBiO;_, single crystals at a sample tem-

perature of 130 K using a scanning photoelectron micros-
copy beamline with a lateral resolution in the micrometer
range. In superconducting samples we investigated the VB
intensity distribution over the surface on a micrometer scale
and found a Fermi level intensity at least three times larger
. _ _ o _ than has been previously reported on high quality crystals
smpns for both d|electr|cs' comc@e very well, while the me- investigated by millimeter-size beam spots. Our findings fur-
tallic sample has a chemical shift-0.4 eV) towards lower o improve the agreement between band structure calcula-
BE. One should notice that the potassium content in the difons and experiment and give no support to the proposed
electric obtained after ZOL irradiation has not changed fromgitice distortion and pseudogap behavior in the metallic
the initia_ll optimal value x=0.4) for Fhe m(_atallic state which  gtate. One of the benefits of using a focused beam is the
can be judged from the KB peak intensity(BE 16.5 eV.  ossibility to affect the surface chemistry. Using ZOL we
This directly shows that optimal potassium concentration iThanged the oxygen content and observed a metal-dielectric
not the only condition necessary to provide the metallic conyansition in Ba Ko 4BiO5_, single crystals. We interprete
ductivity in the system. We believe that the observed transiz,is t0 pe due to the breaIZing of bonds destroying the Bi-O

tion from the metallic to the dielectric state is caused by agiates close to the Fermi level. This last finding may be im-

small change of the oxygen concentratfof. _ _portant in terms of using a high photon flux on studying
Spectra showing the states close to the Fermi level irgqjids with easily broken chemical bonds.

Bay éKo.4BiO3_ after different ZOL illumination doses are

displayed in Fig. ). A steady decrease in intensity, not  This work was supported by the Swedish Research Coun-
only at the Fermi level, but also in the vicinity of about 1 eV cil for Engineering Sciences, the Swedish Natural Science
below is observed. This oxygen doping dependence drastResearch Council, and the Royal Swedish Academy of Sci-
cally differs from what has been observed for potassium subence and by the New Energy and Technology Development
stituted crystals where the position Bf followed a ‘“rigid Organization(NEDO) of Japan.

FIG. 4. Bi 5d photoelectron spectra for BgKq BiO;_, for
different illumination doses. Appearance of metallic(Beaks at 2
eV lower binding energycan be seen for heavy doses of illumina-
tion. hv=86.85 eV.
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