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Resonant photoemission study of Ba ,K,BiO; single crystals
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Single crystals of superconducting B, sBiO; and semiconducting BaK, ;BiO; have been studied by
resonant photoemission. In the photon energy range 14-25 eV, a valence-band feature with a binding energy
around 2.6 eV becomes enhanced at the photon energies 16, 19, and 22.5 eV. In order to identify this possibly
resonating feature, valence-band photoemission spectra were also measured at photon(8@ettf2€seV
around the excitation threshold of the Bd 4ore level. A comparison between the results obtained at these
different photon energy regions suggests that the valence-band enhancements at 16 and 19 eV can be assigned
to resonating Ba states, while the comparatively weaker enhancement at 22.5 eV is consistent with both a Ba
and/or an O photoemission resonance. The results also indicate Ba states close to the Fermi level.
[S0163-182697)03130-5

I. INTRODUCTION toemission shows no Os22p resonant enhancement for
Ba, K,BiO;. 1!

Since the discovery of high-temperature superconductiv- In this paper, we present results from resonant photoemis-
ity in the Ba_,K,BiO5 perovskite by Mattheiss, Gyorgy, Sion measurements performed on single crystals of supercon-
and Johnsoh,investigations of its electronic structure have ducting Bg Ko 4BiO; and semiconducting BaKg 1BiOs.
been of fundamental interest. BgK,BiO; exhibits the ~ The photon energy ranges were chosen to match absorption
highest T, (~30K) at a potassium content of=0.4 for thresholds of different core leve{8a 4d, O 2s, K 3p, and
which it has a cubic structure while for=0.1, this com- Ba 5p). The valence-band data showed pronounced intensity

pound shows semiconducting properties. Various attempts fgedulations as the PE was changed in the range 14-25 eV
calculate the band structure and associated partial density gf'd exhibited maximum enhancements at 16, 19, and 22.5

- ; : - V. From the analysis in Sec. Ill, it is concluded that the
stateg DOS) of Ba, _,K,BiO; by applying different approxi- € X §
mations, have beénxre?mrtes}d )l::y gpnﬁm%er of auﬁ‘d?gflat- enhatl)ncemeglts ?jt the Erst two photon energ]ﬁ&indf 19 e\Vl
. ’ . . . can be attributed to photoemission resonances of Ba valence
theiss and Hama#rdid the calculation on BaBiQand or-

: X . states, while the weaker 22.5 eV resonance can be inter-
dered Bg K sBiO3 using the Iénear augmented plane-wavepreted as being Ba and/or O related.
(LAPW) method. Hamadat al> performed the LAPW cal-
culation on cubic BaBi@and treated the potassium alloying
as a rigid band shift. Papaconstantopowdosl® made sepa-
rate APW calculations on both BaBi@nd KBiO; and fitted Photoelectron spectroscopfES of the valence band of
the results to a tlght-blndlng Hamiltonian. The DOS for diS-freSmy cleaved Sing|e Crysta|s of Superconducting
ordered BggKo 4BiO3 were then calculated using the coher- Bg, K, /BiO; and semiconducting BaK, ;BiO; has been
ent potential approach. All calculations show that the mairperformed at the national synchrotron radiation laboratory
contribution to the valence band consists of O states anfIAX-lab in Lund, Sweden. The growth and characterization
smaller fractions of Ba, K, and broadly distributed Bi states.of the Bg K BiO; and Bg K, 1BiO5 single crystals are
For cubic Ba_,K,BiOs; corresponding to the metallic described elsewheré.The crystals were glued with silver
phase, the calculations predict that a Bi-O band crosses thepoxy to copper sample holders and cleawesitu at a pres-
Fermi level. From these calculations, the assignments ofure of about 10'° torr. Due to the low surface stability of
valence-band features in photoemission spectra are facilBa, —,K,BiO3, the samples were cooled with liquid nitrogen
tated. during fracturing and measurements. The size of the cleaved

In previous photoemission studies of BaBiCand sample surfaces was abouk3 mn?. The resulting(100)

Bay K 4BiO3, a broad enhancement in constant initial statesurfaces were rough and brown for the 0.1 composition,
plots of the valence band has been reported for photon enewhile blue forx=0.4. The potassium and/or oxygen concen-
gies (PE) between 19 and 22 e¥1° This enhancement has tration at the surface seemed to vary among the samples
been suggested to be duwea O 2 resonance corresponding because variations of the spectral intensity near the Fermi
to the O %-2p absorption threshold. However, inverse pho-level were seen in some cases between different samples
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with the same nominal composition. Also, some of the semi- R A e I RS LA AR AR AR RARE
conducting samples showed insulating properties when L Ba,K,,BiO;, Photon Energy (eV)
cooled with liquid nitrogen which resulted in charging of T S R

' i 23.0
these samples during measurements. The charging effect oc- I B N
curred on a large time scale, typically 1 eV shift afgeh of o T 225
measurements which means that the shape of the valence | T—— e ~ 200
band was not altered during acquisition of each spectrum. )
Although the structural phase diagram for ;BaK,BiO4 B
from Peiet al® shows that thec=0.1 compound is located
at the transition between the monoclinic and orthorhombic i
phases at this temperature, we believe that the crucial differ- __
ences leading to different charging properties among the &
semiconducting samples at liquid-nitrogen temperature are S T e
deviations in the homogeneity, in the contents of potassium g w195
and oxygen and/or crystal defects among the samples. T M_Ww_,,,_,x"” L ——— 190

The measurements at low photon energies took place at 2> e
beamline(BL) 52 (Ref. 14 which is equipped with a normal @ [ T— 185
incidence monochromator and an angle-resolved 50-mm 2 T e 480
mean radius hemispherical electron energy analyzer mounted = F e T e
on a goniometer. The total-energy resolution in these mea- T T — 176
surements was about 200 meV. The high ®B-125 eV = T——17.0
spectra were recorded at BL 22 which has a modified SX- - 165
700 plane grating monochromatdand a 200-mm mean ra- . '
dius hemispherical electron energy analyzer with a 16.0
multichannel-plate detectd?. The photon flux was deter- L 155
mined by measuring the photocurrent from a gold mesh, tak- '
ing into account the photoelectric yield of gdit!® The i 15.0
binding energies were calibrated with respect to the Fermi e 145
edge of a gold reference sample. All spectra presented, ex- T T T T R T T T
cept when explicitly noted, were measured at normal emis- 8 7 6 5 4 3 2 1 0 -1 -2
sion. Binding Energy (eV)
IIl. RESULTS AND DISCUSSION FIG. 1. Valence-band photoemission spectra of superconducting

Bay 6K sBiO; measured at different photon energies in the range

Valence-band photoemission spectra measured at diffet-4.5-23 eV. The spectra are normalized with respect to the photon
ent photon energies in the range 14.5-23 eV are shown ifiux.
Fig. 1 for the superconductor BgK, 4BiOs. In this photon
energy region, several intensity modulations are seen in thglied. The difference spectra are shown in Fig. 3 and are
valence band. In order to achieve an intensity profile of thdabeled 1-3 corresponding to the enhancements seen in the
valence band, constant initial stqt@lS) plots extracted from valence band at photon energies of 16, 19, and 22.5 eV,
the spectra in Fig. 1 around resolved structures in the valenaespectively. They were obtained by subtracting the mean of
band, i.e., at the binding energieS,) 2.6, 3.8, and 6.3 eV, two spectra, one from each photon energy side of the maxi-
are shown in Fig. 2. For information regarding the influencemum, from the spectrum displaying the largest enhancement.
from the inelastic background of the most enhanced featuror clarity, the difference spectra are also denoted in terms
at 2.6 eVE, on the CIS curves at 3.8 and 6.3 eV, a CIS plotof the subtraction procedure used, ey (a+c)/2 for
of the featureless region at 5.2 d¥he dip in the valence spectrum 1. By this method of subtraction, the effect from
bangd, is also shown. A binding energy window of 0.3 eV changes in the atomic cross sections is minimized. The dif-
was used in order to minimize the influence of statisticalference spectra 1 and 2 show a similar peaked structure
fluctuations. The photon energies, for which the spectra disaround 2.5 eV binding energy with a full width at half maxi-
cussed below are recorded, are labaled in the CIS plot. mum (FWHM) of about 1.2 eV. Spectrum 2 has the maxi-
From the CIS curves, three different intensity maximums canmum main peak intensity together with a small structure at
be seen in the valence band which is most enhanced at 3 eV E,, while spectrum 1 has a comparatively intense
and 16 eV PEb ande) and has a smaller intensity maxi- region ranging from 3.3 to 7.5 eV, to some extent caused by
mum at 22.5 eV [f). The most pronounced feature is locatedthe different influence from the inelastic tail among the
at 2.6 eV binding energy while the features at 3.8 and 6.%alence-band specteg b, andc.® The main peak in differ-
have weaker intensity modulations. The 5.2EYCIS curve  ence spectrum 3 is much less intense and broader
is slightly less modulated than the 3.8 and 6.3 eV curvesFWHM=~2 eV, which is about the same as the valence
which suggests that the latter two are not only affected byand than in spectra 1 and 2, followed by a weaker structure
intensity variations of inelastically scattered electrons. Toat about 6.7 eV.
obtain information regarding the nature of the intensity There are two possible explanations for the intensity
modulations, a spectrum subtraction procedure has been ayariations in the valence band which need to be considered:
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FIG. 2. Valence-band CIS plots of B, 4BiO; at binding en-
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ergies 2.6, 3.8, 5.2, and 6.3 eV, extracted from the spectra in Fig. 1.

An arbitrary offset is applied to each CIS curve while the absolute

intensity scales with the top curve.

FIG. 4. Valence-band photoemission spectra of &3 BiO3
measured at a photon energy of 19 eV for the different emission
angles 0°, 20°, and 40°.

band-structure effects and photoemission resonances, the lat-
ter being due to the interference between the direct photahreshold which lead to the same final stdhe former
emission and an autoionization channel at a core-leve¢xplanation, that the intensity variations would arise because
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of the probing of, e.g., high-symmetry points in the band
structure, was investigated by measuring valence-band spec-
tra at different emission angles. These spectra, measured at
19 eV PE in order to follow the behavior of the most pro-
nounced enhancement at 2.6 Ey, are shown in Fig. 4. As
seen in this figure, no clear changes in the spectral shape
occurred when the emission angle was changed suggesting
that the intensity modulation around 19 eV PE is not due to
band-structure effects.It should also be noted that the cal-
culated band structure in tH& X direction, i.e., the direction
probed in the normal emission series in Fig. 1, exhibits rather
flat bands around 3 e¥.” Thus, the valence-band modula-
tion at 19 eV PE is more likely to be understood as a pho-
toemission resonance. The same conclusion was reached for
the modulations around 16 and 22.5 eV PE because of the
negligible angular dependency of the valence-band spectral
shape(not shown.

In Fig. 5, a comparison is made between the valence
bands of the superconductor &K, BiO5; and the semicon-
ductor Ba K 1BiO5 at photon energies corresponding to the
maximum enhancement at 19 eV and the local minimum at
17.5 eV in the CIS plots. The spectra are normalized with
respect to equal intensity at the high binding energy side
which seems reasonable from the flux normalization of the
superconductor spectra. The main valence band of the semi-
conducting sample is shifted about 0.25 eV towards higher
binding energy as compared to the superconductor. The shift

FIG. 3. Difference spectra 1, 2, and 3 corresponding to the eniS consistent with the assumption that the introduction of
hancementd, e, and h in Fig. 2, respectively. The calculation potassium, apart from lattice distortions, mainly will cause a
procedure is described in the text.

reduction of the band filling and, hence, a rigid band sHift.
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FIG. 5. A comparison of BgKy.BiO; and BaKq:BiO; €
valence-band photoemission spectra measured at photon energies
17.5 and 19 eV, corresponding to the off and on resonance, respec-
tively. The spectra are normalized to equal intensity at the high
binding energy side.
As seen in Fig. 5, the intensity enhancement at 2.6 and 6.3
eV E,, (with respect to the superconductand 19 eV PE is
more pronounced in BaKgBiO; as compared to
Bay ¢K(.4BiO3. Since Bag K, 1BiO5; contains more Ba than Difference spectrum

Bay 6Ko.4BiO3, the compositional relationship of the two S
compounds indicates that the valence-band enhancements at 24 2220 1816 141210 8 6 4 2 0 -2
19 eV PE could be Ba related. However, another explanation Binding Energy (eV)
should also be considered. The more pronounced 19 eV PE
resonance forx=0.1 could be related to the presence of FIG. 6. CIS plots of BggK, 4BiO; around the Ba ¢ absorption
more localized states in the semiconductor and a corresponchreshold. The top spectrum is measured directly at the B 5
ing higher probability for a photoemission resonance. Furpeak, while the other two are extracted B§=2.7 and 0.3 eV,
ther arguments for the Ba assignment of the valence-banespectively, from a set of valence-band spectra normalized to the
enhancements will be given in the discussion below. photon flux. Also shown are three valence-band spectra measured at
Resonant photoemission is a local probe because the fedle photon energies marked g, and y in the CIS plot together
ture which resonates is related to the element being cor¥ith a calculated difference spectrum, as described in the text.
ionized in the absorption process which precedes the auto-
ionization. This property makes it possible to obtain infor-absorption threshofdt is interesting to see whether the va-
mation about the partial DOS from valence-band photoemislence band also resonates at this threshold. In Fig. 6, CIS
sion resonances. For the present results, the pronounc@ipts and selected spectra of Bp &nd the valence band at
inelastic background, especially at the lowest photon eneithe Ba 41-4f threshold are shown for BgK, 4BiOs. In the
gies, makes it difficult to resolve the detailed behavior of theCIS plots, the 12.9 eV spectrum is recorded directly on the
different features when the photon energy is changed. HowBa 5p3, peak, while the 2.7 and 0.3 eV plots are extracted
ever, if the difference spectra 1-3 in Fig. 3 are consideredfom a set of valence-band spectra with a binding energy
information regarding the partial DOS of the resonating feawindow of 0.3 eV. The labelsy, 8, and y in the CIS plot
tures is obtained. The main similarity between the differencemark the photon energies used for the photoemission spectra
spectra 1 and 2 is that both spectra show a sharp peak glown in the figure. The maximum enhancement of Bg.5
~2.5 eV E,, followed by an asymmetric tail towards the is seen at 103.3 eV PE and has been attributed to a resonance
high binding-energy side. In the case of difference spectruninvolving a Ba P, intermediate stat®.The nature of the
3, the main peak is broader and much less intense than thweeaker structure at- 115 eV in the Ba P cross section has
others. previously been discussed and it has been suggested that
Since several shallow core level®© 2s: E,=20eV, both a4l and 5 core hole are involved in a double excita-
Ba5p: E,=13 and 15 eV, K B: E,=16 e\) are located in tion to a 4°5p°nin’l (Refs. 23 and 24intermediate state
the binding energy range of relevance when considering theonfiguration decaying into ag final state. In the case of
excitation energies used for the spectra in Figs. 1 and 2, it iBaBiO,, Shenet al® have observed a decreased intensity in
not straightforward to assign the partial DOS seen in thahe valence band at the Bal#4f threshold which was in-
difference spectra to any of the constituents. However, byerpreted as an antiresonance. They extracted the Ba partial
comparing the valence-band data at these low photon eneBOS from the valence band by using the technique of sub-
gies with spectra taken at thresholds of deeper core levelsacting on antiresonance from off-antiresonance spectra.
among the constituents, such an assignment may be possiblis partial DOS derivation did not take into account any
Because of the strong Bap5resonance seen at thel4Hf photoemission cross section dependency of the dominating O
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states in the valence band. However, applying a cross sectidi—25 eV, the reasonable excitation energies for the possible
compensated subtraction procedure at the Bad# absorp- Ba 5p-5d transitions have to be considered. Inverse photo-
tion threshold, similar to the one used for the low photon€mission measurements have shown a large density of empty
energy spectrécf. Figs. 1-3, indicates that changes in the Ba 5d states, located around 7 eV above the Fermi I€vel,
atomic cross sections cannot be neglected in this type o¥hich suggests excitation energies around 20 eV for possible
analysis. The difference spectrum is shown at the bottom op 5p-5d transitions. The actual lower photon energi&8

Fig. 6, denoted ¢+ 7)/2— 3 (note the sign reversal due to and 19 eV for which the resonances are observed can be

) explained by a redistribution of empty states in the presence
the antiresonance as compared to the resonance effect &S core hole. In this case an interaction between the 5
Figs. 2 and } Its shape is much narrower than the differenceh0|e and the B subshell Iowérs the energy of thel Stateg‘ls

spectrum obtained by She_m a!.g In fact, it is rather similar |\ hich makes the Ba|5-5d transitions possible for photon
to difference spect(um 1 in Fig. 3 for the 16 eV resonancegngrgies less than 20 eV. Also, the calculated DOS from
The shape of the difference curve suggests that a Ba-relatg@isitheiss and Hamafpredict Ba empty states from about 3

antiresonance occurs in the valence band since it differs fronay apove the Fermi level which makes excitation energies
the general shape of the valence band. It is interesting to notgelow 20 eV possible.

that the difference spectrum at the Ba 4hreshold from In order to address this question, atomic calculations of
Shenet al® looks rather similar to the difference spectrum 3the Ba 5-5d transitions were performed utilizing the
in Fig. 3 as well as to the general shape of the valence-banGowan cod# with relativistic corrections. From the dipole
measured off-resonance. selection rules, three transitions from p®%6s?5d° ground-

To further support the notion of a weak antiresonance irstate configuration to a 6s?5d’ intermediate state are
the valence band at the Bal4f threshold rather than an possible. The calculations show that the, term at 23.0 eV
atomic cross section effect, the shape of the extracted 2.7 el¢ dominant compared to théD, term at 18.4 eV and the
CIS plot in Fig. 6 should be focused upon. Between 90 andven weaker’P; at 15.9 e\2® However, these calculations
100 eV, this CIS curve shows a rather steep decrease imerely predict the excitation energies since hybridization
intensity followed by a smaller slope at higher energies. Fofmakes the oscillation strengths unreliable.

a purely atomic cross-section-related phenomenon, a more |n previously reported resonant photoemission results for
continuous decrease in intensity could be expeEtetence, — atomic Ba, the expectedpsbd giant dipole resonancehe
as the intensity modulation occurs at the mamy absorp- 1 intermediate stajehas not been observéd: This has
tion peak corresponding to a Bal%s4f!, e<2, interme- been explained in terms of, e.g., Bal-56s configuration

diate state, we regard the difference spectrum in Fig. 6 tST;X'nng‘{h'Ch _tr_esultsbm a_largt(; ”Umbtef ofpsbd d'ptfli' .

carry information concerning antiresonating Bs‘6' final allowed transitions obscuring the giant resonarce benavior.
According to these results, we do not expect the'Ba term

states. . . .

to be dominant in the absorption. Hence, the two resonances

Due to the similarities between the difference spectra in
Fig. 3 and at the Badh threshold in Fig. 6, we suggest the observed at 16 and 19 eV PE are, because of the good agree-

enhancements seen at 16 and 19 eV PE to be Ba derived. F'SF”E W't.h the atomic calculations, a_s&gned to the By
the small enhancement at 22.5 eV PE the interpretation i hd D, intermediate states, respectively. In the case of the

less clear, although it could also be Ba relateid discussion weak 22.5 eV PE resonance, it could possibly be assigned to

below). These difference spectra, representing the spectrzﬁny remnant of the BaP, intermediate state.

- o . ; It is also possible for the 22.5 eV resonance to be O
eight of barium in the main valence band, agrees well with X .
welg | nv g we? Wi related since the threshold energy is comparable to the O 2

the energy distribution of calculated Ba DOS from Mattheissb. i E ) hot . "
and Hamanhby means of width and binding energy posi- inding energy. From inverse photoemission measurements,
no clear O 3-2p resonant enhancements have beendeen

tion. L,
From the CIS plot aE,=0.3 eV in Fig. 6, an intensity for Bay_«K,BiOs in cgn;zrast_to_mgasurements done on cu-
modulation is seen as a suppressed region around 100—1?&1te supercondu_cto 5 This |no!|cates absence of local-
dzed O 2 holes in the Ba ,K,BiO5; system and that no

eV, similar to the antiresonance in the main valence ban o
and an enhancement at 112—115 eV PE. The modulation Rrond O photoemission resonance could be expected as the
22 2s-2p absorption threshold is tuned. However, the ab-

tentatively interpreted as a photoemission resonance, indic ¢ t enh tin i hot .
ing Ba states close to the Fermi level. This result is not:€MCce Of a resonant enhancement in iNverse photoemission

consistent with reported Ba partial DOS calculations of cubicl©€S not exclude the possibility of having a weak enhance-

BaBiO,, nor ordered BgdK, :BiO5,* but in agreement with ment in photoemission since the final states in the two ex-
calculaiions made by Pépggons?éntopombaW where Ba  Periments are different. This interpretation is consistent with
states are pronounced within 1 eV frof O'n the other the fact that the enhancement observed at 22.5 eV PE is very

hand, this calculation predicts a much more narrow Ba DO§Veak' The passibility that the 22.5 eV resonance is oxygen
than observed and located around 4.3 eV binding energ;f?lated is further supporteq by the fact that the correspondlng
which is about 1.5 eV higher than calculations from Mat_d|fference spectruntsee Fig. 3 is broader than the differ-
theiss and Hamartrand the experimental results. In conclu- ence spectra for 16 and 19 eV PE and resembles the valence

sion, none of the above calculations properly predicts the Bgand seen off-resonance, which is dominated by oxygen
partial DOS both with respect to the main energy distribution®tates-
and contribution near the Fermi level, as compared to the
experiments.

Since the binding energy of Bap5is located in close Resonant photoemission spectroscopy have been per-
vicinity of the lowest photon energies used in the regionformed on Ba_,K,BiO5 single crystals withx=0.1 andx

IV. CONCLUSIONS
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=0.4 in the photon energy range 14-25 eV. Resonant er® 2s-2p threshold. The results also indicate Ba states close
hancements are seen in the valence band in the vicinity of th® the Fermi level.

photon energies 16, 19, and 22.5 eV. By comparison with the

valence-band antiresonance in the PE range 90-125 eV, i.e.,
at the Ba 4l threshold, the first two enhancemefi$ and

19 eV PB are suggested to originate from resonating Ba This work was financially supported by the Swedish Re-

states at the threshold of the Ba-&d transition. This inter- search Council for Engineering Sciences, the Swedish Natu-
pretation is also supported by calculated atomic BaSsl ral Science Research Council, the Royal Swedish Academy
dipole transition energies. The 22.5 eV feature is consistemf Science, NEDO, and the Russian Scientific Council for
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