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The electronic structures of HJO and,0k have been investigated by valence and core-level x-ray photo-
emission, x-ray absorption, and x-ray emission spectroscopies. Valence-band photoemission ufder Al
excitation is dominated by the metad partial density of states and thus provides a sensitive probe of shallow
core mixing into the O @ valence-band states. ConverselyKOshell emission is determined by the @ 2
partial density of states and therefore allows the extent of corresponding mixing pfdba2acter into the
shallow core states to be measured. The experimental work is supported by band-structure calculations carried
out within the framework of density-functional theory. It is shown that the bonding in HgO involves significant
mixing between O @ states and both HgsGand shallow core & states: the calculated (p2artial density of
states mirrors the ®& shell emission spectrum and reveals significantgRaracter within the shallow core
Hg 5d states. There is, however, little direct on-site mixing between the $igné 5 states. In T{O3, the
hybridization of the deeper metatlStates with O P states is much less pronounced than in HgO. Moreover,
the states at the bottom of what is conventionally regarded as thev@l@nce band are found in fact to have
very strong Tl & atomic character. The photoemission spectrum gdJkhows a well-defined metallic Fermi
edge: the shape of the structure around the photoemission onset suggests that the metallic najGre of TI
arises from an occupation of states above the main valence-band edge, probably arising from oxygen vacancy
defects. The conduction electrons 0@k are strongly perturbed by ionization of Tl core levels, giving rise to
distinctive plasmon satellites in core x-ray photoemission spectroscopy.

DOI: 10.1103/PhysRevB.71.235109 PACS nun®er78.70.En, 79.606-i

I. INTRODUCTION pared in turn with total and partial density of states profiles
The two families of cuprate superconductors with thederived from band-structure calculations carried out within

highest knownT, values are complex layered materials in- the framework of density-functional theory. We also explore
corporating Hg and TI, respectively® The heavy post- esonance effects in x-ray emission and consider the relation-
transition elements are generally presumed to be “spectatorSNiP Petween x-ray absorptidiXAS) and emission spectra.

of the electronic structure, that is, they do not contribute HgO has two important polymorphs: a yellow hexagonal

directly to the electronic states close to the Fermi level. In_phase stable above 220 °C and a low-temperature red

stead, electronic “activity” is assumed to be confined to thqagkgr?soqbé,% e‘{,ﬁi‘,ﬁ? Bthe p?g;(és g:& %;Sgghgwoé? gbzlgg

CuG, planes common to all cuprate super_conductors and th-GHg-O-Hg-O— chains with coordination about Hg which is
heavy-element layers are treated simply as charg@ggentially linear and an Hg-O-Hg bond angle close to the
reservoirs.® Although the electronic structure of complex erahedral value. The chains in the hexagonal phase have a
cuprate phases has been intensively studied in the past feypiral architecture, but in the more important orthorhombic
years? surprisingly little attention has been devoted to thephase the chains are planar, as shown in Fig. 1. In contrast to
simple binary oxides HgO and Js. In particular, there is a  these structures, the group congener ZnO adopts the wurtzite
paucity of photoemission or other high-energy spectroscopistructure with tetrahedral metal coordination, while CdO
data for these materials. The structure of the valence band igystallizes in the rocksalt structure with regular octahedral
poorly defined in previously published Heand x-ray pho- coordination about Cd. The conventional textbook
toemission spectra for HgQRefs. 10 and 111 and we are explanatioh®® of the linear stereochemistry found in HgO
unaware of any valence-band photoemission data at all faand other mercury compounds is that this coordination envi-
TI,05. In the present paper, we present core- and valenceonment promotes intra-atomic mixing between the filled
level x-ray photoemission specttXPS) of HJO and T}O;  shallow core Hg Eﬁ states and the nominally empty Hg 6
and compare the valence-band data with x-ray emissiostates, thus lowering the internal electronic energy of the Hg
spectra XES). The two sets of experimental spectra are com4i ions through a second-order Jahn-Teller effect. The on-site
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FIG. 2. Unit cell of cubic T}Os. There are 16 formula units per
cell and therefore 80 atoms in the unit cell. Tl atoms are dark gray,
O atoms light gray.

It has been known for some time that,®Ok is a metallic
conductor?=?"put there is no consensus as to whether this is
an intrinsic property of the stoichiometric phase(d{ or
arises from oxygen deficiency in;0,_,. The latter interpre-
tation is tacitly favored by a value of 1.60 eV quoted in the
recent literature for the “band gap” in J3.21° And it is

FIG. 1. Four unit cells of orthorhombic HgO. Each cell contains C€rtainly the case that although samples gUElare invari-
four formula units. Hg atoms are dark gray, O atoms light gray. Thedbly metallic, the carrier concentration varies strongly with

planar zigzag O-Hg-O chains discussed in the text are highlighte@Xygen partial pressure in the way that would be expected if
by fluting along the bonds. the carriers arose from ionized oxygen vacané{e§:’ On

the other hand, a recent band-structure calculation suggests
that the neighboring oxide PhQs intrinsically metalli@®
gue to overlap of the bottom of the Pls 6onduction band
with the top of the O p valence band and this situation must
be regarded as a possibility for,0;. Until now the large
size of the unit cell has prevented the study of the electronic
structure of TJO; by first-principles electronic band-
tructure calculations. The electronic properties of the isos-
ructural compound BO; are rather better understood. This
oxide is intrinsically an insulator with a direct band gap of
3.75 eV(Ref. 29 and a smaller indirect gap of 2.6 é¥VAs
with CdO31%? the indirect gap appears to arise from strong

|
|
|
|
|
[

hybridization with the shallow core level should be more
pronounced in Hg compounds than in Zn or Cd compound
because the Hgdbbinding energy idower than Cd 4 and
Zn 3d binding energies, while the HgsBevel lies athigher
binding energy than the Cdssnd Zn 4 levels!” Thus the
differencein energy betweenssand  levels in Hg is very
much lower than corresponding separations in Zn and C
leading to the hybridization-driven propensity for linear co-
ordination in HgO. The atomic binding energies in Hg are in
turn strongly influenced by relativistic effects which stabilize

the Hg & levels and at the same time lower the blndlngmixing between shallow coré states and O |2 states away

energy of the shallow core HgdSlevelsi® In a previous : . i ;
communicatiort? we have used nonresonant XES to demon-frorn the zone center. s is easily doped-type either by

strate more pronounced involvement of the shallow abre oxygen Qeﬁuenc?;? or by substitution of Sn onlln S't&to
levels in the bonding in HgO than in ZnO or Cd®. give a highly degenerate transparent conducting oxide.

The second oxide of interest here, namelyOgl is a dark
brown compound that adopts the lanthanoid-C structake
ternatively known as bixbyiteunder ambient conditions:? Il EXPERIMENT
This is derived from g2 X 2X 2) superstructure of fluorite High-resolution x-ray photoemission spectra were mea-
with one-quarter of the anion sites vacdRtg. 2). The re- sured in a Scienta ESCA 300 spectrometer at the National
sulting sixfold-coordinated Tl atoms are of two types. ForCentre for Electron Spectroscopy and Surface Analysis
one-quarter of the Tl ions, two O ions are missing from the(NCESS at Daresbury LaboratorfJK). This incorporates a
body diagonal of the cube defining the metal coordination inotating anode AK« (hr=1486.6 eV x-ray source, a seven-
fluorite, while for the remaining Tl ions the two missing O crystal x-ray monochromator, and a 300 mm mean radius
ions are at the ends of a face diagonal. Thus in the oxidspherical sector electron energy analyzer with a parallel elec-
there is no tendency for Tl to adopt the linear coordinationtron detection system. The x-ray source was run with
found in HgO, even though H§and TF* are formally iso- 200 mA emission current and 14 kV anode bias, while the
electronic. analyzer operated at 150 eV pass energy with 0.8 mm slits.
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Gaussian convolution of the analyzer resolution with a line- TABLE 1. Structural data for HgO derived from DFT
width of 260 meV for the x-ray source gives an effective calculations.

instrument resolution of 350 meV. Phase-pure orthorhombie
HgO (Sigma-Aldrich 99.999% and cubic TJO; (Sigma- Experiment Calculation % Error
Aldrich 99.99% were heatedex situat 100 °C for 24 h to
minimize surface contamination by water or carbonates an

GEnergy(eV/Hg) -23.31

were then pressed into In foih sity, the samples were sub-  Volume (A?) 128.51 140.89 +9.86%
ject to further gentle heating to 100°C to minimize the level a(A) 6.61 6.74 +2.0%
of adventitious C contamination. The G fo O 1s intensity b (A) 5.52 5.68 +2.8%
ratio was reduced to below 0.02 for both oxides. The spectra ¢ (A) 3.52 3.68 +4.4%
were also completely free of core-level structure associate@ond lengthg/A) 1x2.02, 1x2.05 1x2.07, 1x 2.10

with the In support(in particular the very strong Ind3,, 2X2.82 2%2.91

peak at=445 eV binding energy For metallic T}Os, bind- 1Xx2.83, 1xX2.89 1X2.93, 1X2.99

ing energies are referenced to the midpoint of the Fermi edge
observed in valence region photoemission. Sample charging
was problematic for HgO and it was necessary to stabilize The calculations were checked for convergence with re-
the surface charge with a flood gun delivering 4 eV elec-Spect to both plane-wave cuta00 eV was used for HgO
trons. Binding energies for HgO are referenced to the weaRnd ThO3) and k-point sampling(4xX4xX6 and 2<2x2
residual C % peak, which was taken to have a binding en-grids were used for HgO and ;0s, respectively. Optimi-
ergy of 285.0 eV. zation at a series of volumes was performed, allowing the
All x-ray absorption and emission spectra were measure@tomic positions, the lattice vectors, and angles to relax
at beamline 7.0.1 at the Advanced Light Sour@dS),  Within constrained total volume. The resulting energy vol-
Lawrence Berkeley National Laboratory, USA. This beam-ume curve was fitted to the Murnaghan equation of state to
line is equipped with a spherical grating monochrom&tor. obtain the equilibrium cell volume. This approach was taken
Emission spectra were recorded using a Nordgren-typ&o avoid the problem of the Pulay stress and changes in basis
grazing-incidence spherical grating spectrom&tdfor the  Set that occur in plane-wave calculations on volume changes.
emission experiments, the beamline was set to have an en- Structural optimization of HgO resulted in the cell param-
ergy resolution of 500 meV at the K edge and 50 meV at eters shown in Table I. The percentage deviations from the
the HgNg ; edges, respectively. The spectrometer was set t6xperimental values are seen to be quite small. Figure 3
have a resolution of 500 meV for & and 72 meV for Hg shows the coordination environment around Hg in the equi-
Ng 7 edges. Absorption spectra were measured in total eledibrium unit cell. The nearest-neighbor Hg-O interatomic dis-
tron yield (TEY) mode by monitoring the sample drain cur- tance is calculated to be 2.07 A, which is only 2.0% greater
rent. For the absorption measurements, the beamline resolthan the experimental value of 2.03 A The next nearest co-
tion was set to 200 meV for the R edge and to 50 meV for ordinated oxygen is found at 2.10 A, with two further O
the HgNg ; edges. The absorption spectra were normalized@toms at 2.91 A and the remaining two at distances of
to a reference current from a clean gold mesh positioned i?.93 A and 2.99 A. These are in good agreement with ex-
the path of the photon beam.

IIl. COMPUTATIONS

Density-functional theory as embodied in the Vienna Ab-
initio Simulation Packag€VvASP)%6-3” was used to calculate
the electronic structure of HgO and,Us. The calculations
included explicit treatment of the spin-orbit splitting of the
shallow core levels. The crystal wave functions were ex-
panded in terms of a plane-wave basis set using periodic
boundary conditions. The generalized gradient approxima-
tion (GGA) parametrization of Perdew, Burke, and
Ernzerhot® was used with the projector augmented wave
method® employed to represent the valence-core interactions
(Hg, TI: [Xe], O: [He]). These fixed core states were gener-
ated from all-electron scalar relativistic calculations. Calcu-
lations on a free Hg atom show a 1.83 eV splitting of tlie 5
states and a separation of 2.43 eV between the &nd &
levels. These are in reasonable agreement with the Dirac-
Fock calculations, indicating that the spin-orbit approach in
addition to the relativistic frozen-core electrons and their FIG. 3. The Hg-O nearest-neighbor interatomic distaridgsn
subsequent effect on the valence electrons give rise to a goalde optimized HgO crystal structure resulting from the DFT
representation of the relativistic effects in Hg. calculations.
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TABITE Il. Structural data for TJO; derived from DFT (a) 2132
calculations.
Experiment Calculation % Error
Energy(eV/TI) -9.97
Volume (A3) 1167.58 1250.84 +7.1%
a(A) 10.53 10.78 +2.3%
b (R) 10.53 10.78 +2.3%
cA) 10.53 10.78 +2.3%
Bond lengths 6Xx2.27 6x2.32
Tl type | (A)
Bond lengths 2x2.20 2x2.25
Tl type 1l (A)
2X2.29 2x2.34
2X2.32 2x2.37

periment, as can be seen in Table I. Optimization gfOEI
yielded the cell parameters shown in Table II. The calculated
lattice vectors are also in good agreement with experiment:
the calculated cubic cell parameter is within 2.3% of the
experimentally determined value. The coordination around
the two types of Tl is shown in Fig. 4. The first type of Tl
features six oxygen atoms around TI all at a distance of
2.32 A, as shown in Fig.(4). The second type of Tl site is
less symmetric with three pairs of two oxygen atoms at
2.34 A, 2.37 A, and 2.45 A, respectiveliFig. 4(b)].

The partial(ion andl- and m-quantum number decom-
posed electronic density of statd®EDOS has been calcu-
lated for both HJO and F05. These were obtained by pro-
jecting the wave functions onto spherical harmonics centered
on each atom with a radius of 1.60 A for both Hg and Tl and
a radius of 1.55 A for O atoms. These radii were chosen 2.37
because they give rise to reasonable space filling and the
correct number of electrons, but the resiétsleast the quali- FIG. 4. The TI-O nearest-neighbor interatomic distar@sfor
tative aspecisare insensitive to a change of the radii. two types of Tl site in the optimized JD5 crystal structure result-

ing from the DFT calculations.

IV. RESULTS AND DISCUSSION character, with a more limiteds&ontribution to peaks | and
Il. At the same time, the most pronounced mixing with Hg
6p states is found in band Il. Correspondingly, the lowest
The calculated total and partial densities of states for Hg@onduction-band states are an essentially equal mix of$Hg 6
are shown in Fig. 5. It is convenient to discuss the occupieéind O 2 atomic character, and the most pronounced Idg 6
states below the Fermi energy in terms of five peaks labeledharacter in the empty states is found between 4 eV and
I-V in the figure. Inspection of the partial densities of states10 eV above the Fermi level. Overall, it can be seen that the
in the lower panel reveals that the three peaks at lowest bindewest “O 2p” valence state Il contains a substantial contri-
ing energy(l, Il, and Ill) have dominant O 2 atomic char-  bution from both Hg 8 andHg 5d states. There is, however,
acter, whereas IV and V are of dominant Hd &haracter. little direct on-site mixing between Hgs@and Hg %i: empty
However, there is significant mixing between @ @&id Hg conduction-band states have only limited Hg &haracter
5d states, so that the “HgdB states 1V and V have substan- and there is a correspondingly small contribution of Hg 6
tial O 2p atomic character while the “Op2 states I-Ill have  character to the states in bands IV and V. The dominant Hg
equally significant Hg 8 character: the admixture with Hg 6p contribution to the O @ valence band appears in the
5d is particularly pronounced in the highest binding-energycentral band II.
peak I, which has about 20% Hglxharacter. At the same It is necessary to consider structure within theerggion
time, there is also pronounced mixing between@afd the in further detail. The spin-orbit interaction splits the &vel
Hg 6s and & states, which are notionally empty in the ionic into 5ds,, and S, levels. In the absence of further interac-
limit. Within the occupied states, the mixing with Hg &  tions, the @ density of states will consist of just two com-
most pronounced in peak I, which has about 20% Hg 6 ponents with integrated areas in the ratio 6:4. However, co-

A. The calculated densities of states
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FIG. 5. The total and partial densities of states for orthorhombic -15 -10 é5 0 5 10
HgO. The Hg 6 and Hg 6 partial densities of states are presented nergy (aV)

on an energy scale expanded by a factor of 2 relative to the other FIG. 6. The total and partial densities of states for cubiOF]

data. The Tl 6s and Tl & partial densities of states are presented on an

. . . . energy scale expanded by a factor of 2.5 relative to the other data.
valent interactions with the Olevels can further split the

5d levels. Due to the fact that the two nearest-neighbor oxythan the corresponding mixing between Hgj&nd O 2 in
gen atoms are almost 1 A closer to the Hg than the remairHigO. Moreover, there is no pronounced ligand field splitting
ing four oxygen atoms completing the coordination spherepf the & levels. Thus the & structure is essentially a simple
the splitting of the 8 levels is basically that found in a linear Spin-orbit doublet with around 5% Op2character in the
(point groupD..;,) environment. In the nonrelativistic limit, a 5ds2 level and 3% O P character in the more tightly bound
d shell will split to give 8, 7, and o levels: the spin-orbit 9da2 level. Correspondingly, there is lesd Bharacter within
interaction further split$ (which has\=2) into 85, and s,  the “O 2p” bands I-1l than is found in HgO. Moreover, the
and (\=1) into s, and,, leaving the nondegenerate most pronounced TI(!B_character is found in the topmost O
level (\=0) as o, Starting from the relativistic limit, the fnﬁx?r?g%elz’tvrvaetgr?r(;hgg;\% I*eﬁgltgﬁesviﬂeiélgg;ger tehxat“e1nitnof
perbaton cue to e rolcular el can Seravely b0, partulr, e most gty bound “p2band I

> >2 i 52 contains an almost equally balanced mix of Eléhd O D
359, aNday, components, while d;, splits to giveds;, and

. i atomic character.
- Since there are no Op2orbitals of § symmetry andm The final issue of interest in relation to,Ts is that the

interactions are weaker than interactions, the ordering of gensity of states does not go to zero at the Fermi energy.
the levels derived fromd, in order of increasing binding  Thus TL0, emerges in the calculations as an intrinsically
energy will be6< < o. Splittings within both the 8s;,and  metallic material. The Fermi energy lies toward the top of the
5dg, levels are found in the calculated density of states an@ppermost O @ band I, but there is a further weak peak in
it emerges that the downward shift of tlg,, level is so  the density of states just above the Fermi energy seen in the
pronounced that this structure overlapds$ structure in  expanded plot of Fig. 7. The density of states declines to a
band V rather than falling within the contour of band IV.  very low value at yet higher enerdput without a true gap
Turning next to TJOg, it is again convenient to discuss before a further peak about 1.5 eV above the Fermi energy.
states below the Fermi level in terms of five bands labeledE, k) dispersion curves reveal that a single band with a mini-
[-V in Fig. 6. As with HgO, IV and V are of dominantd® mum energy about midway along theX direction disperses
character and I-lll correspond to what are conventionallyupward from just below the Fermi energy to an energy of
regarded as the Op2valence-band states. The fevels are  about 2 eV at thd” point. The metallic nature of JO; will
more tightly bound in TJO; than HgO and, not surprisingly, be discussed further in relation to experimental data pre-
mixing between Tl 8 and O 2 levels is less pronounced sented below.
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8 cross section for ionization of Hg d5 states athv
x10 =1486.6 eV is very much bigger than cross sections for Hg
6s or O 2p states’! the overall spectral profile is dominated
8 by the Hg 5l partial density of states. For this reason, tlde 5

bands IV and V are much stronger than the ©bands I-lIl.
Moreover, band Ill is the strongest feature in the r@gion
because of the strong contribution from Hd Eevels dis-
cussed above. Within thed5egion, the experimental spec-
trum consists of what appears to be a simple spin-orbit dou-
2 blet with an intensity ratio between bands IV and V of
2.73:2.27. It should also be noted that atomic Dirac-Fock
calculation®® predict a %ls/,:5d3, cross-section ratio of
0 . . 2.89:2.11. This is less than the statistical value of 3:2 but
nonetheless greater than the experimental value. Qualita-
tively, the observed deviation can be understood in terms of
a stronger contribution from O2states(which have a low
0 cross sectionto the less tightly bounddg, states than to the

il more tightly bound 8, states. This effect is reproduced in
the calculations, although thg;, component of 8z, (which
carries the greatest Op2contribution is actually split out
x 10 from the rest of the &, states and falls within the envelope
of the 5, states in band V.

Consider next the X shell x-ray emission spectra ex-
cited under nonresonant conditions shown in Fig).8Ra-
diative decay of the &K shell hole states is governed by a
of . . strict dipole selection rule, which only allows transitions
2 4 0 1 from O 2p valence states. Thus the x-ray emission data probe
the O 2 partial density of states. The calculated Pgfartial
density of states for HgO is therefore presented in Fid) 8

FIG. 7. Total densities of states for HJO angd} in the vicin-  alongside the X shell x-ray emission data. Again, the ex-
ity of the Fermi energy. The metallic nature of, D is evident  perimental spectrum may be fitted to five peaks. In contrast
from the nonzero value of the density of states at the Fermi energy0 the x-ray photoemission spectrum, the “@ peaks I-ll|

have a higher intensity than the Hg peaks IV and V; since
B. Valence region spectra of HgO: AlKa x-ray photoemission  the intensity now depends on the @ 2ontribution to each
and O K shell x-ray emission peak, peak Ill no longer dominates the @ &gion. More-

_ . over, the fact that peaks IV and V can be observed at all is a

The Al K excited valence-band phtoemlssmn SpectiUMafiaction of mixing of O P character in the Hg & states.

o_f HgO along with the correspondmg K shell x-ray emis-  1pq intensity ratio between thedg, peak IV and the 8,
sion spectrum are shown in Fig. 8. In each case, the spectr, Eak V has a value of 3.2:1.8, which is ngreaterthan the
profiles may be fitted with five components, corresponding t‘JEtatistical ratio of 3:2. This provides further experimental
bands |-V in the calcula_ted density of states. The eXperimersnfirmation of the fact that the less tightly boundts level

tal data are compared in each case with theoretical spectrgliyas more strongly with O 2 states than the more tightly

profiles. There is in general very good correspondence bgs, nq gy, , states, thus reversing the deviation from the sta-
tween the two, although the spread of energies found experyigiica| intensity ratio found in x-ray photoemission. Qualita-

mentally (about 10 eV'is slightly bigger than in the density- ey the excellent correspondence between th&Alpho-
functional calculat_loni{about 8 ev. Com_pressmn of the toemission spectra and the cross-section weighted density of
energy scale relative to that f_ound ex_penmentally appears tQiates and between the KO emission spectra and the @ 2
be a general feature of density-functional calculatitns.  aial density of states provides striking confirmation of the
Consider first _the XPS data. At. high photon energies, it ISmportance of Hg B mixing with O 2p states in HgO. Over-
generally recognized that the Gelius mdfigrovides a good )" the calculation appears to introduce a little too much
description of intensities in valence-band photoemissiory, 2p character into the Hgdbstates and therefore the inten-
spectra. The experimental spectral profile in Fig@8nay iy "within the Hg & bands in the O @ partial density of
therefore be compared with the cross-section weighted denaies is stronger than the observed intensity i Ghell
sity of statesC(E) shown in Fig. 8b), where emission. At the same timés already noted aboyethe
calculations produce too big a splitting of the Hg states b
C(E) =2 oiN(E). P g a splitting g y
I

HgO

Density of states (states eV cell"!)
S

100 |

80|

60 |

4a0f

20 |

Density of states (states eV cell™)

N

Energy (eV)

the linear field. Ultimately, these minor quantitative discrep-
ancies between theory and experiment may be traced to the
Here theo; are one-electron ionization cross sections, thefact that the separation of HgdSrom O 2p is too small in
Ni(E) are partial densities of states, and the summation ishe calculations and the interactions between the two levels
taken across Hgd Hg 6s, and O 2 states. Because the are therefore too strong.
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band x-ray photoemission spec-
trum of HgO. (b) Cross-section
T T T T weighted density of states for
-10 -8 -6 -4 2 0 HgO derived from density-
functional calculations. lonization
cross sections ahy=1486.6 eV
are taken from the compilation of
(@ Yeh and Lindau.(c) Photon ex-
cited (hy=570eV} O K shell
x-ray emission spectrum of HgO.
(d) O 2p partial density of states
for HgO derived from density-
functional calculations.

20000 -

Energy (eV)

1400 -

1200 A

1000 A

800 -

Counts

600 -

400 -

200

0

516 518 520 522 524 526 528 -10 -8 -6 -4 -2 0

Photon energy (eV) Energy (eV)

C. Valence region spectra of TJO3: Al Ke x-ray photoemission  T|,O4 than in HgO: an adequate fit to the shallow core region
and O K shell x-ray emission demands the introduction otwo sets of overlapping

The comparisons between A« x-ray photoemission, 5ds,,/5d5,, spin-orbit doublets, in contrast to the simple dou-

O K shell x-ray emission, and calculated densities of stateQ!et which fits the data for HgO. The additional structure

D7 : within the Tl 5d core levels isota feature of the initial-state
;osr ;Ié?jsa?aﬁoerasg%nﬁdliling Fgg' 9 following the same formatband structure but arises from final-state screening effects

The x hot ission data of Fi in b assoc!ated With a degenera’_te gas of mobile Condu_ct_ion elec-
_The x-ray photoemission data of Figla can again be  y,ns'in metallic TJO,. The influence of the metallicity of
discussed in terms of five peaks, where I-Ill correspond 6 . on core- and valence-level photoemission spectra will
O 2p states and IV and V to Tldstates. The overall spread e giscussed further in Sec. IV E. As with HgO, thtk 5 to

of energies within the O 2 region is bigger than in HJO, 54, intensity ratio has a value less than the statistical ratio
with a distinct shift of the lowest-energy peak Ill to high of 3:2. In fact, the value found for JD;—2.70:2.30—is
binding energy as compared with HgO. The intensity of thesightly less than the value of 2.73:2.27 for HgO. This is
O 2p peaks I-ll relative to the Tl & peaks IV and V is  somewhat surprising given the more limited mixing between
weaker by about a factor of 2 as compared with HgO. Thighe metal 8 and O D levels in TLO;. Again the deviation
reflects the fact that there is less admixture of shallow coreannot be explained in any simple way by purely atomic
5d character into the O2valence-band states. At the same effects. The Dirac-Fock cross-section ratio has a value of
time, the lowest band in the Op2region—band Ill—no 2.89:2.11, which is significantly bigger than that observed
longer dominates this region of the photoemission spectrunexperimentally, and the photoelectron asymmetry parameters
This reflects the fact that shallow corel Sharacter is no B have very similar values fordg,(8=1.34 and Si3(8

longer concentrated within this band. =1.25 levels*?
A shift of the Tl 5d shallow core levels to higher binding Nonresonant X shell x-ray emission data are shown in
energy as compared with the Hgl %evels of HgO is ob- Fig. 9c). Within the “O 2p” region of bands I-ll, it is par-

served. This is in accord both with simple periodic trendsticularly striking that the highest binding-energy band Il is
and with the calculations. Most surprisingly, however, thenow much weaker than the two other @ Bands. This is
experimental metaldpeak shape appears more complex inbecause the states in band Ill have enhancedsTatémic
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character, with a corresponding reduction in the ©c@n-  parent. In particular, the ORvalence-band peak Il grows in
tribution. Thus the x-ray emission data provide confirmationintensity with increasing photon energy and is strongest for
of the buildup in metal § character at the bottom of the photon energies of 534.25 eV and 536.95 eV: these energies
valence band in going from HgO to;0,. At the same time, are, respectively, 5.3 eV and 8.0 eV above threshold. This
the Tl 5d structure in XES is very much weaker than the resonance effect appears to be related to the atomic nature of
corresponding Hg &structure for HgO. Qualitatively, this is the states in the valence and conduction bands. The major Hg
again in accord with the calculations, which predict muchcontribution to states in band Il comes from Hg €ather
attenuated mixing between the shallow core @lsgates and than Hg & The dominant Hg contribution to states at the
the O D states. In fact, the experimental Tt Structure  Potiom of the conduction band is frons States: Hg 6 char-
excited under nonresonant conditions is so weak that it is ngtCter i found in the empty states between 4 eV and 10 eV

possible to fit two peaks with any statistical confidence. Fo220V€ threshold, as shown in Fig. 10. Thus the makeup of the
(gates enhanced in emission seems to mirror that of the states

wﬁi‘crheerfl?;’ thhoewgitear ei:eep:gtsidmt%;hs&r}%% gacaa?hgogpone'ﬁ which the elgctron is excited in apsorption, with both hav-
Ievels—the’ latter ex’pected from the c/alculations 3t/(2) be 9 strongly mixed Hg /0 2p atomic character.
: g ) The corresponding ®& shell x-ray absorption spectrum of
weaker owing to the less pronounced mixing with @ 2 Tl,O4 is shown in Fig. 11 alongside x-ray emission spectra
excited at the series of photon energies superimposed on the
D. X-ray absorption and resonant x-ray emission spectra of absorptlon SPe_CV“m- In contrast to HO, an EIaStl.C s_catterlng
HgO and T1,05 peak is not visible. Instead, un;ie_r photon excitation just
above the O & core threshold, distinct structure is visible
The OK shell x-ray absorption spectrum of HgO is shown above the main O @2structure. This arises from states asso-
in Fig. 10 alongside x-ray emission spectra excited at theiated with the metallic conductivity of JO; and is dis-
series of photon energies superimposed on the absorpti@ussed in greater detail in Sec. IV F. The intensity of this
spectrum. At photon energies just above threshold, a distinatructure decreases with increasing photon energy.
elastic scattering peak is observed above the mainpO 2 The intensity of Tl &l level emission is seen to exhibit
valence-band edge in the emission spectra. pronounced variation with photon energy. Just above the on-
Pronounced variations in the relative intensities of theset of OK shell absorption ahv=528.0 eV, 5 emission is
emission peaks with varying photon exciting energy are apnot discernible above the background. Tt iBtensity in-
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FIG. 10. Upper panel: x-ray absorption spectrum of HgO in the T J J J J
region of the O & core threshold. The vertical dotted lines delineate 510 515 520 525 530 535 540
photon energies at which emission spectra have been excited in the Photon energy (V)
data presented below. The regions with significant Kgréd Hg 6
contribution to the empty states are indicated by double-headed FIG. 11. Upper panel: x-ray absorption spectrum gfOglin the
arrows. Lower panel: x-ray emission spectra of HgO excited at theegion of the O & core threshold. The vertical dashed lines delin-
photon energies indicated. The threshold photon energy is indicateghte photon energies at which emission spectra have been excited in
by a vertical dashed line. the data presented below. Lower panel: x-ray emission spectra of

o . . TI,03 excited at the photon energies indicated. The threshold pho-
creases with increasing photon energy and well-defineg,, energy is indicated by a vertical dashed line.

structure is visible ahvy=531.8 eV. The structure is even

stronger ath»=536.3 eV. At this photon energy, both com- proach to probing mixing between Hglsnd O 2 states.
ponents of the & spin-orbit doublet are clearly visible: a Before discussing thig ; absorption and emission spectra, it
pronounced deviation of the intensity ratio afsp and 53,  is necessary to consider the Hf structure in XPS shown in
peaks below the statistical value of 3:2 is apparent. In factFig. 12. For completeness, this figure also includes thefTl 4
curve fitting the TI & peaks excited &ir=536.3 eV gives a core-level spectrum of J0. As expected, the Hg states give
5ds/, to 5d5, intensity ratio close to 4.0:1.0. This confirms a simple spin-orbit doublet. The Hg 4, and Hg 45, bind-

that Tl &ds;, mixes more strongly with O@2states than does ing energies are 100.57 eV and 104.61 eV, respectively. The

Tl 5d555, as suggested by the calculations. correspondingNs ; absorption spectrum shown in Fig. 13,
o therefore, contains two well-separated peaks associated with
E. Hg Ne 7 emission spectra of HgO the absorption thresholds for the two components of the 4

Emission spectra following generation of a core hole inlevel. Emission spectra were measured under excitation with
the Hg 4 core levels(Hg Ng ;) provide an additional ap- the range of photon energies depicted in the upper panel of
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FIG. 12. & core level x-ray photoelectron spectra of HJO and T T T T T T
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Fig. 13. At high incident photon energies, the overall emis- Photon energy (eV)

sion spectrum is a superposition of structure arising from  FiG. 13. HgNg ; (4f) x-ray emission structure for HgO.
radiative decay into both thef4, (N;) and 45, (Ng) levels.

The dominant contribution to the intensity obviously comes, .« peaka is due to radiative transitions into thé, hole
from Hg 5d to Hg 4f transitions. However, the separation of ¢ 0 the most tightly bound “O | valence-band state, la-

3.29 eV between the two strong peak maxima in the emiSpeaq a5 peak Il in the discussion of XPS data above. The
sion spectrum excited at 112.00 eV is significantly less thaigparation betweea andb observed in the emission spec-
the separation of 4.04 eV betweefyjand 45, observed in ) hag 4 value of 2.2 eV, which is close to the separation
core-level photoemission. This is because of the operation qj¢ 2.5 eV observed in photoemission. Observation of feak
a AJ:O,i.l selection rule, which allows transitions only g only possible by virtue of Hg & admixture into the rel-
from 5ds, into 4f7, but from both 8k, and s, iNto 4fs>. gyant O 20" state. Thus the\; emission data provide addi-

Althoug_h the spin-orbit splitting of the_dishell IS N0t e~ tinnal confirmation of the pronounced Hg Bharacter in the
solved in the HgNg spectrum, the contributions to the peak most tightly bound “O P state.

from 5ds, transitions must act to shift spectral weight 10 A fina| feature of interest in relation to tH, ; emission

!owerrl photon energy in thills emission peall(k, thus decreas- gnecirg s the enhancement of the intensityNgfemission
ing the separation between thg andN; peak maxima com- just above theNg absorption threshol@04.55 eV as com-

pared with the value observed in photoemission. ; ;
By selecting photon energies below thé threshold, pared with the higher photon energy of 112.00 eV.

emission spectra free of structure due to decay intoNke
hole may be obtained. Thus the spectra excited at 100.55 eV
and 103.20 eV are much simpler than those excited at higher Examination of structure in x-ray photoemission, x-ray
photon energy and contain a single strong peak due to tra@bsorption, and x-ray emission spectra in the vicinity of the
sitions from the Hg 8 level. The observation of a peak la- Fermi energy provides further insight into the differences in
beledb in the 100.55 eV spectrum in addition to the domi- electronic structure between HgO and@4. The photoemis-

F. The band gap of HJO and the metallic nature of T}O3
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FIG. 14. Expansion of the low-energy region in Kl (hv Photon energy (eV)
=1486.6 eV excited valence band x-ray photoemissio@fHgO
and (b) TI,O5. Note the metallic Fermi edge onset for the latter. FIG. 15. Expansions of x-ray absorption spedttashed lines

. and threshold x-ray emission spectra of Hgpper pangl and
sion onsets over an energy range of 4 eV around the Fermi o_ (jower panel. The vertical lines delineate the photon energy
energy are shown in Fig. 14. used to excite the threshold emission spectra.

HgO displays a spectrum typical of a nonmetallic mate-
rial, with only weakly increasing intensity below the Fermi
energy until the onset of the main Qv Zalence-band edge. tem by some sort ofi-type doping, thus partially filling the
Linear extrapolation of this edge suggests a threshold ofveak band of states above the Fermi energy revealed in the
about 1.9+0.1 eV. This is compatible with the literature band-structure calculations. The doping could arise from
value of the bulk band gap for HgO if it is assumed that theoxygen deficiency in BO;_,, each oxygen vacancy being
Fermi energy is pinned by states at the bottom of the bullassociated with two electrons. ThekOshell x-ray emission
conduction band. The shift between onsets for x-ray absorpspectrum of TJO; excited at the O 4 core threshold pro-
tion and x-ray emission under threshold excitation shown irvides a complementary picture of the density of states in the
Fig. 15 suggests a slightly lower value of perhaps 1.7 eV fowicinity of the Fermi energyFig. 15). Again, a weak band of
the bulk band gap. However, the signal to noise in thesetates is observed immediately below the Fermi energy with
spectra is not good and so it is not possible to determinghe main valence-band onset about 1 eV below the Fermi
onset energies precisely. level. Of course, the appearance of the states above the va-

By contrast, the photoemission spectrum of(H dis-  lence band in X shell x-ray emission implies that the states
plays a distinct metallic Fermi edge. Of course this accordsnust have substantial @Zharacter. This is at variance with
with the bulk transport properties. However, the Fermi enthe simplest ionic picture but is in accord with the strong
ergy does not coincide with the edge of the main valencd) 2p-Tl 6s mixing revealed by the calculations. Taken to-
band, but lies in a weak band which extends to higher engether, the x-ray absorption and emission data help to ex-
ergy. The main valence-band onset is about 1.1 eV below thplain why TLO; is quoted to have an apparent band gap of
Fermi energy. Thus although photoemission results confirn1.6 eV. As we have seen, the main valence-band edge is
the metallic behavior emerging from band-structure calculaabout 1.1 eV below the Fermi energy. The density of empty
tions, the position of the Fermi energy is different in detail states increases only very slowly above the Fermi energy.
from that in the calculations. The experimental results thus'hus the onset of strong optical absorption is not observed
suggest that extra electrons must be introduced into the systil the photon energy reaches 1.6 eV.
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TABLE lll. Binding energies, halfwidths, and relative intensities
HgO Hg 41, for 4f and 5l core levels in HJO and }03. SandU in the first
column indicate screened and unscreened final states.
BE Agp Ay FWHM  Relative Relative
(eV) (eV) (eV) (eV) intensity* intensitf
Hg 4f;, 100.57 0.91 4.00
Hg 4fs;,  104.61 4.04 0.92 3.00
Hg 5dg)» 8.50 1.21 2.73
Hg 5d3, 10.36 1.86 1.15 2.27
: , . Tl 4f,,S  117.21 0.81 4.00 1.48
104 102 100 98 Tl 4f,,U  118.02 0.81 1.58 2.52
Tl 4f5,S  121.64 4.43 0.82 3.00 1.13
11,0, Tl 4t Tl 4fs,U 12245 4.43 081  1.57 1.87
Tl 5ds,S  12.20 1.22 2.70 1.59
TI5ds,U  13.02 082 1.82 1.11
TI 5d3,S 14.33 2.13 1.39 2.30 1.45
TI 5d;,U 15.17 2.15 0.84 1.87 0.85
4ntensities are normalized such that the total intensity is 7 for 4
levels and 5 for 8 levels.
bThe total intensity for the spin-orbit components ind} is bro-
ken down into contributions from screened and unscreened final
. . ; 1 states.
120 118 116 114
Binding energy (eV) electron plasmon satellites. The separation of the “satellite”

from the main peak—0.81 eV—is in fact very similar to the
plasmon energy of 0.76 eV derived from analysis of reflec-
tion spectra of TJO; thin films?22

It was recognized early in the application of photoemis-
sion techniques to simple metallic solids that plasmon satel-
lites make a significant contribution to core-level structure in

As discussed above, the H§ ghotoemission spectrum of x-ray photoelectron spectra. Much of the early work in this
HgO comprises a simple spin-orbit doublet. Each of the spinarea was concerned with unraveling the relative contribu-
orbit components may be fitted by a simple pseudo-Voigtions of intrinsic and extrinsic structure and with rationaliz-
function with a FWHM just over 0.9 eV: the fit for thef4,  ing the pattern of multiple plasmon excitatioffsThe weak-
component is shown in Fig. 16. By contrast, the Tlebre  coupling models developed 30 years Hguggested that the
line shape for TiO3 is more complex, with distinct shoulders intrinsic plasmon satellite intensity should increase as the
on the high-binding-energy side of both peaks. The overaltonduction electron density decreases according to the ex-
Tl 4f spectral profile may be fitted with two pairs of spin- pressionl o< N2/, Thus within the framework of this model,
orbit doublets: the fit to thef4,, component is also shown in the high intensity of the satellites observed in the present
Fig. 16, while the parameters derived from the peak fit argyork reflects the low density of conduction electrons. The

given in Table Ill. The high-binding-energy components re-plasmon energy is determined by the carrier concentration
sponsible for the shoulders are much broader than the “mainthrough the relationship

low-binding-energy peaks and carry greater spectral weight.
It is also striking that the high-binding-energy satellites have 2 Ne?
a dominantly Lorentzian line shape. The separatiqy of “p=
the high-binding-energy satellites from the main peak is .
0.81 eV for both the #,, and 45, components. Similar Wherew, is the plasmon frequencyy is the effective mass,
satellite energies are derived from curve fitting tiespec- and (=) is the high-frequency dielectric constant. The
trum (Table IlI). analysis of reflectivity data by Geserfégives a value of
The core photoemission spectra of@} are very similar ~ 0.321, for the effective mass ane(«)~5. This suggests
to those of other metallic post-transition metal oxides includ-that the carrier concentration in our sample after gentle UHV
ing Sb-doped Sne(Refs. 43 and 44and Sn-doped hD;.4>  annealing must be about 26L07° cm™3, This is of the same
The observation of strong satellites for,Ok but not for  order as found in reactively sputtered thin films or in single
HgO is obviously a direct consequence of the metallic naturerystals annealed at 550 °C in<2L.0* Pa oxygen pressure.
of the former. The simplest model is that the broad high-The carrier concentration in turn equates to an oxygen defi-
energy peaks correspond to unusually strong conductiopiency parameterx=9.6x 102 defined by the formula

FIG. 16. AlKa (hv=1486.6 eV excited 4, core-level struc-
ture for HQO and TJOs. The strong satellite structure in the latter is
associated with plasmon excitation.

G. Satellite structure in core-level photoemission from TjO;

m'ege()’
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TI,04_,, assuming that oxygen vacancies are doubly ionizedtion is in some ways similar to that for PbO. Here the asym-
A small degree of oxygen deficiency of this sort seems quitenetric coordination environment found for Pb is convention-
reasonable. ally attributed to direct intra-atomic mixing between the
An obvious problem with the plasmon model is that theoccupied Pb §level and an empty Pbpdlevel. This mixing
abnormallyhigh satellite intensity calls into question the ap- becomes possible only if the Pb ions occupy a noncen-
plicability of aweakcoupling model in the first place. More- trosymmetric site and is expected to give rise to an asymmet-
over, in “simple” metals the overall line shape involves mul-ric electron density around Pb. However, we have recently
tiple plasmon loss satellites, whereas in the present workhowr?”%8that the Pb 6 states mix strongly with O2states
only a single satellite is observed. Similar behavior has beeto give a lower in-phase combination of dominant Pb 6
observed in core photoemission of a wide-range “narrow<character and an upper out-of-phase combination of domi-
band” metallic transition-metal oxides including the sodiumnant O 2 character. The asymmetric electron density derives
tungsten bronzes N&O,,*8-51 the superconducting spinel mainly from mixing of the latter with the empty Plp8ev-
LiTi ,0,,5%53 dioxides such as Mo9(Ref. 53 and RuQ,>* els, rather than from direct on-site mixing between Blai6d
and the ternary metallic pyrochlore ruthenatesfRRpO; and  Pb & states.
Bi,Rw,0,.>° Satellite energies for these materials are all Mixing between shallow coredlevels and O p valence
around 1-2 eV. Wertheiffi=%50 suggested an alternative levels is less pronounced in ;0 than in HgO, but is not
limiting model for the satellites in this family of narrowband negligible. Again differential mixing betweerd§, and 55/,
metals. This involves a screening mechanism in which théevels may be inferred both from & shell emission inten-
Coulomb potential of the core hole at an ionized atom cresities and the band-structure calculations.
ates a localized trap state. In this situation, two different final Demonstration of metal&O 2p mixing in the present
states are then accessible depending on whether the localize@rk implies that states in the GpZ/alence band in cuprate
state remains emptigiving an unscreened stajew is filled  superconductors containing Hg or Tl should have some metal
by transfer of an electron from the conduction bdtwgive  5d character. Thup-type doping must involve introduction
a screened final statdn the model developed by Kotani and of a hole character at the Hg or Tl sites. This hitherto over-
Toyazawa? the screened final state gives rise to an asymiooked effect provides a mechanism for introduction of a
metric line to low binding energy of the lifetime broadened weak but possibly important electronic coupling between the
peak associated with the unscreened final state. In the altedoped CuQ sheets. At the same time, the differential mixing
native language of the plasmon model, the high-binding-of the 55, and S5/, spin-orbit levels implies spin polariza-
energy unscreened peak corresponds to an extrinsic plasméon in the O 2 states. The possible impact of these effects
satellite whose Lorentzian linewidth will be determined by on superconductivity in cuprate phases deserves further in-
the conduction electron scattering rate. Whichever model isestigation.
preferred, it is interesting to note that the appearance of low- Finally, the present study helps clarify the origin of me-
energy screening satellites at 0.81 eV foydd is accompa- tallic conductivity in ThO5. Band-structure calculations sug-
nied by a striking decrease in the intensity of the broad satgest that a single band disperses across the Fermi energy and
ellite structure at higher energy as compared with HE@.  that stoichiometric THO5; should therefore be metallic with a
12). This suggests that the spectral weight associated witkermi level near the top of the OQp2valence band. Experi-
final-state screening is redistributed into the low-energy satmentally, the Fermi level is in fact found in a weak band
ellites. which is truncated by a Fermi-Dirac cutoff about 1.1 eV
above the main valence-band edge. This in turn implies that
V. CONCLUDING REMARKS oxygen vacancies introduce extra carriers into the system.
o . _Analysis of plasmon structure in core photoemission spectra
The combination of XPS, XAS, and XES with density- gives a value of about 7:610%° cmi™® for the effective car-
functional calculathns allows us to develop a consistent piCtier concentration, a value consistent with previous work on
ture of the electronic structure of HgO and,@}. Both are T1,05 thin films and crystals.
highly covalent materials with strong mixing between metal
6s and @ states and O 2states. In addition, for HgO there
is very strong mixing between shallow core Hg &ates and
O 2p states, the mixing of Hgd,, being more pronounced We are grateful to the UK EPSRC for support of the
than that of Hg 85/,. The consequence of mixing bbthHg NCESS facility. The Boston University program is supported
6s and 5l states with O P states is that the bottom of the O in part by the U.S. Department of Energy under Contract No.
2p valence band acquires pronounced Ka@fd Hg %l char- DE-FG02-98ER45680. The ALS is supported by the U.S.
acter simultaneously. There is, however, littligect mixing Department of Energy, Materials Sciences Division, under
between filled Hg 8 states and empty Hgs6conduction- Contract No. DE-AC03-76SF00098 at Lawrence Berkeley
band states in the way described in the conventional textbooMational Laboratory. The Trinity College Dublin program is
explanation of the liner stereochemistry of HgThe situa- supported by the HEA.
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