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Thermal shift in the binding energy of bulk W 4 f 7/2
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High-resolution photoelectron spectroscopy using synchrotron radiation is used to measure the binding
energy of the W 4f 7/2 core level associated with bulk atoms of a W~111! crystal in the temperature range from
80 to 780 K. As temperature increases the lattice expands and the binding energy of bulk W 4f 7/2 decreases.
A total shift of 245 meV is measured at 780 K with respect to the binding energy of bulk W 4f 7/2 at 80 K. The
mechanism responsible for this shift can be understood quantitatively in terms of a Friedel model, in which the
narrowing of thed band as well as the shift of the center of thed band relative to the bottom of the conduction
band due to the lattice expansion play dominant roles in shifting the binding energy toward lower energies.
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I. INTRODUCTION

Thermal shifts of core electron binding energies have
cently been examined in high-resolution photoelectron sp
troscopy studies of alkali metals and othersp metals.1 It was
found that the binding energies of the shallow core electr
shift to higher binding energy for alkali metals as tempe
ture increases. This is due to a change in the valence-b
density as the lattice expands. Based on Hedin and L
dqvist’s formalism for calculating the binding energies
alkali metals,2 the thermal shift of core levels of these fre
electron-like metals is made up of three contributions due
change in the lattice constant as the crystal contracts or
pands. The first two contributions are initial-state effects:~i!
a change in the Fermi level as the density of the conduct
electrons changes, which decreases the binding energ
temperature increases, and~ii ! a change in the electrostat
potential for the core electrons due to the change in the d
sity of the conduction electrons, which increases the bind
energy as temperature increases. The third contribution
final-state effect and is~iii ! a change in the relaxation energ
as the screening length changes, which increases the bin
energy as temperature increases. Good quantitative ag
ment is obtained between experiment and theory for
model.1 The mechanism responsible for the thermal shifts
core levels is believed to have the same electronic origin
that for surface-atom core-level shifts. It is argued that
change in the electrostatic potential~which shifts the binding
energy to higher energy! should also play a role in the
surface-atom core-level shift ford-band metals,1 although
this was believed to be a small effect in the past.3 Thermal
shifts of core electron binding energies are expected to
observable ford-band metals since the valence-band den
will change as lattice expands. However, no detailed stu
of d-band metals have been carried out to investigate
temperature dependence of the core electron binding e
gies. The relative importance of thes band and thed band on
the binding energies as the lattice expands is not known
560163-1829/97/56~11!/6982~5!/$10.00
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In this study, the temperature dependence of the bind
energy of the W 4f 7/2 photoemission from subsurface, bu
W atoms was examined with high-resolution core-level ph
toelectron spectroscopy using synchrotron radiation. An o
dized W~111! sample has been used in this study, and
binding energy of W 4f 7/2 of the surface oxide is shifted b
;1 eV from bulk W 4f 7/2 ~cf. Fig. 1!, so the bulk W atoms
are clearly distinguished from the surface oxide. The bind
energy of bulk W 4f 7/2 is found to shift to a lower binding
energy as temperature increases. This is opposite to tha
served for alkali metals.1 For a temperature change of;700
K, a total shift of245 meV is measured with respect to th
binding energy of bulk W 4f 7/2 at 80 K. The bulk W 4f 7/2
binding energy is determined, with respect to the Fer
level, to be 31.430 eV with a precision of60.010 eV at 80
K. The thermal shift is also found to scale with the bu
thermal linear expansion. Using a simple Friedel model
the valence-band structure,4 the contributions to the therma
shift from thes band and thed band are examined, and agre
well with the measured value.

II. EXPERIMENTS

The experiments are carried out on beamline U4A at
National Synchrotron Light Source of Brookhaven Nation
Laboratory using a 6-m toroidal grating monochromator. T
photoemission data are taken with a 100-mm mean ra
VSW hemispherical energy analyzer of 5° angular resolut
operating with a pass energy of 2 eV, which gives a nomi
resolution of 40 meV. The photon energies used in this st
are 75 and 90 eV with a nominal resolution of 50 meV,
that the total instrumental resolution is 64 meV. At ea
temperature, two photoemission spectra are measured: th
4 f 7/2 core level and the Fermi level. The temperature
monitored by a pair of W5%Re-W26%Re thermocoup
wires, which is calibrated by an optical pyrometer. T
sample is a W~111! single crystal. The oxidized W~111! is
prepared by heating the crystal in 231026 torr O2 at a tem-
6982 © 1997 The American Physical Society
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56 6983THERMAL SHIFT IN THE BINDING ENERGY OF BULK . . .
perature of 1000 K for 5 min, after which a low-energ
electron-diffraction measurement shows the surface cov
with $211% facets.5 In vacuum better than 1310210 torr, this
surface is very stable for days. No change in the W 4f 7/2 and
valence-band spectra can be detected. The sample is h
by radiation from a filament behind the crystal, which is a
used for electron-beam heating to clean the sample.

III. RESULTS AND DISCUSSION

A. Thermal shifts of W 4 f 7/2

Selected W 4f 7/2 spectra are shown in Fig. 1 to illustra
the temperature dependence of the binding energy of bul
4 f 7/2 for the oxidized W~111! surface measured with 75-e
photons. The broad photoemission feature at higher bind
energy is the oxidized W 4f 7/2 and the sharp photoemissio
feature at lower binding is the bulk W 4f 7/2. As the tempera-
ture increases, both photoemission features broaden and
to lower binding energy.6 A total shift of 245 meV for the
binding energy of bulk W 4f 7/2 is measured for a tempera
ture range of;700 K. This binding energy shift is not a
artifact due to sample position drift as a result of heating
verified by measurements at different sample positions.
broadening of the photoemission features is attributed to
enhanced core electron-photon coupling at higher temp
ture in a Frank-Condon transition model of the core-le
phonon broadening.7

The W 4f 7/2 binding energy, referenced to the Ferm
level, is determined at each temperature in the follow

FIG. 1. The photoemission spectra of oxidized W~111! were
taken with hn575 eV and collected in a direction 13° off th
surface normal. The data indicated by the solid line are taken a
K, the short-dashed line at 292 K, and the long-dashed line at
K.
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way. First, the Fermi level is determined by fitting the Ferm
level spectrum with a model function consisting of
Gaussian-convoluted Fermi function and a slowly varyi
linear background as shown in Fig. 2. The shift is attribu
to the thermalem f of the grounding tungsten thermocoup
wires.8 This effect has been observed for a sample suppo
by constantan,9 and has been suggested as a way to de
mine the absolute thermalem f of metals. Then, the position
of the W 4f 7/2 core level is determined by fitting the W 4f 7/2
spectrum with a model function consisting of a bulk W 4f 7/2
line, oxide W 4f 7/2 lines, and a power-law background. Th
oxide W 4f 7/2 has a Gaussian line shape. The bulk W 4f 7/2
has a Doniach-S˘unjić line shape10 and is constrained to hav
a singularity index of 0.03 and a lifetime width of 84 meV.11

The Gaussian width and the position of each W 4f 7/2 line are
free parameters, which depend on temperature. In this an
sis, the square of he Gaussian width of the bulk W 4f 7/2 has
a linear dependence on temperature above the Debye
perature@cf. Fig. 3~a!#, which is in accord with a previous
study.11

The absolute thermal shift of the binding energy of bu
W 4 f 7/2, referenced to the binding energy of bulk W 4f 7/2 at
80 K, is plotted against the W thermal linear expansion12 as
shown in Fig. 3~b!, where the data can be fit by a straig
line. Similar relations between thermal linear expansion a
the thermal shift of binding energy have been observed
alkali metals in a previous study.1 This suggests that the
temperature dependence of the binding energy is relate

80
8

FIG. 2. The Fermi level of oxidized W~111!. The solid lines are
Gaussian-convoluted Fermi functions determined by nonlin
least-squares fit. The vertical lines are the positions of Fermi le
determined by the fit. The shift is due to the thermalem f of W
wires.
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FIG. 3. ~a! The square of the Gaussian width obtained from
nonlinear least-squares fit is plotted against the temperature~the
data are taken using 90 eV photons!, and ~b! the absolute thermal
shifts of binding energy of bulk W 4f 7/2, with respect to the bulk
W 4 f 7/2 binding energy measured at 80 K, which are obtained by 7
eV ~filled squares! and 90 eV~filled circles! photons, are plotted
against the bulk thermal linear expansion of W taken from Ref. 1
the thermal expansion of the lattice, which is about 0.3
over the temperature range of this experiment@cf. Fig 3~b!#.
This dependence is a consequence of the fact that the la
constant affects the valence-band density, which in turn
fluences the core-level binding energies. Following Ref.
we use a Friedel model to examine the bulk W 4f 7/2 core-
level thermal shift. In this model, the density of states
assumed to be a linear superposition of two subsets: ths
band and thed band.4 The mixing or the hybridization of the
s band and thed band is not included.

B. Analysis

Using a simplified Friedel model which is described
detail by Harrison,4,13 the density of states is made up of tw
contributions as shown in Fig. 4. The first is due to t
s-like states whose densityns is approximated by

ns5ns~r !AE, ~1!

with

ns~r !5
2

3pS 2mr2

\2S 11
5r d

3

pr 3D D , ~2!

wherem is the mass of the electron,r is the atomic sphere
radius, andr d is a characteristic atomic length for each tra
sition metal.

The second is due to thed-like states whose densitynd is
approximated by

nd5H 10

Wd
S Ed2

Wd

2
,E,Ed1

Wd

2 D
0 otherwise,

~3!

whereWd is the bandwidth of the wholed band~including
both occupied and unoccupied states! andEd is the center of
the band relative to the bottom of thes band.Ed and Wd
depend on the atomic sphere radius in the following way

5

.

FIG. 4. Friedel model of transition metals~Ref. 13!.
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Wd5W0

1

r 5 , ~4!

and

Ed5E0S 11
5r d

3

pr 3D , ~5!

whereE0 andW0 are characteristic atomic constants for ea
transition metal.13 The factor 10 innd accounts for 10d
electrons per atom. In this model, the densities of states
parametrized as functions of the atomic sphere radius, w
is proportional to the nearest-neighbor distance. Using th
densities, the additive contributions to the thermal shift fro
thes band and thed band can be estimated separately. Th
are regrouped into three terms according to their origins~i!
Ds2band ~including both initial-state and final-state effect!
originates from thes band, ~ii ! DEF ~a purely initial-state
effect! is affected by both thes and thed bands, and~iii !
Dd2band~including both initial-state and final-state effects! is
purely ad-band effect.

The methods for estimating thes-band contributions to
the thermal shift have been discussed in detail by Riffeet
al.,1 in which the changes in the Fermi level, electrosta
potential, and relaxation energy are expressed in term
atomic sphere radius, and the sum of these changes give
to the predicted thermal shift. In the present situation,
s-like states are approximated by a free-electron density w
r s51.59 ~corresponding to tungsten! from Harrison’s solid
state table.13 Using the formulas outlined in Riffeet al.,1 the
initial-state contribution due to electrostatic potential chan
and the final-state relaxation contribution from thes-like
band can then be estimated from Eqs.~7! and~10! of Ref. 1
and are listed in Table I. The net effect of these tw
s-band contributions is to increase the binding energy as
lattice expands. For a 0.3% lattice expansion, a bindi
energy shift,Ds2band, of 35 meV due to thes band is pre-
dicted ~cf. Table I!.

The Fermi level of a transition metal cannot be det
mined by thes-band alone. Thed band should play a majo
role in determining the Fermi level since it has a high

TABLE I. The contributions from thes band to the thermal shif
of the binding energies of the W 4f 7/2 between 80 and 780 K
DEc is the shift in the electrostatic potential, andDErel is the
change in the relaxation energy. A 0.3% of expansion of the lat
is used~Ref. 1!.

DEc ~meV! DErel ~meV! Ds2band ~meV!

W 13 22 35
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density of states. By filling thes and d bands to the Ferm
level, EF , one should arrive at a value which is equal to t
number of valence electrons,Nv . That is,

E
0

EF
nsAE dE1E

Ed2~Wd /2!

EF 10

Wd
dE5Nv . ~6!

Therefore, the Fermi level is related to thed-band width and
the center of thed-band relative to the bottom of the con
duction band in the following way. The total number of v
lence electrons is

S EF2Ed1
Wd

2 D 10

Wd
1

2

3
ns~EF!3/25Nv . ~7!

SinceEd , Wd , andns depend on atomic sphere radius,r , the
shift in the Fermi level due to lattice expansion can be o
tained by taking the variation of Eq.~7!, and is given as

DEF5
1

A0
S 230

b

11b

Ed
0

Wd
0 250

EF
02Ed

0

Wd
0 D dr

r 0

2
1

A0

2

3
ns

0~EF
0 !3/2S 3

2

3b

11b
13D dr

r 0
, ~8!

whereA0 andb are

A05
10

Wd
0 1ns

0~EF
0 !1/2, ~9!

and

b5
5r d

3

pr 0
3 . ~10!

The values ofEd
0 , Wd

0 , EF
0 , ns

0 , andr 0 are at equilibrium at
zero temperature and are listed in Table II. Using Eq.~8!, the
shift in the Fermi level,DEF , due to lattice expansion is
259 meV ~cf. Table II!, in which thed band makes two
contributions. The first two terms in Eq.~8! are the result of
the narrowing of thed band and the shift in the center of th
d band relative to the bottom of the conduction band.14

There is an additional contribution from thed band,
Dd2band, to the binding-energy shift as the lattice expan
This contribution, which is related to a change in the coh
sive energy, can be obtained using a Born-Haber cycle
our simplified Friedel model, thed-band contribution to the
cohesive energy per atom (ed2band

Z ) is

ed2band
Z 55WdF2

Zd

10
1S Zd

10D
2G , ~11!

where Zd is the number ofd electrons. This parametrize
cohesive energy can reproduce qualitatively the behavio
cohesive energy for transition-metal elements across the

e

TABLE II. The contributions from thed band to the thermal shift of the binding energies of W 4f 7/2

between 80 and 780 K.DEF is the shift in the Fermi level. The parametersZd , Ed
0 ~eV!, Wd

0 ~eV!, EF
0 ~eV!,

r d ~Å!, andr 0 ~Å! are from Harrison’s solid state table~Ref. 13!. A 0.3% expansion of lattice is used.

Zd Wd
0 Ed

0 EF
0 r 0 r d DEF ~meV! Ded2band

Z ~meV! Dd2band ~meV!

W 5.04a 11.44 9.45 10.35 1.56 1.27 259 215 216
Re 5.96a 11.02 1.52 199

aZs1Zd56 for W ~7 for Re! andZs is the number ofs electrons.
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riodic Table.13 The bandwidth,Wd , depends inversely on th
atomic sphere radius,r , to the fifth power13,15 @cf. Eq. ~4!#,
and the change in thed-band contribution to the cohesiv
energy due to lattice expansion is

ded2band
Z 525Wd

0FZd

10
2S Zd

10D
2Gdr

r 0
. ~12!

Thus, thed-band contribution to the cohesive energy d
to lattice expansion can be considered as

ed2band
Z 5ed2band,0

Z 2ded2band
Z , ~13!

where ed2band,0
Z is the equilibrium cohesive energy at 0

evaluated with parameters in Harrison’s solid state tabl13

Using a Born-Haber cycle where the core hole is assume
be fully relaxed, it can be shown that the binding ener
EB , of a core electron referenced to the Fermi level o
metal with atomic numberZ is related to the cohesive ene
gies of metalZ, eZ, and its next-nearest neighbor in the P
riodic Table metalZ11, eZ11, as16

EB5EA1eZ2eZ112I Z111EZ11
imp ~Z!, ~14!

whereEA is the binding energy of the free atomZ, I Z11 is
the ionization potential of free atomZ11, andEZ11

imp (Z) is
the dilute solution energy of metalZ in metal Z11. It is
suggested empirically thatEZ11

imp (Z) is small, so it is
neglected.16 Since EA and I Z11 are atomic properties, th
d-band contributions to the shift in the binding energy due
lattice expansion,Dd2band5dEB , can be expressed as

Dd2band5ded2band
Z11 2ded2band

Z . ~15!

Using the parameters from Ref. 13, thed-band contribution
to the thermal shift is listed in Table II for W. For a 0.3%
lattice expansion, a binding-energy shift,Dd2band for W of
216 meV due to thed band is predicted using Eqs.~12! and
~15! ~cf. Table II!. The simplified Friedel model indicate
that thed-band contribution causes the binding energy of
4 f 7/2 to shift to lower energy as the lattice expands.
R

n

d
S

to
,

a

-

o

If we combine thes- andd-band contributions, i.e., a sum
of Ds2band, DEF , andDd2band, the simplified Friedel mode
predicts a thermal shift of240 meV, which is close to the
measured value within 13%. The good agreement base
such a simplified model may seem to be surprising. Ho
ever, it should be remembered that this simplified mode
derived using a variational principle, which can describe
energetics adequately even though the density of states i
accurate. Therefore, within the context of this Friedel mod
it is concluded that thes and thed bands make substantia
contributions to the thermal shift of the bulk W 4f 7/2; the
contributions from thes band cause an increase and the co
tributions from thed band cause a decrease in binding en
gies. However, thed-band contributions dominate the the
mal shift of the bulk W 4f 7/2; in particular,DEF , a purely
initial-state effect, is the main factor.

IV. CONCLUSION

In summary, we have shown that the thermal shift of bu
W 4 f 7/2 core level is opposite to that of the alkali meta
reported by Riffeet al.1 The difference can be understood
due to the contribution of the 5d electrons in the valence
band of W which clearly dominate over the 6s valence elec-
trons. Remarkably one can achieve a quantitative predic
of the thermal shift using a very simple model of the valen
electron bands proposed by Friedel.4 It would be interesting
to see whether this simplified model can be applied to ot
5d transition metals such as Ta, Re, etc.
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