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Thermal shift in the binding energy of bulk W 4,
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High-resolution photoelectron spectroscopy using synchrotron radiation is used to measure the binding
energy of the W 4, core level associated with bulk atoms of M/1) crystal in the temperature range from
80 to 780 K. As temperature increases the lattice expands and the binding energy of biiltk, \dedreases.
A total shift of —45 meV is measured at 780 K with respect to the binding energy of bulk Y@t 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 theand relative to the bottom of the conduction
band due to the lattice expansion play dominant roles in shifting the binding energy toward lower energies.
[S0163-18297)03135-4

I. INTRODUCTION In this study, the temperature dependence of the binding
energy of the W 4, photoemission from subsurface, bulk
Thermal shifts of core electron binding energies have reW atoms was examined with high-resolution core-level pho-
cently been examined in high-resolution photoelectron spedoelectron spectroscopy using synchrotron radiation. An oxi-
troscopy studies of alkali metals and otisgrmetals! It was ~ dized W(111) sample has been used in this study, and the
found that the binding energies of the shallow core electrondinding energy of W 4, of the surface oxide is shifted by
shift to higher binding energy for alkali metals as tempera-~1 eV from bulk W 4f, (cf. Fig. 1), so the bulk W atoms
ture increases. This is due to a change in the valence-bar@fe clearly distinguished from the surface oxide. The binding
density as the lattice expands. Based on Hedin and Lurenergy of bulk W 4, is found to shift to a lower binding
dqgvist’'s formalism for calculating the binding energies of energy as temperature increases. This is opposite to that ob-
alkali metals? the thermal shift of core levels of these free- served for alkali metalsFor a temperature change ©f700
electron-like metals is made up of three contributions due td<, a total shift of —45 meV is measured with respect to the
change in the lattice constant as the crystal contracts or exinding energy of bulk W 4, at 80 K. The bulk W 4,
pands. The first two contributions are initial-state effe@s: binding energy is determined, with respect to the Fermi
a change in the Fermi level as the density of the conductionlevel, to be 31.430 eV with a precision af0.010 eV at 80
electrons changes, which decreases the binding energy &s The thermal shift is also found to scale with the bulk
temperature increases, afit) a change in the electrostatic thermal linear expansion. Using a simple Friedel model of
potential for the core electrons due to the change in the derthe valence-band structutehe contributions to the thermal
sity of the conduction electrons, which increases the bindinghift from thes band and thel band are examined, and agree
energy as temperature increases. The third contribution is &ell with the measured value.
final-state effect and i§ii) a change in the relaxation energy
as the screening length qhanges, which increases the binding Il EXPERIMENTS
energy as temperature increases. Good quantitative agree-
ment is obtained between experiment and theory for this The experiments are carried out on beamline U4A at the
model® The mechanism responsible for the thermal shifts ofNational Synchrotron Light Source of Brookhaven National
core levels is believed to have the same electronic origin akaboratory using a 6-m toroidal grating monochromator. The
that for surface-atom core-level shifts. It is argued that thephotoemission data are taken with a 100-mm mean radius
change in the electrostatic potentfalhich shifts the binding VSW hemispherical energy analyzer of 5° angular resolution
energy to higher energyshould also play a role in the operating with a pass energy of 2 eV, which gives a nominal
surface-atom core-level shift fal-band metalg, although  resolution of 40 meV. The photon energies used in this study
this was believed to be a small effect in the pashermal  are 75 and 90 eV with a nominal resolution of 50 meV, so
shifts of core electron binding energies are expected to bthat the total instrumental resolution is 64 meV. At each
observable fod-band metals since the valence-band densitytemperature, two photoemission spectra are measured: the W
will change as lattice expands. However, no detailed studiedf,, core level and the Fermi level. The temperature is
of d-band metals have been carried out to investigate thenonitored by a pair of W5%Re-W26%Re thermocouple
temperature dependence of the core electron binding enewires, which is calibrated by an optical pyrometer. The
gies. The relative importance of tedand and thel band on  sample is a WL11) single crystal. The oxidized \¥11) is
the binding energies as the lattice expands is not known. prepared by heating the crystal irk20 ¢ torr O, at a tem-
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FIG. 1. The photoemission spectra of oxidized1Wl) were
taken withhy=75 eV and collected in a direction 13° off the
surface normal. The data indicated by the solid line are taken at 80 FIG. 2. The Fermi level of oxidized Y¥11). The solid lines are
K, the short-dashed line at 292 K, and the long-dashed line at 58&aussian-convoluted Fermi functions determined by nonlinear
K. least-squares fit. The vertical lines are the positions of Fermi level

determined by the fit. The shift is due to the therreahf of W
perature of 1000 K for 5 min, after which a low-energy wires.
electron-diffraction measurement shows the surface covered , . . . " :
: ) . he Fermi-
with {211} facets® In vacuum better thant 10~ ° torr, this way. First, the Fermi level is determined by fitting the Fe

: : level spectrum with a model function consisting of a
surface is very stable for days. No change in the #/4and P 9

) Gaussian-convoluted Fermi function and a slowly varying
valence-band spectra can be detected. The sample is heajgfhar hackground as shown in Fig. 2. The shift is attributed

by radiation from a filament pehind the crystal, which is alsoi the thermakemf of the grounding tungsten thermocouple
used for electron-beam heating to clean the sample. wires® This effect has been observed for a sample supported
by constantad,and has been suggested as a way to deter-
Ill. RESULTS AND DISCUSSION mine the absolute thermalm f of metals. Then, the position
. of the W 4f,, core level is determined by fitting the W
A. Thermal shifts of W 417, spectrum vv7i/tzh a model function consisti%g of ag bulk Wj}é
Selected W 4, spectra are shown in Fig. 1 to illustrate line, oxide W 4., lines, and a power-law background. The
the temperature dependence of the binding energy of bulk Véxide W 4f, has a Gaussian line shape. The bulk 4
4f,,, for the oxidized W111) surface measured with 75-eV has a Doniach-ijic line shap&® and is constrained to have
photons. The broad photoemission feature at higher binding singularity index of 0.03 and a lifetime width of 84 méV.
energy is the oxidized W #,, and the sharp photoemission The Gaussian width and the position of each W,4line are
feature at lower binding is the bulk Wf4,,. As the tempera- free parameters, which depend on temperature. In this analy-
ture increases, both photoemission features broaden and shiit, the square of he Gaussian width of the bulk ¥, 4has
to lower binding energ{.A total shift of —45 meV for the a linear dependence on temperature above the Debye tem-
binding energy of bulk W 4, is measured for a tempera- perature[cf. Fig. 3@)], which is in accord with a previous
ture range of~700 K. This binding energy shift is not an study!
artifact due to sample position drift as a result of heating, as The absolute thermal shift of the binding energy of bulk
verified by measurements at different sample positions. TheV 4f,, referenced to the binding energy of bulk ¥4 at
broadening of the photoemission features is attributed to aB0 K, is plotted against the W thermal linear expan$ias
enhanced core electron-photon coupling at higher temperashown in Fig. 8b), where the data can be fit by a straight
ture in a Frank-Condon transition model of the core-levelline. Similar relations between thermal linear expansion and
phonon broadening. the thermal shift of binding energy have been observed for
The W 4f,, binding energy, referenced to the Fermi alkali metals in a previous studyThis suggests that the
level, is determined at each temperature in the followingiemperature dependence of the binding energy is related to
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FIG. 3. (&) The square of the Gaussian width obtained from
nonlinear least-squares fit is plotted against the temperdthee
data are taken using 90 eV photpnand (b) the absolute thermal
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FIG. 4. Friedel model of transition metalRef. 13.

the thermal expansion of the lattice, which is about 0.3%
over the temperature range of this experimeft Fig 3b)].
This dependence is a consequence of the fact that the lattice
constant affects the valence-band density, which in turn in-
fluences the core-level binding energies. Following Ref. 1,
we use a Friedel model to examine the bulk \f4/4 core-
level thermal shift. In this model, the density of states is
assumed to be a linear superposition of two subsetssthe
band and thel band? The mixing or the hybridization of the

s band and thel band is not included.

B. Analysis

Using a simplified Friedel model which is described in
detail by Harrisorf;3the density of states is made up of two
contributions as shown in Fig. 4. The first is due to the
s-like states whose density, is approximated by

ng=ny(r)E, 1)
with
2 2mr? )
”s(f)—ﬁ m \ (2
ars

wherem is the mass of the electron,is the atomic sphere
radius, and 4 is a characteristic atomic length for each tran-
sition metal.

The second is due to thklike states whose density is
approximated by

10 Wy
_{w, |52
Ng= d

0 otherwise,

Wy

<E<E; +
2 &)

shifts of binding energy of bulk W #,,, with respect to the bulk WhereWy is the bandwidth of the whold b_and(including
W 4f,, binding energy measured at 80 K, which are obtained by 7300th occupied and unoccupied statasdEg is the center of

eV (filled squares and 90 eV(filled circles photons, are plotted

the band relative to the bottom of tleeband.E4 and Wy

against the bulk thermal linear expansion of W taken from Ref. 12depend on the atomic sphere radius in the following way:
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TABLE I. The contributions from the band to the thermal shift density of states. By filling the andd bands to the Fermi

of the binding energies of the Wf4, between 80 and 780 K. |evel, E¢, one should arrive at a value which is equal to the
AE. is the shift in the electrostatic potential, adtE, is the  nymber of valence electronl, . That is,
change in the relaxation energy. A 0.3% of expansion of the lattice 10

. E E
is used(Ref. 1). f Fns\/E dE+f F WdE: N, . (6)
0 Ed—(w,r2)'Vd
AE. (meV) AE e (meV) As—pand(MeV)

Therefore, the Fermi level is related to ttiband width and
W 13 22 35 the center of thel-band relative to the bottom of the con-
duction band in the following way. The total number of va-
lence electrons is

1
Wy=Wp—5, 4 W4\ 10 2
a=Wors @ B Eot 5 .t ED =N (@)
and SinceEy, Wy, andng depend on atomic sphere radiusthe
53 shift in the Fermi level due to lattice expansion can be ob-
E.=Eq 1+ —3 (5) tained by taking the variation of E¢7), and is given as
a0 w3 0 0_ 0
B =~ —30 Pt g Fd)
whereE, andW, are characteristic atomic constants for each F_Ao 1+ Wg V\/g ro
transition metal® The factor 10 inny accounts for 10d
electrons per atom. In this model, the densities of states are 12 543 3B or
. . . . . ———n (E )3/2__+3 _ (8)
parametrized as functions of the atomic sphere radius, which Ap3 s F 21+p ro’

is proportional to the nearest-neighbor distance. Using these
densities, the additive contributions to the thermal shift fromWhereAo ands are
thes band and the band can be estimated separately. These
are re di i ir origins: Ao=iya T Ns(ER)Y2 ©
grouped into three terms according to their origiis: 0 wWg s F

As_pang (including both initial-state and final-state effects
originates from thes band, (i) AE¢ (a purely initial-state and
effect is affected by both the and thed bands, andiii)
A 4_pang (including both initial-state and final-state effecis B=—9. (10)
purely ad-band effect. 7y

The methods for estimating theband contributions to o 0 0 .
the thermal shift have been discussed in detail by Riffe '€ values okg, Wa, Ep. ng, andr, are at equilibrium at
al.! in which the changes in the Fermi level, electrostaticZ€ro0 temperature and are listed in Table II. Using @y.the
potential, and relaxation energy are expressed in terms Gfift in the Fermi level AEg, due to lattice expansion is
atomic sphere radius, and the sum of these changes gives ris@2 MeV (cf. Table 1), in which thed band makes two
to the predicted thermal shift. In the present situation, the&ontributions. The first two terms in E¢B) are the result of
s-like states are approximated by a free-electron density wit€ narrowing of thel band and the shift in the center of the
r.=1.59 (corresponding to tungsterfirom Harrison's solid d band relative to the bottom of the conduction bahd.
state tablé? Using the formulas outlined in Riffet al,* the There is an additional contribution from the band,
initial-state contribution due to electrostatic potential changed-bana: t0 the binding-energy shift as the lattice expands.
and the final-state relaxation contribution from tedike  This contribution, which is related to a change in the cohe-
band can then be estimated from E(®.and(10) of Ref. 1 ~ Sive energy, can be obtained using a Born-Haber cycle. In
and are listed in Table I. The net effect of these twoOur simplified Friedel model, thd-band contribution to the
s-band contributions is to increase the binding energy as thgohesive energy per atoney_pang is
lattice expands. For a 0.3% lattice expansion, a binding- 7 Zq d
energy shiftAq_pane Of 35 meV due to thes band is pre- €4—band™ 5Wd[ - l_0+(f)> } (11)
dicted (cf. Table ).

The Fermi level of a transition metal cannot be deter-whereZ, is the number ofd electrons. This parametrized
mined by thes-band alone. The band should play a major cohesive energy can reproduce qualitatively the behavior of
role in determining the Fermi level since it has a highercohesive energy for transition-metal elements across the Pe-

TABLE II. The contributions from thal band to the thermal shift of the binding energies of \\4,4
between 80 and 780 KAE is the shift in the Fermi level. The paramet@g, ES (eV), WS (eV), E2 (eV),
rq (A), andr, (A) are from Harrison’s solid state tabiRef. 13. A 0.3% expansion of lattice is used.

Zq WS ES E2 ro rg AE: (MeV)  A€5_pana(MeV) Ay pang(MeEV)

w 5.04% 11.44 945 1035 156 1.27 —-59 215 —16
Re 5.96* 11.02 1.52 199

a7 .+24=06 for W (7 for Re andZ, is the number of electrons.
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riodic Table® The bandwidth\,, depends inversely on the If we combine thes- andd-band contributions, i.e., a sum
atomic sphere radius, to the fifth powet**®[cf. Eq. (4)],  0f Ag_pangs AEF, andAy_pang: the simplified Friedel model
and the change in thd-band contribution to the cohesive predicts a thermal shift of-40 meV, which is close to the

energy due to lattice expansion is measured value within 13%. The good agreement based on
) such a simplified model may seem to be surprising. How-
Se2 — 2500 Zyq _[Za)"|Or (12) ever, it should be remembered that this simplified model is
d=band = =="di 10 110/ |ro- derived using a variational principle, which can describe the

o _ energetics adequately even though the density of states is not
Thus, thed-band contribution to the cohesive energy dueaccurate. Therefore, within the context of this Friedel model,

to lattice expansion can be considered as it is concluded that the and thed bands make substantial
7 Ry P 13 contributions to the thermal shift of the bulk Wf4,; the
€d—band~ €d-band,0 ?€d—band: (13 contributions from thes band cause an increase and the con-

where €5_,,.q40is the equilibrium cohesive energy at 0 K tributions from thed band cause a decrease in binding ener-
evaluated with parameters in Harrison’s solid state tible. gies. However, thel-band contributions dominate the ther-
Using a Born-Haber cycle where the core hole is assumed tghal shift of the bulk W 47,; in particular,AEg, a purely

be fully relaxed, it can be shown that the binding energy,nitial-state effect, is the main factor.

Eg, of a core electron referenced to the Fermi level of a

metal with atomic numbeZ is related to the cohesive ener-

gies of metalZ, €%, and its next-nearest neighbor in the Pe- IV. CONCLUSION

riodic Table metalZ+1, e***, as® In summary, we have shown that the thermal shift of bulk
_AL 7 _Z+1_Z+1_ imp W 4f,, core level is opposite to that of the alkali metals
Ep=E +e e 1 EZA(), (14 reported by Riffeet al! The difference can be understood as
whereE” is the binding energy of the free atofy I1“**is  due to the contribution of the b electrons in the valence
the ionization potential of free ato@+1, andEYP;(Z) is  band of W which clearly dominate over the 8alence elec-
the dilute solution energy of metd in metalZ+1. It is  trons. Remarkably one can achieve a quantitative prediction
suggested empirically thaEY",(Z) is small, so it is Of the thermal shift using a very simple model of the valence
neglected® Since E, and 12" are atomic properties, the €lectron bands proposed by Friefiét.would be interesting
d-band contributions to the shift in the binding energy due tofo see whether this simplified model can be applied to other

lattice expansionAdiband: 5EB, can be expressed as 5d transition metals such as Ta, Re, etc.

_ o Z+1 z
A4 band™ O€4-band~ O€d—band- (15)
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