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Thermally induced core-electron binding-energy shifts in transition metals:
An experimental investigation of Ta(100)
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High-resolution photoemission spectra from thig,4levels of T4¢100 have been obtained between 77 K
and room temperature. The data show an increase in both the surface and bulk core-level binding energies
(BE’s) as the temperature is raised: between 77 and 293 K the bulk and surface BE’s increase3bgriil
13+2 meV, respectively. A model calculation of the bulk binding-energy increase, which is based upon the
lattice expansion of the solid, is in good agreement with the experimental results and indicates that the shifts
arise from both initial- and final-state effects that are of comparable magnitude. The model is further used to
estimate thermally induced shifts for the whold Bansition-metal serie$S0163-18206)02348-X]

I. INTRODUCTION II. EXPERIMENTAL DETAILS

Temperature-induced changes in core-level binding ener The core-level data were obtained on the University of
. p, . . 9 . 9 ENCL. . as/Sandia beam line on the vacuum ultraviolet ring at the
gies (BE’s) provide a unique perspective on the electronic

structure of a solid-state system. This is because the theEational Synchrotron Light Source at Brookhaven National
mally induced BE shifts are directly related to the thermally aboratory. Photon energies of 70 and 100 eV were used to

induced expansion of the solid. In ionic solids, for exampIe,COI.Iﬁfé ?.?‘1510%; ?rtgg(rfiﬂug&%gfgoﬂegm thigkvas
the BE changes arise from expansion-induced changes in the Y y o

Madelung potential, which perturbs the BE's of cation and_orlented(to within =0.5%), spark cut, and mechanically pol-

anion core levels in opposite directiohsn simple metals, ished. The crystal was cleanedsitu by repeated annealing

; . —11
such as the alkali metals Li, Na, K, and Bf,alkaline earths " & base-pressure vacuum ok80™ " Torr t0 2850 K(Ref.
Be and Mg?? and trivalent metals Al and 75 the thermal 9) until the core-level spectra exhibited no contamination

shifts have been shown to arise from changes in thé;eatures and could be well fit with Doniachagic line

1
conduction-band electronic structure in both the initial andShaéF;ei fs?(;tacl)lfctce)zmpoerr]aetztrée.-de endent spectra was obtained
final states of the photoemission proc&szor these simple P P P

metals, the thermally induced changes in BE’s have provide(gglgollilgwesr' gtltrasé’h;hde tcs)atrglgoggfncczogeﬁ tl,(l)i dZ;eEe\xi)i? Cu
insight into a microscopic description of their surface core- ger e . - q '

level shifts (SCS'9.* In contrast to the simple metals, Aﬁer emptying the reservoir of liquid N the sample was
d-band transition metals have received little attentibn qukly flashed to~2800 K in order to remove any contami-
appears to be the only c&sanith regard to thermally in- nation. The sample was j[he'n allowed to cool to a base tem-
duced changes in core-level BE's. This is somewhat surpri perature and a photoemission spectrum was then collected.
ing, given the vast experimental work on the SCS’s in these he sample was then refiashed and recooled anq the next
materials’ Since a theory of transition-metal SCS'’s is well spectrum subsequently collected. Since Mereservoir was
established?® it is worth investigating thermally induced empty, the base temperature for the second spectrum was

shifts in order to see if they can be described within the samg!9ntly above the temperature of the first. This three-step
theoretical framework ash, cool, and measure process was repeated until the base

Here we report on a temperature-dependent study Jemperature of the sample reached approximat_ely room tem-
Ta(100) core-level BE's. The thermal shifts in the bulk and perature. The large thermal mass of the cold finger allowed
surface atoms are both positive but are measurably differenﬁpprox'mately 15 measurements to be made between 77 K
in contrast to results for the alkali metals where bulk an nd room temperature. After the highest temperature spec-
surface thermal shifts are identiéalThe measured shifts UM Was collectec_i the sample was cooled back dOW_” to 77
agree reasonably well in both sign and magnitude with a{< and a photoemission spectrum was takafter flashing

simple theoretical model that is based on a combination o‘?nd recoolingin order to check for any long-term systematic

the standard initial-state model of transition-metal SCS’sdr'ft in the electronics that might have falsely produced an

(Ref. 8 and a final-state contribution from changes in aPparent temperature dependence in the binding energies.
conduction-electron screening of the core HoRredictions
for thermally induced BE shifts across thel Sransition-
metal series are provided as an impetus for more experimen- Figure 1 shows a temperature-dependent seriesfgf 4
tal work in this area. core-level photoemission spectra from the(IlG) sample.

Ill. RESULTS
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this study can be seen via inspection of this figure. As the TEMPERATURE (K)
temperature increases, the BEhich for metals are refer-
enced to the Fermi levebf both the bulk and surface peaks  FIG. 2. Binding-energy shifts for the bulte) and surfaceb)
increase, with the bulk-atom BE increase substantially largef 7. peaks of T&l00) vs temperature. Also shown is the (T80
than that of the surface atoms. SCS(c) vs temperature.
A guantitative assessment of the temperature dependence
of the BE’s was carried out with a least-squares analysis of
the data. A detailed description of the core-level fitting pro- IV. DISCUSSION

cedure of T4100) has been previously publishétiBriefly, For the alkali metafsand the simple metal ARef. 5 the
the T4100 4f;, spectrum consists of three separate compotemperature-dependent core-level BE shifts have been ob-
nents, a single component for the surface feature and tweerved to be proportional to the linear thermal expansion
components for the bulk, one due to the second atomic layeka/a of the solid. These observations motivate plotting the
of atoms(underlayey and one due to the rest of the bulk BE shifts of Ta versud\a/a for Tal* as shown in Fig. 3.
atomst? The underlayer and deeper bulk components arélthough there is a fair amount of scatter in the data points,
unresolved, but have been shown to be separated hjne data are consistent with a linear dependence upon
125+5 meV at 80 K!! In fitting the temperature-dependent Aa/a. Hence, we consider changes in the electronic structure
spectra, this underlayer shift was fixed at its low-temperaturef Ta as a function of the lattice constamt
value. Each component in the spectrum was modeled with a The most significant expansion-induced change in the
Doniach-$injic (DS) line shap&” convolved with a Gaussian Vvalence-band electronic structure of a transition metal is the
function. The DS line shape is described by two parametergjarrowing of the widthW, of the valenced band of the
the singularity indexa and a Lorentzian widti". Both «  metal(the 5d band for Ta. For a transition metal that has a
and I' were held fixe® in the analysis to their low- less than half-filledl band(as in the case of Tahe centroid
temperature values. The Gaussian broadening parameterEqy of the d band necessarily decreases in enefgith re-
was allowed to vary with temperature in order to account forspect to the Fermi levet) as the lattice constant increases.
the increase in phonon broadening with temperature. This is illustrated in Fig. @), where for simplicity thens
Figure 2 plots the BE shift§obtained from the least- part of the valence-band density of sta(B©S) is assumed
squares analysiszersus temperature. Results from the datato be free-electron-like EY?) while the (1—1)d DOS is
in Fig. 1 as well as the results from fitting other data areconstant over a finite region defined by the witiy. Figure
plotted. Partga) and (b) show the shifts in BE for the bulk 4(b) illustrates the change iy when thed band is more
and surface peaks, respectively. The bulk-peak BE changekan half filled. In this casd, increases in energy with
by ~30 meV between 77 K and room temperature, while therespect to thé& as the lattice expands. This simplified DOS
surface-peak shift is-10 meV. The temperature-dependentmodel, known as the Friedel modeljs used below to cal-
surface core-level shift, which is the difference in BE be-culate the initial-state contribution to the measured core-level
tween atoms deep in the bulk and atoms in the first atomishifts.
layer is shown in Fig. @). The SCS decreases by20 meV The change in the difference betweEp and Eg is the
between 77 and 293 K. key ingredient in the initial-state contribution to the ther-
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FIG. 4. Friedel model DOS illustration of the effect of lattice
expansion orEy— Eg for ad-band transition metal. Both <5 (a)
andZ;>5 (b) cases are illustrated. See text for details.

FIG. 3. Binding-energy shifts for the bulie) and surfaceb)
4f,,, peaks of TALOO) vs linear thermal expansion. The solid lines
are linear least-squares fits through the experimental data points.

h(zd<5) that E4— Er decreases as the lattice expands. For
gwe initial-state contributiod E;,. to the core-level BE shift
we thus have

mally induced shifts in core-level BE's. This is because, wit
respect to the Fermi level, the core-electron energy level
essentially follow the centroi&4 of the d band® This has
been borne out in tight-binding calculations of core-level
shifts in a variety of transition metdland is the basis for the i Wy(5—24) Aa
standard model of SCS’s in transition metil§rom the ABre=1LY—%— — 4
tight-binding calculations it has been shown that the core-
level shifts are~10% larger than thel-band centroid shifts. 1,4 change in sign between Eq8) and (4) comes about
The Friedel model in combination with a linear combina- pacause a shift in BE is equal but opposite to a shift in
tion of atomic orbitalfLCAO) calculation of the bandwidth
Wy (Ref. 16 provides a simple expression for the change in
Eq— Er as a function ofAa/a. As can be deduced from
inspection of Fig. 4, the Friedel model relate§—Ef to
Wy via

energy of the state.

There is also a final-state contributi&rE’ _, to the mea-
sured core-level BE shifts. This contribution arises because
the lattice expansion decreases the relaxation enEfgy;
associated with conduction-electron screening of the core
W hole. For simple metals the final-state contribution to the BE
Eq— EF:_d(S_Zd), (1)  shift between the atomic and solid states, which arises from

10 this conduction-electron screening, has been previously ap-

whereZ, is the number ofl electrons per atom in the solid. proximated using

The LCAO result for the bandwidth as a function of the
atomic radius, (Ref. 17 is given by® 21.22 1

Erelax: (rS/aO) 172 [1+ 0.815[’5/80)1/2]1/2 ev, (5)

rg' 2 wherea, is the Bohr radiusrg is given byV=‘§‘7rr§, and
V is the volume per conduction electrdB,q,, as given by
Eq. (5) agrees very well with Hartree-Fock calculatibhef

whereC is a transition-metal-dependent constant. Using Egs, .~ ; . LT e
(1) and (2) to calculateA (Eq— Er)/A(ro) and substituting extra-atomic relaxation energies in simple mefdty. differ

Aala for Argy/rg yields the first-order expression for the 52:‘1“29 E?(S(?%(\alvggrz;%iﬁtégSs,hfpteisﬁ(r:]::(-:itliz dcct’gtgsu_
change inEy— Ef versusAala as® core

Wy(5—Z4) Aa . 10.61 [1+1.222r /ap)*?] Aa
_ . 3 AEcoe™ Jan) 2 TH32 4
2 a (rg/ag)”“[1+0.8185rs/ag)"7]*° a

A(Eq—Ep)=— eV, (6)

As qualitatively discussed above in conjunction with Fig. 4,where again, the sign has been changed because a decreased
this expression shows for a less than half-fillddband relaxation energy results in increased core-electron BE's.
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Although Egs(5) and(6) were derived for simple metals, z
they appear to be reasonable approximations even for 4 6 8 10
d-band transition metals as long Bsin each expression is A L L
obtained from thes-band charge density. Support for such
use of these equations comes from recent numerical calcula-
tions, which indicate that in theé-band transition metals it is
the s-band charge density that does most of the core-hole
screening® Those calculations, which were done for a vari-
ety of transition metals, show that theelectron contribution
to the core-hole relaxation energy is typically only 20—40 %
of the total relaxation energy. In fact, when applied to the
3d transition-metal series, E@5) reproduces the slight in-
crease in relaxation energy across the sérfésand pro- +- Final-State Shilft
duces values foE ., that are, on average, only 25% larger 5L = Totaishit .
than the relaxation energies calculated by Williams and Lang L
using a density-functional formqlis?ﬁ. Lu Hf Ta W Re Os Ir Pt

We now compare the theoretical results expressed by Egs.
(4) and (6) with our measured results. We use the LCAO  FiG. 5. Model calculation results for thermal core-electron BE
results ofWy=11.12 eV andZ4=4.18(Ref. 16 (which im-  shifts for the %l transition-metal series. Initial statdEL ), final
plies thatZ;=0.82 and thuss/a,=3.28) for Ta. With these  state AE(,), and the total shift 4E. ) are displayed for a 100-K
parameters Ed4) predicts AE,,)/(Aa/a)=+5.0 eV, and increase in temperature.
Eq. (6) predicts (AELO,G)/(Aa/a)= +4.8 eV. Combining the
initial- and final-state contributions produces a total theoreti-
cal shift of (AEL,)/(Aa/a)=+9.8 eV, where AE,,
=AE. +AEl .. Experimental values of AE.,)/ end of the series that the negative initial-state contribution
(Aa/a) are obtained from the slopes of the straight-line fitsmay dominate the positive final-state contribution and pro-
shown in Fig. 3: for the bulk and surface we obtain values ofduce an overall negative shift with increasing temperature.
+26.5+2.1 and+11.1+ 2.0 eV, respectively. While the ex- Measurements on Pt or Ir would prove most interesting in
perimental surface value agrees quite well with theterms of validating this simple model. Application of the
+9.8-eV prediction, the bulk value is significantly larger. model to the 8 and 4d transition metals also shows a cross-
We note that the experimental shifts are positive, as expecte@ver from positive shifts to negative shifts near the middle of
for a d-band metal withz4<5. each series.

Experimenta| BE Changes between 77 and 293 K can be As a last note we mention that very recent temperature-
obtained from the experimentally derived slopesdependent measurements of tHectre levels of Lu, the first

[(AEL.)/(Aa/a)] and the value of\a/a=1.2x 10 ° (Ref. element in the 8 transition-metal series, show thermal shifts

23) for Ta between these two temperatures. We obtaiPetween 20 and 293 K that are smaller in magnitude than 8
+31+3 meV for the bulk atoms and-13+2 meV for the ~MeV,’ whereas our model predicts approximately 15 meV
Ta(lOO) surface atoms. We also obtain a Corresponding thertor such a shift. In contrast tO Ta, these measured shifts are
mal shift of + 18+ 4 meV for the T4110) surface atoms; this Smaller than our model predicts.
comes from a previous measurement of the decrease in SCS In summary, we have presented measurements of ther-
of 13+2 meV between 77 and 293 K for Tel0) (Ref. 24 ~ mally induced shifts for the #,, binding energies of
and our present result for the bulk shift. Ta(100. These results are in reasonable agreement with a
The differences in thermal shifts between bulk and surSimple description that is based upon lattice-expansion
face atoms of Ta suggest that details of thelectron elec- driven changes ird-band transition-metal electronic struc-
tronic structure, which have not been considered here, arélre. Further experimental work on othérband metals is
probably of some importance. For example, surface statedeeded to test the proposed description of the shifts, while
likely play a role in thermal shifts of the surface atoms. Thistheoretical work could provide insight into the differences in
inequality in the surface and bulk thermal shifts for Ta is inthe shifts between the bulk and surface-atom core levels.
striking contrast to results on the alkali metals in which,
despite the large thermal shifts 6f60 meV, no difference
was observed between the bulk and surface thermal $§hifts.
We have used Eq4$4) and (6) to estimate trends in the
thermal change in BE for all of thedbtransition metals. In The authors would like to thank David Peak for a critical
the calculations we have used the room-temperature lineagading of the manuscript. This work was supported by NSF
expansion coefficieft and the LCAO d-electron band- Grant No. DMR93-03091 and the Robert A. Welch Founda-
widths ands-band occupation numbet8.The results for tion (University of Texas The National Synchrotron Light
AE, AE! andAE., . are plotted in Fig. 5 for a 100-K  Source is supported by the DOE Division of Material Sci-

core? core?
temperature increase. The figure indicates for metals at thence and Division of Chemical Sciences.
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