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ABSTRACT

.A stroné temperature dependence has beeh dbserved for the first
time in the vilenceéband photoemission spectrum of a crystalline solidi
As copper is heated in increments to 800°C, dramati¢ changes are observed
in the angléfresolved éhotoemission kARP) épectrum of the d-bands taken
~at hv = 45 eV normal to the (llO)'face. This éonfirms predictions of
a model suggested by-Shchhik._ It algo resolves a cohtroversial point
in the interpretation of ARP spectra at x-ray energies. Most important,
it bears strong implications fdr all highjenergy and high—temperature

ARP studies.
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"Shevchik has suggested_l that thermal broadening leads to a more
complete sampling of the first Brillouin Zone (BZ) in anglé—resolved
x-ray photoemission fhan wquid be.éxpected from a rigorous diiect—
tranéition-model. He expressed the angle-resolved photoemission cross-
- sectibn as the sum df a k—conservingvdirect transition term and an
atomic térh, Qith the relative contributions qf the ﬁwo being governed

by "the Debye-Waller factor, which we-shall write as

. -> > 2 % ' i S Lo ' . H
f = exp -[( (q'ArT) )] ' ' (1)
where E =%_ - i. -k (i and i, are the final and initial.electron
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. > T . :
momentum and khv‘is-the photon momentum) and ArT is the instantaneocus

thermal displacement of an atom in the lattice.
The energy distribution function for photoelectrons inside a crystal

3 . 2
is given by
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\wheré the summationsvare over the.initial momentum states (ii) in the
first BZ and all occupied energy levels. If electron transport and
surface trangmiésion do not altef Nb in some unknown way, an experimental
energy‘disfribution Curve-(EDC) can be obtained by summing Eq. (2) -over

, > v ) .
the final energy -and momentum states (Ef and kf) allowed by the finite
angular resolution of a measurement. If we assume a tight—binding

initial-state and plane-wave final-state, the matrix element of Eq.(2)



demonstrates a temperature dependence similar to diffuse scattering

'theory;4 i.e.,
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Here Y is the angle between the electric field polarizatidn vector and

: > . 5= . .
kf,'oij(kf) is the atomic cross section, G is a :ec1prgcal,latt1ce

‘vector, kB is the Boltzmann constant, and ¢l and ¢2(q) involve sums
over phonon modes familiar from first- and second-order® temperature
. R . 4. : ce . - - L
diffuse scattering. In Eq.(3) it is assumed that the temperature 1is
high enough that equipartition holds for the:phonon modes.
’Acébfdihg'ﬁo Eq.(3) there are two contributions to the photoemission
. L. > - . .
spectrum; one from direct transitions (g-G=0) and one from a phonon-

assisted indirect transition process. With increasing temperature or

photon ehergy this latter procéss will iﬁéréase in iﬁportance relative
to the former. For room-temperature photoemission studies the direct trahsi-
tion process should dominate in most metals at ultraviolet photoemission
(UPS) energies, while the pﬁonon—éssistéd process is expected to contribute
most of the spectral intensity at x-ray photoemission (XPS)-energieé.1
This can explain why the direct transition model fits experiment atg

‘ ’ .

. ’ . '_>
‘low ‘energies ‘'while a model based on the atomic. cross section Oij(k )

f

,8

oy . 5 . .
in Eg. {3) works better at high energy. Shevchik noted that either
of these’limiting cases might be altered by varying the temperature,

i.e., cooling in the XPS case to..remove thermal disorder and emphasize
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direct.transitions or heating in UPS to decrease f and émphasize

phonoh assisted transitiéns. We have chosen the lattervapproach to

test théypredictiéﬁs of.Eq.(3).' The recently-diéCoveredu"s—p band"
reéonance7’iﬁ normal photoemission from Cu(llof at hv = 45 eV was
émpiéyéd Secéuse of its very high sensitivity to the exact éortion of

~ the BZ being‘gampled. This resonance actually_arisés as the 6th valence
band approaches EF between P'ana K, where Band 6 has mostly d—character._
Accofdingly we'shall.refer to it és the Band 6 resohance.

A éingle crystal‘of copper was cut with a (110) surface‘oriepta—
ﬁiﬁﬁ'énd cleaned as described preﬁiously.7 It was heated witﬁ aibutton
Hé;ter ﬁountéd on é two-axis ménipulatorf Specfra takeh in the é#péri—
mentaivgeometry‘of Ref. 7 at 25°C, 200°c, 400°C, 606°C, and 800°C are
shown in Fig. l.. A total of three heating c?cles were carried ouﬁ,“
Qith two different heaters and manipulators. The spectral variations
with temperature were reversible and reproducible. SeQeral possible
sources of systémétic error were tested and eliminatéd. Of most con-
cern was the anéuia; sensitivity of the resonance. The button heater
was ﬁon-inductively wound: magnetic fields induced by the heater and
leads were calculated to deflect the electrons by less than 1°. Spectra
taken at high températures bﬁ£ with the heater off provéd to be independ-
ent of the heater current. Th;t the obsérﬁed effect was not due simpiy
to dimeﬁsional_vériations with temperature (i.e., rotation of the sample)
was cénfirmed both by visual inspection and by varying the sample orienta-

tion at high temperatures.
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The Band 6 resonance at 0.5 eV binding energy is an extremely
sehsitive indicator of the direct transition channel, because this
peak arises only through transitions from a band that goes througﬂ
EF steeply between [' and K. As phonon-assisted processes become more
important with increasing temperature,'thie peak decreases draﬁatically_
in intensity, as expected. In Fig. 2a we have piotted the Band 6
intehsity versus temperature. Also:shown are'plots of fr'1 (n=1,2,3),
where the values of (Ari) used were bulk mean-square deviations for
~copper measured by:temperature diffuee scattering.9 Calculations for
a (110) surface have shown10 that meah—square deviatiohs ﬁotmal to the
surface for a surface la&er are three times the bulk value, and decay
eﬁponenfielly to the buik value by the fifth layer. The inelastic
mean free path for 45 ev electrons at room temperatufe isINSA.11
Since fcc (110) planes arerseparated by half tﬁe nearest-neighbor ais-
tance; i.e., 1.3A for Cu, the effécfi#e mean—sqﬁare diSplecemeht seen
in the photoelectron spectrum should be larger than the buik value.
Our data are censisfent with this expectation:tthey agree best with
n>1. Thebfast decrease of the Band 6 peak intensity between 600°C
and 800°C is not understood. |

Another noteworthy change with.temperature occurs in the main
d-band peak itself. At room temperature this peak shows at 1eest
three componente, corresponding fo the band energy positions at kx =
ky-% - 0.5 in the BZ.7 At high temperatures the d-band peak becomes
asymmefric, with more intensity at the top of the bands, until, at
800°C, the spectrum resembles that of polycrysﬁallihe copper for hv =

12 - : . .
40-50 eV. For copper, an electron-phonon interaction can change the
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‘electron wéve vector from the Prpoint to anywhére'within the BZ with
no mofe than aA3O meV13 change in the electron enéréy, th;s allowing
more éf the 'k states in the BZ to be sampled witﬁout greaély disrupting
their enéfgy'disfribﬁtion; In Fig. 2b the ratio of indirect té direct
transitions is plottgd as a function of temperature; assuming two
different vaLﬁesvfor the ratio at room temperature. This plot bears
out the temperature dependence predicted by Eq.(3). It isanoteworthy
that'the total integrated valence-band intensity in the spectfa iﬁ'>
Fig. 1 is nearly (Qithin‘S%) constant with temperature,'inaicéting
that f and the power series governing the indirect transition inten-
sity balance each other.

Additional spectra ‘at two other photon energies are completély
consistent with this interpfetation. At hv = 80 eV, at room tempera—
ture the bands are being sampled near F.7 There is thus no intensity
in the "s-p band" region, 0 < EBV< 2 eV. Bt high temperatureg, however,
thermal broadening facilitates sampling over more Qf the BZ and the
familiar "s-p band" plateau appears. At hv = 140 eV the reverse occurs.
The "s-p band" region is initially unusually intense, mainly because
Baﬁd 6, wﬁich gives rise to the resonance at hv = 45 eV, is being
sampled on the other side of the BZ (kx = ky = + 0.5).

We note that Eq. (3) does not fully account for the differences
 observed in the room temperature‘spectra for transitions from the Band
6 region at hv = 45 eV aﬁd 140 eV,7 since the magnitudes of 3 are the
same fér both transitions. The spectra at these two photon energies |
rshoﬁld differ only because of differences in energy and momentum

resolution in the experiments. However, these differences are too
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small to explain the apéarent decfease iﬂ direct‘transition amplitude
‘at 140 eV. We believe that mixing of final states by the crystal
poteﬁtial beéomes iﬁportant at thése higher final—sﬁate energies.v5
This would suggest that.Xés spectra of cooled samples may still be
dominated by directionally-dependent atomic cross sections: i.e.,
fiﬁal—stafe mixing may lead to sampling throughout the QZ,

The effect of thermal'Aisorder on photoemission»spectra is now
established. More work is needed to test its range of app¥icability.
It is already ciear, however, th;t many uses can be madehof this effect
to elﬁcidgtg atoﬁié prqperties in solids. It is aléé clear that the£_
mal disérder is an essential ingredient iﬁ understanding the transition

of ARP spectra from UPS energies to the XPS regime.
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FIGURE CAPTIONS

Temperature dependence of the normal photoemission spectrum

“from a Cu(110) crystal at hv = 45 ev.

a) Experimental intensity of the peak at V0.5 eV binding energy
iﬁ Fig. 1 (Band 6 resdnance) as a function of temperatﬁre
(ful¥ circles connected by a dashed line) as compared to the
Debye-Waller factor fn-(solid lines). The diffefent curves

n ' . . .
for £ correspond -to calculations assuming a mean-square dis-

- placement of n times the bulk value.

b) Ratio of indirect to direct transitions as derived from

‘the spectra in Fig. 1 versus temperature. For the data points

shown as squares and triangles we have assumed that at room
temperature the main d-band peak is composed of 100% and 85%

direct transitions, respectively.
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