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ABSTRACT
: High—resolutionvgold Valencé—band photoemiSSioﬁ'specfra of gold were obtained
by the use of ﬁonochromatized Al Ko rédiafibh and a‘singléécrystal sﬁecimeﬁ.
After baCkgfdund'and Séatteriné'corréctio§ ﬁére made;.the resul£s were compared
directly with broadened theoretiéa} deﬁsify-of—states‘functions, The following

conclusions were ‘drawn: (1) Relatgvistic'ﬁand structure calculations are

required to fit the spectrum. (ii) Both the KKR calculation of Connolly and

Johnson and”thé_ﬁAPW cglculation by‘Chfistensen ana Seraphin give de#sity of

states resﬁlts that (after broadening) follow the‘exferimental curve closely.

(iii) Pull Slater exchange is requi;éd: fractionél }2/3 or 5/6) exchange gives d
band densities of étates fhat are far too wide. (i?) Eaétman)é 40.8 eV ultraviolet.
phbtéemission spectrum is siﬁiléf tq the x-ray spectrum,.suggesting little
dependence on photon energy above 40 eV. (v) Both (ii) and (iv) imply en absence

of strong matrix-element modulation in the photoemission spectrum.
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I;V INTRODUCTIéN
Electronic band structures are of fundamental:importancé in understanding
L i , _

properties of metals. A knowledge of the valence-band density of states of &
metal can in brinciple yield éonsidefable informafion aboutvthat metal's band
structﬁre.f X-ray photoemissioh experiméﬁts, iﬁ which #aiencé electrons are
ejected from thé specimen by'photons from & mohdchrbmatic source and energy-analyzed
in an electron épectrometer,'yield épectra tha?:are cibsely rélated to the valence-
band density'of states. The extent to which‘these photoemission spectra and the
density éf'states can be directly compéred is_étili somewhat uncerfain,'howevér.

In this paper the high-resolution x—fay photoémiséion speétrum of the
" valence band in a gold Singlé crysfalvis reported. The spectrum is compared
with lower-ene?gy photoémission gpéptra and with band-structure results. The
following questions are at least partially answered: (1) Do-ultraviolet photo=-
electron spectroscopy (UPS) results epproach x-ray photoelectroﬁ spectroscopy
(XPS) data as the UV photon energy increases tovard'the'ubber end of the readily
available energy range (& hé eV)? (2) Is it meaningful to compére XPS spectra
directly with velence-band densities of states, or are matrix-element modulation
effects so 1arge as to obviate such comp&risoné? (3) Can XPS spéctra.establish
the necessify for relativistic band'structﬁre calculations in heavy elements?
(4) Are XPS speétra-sensitive enough to distinguish crifically among different.
theorétical bénd-structure calculatiéns?

Expérimenﬁal ﬁroéedures are_desériﬁéa, and results are pregenﬁgd,fin
Sec. II. In Sec. III these results are compared with theofjbénd éddfgssed to

the above questions.
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II. EXPERKMENTAL

A gold single crystal of 99. 9% purlty was cut to prov1de samples with

(100), (110), and (111) faces. ,These were polished, etched, and -annealed. ' , .

Spectra Were'taken, at room témperature and in a saﬁplefchamber pumped to.
ahout 10~7 Torr, on. a Hewlett-Packard ESCA spectroﬁeter;, This spectrometer
- ‘employs monochromatized aluminum Koy 5 (lh86 eV) radiation: itrshould in

pr1nc1ple be p0351ble to reduce the prev1ously obtalnable instrumental resolu-

‘tlonl’2

‘of 1.0 eV by a factor of two or more. The spectrum given below shows_
a definitelimprovement over earlier spectra. | |
.Uuder‘the above experimehtal conditions, which»would-be ihadequate’for
‘most metals,dgold is ekpected to retain a surface that is'relatiVelyﬂfreegofl(
absorhed gases. ,That the active'sample3‘uas in fact predominantly‘goldvmetal'
was. demonstrated:b& monitoring the Au“NVI.viI doublet which:was very clean.' Ih
addltlon the oxygen ls line and carbon 1s llne were barely detectable whereas
lboth are large in a sample which has a layer of oxide. More detalled surface
studies under carefully controlled COnditions'are planned. Meanwhile; the
rather conservative conclusions given below are believed to be justified in light
of the sample conditions described above.
Spectra from spe01mens in the three crystal orlentations were very
.similar. A (llO) spectrum, which had the best statlstlcal accuracy, was analyzed

for- comparlson w1th theory. . The data reductlon procedure con31sted of three

steps. Flrst,_the raw data‘were smoothed several_times.by the_uSe of the_relatiOn

»

Ié(N)A='[I(N-l) + 2I(N) + I(N+1)J/§ . . '.p.(i)_‘.

Here I(N)lismthe‘intensityﬂin channel'N-after the smoothing operation. ~The

main purpose of thls step 1s the ellmlnatlon of small systematlc varlatlons in
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infensity, of instrumental origin. These data were émoothed six succeséivév
times; this had only & negligible effect on spectral resolution. A plot of
vthe result ‘is shown in Fig; 1. | |

The sécdnd data~-reduction step was backgrouﬁd'subtraction.. The position
of the Férmi en¢rgy was easily ideﬁtified in the raw spectrum by a step in the
intensity (it-was also established by the.d6celerating voltage of the electrostatic
spectrometer). The spectral intensity was fery constant above this energy. This
intensity, IB; Vas ta#en as background and was subtracted.ffom the intensity
throughout‘ﬁhe vélencé—band energy range (i.e., for —9,5.eV <E - E. <1 ev).

The intensityiihrchannel N after this correction is denoted by Ié(N). ‘Thus

Igm) = M) -1, . (2)

This correctiqn is always necessary for x—ray‘photoemiSSion spectra. 'fhe béck-
ground in mbsf.spectrbmeters ariseé largely from'photoeleétrohs thaﬁ are‘ejectéd 
5y high—enefgy bremsStrahiung and that'ﬁndergo SubseQﬁehfienefgy ioés ih:the
sample. This souréé of background is_notbpresent in the Heﬁletﬁ—Packard spectrom-
eter, because 6f monochromatization of the exciting radiation, but contributions
ffom'detector noise remain.

The fiﬁal data-reduction step was a correction fof,inélaétic scatfering.
1n earlier workl thié éorréction was made by the use of a fesponse matrix. For
the present daﬁa a“simplér procedure was possible beééuse'theré weré no'sateilite
x-ray peaks.and a correction was neceséary oniy fbr a consfant inélastic téil.

In makihg_tﬁe correctién it wés observed that the’spectrum'returned to a constant
level at kinetic epergiesvbelow thosé bf:the valence_bands. Thié,level was

somewhat higher than the baseline above the valencé levels. The difference was

1
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assuméd-to arise entirely from vglence;band photoelectrons‘that were inelasfically
scaﬁtéféd'befofe,leaving'the sample. ThisyiﬁﬁerpretatiOn'has beeﬁ qualitati?ely

well éstablishéd.by earlier>wofk,l‘but-it could be slightly wrong in detail. _ ¢
Even if it is; however, the corrected spectrum would be'only slightly affedfed,
: and'the‘interprétationé giveﬁbbéiow wﬁﬁld not be afféétéé;

The inéiastic—scéttéfiﬁé-correéfion was madé by.sﬁﬁtraéting from fé(N):
a,quantitprrdpqrtiona; to the ;élenceefénd_afeé.at highe£ enéfgiés,'to give.
Ig(N),_unﬁér the cqndition I;(b) = O;EAHere the‘double-ﬁfime notation dénqtes ;o
fhe intensity after cofrection for scattering, and channelfo repreéents an

energy just below the valence bands. . Thus

I,'S'm) =‘Ié(N) - Ig(o_)[ I (N )/ Z } - | ('3‘_\)
. S l)N v _ .

I>O

:Thls equatlon should 1n prlnclple be 1terated, but iteratlon was unnecessary

[

for the gold spectrum because the correctlon was small Flgure 1 shows IS and

Is together, to 1ndlcate the effect of data reductlon on the spectrum
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ITI. COMPARISON WITH THEORY
"

]

of-states function p(E) that may be obtainéd; by sampiing prdcedures; frém

The:final corrected épeébrumll should be closely relateéd to the density-
band-structure calculations. Aan?S spectrum is notvéxpécted to be affected
significantly3by the final;stéte density of states (as is thebcase in UPS)
because at énefgies in'the l.5_keV rahéé the density of stétes should be
essentially featureless. There are other reasons that a direct compérison of
ig and p(E) ma& not bé valid. These were discuésedﬂiﬁ some detail'eariier.l
The conclusion was drevn that it would be difficult to estimate the extent to
which I; éhouldrfésémble o(E). The approach taken below is_simply to plot the
two togethef fof coﬁpafison. | o

'Non—réiétivistic band struCtﬁre éalculations give-density-of—stateé
hiétOgramS difféfing‘from Igvsb much that'ﬁheré is no ialue in plotting them.
Such a plot was”mgdé éarlier for platinum.l The_gdoa agreement of the two-peak
form of I;”ﬁith*rélativistic‘band;sfructﬁféfcaldulations»appears.on the ofhe;
hand to establish immediately ﬁhat relafivistic effécts must be cﬁnsidefed in
discussing the' band structure‘of gold. ThiSlhés béén'ﬁointed out earlier by

5 6

Smith” and by Smith and Traum.

Six theoretical results are availabie for the rélativisti¢ band structure

of gold. Sommers'and Amer! used the Korringa-Kohn-Rostoker (KKR) approach. .They

g is not possible. It is clear,

did not give p(E), so a difect:cqmpariéon’with I
-however, thaf théi? résults give a #alence bahdeidth COhsidergbly larger than
the éxpérimental width. This has been attribﬁted 5y Christensén‘and Serapﬁin8
to thé use'qf'é/3 Slater exchange by Sommers.and Amar. Indeed; in another KKR

9

calculation Conanly éna'Johnson used full Slater. exchange and obtained a

smaller valen¢e band width that agrees well with experiment.
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Three relativistic augmental-plane-wave (RAPW) calculations of the |
vslencerband structure of gold have been reported, Ramchandanilo l% used full
(1), '5/6, and 2/3 Slater excha.nge, and concluded that full exchange was_best..
vOn.comparison of his density—df—states histograms withtlg, it is.obVious by
1nspection that his full-exchange results are in reasonable agreement uith IS’
while the other two'are not even remotely 51m11ar; Kupratakuln, 12 on the other
hand has done essentially the same calculatlon, also- w1th full 5/6 and 2/3
exchange, and has concluded that the best results are obtained w1th an exchange
coefficient of l9/2h ’ Detailed comparisons of the two sets of results shows

that they are in serious: conflict with Kupratakuln ] results show1ng extreme

sensitivity‘to the exchange coefficient and his "19/2h" band structure being in-
. . :

reasonably good agreement w1th Ramchandani s full exchange results Christensen

. and Seraphln8 have also reported an RAPW calculation with full Slater exchange.
. The energy ba.nds in this case resemble Ramchandani s full exchange results and
Kupratakuln s "l9/2h" exchange results much more closely than the 5/6 or 2/3
:exchange results of the_former or the full or 2/3 results of the latter,c
‘Apparently Kutratakuln hes.used 8 different Slater exchenge coefficient scale‘
| factor than the authors of Refs. 7-11 - |

melth and Traum6 have 31mulated a relativistic band structure by an

1nterpolat10n scheme due to Hodges, Ehrenreich and Langl3 and Ehrenrelch and

L ' »
: Hodges.'l ’ Thls scheme 1nserts spin—orbit coupling into nonrelat1V1st1c band :

e

vstructure results,
" Theoretical p(E) functions are reported as histograms; ‘As such they
cannot be_resdily'compared with experimental spectra; becsuse_theflstter are

" broadened by'instrumentalgresolution‘snd-relaxetion“effects;l ‘For this reason
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the theoretical histograms were broadened before ﬁhe compaiisonfwas made. First,
the histogrém was converted into digital form by meaSuring thé lengths of the
bars in the published histbgrams. Next , broadening was done by a smoothing

operation similar to that given in'Eq.’(i). The operation was repeated until

"

S
Table I lists AEB,‘the full width at half—maximum height, for the (optimized)

the theoreticél o(E) was judged to resemble I most'closely, for each éase.-

.broadening applied to each theoretical éurve. Also'listed are_AEd, the full

width at half-maximm height of the d bands, and E_ - E

P q> the energy difference
| v

between the:Fermi énergy and & point on the higherid-band peak that is:half

the peak height. The last tﬁo quantities were evaluéﬁed before and after

broadening, té insufe that the broadening é;qéessvdid not distort their values.
.Finaliy, each broadened theéretical p(E) curve was multiplied by a scale

factor‘that'made,it about the same éveragévheighf as I;. Each p(E) is plotted |

with I;, separately, in Figs. 2-6.
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A B A DISCUSSION
Cursory 1nspect10n of Table I and Flgs. 2—6 shows that the overall
agreement between theory and experlment is good. The quallty of agreement varles. @
sufficiently, however, to favor some of the_theoretical curves over others, and
toldrawhsomebuseful1conclusiOns. -
| Connolly and Johnson's reSults (Fig. 2) for p(E) follow the experlmental
curve very.cloSely. ‘The d—band w1dths are in essentlally perfect agreement

l

The’position of Connolly and Johnson's d-bands is O.l'to 0.2 eV closer to EF

than the'experimental value. "’ The spectral shapes are very close (perhaps

| T
surprlslngly so), with the smaller low~energy peak show1ng sllghtly poorer o
agreement than the high energy peak The more 1ntense component of the low-

.energy peak lies at -5.7 eV (theoretical) vs -6.15 eV (experimental). Even if _ .

the d bands were lowered in energyvtovcoincide overall better with experiment,

the enperimental intensitv of‘the:smaller component of the lower—energyhpegki‘
'would be_much:smaller than theoretical. This:ls presumably a conseQuence'of
1ts s-llke character whlch would imply a lower photoem1351onv1nten51ty than
that of 'd electrons. The very good overall agreement in this case 1nd1cates
'that the relatavistic KKR method can yleld very good results for the gold d
bands. Slnce full Slater exchange was used 4dn the Connolly and Johnson calculatlon,
g1v1ng correct d band w1dths, whlle the Scmmers and Amar KKR calculatlon ~with
2/3 Slater exchange, gave bands that were far too w1de, full Slater exchange
is clearly preferred for a relatlvlstlc KKR calculatlon. B |

Although the same pr1nc1pal features of the valence 4 bands are v151ble _ | _ 5
oln Ramchandan1 s RAPW calculatlon (F1g 3) detalled agreement is absent
Chrlstensen and Seraphln have attrlbuted the lack of. agreement between Ramchandan1 s

calculatlon and thelr own’ (both RAPW w1th full exchange) to the use by

Ramchandan1 of 8 matrix too small to achleve convergence.

I

9]
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Kupratakuln{s_RAPW=fesults, wiéh l9/2hvéxchange;_aré fairlyiclose to
experiment (Figm 4), but his d' bands are too narrow}v.Bécausefhis exchange
scale factof'appears tOvdiffer from that of the other calculations, little more
can be said about this result. .
The full—exchanée.RAPwv¢urve of Christensen and Seraphin (Fig. 5) follows
the experimehtal spectrum about as ﬁellvas.did_that‘of>Connolly andedhnson.
The formervéppéars to reproduce ﬁhe.'d band p6Sitioﬁ'slightly béttef; while -
the latter has' a slight edge in regard ﬁo Q' band widfh;b Both, however, show
“very good agreement with experiment.' If ihe'spectra can be'made'slightlyvsharper
in the future, it may beéome feasible to make a detailed‘analysis of the.components
of each of the two mainupeaké in terms of ihdividual.enefgy bands.
The interpolatea'band_stfucture resﬁlts of Smith and Traum.(Fig. 6)'give
a good represenfation of the EXperimenfal spectrum gt;high enérgies, but their
band width is aﬁout O.hvéV iarge. | o
| In an'earlier‘paperl if was predicted thaﬁ valence-band ultraViolét
photoemissionvspectfé, which vary strongly with ehergy,‘should apprdach XPS speétra
as the photoh energy is raised. This prédiction is hicely Qonfirﬁed for gold_by. |
comparing the spectra of_Eastmén and Cashion;5 between 10.2 énd\é6.9 eV and the
(low-resolutiéﬁ) 40.8 eV curve by-Eastmanl6 withvthe presént results; The good
agreement between the 40.8 eV on 1483 eV spectra, together with their agreemént
with theoretical p(E) curves, strongly sﬁggest théf,"matrix-eléﬁent modula._tion"l7
~of these_spéctra is d small effect;‘ The réason.fof_this is not wéli understood.

\
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Table I. Comparison of Gold d-band Parameters

. Description . AEB(eV)a o AEA(eV)b EF - Ea(eV)c<_ : Ref.

. KKR - 0.79 5.259 1.89% 9
- - : (5.18) o (1.93)

RAPW . . 0.5% 5,54 . 1.56 10
B | - (5.58) (1)

RAPW 0.78 490 . 2.2 - 12
C (4.92) - (2.20)

RAPW B - 0.8 507 - 2.17 8

(5.12) (2.0k) |

Interpolation = 0.92 5.67 2.3k 6

: (5.64) (2.18)
Experiment F— B ﬂ' 5.2k v 2.0L . This work

SFWHM of Poisson broadening function by which theoreticél bénd-étruéture'histogram
were multipled. | |

bﬂMMof d mm&

CEnergy differencé from'Fefmi level to a ﬁqint helf way'up'the higher-energy
d~band pesak. | - |

dVa.lues in parénthesés were taken frqm,smooﬂhed curves. Values without

parentheses were evaluated befdre smoothing. --Accuracy is 0.1 eV.
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'FIGURE CAPTTONS .

R

Fig. l:' Xéiay_photoemiséion'specfrﬁm of the gdld/Valen¢é'béhdé before and after

- corrections for backgroﬁnd and sCatteriné.

1

Fig. 2. Comparison of is With‘bfoadénéd density-of-states function p(E) from the

relatiViétic KKR band-structure calculation of.Cbhnélly and Johnson (Ref. 9).

Fig. 3. Comparison of I; with broadened density-of-states function p(E) from .

the relativistic APW band-structure calcuation of Ramchendani (Ref. 10).

‘Fig. 4. Comparison of Ig ith broadened density-of-states function p(E) from
the relativistic APW band-structure calculation of Kupratakuln.(Ref. 12).
‘ - 11 " )

Fig. 5. Comparison of IS

with broadened density-of-states function p(E). from
the relativistic APWzband-Strucﬁure calculation of Christensen and Seraphin
(Ref. 8).

' "

Fig. 6. Comparison of Ig with‘broédened_denéity-of-statesvfﬁﬁction'p(E)vfroﬁx,

the'interpolated band structure'calculdtiOn by Smith and Traum (Ref. 6).
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes

“any warranty, express or implied, or assumes any legal liability or

responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that 1ts use would not infringe privately owned r1ghts
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