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ABSTRACT

An angular &ependence in the photoemission spectrum from d bands,

heretofore unéppreciated; has been predicted and observed in single

_crystals‘of silvér and gold. It is a symmetry effect; and is predicted

to be observéble‘widely in d shells of transition metals and their com-

pounds independent of photon energy.



In thié letter we report the theoretical prediction and experimental
obsefvation of aﬁ angular dependence in the valence;band X-ray photoemis-
sion spectrum of the noble metals silver and gold._:Tﬁefeffect' reported
here should‘be'ubiqUitbus in valence-level d shells, aéiit is an essential
consequencé.of;tﬁe breakup ofvthe d shell into two distinct irreducible
representationsf‘tzg(Fzs,) and eg(FlZ) in a field §f ?ubic.symm§try.
Because it is.a symmetry effect, we expect it to be’essentially indepen-
‘dent of photon energy, provided only that the energy iS above the region
where final—state effects become important. |

High-purity single crystals of silver and gold wefé cﬁt to produce
a (100) surfacevorientation,~polished to 1 micron smoéthness and etched
repeatedly, in aqua regia for gold and a 1:1 solutidﬁ_of NH,OH:H,0,, for
silver, to remove the damage layer formed by polishiﬁg; Back-reflection
Laue patternSffaken to orient the crystals aftervthis'process showed
sharp diffraction_features, indicating the absence of a deep damage
layer. |

The crystais'wéré spot-welded to rotatable plaieﬁs_'and inserted
into a Hewlett;ééckard 5950A electron spectrometer;.modified for ultra=-
high vacuum operé#ion.  The sample preparation chamber was then baked to

achieve a base pressure of ~ 8 x 10"!'° torr, and the surfaces were cleaned

by argon ion bombardment. After this cleaningvprocedUre the Cls intensity
indicated less_;hén 0.1 of a monolayer. The oxygen'ls_péak was unae—
tectable. The7crYStals were then heated to ~800°C fér 1 hr. to anneal

out surface damége introduced by ion bombardment. Valence-band spec£ra
taken on énnealed and unannealed samples showed def;hite reproducible

differences(l-s). Numerous spectra were run with both elements,



analyzing elécfrﬁns emitted along the [100], [111]‘and [110] directions.
‘These directionsfwere selected by tilting and azimuthally'rotating the
crystais. The inentation was adjusted optically to a precision of :
‘i% degree. We.egtimate the total angular accuracy of +2 degrees or less,
with a speétroméfer solid éngle of acceptance of tétdégrees. The take-
off:angles Weré high in each case (90°, 35.3°, and 45°, respectively).
Although we}studied both annealed and unannealed (bamorphous”)

single érystéls, we shall for brevity present and disq#ss only those
spectra taken with photoelectrons propagating along the [100] and [111]
directions froﬁ‘wéll~annealed samples, as these difegtions show the
largest effects'and are the simplest to interpret.:‘

Figures lé;b and 2a,b show the photoemission spectra obtained for
photoelectroﬁs propagapiﬁg along fhe [100] and [111]_aXés for silver and
gold. The spectra are distiﬁcti?ely different, the major differences
being the chaﬁéetof the peak height ratios for the high- and low-binding-
energy d—band‘peéks, and the change in the shape of the'leading edge of
the d-band peak.  o

To-dgvelép a physical understanding of the effeéf,'consider photo-
emi;sion from thé point P_(;}=0) in the Brillouin’zohé (BZ). This is the
ligand field fhédfy-case. In the absence of spin-orbit splitting, the
five degenerate d states afe split into tZg(PZS') gﬁdv eg(Flé) levels.
orbitals in [100]-type directions is forbidden

2g

because matrix elements of the form

Photoemission from the t

iq_x
S > _
e Tl ,dxy, dy, ©F dxz > - : (1)



are forbidden by symmetry, while photcemission from tzg states is allowed
along the [111] axes. The exact reverse is true for the eg states. Thus

by selecting photoelectrons emitted in the [100] or [111] directions one

could observe"a.t'2g peak or an eg peak alone. Spin-orbit coupling would.

reduce the anisotropy effect by mixing the t, and eg‘states and splitting

2g

| the t2g level into F8 and F7 states; however, even for Au, the crystal

field is still dominant, and the t2g

—eg mixing is only 15 percent.
The effect persists throughout the BZ. FolloWing'Ehrenreich and Hodges4
we can write the initial band state |j> in the tight binding form

RE = .wk-(r) = N Q'Zu et % -B_i(k) @u(r_-_RQ) (2

5> ' -
Here @u(r)-_ =  R(r) du(@r’ ¢r) are atomic wavefunctions where the
u 2g functions given in Table 1 of reference
5. The coeffigients Ba (ﬁ) are obtained from the band structure cal-

4,6

d (er, ¢r) »are‘the eg and t

. P . : ' > L :
.culation. “The transition strength at a general .k point is given by

s
iger
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'
Here we hayevassuyed a plane wave final state. We shall neglect the
s-part of the iﬁitial state wavefunction since its traﬁsition métrix
eiement is smaflﬂl In any case it may be omitted in discussing angular
effects since it'éontributes no anisotropy to the photoemission spectrum.

Equation (3) may be evaluated to yield
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where ¢u(a) = f(q) du(Oq, ¢q) is the Fourier transform of the initial
state wavefunction . QH(;) and E, is a reciprocal- lattice vector. For

" a given photon energy (and hence |q|) equation (4) simplifies to

N i, 2 4 -
ok, 3, D ~ D |Z 8,0 4,0, 0] 86k -3 -0 (5)
- v | |

In the XPS regime (AQ_Ka Fxcitation) the final state Qavevectors 6 are
more than an order of mignitude larger than the maximum_ K‘ in the first
BZ. 1In this case, the angular éﬁeraging of + 3° given by the analyzer
allows us to Sample the whole Brillouin Zong; Ih‘addition the direct
transition requifement X - a -8=0 is always satisfied. Hence for

XPS we can write
> . j > : 2 : ’
OR) > ~ ‘wB d O, N 6
&, 3, @) |§ w40, ¢)1* (6)
. H : :

and the angular intensity distribution may be discussed in terms of
the functions"du (Gq, ¢q). Let us illustrate this by considering the

90°,

two cases q II[100] and q II[111]. For a 111001 we ha\vreieq

¢ = 0° and hence (compare Table 1 of reference S) dxz_ 2 = \fg'dszz_rz #0

q
and d__,'d
XY

y

yi"dkz = 0. Thus the cross-section given by equation (6) is

just . the eg projection. Likewise for a fi[111] (G)q».= 54.7°, ¢q = 45°)

we obtain dxz—y2‘= d = 0 and dx =d _=d__ # 0. In this case

y yz Xz
the cross section is given by the t2g projection.
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The anisotropy effects stand out most clearly.in the gold spectra
(Fig. 1). 1In the [100] spectrum the higher biﬁding energy'(EB) ﬁeak is
relatively less intense (in terms of peak heights; an area ratio measure-
ment would be,ambiguous), and the lower EB peakehas reiatively less
intensity oﬁ'the low Ep side. Both effects are predieted in pﬁe
‘calculations. The first arises because of a slightly lower density of
b‘eg character'iﬁ the bands that contribute to the_high bindiﬁg-energy
peak. Those bends mﬁst be considered in detail to'expiain this effect

quantitatively;[Qﬁalitatively it can be attributed to a tendency for

bonding to nearest neighbors at the "bottom'" of the d band. The. second-

effect can be identified readily with the top eecupiedﬂband, which
acquired predominantly tzg character at L, K; and X in the BZ. This
band is respon51b1e for nearly a11 of the state den51ty in the low EB
shoulder of the low- -Ep peak, which is thus absent in the [100] spectrum.
Both of the above effects are also clearly present in silver
(Fig. 2), although the narrower bandwidth precludes a detailed analysis.
The peak height-ratio, in silver is 1.16(2) for [111] and 1.27(2) for
[100]. The observafion of this anisotropic angular distribution in two
lattices and the elose correspondence between theofy aed experiment
appear to establish this effect unambiguousiy as erising from directed
d orbitals. - |
d-orbital directed photoemission should be a rather general
phenomenon. It should be present in the valence bands ef other transi-
tion metals, ‘and in some (e.g., plat1num) it may be ﬁore pronounced
than in silver or gold. Because it is a symmetry effect it should be
present at all photon energles Remeasurement of XPS spectra of transi¥

tion metals us1ng oriented single crystals may therefore be expected to
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yield useful new information about the valence_bands."Even more dis-
tinctive effects should be present in transition—métaifcomplexes, for
which the tzgxand eg orbitals are resolved in. energy. There'may also

be diagﬁostic'applications to orientational problems in absorbates on
single crystéléi | .
d—OTbital'directed photoemi;sion haé been observed before, but
not explained. Eastman and Nilsson  studied photoeﬁission from single
crystal silvér fiims, but did not use photon energiés'high enough to
reach the d bands. Shirley8 observed variations invthe gold valence-band
spectrﬁm witﬁ-ciystal face, but gave no interpretatiOn.: These results
can now bé iﬁtgrﬁréted in terms of the electron prépégation direction
implied by tﬁe'aﬁalyzer geometry; this interpretation is consistent with
Fig. 1. We aisd note that indirect evidence for this.effect hés been
availablé for some time in the different appearance_of singié—crystal8
and polycrysﬁal’line9 gold valencé-baﬁd spectra. Recenfly Fadley10
made the importaht step of correlating the spectrum variafion with
electron propagatidn direction, obtaining data.very-similar to the
top two panels 6f Fig. 1. The above'ﬁodel apbears-to‘explain all of

these earlier results.
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FIGURE CAPTIONS

X-ray photoemission spectra along [100] and [111] axes, partial
E and Té state densitiés, and band structuré of gold metal.
Note changes in relative peak heights from [100] (Eg) to [111]

ng, and absence of ng shoulder at 2-3 eV in [100] spectrum.

X-ray‘photoemission-spectra along [100] and_[lll] axes, partial
Eg én& Tég state densities, and ban§ strucﬁgrg of silver metal.
As in gb1d the peak height.ratios change wifh:Eg/ng character,
and‘the'low—EB edge of thg'd-band peak is steéper in the [111] -

case. ...
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