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Experimental band structure of potassium as measured by angle-resolved photoemission
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The bulk band structure of potassium along the [110) direction was measured using angle-
resolved photoemission from an epitaxial potassium film several thousand angstroms thick grown
on a Ni(100) substrate. We find the occupied bandwidth to be 1.60+0.05 eV, which is narrower
than the free-electron bandwidth of 2.12 eV and agrees with recent calculations of the quasiparticle
self-energy. A narrow peak near the Fermi level which did not disperse with photon energy was ob-
served for photon energies which, according to the nearly-free-electron model, should yield no
direct transitions. A comparison of the binding energy and intensity of the anomalous peak as func-
tions of photon energy is made to the calculations of Shung and Mahan [Phys. Rev. B 38, 3856
(1988)]. The discrepancies found are discussed in terms of an enhanced surface photoeffect in the
photon energy range 20 ~ %co ~ 30 eV. For low photon energies, a bulk peak was also observed due
to a surface umklapp process with an intensity comparable to the standard bulk (110) peak. The
possible contributions to this strong surface umklapp process from a shear instability at the first few

(110)atomic planes is discussed.

I. INTRODUCTION

Since the alkali metals bear the closest resemblance to
the approximations made in one-electron theories of the
electronic properties of metals, examination of their elec-
tronic structure should illuminate deficiencies in the one-
electron picture. Previous angle-resolved photoemission
studies of the Na(110) surface' have revealed features
which cannot be explained by the independent-particle
model of photoemission. These features include an occu-
pied bandwidth 18% narrower than the nearly-free-
electron (NFE) model predicts, and an anomalous sharp
peak seen near the Fermi level for ranges of photon ener-
gies which should yield no direct transitions. The nar-
rowing of the Na bandwidth occurs because one-electron
excitations from the NFE ground state do not include the
self-energy and therefore do not correctly model the true
excitation spectra of metals. Numerous calculations
which use various approximations and computational
techniques to go beyond the independent-particle model
have successfully computed the occupied bandwidth nar-
rowing of Na as measured by photoemission due to the
quasiparticle self-energy. The suggested explanations of
the anomalous peak near the Fermi level in Na include a
surface resonance 0.75 eV above the Fermi level, band
distortions due to the presence of a charge-density wave
(CDW), and broadening of the final states due to the
finite mean free path of the electrons. Each model is
successful in explaining some aspect of the behavior of
the anomalous peak, but only the analysis of Shung and
Mahan (SM) of the effects of the final-state broadening is
detailed enough to make more than a cursory comparison
to experimental results. While SM cannot explain the ex-
istence of the anomalous peak at photon energies for
which the standard bulk peak is also seen, their calcula-
tions of the binding energy and intensity of the anoma-
lous peak as a function of photon energy for Na compare

very well with experiment.
To discriminate between the various theories for the

occupied bandwidth narrowing and the anomalous
Fermi-level peak, we performed angle-resolved photo-
emission from the K(110) surface. We obtained a mea-
sured occupied bandwidth 25% smaller than that pre-
dicted by the NFE theory, which agrees well with recent
many-body calculations of the self-energy. '"' We ob-
served a sharp peak near the Fermi level as seen in Na,
but the binding energy and intensity of the peak in K are
qualitatively different from those in Na, suggesting prob-
lems with the final-state-broadening explanation. We
also observed a dispersing peak at low photon energies
which we attribute to photoelectrons undergoing an addi-
tional surface umklapp scattering process.

II. EXPERIMENTAL DETAILS

The experiment was performed at the National Syn-
chrotron Light Source (NSLS) vuv beamline U-12 at
Brookhaven National Laboratory (Upton, NY). The
beamline is equipped with a toroidal-grating monochro-
mator and an angle-resolved hemispherical electron-
energy analyzer which have been described elsewhere.
The photons were incident on the sample at 45' from the
sample normal and were polarized in the plane of in-
cidence. The energy analyzer has an acceptance angle of
+2 and the total instrumental energy resolution was 0.2
eV at 25 eV, 0.3 eV at 45 eV, and 0.4eV at 100eV.

Epitaxial potassium films thousands of angstroms thick
were grown by depositing potassium from a getter source
onto a Ni(100) substrate cooled to —160 K and then an-
nealing the film to -270 K. This procedure yielded films
which exhibited faint low-energy electron-diffraction
(LEED) patterns indicative of a bcc (110) structure. Pho-
toemission spectra were taken with the sample at 95 K.
The cleanliness of the film was verified by monitoring the
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pled to the lattice psuedopotential, and the occupied s
bands are delocalized and have a small occupancy, as
compared to the d or f bands of other metals. Because of
the low cross section to photoemission, the peaks in the
EDC's from K are weak and require long acquisition
times of up to 45 min for reasonable signal-to-noise ra-
tios. The Auger 3p level of K has a kinetic energy of 18.3
eV and, for the lower photon energies shown in Fig. 2(a),
is seen to move toward higher binding energies as the
photon energy is increased. The lower photon-energy
gap extends from %co=20.7 to 24.5 eV, yet in this range
there is clearly a sharp and intense peak near the Fermi
level and a weaker dispersing peak around —1.3 eV that
we will attribute to a surface umklapp process (dashed ar-
rows). For higher photon energies, shown in Fig. 2(b),
the standard bulk (110) peak (solid arrows) disperses
away from the Fermi level, while the peak we attribute to
a surface umklapp process disperses toward the Fermi
level and weakens.

Figure 3 shows the dispersion of the initial-state energy
as a function of photon energy for the observed peaks.
The dispersion of the binding energy of the peaks as a
function of photon energy has information on both the
initial- and final-state dispersions. The dashed lines de-
scribe the dispersion predicted by requiring energy and
momentum conservation for transitions among the free-

electron bands along the [110] direction (normal to the
surface). At photon energies of 44 and 99 eV, transitions
occur from the bottom of the band at the I point. The
two photon-energy gaps at 20.7—24. 5 and 63.3—69.7 eV
are defined by the photon energies for which the NFE ini-
tial state crosses the Fermi level.

The lack of data points for photon energies between 45
and 50 eV and greater than 110 eV is due to the reduced
efficiency of the monochromator gratings at these photon
energies. When the initial-state peaks have energies
within 1 eV of the Fermi level, they appear as small
shoulders on the large peak near the Fermi level, so their
binding energies cannot be determined. No data could be
taken below 20 eV because the K Auger 3p level conceals
the initial-state band features at these photon energies.

A. Occupied bandwidth

The first aspect of the initial-state dispersion to be dis-
cussed is the reduction of the occupied bandwidth as
compared to the nearly-free-electron prediction. This
reduction is due to corrections to the electron's energy
from many-body effects.

The photon energy which gives the largest binding en-

ergy at k~~
=0 (normal emission) corresponds to a transi-

tion from the I point. Measuring the binding energy as a
function of angle by moving the analyzer off normal for
this photon energy produces a dispersion curve of the
initial-state energy as a function of k~~ by using the rela-
tion

k~~
= [(2m lfi )(fico+E, )]' sin8, (2)
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where lie is the photon energy, E, is the initial-state ener-

gy, and 9 is the angle of the detector from the surface
normal. Figure 4 shows the binding energy as a function
of k~~ for Ace=44 eV, which produced the maximum bind-
ing energy at k~~=0. The occupied band of the free-
electron model has a bandwidth of 2.12 eV and is shown
as a dashed line. By performing a least-squares fit of the
data to a parabolic band with its minimum at k

~~

=0 and
with E;(k~~ =kF)=0, the occupied bandwidth was deter-
mined to be 1.60+0.05 eV. This corresponds to a band
with a mean effective mass m = 1.33m, as defined by
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FIG. 3. Initial-state energy as a function of photon energy
Ace=20 —120 eV for K(110) normal emission. Instrumental
resolution has not been removed. Circles are experimental data.
Dashed line is the dispersion from the NFE model and the solid
line is our calculation of the NFE dispersion with an occupied
bandwidth of 1.60 eV including the effects of initial- and final-
state broadening.

The two data points at k~~
= —0.455 and -0.525 A are

not included in the fit because they were more than two
standard deviations from the curve that resulted when
they were included. Negative values of k~~ correspond to
measurements made on the side of the sample normal to-
wards the incident light. The energy at these values of k~~

is too low because the measured intensity at these nega-
tive angles is much lower than at positive angles, due to
interference between the two photoemission channels
corresponding to the parallel and perpendicular com-
ponents of the photon's electric field vector. ' The re-
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FIG. 4. Initial-state energy as a function of k~~ for Res=44
eV. Positive (negative) values of k~~ correspond to polar angles
in the plane of incidence away from (toward) the incident light.
Circles are the experimental data, dashed line is the nearly-
free-electron prediction, and solid line is the best least-squares
fit of the data to a parabolic band. The fit produces an occupied
bandwidth of 1.60+0.OS eV. This corresponds to a band with
mean mass m = 1.33m, .

duced intensity makes peak positions more diScult to
determine. If these two points are included, however, the
fit gives a bandwidth of 1.65 eV.

In the independent-particle picture, the one-electron
wave functions and energies are calculated from
Schrodinger's equation:

(T+ V)%,.(r)=E,+,(r), (4)

where T is the kinetic-energy operator and V=V yt]
V] «+ VH, where V„«is the periodic potential of the

lattice ions and VH is the Hartree potential that describes
the time-averaged self-consistent Coulomb potential from
all the other electrons. V& screens the strong ionic po-
tential of V],«, resulting in a weak periodic potential V
that can be treated by the NFE model. Because the elec-
trons do not interact in the NFE model (except in terms
of the time-averaged Hartree potential), the photoemis-
sion excitation spectrum corresponds to one-electron
transitions from occupied bands to unoccupied bands.

The next step towards describing real metals beyond
the independent-particle approach is to include exchange
and correlation interactions between the electrons. This
is done by adding to V the term X(r), which is the static,
nonlocal self-energy operator. The inclusion of the self-

energy operator will change the ground-state energies
from those of the independent-particle model. In addi-
tion, excitations can now be screened by the Fermi sea of
electrons, so the excitation spectrum measured by photo-
emission does not correspond to one-electron transitions
between bands obtained from the ground-state calcula-
tion.

This time-independent model treats the electrons as
traveling in the average potential produced by all the oth-
er electrons, but this neglects the contribution of the
dynamical correlation effects to the electron's energy. In-
cluding the time-dependent dynamical contributions
makes the self-energy operator energy dependent. This
energy-dependent self-energy can be constructed by cou-
pling equations in terms of the noninteracting Green
function of the electrons (6), and the screened Coulomb
interaction ( W). A self-consistent solution of these equa-
tions is very difBcult because 6 and W depend on the
self-energy. The various theoretical treatments differ in
the form of the dielectric function responsible for the
screening, the effects contributing to the dielectric func-
tion, the form of the electron Green function, and the or-
der in W to which the calculations are carried out. The
GW approximation to the self-energy used by Hedin, "
Northrup et al. , and Surh et al. truncates the series for
X to terms of first order in 6 and W, thereby neglecting
vertex corrections. The importance of the higher-order
terms in Wis still under debate. ' '

Hedin used the free-electron Green function and the
random-phase-approximation (RPA) dielectric function
(i.e., no exchange-correlation effect} to describe the
screening. " He obtained an occupied bandwidth narrow-
ing of about 10% for both Na and K. For Na, Northrup
et al. included exchange and correlation in a dielectric
function calculated within the local-density approxima-
tion (LDA) and used the plasmon-pole model to describe
the screening at nonzero frequencies. This resulted in a
Na bandwidth narrowing of 18%. By also using the
Green function calculated self-consistently from the
quasiparticle wave functions and energies, the Na band-
width reduction was 22%, in good agreement with photo-
emission measurements. ' Northrup et al. concluded
that the exchange-correlation effects in the dielectric
screening are important for correctly computing the self-
energy of alkali metals. The same technique was used by
Surh et al for K and p.roduced a narrowing of 2S%, in
good agreement with our result. Lyo and Plummer
showed that it is the local-correction region (i.e., q =0) to
the dielectric function which is important in the calcula-
tion, because holes in the k =0 region of the occupied
band are screened better by the long-wavelength
plasmons than holes at larger k.

Shung and Mahan take a different approach to com-
pute the self-energy. They perform a time-independent
calculation within the RPA which neglects exchange-
correlation effects. They then calculate photoemission
spectra for Na and K by using the photoemission theory
of Mahan, ' which includes the contributions from the
surface potential. By including the finite lifetimes of elec-
tron states and the interference between surface and bulk
contributions, SM calculate a narrowed bandwidth which
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agrees with photoemission results from Na and K.
Shung and Mahan contend that the RPA-calculated self-

energy is correct and that photoemission does not mea-
sure the true bandwidth, and that it is these additional
effects, neglected in the calculations using the GW ap-
proximation, that give photoemission the narrowed band-
width. The contribution of the finite lifetimes of the
electron states to the occupied bandwidth should de-
crease as the photon energy is increased. " In the range of
photon energies scanned, SM predict changes in the mea-
sured bandwidth of -0.17 eV for Na and -0.07 eV for
K, yet the photoemission measurements for Na (Refs. 1

and 2) and K (Fig. 3, this work) show no such photon-
energy dependence.

Because the real and imaginary parts of the self-energy
are connected by a Kramers-Kronig relationship, errors
in predicting ImX should imply errors in predicting ReX.
ImX can be expressed in terms of the lifetime broadening
of the bands, which can be measured by photoemission.
The full width at half maximum (FWHM) of a photo-
emission peak at the I point is, to first order, due to the
hole lifetime and equal to 2[1m'(k =0)].' Hedin" and
Shung et al. ' produce estimates for ImX(0) which are
nearly identical and which both underestimate the mea-
sured peak width at I for Na and K, indicative of errors
in their calculations for ReX. Northrup et al., Surh
et al. , and Lyo do not calculate ImX, so a comparison
to the data cannot be made.

The calculated occupied bandwidths and lifetimes at
the I point for Na and K from the many-body calcula-
tions discussed are listed in Table I along with the photo-
emission measurements. The calculations within the
LDA using the 68' approximation and the calculations
within the RPA including the surface-potential contribu-
tions both agree with the experimental measurements of
the occupied bandwidth for Na and K. The RPA calcu-
lations underestimate the linewidths at k =0, but the ex-
isting LDA calculations do not calculate this quantity at
all.

Recently, a calculation which includes the vertex
corrections neglected by the GR'approximation was per-
formed by Mahan and Sernelius. ' They find that the in-

elusion of the vertex corrections modifies the self-energy
to be very similar to that of the RPA calculation for me-
tallic densities. Clearly, the debate of which approxima-
tions and computational techniques are more useful is not
over.

B. Anomalous peak at the Fermi level

A second deviation of the data from the NFE theory is
the sharp peak near the Fermi level for photon energies
which should yield no direct transitions. The peak is seen
in both photon-energy gaps at about the same binding en-
ergy. Deconvolution of the instrumental resolution from
the EDC's produces a binding-energy shift for this peak
of only -0.02 eV, so the measured binding energy of the
peak is not due to instrumental resolution. Looking at
Fig. 2, it is diScult to determine uniquely the range of
photon energies which produce the anomalous peak near
the Fermi level. %e have plotted points in Figs. 3 and 7
corresponding to peaks for which the Fermi-level intensi-
ty was at least 50% of its maximum value in each
photon-energy gap.

Shung and Mahan explained this peak by including the
effects on the photoemission signal of the final-state life-
time broadening and the sharp cutoff of initial states at
the Fermi level. The final-state broadening is a conse-
quence of the short mean free path of an electron in a
final band and is illustrated in Fig. 1 by the grey region
around the [110]bands. The inclusion of the short final-
state mean free path produces final states in the photon-
energy gaps to which electrons initially at the Fermi level
can be excited. The sharp cutoff of initial states at the
Fermi level accounts for the narrow width of the peak.
In the SM calculation, interference between surface and
bulk photoemission terms also narrows the observed peak
slightly. The SM explanation obviously predicts the in-
tensity of this peak to be reduced in the center of the
photon-energy gaps since the electrons are being excited
into the tails of the broadened final states. For Na the
calculated spectra of SM showed good agreement with
photoemission measurements ' of the binding energy
and intensity of the peak as a function of photon energy,

TABLE I. Comparison of occupied bandwidths and peak widths {2[imX(k =0)]) of Na and K as
measured by photoemission to various theoretical estimates which attempt to calculate the contribu-
tions of the many-body interactions.

Na
Bandwidth [peak width]

(eV)

K
Bandwidth [peak width]

(eV)

Theory

Photoemission

Free electron
(a)
(b)

(c)
(d)
(c)

3.24
2.97 [0.91]
2.44-2. 61 [0.94]
2.65
2.53+0. 1

2.65+0.05 [1.2]

Free electron
(a)
(b)
(c)
(e)

This work

2.12
1.89 [0.63]
1.46-1.53 [0.64]
1.65
1.58+0. 1

1.6o+o.os [o.8]

'Hedin (Ref. 11): RPA.
Shung and Mahan (Ref. 4): RPA+ surface terms + lifetimes.

'Lyo and Plummer (Ref. 2): LDA.
Northrup, Hybertsen, and Louie (Ref. 3): LDA.

'Surh, Northrup, and Louie (Ref. 7): LDA.
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but the existence of the peak in Na for photon energies
outside the photon-energy gap is still unexplained.

A prediction of the peak position in K as a function of
photon energy was not given by SM. To see the effects of
initial- and final-state broadening on the K band disper-
sion observed in photoemission, we performed a simple
calculation of the peak position versus photon energy ob-
tained using energy and momentum conservation for
free-electron bands which included these broadenings.
Values for the broadening FWHM were taken from Ref.
16 by taking the FWHM to be equal to 2[ImX(K)]: the
initial state had a cubic k-dependent FWHM with
b, , (k =0)=0.64 eV, 6;(k =kF)=0; the final-state
FWHM was taken to be a constant, bf =5.0 eV. The
density of states was taken to be proportional to the
square root of the energy. We used the measured disper-
sion of the initial state and a constant transition matrix
element, but did not include a surface photoemission
term. The resulting dispersion is shown as a solid line in
Fig. 3. The agreement between the calculation and mea-
surements at point I is to be expected because the mea-
sured initial state was used in the calculation.

By invoking the final-state broadening, for a given pho-
ton energy, there is now a range of states with various re-
duced momenta k which can satisfy energy and momen-
tum conservation with the occupied initial-state band.
The sum of the contributions from this range of final
states produces a peak in an EDC with a binding energy
which is an average over the allowed range of k. The
slope of the initial state, dE; (k)/dk, is largest at the Fer-
mi level, so the range of binding energies for a given
range of k is largest near EF. Also, the sum is weighted
towards higher binding energy because of the cutoff of
occupied states above EF. For these two reasons, the
final-state broadening has its largest infiuence near the
Fermi level.

At lower energies, the final-state slope dEf(k)/dk is
Aatter and the range of allowed k is larger than at higher
energies. This has the effect of increasing the binding en-
ergy of the resultant peak at lo~er photon energies. To
agree with the measured binding energies in the two
photon-energy gaps, a rigorous calculation of the final-
state-broadening effect along the lines of that performed
in Ref. 4 would have to abandon the assumption that the
final-state broadening changes little in the range 20-70
eV. The final-state broadening at -20 eV would have to
be less than that at -70 eV, which is in contradiction
with the calculation of ImX done by SM in Ref. 4. The
coexistence of the Fermi-level peak with the bulk (110)
peak seen for photon energies outside the photon-energy
gaps for both Na and K has not yet been explained
within the final-state-broadening picture in which these
two peaks are one and the same.

The measured intensity at the Fermi level as a function
of photon energy is shown in Fig. 5. Shung and Mahan
predict [Fig. 5(c)] a reduction of the Fermi-level intensity
in the photon-energy gaps. In contrast, the measured
Fermi-level intensity is much larger in the lower-photon-
energy —gap region [Fig. 5(a)] than for any other photon
energies. In the higher-photon-energy gap [Fig. 5(b)] the
Fermi-level intensity also goes through a maximum. It
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FIG. 5. (a) and (b) are the measured photoemission intensity
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the NFE model.
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where Vb„z is the periodic crystal potential which pro-
duces direct interband transitions and V,„,f is the surface
potential. The V. A term is the contribution to the pho-
toemission signal from the spatially varying photon field
A. The sum of the VV,„,f term and the V A term is
called the surface photoeffect. ' For an interface between
the vacuum and a solid with a frequency-dependent
dielectric constant e(co)%1, the boundary conditions of
Maxwell's equations create a discontinuity in the com-
ponent of A normal to the surface. The effect of the
V. A term can be quite large and dramatic, as was shown
for the case of Al(100). ' '

As measured by Sato et al., the optical conductivity
cr(co) of Na, K, Rb, and Cs are shown in Fig. 6. Looking
at the K curve, it is seen that cr(co), and hence Im[e(rII)],

appears that the final-state-broadening contribution to
the intensity is being concealed by the contribution of
some additional and unidentified effect.

This additional contribution may be from the surface
photoeffect. As detailed by Plummer and Eberhardt, '

the photoionization differential matrix element can be di-
vided into a number of contributions:
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FIG. 6. Optical conductivity of Na, K, Rb, and Cs as mea-

sured by Sato et al. (Ref. 19) in the photon-energy range 10-35
eV.

peaks in the photon-energy region 20&Ace 30 eV, with
its maximum at -26 eV. This energy corresponds to
transitions from the 3p to the 3d levels of K. Using the
Kramers-Kronig relationship between Re[a(to) ] and
Im[e(co)], it has been shown ' that such an absorption
peak in Im[e(co)] corresponds to a rapid variation in

Re[e(co)]. The structure in e(co) at these photon energies
can make the photoemission contribution of the V A
term non-negligible. In their calculation of photoemis-
sion spectra from K, SM included the V Vb„,k and VV,„,t
terins, but assumed a constant photon field, so V A=O.
A calculation which includes the V A term and the in-

terferences associated with it could conceivably account
for the large intensity and triangular peak shape at the
Fermi level for photon energies 20~fico~30 eV. The
previous calculation of the Na photoemission spectra had
no need for the V A term because, as seen in Fig. 6 and
Ref. 23, the optical conductivity of Na in the vuv region
is small and changes very little. For Rb and Cs, however,
the contribution of V A to the photoemission intensity
should be larger than in K.

Another proposed explanation of the anomalous peak
is the existence of charge-density waves (CDW) in K pro-
posed by Overhauser. Briefly, the exchange and corre-
lation interaction between the electrons in K induces an
additional periodicity onto the charge density with
characteristic wave vector Q, which is incommensurate
with the reciprocal-lattice vectors G. The lattice distorts
to neutralize this additional negative charge distribution
and small gaps open up in the Fermi surface. Overhauser
proposes that this distorted Fermi surface can explain the
peaks in the photon-energy gaps. While the CDW
mechanism would allow the existence of the peak both in-
side and slightly outside of the photon-energy gaps, no
calculated spectra have been published to compare with
measured intensities. At present, the possibility of a
CDW mechanism has not yet been ruled out.

It has also been proposed that the anomalous peak is
due to a surface resonance centered slightly above the
Fermi level having its tail extend below the Fermi level.
For the Na(110) surface, Kaiser et al. ' calculated a sur-
face resonance 0.75 eV above the Fermi level. A recent

calculation of Rodach et al. , however, has concluded
that there are no unoccupied surface states in Na(110)
lower than 2 eV above the Fermi level. The validity of
the surface-resonance explanation of the anomalous peak
is therefore in question. To date, no calculations of the
electronic structure of the K(110) surface have been per-
formed.

C. Surface umklapp peak
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FIG. 7. Initial-state energy as a function of photon energy
Ace=15 —50 eV for K(110) normal emission. Circles are experi-
mental data. Dashed line is the NFE (110) dispersion, and the
solid lines are our calculations of the NFE dispersions for the
(110) and (002) bands including the effects of initial- and final-
state broadening and an occupied bandwidth of 1.60 eV.

The low-photon-energy region of the initial-state
dispersion as a function of photon energy is shown in Fig.
7. It is obvious that the peaks seen for photon energies of
20—33 eV cannot be explained by free-electron bands
along the normal direction, [110]. In photoemission,
transitions can occur to other final-state bands besides
those characterized by a reciprocal-lattice vector normal
to the surface as long as both momentum and energy are
conserved. The problem is that electrons in these free-
electron-like final states are not traveling normal to the
surface, so they should not be detected by our analyzer
when positioned for normal emission.

The plane-wave final-state picture is justifiable because
the short mean free path of the final-state electrons
efFectively dampens the influence of the periodic cyrstal
potential, thereby reducing the band gaps and hybridiza-
tion between bands. An alternative to using plane-wave
final-state bands would be to consider Bloch-wave final-
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state bands and sum all the Fourier components in the
[110]direction. The equivalence of this treatment to that
of the plane-eave final-state bands is clearly explained by
Chiang et aI.

An electron not traveling normal to the surface which
traverses the surface has its momentum component paral-
lel to the surface (k~~ ) conserved modulo a surface
reciprocal-lattice vector (G~~), so it is possible for such an
electron to have its k~~ component exactly cancelled by a

G~I vector, resulting in an electron traveling normal to the
surface. Via this surface umklapp scattering, electrons
from the I points of all the surface Brillouin zones (SBZ)
can contribute to the signal from the I point of the first
SBZ, i.e., at normal emission.

%e performed the simple photoemission dispersion cal-
culation described earlier for the bands associated with
the (002) rod in k space because their initial-state disper-
sion would reach the I point close to the observed pho-
ton energy and the very broad peak at 21 eV [as seen in
Fig. 2(a)] could be explained by initial and final states
with nearly parallel dispersion curves. The resulting
curve is shown as the thin solid line in Fig. 7. If the self-
energy corrections to the final states were included, ' '
the calculated dispersion would be shifted towards lower
photon energy by —1 —2 eV, in good agreement with the
measured dispersion. This shift is small enough that the
fit at higher photon energies is not greatly affected. The
bandwidth narrowing due to final-state lifetime broaden-
ing is larger for final-state bands with smaller slope
dEf(k)ldk. Since the (002) slope is smaller than the
(110) slope, the calculated bandwidth from the (002) rod
is more narrow than that from the (110) rod. It seems
that the calculation of the dispersion along the (002) rod
including the broadening accounts reasonably well for the
existence of this peak. However, using the surface um-

klapp mechanism to explain this peak raises some in-
teresting questions.

First, once the case is made for the surface umklapp
process, bands along all the rods perpendicular to the
surface should contribute to the normal-emission photo-
emission, not just those along the (002) rod. They can all
have their k~~ component exactly cancelled by a G~~ vec-
tor. If they all contributed to normal emission the EDC's
would be much more complicated. However, two criteria
can be used to eliminate some of the bands along the vari-
ous k rods. Since the surface effects are very important
for this mechanism, the peak should be more noticeable
in the low-kinetic-energy regime where the mean free
path of the photoelectrons in K is approximately one lat-
tice constant. Also, the larger the ratio lkil/lkil
longer a photoelectron will be in the surface region, so
the probability of its being scattering by a surface G~ vec-
tor is higher. All the final-state bands which satisfy the
conditions that the energy of the final state be less than
35 eV (with respect to the Fermi level) and the
photoelectron's momentum be more than 45' from the
surface normal are shown as solid lines in Fig. 8. Dotted
lines show the extension of these bands to higher ener-
gies. Photoelectrons in the (002) and (1 12) bands travel
nearly parallel to the (110) surface, so the probability of
being scattering via surface umklapp is greatest for these

50

O
40

Ct

50

25

20

0.4o.z 0.6,0.8r kF N

CRYSTAL MOMENTUM k (A j

FIG. 8. Dispersion of final-state bands in the X reduced zone
along various rods in k space. The darker solid line signifies the
(110j bands. The lighter solid lines signify those bands which
pass the criteria of low kinetic energy and large k~t momentum
component. Dotted lines signify the continuation of these
bands to higher kinetic energies.

bands. There is some evidence that the other bands
which satisfy these criteria are also seen in normal emis-
sion. They could explain the small change in slope of the
data seen in Fig. 7 at -28 eV. Note, also, that these oth-
er bands should contribute to the intensity at the Fermi
level for photon energies where no states were expected.
We performed a constant-initial-state (CIS) scan, which is
shown in Fig. 9. During a CIS scan both the photon en-
ergy and the observed kinetic energy are scanned togeth-
er to maintain a constant initial-state energy. In Fig. 9
the initial state is the Fermi level. Note the similarity of
Fig. 9 to Fig. 5(a). They represent the same function
measured in two different ways. Each point in Fig. 5(a)
was obtained by setting the photon energy to a particular
value, performing an EDC scan, and then measuring the
intensity at the Fermi level. In Fig. 9 the Fermi-level in-
tensity was measured as both the photon energy and ki-
netic energy of the photoelectron were swept together.
The CIS scan, minus background, gives the density of
final states with reduced momentum equal to the Fermi
momentum as a function of photon energy. Because of
small variations between the sweep rates of the mono-
chromator and analyzer, the peak positions and intensi-
ties in Fig. 9 should only be used as approximate values.
The inclusion of the self-energy correction' ' to the
free-electron final bands seen in Fig. 8 along the (110),
(002), (1 2 1), and (1 1 2) rods in k space gives good agree-



41 EXPERIMENTAL BAND STRUCTURE OF POTASSIUM AS. . . 8083

1800
C

1600—

o 1400
0-

1200—
CO

1000

800 .—

600.—0
LLJ 400—

I

200.—

0 I ~ i ~ ~ ILLj

20 25 30
P HOTON

I I I I I I I I
l

I e y ~

~ I I i ~ I a l S ~ ~ I:
35 40 45

ENERGY (eV)

v (THz) v (THz) v (THz)

Li
Na

1.90
0.93

K
Rb
Cs

0.5
0.32
0.2

V
Nb
Ta

4.5
3.93
2.63

(Ref'. 10) could be caused by this surface shear mecha-
nism as seen in K.

IV. CONCLUSIONS

TABLE II. Frequencies of the TA X,[gO] phonon at N
((=0.5) for the alkali metals and some other bcc metals (Ref.
29).

FIG. 9. Constant-initial-state (CIS) scan with E, =EF from
K(110) normal emission. The background and the four peaks
obtained by fitting Gaussian peaks to the CIS scan are shown as
dotted lines.

ment to the observed peak positions of the CIS scan.
The second problem with this surface umklapp process

is that while it occurs for all ordered surfaces, it is typi-
cally an order of magnitude weaker than the standard
bulk peak. The (002) peak that we observe, however, is
of comparable intensity to the bulk (110) peak. To ac-
count for the observed intensity of the surface umklapp
scattering, the crystal potential of K at the surface may
be larger than previously thought.

Surface distortions may increase the surface potential,
thereby producing strong surface umklapp scattering.
There are a number of possible distortions the surface
could undergo, but only two will be mentioned here.
Small amounts of oxygen contamination could distort the
K surface, but the surface umklapp peak is seen even on
newly deposited films and does not increase in intensity
as the sample becomes more contaminated. A more in-
teresting possibility is a planar slip of the first or first few
atomic layers of K with respect to the bulk. This would
preserve the two-dimensional periodicity seen in LEED,
but would change the surface charge amplitude. The
low-temperature bulk martensitic phase transition of the
alkali metals is thought to be caused by a planar slip of
the (110) planes along the [110]direction. For all of
the alkalis, the TA X,[110)phonon mode associated with
this lattice motion is very soft; for K it is about 2 times
softer than for Na and 4 times softer than for Li, as can
be seen in Table II. Thus it seems very possible that
this slip could occur at the surface where the restoring
forces are less than those from the bulk. This mechanism
would also be expected to occur in Na, although much
weaker than in K. An unexplained weak shoulder on the
anonalous peaks observed in the photon energy gap of Na

Angle-resolved photoemission from K(110) has found
features similar to those found in Na(110). The measured
occupied bandwidth of 1.60+0.05 eV compares well with
theoretical estimates, although these estimates differ in
the approximations used and the effects to which they at-
tribute the bandwidth narrowing. The source of the
anomalous peak near the Fermi level is still unexplained.
The measured properties of the anomalous peak in K and
the prediction of the final-state broadening picture pro-
posed by SM clearly show discrepancies, but in fairness
to SM only their work is detailed enough to make such a
comparison. It may be that the behavior they ascribe to
the final-state broadening is obscured by a large contribu-
tion from an unknown source, possibly a large surface
photoeffect. A comparison to calculated spectra and
Fermi-level intensities for the CD% and surface-
resonance models would be informative. Finally, the ob-
servation of a relatively strong surface umklapp peak
dramatizes the importance of the surface potential in
describing photoemission from K, and may be a clue to
surface distortions.
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