
VOLUME 43, NUMBER 13 PHYSICAL REVIEW LETTERS 24 SEPTEMBER 1979

mens, Munchen) and to Laboratoire O'Electron-
ique de Physique Appliquee, France, for provid-
ing the samples used in this work, We thank
J. Treusch, Ch. Uihlein, and C. Weisbuch for
fruitf ul discussions.

~J. J. Hopfield, Phys. Rev. 182, 945 (1969).
'Michael J. Frankel and Joseph L. Birman, Phys.

Rev. A 15, 2000 (1977).
David Linton Johnson, Phys. Rev. Lett. 41, 417

(1978).
Roland Zeyher, Joseph L. Birman, and Wilhelm

Brenig, Phys. Rev. B 6, 4618 (1972); Wilhelm Brenig,
Roland Zeyher, and Joseph L. Birman, Phys. Rev. B
6, 4617 (1972); C. S. Ting, M. J. Frankel, and J. L.
Birman, Solid State Commun. 17, 1285 (1975); M. F.

Bishop and A. A. Maradudin, Phys. Rev. B 14, BB84
(1976); David Yarkony and Robert Silbey, Phys. Rev.
B 17, 2420 (1978), and references therein.

See, e.g. , B. Bendow, in SPringer Tracts in Modern
Physics, edited by G. Hohler (Springer, Berlin, 1978),
Vol. 82, p. 69 ff.

G. W. Fehrenbach, K. J. Gruntz, and R. G. Ulbrich,
Appl. Phys. Lett. 88, 159 (1978).

C. V. Shank, R. L. Fork, R. F. Leheny, and Jagdeep
Shah, Phys. Rev. Lett. 42, 112 (1979).

See, e.g. , E. P. Ippen and C. V. Shank, in Ultrashort
I.ight Wlses, edited by S. L. Shapiro (Springer, Berlin,
1977), p. 88.

BD. D. Sell, Phys. Rev. B 6, 8750 (1972).
~ORainer G. Ulbrich and Claude Weisbuch, Phys. Rev.

Lett. 88, 865 (1977). The values for E& quoted there
is valid for T =12 K; the extrapolated T = 0 value is
taken here as E& ——1.5151 eV.

"Guy Fishman, Solid State Commun. 27, 1097 (1978).

Crossover from Negative to Positive Spin Polarization in the Photoyield
from Ni(111) near Threshold

E. Kisker, W. Gudat M. Campagna, E. Kuhlmann, and H. Hopster
Institut fur Festhorperforschung des Kernforschungsanlage Julich, D-51 70 J'ulich, ~est «rmanV

I. D. Moore
Daresbury Laboratory, Science Research Counci/, Daresbury, harrington ~A44AD, United Kingdom

(Received 18 June 1979)

The measured spin polarization of the photoelectrons emitted from Ni(111) shows a
crossover from negative to positive values at 270+ 90 meV above photothreshold. This
is in constrast to the case of Ni(100), where a crossover at about 75 meV occurs. A

single-particle photoemission calculation with an exchange splitting of 0.33 eV, and
which does not invoke emission from surface states, is in good agreement with the ex-
perimental results for both faces. These new results corroborate the empirical band
structure obtained by Eastman and co-workers from angle-resolved photoemission data.

In this Letter, we report measurements of the
electron spin polarization (ESP) of photoemitted
electrons from a well-characterized single-crys-
tal Ni(111) surface for photon energies h&u rang-
ing from threshold p to about 1 eV above p. We
find that the spin polarization changes from nega-
tive values (-45% at threshold, i.e. , preferential
direction of the magnetic moment of the emitted
electrons antiparallel to the magnetization) to
positive values at an energy E,= 270 + 90 meV
above threshold. A photoemission calculation
based on the Stoner-Wohlfarth-Slater (SWS) theory
and using an exchange splitting of 0.33 eV is in

good agreement with the experiment. This allows
us to extract the value of the exchange splitting

and the value of the Stoner gap for the (111) di-
rection. In agreement with the interpretation of
recent angle-resolved ultraviolet photoemission
spectra' (AH UPS), surface-state emission is
found to be not necessary to interprete the exper-
imental ESP data for both (100)' and (111)sur-
faces studied to date in contrast to the suggestion
by Dempsey and co-workers. '

Ni is accepted to be the prototype "strong" fer-
romagnet i.e. , the majority-spin d band is full
and the Fermi level crosses only the minority-
spin d band. Primarily two related quantities
characterize the electronic structure of Ni: the
magnetic exchange splitting & and the "Stoner
gap" 6, the latter being the energy differences
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between the top of the majority-spin d band and
the Fermi level. Self -consistent local-density
calculations predict values of 4 at the top of the
d band ranging from about 0.6 to 0.9 eV and values
5 of about 0.4 to 0.55 eV.'" Experimentally it
has been very difficult to obtain information on
those parameters. However, as discussed by
Wohlfarth, ' the ESP spectrum for Ni should show
a rapid variation with photon energy close to
threshold. In particular the SWS theory indicates
that the polarization should cross over from neg-
ative to positive, the crossover energy E, being
sensitive to the value of 6. In fact, the ESP meas-
urements of Eib and Alvarado on Ni(100), ' previ-
ously mentioned, have been interpreted with 4
= 0.33 eV and 0 = 20 meV at X„ the top of the d
bands along the I'-X direction. Another method
of determining h and 6 is offered by angularly re-
solved photoemission spectroscopy, as first
pointed out by Heimann and Neddermeyer' and by
Dietz, Gerhardt, and Maetz. ' Quite recently
Eastman and co-workers' deduced a value of
4= 0.31+0.05 eV and of 5 in the range 100-250
meV for the (111) direction. Evidently the ex-
perimental results determined from AHUPS'
disagree with the self-consistent band-structure
calculations. "

The Ni(111) single-crystal sample used in the
present experiment is a cylinder of 3 mm diam-
eter and 18 mm length, the shape being so chosen
because of the favorable demagnetizing factor.
It was spark cut and mechanically polished with
a surface orientation better than 0.5'. The crystal
was cleaned and characterized by a conventional
procedure involving low-energy electron diffrac-
tion (LEED) and Auger tests in a preparation
c'hamber attached to the main photoemission
chamber through an ultrahigh-vacuum gate valve.
The atomically clean sample is then placed into
the photoemission chamber operating at a base
pressure 1.5X10 "Torr (with the gate valve to
the Mott detector also open). An axial magnetic
field of 2200 Oe is applied to the sample in order
to align the Weiss domains. Photoelectrons are
emitted by monochromatized light at a constant

0

wavelength resolution hA. = 30 A at normal inci-
dence (i.e. , s-polarized light). The light source
is a 500-W high-pressure Xe lamp and the mono-
chromator is a 30-cm-focal-length Czerny-
Turner type. Details of the electron optics and
of the spin analyzer (Mott detector) have been
previously described. ' The count rates of the
Mott detector with use of a gold foil with thick-
ness of 220 p, g/cm' are about 1 sec ' at hv- 5.2
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FIG. 1. Experimental and calculated electron spin
polarization of the photoyield from Ni(111). The bars
indicate the statistical error and the photon energy
resolution of the experimental results. The values of
the magnetic excharge splitting & used in the calcu-
lations are indicated. y is the work function.
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eV and about 20 sec ' for hv = 5.5 eV. The present
photocurrent intensities reaching the Mott detec-
tor are estimated to be at least an order of mag-
nitude larger than previously reached in similar
experiments. ' We believe this to be primarily
due to a significantly improved electron-optical
design. The accumulation of the data in the avail-
able spectral range takes less than 2 h. This is of
importance since we observed that contamination
effects gave rise to changes of the ESP.

The apparative asymmetry was calibrated by
use of an Al foil in the Mott detector (Al has a
spin asymmetry = 0). The error bars quoted in

Fig. 1 represent the statistical error and the
photon energy resolution. The photothreshold
was determined from Fowler plots to be p= 5.2
+ 0.07 eV. Since the uncertainty of the work func-
tion also determines the accuracy of the cross-
over energy E„it is important to compare the
present value with the values given in the litera-
ture for Ni(111). With use of photoemission tech-
niques'" the latter span the range 5.15-5.4 eV
in agreement with our determination.

As a check before doing the Ni(111) experiment
we have first measured the crossover energy of
the (100) surface to E,& 100 meV and thereby
experimentally confirmed the data of Ref. 2. The
detailed spectrum of the ESP or Ni(111) is pre-
sented in Fig. 1. The spin polarization of the
photoyield is large and negative at threshold
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(4 = 5.2 eV), changes sign at about hv-4 = 270
meV, and reaches values of about+30% at about
1 eV above threshold. " The change in sign from
negative to positive to positive spin polarization
and the crossover point E, are the crucial fea-
tures of these data. As found in the calculations, '~

E, is sensitive to the value of the Stoner gap 6

(which is determined by 6) along the (111) direc-
tion. For hv~ 4, one expects emission from the
A, ' (minority-spin band) into evanescent I EED
states to dominate. This determines the nega-
tive spin polarization. The I-, maj ority- spin
d-band edge has been experimentally located' be-
tween 50 and 250 meV below the Fermi energy.
We note that in contrast to the suggestion of Himp-
sel and Eastman" the presence of a surface state
of A, symmetry on the Ni(111) surface can be
neglected within the present context because it
does not contribute significantly to the photocur-
rent for s-polarized light.

In Fig. 1 we also present results of what can be
called a rigorous single-particle calculation of
the spin polarization of the photoyield from Ni(111).
The theory, whose detailed results will be pub-
lished elsewhere, "uses the same ingredients as
previously used for the calculation of the spin
polarization of the photoyield from the Ni(100)
face." We only mention here that the key pa-
rameters of the theory are being fixed as fol-
lows: The inverse lifetimes of the hole and of the
hot electrons are taken to be 0.05 and 0.5 eV,"
respectively, and the Fermi energy is determined
by fitting to the experimental Fermi wave vector
along the (111) direction. The only adjustable
parameter in this theory is the exchange split-
ting 4. For 6 =0.33 eV, which was obtained from
the empirical fit to the Ni(100) spin-polarization
data, '' the same calculation can be shown to
reproduce well the two-bump structure observed
by Eastman and co-workers for off-normal emis-
sion near the Fermi energy in their angle-re-
solved photoemission studies (see Fig. 1 of Ref.
1). In Fig. 2 the results of a new calculation for
Ni(100) (in Ref. 14, an inverse hot electron life-
time of 2.0 eV has been used) are presented along
with a schematic representation of the experi-
mental data of Ref. 2 for purpose of comparison.
It is seen that the same parameter ~ = 0.33 eV
which fits well the spin-polarization data for
Ni(100) also gives very good agreement with the
data from the (111)face.

Despite the excellent agreement between single-
particle calculations and experiments, a major
question remains. Both angle-resolved uv photo-
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FIG. 2. Experimental (data from Ref. 2) and theo-
retical spin polarization of the photoyield from Ni(100).
See also caption to Fig. 1.

emission studies and spin polarization measure-
ments imply independently that the value of the
exchange splitting of Ni is of the order of —,

' eV.
This value is about 2 as large as the one pre-
dicted by ab initio self-consistent local-density
calculations" which seem otherwise to be in
good agreement with other physical properties
of Ni (e.g. , Fermi-surface studies). Wang and
Callaway report that the Kohn-Sham-Gaspar ex-
change potential gives a splitting at X, of 0.88
eV and that the von Barth-Hedin local potential
(which includes some correlation) gives a split-
ting of 0.63 eV. As is clear from Figs. 1 and 2,
neither splitting is small enough to explain the
ESP data. Why'P

One answer to this question is that further re-
finements of the density functional are required.
More specifically we expect that an improved
description of correlation would lead to a reduc-
tion in ~. Electron-gas calculations" show that
correlation corrections in random-phase approx-
imation and beyond lessen the spin dependence
of the potential. Moreover, the local-density
functional is not aware of the presence in Ni of a
system of low-density holes at the top of the d
band which provides an additional source of cor-
relation, reducing 6 further. " Thus an effectively
single-particle theory with a small exchange split-
ting can be justified.

An alternative answer has been provided by An-
derson and by Edwards. " In it the potential act-
ing on the hol. e created by the photon is irreduc-
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ibly energy dependent and hence defies a single-
particle description. Edwards and Hertz claim
that the splitting appropriate to excitations in Ni
is less than the band splitting (calculable in den-
sity-functional theory) because of electron-mag-
non interactions. " It is fair to conclude that
more work on the importance of density functional
and many-particle corrections in ¹iis needed.

Experimentally work is in progress on the ESP
spectrum of Ni(110) which we hope will provide
more data on the empirical band structure. Mea-
surements of the temperature dependence of the
ESP spectrum of Ni and a study of Co are also
planned for the near future.
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