
VOLUME 41~ &]UMBER 16 P H YSI CAL REVIEW I.ETTERS 16 OGToBER 1978

4V. J. Emery, Phys. Rev. B 11, 239, 3397 (1975);
only h3 -—0 is considered.

5'S. Sarbach and M. E. Fisher, J. Appl. Phys. 49,
1350 (19VS).

5 S. Sarbach and M. E. Fisher, Phys. Rev. B 18,
235O (19VS).

S. Sarbach and M. E. Fisher, work to be published
elsewhere. It may be remarked that the equality 02
= 43 follows from scaling alone.

~R. B. Griffiths, J. Chem. Phys. 60, 195 (1974).
YJ. H. Fox, to be published.

N. Giordano and W. P. Wolf, Phys. Rev. Lett. 35,
V99 (19V5).

8
¹ J. Giordano, Ph. D. thesxs, Yale University, 1977

(unpublished) .
9J. A. Griffin and S. E. Schnatterly, Phys. Rev. Lett.

33, 1576 (1974).
G. Ahlers and D. Qreywall, Phys. Rev. Lett. 29, 849

(1972), and in Lose TenzPerature Physics, LT-l3,
edited by W. J. O'Sullivan, K. D. Timmerhaus, and
E. F. Hammel (Plenum, New York, 1974), Vol. 1,
p. 586.

G. Goellner, R. Behringer, and H. Meyer, J. Low
Temp. Phys. 13, 113 (1973); Z. K. Riedel, H. Meyer,
and Q,.P. Behringer, J. Low Temp. Phys. 22, 369
(1976); D. B. Roe, G. Ruppeiner, and H. Meyer, J.
Low Temp. Phys. 27, 747 (1977).

~2D. R. Watts, Ph. D. thesis, Cornell University, 1973
(unpublished); D. R. Watts and W. W. Webb, in Loco
Temperature Physics, LT-13, edited by %. J. O'Sulli-
van, K. D. Timmerhaus, and E. F. Hammel (Plenum,
New York, 1974), Vol. 1, p. 581.
'3P. Leiderer, D. R. Watts, and W. W. Webb, Phys.

gev. Lett. 33, 483 (1974).
~4J. C. Lang, Jr., and B. Widom, Physica (Utrecht)

81A, 190 (1975).

Diffraction of Photoelectrons Emitted from Core Levels of Te
and Na Atoms Adsorbed on Ni(001)

D. P. Woodruff, D. Norman, ' and B. W. Holland
Department of Physics, University of Waneick, Coventry CV4 7AL, United Kingdom

and

N. V. Smith, H. H. Farrell, and M. M. Traum
Bell Laboratories, Murray Hill, Ne~ Jersey 07974

(Received 14 July 1979)

Azimuthal anisotropies in the photoemission from the Te 4d and Na 2p core levels have
been measured for these atoms adsorbed in the c(2?&2) configuration on Ni(001). The ob-
served variations with photoelectron kinetic energy, polar angle of emission, and adsor-
bate species indicate that this is a very promising technique for surface-structure deter-
mination. Preliminary multiple-scattering calculations show encouraging agreement
with experiments.

The availability of synchrotron radiation in the
photon energy range S~ &30 eV has led to propos-
als by Liebsch' and others'" that measurements
of the anisotropy of photoemission from the core
levels of adsorbed atoms could be used to deter-
mine their positions relative to the surface. The
wave function of the excited photoelectron is en-
visaged as a wave emanating from the atom of
origin. This wave will scatter against substrate
atoms, and the resulting electron interference
pattern should be observable with an external de-
tector. The theoretical prospects for a tech-
nique based on this effect appear quite good."'
In contrast, the experimental situation has been
less hopeful. Observations at low energy (h~
=24 eV) of the emission from the 5P levels of Cs
adsorbed on W(001) showed only weak anisotro-
pies. s More recently, x-ray (S&u =1487 eV) photo-

emission measurements of the 1s level of 0 ad-
sorbed on Cu(001) showed somewhat larger
anisotropies, ' but such high-energy work appears
to be restricted to grazing angles of emissio~~.
presumably because of Debye-%aller effects ~.nd
the weakness of all but forward scattering. '

Ideally, in such experiments, one would wish
to tune S~ so that the photoelectrons emerge
with kinetic energies, E, in the range 30-200
eV appropriate to the conventional structural
technique of low-energy electron diffraction
(LEED). Synchrotron radiation is therefore es-
sential. This would allow the extensive theoreti-
cal expertise accumulated in LEED studies to be
transferred to the photoemission problem. It
would also ensure strong backscattering ampli-
tudes with only limited Debye-%aller degrada-
tion at room temperature. ' Moreover, as in
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LEED itself, it is probably essential to collect
data over a reasonable range of experimental
variables if a unique structural determination is
to be obtained. ' For example, if the azimuthal
anisotropy is to be studied, measurements should
be made for a range of polar emission angles 8
and a number of emergent kinetic energies E.
Finally, for preliminary studies, it is desirable
to work on adsorbate systems whose structure
have already been investigated by LEED. In this
Letter we report what appear to be the first ex-
perimental measurements which satisfy all these
requirements. Azimuthal anisotropies are ob-
served which are quite strong and which vary ap-
preciably with E, 8, and adsorbate species. We
argue that a unique structural determination
should prove possible. We present also the pre-
liminary results of some multiple-scattering cal-
culations which offer further encouragement.

The experiments were performed on the (001)
surface of Ni with Na or Te atoms adsorbed in
the c(2&&2) configuration. Both of these systems
have been analyzed previously by LEED.' ' Sur-
face order was checked by means of medium-en-
ergy (4.5 keV) grazing-incidence electron diffrac-
tion. The spectrometer system has been de-
scribed elsewhere. " An electron-energy analyz-
er samples photoelectrons propagating in the
plane of incidence. The radiation was incident
at —45' to the surface normal and was p polar-
ized. The light source was the Tantalus I stor-
age ring, and the radiation was monochromatized
by a plane-grating grazing-incidence monochrom-
ator which provided useful photon Qux in the 60-
120-eV range. "

We will concentrate here on data obtained for
the azimuthal dependence of the core-level photo-
emission intensity. In these experiments, 8 is
kept fixed and the intensity is monitored as the
sample is rotated about its surface normal. As
discussed earlier, 2 this approach has the virtue
of eliminating those anisotropies in the core-
state emission which wouM arise even for free
atoms, and isolates those anisotropies associ-
ated with photoelectron diffraction effects involv-
ing the structural surroundings of the emitter.

A group of azimuthal plots at 8=30' is shown
in Fig. 1 for emission at photon energies 80, 90,
and 100 eV from the 4d level of Te (binding ener-
gy 41 eV relative to the Fermi level) in a
Ni(001)-Tec(2&& 2) surface, and from the 2p level
of Na (binding energy 31 eV) in a Ni(001)-Nac(2
&&2) surface. The data points have been subjected
to a fourfold symmetrization which enhances the
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FIG. l. Radial plots of the azimuthal dependence of
adsorbate core level photoemission at the photon ener-
gies 80, 90, and 100 eV. The upper sets of data were
obtained on Ni(001)-Tec(2 x 2) and the lower on Ni(001)-
Nsc(2&&2). The inner full curves are enhanced data
plots obtained by subtracting the minimum value from
all others. The polar angle was 0= 80' in all cases.

statistics and removes small spurious variations
which occur from quadrant to quadrant. (Note
that this procedure does not introduce mirror
symmetry; the observed asymmetries in Fig. 1
are indicative of residual statistical noise and
provide a measure of the reliability of the data. )
The anisotropies are strongest at S~ =80 eV,
amounting to a maximum/minimum ratio of 1.43
in the case of Te and 1.31 in the case of Na. The
data points of Fig. 1 have had a background sub-
tracted. This background was determined by
measuring the electron flux at a kinetic energy
5-7 eV higher than the relevant core-level photo-
emission peak; it is therefore a slight underesti-
mate of the true background. Also shown in Fig.
1 are enhanced azimuthal distributions obtained
by subtracting the minimum intensity from all
other values. ' While this method of data presen-
tation is somewhat misleading, since it tends to
overdramatize the actual variations, it does re-
veal more clearly the way in which the anisotrop-
ies vary with E. It is seen in Fig. 1 that varia-
tions with E are quite strong. In the case of Na,
for example, the 2p emission is preferentially
along (100) azimuths for Su& =80 and 100 eV but
along (110) azimuths at the intermediate energy
Lo =90 eV. Since the lobes change their orienta-
tions with E, it immediately follows that any
simplistic shadowing-type interpretation attempt-
ing to relate lobe directions to spaces between
nearest-neighbor atoms will be inadequate.

It is also seen in Fig. 1 that the observed ani-
sotropies are quite different for Te and Na even
though they are believed to occupy the same co-
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ordination sites. This is not simply related to
differences in kinetic energy E. At @~= 80, 90,
and 100 eV, the values of E for Te 4d emission
are approximately 33, 43, and 53 eV, respec-
tively, and for Na 2p emission 46, 56, and 66 eV,
respectively. The latter two kinetic-energy val-
ues for Te lie close to the first two values for
Na, and yet the azimuthal patterns are quite dif-
ferent. This species difference is attributed to
differences in the adsorbate z spacings relative
to the outermost Ni layer [2.23 A in the case of
Na (Refs. 8, 9) and 1~ 90 A in the case of Te (Ref.
10)]. Further differences should arise through
the angular momentum symmetry of the initial
core states. If we represent the outgoing photo-
electron wave function in terms of a wave ema-
nating from the atom of origin, then Na 2p states
will couple to l =0 and l =2 components of that
wave, and Te 4d states will couple to l =1 and
l =3 components.

The azimuthal anisotropy also varies with polar
angle 0, and this is illustrated in Fig. 2 where
we show results on Ni(001)-Tec(2&2) at ku& =80
eV. Data are shown for 8=30', 45', and 60'cor-
responding, respectively, to k„=1.47, 2.08, and
2.55 A '. The range of k~t is somewhat larger
than that obtained by varying E, as in the results
of Fig. 1. The qualitative changes in the azimuth-
al anisotropy, however, appear to differ from
those obtained by varying E, indicating that the
9 dependence represents additional, rather than
redundant information.

While the measurements presented above seem
likely to be an adequate data base for a unique
structural determination, the success of such an

approach relies upon our ability to model the
data by theoretical calculations. We have there-
fore initiated a project to perform such calcula-
tions, using a scheme described elsewhere. "
Preliminary ca,lculations have been done so far
for the Na 2p emission from a c(2&&2) overlayer.
The calculations include full multiple scattering. '~

The details of the Ni and Na phase shifts, the
complex inner potential, and the structural pa-
rameters will be presented in a future publica-
tion. The important point as far as this discus-
sion is concerned is that these parameters are
nonadjustable, and are determined by previous
I.EED investigations. "'"

The results of the calculations for Na at@~
=80 eV and 8=30' are compared with the experi-
mental data in Fig. 3. The overall agreement is
quite good. Not only are the main lobes along
the (100) azimuths predicted, but the secondary
substructure within these lobes is also well re-
produced. This level of agreement is clearly
encouraging, and further calculations are in
progress on both Na and Te on Ni(001) to assess
the sensitivity of the model to both structural
and nonstructural parameters.

In summary, we have demonstrated, both ex-
h
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FIG. 2. Radial plots of the azimuthal dependence of
emission at ~ =80 eV from the Te 4d levels from
Ni(001)-Tec(2X 2) at various polar angles.

FIG. 3. Comparison between theory and experiment
for the azimuthal dependence of emission from the Na

2p levels for Ni(001)-Nac(2x2) at ~ =80 eV and ~~30 .
The full circles are the calculated intensities. The
full curve represent the same data with a minimum val-
ue subtracted. The dashed curve is the corresponding
mirror-symmetrized experimental data.
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perimentally and theoretically, strong prospects
for a new technique, photoelectron diffraction,
in the determination of surface structures.
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Although DyMo6S8 is a superconductor below T =2.05 K previous studies of the resis-
tivity, susceptibility, and Upper critical field strongly suggest the development of mag-
netic order at T„=0.4 K. The present neutron study shows conclusively that this super-
conducting compound also develops coexistent long-range (greater than 800 A) antiferro-
magnetic order at T&. The Dy atoms form a simple cubic sublattice (with a slight rhombo-
hedral distortion) in which the observed magnetic structure consists of (100) planes with
moments of 8.77@8 alternately parallel and antiparallel to the [111]direction.

Two classes of ternary compounds are known
to become superconducting in spite of the fact
that the compounds have a rare earth with a large
magnetic moment as one of their constituent ele-
ments. ' ' More dramatically two materials, "
ErRh484 and HoMo, S„undergo phase transitions
below T, in which they resume normal conductiv-

ity and develop magnetic order. Neutron scat-
tering experiments" have (1) demonstrated that
both materials are ferromagnets with long-range
order, (2) identified the spin direction, and
(3) measured the temperature-dependent spontane-
ous magnetization. Although these studies showed
some evidence of a small temperature interval
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