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Surface Magnetism of Ni(1(IO) near the Critical Region by Spin-Polarized Electron Scattering
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It is shown that scattering of polarized low-energy electrons can be used to study
magnetic cortical behavior of well-characterized, free surfaces. For the topmost
layers of the Ni{100) surface of a single-crystal magnetic circuit it is found that, in
the temperature range 0.008 & 1™T/Tc ~ 0.1, the magnetization decreases with the
critical exponent P &

= 0.825+0 04p a possibly indicating XY coupling at the ¹ surface.

PACS numbers: 75.10.Lp, 61.14.Hg, 75.40.Fa, 75.50.Ee

Critical behavior of semi-infinite systems has
been and still is the subject of great current
theoretical interest. ' ' In contrast, experimental
data on free, well-characterized, clean surfaces
have been rather scarce, primarily, we believe,
because of the lack of adequate, easily accessible
probes. The first pioneering steps in this direc-
tion have been taken by Palmberg, DeWames,
and Vredevoe, ' with the low-energy electron-
diffraction (LEED) technique, and about ten years
later by Celotta et al. ' with spin-polarized I EED
(SPLEED). In this Letter, we report results of
an experimental effort towards the systematic
investigation of the critical behavior of magnetic
surfaces. It is shown that by scattering of spin-
polarized low-energy electrons, information on
the surface n"i tical behavior of itinerant-electron
ferromagnets can be made available. As a test
for the feasibility of the experiment we have cho-
sen the model itinerant-electron ferromagnet Ni.

In Fig. 1 we show a scheme of the scattering
geometry involving a very special target geometry
of the Ni crystal so as to reduce the magnetic
stray fields. ' The magnetic single-crystal cir-
cuit is magnetized by a current pulse through a
self-supporting Cu coil wound around one leg of
the frame. An electron beam of transversal spin
polarization P, and kinetic energy E, , obtained
from an Al„Ga, „As spin-polarized source, is
scattered from the front surface of the picture-
frame single crystal which is magnetized along
the [110]direction parallel or antiparallel to P, .
In the present experimental arrangement the
direction'of the magnetization M11p is parallel to
the normal of the scattering plane defined by n
=(k, xk, )/Ik, &&k2I (see Fig. 1). The intensity of
the specularly reflected elastic electron beam is
measured for P& parallel and antiparallel to the
magnetization M», as a function of the tempera-
ture. In addition the experimental determination
of the asymmetry in the scattered intensity is
done for Myrio in both directions, parallel and

antiparallel to the scattering plane, so as to
determine its true zero.

The intensity of the scattered electron beam is
determined by the Hamiltonian"'"

H = V+ V„+Q,J(r —8, )s S, ,

where V describes the spin-independent part of
the scattering potential, V„ is the spin-orbit in-
teraction, and the last term describes the ex-
change interaction between the spin s of the in-
cident electron and the spin 8, of the magnetic ion
located at R, ; J(r —R,) is the exchange coupling
constant. The exchange scattering asymmetry
A„ is defined as the normalized difference of the
scattered intensity for parallel (Itt) and anti-
parallel (Itt) spins:

W,„=(1/I P,l)(I„-I„)/(I„+It, ).

The apparatus used for the present work is an
ultrahigh-vacuum (UHV) multiple-chamber sys-
tem which allows the growth of P-doped (with Be)
Al„Ga, „As by molecular-beam epitaxy (MBE)
and its use in situ as a source of spin-polarized
electrons. " The source used in these experi-
ments is an Al, »Ga, „As(100) layer grown on a
GaAs(100) substrate. This compound was chosen
to achieve high polarization, P, =44.1+1.39o, at
the He-Ne laser line (he=1.96 eV). The MBE
layer can be transferred after growth from the
MBE chamber into the preparation chamber for
Cs and 0, deposition to achieve negative electron
affinity. After activation the photocathode is
transferred to the scattering chamber where it
is irradiated with circularly polarized light from
a He-Ne laser. As a h/4 retarder a Pockels cell
driven by a special 3-kV power supply" is used,
so that the electron polarization can be switched
between lef t and right circular polarization. The
(longitudinal) spin polarization of the photoemitted
electrons is therefore switched synchronously
between + P, with respect to n. The photoelectrons
are deflected electrostatically by 90 in order to
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FIG. l. (a) Scattering geometry of the Ni sirgle-crystal window-frame target cut from a large single crystal.
(b) Orientation of the picture-frame crystal with respect to the main crystallographic directions: dimensions in
millimeter s.

obtain a transversally polarized beam at the sam-
ple for the SPLEED experiment. The primary
beam can be accelerated into a UHV chamber at
100 keV where the polarization is measured by
Mott scattering from an Au foil. The surface of
the Ni picture-frame single crystal is cleaned by
prolonged Ar-ion bombardment at 550'C in the
Mumetal scattering chamber until no contamina-
tion can be detected by Auger spectroscopy per-
formed with a hemispherical energy analyzer in
the same chamber. The temperature of the Ni

sample is stabilized by indirect pulse heating.
The single crystal is magnetized after each heat-
ing pulse to account for demagnetization induced

by the heating-current pulse. The scattered in-
tensity is detected with the hemispherical energy
analyzer (resolution ~ 0.22 eV full width at half
maximum). A desk computer, which also imme-
diately calculates the scattering asymmetry,
controls the measurement. The data collection
is switched off during the heating and magnetizing
current pulses. " The bulk Curie temperature
TGB of the Ni target is determined ie situ by a
method developed in our laboratory and based on
the magneto-optical Kerr effect, "where the mag-
netic field is modulated. The laser employed is
also used for optical alignment of the experimen-
tal setup. We have found that T~, is equal to the
surface Curie temperature Tcs (determined by
electron scattering) to within +4 K.

Experimentally we determine the normalized
asymmetry

A =(I/lpo l)(il - Il )/(Il + Il ),

where Il' (Il') is the scattered intensity measured
for incident electron spin parallel (antiparallel)
to the normal of the scattering plane and for the
surface magnetized parallel (o =+ ) or antiparallel
(o =-) to n. It can be shown" that by using the
relations A,„=(A'-A )/2 =A,„and A„=(A.'+A )/
2 =A„ the magnetic and spin-orbit asymmetries
can be determined separately. The equality A,„
=A,„(or A„=A,„, respectively) is estimated to
be exact to within 5A«(5A, „)with 5 of the order
of A,„A.«. 5 can also be estimated experimental-
ly and is generally found to be i 5 i«1% at room
temperature, so that 6A„(0.01A,„at all tem-
peratures reported in this work. Fig. 2(a) shows

experimental data of A,„vs T/Tc. Here we are
interested only in A,„=(A'-A )/2=A, „, which

is directly related to the magnetic scattering
term. Recently Feder and Pleyer" have dis-
cussed the temperature range of validity of the
relationship A,„ocM(T) in the frame of dynamical
LEED theory suggesting that the linear relation-
ship between A,„and the magnetization M(T) is
valid near the critical temperature. Since near
the Curie temperature the magnetic coherence
length $i in a direction perpendicular to the
Ni(100) surface is much larger than the depth
probed in this experiment the fast decrease of

A„ is attributed to the decrease of the magneti-
zation at the topmost Ni atomic layers. This is
why information about the critical exponent P,
can be extracted by fitting the data of Fig. 2(a)
by the function

A,„ocMs(T) oo(1 —T/Tcs) s&.
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This has been performed through a log-log plot
[Fig. 2(b)], from which we obtain P, =0.825~,0e,',

in the range 0.008 ~1 —T/Tc &0.1. The uncer-
tainty in the determination of Tc from a given
A,„(T) measurement is typically +I K or better.
We estimate correspondingly that the error in P,
is about +0.025 and —0.040, respectively. From
measurements performed at a different kinetic
energy (Fx =37 eV) we find P, =0.805 00

O4'.

We compare in Table I the SPLEED result with
results of various recent calculations. We notice
that the experimental results are in the range of
the best Monte Carlo results for semi-infinite
systems. ' At present it seems that the experi-
ment favors results of the XY model, although
such theoretical results might not be applicable
in a simple way to the Ni(100) surface. In addi-
tion it is also not clear to what extent the Ni sur-
face can be described near T«by a Heisenberg
model. On the other hand in order to provide
data allowing a more stringent test of current
theories it might be necessary to do measure-
ments even closer to the critical point Tcs—an
experiment feasible in the near future —since in
the present range of temperatures the reported
values of P, might indeed be slightly reduced. "
The experiment is therefore likely to yield a low-
er limit for the real P, . Despite the current un-
certainties in the comparison between theory and
experiment it is surprising that the critical be-
havior of the magnetization of the top layers of
Ni(100) agrees with results for the XI'model. An
XYbehavior could, however, be understood by
noticing that the magnetic dipole interaction be-
tween surface and bulk atoms is expected to be
dependent on the orientation of their correspond-
ing spins relative to the surface plane. This situ-
ation tends in any case to perturb the isotropy of
the bulk (Heisenberg) interaction giving rise to

P 0 8P5
+0 025

TABLE I. Critical exponent P& for Ni(100) as obtain-
ed from SPLZED and compared to theoretical results
determined using the scaling relation P, + y&

= P + y with
the values of y, given in Refs. 4 and 5. The values of
P and y used are those calculated by Le Guillou et z &.

(Ref. &5).
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FIG. 2. (a) Exchange scattering asymmetry A ex vs
reduced temperature Tf7'c. Angle of incidence of the
electron beam: 0 = 15 with respect to the surface
normal. (b) Log-log plot of the exchange-scattering
asymmetry vs reduced temperature.

0 825+0. 095
O

0.78

'y, = 0.78 (Ref. 5).
p& given by Eq. (6) of Ref- 4.

0.8365 O.8782 '
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the XY anisotropy. " Qther mechanisms which
would also induce XY anisotropy at the surface
are surface lattice relaxation, estimated to be
less than 3/o on Ni(100), coupled with cha.nges in
the interatomic exchange coupling strength, or
crystal-field effects on the magnetic shells.

This work should also stimulate theoretical re-
search with (mixed) systems where the bulk and
the surface are allowed to exhibit different anisot-
ropies, e.g. , Heisenberg bulk and XY surface be-
havior.
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