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Gd-doped EuO: Temperature dependence of the 4 f-photoelectron spin polarization
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The spin polarization of the 4f electrons photoemitted from ferromagnetic EuO + x-at.% Gd
(x=0.1,2.0,4.3) has been measured for temperatures 7" > 20 K. During the photoemission
process depolarization of the excited electrons takes place. At low temperatures, the depolariza-
tion is nearly constant. It is attributed to spin-flip scattering of the photoelectrons with not or-
dered Eu?* moments existing at irreqularities of the surface. On approaching 7, the depolari-

zation increases. this is expected because near T, the magnetization of the ideal, i.e., atomically
smooth part of the surface deviates significantly from the one of the bulk, thereby giving rise to

additional spin-reversal scattering.

The spin polarization of the 4f electrons photo-
emitted from EuO is considerably lower than what is
expected from the bulk magnetization. In the bulk,
at temperatures much below the Curie temperature
Tc, all 4f spins are aligned parallel. However the
spin polarization of the 4f photoelectrons never
exceeds 80%, the exact value depending on the sam-
ple and at T << T¢, on the external magnetic field.!
Various mechanisms have been involved to explain
this peculiar feature.' From the earlier low-
temperature data alone it was very difficult to make
contact with the theory. Now, the polarization has
been measured over a wide temperature range. The
results indicate that the depolarization is caused by
two different mechanisms: one which does not
depend on temperature over the whole temperature
range considered and one, becoming significant only
for T 2_%TC, which does depend on temperature.

The main stimulus to investigate EuO by spin-
polarized photoemission is due to the fact that the
bulk magnetic properties of this ferromagnetic semi-
conductor are very simple in many respects.* This
helps to trace back the photoelectron depolarization
to a few possible causes, eliminating interpretational
ambiguities which might arise for more complicated
materials.

Figure 1 shows measurements of the 4 /-
photoelectron spin polarization (photo-ESP) P(T) of
variously doped EuO. The value x of the Gd** ad-
mixture refers to the batch composition and may
differ significantly from the actually present amount.
P was obtained at a photon energy of hv=>5eV. To
align the magnetic domains, an external field of 10
kG was applied. This field is considerably larger than
the bulk saturation field of all samples studied. The
crystals were cleaved and measured at a pressure of
p=2%1071"Torr. A detailed account of the experi-
mental setup is given in Ref: 5.

Also shown in Fig..1 is the normalized bulk mag-
netization M (T)/M(0), measured with a moving
sample magnetometer. The magnetization measure- ~

" ments were done with the same crystals that were

used for photoemission, in the same external mag-
netic field.

The EuO crystals showed a slight Eu?* deficiency.
Although each Eu?* ion carries a magnetic moment
of 7ug, the number of Bohr magnetons ug per Eu?*
ion found experimentally was 6.66ug for x =01.,
6.81up for x =2.0, and 6.67up for x =4.3. A nickel
sample was used for calibration.

A schematic energy scheme of EuO is presented in
Fig. 2. In the ground state 857/2 the seven 4 f elec-
trons of the Eu?* jon form a half-filled shell, the
spins being aligned parallel. Energetically the 8S7/2
state lies between the oxygen p-derived valence band
and the s-d conduction band. The spin-orbit split ’F,
final states observed after ejection of a 4f electron
extend over a width of about 1 eV, as shown in Fig.
2. For the following discussion some properties of
EuO are particularly important: It is a semiconduct-
ing Heisenberg ferromagnet of NaCl structure, the
exchange constants between nearest neighbors and
next-nearest neighbors being positive.® The average
escape depth of the photgelectrons has been deter-
mined to be at least 100 A at photon energies "
hv <5.2eV.” This implies that most photoelectrons
are excited in the bulk region of the crystal.

In order to study the depolarization of the 4f pho-
toelectrons it is necessary to determine at what stages
of the photoemission process it can possibly occur.
Excitation by electric dipole radiation conserves the
spin z component. However, the final state need not
be a pure spin state. This is the case if spin-orbit
coupling mixes both spin components. Clearly, the
polarization measured in the photoemission experi-
ment is not the spin polarization of the ground state
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FIG. 1. Temperature dependence of the spin polarization P of the 4f photoelectrons emitted from EuO +x-at.% Gd in an
external field of 10 kG. M is the normalized bulk magnetization M (7T)/M (0) of the same samples as used for the photoemis-

sion experiment, also measured in an external field of 10 kG.
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FIG. 2. Energy scheme of EuO, according to Ref. 7 for
T > Tc. Ep: Fermi level

but of the excited state. Fortunately, however, it
turns out that by excitation with light of photon ener-
gy hv =35 eV the 4f electrons are excited into the
5de, conduction band where spin-orbit coupling is
negligible.®® Therefore this interaction cannot be
responsible for the reduction of the ground-state po-
larization. Experimentally this conclusion is support-
ed by Ref. 1 where it is shown that at low tempera-
tures (T ~ 10 K) the photoelectron spin polarization
depends strongly on the applied magnetic field. If
the depolarization were due to spin-orbit interaction
it should not depend on the external magnetic field,
which is of the -order 10 kG.

Next it must be clarified whether depolarization is’
produced during the transport of the hot electron to
the surface. It has been proposed that bulk magnon
scattering reduces the polarization, a process favored
by the long escape depth. Experimentally it was
shown that this possibility must be ruled out.!° This
follows also from a simple argument given below.

Yet another bulk depolarization process can be ex-
cluded for EuO: spin-flip scattering of excited 4/
electrons with valence electrons. As there are no
free valence-band states the Pauli principle requires
that spin exchange must be accompanied by the exci-
tation of a valence elelctron across the band gap. At
S eV excitation energy of the primary 4f electron,
however, such a process is energetically very improb-

"able because the gap width is already 4 eV, see Fig. 2.

Furthermore, even if a valence electron is excited, it
has not sufficient energy to escape. Thus, the energy
scheme of EuO has the remarkable property to act as
a filter for secondary electrons: they do not appear in
the photocurrent at photo energies hv <5 eV.

The failure to find any bulk depolarization sources
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suggests to look for spin-exchange processes during
the last stage of the emission process. This is when
the photoelectron traverses the surface to escape into
the vacuum. Therefore we conclude that the surface
is the location where the depolarization takes place.

A considerable, mainly theoretical literature exists
on the magnetic properties of ideal, i.e., atomically
smooth surfaces of Heisenberg ferromagnets.> The
conditions for the existence of various surface spin
structures (magnetic surface reconstruction) have
been explored. For the rare-earth chalcogenides the
exchange constants are known to depend sensitively
on the lattice spacing.!! For EuO experimental evi-
dence exists that the lattice parameters at the surface
are identical to the bulk.!? Therefore it is reasonable
to use a theoretical model where the magnetic surface
properties just arise from the breaking of the three-
dimensional symmetry and a surface exchange J;
differing possibly from the bulk exchange J, by
J;=J,(1 —8). Such a model has been investigated
within the mean-field approximation by Mills.!?

For T < T., the surface magnetization M;; depends
linearly on the temperature (the index “is" refers to
ideal surface),

1 Tc—-T

Mo=2517% 10

(¢))
The factor 2.5 is correct only for a spin S =%

Heisenberg ferromagnet,'® e.g., EuO. It is evident

from Eq. (1) that even when the surface and bulk

exchange are identical, i.e., § =0, the surface mag-
netization differs markedly from the one of the bulk.
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FIG. 3. Total depolarization A = (M — P) for EuO + x-
at.% Gd.

In the following a simple expression is given for
the depolarization of the photoelectrons upon cross-
ing a surface magnetization layer. We assume that a
hot electron has a constant probability to reverse its
spin when it interacts with a 4./ spin of opposite z
component. No multiple scattering is considered.
Denoting the number of up (down) spins in the sur-
face by n,1 (ng|), the normalized surface magnetiza-
tion becomes Mj;= (n,1 —n,|)/(ns1 +n,]). The
analogous quantity for the bulk spins is
My =(ng1—ny))/(ny1+ny|): this is equal to the ini-
tial polarization of the photoelectrons just after exci-
tation. . The polarization P;; of the photoelectrons
after traversing the surface magnetization layer is
then easily found to be

Mb_Pis=a(Mb_Mis) » (2)

where « is a constant determined mainly by the
spin-flip scattering probability. It is clear from Eq.
(2) that no depolarization occurs for M, = M, i.e., if
the sample is homogeneously magnetized. This alone
shows that bulk magnon scattering cannot depolarize

EuO : Photoelectron Spin Polarization P(T)
( schematic )
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FIG. 4. Schematic representation of the depolarization in
various temperature ranges I-IV. I: Experimentally inac-
cessible region where the effective field acting on the quasi-
paramagnetic moments is strong enough to produce align-
ment of the moments. II: Quasiparamagnetic moments are
completely disordered: Depolarization T independent. III:
Additional depolarization by the ideal surface becomes effec-
tive. IV: The external field causes a tailing of the M and P
curves: the theoretical models valid for zero external field
are no longer applicable.
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FIG. 5. Linear surface magnetization for Gd-doped EuO.
Also 7shown is the mean-field magnetization curve for a bulk
X =3 ferromagnet.

the photoelectrons in EuO: on the average the
" number of spins scattered in one direction is just
compensated by the number of spins scattered in the
opposite direction.
From Eq. (2) the photoelectron depolarization A;
due to the specific magnetic properties of an ideal,
atomically smooth Heisenberg ferromagnet becomes

Mb_Pis Mb—Mis A
. 3
M, ] (9)

Ais = Mb =
Note again that M, is equal to the initial polarization
of the photoelectrons.

The linear temperature dependence of the magneti-
zation is valid only for T < T¢. For EuO, Takeda
and Fukuyama calculated M,(T) over the whole tem-
perature range 0 < T < Tc¢,'* unfortunately using in-
correct values for the exchange constants. They find
that at T < 0.2T¢ the surface layer is also practically
saturated. Therefore, even taking into account the
particular magnetic surface properties of a Heisenberg
ferromagnet, the large depolarization at low tempera-
tures remains unexplained.

Therefore another mechanism must be present
which is responsible for the depolarization at low T.
Sattler and Siegmann,' and Helman and Siegmann?
attributed the low T depolarization to quasiparamag-
netic surface moments which are largely decoupled
from the bulk magnetization. The fact that the depo-
larization of Gd-doped EuO is fairly temperature in-

dependent at T << T¢ supports this view impressive-
ly, see Fig. 3. It is also quite natural that such quasi-
paramagnetic moments are present on a real surface.
A cleavage plane of EuO is not completely smooth as
can be easily verified with an electron microscope.
There is a high density of anomalous lattice sites like
edges, corners, steps where the magnetic moments
are in an irregular environment. These moments,
which we call irregular from now on are believed to
be the origin of the temperature-independent depolar-
ization.!

Assuming that the depolarization by the ideal sur-
face magnetization, A, and by the irregular surface
moments, Ap,,, is additive, the total depolarization A
is the sum of two terms

A=A + Ay . 4

A can be derived from the measurements shown in
Fig. 1: we have A = (M, — P)/M,, where P is the
measured spin polarization.

At temperatures T < 0.4Tc, A is practically T in-
dependent. Then we have A =A,,.. At higher T the
term A;, becomes increasingly important. A(T) is
shown in Fig. 3 for 3 dopant concentrations.

If it were possible to measure at much lower tem-
peratures than 10—20 K, even the irregular surface
magnetic moments would align in the external field
and the depolarization would vanish. This is shown
schematically in Fig. 4 where the depolarization
mechanisms and the influence of the external field
are shown for various 7T ranges.

A quantity of great interest which can be derived
from Fig. 1 is the parameter & relating the surface
and bulk exchange. As Eq. (1) shows the only un-
known parameter in the expression for the surface
magnetization is 8. Extracting A, from the low-T
data, A is determined by A=A — Ap,ra. Using the
values of A;; at two temperatures T}, T, < T¢ and taking
their ratio, the constant a of Eq. (3) is eliminated
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FIG. 6. Spin polarization of the 4f electrons emitted from
Eug ¢gGdg 20 at T =43 K as function of the applied magne-
tic field.
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and the resulting equation can be solved for 8. One

obtains

Ai(T) (T —T) /Te — A(TH (Te — T [ Tc
A(T) M, (T2) — A(Ty) M, (Ty)

8=0.63

The T¢ values for the samples with x =0.1,2,4.3
were estimated from a Curie plot. They are 75, 78,
and 80 K, respectively. For the evaluation of the &
values, the temperatures 7} and T, should not be
chosen too close to T¢; otherwise the influence of
the external field on the measured magnetization be-
cemes significant. For the sample x =4.3, & was cal-
culated with the temperature pairs (65,70), (70,75),
and (65,75), the numbers denoting degrees Kelvin.
The result is 8=0.00 £0.03. For x =2, the tempera-
tures are (55,60), (60,65), and (50,65) giving
5=0.06 £0.03 and for x =0.1 the temperatures
(40,45), (35,40), and (35,45) give 8=0.175 +0.02.
For these & values the linear surface magnetization
is shown in Fig. 5 together with the mean-field result
for the bulk magnetization of a S =% ferromagnet.

It should be noted that & is larger for the less doped
samples, indicating that the surface exchange is stif-
fened (more ferromagnetic) by the conduction elec-
trons introduced by doping.'®

The measurements of Fig. 1 also show that the
temperature-independent depolarization is stronger
for the less doped samples. This suggests that there
are surface sites which are quasiparamagnetic, i.e., ir-
regular, for weakly doped samples become magneti-

cally coupled to the bulk for heavily doped samples.

Finally, an additional experiment was made to veri-
fy the quasiparamagnetic character of the irregular
surface moments. In their original paper,! Sattler and
Siegmann observed that at low temperatures (7 ~ 10
K), the spin polarization increased with increasing ap-
plied magnetic field éven when the bulk of the sam-
ple was already saturated. Clearly, the external field
aligns the irregular surface moments thereby reducing
their depolarizing effect. The magnetic energy of the
irregular moments is Ey = SgupH o, Where Hg is
some effective magnetic field acting on the quasi-
paramagnetic moments. At temperatures where
kT > Ej, the alignment by the external field should
be negligible. In fact, the measurement of the spin
polarization as function of the applied magnetic field
shows that P is practically independent of H at T =43
K, see Fig. 6, for comparable magnetic fields as used
in Ref. 1.

In conclusion we note that a plausible model for a
real magnetic surface describes our spin-polarized
photoemission experiments with EuO satisfactorily.
However, it also shows that absolute values of the
photoelectron spin polarization have generally no
simple connection to the magnetization of the bulk
sample.
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