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Electron-spin polarization in ferromagnetic semiconductors
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~Received 14 November 1996; revised manuscript received 5 May 1997!

Using the single-site approximation for thes- f model, the electron-spin polarization~ESP! in ferromagnetic
semiconductors is studied theoretically. Assuming that the difference between the results of photoemitted ESP
and those of field-emitted ESP is due to the difference in the energies of emitted electrons, the dependence of
ESP on the temperature, external magnetic field, and energy, which is observed experimentally, can be ex-
plained consistently.@S0163-1829~97!01736-0#
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I. INTRODUCTION

It is currently accepted that the condition band in fer
magnetic semiconductors, such as EuO and EuS, splits
two spin-polarized subbands below the Curie tempera
(TC).1,2 Direct observation of the spin-split band is achiev
by electron-spin polarization~ESP! measurement. Two
methods have been used for the emission of electrons:
toemission~photo-ESP! and field emission~field-ESP!. In
the photo-ESP measurements,3–8 the electrons absorbin
light are emitted from the solid. On the other hand, in t
field-ESP measurements, the W-EuS junction is used;9–13be-
cause the EuS conduction band is higher in energy than
W Fermi level, an external electric field is applied to tilt th
bands such that the electrons from the W Fermi-level tun
through the barrier into the empty EuS conduction band
finally reach the vacuum. The degree of polarization is m
sured using a Mott scattering analyzer, and expresse
terms of the ESP,P, defined by3,4

P5
N↑2N↓
N↑1N↓

, ~1.1!

whereN↑ (N↓) is the number of emitted electrons with u
~down! spin.

The main features of the measured ESP are summar
as follows.1,2,4

~i! On the whole, the degree of field-ESP observed
much higher than that of photo-ESP.

~ii ! The applied magnetic-field dependence on ESP is v
different between field-ESP and photo-ESP. Field-emit
electrons from EuS-coated W tips show spin polarization
up to 90% aroundTC , even for a weak magnetic field suc
as 3 kOe. The observed field-ESP remains almost cons
for a stronger magnetic field.9 On the contrary, in the photo
ESP of EuS,5 EuO,6 La-doped EuO,6,7 and Gd-doped EuO,7

low values of ESP are observed even when the tempera
is far belowTC , and the photo-ESP increases gradually w
increasing magnetic field, but does not saturate at the
pected strength of the magnetic field. Moreover, the pho
ESP of Gd-doped EuO, which is 4.3% atT543 K, also
remains low upon application of a magnetic field.8

~iii ! Based on the variation of field-ESP as a function
the temperatureT, the field-ESP appears to follow the no
malized mean magnetization of the bulk in the range 0,T
560163-1829/97/56~12!/7389~6!/$10.00
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,TC , and reaches about 90%~not 100%! as T→0.10,11 In
contrast, the photo-ESP of Gd-doped EuO is considera
lower than the normalized bulk magnetization at low te
peratures, and decreases monotonously as the temper
increases.8

~iv! In the field-ESP of EuS, the low-energy electrons a
highly polarized, whereas the high-energy electrons are
larized only to a very low degree.11–13On the other hand, the
photo-ESP of EuO, as a function of the incident photon
ergy, is about 20% for the photon energy of 3 eV, increa
gradually to 30–40 % with an increase in photon energy, a
then decreases for energies higher than 5 eV.6

Some theories have been proposed in order to accoun
these features in ESP. Since 100% spin-polarized 4f levels
are well separated in energy from other bands, and in a
tion, are the highest occupied valence states, the elect
emitted from the 4f level are expected to be highly spi
polarized at ferromagnetic temperatures or in a magn
field. Nevertheless, the results of photo-ESP measurem
are very different from those expected. Sattler a
Sigemann6 ascribed the low degree of photo-ESP to the d
polarization that takes place at the surface layer before p
toemitted electrons escape into the vacuum. They assu
the surface layer to be a paramagnetic sheet~dead layer!.
However, it is difficult to visualize why such a paramagne
sheet is not active in the field-emission process.2 Thus, the
paramagnetic surface sheet cannot account for the high
larization observed in field-ESP. Furthermore, the exp
mental result shows that the spin-polarized band structur
the main factor that determines the dependence of photo-
on incident photon energy, and this also suggests the con
vation of ESP in photoemission.3 The reason for the low
polarization in photo-ESP is more intrinsic, as will be show
herein.

Nolting and co-workers14–17 discussed the temperatur
dependence of field-ESP on the basis of the quasipar
multiband picture that was deduced from the atomic lim
solution. They ascribed the behavior of ESP to the variati
of the quasiparticle levels and the spectral weights calcula
based on their concept. Their treatment is, however, so
what questionable,1,18 because the quasiparticle concept
fully realized only in the weak-coupling region.19

Considering the electron-magnon interaction, Edward18

presented a simple representation of the ESP as
7389 © 1997 The American Physical Society
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P5
^Sz&av

S
, ~1.2!

which apparently agrees with experimental results in
field-ESP measurement.1 However, Edwards’s expressio
cannot account for the experimental results of photo-ESP

Up to now, there has been no theory which consisten
accounts for the observations of both photo-ESP and fi
ESP. In this work, we calculate the electron-spin polarizat
based on the single-site approximation for thes- f model.20

The difference between photo-ESP and field-ESP is
plained by the difference in the energy of the emitted el
trons.

The organization of this paper is as follows. In Sec. II, w
present the model Hamiltonian and the actual procedur
the numerical calculation for the ESP. Furthermore,
present an explanation for the difference between field-E
and photo-ESP. In Sec. III, the numerically calculated res
for the dependence of the ESP on the magnetic field,
temperature, and the energy, are compared with experime
results. In Sec. IV, the concluding remarks are presented

II. BASIC CONSIDERATION

A. Single-site approximation for the s-f model

The s- f exchange model is currently accepted as a b
for studying the conduction-electron states in ordinary m
netic semiconductors.1,2 In this mode, the total Hamiltonian
Ht consists ofHs, H f , andHs f , which represent the trans
lational energy of ans electron, the Heisenberg exchan
interaction betweenf spins, and thes- f exchange interaction
between ans electron andf spins, respectively,

Ht5Hs1H f1Hs f , ~2.1!

Hs5(
km

«kakm
† akm , ~2.2!

H f52(
mn

JmnSm•Sn2gmBHz(
m

Smz, ~2.3!

Hs f52I (
mmn

amm
† s•Smamn . ~2.4!

The notations used here are the same as in previous pap20

except that the applied magnetic field on thef spins is taken
into account inH f . In Eq. ~2.3!, a magnetic fieldHz is as-
sumed to be applied on thef spins in thez direction;g is the
g factor andmB is a Bohr magnetron. The Zeeman effect
an electron is usually negligible.

In previous work,20 we presented the single-site approx
mation for thes- f model. We first derived thet-matrix ele-
ment of thes- f exchange interaction for a singlef spin
embedded in the effective medium, where ans electron is
subjected to a complex potential,(↑ or (↓ , according to the
orientation of its spin. Next, we studied the coherent pot
tial approximation~CPA! conditions for thes- f model. Fur-
thermore, assuming a model band for thes electron, the den-
sity of states was calculated numerically.

In this work, we study the electron-spin polarizatio
based on the single-site approximation for thes- f model.
e
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Thus, the usual mean-field theory is applied forf spins, ig-
noring the f -spin correlation. The details of the calculatio
for the density of states will not be repeated here. We o
note the effect of an applied magnetic field onf spins. Ac-
cording to the molecular-field theory on a ferromagnet,
Curie temperatureTC is given by

TC5
2zJS~S11!

3kB
, ~2.5!

whereJ (5Jmn) is an exchange integral, andz is the num-
ber of nearest neighbors of a magnetic ion. The molecu
field is expressed by 2zĴ Sz&av/gmB . Thus, it is convenient
to express the strength of the applied magnetic field using
normalized magnetic fieldh, which is defined by

h5
gmBHz

2zJS
5

~S11!gmBHz

3kBTC
. ~2.6!

Note thath50.1 corresponds to the magnetic field of 34
kOe for EuO~TC570 K andS5 7

2 ), and that of 8.43 kOe for
EuS ~TC517 K andS5 7

2!.
As in the previous study,20 for the numerical calculation

the energy of the undisturbed~model! band is assumed to b
«k5W(k/qD)2 for 0<k<qD , whereqD is the radius of the
Debye sphere; the summation overk is replaced by the inte-
gration within the Debye sphere. In all of the present nume
cal calculations, the known number of states is confirmed
be

E
2`

`

Dm~v!dv51.0, ~2.7!

for both m5↑ and↓.

B. Consideration for the electron-spin polarization

We consider the relation between the density of states
the ESP.3,4 When calculating the ESP,P, it is reasonable to
assume thatN↑ /N↓ is equal toD↑(v)/D↓(v), because the
experiment was carried out under the condition that the c
duction band was almost empty. Here,D↑(v) @D↓(v)# is
the density of states for the energyv of the emitted electrons
with up ~down! spin. Thus, we have the following expressio
for the ESP,P:3,4

P5
D↑~v!2D↓~v!

D↑~v!1D↓~v!
. ~2.8!

The numerical result is shown forIS/W50.1. Figure 1
illustrates the relation between the electric density of sta
D↑(v) andD↓(v), and the ESPP, for T50.5TC . Note that
IS/W50.1 corresponds to the case of a weaks- f exchange
interaction, and is appropriate for Eu chalcogenides~see also
later discussion!. The first-order perturbation for thes- f ex-
change interaction predicts that the ferromagnetic orderin
f spin gives rise to2I ^Sz&av shift in the up-spin band, and
1I ^Sz&av shift in the down-spin band.21 Thus, according to
the simple spin-split band model based on the first-order p
turbation theory, the result should beP5100% forT,TC ,
and P50% for T>TC . However, even forIS/W50.1 this
is not the case, as shown in Fig. 1. The down-spin band
a tail which reaches the bottom of the up-spin band eve
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56 7391ELECTRON-SPIN POLARIZATION IN FERROMAGNETIC . . .
T50, which is a quantum effect due to the finiteness of
f -spin value.20,22 Roughly speaking, for2I ^Sz&av,v,
1I ^Sz&av, the electron spin is highly polarized, but does n
reach 100% even atT50. Around v51I ^Sz&av, the ESP
decreases suddenly because the density of states with d
spin increases rapidly forv.1I ^Sz&av. For still higher en-
ergy, the ESP decreases gradually.

Since EuS is an insulator, in the field-ESP measurem
using the W-EuS junction, the EuS conduction bands
tilted when an external electric field is applied. If the fie
strength is sufficiently large, the bottom of the EuS cond
tion band is lowered to below the W Fermi level, and ele
trons can tunnel from W into the EuS conduction band a
from there into vacuum. Therefore, the field-ESP cor
sponds to the values ofP for energy equivalent to almost th
bottom of the conduction band, such asv/W50 in this case.

On the other hand, in the photo-ESP experiments, the
ergy distribution of light is usually chosen such that emiss
of electrons from 4f 7 states is predominant.3–8 The 4f elec-
tron absorbing a photon transfers to the conduction ba
thus, most photoemitted electrons have energy related
large density of states. Consequently, the electrons em
during photo-ESP measurement have somewhat higher
ergy than the energy of the bottom of the band, such
v/W50.05– 0.20 in this case. As is shown through t
present study, this interpretation for the ESP accounts c
sistently for the difference between photo-ESP and fie
ESP.

FIG. 1. ~a! The products of the density of states and bandwid
D↑(v)W, D↓(v)W, and D(v)W „5@D↑(v)1D↓(v)#W…, and
~b! the ESP,P, as a function ofv/W for IS/W50.1 and T
50.5TC . The open arrows~⇑! indicate the energiesv52I ^S&av

andv51I ^S&av.
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III. RESULTS AND DISCUSSION

A. External magnetic-field dependence

In Fig. 2 we show the present result for the ESP atT
5TC , P, as a function of applied magnetic field for variou
values of the electron energyv. For energies as low a
v/W,0.0, the ESP is as high as 70–90 % even when
magnetic field is rather weak, and remains almost cons
for still stronger magnetic fields. This feature explains w
the measured field-ESP of EuS.9 On the other hand, the ES
for somewhat higher energy, such asv/W50.05– 0.20, in-
creases gradually with increasing applied magnetic fields
if it does not show magnetic saturation. This feature agr
well with the measured photo-ESP of EuS.5

In Fig. 3 we show the result for the ESP atT50.5TC . At
this temperature the localizedf spins are highly magnetize
even when no magnetic field is applied~see^Sz&av/S shown
by the dotted line!. The ESPP calculated in this study, is
almost independent of the strength of the applied magn
field, while it is strongly dependent on the electron energyv.
In Fig. 3, the experimental results for the photo-ESP inT
510 K EuO ~Ref. 6! and T543 K 4.3% Gd-doped EuO
~Ref. 8! are also included for comparison. In ou
understanding, photo-ESP corresponds toP for v/W
50.05– 0.20. The calculated result satisfactorily accounts
the observations on the photo-ESP, except when a low m
netic field is applied. When the temperature is far belowTC ,
as in this case, thef spins in a ferromagnetic semiconduct
are highly polarized spontaneously even when no magn
field is applied. Thus, the applied magnetic field acts only
remove the domain structure.4 Note that magnetic fieldHz
.8 kOe is needed for the saturation of the bulk magneti
tion in EuO.1,4,6 Then, the discrepancy between the calc
lated result and the measured photo-ESP in a weak mag
field will be ascribed to the domain effect.

,

FIG. 2. The ESP atT5TC , P, as a function of normalized
applied magnetic fieldh, for v/W520.05, 0.0, 0.05, 0.10, and
0.20. The experimental results for the field-ESP of EuS~,, h, s

for 21 K, and., j for 14 K! are taken from Mu¨ller et al. ~Ref. 9!,
and the experimental results for photo-ESP on EuS~thick solid line!
are taken from Bush, Campagna, and Siegmann~Ref. 5!. The dotted
line shows^Sz&av/S calculated forS5

7
2 using a molecular-field

approximation.
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B. Temperature dependence

In Fig. 4, we show the result for the ESP forv/W50.0,
P, as a function of normalized temperatureT/TC , for vari-
ous values ofIS/W, together with the field-ESP data fo
EuS.11 Figure 4 also reveals the reasons for the appa
success of Edwards’s expression, or Eq.~1.2!. Furthermore,
the result suggests thatIS/W of EuS is between 0.1 and 0.2
Hereafter, we simply present the results forIS/W50.1 ~see
also later discussion!.

In Fig. 5 we show the ESP atv/W50.0, P, as a function
of T/TC , for various strengths of the magnetic field applie
The field-ESP’s of EuS in applied magnetic fieldsHz50,
~Ref. 11! and 5 kOe~Ref. 10! are included for comparison
Note that normalized magnetic fieldsh50.05 and 0.10 cor-
respond toHz54.2 kOe and 8.4 kOe in EuS~ TC517 K!,
respectively. The agreement between the calculated re
and the measured field-ESP is satisfactory. When we
IS/W50.1– 0.2 instead ofIS/W50.1, the agreement with

FIG. 3. The ESP atT50.5TC , P, as a function ofh, for
v/W520.05, 0.0, 0.05, 0.10, and 0.20. The experimental res
for photo-ESP on EuO at 10 K~thick solid line! are taken from
Siegmann~Ref. 4!, and the experimental results for photo-ESP
4.3 % Gd-doped EuO at 43 K are taken from Meier, Zu¨rcher, and
Kaldis ~Ref. 8!. The dotted line iŝ Sz&av/S calculated forS5

7
2.

FIG. 4. The ESP forv/W50.0, P, is shown as a function o
T/TC for various values ofIS/W. The experimental results fo
field-ESP on EuS~d! are taken from Kiskeret al. ~Ref. 10!, and
the dotted line is for̂ Sz&av/S calculated forS5

7
2.
nt

.

lts
se

the observation will be further improved. These resu
strongly suggest that the field-ESP corresponds to the v
of P for low electron energy, such asv/W50 in this study,
as already mentioned.

In Fig. 6 we show the ESP in the normalized magne
field h50.03,P, as a function ofT/TC for various values of
electron energyv/W. The photo-ESP’s of 0.1% and 4.3%
Gd-doped EuO are also included for comparison. Dop
with Gd enhances the molecular field, and thus results
higher values of ESP. In this photo-ESP measurement
external field of 10 kOe was applied in order to align t
magnetic domains. Note thath50.03 corresponds to 10 kO
for EuO (TC570 K!. Comparison between the calculate
results and observations suggests that photo-ESP c

ts

FIG. 5. The ESP,P, as a function ofT/TC for h50.0, 0.05, and
0.10. Numerical results forP are obtained forv/W50.0. The ex-
perimental results for field-ESP on EuS with no external magn
field ~d! and with a magnetic field of 5 kOe~3, n! are taken from
Kisker et al. ~Ref. 10!.

FIG. 6. The ESP,P, as a function ofT/TC for v/W520.05,
0.0, 0.05, 0.10, and 0.20. Numerical results are obtained foh
50.03. The experimental results for photo-ESP in an external fi
of 10 kOe on 0.1% Gd-doped EuO and 4.3% Gd-doped E
~dashed line! are taken from Meier, Zu¨rcher, and Kaldis~Ref. 8!.
The dotted line for̂ Sz&av/S is also included for comparison.
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sponds toP for emitted electrons with energy somewh
higher than that of the bottom of the conduction band, s
as v/W50.05– 0.20, in this study. This conclusion agre
with our view described above.

C. Energy dependence

In Fig. 7 we show the ESP in the applied magnetic field
h50.03, P, as a function of the electron energy~v!, for
various temperatures. The main features of thev dependence
of P are similar to those shown in Fig. 1, while the ener
range in which the emitted electrons show high spin po
ization is extended with the reduction of temperature. T
field-ESP of EuS as a function of the filter-lens thresh
energy showed that the low-energy electrons are highly
larized, whereas the degree of polarization of high-ene
electrons is rather low.10 Thus, the threshold energy depe
dence on the field-ESP is well explained using Fig. 7.

On the other hand, although the present result should
compared with the photo-ESP as a function of the energ
emitted electrons, no experiment that can be used as a r
ence has been reported, as far as we know. Thus, instead
present result is compared with the photo-ESP as a func
of the energy of incident photons.6 The interpretation for the
experimental result is as follows. For the photon energyhn
near the photothreshold~;2 eV!, the photo-ESP shows low
values, which is ascribed to uncontrolled impurity stat
thus, the photo-ESP in this range of energies will disapp
when samples having sufficiently good quality are measu
The photo-ESP becomes as high as 30–40 % forhn>4 eV,
indicating emission of electrons from the intrinsic 4f 7 states,
and decreases forhn>5 eV. These experimental results a
consistent with the present result forv/W50.05– 0.6, and
strongly support our view described in the previous secti
The absence of high ESP at low energies~near 4 eV! is
because the current intensity of electrons photoemitted f
4 f states is weak compared with that of electrons emit
from impurity states in the energy region. Again, we emp
size that in the photo-ESP experiments the energy distr
tion of light is usually chosen such that the dominant con
bution to the photocurrent is from 4f electrons. For an
instant, the photo-ESP of Gd-doped EuO~Ref. 8! was ob-
tained at a photon energy ofhn55 eV, for whichv/W is
roughly estimated to be 0.2.

FIG. 7. The ESP,P, as a function ofv/W for T50, 0.8TC and
T5TC . Numerical results are obtained forh50.03.
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IV. CONCLUDING REMARKS

Direct observations of the spin-polarized band were p
formed by electron-spin polarization~ESP! measurement.
Nevertheless, there remain many riddles in the interpreta
of the measured ESP. For example, the reason why the
gree of field-ESP is much higher than that of photo-ESP
not been clarified. Furthermore, the differences in the dep
dencies of field-ESP and photo-ESP on the applied magn
field, the temperature, and the energy have not been
counted for consistently.

In this study, based on the spin-polarized subband pic
for ferromagnetic semiconductors that was previously p
posed by us,20 we attempted to explain the results of ES
measurements consistently. In Sec. II, we presented the
cedure for calculating the ESP,P, together with the idea tha
measured field-ESP corresponds toP for the electron energy
near the bottom of the conduction band, while measu
photo-ESP corresponds toP for higher electron energy. Con
sidering the process of electron emission, the interpreta
seems reasonable. In Sec. III, in order to verify the sp
polarized subband picture and the newly proposed view
the ESP, we presented the numerical results forP as a func-
tion of the applied magnetic field, the temperature, and
electron energy, and compared them with the results of
ESP measurements. The agreement between the mea
ESP and the present results is satisfactory.

In Fig. 4, the ESP forv/W50, P in the present study, is
shown as a function of the temperature, for various value
IS/W. On comparing the calculated result with the measu
field-ESP of EuS,11 we simply takeIS/W50.1 for Eu chal-
cogenides. Then, we present the various results obtained
ing IS/W50.1, and compare them with the measured fie
ESP and photo-ESP of the Eu chalcogenides. The res
also suggest thatIS/W50.1 is appropriate for EuO, an
IS/W50.1– 0.2 for EuS. This conclusion agrees with tho
obtained in our other work.23

In relation to Fig. 7, we note that the measurement of E
is an effective method for investigating the band structure
magnetic semiconductors. The results are of value for co
parison with the result obtained from spin-polarized ban
structure calculation. Better experimental results will be o
tained if, in addition to the ESP measurement, ene
selection of the photoemitted electrons is performed
samples having a sufficiently good quality, which nowada
should be possible. Note also that in the ESP measurem
EuO was a cleaved single crystal, while EuS was an eva
rated polycrystalline film. Nevertheless, the present res
consistently explain the ESP obtained experimentally. T
suggests that the surface effect is not significant. Howe
the referred experiments were performed about 20 years
and samples might have involved uncontrolled impurities
imperfections. Thus, further experimental confirmation
the present theory is desired.

Throughout this work, we neglect thef -spin correlation
which develops nearTC . So far, the singularity due tof -spin
correlation has not been observed in the ESP. Thus,
f -spin correlation may not significantly influence the ESP
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