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Electron-spin polarization in ferromagnetic semiconductors
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Using the single-site approximation for teef model, the electron-spin polarizatigBSP 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 consistentl\{.S0163-18207)01736-0

I. INTRODUCTION <Tc, and reaches about 90%ot 100% as T—0.2%1|n
contrast, the photo-ESP of Gd-doped EuO is considerably
It is currently accepted that the condition band in ferro-lower than the normalized bulk magnetization at low tem-
magnetic semiconductors, such as EuO and EuS, splits infeeratures, and decreases monotonously as the temperature
two spin-polarized subbands below the Curie temperaturghcreaseé.
(Tc)." Direct observation of the spin-split band is achieved  (jv) In the field-ESP of EuS, the low-energy electrons are
by electron-spin polarizationESP measurement. Two highly polarized, whereas the high-energy electrons are po-
methods have been used for the emission of electrons: phesrized only to a very low degreé-130n the other hand, the
toemission(photo-ESP and field emissiortfield-ESP. In - yhoto-ESP of EuO, as a function of the incident photon en-
the photo-ESP measuremefi&, the electrons absorbing ergy, is about 20% for the photon energy of 3 eV, increases

light are emitted from the solid. On the other hand, in the ; ; ;
) . S g 13 gradually to 30—40 % with an increase in photon energy, and
field-ESP measurements, the W-EusS junction is Jséthe- then decreases for energies higher than 5 eV.

cause the EuS conduction band is higher in energy than the Some theories have been proposed in order to account for

W Fermi level, an external electric field is applied to tilt the ; . 0 . .
bands such that the electrons from the W Fermi-level tunnetlhese features in E.SP' Since 100% spm-polanzfedleﬂgls .
re well separated in energy from other bands, and in addi-

through the barrier into the empty EuS conduction band an§

finally reach the vacuum. The degree of polarization is meallon: aré the highest occupied valence states, the electrons

sured using a Mott scattering analyzer, and expressed famitted from the 4 level are expected to be highly spin

terms of the ESPP, defined by* polarized at ferromagnetic temperatures or in a magnetic
field. Nevertheless, the results of photo-ESP measurements

N;—N, are very different from those expected. Sattler and

P= NN, (1.)  Sigemanf ascribed the low degree of photo-ESP to the de-

polarization that takes place at the surface layer before pho-
whereN; (N,) is the number of emitted electrons with up toemitted electrons escape into the vacuum. They assumed
(down) spin. the surface layer to be a paramagnetic shdetd layer.
The main features of the measured ESP are summarizddowever, it is difficult to visualize why such a paramagnetic
as follows>24 sheet is not active in the field-emission procedus, the
(i) On the whole, the degree of field-ESP observed igparamagnetic surface sheet cannot account for the high po-
much higher than that of photo-ESP. larization observed in field-ESP. Furthermore, the experi-
(ii) The applied magnetic-field dependence on ESP is verynental result shows that the spin-polarized band structure is
different between field-ESP and photo-ESP. Field-emittedhe main factor that determines the dependence of photo-ESP
electrons from EuS-coated W tips show spin polarization obn incident photon energy, and this also suggests the conser-
up to 90% around ¢, even for a weak magnetic field such vation of ESP in photoemissiohThe reason for the low
as 3 kOe. The observed field-ESP remains almost constapblarization in photo-ESP is more intrinsic, as will be shown
for a stronger magnetic fiefiOn the contrary, in the photo- herein.
ESP of EuS, EuO® La-doped Eud;” and Gd-doped Eu0, Nolting and co-workerd~" discussed the temperature
low values of ESP are observed even when the temperatudependence of field-ESP on the basis of the quasiparticle
is far belowT¢, and the photo-ESP increases gradually withmultiband picture that was deduced from the atomic limit
increasing magnetic field, but does not saturate at the exsolution. They ascribed the behavior of ESP to the variations
pected strength of the magnetic field. Moreover, the photoef the quasiparticle levels and the spectral weights calculated
ESP of Gd-doped EuO, which is 4.3% @t=43 K, also based on their concept. Their treatment is, however, some-
remains low upon application of a magnetic fiéld. what questionablé!® because the quasiparticle concept is
(iii ) Based on the variation of field-ESP as a function offully realized only in the weak-coupling regidn.
the temperaturd, the field-ESP appears to follow the nor-  Considering the electron-magnon interaction, Edw#rds
malized mean magnetization of the bulk in the rangeT0  presented a simple representation of the ESP as

0163-1829/97/5@.2)/73896)/$10.00 56 7389 © 1997 The American Physical Society



7390 MASAO TAKAHASHI 56

(S av Thus, the usual mean-field theory is applied fospins, ig-
S 1.2 noring thef-spin correlation. The details of the calculation
for the density of states will not be repeated here. We only
which apparently agrees with experimental results in thenote the effect of an applied magnetic field bispins. Ac-
field-ESP measuremehtHowever, Edwards’s expression cording to the molecular-field theory on a ferromagnet, the
cannot account for the experimental results of photo-ESP. Curie temperaturd@ is given by
Up to now, there has been no theory which consistently
accounts for the observations of both photo-ESP and field- ~2zJ8§S+1)
ESP. In this work, we calculate the electron-spin polarization c— 3kg ' (2.9
based on the single-site approximation for §é model?° , _
The difference between photo-ESP and field-ESP is exWhered (=Juy) is an exchange integral, amds the num-
plained by the difference in the energy of the emitted elecPer Of nearest neighbors of a magnetic ion. The molecular
trons. field is expressed by2XS,),,/gug. Thus, it is convenient
The organization of this paper is as follows. In Sec. II, wel© €xpress the strength of the applied magnetic field using the
present the model Hamiltonian and the actual procedure dformalized magnetic field, which is defined by
the numerical calculation for the ESP. Furthermore, we H, (St+1) H
present an explanation for the difference between field-ESP _ 9meMz gre;
and photo-ESP. In Sec. lll, the numerically calculated results 2zJS 3kgTc

for the dependence of the ESP on the magnetic field, thRote thath=0.1 corresponds to the magnetic field of 34.7
temperature, and the energy, are compared with experimentghe for EuO(T.=70 K andS= 1), and that of 8.43 kOe for
results. In Sec. IV, the concluding remarks are presented. EuS(Te=17 K andS=1).
As in the previous stud$f for the numerical calculation

Il. BASIC CONSIDERATION the energy of the undisturbéthode) band is assumed to be
e,=W(k/qp)? for 0<k=qp, whereqp is the radius of the
Debye sphere; the summation oveis replaced by the inte-
The s-f exchange model is currently accepted as a basigration within the Debye sphere. In all of the present numeri-

for studying the conduction-electron states in ordinary magcal calculations, the known number of states is confirmed to
netic semiconductors? In this mode, the total Hamiltonian pe

H, consists oH;, H¢, andHg;, which represent the trans-

lational energy of ars electron, the Heisenberg exchange *

interaction betweef spins, and the-f exchange interaction f,xD#(w)d‘”z 1.0, 2.7
between ars electron and spins, respectively,

P=

(2.6

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

for both u=17 and|.

Hi=Hs+H:+Hgs, (2.2
B. Consideration for the electron-spin polarization
He= kE skalﬂakﬂ , (2.2 We consider the relation between the density of states and
y7)

the ESP>* When calculating the ESF®, it is reasonable to
assume thaN; /N, is equal toD;(w)/D (), because the
H.=— 2 J .q _ H E ’ (2.3 experiment was carried out under the condition that the con-
f mn mnS” S~ Opaz m Smz duction band was almost empty. He2;(w) [D (w)] is
the density of states for the energyof the emitted electrons

Ho=— | n%V a;rnﬂo" S.an,. 2.4 }/(\;l:r;huep I(Edst)lx\flr;):ggln. Thus, we have the following expression
The notations used here are the same as in previous fdpers, Di(w)—D(w)
except that the applied magnetic field on thepins is taken :W- 28
into account inH; . In Eqg. (2.3), a magnetic fielH, is as-
sumed to be applied on tHespins in thez direction;g is the The numerical result is shown fdS/W=0.1. Figure 1
g factor andug is a Bohr magnetron. The Zeeman effect onillustrates the relation between the electric density of states,
an electron is usually negligible. D(w) andD (w), and the ESHP, for T=0.5T¢. Note that

In previous worké? we presented the single-site approxi- |S/W=0.1 corresponds to the case of a weak exchange
mation for thes-f model. We first derived the-matrix ele- interaction, and is appropriate for Eu chalcogeniges also
ment of thes-f exchange interaction for a single spin  later discussion The first-order perturbation for the f ex-
embedded in the effective medium, where @aelectron is  change interaction predicts that the ferromagnetic ordering of
subjected to a complex potentidl; or X, according to the f spin gives rise to-1(S,),, shift in the up-spin band, and
orientation of its spin. Next, we studied the coherent poten-+1(S,),, shift in the down-spin bantt Thus, according to
tial approximation(CPA) conditions for thes-f model. Fur-  the simple spin-split band model based on the first-order per-
thermore, assuming a model band for thelectron, the den- turbation theory, the result should Be=100% forT<T,
sity of states was calculated numerically. andP=0% for T=T.. However, even fotS/W=0.1 this

In this work, we study the electron-spin polarization is not the case, as shown in Fig. 1. The down-spin band has
based on the single-site approximation for g model. a tail which reaches the bottom of the up-spin band even at
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FIG. 1. (a) The products of the density of states and bandwidth,

D, (0)W, D (@)W, and D(0)W (=[D;(w)+D ()W), and lll. RESULTS AND DISCUSSION

(b) the ESP,P, as a function ofw/W for IS/W=0.1 and T o

=0.5T¢. The open arrows) indicate the energiem=—1(S),, A. External magnetic-field dependence
ando=+1(S)ay. In Fig. 2 we show the present result for the ESPTat

=T, P, as a function of applied magnetic field for various

values of the electron energy. For energies as low as
T=0, which is a quantum effect due to the finiteness of thew/W<0.0, the ESP is as high as 70-90 % even when the
f-spin value?®? Roughly speaking, for—1(S,),<w<  Magnetic field is rather weak, and remains almost constant

+1(S,)ay, the electron spin is highly polarized, but does notfor still stronger magnetic fields. This feature explains well
reach 100% even af=0. Around w=+1(S,),,, the ESP the measured field-ESP of EG®n the other hand, the ESP
" avs

decreases suddenly because the density of states with dowY somewhgt hlilgherthenergy, such ﬁs?.N:O'%_ Ot..20fz ilr:j-
spin increases rapidly fap>+1(S,),,. For still higher en- creases gradually with Increasing applied magnetc helds, as

if it does not show magnetic saturation. This feature agrees
ergy, the ESP decreases gradually.

. . . ; . well with the measured photo-ESP of EuS.
Since EuS is an insulator, in the field-ESP measurement In Fig. 3 we show the result for the ESPTBt 0.5T¢ . At

using the W-EuS junction, the EuS conduction bands Alhis temperature the localizedspins are highly magnetized

tilted whgn an .e.xternal electric field is applied. If the field even when no magnetic field is applieste(S,),,/S shown
s:trength is sufficiently large, the bottom of .the EuS conducby the dotted ling The ESPP calculated in this study, is
tion band is lowered to below the W Fermi level, and elec-5imqost independent of the strength of the applied magnetic
trons can tunnel from W into the EuS conduction band andie|q, while it is strongly dependent on the electron enasgy

sponds to the values &f for energy equivalent to almostthe =109 K EuO (Ref. & and T=43 K 4.3% Gd-doped EuO
bottom of the conduction band, such@8N=0 in this case. (Ref. 8 are also included for comparison. In our
On the other hand, in the photo-ESP experiments, the eninderstanding, photo-ESP corresponds Ro for w/W
ergy distribution of light is usually chosen such that emission=0.05-0.20. The calculated result satisfactorily accounts for
of electrons from 47 states is predominaft® The 4f elec-  the observations on the photo-ESP, except when a low mag-
tron absorbing a photon transfers to the conduction bandetic field is applied. When the temperature is far belqw
thus, most photoemitted electrons have energy related to &s in this case, thé spins in a ferromagnetic semiconductor
large density of states. Consequently, the electrons emitteare highly polarized spontaneously even when no magnetic
during photo-ESP measurement have somewhat higher efield is applied. Thus, the applied magnetic field acts only to
ergy than the energy of the bottom of the band, such assmove the domain structufelNote that magnetic fieldH,
w/W=0.05-0.20 in this case. As is shown through the>8 kOe is needed for the saturation of the bulk magnetiza-
present study, this interpretation for the ESP accounts cortion in EuO>*® Then, the discrepancy between the calcu-
sistently for the difference between photo-ESP and field{ated result and the measured photo-ESP in a weak magnetic
ESP. field will be ascribed to the domain effect.
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FIG. 3. The ESP aff=0.5T;, P, as a function ofh, for
o/W=-0.05, 0.0, 0.05, 0.10, and 0.20. The experimental results
for photo-ESP on EuO at 10 Ighick solid line are taken from i
Siegmann(Ref. 4, and the experimental results for photo-ESP on FIG. 5. The ESPP, as a function off/T¢ for h=0.0, 0.05, and

4.3 % Gd-doped EuO at 43 K are taken from Meiefrcher, and 0.10. Numerical results foP are obtained fow/W=0.0. The ex-
Kaldis (Ref. 8. The dotted line i¥S,),,/S calculated forS=1 perimental results for field-ESP on EuS with no external magnetic
" " av .

field (@) and with a magnetic field of 5 kOgx, A) are taken from
Kisker et al. (Ref. 10.

B. Temperature dependence

In Fig. 4, we show the result for the ESP fo/W=0.0,  the observation will be further improved. These results
P, as a function of normalized temperatuFeTc, for vari-  strongly suggest that the field-ESP corresponds to the value
ous values oflS/W, together with the field-ESP data for of p for low electron energy, such as’W=0 in this study,
EuS™ Figure 4 also reveals the reasons for the apparerys already mentioned.
success of Edwards’s expression, or Eg2). Furthermore, In Fig. 6 we show the ESP in the normalized magnetic
the result suggests thes/W of EuS is between 0.1 and 0.2. fie|d h=0.03,P, as a function off/T¢ for various values of
Hereafter, we simply present the results [S'W=0.1(see  glectron energyw/W. The photo-ESP’s of 0.1% and 4.3%
also later discussion _ Gd-doped EuO are also included for comparison. Doping

In Fig. 5 we show the ESP at/W=0.0,P, as a function wjth Gd enhances the molecular field, and thus results in
of T/T¢, for various strengths of the magnetic field applied. higher values of ESP. In this photo-ESP measurement, an
The field-ESP’s of EuS in applied magnetic fields=0,  external field of 10 kOe was applied in order to align the
(Ref. 1) and 5 kOe(Ref. 10 are included for comparison. magnetic domains. Note that=0.03 corresponds to 10 kOe
Note that normalized magnetic fielths=0.05 and 0.10 cor-  for EuO (To.=70 K). Comparison between the calculated

respond toH,=4.2 kOe and 8.4 kOe in EuSTc=17 K),  results and observations suggests that photo-ESP corre-
respectively. The agreement between the calculated results

and the measured field-ESP is satisfactory. When we use

ISI\W=0.1-0.2 i fS/W=0.1, th ith
S/ 0.1-0.2 instead ofS/ 0.1, the agreement wit %:0.1 h=0.03
Temperature for EuQ (T¢c =70K)
Temperature for EuS (T,=17K) 0 20 40 60 80 K100,
0 5 10 1517 20K 00 - T
T T T i L . ! 0.05
100 ' Is/w L0 I R ‘ o
~~~~~~~~ L 0.04 T S | =
0.1 b 5: 50 2 0.503:
3 0.2 1 2 I N ~
= 0.3 9 N
50 *0 5 h
& 05 |8 I NN
] A 0.0
. EuS i 0.0 05 1.0 15
OA | ] T/TC
00 05 10 0.0
T/Tc FIG. 6. The ESPP, as a function ofT/T¢ for /W= —0.05,

0.0, 0.05, 0.10, and 0.20. Numerical results are obtainedhfor
FIG. 4. The ESP fow/W=0.0, P, is shown as a function of =0.03. The experimental results for photo-ESP in an external field
T/T¢ for various values oflS/W. The experimental results for of 10 kOe on 0.1% Gd-doped EuO and 4.3% Gd-doped EuO
field-ESP on EuS®) are taken from Kiskeet al. (Ref. 10, and (dashed ling are taken from Meier, Zgher, and KaldigRef. 8.
the dotted line is foX'S,),,/S calculated forS= %, The dotted line foKS,),,/S is also included for comparison.
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IV. CONCLUDING REMARKS
—I§—0 1 h=0.03
wo - Direct observations of the spin-polarized band were per-
formed by electron-spin polarizatiofESP measurement.
Nevertheless, there remain many riddles in the interpretation
of the measured ESP. For example, the reason why the de-
gree of field-ESP is much higher than that of photo-ESP has
not been clarified. Furthermore, the differences in the depen-
dencies of field-ESP and photo-ESP on the applied magnetic
field, the temperature, and the energy have not been ac-
counted for consistently.

In this study, based on the spin-polarized subband picture
for ferromagnetic semiconductors that was previously pro-
posed by u%? we attempted to explain the results of ESP
measurements consistently. In Sec. Il, we presented the pro-

FIG. 7. The ESPP, as a function otw/W for T=0, 0.8Tc and  cedure for calculating the ESP, together with the idea that
T=Tc. Numerical results are obtained fbr=0.03. measured field-ESP correspond$?tdor the electron energy

near the bottom of the conduction band, while measured

sponds toP for emitted electrons with energy somewhat Ph0to-ESP corresponds Rofor higher electron energy. Con-
higher than that of the bottom of the conduction band, suclsidering the process of electron emission, the interpretation

as w/W=0.05-0.20, in this study. This conclusion agreesS€ems reasonable. In Sec. Ill, in order to verify the spin-
with our view described above. polarized subband picture and the newly proposed view for

the ESP, we presented the numerical result®fas a func-
tion of the applied magnetic field, the temperature, and the
C. Energy dependence electron energy, and compared them with the results of the
fESP measurements. The agreement between the measured
ESP and the present results is satisfactory.
In Fig. 4, the ESP fow/W=0, P in the present study, is

100

P (%)

50r

In Fig. 7 we show the ESP in the applied magnetic field o
h=0.03, P, as a function of the electron energy), for

various temperatures. The main features ofdhgependence - .
shown as a function of the temperature, for various values of

of P are similar to those shown in Fig. 1, while the energy ) |
range in which the emitted electrons show high spin polar_IS/W. On comparing the calculated result with the measured

: 1 H —
ization is extended with the reduction of temperature. Thef'eld'E.SP of EuS; we simply takel S/\.N_ 0.1 for Eu ch_al-
field-ESP of EuS as a function of the filter-lens thresholdc®9€nides. Then, we present the various results obtained us-

energy showed that the low-energy electrons are highly IOO|_ng IS/'W=0.1, and compare them with the _measured field-
larized, whereas the degree of polarization of high-energi-SF and photo-ESP (f the Eu chalcogenides. The results
electrons is rather low? Thus, the threshold energy depen- /SO suggest thatS/W=0.1 is appropriate for EuO, and
dence on the field-ESP is well explained using Fig. 7. IS/W= 0.1—0.2 for EuS. This conclusion agrees with those
On the other hand, although the present result should bgPtained in our other work:

compared with the photo-ESP as a function of the energy of " relation to Fig. 7, we note that the measurement of ESP
emitted electrons, no experiment that can be used as a refdp-an effectlve 'method for investigating the band structure of
ence has been reported, as far as we know. Thus, instead, tRi@gnetic semiconductors. The results are of value for com-
present result is compared with the photo-ESP as a functioison with the result obtained from spin-polarized band-
of the energy of incident photofisThe interpretation for the structure cglculatlt_)n. Better experimental results will be ob-
experimental result is as follows. For the photon engrgy (@ined if, in addition to the ESP measurement, energy

near the photothreshold-2 eV), the photo-ESP shows low selection of _the photpgmitted electrons is performed for
values, which is ascribed to uncontrolled impurity statesS&mples having a sufficiently good quality, which nowadays
thus, the photo-ESP in this range of energies will disappea?ho'“"d be possible. N_ote also that in t_he ESP measurements
when samples having sufficiently good quality are measuredzU© Was a cleaved single crystal, while EuS was an evapo-
The photo-ESP becomes as high as 30—40 Y% icr4 eV, rated_ polycrystalllr_le film. Neverthgless, the present resuI.tS
indicating emission of electrons from the intrinsit’astates, consistently explain the ESP obtained experimentally. This
and decreases fdrv=5 eV. These experimental results are suggests that the surface effect is not significant. However,

consistent with the present result fafW=0.05—0.6, and the referred experiments were performed about 20 years ago,

strongly support our view described in the previous sectionfind samples might have involved uncontrolled impurities or

The absence of high ESP at low energiesar 4 eV is imperfections. Thu;, furt.her experimental confirmation of
because the current intensity of electrons photoemitted frorf'he present theor_y is desired. . .

4f states is weak compared with that of electrons emitted '_I'hroughout this work, we neglegt th‘espm correlatlpn
from impurity states in the energy region. Again, we empha—WhICh dgvelops nedFc. So far, the smgulanty due to-spin

size that in the photo-ESP experiments the energy distribuc—om?‘Iatlon ha_s hot been °_bS?F"e°' n the ESP. Thus, the
tion of light is usually chosen such that the dominant contri- “SPin correlation may not significantly influence the ESP.
bution to the photocurrent is fromf4electrons. For an
instant, the photo-ESP of Gd-doped E(Ref. 8 was ob-
tained at a photon energy bofv=5 eV, for which /W is The author sincerely thanks Professor S. Usami for his
roughly estimated to be 0.2. continuous encouragement.
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