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(B1) are the same as before, but the eigenvalues
are not {N+3)7Q -m7[3(® -9)]}. The coher-
ent states are also the same as before except
that both o and ¢ will depend on time. Thus

a(t)=a(0)exp{-i[5(@ +sz)]%t},
£ =50 exp{-i [ - )]s}

The wave packet will therefore follow the class-
ical motion.

To calculate Z, in this case, one may take all
the limits of integration from 0 to . The parti-

tion function is then

e B Q) h‘(Q’+SZ)) -
Z;—<4s1nh 4T sinh aiT .
For wy<k Q, Z, becomes

27wi 7o\t
[ £E%0 &5 Al
L (kTQ sinh 2kT> :

Except for a proportionality constant, this
equation is the same as Eq. (4. 8) and therefore
leads to the same magnetization and susceptibility.
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Spin-polarized energy bands in the Eu chalcogenides have been obtained by the augmented-
plane-wave (APW) method. The 4f band positions are extremely sensitive to the exchange
potential used. A reduced exchange parameter of $ for the magnetic Eu® ions has produced
proper energy gaps and relative f band positions for EuO, EuS, and EuSe. We have obtained
the (1) bandwidth as about 0.5 eV and the up- and down-spin f band separation as about 6
eV. We have also obtained anion p bandwidths of about 2 eV which are almost constant for
the Eu chalcogenides. The calculated density of states agrees qualitatively with photoemis-
sion data, except for the experimental density of states of the 4f (}) band which has a large
bandwidth of about 1.5 eV, The probable causes of this discrepancy are multiple scattering
of the 4f electrons with phonons and electrons, or recombinations with Eu®* ions. The ob-
served absorption-edge red shifts are due to the spin-polarized exchange splitting AFE, of the
lowest conduction band X;. Estimated AE,, values are 0.4—0.5 eV for Gd metal and Eu chal-
cogenides. The f (1) bands in Eu and Gd metals are expected to be located within 3 eV below
the Fermi level. The high-energy reflectivity data, effective masses, possible conduction
mechanism, and APW charge analysis have been discussed.

I. INTRODUCTION

Recently an increasing number of authors have
studied the Eu chalcogenides, both experimentally

and theoretically. Eu chalcogenides have a simple
NaCl structure and are magnetic semiconductors,
Despite extensive studies of the rare-ear!h =into.



4590 S. J.

rials, we know little about the f electrons which
are responsible for peculiar physical properties.
Several authors!’? have studied theoretically the
energy bands in the rare-earth elements. How-
ever, they have found it difficult to locate the f
band positions properly because of its sensitive
dependence on the exchange potential used. It is
an equally difficult problem to identify and locate
the f bands experimentally. Various impurities
in the rare-earth substances often cause unpre-
dictable results.

Miiller® has studied room temperature reflec-
tivity and transmission for Eu and Ba metals (up
to 4 eV), which have isoelectronic structures. He
has found almost identical optical behavior for Eu
and Ba metals, and has concluded that the 4f elec-
trons do not influence the optical spectrum, and
that the 4f levels might be located far below the
Fermi level. Schiiler® has studied temperature-
dependent transmission of Gd and Lu thin films,
from which he has found that the transmission
maximum of Lu is located at 0.75 eV which is in-
dependent of temperature. The transmission
maximum of Gd is located at 0.6 eV at room tem-
perature and is split into two peaks below the
Curie temperature 7', at ~0.8 and 0. 45 eV, re-
spectively. The extra peak is due to the spin-po-
larized exchange splitting of the bands, which is
estimated to be about 0.4 eV for Gd. However,
he has not obtained any information on the possi-
ble f band positions. Blodgett ef al.® have mea-
sured photoemission (UPS) for Gd, and reported
that a possible f(#) band location is about 6 eV
below the Fermi level E ; with a work function of
3.1 eV, and that the possible exchange splitting
AE., is less than 0.1 eV from their temperature-
dependent photoemission measurements.

In this work, we report the magnetic energy
bands in EuO, EuS, and EuSe obtained by the aug-
mented-plane-wave (APW) method, and their re-
lationship to the various experimental results.
Methfessel and Mattis® have made a complete up-
to-date review of work on the Eu chalcogenides.

II. EXCHANGE POTENTIAL

Most of the first-principle energy band calcu-
lations for solids have been based on the Slater
p'/? exchange potential” deduced from a free-
electron model. Recently several authors® 10
have studied this p'/® exchange potential. The
original p'/? exchange potential has led to incor-
rect results for the f band positions in our previ-
ous magnetic energy bands in EuS by the APW
method. ! For this reason, we reexamine the en-
ergy band calculations, with particular regard to
the exchange potential problem in the Eu chal-
cogenides. The procedures have been discussed

CHO

Jr=

in our previous paper. !!
We write the reduced crystal exchange potential

1/3
Vil(r)=- 6<‘£;) {A% ot ) B3]

+2NLAS (P ) £B o)) B2, (1)

where A, and B, are the exchange parameters for
the n-type atoms, » is the index of the atoms in
the solid, pf and p§ are total and spin densities,
respectively, for the n-type atoms, N, is the num-~
ber of atoms in the mth shell, and in () are the
spherically averaged values. In our study of the
Eu chalcogenides, A, and B, stand for the negative
ions, 0%7, 8%, and Se?~, and A, and B, for the
positive Eu?* ion.

Figure 1(a) shows a series of test results for
the spin-polarized energy bands in EuS where A,
=A, is varied from 1 to % with B;=B,=1. Here
only the energy bands of main interest in this
study are shown. All of these are for up-spin
electrons except for the down-spin f bands. As
one can see from this figure all energy bands shift
upwards with decreasing exchange potential, al-
though the relative spacings for the s band I';, the
p bands Ly, X, and I';5, and the d bands X5, Ty
and I'y, are almost unchanged. Nevertheless, the
forbidden energy gap between the anion p band I'y5 and
5d band X; becomes smaller on reducing the ex-
change potential. Similar calculations for EuO
and EuSe indicate the same behavior. These
studies show that the forbidden energy gap between
the valence band p I';5; and the conduction 5d band
X3 decreases on going from EuO to EuS and EuSe,
contrasting with experimentally observed changes
in the opposite direction.? These results suggest
that the anion and magnetic cation do not obey the
same reduced exchange parameters.

Figure 1(b) shows the series of test results with
B,=B,=A,=1 and A, varying from 1 to % for EuO.
Similar results are also obtained for EuS and
EuSe. One can see from this figure that the up-
spin f bands do cross the valence p bands, I’y
and X;, at A,=0.825, and stay between these p
bands and the conduction 5d band X; for A, values
down to 0.713. In this region the valence p bands
Iy; and X;, and the conduction 5d band X, are
farther from each other because of the f-p hybrid-
ization due to the f-p admixing, as will be dis-
cussed later. The bottoms of the p band L, and
the conduction s band I'; remain unchanged. The
conduction 54 bands I',; and I'j, slowly increase in-
energy on reducing the exchange potential. A
value of A2=% yields energy gaps of 1. 12 eV for
EuO, 1.65 eV for EuS, and 1.78 eV for EuSe, be-
tween the valence f(4) band and the conduction d
band X3, values which are in good agreement with
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FIG. 1. Energy bands versus the reduced exchange parameters: (a) for EuS (A;=A,=A, Bj=B,;=1) and (b) for EuO
as a function of A, (A;=B;=B,=1).

the experimental data.'? These results indicate
that the top of the valence band is the up-spin f(4)
band instead of the p band as reported before, and
the bottom of the conduction band is the 5d band
X, which has been obtained in our previous work. 1

From the energy band point of view an occupied
energy band in the k space for a given electron is
more atomiclike considerably below the Fermi
level, and becomes broader approaching the Fer-
mi level. Figures 1(a) and 1(b) show that the f(4)
bands behave in this manner and become broader
approaching the Fermi level, although the f bands
are much more localized than the s, p, and d
bands. In the case of the Eu chalcogenides, the
f(4) bands are the highest valence bands, and
have a finite bandwidth.

The preliminary test results also indicate that
the two-parameter reduced exchange potential
with A;=A,=A and B, =B,=B does not produce
proper energy gaps for the Eu chalcogenides for
various combinations of A and B values.

It is worth noting that the APW sphere radius
for Eu?* decreases almost linearly with decreas-
ing exchange potential while that of the anion in-
creases in the same manner.

III. ENERGY BAND CALCULATIONS

Figures 2-4 show the spin-polarized energy
bands in EuO, EuS, and EuSe, respectively,
which have been obtained by the APW method us-
ing the reduced exchange parameter A;=B;=B,=1
and A2=% discussed before. As we can see from
these figures the over-all energy bands are simi-

lar among these Eu chalcogenides. The main
differences between present results and the re-
sults (A;=A,=B;=B,=1) have been discussed in
our previous paper. '3

The up- and down-spin f band separation is
about 6.0 eV which is almost constant for all Eu
chalcogenides (the free-atomic value is about 7.8
eV1%), It takes about 6.0 eV to make an internal
spin flip of the f (4) electrons. Therefore direct
spin-flip transitions from the f (4) electrons to
other conduction bands cannot be expected at:
least up to 7 €V.'® The f (4) bands are located in
between the anion p band I'y5 and the conduction
5d band X5. This is the first work to clearly
show that the f (4) bands are the highest valence
bands. Methfessel*® was the first one to point out
the possibility of f (4) bands as the highest valence
bands, based on the fact that the large abnormal
effects observed in various experiments could not
be produced unless we assume such a situation.
In Figs. 2-4 the down-spin f (¥) band positions
are indicated at the zone center I', and are con-
siderably intermixed with the rest of the overlap-
ping s, p, and d bands everywhere in the Brillouin
zone.

The energy differences between I';, and I'y; are
given in Table I, which are equivalent to the 10Dgq
values. Methfessel ef al.'” have assumed 10Dg
values as energy differences between the first and
the second major reflectance peaks at room tem-
perature, which are 3.2 eV (Eu0O), 2.2 eV (EuS),
and 1. 88 eV (EuSe) (see Table IX). Their tenta-
tive assignments for the 10Dg values are close to
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the maximum values of I'j,— Fzs' . However, the
first reflectance peak is an interband transition
from f (4) bands to X; and not to Ty; (¢,,), and the
second major peak might originate mainly from
the anion p band as will be discussed later. The
energy separations between the f (4) bands and the
anion p bands decrease from EuO, EuS to EuSe
(see Table VI). In the case of EuSe (Fig. 4) the
anion p band is actually overlapped somewhat with
the f (#) bands, and we could expect that there will
be a delicate f-p separation at the zone center de-
pending on the spin structures. In the case of
EuTe, it might be the case that the p band I'y5 is
slightly higher than the f (%) bands at the zone
center.

Some of the APW charge analysis obtained in
our work is shown in Tables II-IV. The conduc-
tion s band T’y has a large admixture of the 6s~like
of Eu?* and the s-like of the anion. The amount of
the anion s-like intermixing increasesfrom EuO,
EuSto EuSedue to an increasing anion size. About

67% of the chargeis outside of the APW spheres
which are expected to be mostly 6s-like. The large
amount of the anion s-like admixture to the I'; is due
to the loosely bound two extra p electrons of the an-
ion, which are expected tobe easily excited tothe
conduction s band I';. We have also studied the
spin-independent part of the relativistic effects at
T and X points. The energy difference between I'y
— X, for EuS is about 1.7 eV and becomes about
1.2 eV with relativistic effects. In the case of
the EuO the value of I’y — X; is about 1.5 eV, which
becomes about 0. 5 eV when we include the rela-
tivistic effects. Therefore, the conduction bands
X3 and I'y for EuO should be at almost the same
energy, although the s band I'; becomes noticeably
higher than X; for EuS and EuSe. However, in
our studies we have neglected the non-muffin-tin
terms. Such effects have been previously studied
for KC1!® and ReQs. '® The influence of the non-
muffin-tin terms on the 6s and the center of grav-
ity of the 5d bands is reported to be a relative
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FIG. 3. Energy bands
for EuS. Solid lines for
up-spin electrons and
dashed for the down-spin
electrons.

shifting muffin-tin value of order 0.25 Ry for ReO,
in the opposite direction from the relativistic ef-
fects discussed above, and thus has a tendency

to cancel. The energy band studies for ReO; also
suggest that the 10Dg values obtained in our work
would be increased if we included the non-muffin-
tin terms. For all Eu chalcogenides Xj; is the
lowest conduction band, which has been found in
our previous work, !! and T, is the lowest conduc-
tion band at the zone center. The lowest conduc-
tion band X; is predominantly 5d-like from the
Eu®* ion. However, about 57% of its charge is
located outside of the APW spheres. Because of
the large portion of the free-electron-like charge
outside of the APW spheres, both 6s and 5d elec-
trons could play dominant roles for the interatomic
interactions such as the electron transport or the
ferromagnetic exchange interaction between the
nearest-neighbor Eu?* ions via 5d or 6s conduc-
tion bands (f-d or f-s interactions). Both the

highest f(4) bands and the anion p band have fairly
sizable f-p charge mixing at or near the zone cen-
ter, which is due to the large overlapping of
charge densities between f and p electrons as
shown in Fig. 5. Their f-p mixing increases
from EuOto EuSe, and the maximum f bandwidth of
about 0.5 eV'® obtained in this work is attributed
partly to this f-p interaction. There are two types
of f-p interaction: One is the usual crystal field
effect by the surrounding anion ligand field, and
the other one is due to the spin-polarized ex-
change interaction between the f(*) electrons and
the induced-spin-polarized anion p electrons. In
addition, there will be a strong electrostatic re-
pulsion among f electrons, spin-orbit coupling,
and the magnetic exchange interaction with the in-
ternal magnetic field below the transition temper-
ature. The f-p interaction reduces going away
from the zone center except in the X direction for
EuO and EuS, and the f(#) bandwidth becomes
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TABLE III. APW charge analysis for up-spin bands of
, EuS (%).
TABLE 1. Energy differences of I'yy— I'y; (eV). (Eu?) s » d F Jse™ s » a Qout
Ty (s) 13.7 e b b 19.4 cee eee 66.9
EuO EuS EuSe By () eee eee e g 18
R Ty @ cee e 548 ceo 222 230
Up spin 2.34 1.18 1.12 I () wr 0.8 see 329 cer 589 ees 73
Down spin 2.65 1.38 1.33 Iys () Tt 05ttt 67.9 e 294 e 2.2
. T. (f) e cee e 99,5 cee ces cee 0.5
Maximum 3.45 1.91 1.84 r?;' @ vee e 430 vee 147 423
Average 2.50 1.28 1.22 X; @ cee e300 cee 134 56.6
TABLE II. APW charge analysis for up-spin bands of TABLE IV. APW charge analysis for up-spin bands of
EuO (%). EuSe (%).
(Eu") s » d 5 o s » d Qout (Eu®) » d S| s L4 d Qout
Ty (s) 20.1 12.9 67.0 Ty (s) 13.2 19.7 e 67.1
() cee eee 968 3.2 ry () A - X 1.5
(@) cee 69.8 . 83 21.9 Iy @ cee e 560 cee 208 232
i) 14 eee 150 vee 758 eee 8.0 Iy (p) cee 0.6 cc 530 cee 408 5.6
T 02 e+ 85.9 e 0.4 Ty (f) cee 07 e 478 cee 473 4.2
Tu(n cee ees 996 0.4 Tys () seseee eee 996 0.4
T cee 563 e 48 39.2 T4 @ see 430 142 42.8
X (d) e 410 . 4.5 54.5 X @ cer 292 18.6  57.2
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narrower. This means the f(*) electrons behave
more or less atomiclike away from the zone cen-
ter except in the X direction for EuO and EusS.
The fundamental energy gaps between the f(4)
bands and X, (4) for the Eu chalcogenides are of
the same order of magnitude as in normal semi-
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conductors. The ionization energy of the first 4f

electron is known to be the same order of magni-
tude as those of the loosely bound valence d elec-
trons due to the cancellation between a strong core
Coulomb attraction and the interelectronic repul-
sion among 4f electrons.

Therefore we could ex-
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pect that one of the 4f electronsis somewhat loosely
bound. It is also known that it requires enormous
ionization energy to remove an additional 4f elec-
tron. Therefore we could expect almost negligible
transition probability of more than one f electron
from the same Eu®* ion. Ty, T's, and the lowest
conduction bands W3, K;, and )3 are predomi-
nantly 5d-like of the Eu® ions.

The effective masses at the bottom of the con-
duction band X; have an ellipsoidal shape and the
energy band at or near X; is expressed by

E(k)=E(Xy) + (n/a)(ky~ 2)% /m ¥ + (RE+RE2)/m¥],
(2)

where m ¥=m¥=m7}. By fitting the energies of

X3, A, (0,7, 0), S; (3,2, %), andZ, (3,2,0), we have
obtained the effective masses for both up- and down-
spin electrons, which are tabulated in Table V.

m} components are somewhat larger than the free-
electron mass m, and increase from EuO, EuS,
and EuSe. On the other hand, the m¥ and m¥
components are considerably smaller than 724 and
decrease from EuO, EuS to EuSe. Their average
effective masses (m*) are about 0.4~ 0.5 and de-
crease slightly from EuO to EuSe. The down-spin
electrons have somewhat heavier effective masses
than up-spin electrons at or near the bottom of the
conduction band.

Xavier?® has studied the average effective
masses of EuO and EuS by using the average na-
ture of the Bloemberger-Rowland model with ex-
perimental values of the exchange integrals J; and
Js, and of the energy gaps. The results of 0. 4 for
EuO and 0. 3 for EuS are surprisingly close to our
average effective masses for up-spin electrons.
However, it does not necessarily mean that the
Bloemberger-Rowland-type interactions are pri-
marily responsible for both antiferromagnetic and
ferromagnetic exchange interactions in the Eu
chalcogenides. Previously, we have reported that
the anion p bands and the down-spin f(4) bands
are primarily responsible for the antiferromagnet-
ic exchange interaction in Eu chalcogenides. 2!

It is interesting to note that the f” bands of Eu®*
ions could become f®(F;) multiplets of Eu®* ions
by interband transitions from f’ bands to the 5d
conduction band X;. Thisprocess canbe reversed
if Eu®" ions recombine with electrons to form

TABLE V. Calculated effective masses.
me()  mE)  mf®) mfG) @*) m*W)

EuO 0.96 1.21 0.33 0.44 0.42 0.56
EuS 1.12 1.20 0.29 0.34 0.39 0.45
EuSe 1.15 1.20 0.27 0.31 0.36 0.41

J. CHO 1

Eu?* ions. In this case, the f°band of the Eu®*
ions behaves like hole acceptors for the anion p
bands. However, these holes created at the f(4)
bands have such large effective masses that their
mobility becomes negligibly small, and cannot
contribute to the conductivity although 5d conduc-
tion electrons can produce n-type conduction.
There is also about 30% p-like mixing for the
highest f(4) band, and these p-like electrons can
transit to the conduction I'; or to X;. Therefore
there is another possible n-type conduction of 6s
electrons. However, most of the transitions from
the £(4) bands should be to the d band rather than to
the 6s band. Therefore n-type conduction is due
predominantly to 5d electrons.

Both 6s-6s and 5d-5d charge density overlap-
pings, B(s,s) and B(d, d) between neighbor Eu®*
ions decrease rapidly with increasing lattice con-
stant. Therefore, both 6s and 5d conduction also
decrease from EuO to EuTe. On the other hand,
np (m=2,3,...) charge density has one more node
and is more spread out than those of (n-1) p charge
density. Therefore B(p, p) and B(f, p) between the
nearest Eu?" ion and the anion increase from EuO
to EuTe (see Fig. 5).

In order to produce hole current at or near the
energy gap the energy separation of AE =f —p
must be smaller than that of AE,=f"—d, and
B(p, p) > B(d, d) must be satisfied. According to our
studies there will be no hole current for EuO be-
cause of AE,,> AEy and B(p, p) $B(d,d), an al-
most equal amount of #- and p-type currents for
EuS because of AESAE and B(p, p) ~B(d,d),
and a predominantly p-type current for EuSe and
EuTe because of AE;, << AEy and B(p, p) >B(d, d).
Such p-type conduction cannot be produced for en-
ergies less than the energy gap even though AE,
<AEy. Such anion holes at the p bands can form
excitons with electrons at the conduction bands,
or produce polarons.

IV. DENSITY OF STATES

In the last few years a number of authors have
studied the density of states N(E), mainly for the
transition and noble metals, by various experi-
mental methods: uv photoemission spectroscopy
(UPS), ion neutralization spectroscopy (INS), soft
x-ray spectroscopy (SXS), and x-ray photoemis~-
sion spectroscopy (XPS). Such measurements can
provide useful information for understanding the
electronic band structures in solids, and can be
used as a tool to justify the theoretical energy
band calculations. As far as transition and noble
metals (Ni, Fe, Cu, and Co) are concerned there
appears to be qualitative agreement between theory
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FIG. 6. Experimental density of states: (a) EuO, (b)
EuS, (c) EuSe, and (d) GdS. The labels (X5), etc., in-
dicate amplification factors (Ref. 29).

and experimental results obtained by various
methods®?~% (except for early UPS reports®). A
probable exchange splitting AE,, of the energy
bands in Ni at or near E  has been reported to be
about 0. 35 eV.?’

There are few theoretical and experimental
studies on the density of states for the rare-earth
metals and their alloys. Recently both Busch et
al.® and Eastman et al.?® have studied UPS for the
Eu chalcogenides. Their results are reproduced
in Fig. 6. In our work we have obtained the elec-
tronic density of states for the Eu chalcogenides
for 256 points in the Brillouin zone, and the re-
sults for EuS are shown in Fig. 7. Normally, a
knowledge of energy structures at more than 256

SPIN-POLARIZED ENERGY BANDS IN Eu CHALCOGENIDES: - - 4597

points is required in order to obtain reliable N(E)
curves in solids. In our case the valence bands
are well isolated from each other and present
work should give us fairly reliable information.
On the other hand the conduction bands are quite
complex and our results might not represent de-
tailed structures which could exist. According to
our results for the conduction bands, there are
two peaks which are mainly derived from the %,,
and e, d bands for the up-spin electrons, and three
peaks for the down-spin electrons which are due
to the #,, and e, d bands and the f(¥) bands. Both
calculated and experimental data are tabulated in
Table VI.
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TABLE VI. Theoretical and experimental data (eV)
of the valence band structures. (a) Calculated values,
() Ref. 28, (c) Ref. 29.

EuO EuS EuSe GdsS

f bandwidth (a) 0.57 0.54 0.70
(b) 1.6 1.1
(c) 2.0 1.3 1.5 1.0
p bandwidth () 2.12 2.19 2.33
(b) 2.0 1.3
(c) 3.0 2.3 2.4 2.9
f-p separation  (a) 1.41 0.44 -0.15
(b) 1.7 -0.4
(c) 2.5 0.5 -0.8 <0
Average f-p (a) 2.00 1.20 0.50
separation (b) 2.5 0.8
(c) 3.5 2.0 1.8 1.9
Vacuum to f (b) 1.7 4.6
bands (c) 1.6 4.0 4.7 4.5
p to conduc- (a) 3.61 3.04 2.37
tion band (19)] 3.8 2.4
(c) 4.3 3.1 3.1 3.0
Vacuum to p (b) 4.4 5.5
bands ) 4.9 5.5 5.92 4.9
Work function (b) 0.6 3.3
() 0.6 3.3 2.8 2.3

3Used work function of 3.3 eV (Ref. 28).

We can immediately notice from Figs. 6 and 7
that the experimentally observed density of states
of f electrons N(E, f) is considerably smaller than
the density of states of the p electrons N(E, p),
that experimental f bandwidths are larger than
expected for the f”(Eu?*) bandwidth, and that the
experimental p bandwidth of EuO is relatively
larger than the corresponding p bandwidths for
EuS and EuSe. These experimental results are in
contrast to the theoretical results of a ratio of N
(E,f):N(E,p)="1.6, of about 0.5 eV for the f
bandwidth, and of an almost constant p band-
width of about 2 eV for all Eu chalcogenides.

It is not clearly known why the measured N(E, f)
is so small. It might be related to the difficulty
of releasing more than one f electron because it
takes much larger ionization energies for subse-
quent f electrons from the same Eu atom as dis-
cussed in Sec. III. Another possibility would be a
small transition probability for the transitions from
the f(4) bands to the vacuum level due to the small
density of states at or near the vacuum level, or
that transitions are nondirect. 3°

In principle, the dominant transitions from the
flat f (#) bands should be direct transitions. How-
ever, the f electrons have one of the heaviest ef-
fective masses and their velocity should be very
small. Accordingly the f electrons involve multi-

J. CHO 1

ple scattering with phonons and electrons before
reaching the surface, or some of them are cap-
tured by existing Eu®* ions which are either im-
purity centers or created from the Eu®* ions. In
this case the observed N(E, f) should become con-
siderably broader and different from the initial N
(E,f) which we are attempting to measure.

Another possible origin of the large f bandwidth
observed could be related to the F; (f¢) multiplets
of Eu®* ions (atomic F; multiplets have a band-
width of 0.6 eV?3!). Both Busch et al.?® and East-
man et al.?® have interpreted such possible F ,
multiplets as arising from the Eu®* ions created
from Eu?* ions. We expect that there are about
0.1% concentrations of Eu,0; impuritiesin the sam-
ples. Therefore, if F; multiplets are involved,
they would be more likely from Eu®* impurities
rather than from Eu® ions created from Eu?* ions
(see Sec. V). However, we cannot rule out the pos-
sibility of F; multiplets of Eu®* being created from
Eu®*ions. This problem could be resolved from
the similar studies with excess Eu®* impurities in
the sample. In any case, experiments by both
Bush et al.?® and Eastman et al. ?® do not give us
proper information on the N(E, f). Busch et al.
have reported a linear variation of the f band posi-
tion with incident photon energies, and Eastman
et al. have shown f band positions independent of
photon energies. According to the above UPS ex-
periments the possible F; multiplets of Eu®* ions
are located just below the '(]S;,,) bands.

The considerably larger f bandwidth of EuO
comparing with the corresponding values observed
for EuSand EuSe seems to indicate thatthe possible
F ; multiplet width decreases with increasing lat-
tice constant, or that there is a larger amount of
scattering for EuO than for EuS and EuSe due to
the smaller lattice constant of EuO. As we can
see from Table VI, not only the experimental data
of EuO disagree with theory, but two experimental
results also disagree with each other. It appears
that the experimental data of EuO by Busch et al.
show better agreement with theoretical results
than the results by Eastman ef al. On the other
hand, the 4p bandwidth of EuSe by Busch ef al. is
too small. In the case of EuS and EuSe there is
reasonable agreement between theory and experi-
ments, expect for the f bandwidth. It is interest-
ing to note that the relative positions of the top of
the f and p bands among EuO, EuS, and EuSe show
good agreement between theory and the experi-
ments (Table VII).

Eastman ef al. ?° have also studied UPS for GdS
(see Fig. 6), in which they have found that the
over-all situation is not much different from EusS,
except for a partially filled valence 54 band, and
that the possible N(E, f) are further weakened and
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TABLE VII. Energy differences of the highest f and
p bands among Eu chalcogenides (eV). (a) Calculated
values, (b) Ref. 28, (c) Ref. 29.

p bands f bands
EuO-EuSe (a) 3.0 1.3
®) 2.9 1.1
(c) 3.1 1.0
EuS-EuSe (a) 0.4 0.06
(c) 0.7 0.04

have no sign of 47"~ 4f°% 5d transitions. These ex-
perimental results are interesting because they
tell us that any reflectivity or absorption peaks
from the 4f bands in GdS are difficult to observe.
In the reflectivity or transmission experiments for
Eu® and Gd* we have not observed any possible
interband transitions from 4f bands, which could
be related to almost negligible transition proba-
bility from the f (4) bands. Blodgett et al.® have
studied photoemission measurements for Gd metal,
from whichthey have found a large 5d band peak at
or near E  and a broad peak at about 6 eV below
Ep. In addition there is a small peak at about 2. 8
eV below E . They have not elaborated to discuss
a small peak at 2.8 eV. The same authors?® have
also reported a large peak at about 5 eV below E 5
for Co, Fe, and Ni, which has been found to be
spurious. Referring to experimental data in Table
VI for the Eu chalcogenides and GdS, it is reason-
able to expect that the possible f () band positions
in Eu and Gd metals could be located at less than

3 eV below E 5, and that a small peak at about 2. 8
eV below E  in Gd observed could be the possible
f (%) band position. AE,, for Gd should be larger
than the corresponding values of 0. 35 eV for Ni
because the magnetic moment of Gd is more than
11 times that of Ni. The AE,, of about 0. 4 eV for
Gd estimated from transmission data* is a reason-
able value.

Because of the exchange splitting of energy
bands below T, the up-spin electrons have lower
energy than corresponding down-spin electrons
by the amount of AE,,. Therefore, it takes more
energy to lift up-spin electrons than down-spin
electrons under the same experimental conditions.
Accordingly, in principle, we should be able to
observe such bandwidth broadening of AE,, in the
temperature-dependent studies of N(E). However,
practically constant N(E) with variable tempera-
tures reported for Fe and Co by XPS, %2 for Ni by
UPS?% and INS, 2* and for Gd by UPS® are in con-
tradiction to above physical phenomena. A possi-
ble reason for this could be poor energy resolu-
tion of the various experimental techniques cur-
rently available.
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UPS data for Eu chalcogenides, GdS, and Gd
mentioned above are based on an assumption of
equal transition probability from various occu-
pied bands throughout the Brillouin zone, which is
certainly not a reasonable assumption for the
case of f electrons because of the small number
of transitions from f band density of states ob-
served. It would be worthwhile to carry out more
experimental studies by using other techniques
such as SXS, INS, or XPS to see whether we can
obtain more realistic information on the N(E, f).

V. OPTICAL DATA

Recently a number of authors have studied op-
tical measurements on the Eu chalcogenides. The
Busch group'?32 was the first to measure the fun-
damental absorption edges and their temperature-
and magnetic-field-dependent red shifts. The
high-energy optical measurements at room tem-
perature are . for polycrystalline EuSe by Zalev-
sky et al. ,* for pressed-powder EuS by Muller
and Lawson, * for single-crystal Eu chalcogenides
by Guntherodt and Wachter, ® for the single-crys-
tal EuO by Grant and Suits. 3 More interesting
optical experiments are the temperature-depen-
dent high-energy reflectivity work for thin-film
EuS by Wild ef al., 37 the temperature- and mag-
netic-field-dependent photoconductivity measure-
ments for EuO, EuS, and EuSe by Bachman and
Wachter, 38 the absorption-edge studies of Eu X:
SrX (X=0, 8, Se, and Te) by Freiser et al., %
high-energy magneto-optical works for single-
crystal EuO, EuS, and EuSe by Feinleib ef al.,*°
and pressure-dependent absorption-edge studies
for the Eu chalcogenides by Wachter.* There are
many other interesting experimental works avail-
able for the Eu chalcogenides (see Ref. 6). Most
of the early experimental data by various authors
have been obtained for pressed-powder samples.
It is only during the last few years that we have
been able to obtain large single crystals.

Although there is abundant information on the
optical effects, there have been conflicting expla-
nations about the experimental results. Wild e?
al.’ and more recently Feinleib et al.*® have
found in their temperature-dependent reflectivity
experiments that not only the absorption edges P,
but also the first reflectivity peaks P; in the Eu
chalcogenides have shown large red shifts com-
parable to the absorption-edge red shifts, and that
the first major peak consists of three peaks about
0. 25 eV apart from each other at low temperatures
(Fig. 8). On the other hand, temperature- and
magnetic-field-dependent photoconductivity mea-
surements for the Eu chalcogenides have not
shown such multiple structure, 38

According to Feinleib et al. , *® two of three
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peaks in the fundamental peak are polarization de-
pendent. On the other hand, more recent experi-
ments*? have shown that two of three peaks are
polarization independent. Feinleib ef al. have in-
terpreted their experimental results of two extra
peaks as multiple transitions taking place from f°
(F ;) multiplets to the 5d (t,,) by allowing spin-flip
transitions of the f (#) electrons and by assuming
an exchange splitting of 0. 25 eV for the 5d (f5,)
band. Transitions from the F ; multiplets of the
Eu®* impurities involve single-step processes.

On the other hand transitions from the F; multi-
plets created from an Eu?' ion involve at least two
photons of a three-step process: (a) transitions
of an f electron from a Eu®* (4S,,,) ion, (b) for-
mation of the F; multiplets of Eu®*, and (c) tran-
sitions from the F ; multiplets. Therefore the
transition probability from a Eu®* ion created
from a Eu?* ion involving a multiphoton process
should be much smaller than the one from the Eu®*
impurities in the sample. An alternative inter-
pretation for the two extra peaks could be the
magnon-electron interaction'® which could produce
the spin-flip transitions to X; (¥). In this case we
have to assume a few tenths of 1 eV for the inter-
acting total magnon energy, which is considerably
larger than the typical magnon energy of the order
of 10~ % eV. Therefore, it is uncertain whether
the magnon interaction is responsible for the extra
two peaks. It might also be possible that the three
peaks observed could be related to seven f (1)
bands obtained in our work provided they are from

different Eu atoms. According to the model by
Feinleib et al.*® there must be two peaks of the
density of states for the F; multiplets which must
be apart from each other by about 0.5 eV. On the
other hand UPS?*'?° have not shown any such possi-
ble structures.

Total absorption-edge red shifts observed by
Busch'? and Wachter® are 0. 25 eV for EuO, 0.18
eV for EuS, 0.17 eV for EuSe, and zero red shift
for EuTe. Feinleib et al.*’ have attributed the
above red shifts to an extra lower-energy side of
the reflectivity peaks observed at low tempera-
tures, which has been claimed for the F; multi-
plets, and their estimates are 0. 25 eV for both
EuO and EuS, and 0. 19 eV for EuSe. On the other
hand, UPS measurements?®'% indicate that the ab-
sorption edge must be related to the f” bands in-
stead of the f® bands. The AE,, values of the Eu
chalcogenides should be larger than the corre-
sponding value of 0.35 eV for Ni?"because the mag-
netic moment of the Eu chalcogenides is much
larger than that of Ni. There the assumption AE,,
=0. 25 eV for the Eu chalcogenides made by Fein-
leib et al. * is certainly an underestimate. Our
estimated AE,, values at or near the conduction
5d band X; are about 0.4~0.5 eV, which are about
the same magnitude as the estimated AFE,, of Gd.
In addition, the observed zero red shift of the ab-
sorption edge for EuTe could not be explained if
we assume a dominant contribution of the F; mul-
tiplets to the red shifts.

There are small red shifts of about 0. 05 eV in
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the paramagnetic region, ' which are due to a lat-
tice contraction and second-order dynamic effects.
Wachter®! has reported pressure-dependent red
shifts of 0. 004 eV/kbar at room temperature, and
0.04 eV/kbar at low temperature. According to
our lattice-constant-dependent studies for EuOQ,
the f (4) bands shift upward about 0. 04 eV/kbar
and the conduction band X; shifts downward about
0.01 eV/kbar. Therefore the absorption-edge red
shifts are due mainly to the spin-polarized energy
splitting of the lowest conduction band X3, and

the f band contribution to the red shifts should be
small. This type of absorption-edge red shift has
been found not only for the rare-earth materials,
but also for the non-rare-earth ferromagnetic
semiconductors, such as CdCr,Se, (AE,~0. 2
eV).*® This indicates that the absorption-edge
red shift is a general property for the ferromag-
netic materials, and is not related to the f bands
of the rare-earth substances. Several other au-
thors*~* have reported a similar situation. Esti-
mated values of the absorption-edge red shifts ob-
tained from our energy band calculations aregiven
in Table VIII. Our results show good agreement
with experimental data. In the case of antiferro-
magnetic materials such as EuTe, the net magne-
tization vanishes at all temperatures. Therefore
there will be no red shift produced due to the spin-
polarized energy splittings.

Room temperature optical data obtained by var-
ious authors are given in Table IX, and their prob-
able assignments are also shown in Table X. The
temperature- and magnetic-field-dependent behav-
ior of the second peak for EuO has been observed
only recently by Feinleib et al.*® It is difficult to
make any reliable assignments for optical peaks
until more such studies have been made for other
Eu chalcogenides.

The origin of the broad peaks at or near 3.0 eV
is not clearly known. A possible assignment f(4)
-I'y(#) for P, is a forbidden transition (A= 3).
However, the f (4) band T'y; has a considerable f-p
mixing, and we should interpret this assignment as
a promoted p electron of the anion to the s band
T';. It is also possible that the origin of this peak
might be from the F; multiplets of the Eu®* im-
purities in the sample as pointed out in Ref. 35.

Feinleib ef al. have found in their reflectivity
measurements that the first double P; and P, be-

TABLE VIII. Magnetic red shift (V). Theoretical
values are obtained from %[X5(+) — X5(1)].

EuO EuS EuSe

Experiments 0.256 0.18 0.17
Theory 0.25 0.17 0.16

TABLE IX. Experimental optical data (eV).

EuO EuS EuSe
P, 1.122 1.652 1.78%2
P, 1.55% 1.95¢ 2.144
2.13° 2.10f
P, 3.0° 3.4° 3.0¢
3.5° 3.41
Py 4.72" 4.10° 3.82¢
4.35° 3.85%
P, 5.00P 4.24°¢ 4,144
4.12¢
P, 5.75P 5.65°¢ 4.761
5.40°
Py 5.65¢ 5.174
5.10%
P 7.5P 7.10°¢
P, 9.40°

®Reference 37.
fReference 32.

°Reference 34.
9Reference 33.

2Reference 13.
PReference 36.

comes more than two peaks below the Curie tem-
perature, which is probably due to the spin-polar-
ized energy band splittings or spin-orbit coupling.
There are at least three possible interband transi-
tions, i.e., ty=f ()= Ty (1), to=f (}) =W, (1),

TABLE X. Assignments of the optical data (eV). We
refer the f(1) bands for the P, to the top of the f(4) bands
and the rest of them to the average values of the (1)
bands.

Assignment EuO EuS EuSe
p, F) =X,(1) 1.12 1.65 1.78
P, S = X5(1) 1.43 2.05 2.43
P, F)=r(h) 2.96 3.74 3.56
P(H) = X5(1) 3.55 3.18 3.09
P(4) - X, (v) 3.61 3.17 3.00
P, F(1) = T4:(4) 4.68 4.30 4,24
F) = A4 4,54 4.45 4.27
P, SO = A4 5.03 4.58 4,35
JF() = ws(t) 4,32 4,57 4,71
P-K, 5.23 4.77 4.56
Ty5(H) = Ty () 5.27 4,73 4.40
INROES W) 5.45 4.57 4,02
Py, P-xz¥ 6.36 5.44 5.10
F() =T 5.48 4.98
Py, Ty5—Tys oo 5.35 5.03
Us— U, 6.38 5.46
P U,-U, 7.75 7.75
D;— D, 8.30 7.57
P, U,-U 10.03 9.12
D,-D,; 10.94 10.03
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and {3=T5—~I;. Both #; and ¢, should reveal red
shifts, and #; will split into more than two peaks.
At least one of these peaks should show a blue
shift in the ferromagnetic region. There will be
additional peaks if we include spin-orbit coupling
and possible exciton structures. The transition
probability from the f (4) bands might be consid-
erably smaller than from the p bands because of
the small f electron density of states observed.
In this case the second major peak could be dom-
inated by transitions from p bands.

There is also more than one possible assign-
ment for the second doublet P;, and P;,: from the
p band to near 3, (3, %, 0), andto near f(4)-I';,(4)
and T'y5~ I'y; (except for EuO).

The Pg and P, peaks apparently involve collec-
tive transitions, and for these peaks we must rely
on N(E) curves. All the data taken from N(E)
curves are uncertain to the extent+ 0. 46 eV.

BaX (X=0, S, Se, and Te) has the isoelectronic
configuration of the Eu chalcogenides except for f
electrons. Therefore the BaX and Eu chalcogen-
ides are expected to have similar electronic struc-
tures except for f bands. However, thef (1)
bands are located in between the valence p bands
and the conduction d band X;, and both the anion p
band I';5 and the conduction d band X are further
apart from each other by about 1 eV as mentioned
in Sec. II. Therefore the interband transitions
from the anion p bands for the Eu chalcogenides
should be larger than the corresponding ones for
BaX. Infact, the first doublet for the Eu chalco-
genides are about 0.2~0. 6 eV larger than those
for BaX. In addition the energy differences of the
first doublets of the Eu chalcogenides are 0. 24 eV
(EuO), 0.15 eV (EuS), and 0. 54 eV (EuSe), which
are in good agreement with the corresponding
values of 0.24 eV (BaO), 0.15 eV (BaS), and 0. 54
eV (BaSe).*" The first doublet of the BaX is prob-
ably due to the spin-orbit splitting of the anion p
bands as mentioned by Zollweg.*" Therefore, the
first doublet of the Eu chalcogenides might also
be from anion p bands.

VI. DISCUSSION

The f band positions are very sensitive to the
exchange potential used. We have found that a
reduced exchange parameter of § for the magnetic
Eu®* ions produced proper energy gaps and the
relative f band positions for the Eu chalcogenides.
Our APW calculations indicate that the f (#) bands
are the highest valence bands, and that the lowest
conduction band is the 5d band X3. The calculated
maximum f(4) bandwidth is about 0.5 eV which
disagrees with UPS data of about 1.5 eV. %% The
up- and down-spin f band separation is about 6 eV.

We have obtained an almost constant anion p band-
width for the Eu chalcogenides, which is in con-
trast to a much larger p bandwidth for EuO than
for the rest of the Eu chalcogenides obtained by
UPS. The N(E,f) obtained by UPS is too small
which could be due to multiple scattering with pho-
nons and electrons, and to recombination with
Eu®* centers (which could also cause the large f
bandwidth observed).

Previously predominant contributions to the ab-
sorption red shifts and the multiple structures of
the fundamental reflectivity peaks have been at-
tributed to the F; multiplets of the Eu®* ions
created from Eu® ions which involves multiple
photon process under the assumption of spin-flip
transitions from f bands and an exchange splitting
of 0. 25 eV for the 5d conduction band.*® In our
present report the magnetic red shifts observed
have been attributed to the exchange splitting of
the X; band below T which is estimated to be
about 0.4~ 0.5 eV for the ferromagnetic Eu chal-
cogenides, and becomes zero for the antiferro-
magnetic EuTe. On the other hand, the multiple
structure of the fundamental peak could also be
due to the magnon-electron interaction or to the
seven f (%) bands obtained in our work provided
they are from different Eu?* ions.

Probable origins of the high-energy reflectivity
peaks have been assigned. However, further
studies of the temperature- and magnetic-field-
dependent optical effects are necessary to justify
them.

We expect that there will be predominantly 7~
type conduction for EuO, an almost equal amount
of n- and p-type conduction for EuS, and a pre-
dominantly p-type conduction for EuSe and EuTe.

The conductivity due to the 5d electrons decreases
rapidly from EuO to EuSe. Therefore the probabil-
ity of recombination of the occupied 5d electrons
with the p holes or with Eu®* should increase from
EuO to EuSe. The recombination energy emitted
must be smaller than the excitation energy. This
is because of the exchange splitting of the 5d bands.
Another reason for this is due to the internal mag-
netic field disturbance and to the local change re-
distribution (the occupied bands are lowered and
the hold bands shift upwards). In the case of EuSe
both £ (4) and p electrons can be excited to the 54
bands by small increments of the excitation energy
(~0.5 eV) from the absorption edge because of the
Jf-p overlapping. In this case both 5d-p hole and
5d-Eud* recombinations could take place. It is also
possible that the p hole bands could be located above
the f(4) bands, depending on the magnetic structure
of EuSe, and can contribute further reduction of the
recombination energy emitted because of the ex-
change splitting of the p bands.
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