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Optical Properties of the Europium Chalcogenides™

Abstract: The measured optical properties of the Eu chalcogenides are surveyed in an attempt to determine those aspects of the elec-
tronic structure of these materials that have been established. Optical absorption as well as optical and magneto-optical reflectivity
data are discussed, along with the results of photoconductivity, photoluminescence and photoemission measurements and of magneto-
optical measurements in the vicinity of the absorption edge. It is concluded that the fundamental absorption edge is due to the onset
of Eu** 4f to 5d transitions of the type 4{7(3S,5) — 4f8("F;)5d(Ty,) and that a higher energy reflectivity peak is primarily due to 4f7(8S;,2)
— 4f5('F;)5d(E,) transitions, although anion p-valence band to Eu conduction band transitions may also be involved. The principal
unanswered questions involve the relative positions of the Eu 6s and 5d(Ts,) states, the breadth of the 5d levels and the role played

by exciton effects in the 4f to 5d optical transitions.

Introduction

The optical properties of the magnetic semiconductors
EuO, EuS, EuSe and EuTe have been studied by a number
of workers using many different experimental techniques.
Optical and magneto-optical studies have revealed struc-
ture associated not only with the absorption edge but
also at considerably higher photon energies. Perhaps the
most striking optical phenomena observed in the Eu chal-
cogenides are the large magneto-optical effects associated
with the absorption edge. In this region these crystals
show strong linear and circular dichroism and birefrin-
gence in the magnetic state leading to large Kerr effects
and Faraday rotation. In addition, these crystals show a
large shift of the absorption edge to lower energies as
the temperature is reduced through the ordering tempera-
ture or as a magnetic field is applied. In this survey we
will review some of these results as well as some related
studies on photoconductivity, photoemission and photo-
luminescence. It will be seen that considerable information
regarding the electronic structure of these materials has
been obtained through studies of their optical properties,
but a number of rather important questions remain un-
answered.

The magnetic and optical properties of the Eu chal-
cogenides have been recently reviewed by several workers
from different points of view emphasizing different aspects
of the field.'"® Some of the pertinent magnetic and optical
data are given in Table 1. EuO and EuS are both ferro-
magnetic whereas EuSe orders antiferromagnetically but
becomes ferromagnetic with the application of a small
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external magnetic field. EuTe appears to be a typical anti-
ferromagnet. The respective optical energy gaps at 300°K
are also given in the table. These, however, are a strong
function of temperature, as will be discussed below.

Optical properties of Eu* ions in crystals
Considerable information regarding the optical properties
of the europium chalcogenides has been obtained by
studying the properties of Eu’* ions in various host
crystals." The optical spectra of Eu*" in CaF,, StF, and
BaF, exhibit two broad absorption bands which have
been identified with transitions from the 4f 7(BSW) ground
state of Eu™" to states of the 4f°5d configuration.® The
two bands arise due to the tetrahedral crystal field splitting
of the 5d states into lower energy E, and higher energy
Ty, levels. The lower energy transitions show considerable
structure which has been identified with the multiplet
splitting of the final 4f° configuration. This structure is
not observed in the higher energy T, transitions, pre-
sumably because it is washed out by the 5d spin-orbit
splitting in the T, states which is absent in the E, states.
Very similar structure is observed in the optical absorption
spectra of EuF,. This is shown in Fig. 1 along with the
absorption spectra of EuO and EuSe for comparison. If
the final 4f° configuration is analyzed in the L-S coupling
scheme the lowest energy multiplet is “F, with 7 levels
(J = 0,1, --- 6). The approximate expected spacing® of
these levels is shown in the figure. The clear appearance
of this multiplet structure is a strong indication that the
final 4f°5d configuration can be analyzed in the fashion
4f°(F)5d(E,) and 4f°(F,)5d(T,,) and that the coulomb
interaction between the 4f and 5d electrons is small.
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Figure 1 Absorption spectra for evaporated films of EuSe,
EuO and EuF: (after Preiser, Methfessel and Holtzberg,
Ref. 7).

In the Eu chalcogenides the crystal field has octahedral
symmetry such that the positions of the T,, and E, levels
are reversed, with the T, levels lying lower. A closer com-
parison might thus be expected between the absorption
spectra of the Eu chalcogenides and that of Eu™" in the
alkaline earth chalcogenides which have the same rock
salt structure. In Fig. 2 the optical absorption of EuS and
that of 19, Eu'"' in SrS is shown. Included also is the
absorption edge of pure SrS for comparison. Europium
is electronically equivalent to Sr except for the addition of
seven 4f electrons. We can thus identify the additional
low energy absorption which is associated with the absorp-
tion edge in EuS, and in the other Eu chalcogenides, with
the onset of 4f to 5d transitions on Eu™ ", From the above
arguments these are most likely of the form 47(Sy/5) —
4£°(F)50(Tae).

The room temperature reflectivity spectra of EuO, EuS,
EuSe and EuTe are shown in Fig. 3. In addition to the

Table 1. Magnetic and optical data of Eu chalcogenides.®

1 2 3 4 5 6

Photon energy in eV

Figure 2 Absorption spectra for evaporated films of EuS
and for Bu** ions in SrS (after Freiser et al., Ref. 9), com-
pared to the absorption edge of undoped SrS (after Zollweg,
Ref. 10).

lower energy peak, E;, which we identify with the T,
transitions, a higher energy peak, E,, is observed which
we tentatively identify with 4£°(’S;,.) — 4£°C'F;)5d(E,)
transitions separated from the E; peak by the crystal field
splitting of the 5d states. The energies of the optical transi-
tions observed in the Sr and Eu chalcogenides are given
in Table 2. Note the close comparison between the lattice
constants of the Sr and Eu compounds, giving further
indication that the band structures of the two series should
be similar except for the 4f electrons. It would appear
that the transitions giving rise to the E, peak in EuO, EuS
and EuSe are energetically different from those deter-
mining the absorption edge in the Sr compounds, such
that the E, peak also may arise at least in part from
4f to 5d transitions. However, the E, energy in EuTe and
that of I, in SrTe are quite similar and may identify the
same transitions, which could be anion p-valence band to
either 5d or 6s cation conduction band. The absorption

Absorption
Curie Magnetic Ordering edge
temperature, °K order temperature, °K at 300°K, eV
EuO 76 Ferro- 69.4 1.12
EuS 19 Ferro- 16.5 1.64
Anti- 4.6
FuSe 9 ferro- 1.85
Ferro- 2.8
EuTe —6 Anti- 2.0
ferro- 7.8t0 11
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Figure 3 Room temperature reflectivity spectra of EuO,
FuS, FuSe and EuTe single crystals (after Scouler et al.,
Ref. 11).

spectra of EuTe and of SrTe are shown in Fig. 4. Note
the corresponding structure in the two materials in the
vicinity of the E, energy. Consequently, although the E,
peak is probably mostly composed of Eu 4f7(S;/5) —
4f°("F,)5d(E,) transitions these are possibly mixed, espe-
cially in the case of EuTe, with anion p-valence band to
cation conduction band transitions.

An energy level diagram that describes these results is
shown in Fig. 5. The optical energy gap, ,, is given by
the absorption edge from Table 1 and the crystal field
splitting, 10 Dg, by the energy difference between E; and
E, from Table 2. From the above discussion we expect
the energy gap between the anion p bands and either the
6s or 5d(Ts,) states to be given approximately by the
energies I, of the corresponding strontivm compounds.
We will note below, however, that this is not in agreement
with the interpretation of recent photoemission data. The
principal questions that remain to be answered are
whether the 6s states lie above or below the 5d(T:,) levels
and just how broad the 5d(T,) and 5d(E,) levels are.
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Figure 4 Optical absorption spectra of thin films of EuTe
and SrTe at room temperature. The dashed line is taken
from Zollweg (Ref. 10) for —60°C (after Holtzsberg, Mc-
Guire and Methfessel, Ref. 12).

Although the structure of the optical absorption and
reflectivity data indicates that the 5d states form relatively
narrow Ty, and E, levels as indicated in Fig. 5, recent
energy band calculations'* yield a 5d band some 10 eV
wide composed of overlapping Ts, and E, states. Exciton
effects arising from the coulomb attraction between the
excited 5d electron and the Eu”™ "™ 4f° configuration could,

Table 2. Optical transitions in Sr and Eu chalcogenides.

. 1o)® . EP F AR
a, A eV a, A eV eV
SrO 5.10 5.71 FuO 5.14 1.55 4.72
ScS 5.87 4.76 EuS 5.96 1.95 4.16,4.27
SrSe 6.23 4.42 EuSe 6.19 2.20 3.88,4.17
SrTe 6.48 3.73 EuTe 6.60 2.37 3.43,3.83

s From absorption data on thin films at —160°C after Zollweg, Ref, 10.
b From reflectivity data on single crystals at room temperature after Scouler
et al., Ref. 11.
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however, cause a strong enhancement of the optical struc-
ture associated with the onset of transitions to the 5d
band, giving the illusion of narrow bands. The role of
exciton effects in the optical transitions of the Eu chal-
cogenides has been discussed at some length by Kasuya
and Yanase.'® However, the importance of these effects
in the 4f to 5d transitions remains as one of the more
interesting unanswered questions regarding the electronic
structure of these materials.

Optical properties associated with the band edge

A wealth of optical and magneto-optical phenomena are
associated with the onset of 4f” — 4f°5d transitions which
are responsible for the absorption edge in the Eu chal-
cogenides. These have been studied by many workers and
provide much of the interest in these materials. A partial
list of the effects that have been studied to date is col-
lected in Table 3. In this Section we discuss briefly the
red shift and the optical dichroism and birefringence,
leaving the discussion of reflectivity for the next section
and that of the combined effects of photoconductivity,
photoluminescence and photoemission for the last Sec-

tion. The optical absorption spectra of EuO and EuSe at
room temperature are shown in Fig. 1 and of EuS and
EuTe in Figs. 2 and 4, respectively. The general features
are quite similar for all materials, although structure
changes and relatively large shifts with temperature and
magnetic field occur. The shift of the absorption edge
with temperature in EuO, EuS and EuSe for magnetic
fields H = 0 and H = 19 kG is shown in Fig. 6. Also
shown are the respective ordering temperatures for these
materials. Rys, Helman and Baltensperger*® have calcu-
lated the absorption edge shift based on a band model
for the excited electron. In their model a sizeable red
shift occurs at temperatures above the Curie temperature
T, in zero magnetic field due to effects of near-neighbor
spin correlations. Below 7, the conduction band splits
and additional shifting occurs as the material orders ferro-
magnetically. In contrast to this band model, Yanase and
Kasuya'® have interpreted the red shift in terms of a
“magnetic exciton” model in which the excited 5d elec-
tron is localized near the Eu'"" core. In this model the
red shift is entirely determined by the temperature depend-
ence of the nearest-neighbor spin correlation functions.

Table 3. Studies of the optical properties of the Fu chalcogenides.

Absorption Red Optical Optical Kerr Photo- Photo- Photo-
spectra shift dichroism  birefringence effect Reflectivity  conductivity luminescence emission
EuO Optical at vs T(9,22); Absorption Faraday rot. Spectra at  Spectra Sensitivity Spectra
300°K (7,9, at H =0 edgeshift at5°K(17); 12°K (25); at 300°K vs Hand T at 300°K
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13,16);2 at and 19 kG at 77°K (9) at 10°K and on mirrors (28, 20); (34, 35) (40, 41)
8°K (17); 2 63°K in Gd  (26); at polarized

I.R. at 20°K doped (19); 6°KinGd spectra vs

(18); vs T'in I.R.at20°K doped (19); Hand T

Gd doped (18); vs Eu  with oxide (29)

(19); vs Eu content (47) films (27)

content (47)

EuS Optical at vs T(9, 22); Faraday rot. Spectra at  Spectra Spectra at Spectra at
300°K (9, at H=20 spectra at 8°K (25) at 300°K 300°K (36); 300°K (40);
13, 16, 20); and 19 kG 6°K (20) (30, 20); spectra polarization
at 78° K and (2) polarized vs T (34); vs H at 4°K
15°K (21); spectra vs  sensitivity 42)
magneto- Hand T vs Hand T
optical at a3n (34, 35)
60°K and
5°K (20)

EuSe Optical at vs T (22); vs Hat 4°K Faraday rot Spectra Spectra at  Intensity Spectra
300°K (7,9, at H =0  andspectra at 300°K at 300°K 300°K (36); and spectra  at 300°K
13,16, 20); and 19 kG at 300°K, (16); linear (32, 20); sensitivity vs Hand 7' (40, 41);
magneto- (03} 77°K and  and circular polarized vs Hand T (38); excita- polarization
optical at 4°K (23) vs H at 4°K spectravs  (37) tion and vs H at 4°K
20°K and 24) Hand T luminescence (42)
5°K (20) 3D spectra vs

Hand T (39)

EuTe Optical at vs T (22) Polarized
300°K (12, spectra vs
13) H(33)

» The numbers in parentheses are References.
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The amount of shift depends on the amount that the 5d
wave function extends over neighboring Eu ions. If the
localization were negligible the 5d state would experience
the full 4f-5d exchange interaction, whereas if the excita-
tion were fully localized on the central ion, no exchange
splitting or red shift would be expected. The situation in
EuO, EuS and EuSe appears to be intermediate between
these extremes. The red shift in EuO has been shown by
Freiser et al.’ to follow very closely the experimentally
determined nearest-neighbor spin-spin correlation func-
tion as expected from the “magnetic exciton” model.
As mentioned above, some of the most exciting and
potentially important properties of the europium chal-
cogenides are their unusually large magneto-optical effects.
As an example of optical dichroism, the absorption of
EuSe measured®® using polarized radiation at 4.2°K in
a magnetic field of 15 kG shows a shift of almost 0.1 eV
between the edges for right and left circularly polarized
light. Large birefringence effects associated with this are
also observed. For example, the Faraday rotation at 5°K
and 20.8 kG in EuO'’ reaches a maximum of 4.9 X 10°
deg/cm at 0.66 um. At 6°K and 6.75 kG the maximum
in Eus*® is 5.5 X 10° deg/cm at 0.56 um. EuO also has a
large Faraday rotation in the infrared, where it is quite
transparent.’® The absorption coefficient at 20°K is less

Figure 5 Qualitative energy level scheme for the Eu
chalcogenides (after Methfessel, Holtzberg and McGuire,

Ref. 13).
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Figure 6 Shift of the absorption edge of EuO, EuS and
EuSe with temperature for H = 0 and H = 19 kG (after
Busch and Wachter, Ref. 2).

than 0.5 cm™" in the range between 2.5 and 9um and less
than 1.0 cm™ " at 10.6 um. At 20°K and 9 kG the Faraday
rotation varies from 660 deg/cm at 10.6 um to 3 X 10*
deg/cm at 2.5 ym and about 2 X 10° deg/cm at 1.5 wm.
Also associated with these phenomena are large Kerr
effects which have been observed under a variety of con-
ditions.”> %" Further references to this and to other results
on magneto-optical phenomena are given in Table 3.

Reflectivity

The effects of magnetic ordering on the E, and E, reflec-
tivity peaks of EuO, EuS, EuSe and EuTe shown in Fig. 3
have been studied as a function of temperature and mag-
netic field using both polarized and unpolarized radia-
tion.""****® In EuO, EuS and EuSe the behavior is
qualitatively the same. The E, peak shifts slightly with
decreasing temperature and, at temperatures considerably
above T, is resolved into a polarization-dependent doublet
in an external magnetic field. At lower temperatures,
below T,, this doublet becomes split into a triplet. The
results for EuSe are shown in Fig. 7. The results observed
in EuO and EuS are quite similar. The E, peak is also
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Figure 7 Polarized and unpolarized reflectivity of EuSe
for H = 0 and 40 kG at 1.5°K and 22°K (after Pidgeon
et al.,, Ref. 31).

resolved into a doublet above T,. However, in contrast
to the E,; peak, this same structure is observed both above
and below 7,. Very similar effects have recently been
observed in the absorption spectra of thin films of EuS
and EuSe by Guntherodt, Schoenes and Wachter.*® This
polarization-dependent reflectance structure has been
recently analyzed by Hanus, Dimmock and Feinleib** in
terms of the transition probabilities from the 4f'(°S,s)
ground state to each of the several 4f°CF,)Sd(T,,) and
af*(’F 7)5d(E,) levels. This has also been recently dis-
cussed by Guntherodt, Schoenes and Wachter.”® In the
calculation, a preferential population of the spin-down
states of the 4f°(°S, ,2) ground state was assumed to corre-
spond to a partially magnetized situation. The oscil-
lator strengths for transitions from the lowest sublevel,
M; = —7/2, to each of the 4f°(F,) multiplet levels
and 5d states were calculated, and it was found that
transitions to the lower J states are favored for right
circularly polarized radiation, whereas transitions to the
upper J states are favored for left circularly polarized
radiation. The high-temperature resolution into right and
left circularly polarized components thus depends only

. J. 0. DIMMOCK

on the preferential population of the spin-down compo-
nents of the initial state, which is proportional to the
magnetization. The energy resolution is in reasonably
good agreement with the expected separation of the “F;
multiplet levels of the final state and does not require
any exchange splitting of the 5d states. The additional
splitting of the E; peak into a triplet below the ordering
temperatures can thus be ascribed to the exchange splitting
of the 5d states that occurs in the ordered phase. The
E, peak is not observed to split further since half of the
transitions are electric-dipole-forbidden.

In this model we have two separate phenomena. At
high temperatures in an external magnetic field the crystal
is magnetized, resulting in a polarization of the 887,2 con-
figuration, but the 5d states are not split. Support for this
is obtained from measurements of the magnetization and
red shift in EuSe at temperatures above the ordering tem-
perature. For example, at 22°K in an external field of
40 kG the magnetization is approximately 40 percent of
the saturated value,*® whereas the band edge shift is less
than 5 percent of the total shift observed® at 7 = 0.
(See Fig. 6) The 5d states split only at lower temperatures
below 7, as the material orders magnetically. This implies
at least a partial localization of the excited state since, on
a band model, the splitting should be roughly proportional
to the magnetization. This is at least qualitatively consis-
tent with the ‘“magnetic exciton” model of Kasuya and
Yanase.'” The persistence of the polarization structure in
the E, peak at temperatures well above the ordering tem-
perature indicates that this peak also involves, at least
partly, transitions from the 4f" ground state.

Magnetic ordering effects on the polarized optical re-
flectivity of EuTe at 1.5°K in magnetic fields up to 97.4kG
have also been studied.®® EuTe is an ordinary antiferro-
magnet at low temperatures in low and intermediate mag-
netic fields. Under these circumstances the alternating spin
structure reduces the lattice periodicity and introduces
new superzone boundaries into the Brillouin zone. On
these superzone boundaries each 5d band is split into
two components, a lower energy one in which the d elec-
tron spin functions alternate so as to be aligned with
the 4f electrons on each site, and a higher energy one
in which the spin wave functions are oppositely aligned.
The splitting occurs only over the superzone boundary
and the effects of exchange diminish as one moves away
from these boundaries in k-space. Each band remains
doubly degenerate by time reversal, such that the reflec-
tance is expected to be unpolarized, as is observed experi-
mentally. At low and intermediate magnetic fields the
E, reflectivity peak is observed to be a polarization-
independent triplet. The structure may be due to transi-
tions to the 5d band at different points in the Brillouin
zone and may be associated with the superzone boundaries.
In an increasing magnetic field the 4f spin states tend
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toward ferromagnetic order, causing the 5d bands to
become spin-split throughout the Brillouin zone and re-
ducing the discontinuity at the superzone boundary. In
the fully ferromagnetic state, H > 75 kG,***? the super-
zone boundaries are effectively removed. Experimentally,
as the field is increased the higher energy E; reflectance
peak disappears and new low energy structure is intro-
duced. This may be due to the removal of the critical
density of states associated with the superzone boundary
and the introduction of the splitting associated with the
ferromagnetic order. A polarization-dependent E; triplet
is observed in EuTe at high fields, which is qualitatively
identical to that observed in ferromagnetic FuO, EuS and
EuSe at low and intermediate fields. The magnetic field
dependence of the E, structure is rather more complicated
and is not easily interpreted. Recall, however, that espe-
cially in EuTe this peak may be due to a combination of
4f to 5d and valence to conduction band transitions.

Combined effects

As indicated in Table 3, photoconductivity, photolumi-
nescence and photoemission have also been studied in the
europium chalcogenides. The photoconductivity spectra
of EuO and EuS have been measured as a function of
temperature and magnetic field,**'*® and it was found that
the sensitivity spectra essentially follow the shifts of the
absorption edge and could be associated with it. This
would appear to be in contradiction of the model in which
the absorption edge arises due to transitions to a bound
exciton state, since this would not contribute to the con-
ductivity. However, the exciton could break up into a
free hole and electron or, if the 6s band lies below the
5d(T,.) levels as has been proposed by Yanase and
Kasuya,'® the 4f°5d exciton could decay into a free 6s
electron and a localized 4f (hole), giving rise to the photo-
conductivity.

Photoluminescence has been observed in EuSe at
energies somewhat below the absorption edge®® At
5.2°K and H = 0 the emission peak is at 1.45 eV, whereas
the absorption edge from Fig. 6 is approximately 1.76 eV.
Furthermore, in a magnetic field of 19 kG the emission
peak shifts 0.11 eV to 1.34 eV, whereas the absorption
edge shifts only about 0.06 eV to 1.70 eV. This difference
has been ascribed'® to a difference in the radial extent of
the magnetic exciton in the absorption and emission pro-
cesses. Namely, after the absorption occurs, the lattice
relaxes around the magnetic exciton, allowing the wave
function to spread out such that it extends over more Eu
neighbors during the recombination process. As a result,
the magnetic ordering has a greater effect on the energy
of the luminescence peak than on the absorption edge.

Recently, room temperature photoemission measure-
ments on the Eu chalcogenides have been reported by
Busch, Cotti and Munz*' and by Eastman, Holtzberg
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and Methfessel.*® The latter authors have observed struc-
ture which they have interpreted as due to 4f to conduc-
tion band and p-valence to conduction band transitions.
Using the observed optical energy gaps to determine the
4f to conduction band energies, they have obtained valence
to conduction band energy gaps of 4.3, 3.1 and 3.1 eV for
EuO, EuS and EuSe respectively. These energies are,
however, considerably less than the energy gaps observed
in the corresponding Sr compounds indicated in Table 2
and are also less than those observed in the corresponding
Ba compounds.'® The reason for this difference is not
understood.

Finally, polarized photoemission measurements have
been made on films of EuS and EuSe near liquid helium
temperature in magnetic fields up to 33 kG perpendicular
to the film.** The photoemitted electrons show a markedly
high degree of spin polarization reaching a value of 34
percent in EuS at a photon energy of 5.0 eV. It has been
argued*® that this high value further indicates that the
initial state of the optical transition is the fully polarized
4f7(%S;,5) level. In addition, this provides another poten-
tially important application for these materials.

References
1. S. Methfessel and D. C. Mattis, “Magnetic Semicon-
ductors,” Encyclopedia of Physics, Vol. XVIII/1, editor
S. Fliigge, Springer-Verlag, Berlin 1968, p. 389.
2. G. Busch and P. Wachter, Phys. kondens. Materie 5, 232
(1966); Z. angew. Phys. 26, 1 (1968).

. G. Busch, J. Appl. Phys. 38, 1386 (1967).

. P. Wachter, Helv. Phys. Acta 41, 1249 (1968).

. 1. C. Suits, B. E. Argyle and M. J. Freiser, J. Appl.

Phys. 37, 1391 (1967).

6. A. A. Kaplyanskii and P. P. Feofilov, Optics and
Spectroscopy 13, 129 (1962) and A. A. Kaplyanskii and
A. K. Przhevuskii, Optics and Spectroscopy 19, 331
(1965).

7. M. J. Freiser, S. Methfessel and F. Holtzberg, J. Appi.
Phys. 39, 900 (1968).

8. B. R. Judd, Phys. Rev. 127, 750 (1963).

9. M. J. Freiser et al., Helv. Phys. Acta 41, 832 (1968).

10. R. J. Zollweg, Phys. Rev. 111, 113 (1958).

11. C. R. Pidgeon et al., IBM J. Res. Develop. 14, 309
(1970, this issue) and W. J. Scouler et al., Proc. 15th
Ann. Conf. on Magnetism and Magnetic Materials,
Philadelphia, Nov. 18-21, 1969; J. Appl. Phys. (to be
published).

12. F. Holtzberg, T. R. McGuire and S. Methfessel, J. Appl.
Phys. 37, 976 (1966).

13. S. Methfessel, F. Holtzberg and T. R. McGuire, IEEE
Trans. Magnetics Mag-2 305 (1966).

14. S. JI. Cho, Phys. Rev. 157, 632 (1967), and later work
to be published.

15. T. Kasuya and A. Yanase, Rev. Mod. Phys. 40, 684
(1968); A. Yanase and T. Kasuya, J. Phys. Soc. Japan
25, 1025 (1968); J. Appl. Phys. 39, 430 (1968).

16. J. C. Suits and B. E. Argyle, J. Appl. Phys. 36, 1251
(1965).

17. K. Y. Ahn and J. C. Suits, IEEE Trans. Magnetics
Mag-3, 453 (1967).

18. J. O. Dimmock, C. E. Hurwitz and T. B. Reed, Appl.
Phys. Letters 14, 49 (1969).

19. K. Y. Ahn and T. R. McGuire, J. Appl. Phys. 39, 5061
(1968).

AW

307

PROPERTIES OF Eu CHALCOGENIDES




20

21.

22.
23,
24.
25.
26.
27. K. Y. Ahn, J. Appl. Phys. 40, 3193 (1969).

29.
30.

31.
32.
33.
34,

3s.

308

J. 0. DIMMOCK

G. Guntherodt, J. Schoenes and P. Wachter, 15th Ann.
Conf. on Magnetism and Magnetic Materials, Phila-
delphia, Nov. 1821, 1969 and G. Guntherodt and
P. Wachter, Phys. Letters 29A, 660 (1969).

R. L. Wild, M. Shinmei and A. L. Andersen, Proc. IX
Conf. on Physics of Semiconductors, Moscow 1968,
part 2, p. 1191.

G. Busch, P. Junod and P. Wachter, Phys. Letters 12,
11 (1964).

B. E. Argyle, J. C. Suits and M. J. Freiser, Phys. Rev.
Letters 15, 822 (1965).

J. C. Suits and B. E. Argyle, Phys. Rev. Letters 14,
687 (1965).

J. H. Grenier and G. J. Fan, Appl. Phys. Letters 9, 27
(1966).

K. Y. Ahn, IEEE Trans. Magnetics Mag-4, 408 (1968).

P. M. Grant and J. C. Suits, Appl. Phys. Letters 14, 172
(1969).

J. Feinleib et al., Phys. Rev. Letters 22, 1385 (1969).
J. Mullen and A. W. Lawson, Phys. Letters 24A,
303 (1967).

C. R. Pidgeon et al., Solid State Commun. (to be pub-
lished) and W. J. Scouler et al., Solid State Commun.
(to be published).

P. Wachter, Phys. Kondens. Materie 8, 80 (1968).

J. Feinleib and C. R. Pidgeon, Phys. Rev. Letters 23,
1391 (1969).

R. Bachmann and P. Wachter, Solid State Commun. 6,
711 (1968).

R. Bachmann and P. Wachter, J. Appl. Phys. 40, 1326
(1969).

36

37.

38.
. P. Streit and P. Wachter, Helv. Phys. Acta 42, 606

40.
41.
42.

43.

44,

45.

46.
47.

R. Bachmann and P. Wachter, Phys. Letters 26A, 478
(1968).

T. Penney, Proc. 3rd Intl. Conf. on Photoconductivity
(to be published).

G. Busch and P. Wachter, Phys. Letters 20, 617 (1966).

(1969).

D. E. Eastman, F. Holtzberg and S. Methfessel, Phys.
Rev. Letters 23, 226 (1969).

G. Busch, P. Cotti and P. Munz, Solid State Commun.
7, 795 (1969).

G. Busch, M. Campagna and H. C. Siegmann, Solid
State Commun. 7, 775 (1969).

F. Rys, J. Helman and W. Baltensperger, Helv. Phys.
Acta. 39, 197 (1966); Phys. Kondens. Materie 6, 105
(1967).

J. Hanus, J. O. Dimmock and J. Feinleib, 15th Ann.
Conf. on Magnetism and Magnetic Materials, Phila-
delphia, Nov. 18-21, 1969; J. Appl. Phys. (to be pub-
lished).

G. Busch, P. Junod, M. Risi and O. Vogt, Proc. Intl.
Conf. on Physics of Semiconductors, Exeter 1962, p.
727.

G. Busch et al., Phys. Letters 9, 7 (1964).

K. Y. Ahn and M. W. Schafer, 15th Annual Conf. on
Magnetism and Magnetic Materials, Philadelphia, Nov.
18-21, 1969; J. Appl. Phys. (to be published).

Received November 19, 1969

IBM J. RES, DEVELOP.




