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In the insulating state of the samarium monochalcogenides SmS, SmSe, and 8mTe, the

Sm '(4f 6) ion has a nonmagnetic I'0 ground state exhibiting Van Vleck paramagnetism at low

temperatures. From an analysis of the susceptibility, information about the Sm-Sm exchange

interactions is obtained. The deduced variation of this exchange with lattice parameter is
shown to be consistent with the pressure dependence of the susceptibilities. Electron paramag-

netic resonance of Eu@, Gd, and Mn2' present as dilute impurities has also been observed.

The resonance fields are subject to large shifts (nearly 50% for Mn ' in SmS) due to the im-

purity-host lattice interaction; this enables one to deduce the Sm-impurity exchange inter-
actions. It is found that the Eu-Sm and Sm-Sm interactions are nearly identical in each lattice

and furthermore that they follow the same systematic trend as the Eu-Eu exchange in the

corresponding europium chalcogenides. The magnitude however is much larger in the Sm

lattice, directly reflecting the closer proximity of the conduction band. The Gd-Sm exchange

interaction is roughly twice as large as that found for Eu-Sm in each host lattice. This in-

crease in exchange in going from the larger Eu2' ion to the smaller isoelectronic Gd+ ion im-

plies that the extra electron accompanying the Gd+ ion plays an active role in the exchange

process. The Mn-Sm interactions are found to be of opposite sign (antiferromagnetic} and

approximately four times larger than those for Eu-Sm.

I. INTRODUCTION

Since the discovery' of high-temperature ferro-
magnetism in EuQ, there has been considerable
interest in the magnetic, transport, and optical
properties of the europium chalcogenides. Par-
ticular effort has been directed towards obtaining
an understanding of the microscopic origins of the
anomalously large Eu '-Eu ' exchange in these
compounds. It is now generally recognized that

the 5d, 6s conduction states play an important in-
termediary role in the exchange interaction. How-

ever, because of the large number of possible high-

order processes, it has proven extremely difficult
to isolate the dominant mechanisms. It is there-
fore of interest to obtain additional empirical in-
formation on the magnetic interactions in similar
systems.

In this paper we report a study of exchange in-
teractions in the samarium monochalcogenides
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The theory for the low-temperature magnetic
properties of a Sm~' lattice with a small number of
S-state impurities may be readily deduced using
standard techniques. We assume that the Sm ions
are in the 'E0 ground state with the first excited
F, state at an energy ~. We take as the perturbing

Hamiltonian

+H 2 + +HE + +IZ ++IH ~

ha

$Cnz=E~ pa H (L, + 2 S&),

(la)

SmS, SmSe, and SmTe. At atmospheric pressure
the samarium ions are in the 4f 6 configuration with

a nonmagnetic FD ground state and 'F, first excited
state. No reliable information is as yet available
on the band structure'; however, optical measure-
ments indicate that the 4f 5d b-and gap in these ma-
terials is about 1 eV, 4 approximately one-half the
value for the corresponding Eu compounds. 6 These
samarium compounds are of interest not only be-
cause of their similarity to the europium chalco-
genides but, rather more importantly, because of
the recently discovered fact that they exhibit semi-
conductor-metal transitions as a function of pres-
sure due to a 4f-electron delocalization. ' We shall
not shed any light on the latter problem in this
paper, however.

Information about the exchange may be readily
obtained using two different techniques. First, the
Van Vleck susceptibility at low temperatures is
modified by the Sm-Sm interactions in a manner
which may be simply described using molecular
field theory. Hence, for a known J=0 J=1 split-
ting, the effective exchange field may be imme-
diately deduced. Measurements of the suscepti-
bilities of SmS, SmSe, and SmTe have already been
reported, and in this paper we reanalyze these
results using the exchange model. Second, as first
pointed out by Hutchings and Wolf, ' for impurities
in a paramagnetic lattice, the electron-spin-reso-
nance (ESR) field is shifted from its value in a cor-
responding nonmagnetic host by an amount which
is simply related to the impurity-host magnetic in-
teraction. We have observed the electron-spin
resonance of the S-state ions Eu ', Gd3', and Mn~'

in SmS, SmSe, and SmTe and in some intermediate
alloys. In each case there are large g shifts which
measure directly the samarium-impurity interac-
tions. These exchange couplings in the samarium
lattices will be compared with each other and with

the Eu-Eu interactions in the corresponding europi-
um compounds. ESR studies of Eu ' in the three
monochalcogenides of Sm and of Mn' in Sm Te have

been independently undertaken by Mehran et al.

II. THEORY

5crz=+ A Ps H' Sy (lc)

Xzz= + j&~ yS, . Sy.
f I

(ld)

Primed symbols refer to the impurity ions, and it
is assumed that all coupling between the dilute im-
purity ions is negligible. The appropriate matrix
elements between the F0 and 'E, states are given

by

(1, OIL +2s'Io o)=(1 oIs'lo, 0)=2. (2)

We now treat each term of Eq. (1) in succession.
The host-Zeeman term (la) generates a moment
characterized by the Van Vleck susceptibility at
OK:

Xvv = (SXP~/r ) . (8)

The samarium-samarium interaction terms (lb)
may be treated in the molecular field approxima-
tion. The susceptibility Eq. (8) then becomes at
OK

Xvv = 8NP a/(6+ 8+& Z& j&), (4)

where Z, is the number of samarium ith equivalent
neighbors and J, is the appropriate exchange inter-
action. In the rocksalt structure, Z&=12, Z2=6,
and Z, = 24. Equation (4) predicts a phase transi-
tion for 8$, Z, j,/n & —1. However, in the samari-
um chalcogenides this parameter is always small
in magnitude so that no magnetic ordering occurs.

We now consider the impurity terms (lc) and

(ld). This problem has been treated in some de-
tail by Hutchings, Windsor, and Wolf'0 for Eq. (1)
without the host-lattice exchange term (lb). They
show that the impurity ion i' will exhibit a spin
resonance with a g value shifted from g', by an
amount

EgI = —(8/4)Q~ Z( j~, (5)

where J', is the exchange interaction between the
impurity ion and its jth nearest Sm" neighbor. The
corresponding ~g', including the host interaction
terms (lb) is rather more complicated. However,
to a good approximation it may be expressed as

~g,'= - [8/(~+8 +Z, j,)]g,j,'. (6)

We shall use Eq. (6) in analyzing our data. The im-
purities will also contribute a Curie term to the
susceptibility Eq. (4). However, these contribu-
tions may be readily separated out from the pure
Sm-Sm host-lattice Van Vleck susceptibility. In

summary, therefore, from the bulk susceptibility,
one may find the Sm '-Sm ' exchange sum g, Z,.j,
and from the impurity g shift one obtains g&Z& j&
for each impurity.

m. EXPERIMENT

Kaz Q jr' S& Sy
Single crystals of the samarium monochalcogen-

ides were prepared by prereacting fine turnings of
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FIG. 1. ESH, spectra of Eu ',
Gd3', and Mn ' in SmSe crystals
showing the ferromagnetic shifts
of the two rare-earth ions and the
much stronger antiferromagnetic
shift of Mn. The experiment was
performed at 4.2 K in a 12.025-
GHz cavity with the magnetic field
along (100) to maximize fine-
structure resolution.

g = 2.00

MAGNETIC FIELD

samarium metal in the appropriate chalcogenide
vapor followed by melting in sealed tantalum cruci-
bles. The sulphides were quenched from just below
the temperature of solidification in order to retain
the rocksalt phase. ' The tellurides were handled
in dry nitrogen to avoid reaction with water vapor.
The resultant polycrystalline boules contained large
regions of easily cleaved single-crystal material.
Many of the ESR experiments were performed on
nominally pure materials which commonly proved
to contain several tens of parts per million of Eu '
and somewhat less Mn '. Intentionally doped sam-
ples were also prepared, particularly in the case
of Gd', by dilution of master alloys containing
1 at. /& of the desired substituent. Reference sam-
ples of diamagnetic YbSe were also prepared in a
nitrogen atmosphere.

The magnetic susceptibilities of the undoped SmS,
SmSe, and SmTe were reported earlier by Bucher
et al. and will be discussed below.

The ESR experiments were performed using con-
ventional homodyne spectrometers operating at 12,
17, and 34 GHz. Cleaved single-crystal samples
were examined principally at l. 4 and 4. 2 K to min-
imize microwave losses arising from thermally

excited conduction electrons. The magnetic field
was rotated in the (110)plane oi' the samples to de-
termine the crystalline field symmetry at the im-
purity ion sites. In general, fine-structure tran-
sitions, that is, transitions other than —,

' ——,', were
quite broad, presumably because of residual strains
of less than cubic symmetry.

Divalent europium (4f ', S= ~ ) was readily iden-
tifiable as a universal impurity via its character-
istic hyperfine structure arising from Eu' ' and
Eu' . A typical Eu ' spectrum is shown io Fig. 1
with sharp —,

' ——,
' transitions but very broad fine

structure. The fine -structure transitions showed
anisotropy consistent with cubic site symmetry in
all crystals studied. As seen in Table I, the mag-
nitude of the parameter A"' is quite comparable to
that observed in the diamagnetic rocksalt compound
Sro. The observed weak reduction in the magni-
tude of A' ' on going from sulphide to telluride is
consistent with increasing convalency in the heavier
chalcogenides. Crude estimates of the fourth-order
crystal field parameter show a marked decrease
from sulphide to telluride.

The g values are seen to change very strongly
in proceeding through the series, the deviation from

TABLE I. Spin-Hamiltonian parameters for Eu ', Gd ', and Mn ' in samarium monochalcogenides.

SmS 2. 230 + 0.005
SmSe 2. 101 + 0.003
SmTe 2.020 + 0.003
YbSe
SrO 1.9914

Eu~+

IA' Ix 10 cm

30.5 + 0.1
29.6 2 0.5
28. 6 + 0.5

29.7

I54I x 104cm '

20+ 2
12+ 1
10+ 1

Gd

2.43+ 0.01
2. 22 + 0.01
2. 10 + 0.01

l.9912

I54I x 104cm '

15+3
23 k 1
37+ 2

Mn2'

1.05 + 0.01
1.567 + 0.005
1.904 + 0.005
2.006+ 0.005
2.001

IA" I x 104cm-'

76. 9+ 0.2
74. 3 + 0.2
68.6+ 0. 2
74. 6 + 0. 2
78. 1

~A. J. Shuskus, J. Chem. Phys. 41, 1885 (1964).
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the value 1.99 commonly observed in a wide variety
of diamagnetic hosts increasing from 0. 03 in the
telluride, to 0. 11 in the selenide, to 0. 24 in the
sulphide. While these shifts are at first sight very
large compared to exchange-induced shifts in other
Van Vleck paramagnetic crystals, ' their magni-
tudes are not inconsistent with the exchange cou-
plings in the rare-earth chalcogenides, as will be
discussed below. Shifts intermediate between those
listed in Table I were found in SmS„Se, „mixed
crystals, where even the hyperfine structure was
unresolved due to a spread of g values presumably
arising from compositional fluctuations. The de-
duced exchange couplings are shown in Fig. 2. Our
values of the g shifts and other spin-HamiEtonian
parameters for Eu are in rough agreement with
those reported by Mehran et a/. Experience in-
dicates that these numbers vary somewhat from
sample to sample presumably due to varying de-
grees of strain and stoichiometry, whence rather
generous confidence limits must be set.

Trivalent gadolinium, isoelectronic with Eu ',
was almost unobservable as a natural contaminant &

but was readily introduced into all three lattices by
doping. Nominal concentrations of 0.01 and 0. I /~

were examined; the spin-Hamiltonian parameters
were found to be independent of concentration in this
range. No hyperfine identification was possible be-
cause of the weak nuclear moments and modest
abundances of Gd ~ and Gd 7. It was generally
possible to resolve the fine-structure pattern of a
spin S=~ in cubic symmetry however, though con-
siderable additional structure was also observed in
many cases. A better -than-average spectrum is
shown in Fig. 1. The magnitude of the dominant
fourth-order crystal field parameter increases
markedly on proceeding from the sulphide to the
telluride (Table I).

Just as in the case of Eu ', the g value proves
to be strikingly sensitive to the host lattice, the
deviation from the usual value, 1.99, increasing
from 0. 11 in the telluride, to 0.23 in the selenide,
to 0. 44 in the sulphide.

The observation of ESR signals arising from Gd'
ions in sites of lower than cubic symmetry, as well
as the absence of appreciable electrical conductivity
at liquid-helium temperatures in samples contain-
ing as much as -0. 1% Gd brings up the question of
charge compensation. It is commonplace to at-
tribute low-symmetry spectra to those ions whose
compensating electron localizes within a few lattice
constants. It would also be usual to assume that
the ions exhibiting full substitutional site symmetry
are uninfluenced by any nearby compensation.
However, as will be discussed in the next section,
the fact that the exchange-induced g shifts are
roughly twice as large for cubically situated Gd '
as for Eu ' in a given host lattice suggests that the

We consider first the susceptibility measure-
ments of Bucher et a). mentioned in the previous
section. In each case, the susceptibility shows the

SmS SmSe SmTe

40-

20—

~M 10—

-I0

-20

I I I I

5.8 6.0 6.2 6.4 6.6
LATTICE CONSTANT (A)

I-

- C5

K
K
UJ
LL

4P

LLI
R
(5
'x
O
K
K
4J
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FIG. 2. Exchange sums for the host-host and host-
impurity exchange interactions in the samarium mono-
chalcogenides. The figure also includes the Eu '-Eu '
exchange interactions in the corresponding europium
monochalcogenides. The solid lines are guides to the
eye.

"extra" electron is, in fact, nearby and distributed
in a highly symmetric fashion, for example, oc-
cupying an orbital principally situated on the 12
nearest-neighbor Sm sites. The opposite varia-
tions of the magnitudes of the fourth-order crystal
field splittings versus lattice parameter for Eu '
and Gd3' in the three host crystals may also be
evidence for anomolous electronic structure in the
vicinity of the latter.

Divalent manganese (3d', S= -',) was readily ob-
served as a natural contaminant in Sm Te, less so
in SmSe, and almost not all in SmS. Hyperfine
identification due to the unique Mn" nucleus (Fig.
1) proved consistent with that of Mn ' in SrO and in
the diamagnetic rare-earth selenide YbSe (Table
I). Covalent reduction of 255 from sulphide to tel-
luride is well known for this 3d ion. ' No resolved
fine structure was observed in the case of manga-
nese, though a weak broad "pedestal" was detect-
able at high gain. Very large g shifts of opposite
sign compared to Eu~' and Gd3' are observed,
amounting to reduction of the applied field by al-
most exactly a factor of 2 in the case of Mna' in
SmS.

IV. ANALYSIS AND DISCUSSION



BIHGEN EAU, BU C HER,

TABLE II. 4. 2-K Van Vleck susceptibilities and derived
exchange sums in SmX.

SmS
SmSe
Sm Te

Xvv
(cm /mole)

9, 15x 10 3

7.85 x 10 3

7.00x10 '

—11.0 + 1.0
-4.2 + 1.0
+1.6 + 1.0

characteristic Van Vleck form with a small impur-
ity contribution at the lowest temperatures. The
4. 2-K values of the susceptibility with the impurity
effects subtracted off are listed in Table II. The
principal difficulty in the interpretation of these
results in terms of Eq. (4) is our lack of knowledge
of the precise value of the spin-orbit splitting 4.
Indeed, Bucher et gl. have interpreted their results
in terms of an unusually strong lattice dependence
of the spin-orbit coupling itself. However, this
seems quite unlikely in light of the total insensi-
tivity of the spin-orbit coupling of rare-earth ions
to the local environment in the myriad of other
crystals. ' As we shall see, the variation of y»
as listed in Table II may be much more reasonably
understood on the basis of an exchange mechanism.

The free-ion value of ~ for Sm ' is 421 K. ' In

a crystalline environment we might expect this to
be reduced by 1 to 2%. Measurements are avail-
able for 6 in a variety of lattices; the most ap-
propriate measurements for our purposes are those
of Bron and Heller' in the rocksalt compounds
KCl, KBr, and HbCl, where ~ is 414. 5, 415. 7, and

413. 8 K, respectively. %e therefore take 6=415
+6 K for the samarium chalcogenides; this corre-
sponds to a Van Vleck susceptibility of 7. 22+ 0. 10
x10 3/mole. The Sm-Sm exchange may then be
immediately deduced using Eq. (4). The results
are tabulated in Table II and shown as a function
of lattice constant in Fig. 2.

The g, Z, d, -vs-R dependence shown in Fig. 2 has
some rather interesting consequences for the pres-
sure dependence of the susceptibility. Maple and
Wohlleben" have measured dy/dP vs P at room
temperature in SmS, SmSe, and SmTe. They find
that in each case the susceptibility initially in-
creases with increasing pressure at the rates given
in Table III. It is tempting to interpret this initial
rise in terms of the distance dependence of the ex-
change. If we assume that this is the sole mecha-
nism contributing to dy/dP, then in the molecular
field approximation

&X X dZa Z& d~

dP Np~ dP

Here y is already known in each ease and dg, Z,. J,/
dP may be deduced from Fig. 2 and the compres-

RUPP, AND WAI SH

TABLE III. Pressure dependence of the room-temperature
SmX susceptibilities.

—(10 cm3/mole kbar)dX
dI'

observed calculated

SmS
SmSe
8mTe

78+ 7
17
2. 2

75+ 15
14+ 4
0~3

sibility data of Jayaraman and co-workers. '6 Sub-
stitutionof these values into Eq. (f) yields the calcu-
lated values listed in Table III. The agreementbe-
tween this simple theory and the measured values can
only be described as remarkable. Indeed, it is prob-
ably misleadinglyprecise, since some Sm ' ions are
lost from the 4f configuration as pressure is ap-
plied. Nevertheless, it seems clear that we have
identified the main mechanism contributing to dy/
dP.

Using the results tabulated in Table II together
with Eq. (6) we may now interpret the Eu ', Gd',
and Mna' g -shift measurements. The resultant im-
purity-host exchange sums are listed in Table IV
and are displayed as a function of lattice constant
in Fig. 2. %e have also tabulated ip Table V the
corresponding values for the Eu '-Eu ' interactions
in the europium chalcogenides. The final results,
as displayed in Fig. 2, are quite striking. First,
we note that in the sulphide and selenide the Fu-
Sm and the Sm-Sm exchange interactions are iden-
tical to within the experimental error. In the tel-
luride these interactions are both small and of
similar magnitude but with opposite signs. The
trend with lattice constant for these interactions is
the same as that for the Eu-Eu interactions in the
europium chalcogenides with a difference of ap-
proximately 3 in absolute magnitude. It seems
clear that the microscopic mechanisms are the
same in both systems and that the difference is
simply one of scale.

At the present time it is believed that the near-
est-neighbor exchange J, arises from direct cation-
cation interactions, whereas the next-nearest-
neighbor exchange J~ involves some superexchange
process via the intervening chalcogen. The in-
crease in the ferromagnetic component of g& Z&d,
in going from the europium to samarium compounds
is consistent with an exchange mechanism involving
hybridization with the 5d bands, since the 5d states
are much lower in the latter systems. A more
precise identification of the cation-cation mecha-
nism is not possible until reliable values for the
appropriate matrix elements become available. In-
deed, it seems likely that polarization of the filled
5s 5p states on the rare earth plays an important
role. However, even in the europium chalcogenides
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TABLE IV,. Eu-Sm, Gd-Sm, and Mn-Sm exchange sums
in the samarium monochalcogenides.

SmS
SmSe
SmTe

g (g) Eu2'-Sm '

5.97 —9.6+ 0.4
6.20 —5. 2+ 0.3
6.60 —1.3 + 0.3

P(ZqJq (K)
Gd"-Sm2'

—18.0 + 0.8
—11.0 + 1.0

—5.4+ 1.1

Mn2'-Sms'

39~ 1
21+1
5.3+ 0.5

no calculations which explicitly take these effects
into account have yet been reported. We note that
Mehran et a/. in their study of the ESR of Eu ' ions
in these systems have pointed out that, as expected,
the g shifts are correlated with the activation en-
ergies of the 4f electrons of Sm' in the host ma-
terial. The most important effect, however, is
probably the distance dependence of the transfer
integrals themselves.

The gadolinium g shifts for the ions with full
cubic symmetry lead to the exchange sums listed
in Table IV and shown in Fig. 2. The trend with
host-lattice parameter is again similar to the case
of the Eu-Sm exchange but with a factor-of-2 in-
crease in magnitude. Initially this would seem dif-
ficult to understand on the basis of a direct cation-
cation interaction involving hybridization with the
5d band, since the Gd ' ion is significantly more
compact than the isoelectronic Eu ' ion. This size
effect should lead to a considerable reduction in the
appropriate transfer integrals. We suggest in-
stead the Gd'-Sm ' exchange proceeds via a real
rather than virtual 4f-5d process involving the
extra electron contributed by the Gd3' ion. That
is, the extra electron is localized around the Gd3'

ion in a cubically symmetric orbital and contributes
directly to the Gd '-Sm ' exchange without exhibiting
any direct magnetic effects itself. This picture of
a localized extra electron is consistent both with
the concentration independence of the Gd' g shifts
and the failure of Gd ' doping to significantly de-
crease the high electrical resistivity of these ma-
terials, at least at low temperatures.

Note addedin proof. There are, however, some
consequent difficulties in understanding our obser-
vation of sharp fine-structure lines [see P. Eisen-
berger and P. S. Pershan, Phys. Hev. 167, 292
(1968)]; thus the detailed microscopic description
of the Gd ' ion in these systems must still be re-
garded as somewhat of an open question.

It is interesting to note that in the corresponding
metallic gadolinium monochalcogenides GdS, GdSe,
and GdTe the exchange sums are L Z, 4, = 19, I'I,
and 16 K, respectively. " Thus in the concentrated
materials the exchange is antiferromagnetic and

nearly independent of the anion and lattice con-
stants. Clearly, the exchange in the two situations
is of fundamentally different origin. As discussed

TABLE V. Eu-Eu exchange interactions in the europium
chalcogenides.

EuO
EuS
Euse b

EuTe"

R
(A)

5.15
5.96
6.19
6.60

12Jg+ 6J2
(K)

—1.21 + 0.01 —0.31 + 0.02 —16.4 + 0.2
—0.47 + 0.03 0.20 + 0.02 —4.4 + 0.4
—0.3 0.3 1~ 7
—0.06 0.3+ 0.05 +1.1

~L. Passell, O. Dietrich, and J. Als-Nielsen (unpub-
lished).

X. R. McGuire and M. W. Shafer, J. Appl. Phys. 35,
984 (1964).

above, the Gd '-Sm ' exchange may involve a po-
larization of the bound extra electron which affects
mainly the nearest-neighbor exchange, whereas the
Gds -Gds' exchange in the gadolinium chalcogenides
is the usual long-range BKKY process mediated by

itinerant electrons.
With reference to the metallic state, one should

also note that appreciable g shifts are observed in
the ESR of localized magnetic moments in metals"
and are attributed to exchange coupling with band
electrons. A particularly strong shift is found for
Gd in palladium metal (g= 1.826)' due to the en-
hanced band susceptibility of the host. In general,
the g shifts increase in magnitude with increasing
d-like character of the conduction electrons.
Therefore, it should be interesting to study the in-
fluence of conduction electrons on the various ex-
change couplings in the samarium monochalcogen-
ides by performing experiments at higher tempera-
tures and/or pressures.

The results for the Mn '-Sm ' exchange interac-
tions are also listed in Table IV and displayed in
Fig. 2. In this case the exchange is even larger
hut antifexxomagnetic. It also shows a rapid de-
pendence on lattice constant, again suggesting a
dominant direct cation-cation interaction. We note

that the Mn ' hyperfine coupling constant decreases
in going from the sulphide to the telluride, indica-
ting increasing convalency. We would therefore ex-
pect any superexchange contributions to at least
remain constant across the series. Indeed, in the
corresponding rocksalt compounds MnQ, nMnS, and
nMnSe, it appears that g, Z, d, is nearly constant. ~

Finally, throughout this paper we have used the
Hamiltonian Eq. (1) which assumes that the ex-
change is isotropic between the real spins, thus
omitting any orbital dependence of the exchange for
the Sm~' ions. ~' The good agreement between the
Sm-Sm and Sm-Eu exchange sums would seem to
confirm this approximation. Similar results were
obtained by Birgeneau, Hutchings, and WoU for
the isoelectronic case of Gd' in EuCl3. It is clear
that these g-shift effects offer a powerful micro-



3418 BIRGENEAU, BUCHER, RUPP, AND WALSH

scopic probe of the host-lattice electronic system.
Experiments are now under way to study the tem-
perature and pressure dependence of the Eu ' and

Gd ' resonances in SmS, hopefully through the semi-
conductor-metal transition in order to obtain in-
formation about the nature of the metallic state.
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Quantum-Mechanical Treatment of the Abnormal Stopping Power for Channeling
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A quantum-mechanical method for the calculation of the abnormal stopping power of ion chan-
neling is proposed. It is concluded that the abnormal stopping power is not proportional to the
local electron density. Numerical calculations are performed for 3-MeV He ions in the Au

crystal.

I. INTRODUCTION

The trajectory of ions channeled between crys-
tal planes is governed by their interaction with the
interatomic potentials of the atoms making up the
plane, and the energy loss of channeled ions de=
pends upon the detailed stopping power (1ocal
stopping power) it has encountered along its path.

The energy-loss spectra produced in beams of
energetic He and I ions transmitted through thin

gold monocrystals in directions lying very nearly
in low-index crystallographic planes have been re-
ported recently. ' Robinson made a quantitative
comparison of his anharmonic-oscillation model
with the experiment of Datz et gl. and concluded
that the channeling stopping power S~'(() is rep-


