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From inelastic neutron. scattering the strongly anisotropic spin-wave dispersion curves of a
EuS single crystalline sample have been measured at 1.3 K for the main symmetry directions

(100), (110), and (111) over the entire first Brillouin zone. Least-squares fits to the
Holstein-Primakoff spin-wave theory yield the isotropic exchange energy constants, J;, up to
fifth nearest neighbors (i =5) as follows: Jt/ks ——0.221+0.003 K, J2/kti ———0.100+0.004 K,
J3/k8 =0.006+ 0.002 K, J4/k& = —0.007+ 0,002 K, J&/k& = —0.004+ 0.002 K which correspond
to a paramagnetic Curie temperature of Op =21.1+0.2 K. The results confirm previous as-

sumptions that the range of the J; is essentially limited to next nearest neighbors, and thus

agree fairly well with most of the previous experimental results on J& and J2. The temperature
dependence of the J; disagrees with the predictions of the spin-wave renormalization theory.

I. INTRODUCTION

The ferromagnetic insulators EuO and EuS, which
crystallize in cubic rocksalt structure, are considered
the best examples for the Heisenberg model of fer-
romagnetism. For comparison between theory and
experiment a large body of experimental and theoret-
ical results has been accumulated and revie'wed ex-
tensively already (see, e.g. , Ref. I and references
therein). In all these studies the exchange interac-
tion parameters J~ to the 12 nearest and J2 to the 6
next nearest neighbors have been determined on the
basis of an ad hoc assumption, namely, that their
range is constricted to next-nearest-neighbor dis-
tances. There were, however, theoretical arguments
and experimental results, which indicated that in the
Eu chalcogenides the exchange interactions may
range to more distant neighbors. " EuS is of particu-
lar interest because it orders ferromagnetically despite
its competing interactions J~ & 0 and J2 & 0 and of its
relatively strong dipolar interactions, which are not
negligible here in comparison to the exchange in-

teraction.
Recently considerable theoretical and experimental

interests have been focused on the Eu„Sr~ „S dilution
series. Its unique magnetic behavior aod phase di-

agram was shown to be also due to this competing
exchange interactions. " The detailed knowledge of
the magnitude, sign, and range of the exchange in-

teractions turned out to be the key information for
the understanding of the phase diagram and magnetic

behavior of this model system for the diluted Heisen-
berg ferromagnet.

Inelastic neutron scattering is known to be the best
source for information on magnetic interactions
between neighboring atoms. With Eu compounds,
however, the measurement of spin-wave dispersion
(SWD) curves turned out to be extremely difficult,
because of the unusually high neutron absorption
cross section of europium. A previous neutron
scattering experiment could be performed only by us-
ing a thin powder sample of EuS highly enriched with
the '"Eu isotope. From these powder results the
above-mentioned ad hoe assumption on the range of
the exchange interactions, however, could not be re-
moved. This requires the determination of the mag-
nitude and sign of a sufficient large number of indivi-
dual exchange parameters J; by measuring the aniso-
tropy and the detailed behavior of the SWD branches
of single crystals, in particular, near to the edge of
the first Brillouin zone. In fact, just this information
is averaged out in the case of polycrystalline EuS
samples. Here we report on a first detailed neutron
scattering study of all SWD branches using an ap-
propriate single crystalline sample of ' 'EuS.

II. THEORETICAL MODEL

As is well known the 4f electrons of the divalent
Eu+' ions are highly localized, thus establishing an

S7/p ground state with a spin-only magnetic moment
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J(q)=XJ, $e '
i n 1

(4a)

where J; describes the isotropic exchange interactions
of an Eu'+ ion with its z; neighbors of the ith neigh-
bor shell. The lattice sums can be evaluated easily
for fcc lattices and, depending on the range of in-
teractions, J(q) then reduces to only a few terms.

Thus, if the internal field and the magnetization of
the sample are known, the measurement of the S%0
branches on a single crystalline sample will yield the
exchange parameters Jf;(i ~r).

III. EXPERIMENTAL CONDITIONS

Europium consists of two isotopes "'Eu and "'Eu
with natural abundances of 48% and 52%, respective-

of 7p, a. Then the spin dependent part of the
Coulomb interaction betmeen two atomic configura-
tions, having localized spins S and S„, at lattice sites
R and R„, respectively, is given by the Heisenberg
operator

. m
=—2Jnm&n~m

J„ is the related exchange energy parameter. In
EuS, because of the relatively weak exchange interac-
tions and the lom Curie temperature, T, = 16.6 K, the
dipolar interactions of about 2 K in temperature units
have to be taken into account too. The Holstein-
Primakoff spin-wave theory rather than the original
Bloch theory has then to be applied. Neglecting the
spin-wave interactions and converting the dipolar
sums into surface integrals one arrives at the follow-

ing formula for the spin-wave energies':

geo, [(=gpsB;+E,„)(gpsB, +,E,„

+g p, sp, pM sin't), ) ]'I', (2)

where 8; =Bp —NDp, pM denotes the internal field,
which is the applied field, Bp, reduced by the demag-
netizing field —Nap, pM. M is the magnetization and
ND the demagnetizing factor depending on sample
geometry only. H-, is the angle between the wave
vector q and the direction of magnetization.

The spin-wave energies of a purely exchange-
coupled system, E,„, are given by:

E,„=2SX[J(0)—J(q) j

where

J(q.) = XJ„e'"'~ . (4)
I'

For 5-state ions as Eu'+ in the cubic EuS crystal lat-
tice the exchange interactions are expected to be iso-
tropic. In fact, the measured crystalline anisotropy
field is of the order of 4 mT only. ' Equation (4) then
can be written in the form

ly. Because of the extremely high neutron absorption
cross section of the ' 'Eu isotope for our inelastic
neutron scattering experiment EuS single crystals
were grown from the melt of EuS powder, which was
enriched to 99.2% with "'Eu. The crystals were
cleaved into the platelets of 0.3-mm thickness or less.
The faces of these platelets were crysta11ographic
(100) planes and a (010) axis within the plane could
easily be identified. The oriented platelets of a few
mm size were glued on an aluminum substrate and
finally realized a crystallographic (100) plane of 3 x 5
cm' in size. The total weight of the sample was 2.3
g. The orientation of the platelets was checked by x-
ray and neutron-diffraction techniques. The remain-
ing misorientation of the described mosaic arrange-
ment was found to be less than 3'. The Curie tem-
perature of the sample was determined from hys-
teresis measurements to be T, =16.6 K, ' which is the
value for stoichiometric EuS.

The neutron scattering experiments were per-
formed at the high-flux reactor of the Institut Laue-
Langevin, Grenoble using the IN2 triple axis spec-
trometer. The spectra were recorded in the constant
q mode near the forward direction. Most of the mea-
surements were made with incoming neutron ener-
gies of 13.7 meV; only for the smallest q values and
the weakest spin-wave energies, in particular, of the
(111) branch initial energies of 6.7 and 4.9 meV
mere also used for better energy resolution. Ap-
propriate filters were placed in the primary beam to
avoid higher-order contributions. The SWD has been
investigated at the temperatures 1.3, 2.2, and 4.2 K.
A few spin-wave spectra were also measured up to
higher temperatures close to the Curie temperature.
Temperatures below 4.2 K were determined by
means of the 4He vapor pressure, while for those
above 4.2 K a calibrated carbon resistor was used.

In order to obtain well-defined magnetization con-
ditions, two SmCoq permanent magnets were mount-
ed above and below the sample. An external field of
about 0.08 T was thus applied in the plane of the EuS
platelets where it fairly exceeded the demagnetizing
field NDp, oM {the sat—uration magnetization at T =0
K is p, oM =1.53 T) making B;=0.

Thus the platelets could be kept homogeneously
magnetized in a direction perpendicular to the scatter-
ing vector (sin8=1).

IV. RESULTS AND DISCUSSION

Typical spectra measured for spin waves propagat-
ing in the (110) direction are shown in Fig. 1. For
the purpose of this study outlined above we were in-
terested only in the position of the maximum of the
magnon lines. These were deduced from a least-
squares fit of the data to two Gaussian lines: One of
these accounts for the elastically scattered neutrons
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as determined using the width and position of a vana-
dium spectrum, while the second one describes the
neutrons scattered inelastically on spin waves. The
spectrometer resolution function, 9 the thermal de-
tailed balance factor, and the overall background
were properly taken into account. The solid lines in

Fig. 1 represent the best fit to the data. For q =6.0
nm ', where the spin-wave line appears only in the
tail of the elastic line, the contribution of the inelastic
magnetic scattering is indicated by the dashed line.

The width of the magnon lines at 1.3 K is due to
the spectrometer resolution only. For comparison
the spectrum obtained with a polycrystalline sample
at q = 10.4 nm ' is also plotted in Fig. 1. It reveals
the substantial powder broadening which exists espe-
cially near to the boundary of the first Brillouin zone.
Due to this large anisotropy of the SWD branches the
position and width of the magnon lines can be deter-
mined in detail and with high accuracy only by using
single-crystal samples.

The experimental data are summarized in numeric
form in Table I. With systematic errors of the mea-
surements taken into account we estimate the uncer-
tainty of the magnon energies to +0.02 THz whi1e

the error in determining an individual inelastic peak
is smaller typically by an order of magnitude.

For the geometrical and magnetic conditions
described above the spin-wave dispersion relation of
Eq. (2) then reduces to

&~-, = gc.(E., +gpsltto~(T) JI' ' .

The spin-wave spectra have been analyzed by taking
into account exchange constants J; up to the sixth
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FIG. 1. Neutron spectra for inelastic scattering ori spin
waves in single crystalline ' EuS. The wave vector q is

directed along the crystallographic (110) direction. For
comparison a spectrum obtained with a powder sample at

q =10.4 nm is also shown (). The solid line is the best fit
to the measured points. The dashed line indicates the con-
tribution due to the inelastic scattering on magnons.

nearest neighbors (i =6). The J; have been deter-
mined from the spectra at 1.3 K, where the normal-
ized magnetization deviates by only 5 x 10 ' from its
saturation value (using Ma= 1.53 T and including the
zero-point motion due to the dipolar interactions). In
this way spin-wave interactions which would lead to a
renormalization of the exchange parameters'0 can be
neglected.

In Fig. 2 the SWD curves in the main symmetry
directions, (100), (110), and (111),as measured at

TABLE I. Magnon energies in EuS for the three main symmetry directions. Taking into account
systematic errors, the accuracy of each energy is + 0.02 THz.

q (nm ')
(100)

Z (THz) q {nm ')
(110)

Z (THz)
(111)

q (nrn ') E (THz)

2.64
3.17
4.23
5.28
5,28
6.34
6.87
7.40
7.92
8.45
8.98
9,51

10.04
10.57

0.050
0.073
0.123
0.225
0.226
0.319
0.360
0.412
0.450
0.491
0.519
0.539
0.55.7
0.554

2.99
4.48
5.98
5.98
7.47
8.96
9.86

10.46
11.21
11.21
11.95
12.70
13.45
14.19
14.94

0.071
0.137
0.213
0.177
0.280
0.359
0.395
0.430
0.459
0.461
0.484
0,507
0.521
0.535
0.532

3.66
5.49
7.32
9.15

0.087
0.156
0.211
0.236
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the temperature 1.3 K are plotted. The arrows indi-
cate the boundary of the 1st Brillouin zone in these
directions. By fitting the experimental data to Eq. (5)
using the exchange constants J~, . . . , J6 as parame-
ters of the fit the values summarized in Table II were
obtained. Apparently, only J~ and J~ are of substan-
tial magnitude, whereas the exchange constants
J3 ~ ~ J6 are smaller by more than an order of
magnitude and, hence, in the range of the experi-
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q
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FIG. 2. Spin-wave dispersion in a ' EuS single crystal at
1.3 K. The solid lines represent the best fit using up to fifth
neighbors exchange interactions. The arrows indicate the
boundary of the first Brillouin zone in the different sym-
metry directions. Including systematic errors of the mea-
surement an error bar of +0.02 THz is given to each point.

mental errors already. We would like to emphasize,
however, that J3, . . . , J6 are comparable with the at-
tributed dipolar interactions of these neighbors,
which are listed in the last line of Table II, too.
Thus, they are expected to be important, in particu-
lar, for discussions of very diluted Eu„Sr~ „S sys-
tems. "

The solid lines in Fig. 2 represent the best fits of
the dispersion curves derived with the J~ & values
given in line 5 of Table II and including J3 4 5 as
small corrections. We have chosen these values,
since according to column 8 of Table II the sum of
squares of the deviations divided by the degrees of
freedom (i.e., the number of experimental points
minus the number of parameters) does not further
decrease with J6 included. Also, the value of J6 is
smaller than the statistical uncertainty. These results
fortunately prove that in EuS the exchange interac-
tions in fact reach to nearest and next nearest neigh-
bors only, as it has been assumed ad hoc only in all
experiments before. The ratio of Jt/Jq, which is of
particular importance for the understanding of the
magnetic phase diagram of the Eu„Srj „S system is
found to be J~/Jq = —2.2 + 0.1 which is, in fact, close
to the value —2 used in most of the recent theoretical
work. "

Our results agree well with the exchange parame-
ters determined from the neutron scattering experi-
ment with a polycrystalline '"EuS sample as men-
tioned before. ' This is not surprising now, since our
single crystal results confirmed that NN and NNN in-
teractions only are of substantial magnitude as it has
been introduced ad hoc in this earlier neutron scatter-

TABLE II. Results of the least-squares fits of the SWD curves for different numbers of ex-
change constants N. In the last column the sum of squares of the deviations, X, divided by M —N
is given, where M =33 is the number of experimental points fkptp Jxp/4m@, /r is a measure for
the dipolar energy.

J,/k,

(K) (K) (K)

J4/k~

(K) (K)

J6/k~

(K)
2

104 x
M —N

IY~;„/k~
(K)

0.224
+ 0.002

0.219
+ 0.003

0.217
+ 0.003

0.221
+ 0.003

0.220
+ 0.003

0.41

-0.111
+ 0.004
—0.113
+ 0.004
-0.105
+ 0.005
-0.100
+ 0.004
—0.099
+ 0.005

0.13

0.002
+ 0.002

0.005
+ 0.002

0.006
+ 0.002

0.007
+ 0.002

0.07

—0.007
+ 0.002
—0.007
+ 0.002
—0.007
+ 0.002

0.05

—0.004
+ 0.002
—0.005
+ 0.002

0.03

—0,002
+ 0.003

0.03

1.61

1.55

1.22

0.98

0.99
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FIG. 3. Temperature dependence of the spin-eave ener-
gies in ' EuS for two q values near the boundary of the
first Brillouin zone in the (100) direction. The solid lines

represent calculations based on spin-wave renorrnalization
theory using the exchange constants given in Fig. 2.

ing work, too. Even then, in view of the consider-
able powder broadening, apparent from both our
spectra sho~n in Fig. 1, and the anisotropy of the
SWD curves shown in Fig. 2, the good agreement of
the Ji ~ results deduced from both experiments must
be called remarkable.

0.95
4 6

T (K )

10

FIG. 4. Temperature dependence of the normalized
zero-field N MR frequency, f/ fo (f0 = 152.222 M H z). The
experimental points were taken from Ref. 16. The solid
lines represent the normalized magnetization, M/Mo, for

B; =0 and 8; =0.2 T calculated from spin-wave theory using

the exchange constants given in Fig. 2 and including the di-

.polar contributions. The dashed line results for B; =0, if
pure exchange coupling is taken into account.

V. SPIN-WA VE RENORMALIZATION

Next, we would like to discuss the temperature
dependence of the measured SWD curves as shown
in Fig. 3 for two q values near the edge of the first
Brillouin zone, in the (100) direction.

The solid lines have been calculated using the
spin-wave renormalization theory developed by Dy-
son" and by Keffer and Loudon, ' together with the
exchange constants as determined from our low-

temperature SWD results. Obviously, the theory
describes our data for EuS adequately for T/T, ( 0.25

only. This is in contrast to the case of EuO,
where it was found to hold up to T/T, (0.9." This
is supposed to be due to the relatively large dipolar
contribution in EuS. The clarification must await the
forthcoming more detailed study of the temperature
dependence of the spin-wave spectra.

The temperature dependence of the spontaneous
magnetization can be precisely determined from the
zero-field NMR frequency, f, since

w(T) f(T)
Mp fp

(6)

The relative error in this experiment is 10 . ' Fig-
ure 4 shows the temperature dependence of the nor-

VI. COMPARISON WITH MAGNETIZATION STUDIES

malized NMR frequencies which were taken from
Ref. 16 and using fp= 152.222 MHz. The solid lines
represent the reduced spontaneous magnetization as
calculated in the spin-wave regime using the
Holstein-Primakoff dispersion law [Eq. (2)1 and the
exchange constants determined from our low-

temperature (SWD) curves for B, = 0 and B, =0.2 T,
respectively. The calculations were carried out by ex-
act numerical integration over the first Brillouin
zone, and considering additionally for the renormali-
zation of the exchange parameters at higher tempera-
tures. It should be noted that at T =0 K the magnet-
ization does not fully reach its saturation value Mo.
This is due to the zero-point motion which results
from the dipolar contributions. ' The dashed line
results for the purely exchange-coupled system with

the same exchange parameters as above. From the
least-squares fit of the reduced magnetization curve
as deduced from the NMR frequencies the values for
the frequency and the effective internal magnetic
field B; have been determined to fp

= 152.222 MHz
and 8; =0.2 T, respectively. The origin of the non-
zero internal field value obtained here again as in all

previous zero external field NMR studies on EuS i7, is

is uncertain. Internal stray fields to be expected due
to the particular domain structure of EuS (see, e.g. ,
Ref. 19) and anisotropy fields are found to be smaller

by more than an order of magnitude by magnetiza-
tion studies on the same single crystalline spheres'
used in the NMR work.
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Hence, it must be left as an open question whether
the final internal field parameter does not reflect only
limitations in the applied theoretical model.

In the neutron scattering experiment the thin sam-
ple has been magnetized homogeneously in the sam-

ple plane and, hence, B;=0 was well determined in
this case. On the other hand, in the neutron scatter-
ing result of the SWD curve on Fig. 2 even a value

B; =0.2 T would cause an energy gap of 5 & 10 3 THz
only, which could hardly be drawn in Fig. 2 and
which was shown to influence the determination of
the exchange parameters J; by far less than the error
limits given in Table II. In contrast, the NMR results
are most sensitive to details of the SWD curve at
very small q values, and to the proper inclusion of
the dipolar interactions in the theoretical model for
this regime.

It should be mentioned finally, that the paramag-
netic Curie temperature, 0p = —,S (S + 1)X,.z;J;/ks
according to the J;/ks results given in Table II is
op=21.1+0.2 K. This is in fair agreement with the
value of 21.8 K expected theoretically from the ratio
T,/ep=0. 76 z'

SWD curves in the (100), (110), and (111) sym-
metry directions are highly anisotropic. They can be
explained by the isotropic positive NN, and negative
NNN exchange interaction parameters J&/ks =0.220 K
and J2= —0.45J&, respectively, while the more dis-
tant neighbor interactions J3 4 5 6 decrease to a few
percent of J2 only. Hence, they are still smaller than
the dipolar interactions, which therefore have to be
taken into account properly in the data analysis.

Using the Holstein-Primakoff spin-wave theory
both the SWD curves and the spontaneous magneti-
zation curves as deduced from zero-field NMR mea-
surements can be described accurately by the same
set of exchange parameters J~ 2 3 4 5 ~ For explaining
the zero-field NMR result an internal field of B;
=0.2 T had to be taken into account. The origin of
this field is uncertain.

The measured temperature dependence of the
spin-wave energies is shown to be in disagreement
with the spin-wave renormalization theories of Dy-
son, Keffer, and Loudon.
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