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In CsMnFeF,, which has a cubic structure (@ =10.5 ;\), space group Fd3m, the magnetic
ions Mn?* and Fe** form regular tetrahedra. The system should exhibit frustration ef-
fects, since the nearest-neighbor interactions are antiferromagnetic in character. We per-
formed neutron scattering, ac susceptibility, and magnetization measurements both on a
powder and a single crystal, for temperatures 1.2 < T <300 K and applied magnetic fields
0<H <50 kOe. It was found that already at T=300 K there are well-developed clusters
of antiferromagnetically coupled spins. These clusters have a weak resulting moment.
Lowering the temperature to 7~80 K leads to an increase of the effective moment due to
the reduction of the thermal motions, whereas this moment remains constant for 7" <80 K.
At T=26.3 K the cluster moments freeze in—a process which is accompanied by a fer-
romagnetic ordering of the resulting moments of the clusters. It is suggested that an ap-
plied magnetic field breaks the large domains, containing many clusters, into microdomains
containing only a few clusters, or even one. ‘
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I. INTRODUCTION

After the discovery of the so-called spin-glass
phase in metallic alloys' a tremendous amount of
work in the field of spin-glasses, superparamagne-
tism, and disordered systems has been done, both by
experimentalists and theorists.”> Especially the sys-
tems CuMn, AuFe, and PdMn appear to be good ex-
amples to study spin-glass phenomena. A large
part of the experimental work done by now can be
found in Refs. 2—4, and references therein, while
most of the theoretical studies are covered by Ref. 5
and its references, and Ref. 6. The competition due
to the long-range Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction causes a frustration with
respect to the ordering pattern of the randomly dis-
tributed moments of the magnetic ions within the
metal lattice. At sufficiently low temperatures the
moments of the system do freeze in, resulting in the
so-called  spin-glass state. Notwithstanding
numerous trials, a unique theoretical description of
the spin-glass state is not available yet.

A few years ago, examples of crystalline, insulat-
ing spin-glasses were found and studied.”~® The
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susceptibilities and specific heats of the samples
FeMgBO,, FeMg,BOs,” Fe,TiO;,} and (Eu,Sr)S
(Ref. 9) show remarkable resemblance to those of
the metallic spin-glasses. Also it is found that some
insulating amorphous compounds behave spin-
glass-like [e.g, MnO-Al,-Si0,,'° PbMnFeF,,
Pb,MnFeF,,'' and Pb,FeMn;_,Zn.F, (Ref. 12)].
In the insulating compounds the frustration results
from competing random short-range exchange in-
teractions, in contrast to the long-range RKKY in-
teraction effective in metallic compounds.

In this paper we present a neutron scattering, ac
susceptibility, and magnetization study on the insu-
lator CsMnFeF,. According to Babel'® this com-
pound has the space group Fd3m, and the magnetic
ions Mn** and Fe** are randomly distributed on a
network of corner-sharing tetrahedra. Since Mn?*
and Fe** both have the spin value S = %, and since
the nearest-neighbor exchange interactions between
Mn?*-Mn?*, Mn?*-Fe*t, and Fe’+-Fe’* are all
three strongly antiferromagnetic,'# this system must
exhibit so-called frustration effects. Because the
ionic radii of Mn** and Fe’ are substantially dif-
ferent (R =0.80 and 0.64 A, respectively), there
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may be a considerable variation in the strengths of
the (random) possible superexchange interactions.
Moreover, there is a difference in covalency between
Mn?* —F~ and Fe** —F~ bonds, which will also
contribute to the random variation in the exchange
constants. It is generally assumed that the two
properties, frustration and randomness, are suffi-
cient to bring about spin-glass behavior. Therefore,
we anticipated CsMnFeF to be an example of an
insulating spin-glass, which could also be concluded
from the early neutron scattering results obtained
by Kurtz,!> who observed a large amount of diffuse
intensity, besides an apparent cusp in the static sus-
ceptibility. The new aspects in our studies are the
following: (i) experiments on single crystals, (ii) in-
dividual measurements performed with better statis-
tics, which enabled us to observe in neutron scatter-
ing diagrams very weak peaks that correspond to
magnetic long-range order (LRO), (iii) a neutron
scattering study of the applied magnetic field (H)
dependence of various phenomena, (iv) extra atten-
tion paid to the crystallographic features of the sub-
stance, (v) ac susceptibility experiments at various
temperatures and field values, and (vi) magnetiza-
tion measurements up to H =400 kOe.

The scope of this paper is as follows. In Sec. II
some experimental details will be given. Section III
is devoted to the presentation of the experimental
results, which will be discussed in Sec. IV.

II. EXPERIMENTAL DETAILS

The experiments have been carried out on both
powder'® and single-crystal samples. In Fig. 1 we
show the crystallographic  structure  of
CsMnFeF,.'* 14 The structure is face-centered cu-
bic (@ =10.5 A at T =300 K), space group!’ Fd3m,
containing a network of corner-sharing (Mn,Fe),F
octahedra, as is shown in more detail in Fig. 1(b).
As we will discuss in the next section, the octahedra
can be described best by taking into account an an-
isotropic temperature factor for the F~ ions. The
Mn?* and Fe3* ions are randomly distributed and
form regular corner-sharing tetrahedra in such a
way that every ion is a crossing point of three
chains of magnetic ions.

In order to study the magnetic short-range order
(SRO) and LRO as a function of T and H, neutron
scattering experiments have been performed on the
multicounter spectrometer at the BER II reactor of
the Hahn-Meitner-Institut in Berlin.'!®* We used a
monochromated incoming neutron beam with a
wavelength A=2.39 A. The multicounter covers a
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FIG. 1. Crystal structure of CsMnFeF. In (a) it is
shown how the corner-sharing tetrahedra of the magnet-
ic ions are placed in the unit cell, while in (b) the F net-
work is given with respect to the other ions.

scattering angle (26) range of 80°, which is divided
into 400 channels. We have placed the counter in
such a way that it was possible to measure in the in-
terval 5° <26 < 85°. However, only the information
gained at 5° <26 <45° was relevant, because of the
occurrence of peaks due to the aluminium of the
cryostat.

For the measurements we used a standard He-
flow cryostat in combination with a superconduct-
ing coil, which enabled us to set the temperature in
the interval 4.2 K <T <70 K and at T =300 K, in
magnetic fields up to H =50 kOe. The temperature
stability varied from 0.1 K at short terms to 2—3 K
at long terms (8 h). A disadvantage of this cryostat
is the considerable amount of liquid He in the neu-
tron beam, causing a high background. Conse-
quently, good statistics could only be obtained by
extending the measurements over a period of 5—8
h. However, it was not all as wasteful as it ap-
peared, because through the longest runs we were
able to observe for T'<28 K small magnetic Bragg
peaks. This phenomenon can be related to the onset
of magnetic LRO and will be further described in
the next section.

For temperatures 70 K < T <300 K we used a
closed-cycle cryostat. The problem of liquid He in
the neutron beam did not occur in this configura-
tion, but it was not possible to apply an external
magnetic field in this set up. To obtain more de-
tailed information about the crystallographic struc-
ture, several spectra have been recorded at various
temperatures on the HB-5 two-axes spectrometer at
the HFR reactor in Petten, the Netherlands.

Almost all neutron scattering measurements have
been carried out on powdered samples. We per-
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formed only a few additional selective control mea-
surements on a single crystal and observed no essen-
tial differences between the two series of experi-
ments. (We mention that the mosaic spread of the
investigated samples is in the order of 1°.)

The T and H dependence of the ac susceptibility,
X(T) and X(H), respectively, have been determined
at the Kamerlingh Onnes Laboratory of the Univer-
sity of Leiden. These measurements were done by
means of inductance techniques giving a simultane-
ous recording of the in-phase component of the sus-
ceptibility X’ and the out-of-phase component X"'."
Mostly, we used a single crystal, which was spark
cut into an almost perfect sphere with a diameter of
3.4 mm. The results of X(H) did not show a depen-
dence on the direction of H with respect to the crys-
tal axes. This explains why no significant differ-
ences arose between the outcomes for the single
crystal on the one hand and the powder on the other
hand. For 70 K< T <300 K, X was determined
with a Faraday balance.

The magnetization curves for low H values (up to
H =4 kOe) have been obtained in the susceptibility
set up, by means of integration of the flux variation
upon moving the sample® and for large H values
(up to H =400 kOe) with a pulsed setup, incor-
porating a pick-up coil for the flux variation upon
varying H.2!

III. EXPERIMENTAL RESULTS
A. Neutron scattering
1. Magnetic (dis-)order
We have measured the powdered sample in zero

field for 5 K<T <300 K. In Fig. 2 a diagram
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FIG. 2. Neutron scattering scan for T=30 K,
corrected for background.

corrected for background at T'=30 K is presented.
The first striking feature which comes forward is
the large amount of diffuse intensity around the
(111) peak, in the interval 5° <26 <45°, indicating
that a large part of the system is not ordered over
long ranges but orders within short distances.
From the values of the scattering angles it follows
that this phenomenon involves either magnetic or
nuclear disorder of the magnetic ions. The diffuse
intensity does not alter for 5 K <7 <70 K. Around
80 K a decrease sets in, which continues up to room
temperature, where still a substantial part (about
40%) is present. The width of the diffuse scattering
hardly varies. On one hand, the T dependence of
the diffuse intensity suggests that the SRO has, at
least partly, a magnetic character. The magnetic in-
teractions involved in the ordering process may be
so strong that even at room temperature magnetic
SRO remains. On the other hand, it might as well
be that nuclear disorder (clustering or anticluster-
ing) is responsible for the observed diffuse scatter-
ing.

The second feature of Fig. 2 is that the intensity
goes to zero when 26 becomes small. This means
that the dominant magnetic interactions involved in
the SRO are certainly not ferromagnetic.’> This
was to be expected since the nearest-neighbor ex-
change interactions between the various magnetic
ions are antiferromagnetic. Furthermore, one may
conclude that the possible nuclear part of the dif-
fuse scattering does not originate from clustering of
identical ions, because in that case we should have
observed diffuse intensity at small angles.”> Conse-
quently, the nuclear contribution to the intensity, if
there is any, is a result of anticlustering??; i.e., every
Mn?* jon is then surrounded by Fe’* ions, and re-
versely. However, anticlustering is not possible
within this crystal structure, and therefore it is not
likewise possible that the diffuse intensity has a nu-
clear origin.

Another interesting outcome is the small differ-
ence in the intensity of the (111) peak [Fig. 3(a)],
which appears in the spectra for T <25 K, after
comparing these with the one recorded at T~70 K.
We note that the (111) nuclear peak is very strong
and the difference is due to magnetic ordering in
the sample. Since the half-width at half maximum
(HWHM) is almost entirely determined by the ex-
perimental resolution, the small resulting Bragg
peak originates from magnetic LRO. We have not
found significant differences between the diagrams
in the region 25 K <T <70 K. Because of the rela-
tively large statistical error and temperature insta-
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FIG. 3. (a) Difference between a scan at T=10 K
and one at T =70 K, in zero field. (b) Difference be-
tween a scan at T=10 K and one at T=70 K, in
H =20 kOe.

bility it is not possible to obtain information about
the nature of the phase transition near T ~25 K.

In the study the H dependence of the observed
SRO and LRO, we also have performed measure-
ments at H =2, 20, and 40 kOe, for 5 K< T <70 K
and at T=300 K. No mutual differences were
found between the spectra at different H values, so
in the following we will discuss the neutron mea-
surements in terms of zero-field and in-field mea-
surements. Furthermore, the applied magnetic field
did not affect the diffuse intensity within the exper-
imental accuracy. One can understand this effect
by taking into account that the dominant antifer-
romagnetic exchange interaction is much stronger
(as we shall see later) than the applied fields.

The most interesting finding is, however, the
disappearance of the small (111) peak after a field
has been applied. Once a field has been put on, the
peak does not reappear as long as the temperature is
not raised above 70 K, even when the field is set to
zero. An example of such a scan is given in Fig.
3(b), where scans at T=10 and 70 K in a field
H =20 kQOe are compared. One sees that the peak
which was present at H =0 has disappeared at
H =20 kOe. After warming up the sample to
T =300 K, and subsequently cooling it in zero field,
we observe again this small magnetic Bragg peak
for T <25 K. The results of the measurements ob-
tained from scans taken after cooling in zero field
and in a nonzero field are compiled in Fig. 4, where
the intensity of the (111) peak is given for the
respective cases. The difference corresponds to the
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FIG. 4. Intensity of the magnetic (111) peak as a
function of temperature, after cooling in zero field (@),
and after cooling in H =20 kOe (OJ). The latter corre-
sponds to the intensity of the (111) nuclear peak.

intensity of the magnetic Bragg peak. Since we get
our information from two peaks only, and since in
the unit cell of this compound there are two mag-
netic ions, we cannot decide from these data wheth-
er the origin of the peak is ferromagnetic or antifer-
romagnetic LRO.

2. Nuclear (dis-)order

In Fig. 5 we show a powder diagram which is ob-
tained at T'=160 K with the two-axes spectrometer
HBS5 at the HFR reactor in Petten. With the aid of
a profile refinement program? the peak data were
fitted, taking into account that within the Fd3m
space group the Cs* ions occupy the 8 b sites, the
magnetic ions the 16 c sites, and the F~ ions the 48
f sites.”® Assuming all temperature factors B to be
isotropic, we found quite a good agreement between
the calculated and the measured diagrams for
20 <100°. Nevertheless, large differences appear
for 26 > 100°, resulting in an R factor of R~28.
These discrepancies disappear considerably after in-
troducing an anisotropic temperature factor’* for
the F~ ions in the refinement program®—2° yield-
ing R~10. In the Appendix we discuss briefly the
symmetry relations among the coefficients of the
anisotropic temperature factor B of the F~ ions.

In Table I the relevant results of the refinement
are summarized for all the measured diagrams. As
can be deduced from the Appendix and from Table
I, the “thermal motions” of the F~ ions take place
mainly along the [111] direction. In other words,
one can also state that the F octahedra are random-
ly elongated or shortened along the [111] direction.
Another conspicuous feature in Fig. 5 is the oc-
currence of two broad maxima around the scatter-
ing angles 260 ~50° and 65°. The shape and size of
these maxima of diffuse intensity do not depend on
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FIG. 5. Neutron scattering diagram, recorded at the HFR reactor in Petten, for T =160 K.

T, so the disorder to which these are related has no
magnetic character, but is probably due to a miss
stacking of particular ions. Because the centra of
these maxima correspond roughly with the
(Mn,Fe)-F and Cs-F distances, respectively, it is
likely that they originate from uncertainties in these
distances. Remembering the relatively large tem-
perature factor of F, one could more or less expect
the observed diffuse intensities.

B. ac susceptibility and magnetization
measurements

The reciprocal ac susceptibility in zero field,
X~Y0), is depicted in Fig. 6 as a function of T. At
T~300 K the increase of X ~1(0) is still not linear
with temperature. However, from extrapolating the
high-temperature part, one obtains for the Curie-
Weiss temperature the value ®=—285(5) K, and
for the Curie constant the value C=9.0(1)
emuK/mol. The latter value agrees nicely with the
theoretical  (spin-only) value of C=8.76
emu K/mol.

In Fig. 7 we present the T dependence of X’ for
different H values, with H parallel to the [111]

direction. It is noteworthy that X(0) as well as
X(H) does not depend on the strength of the small
amplitude of the ac field for # < 1.0 Oe. The curves
for H =0 and H =100 Oe in Fig. 7(a) are very simi-
lar to those of ferromagnetic compounds. The sus-
ceptibility at H =0 diverges at 7, =26.3 K. Furth-
ermore, it should be noted that X(T =T,) reaches a
value which is only 10% below that of the recipro-
cal demagnetizing factor of a sphere. For higher H
values, however, the shape of the susceptibility
versus temperature curve changes dramatically. In
Fig. 7(b) one sees that, for H =556 and 1560 Oe at
T,, a maximum is built up which decreases and
broadens with increasing H. Moreover, the max-
imum shifts to higher T with higher H. On the
other hand, for lower T the X' rises again. These
values in turn also fall off with increasing H. The
curves given in Fig. 7 can be understood on the
basis of domain-wall movements, as will be dis-
cussed in the next section.

In Figs. 8(a) and 8(b) the dependence of X’ and X"
at T=4.2 K on the frequency v of the ac tickling
field is shown. We see that there is a gradual in-
crease of X" and decrease of X’ with increasing v.
This behavior suggests that a broad band of relaxa-
tion times occurs due to the domain effects, which

TABLE 1. Results of the free parameters obtained from the profile refinement of the dia-
grams recorded in Petten. We note that y (F) and z(F) are both fixed at % The temperature

N
factors are given in A%

T=42 K T=80 K T=160 K T =300 K
Axes (A) 10.491 10.504 10.522 10.554
x (F) 0.3193 0.3182 0.3183 0.3182
B (Cs) 2.10 2.31 2.07 3.70
B (Mn + Fe) 2.83 1.65 1.54 1.20
By, (F) 0.0062 0.0060 0.0060 0.0070
By (F)=By; (F) 0.0221 0.0191 0.0163 0.0134
By (F) 0.0140 0.0118 0.0111 0.0070
R 11.46 8.16 9.68 9.27
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FIG. 6. Inverse zero-field susceptibility as a function
of temperature.

is usual for ferromagnetic systems.?%?’

The magnetization curves as a function of H (<3
kOe) are given in Fig. 9 for various 7. A sharp in-
crease of M is seen at weak fields, while for H > 1.5
kOe all M curves increase linearly with H. Further-
more, at T=4.2 K there is a small spontaneous
magnetization, whereas no such phenomenon is
measured for T >20 K. For T'=29.5 K a linear in-
crease of M as a function of H through (H =0,
M =0) is observed, which indicates that the system
is in the paramagnetic phase.

In addition, we mention that for the powder at
T =4.2 K, magnetization measurements have been
performed in pulsed fields up to H =400 kOe.
Even at the highest H value the sample is not sa-
turated. If one assumes the magnetization to

40

TEMPERATURE (K)

FIG. 7. ac susceptibility at 234 Hz as a function of
temperature for different H values: O H=0; 0O,
H =100 Oe; V, H =560 Oe; A, H=1560 Oe.
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FIG. 8. Dependence on the frequency v of (a) the
dispersion X’ and (b) the absorption X"

proceed linearly to its saturation value, one is able
to estimate the exchange field Hy according to
mean-field theory?® to be ~ 1100 kOe.

IV. DISCUSSION

In the cubic material CsMnFeF, whose space
group is Fd3m, the magnetic ions Mn2?* and Fe’*
occupy the 16 ¢ positions. More precisely, they are
randomly distributed over corner-sharing regular
tetrahedra. From our X(H =0) we determined a
Curie-Weiss temperature ® = —285 K, which indi-
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FIG. 9. Magnetization as a function of applied mag-
netic field, for different temperatures: 0, T=4.2 K; A,
T=20K; 0, T=263 K; V, T=29.5 K; &8,—-T=35
K.
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cates that the nearest-neighbor interaction between
the magnetic ions are strongly antiferromagnetic, in
agreement with the results found by others.'*!* Al-
though the interactions favor an antiferromagnetic
ordering of the spins, such an ordering is not possi-
ble within the crystallographic structure. In the
case where the preferred magnetic order cannot be
established because of external factors, such as
geometric ones, the system will show so-called frus-
tration effects. Consequently, the ground state of
the system will be highly degenerate. One of the
possible structures is a canted antiferromagnetic
one.”

The occurrence of magnetic diffuse intensity in
the neutron scattering diagrams at 7=300 K
proves that already at room temperature magnetic
clusters are present. The clusters involve about 20
spins, which were also found by Kurtz.!* Since the
width of the diffuse intensity decreases only a little
for lower T, one might suppose that the size of the
clusters hardly increases. However, the maximum
increases with T decreasing to 80 K, indicating that
the effective magnetic moment of the cluster grows,
due to the reduction of the thermal fluctuations of
the individual spins. As mentioned before, the
manganese and iron spins within a cluster try to ap-
proach a complete antiferromagnetic ordering,
which may result in a canted structure. This in
turn causes every cluster to have a small resulting
moment. From the neutron scattering experiments
it becomes clear that these “paramagnetic’” clusters
freeze in around 25 K. Apparently, this process is
accompanied by a ferromagnetic ordering of the
small resulting moment of the clusters, as can be
evidenced from the character of the X measure-
ments. The magnitude of the ferromagnetic mo-
ment can be estimated by extrapolating the strong
field magnetization at T=4.2 K to H =0. This
yields a canted moment of 16 emuQOe/g (=2.26up
per spin) corresponding to a canting angle of ~ 3°.

As mentioned before, the small magnetic Bragg
peak, obtained for T <25 K after cooling in zero
field, disappears when a field is applied. The peak
does not reappear, when T is cycled between 5 and
70 K, even for H =0. However, the peak appears
again after cooling from T =300 K in zero field.
This phenomenon can be explained as follows.
Cooling the sample results in a sort of blocking of
clusters. Within a domain containing many clusters
the spins are aligned antiferromagnetically as good
as possible. This quasiantiferromagnetic LRO most
likely gives rise to the magnetic Bragg peak. Put-
ting on a field causes the ferromagnetic resulting

moments of the clusters to line up along the field
direction. This process is accompanied by a rota-
tion of the individual spins in the clusters, and thus
will destroy the antiferromagnetic LRO. In other
words the domains, consisting of enough clusters to
give rise to an antiferromagnetic Bragg peak in the
neutron diagrams, split into microdomains consist-
ing of a few clusters, or even one. In neutron
scattering this should lead to an increase of the diff-
fuse intensity, but since the integrated intensity in
the Bragg peak is very small compared to the dif-
fuse one, the increase is lost in the statistical fluc-
tuations. The susceptibility and magnetization did
not show an irreversible effect upon applying a
magnetic field. These quantities are not affected by
the splitting of domains into microdomains, as is to
be expected since with these techniques the bulk
properties are determined.

In Sec. III it was already mentioned that the sus-
ceptibility and magnetization measurements can be
explained in terms of moving domain walls. The
curves depicted in Fig. 7(a) show that at zero field
the domains are flexible enough to follow the ac
field at all temperatures. However, for H > 500 Oe
(T <T,) the domain walls are pinned by the field,
yielding a decrease of X. Because the ferromagnetic
moments are more fixed at stronger fields, X,,,, de-
creases with increasing H. For field values which
are high enough, only the antiferromagnetic contri-
bution will be seen. Because of the cubic symmetry
of the crystal, we measure a mean value of the anti-
ferromagnetic parallel and perpendicular suscepti-
bility, causing a cusplike form of X at strong-field
values [see, for example, the curves shown in Fig.
7(0)].

From the magnetization measurements at 4.2 K
the exchange field H; was estimated to be 1100
kOe. One may also derive this field from the
Curie-Weiss temperature, as in the molecular-field
model Hjp equals 3k |®|/(S+1)gup.® The
Curie-Weiss temperature of —285 K as extrapolat-
ed from Fig. 6 then leads to Hy=1800 kOe. It
should be noted that X ~!(0) is still not linear with T
at T=300 K, and that the sample is still not sa-
turated for H =400 kOe at T =4.2 K, so the
respective values of Hy are rough estimates only.
On the other hand, it is likely that the mean-field
theory is not appropriate for describing a system ex-
hibiting such microscopic disorder. Nevertheless,
the present results suggest the antiferromagnetic ex-
change interaction between neighboring spins to be
of the order of —6 K.

From the anisotropic temperature factor, result-
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ing from the profile refinement of neutron scatter-
ing diagrams, we know that the F octahedra are de-
formed along the [111] direction. This seems not to
be in disagreement with the findings of Babel et
al.,'® who concluded that the F octahedra must be
compressed along the [111] direction.

Summarizing the above, one can state the follow-
ing: Even at T =300 K, the magnetic interactions
are strong enough so that clusters are developed.
The nearest-neighbor interaction is antiferromag-
netic, and consequently, due to the frustration, the
spins within the clusters are canted, which results in
a weak moment of each cluster. The individual mo-
ments gradually grow with lowering the tempera-
ture to T~80 K. For T <80 K these moments do
not change within the experimental accuracy. It is
noteworthy that we did not detect a phase transition
at T~80 K. At T'=26.3 K the clusters freeze in
and form canted antiferromagnetic domains. Their
net moments order ferromagnetically, possibly due
to dipolar interactions. An external magnetic field
breaks the domains of the canted antiferromagnetic
clusters, into microdomains.

In concluding this section, we would like to com-
pare our results with those of Maletta et al. for the
system Eu,Sr;_,S.>% In these compounds, the
random competing ferromagnetic and antifer-
romagnetic interaction causes the freezing in of the
so-called spin-glass state. For x <0.5 they observe
for T > T, ferromagnetic SRO, whereas for T < T,
the blocked microdomains form the spin-glass
phase.’ For x >0.54, they find below T, long-
range ferromagnetism, in combination with fer-
romagnetic microdomains. The interesting interval
is 0.5 <x <0.54, where for T < T, also the mixed
phase of ferromagnetic LRO and SRO is reached.
However, for sufficiently low temperatures the
LRO disappears and the microdomains freeze in.*
It should be noted that the resemblance between the
X curves, shown in Ref. 30, which are explained in
spin-glass terms, and the X curves given by us in
Fig. 7 is remarkable.

In CsMnFeFs, the difference between the ionic
radii of Mn?* (0.80 A) and Fe** (0.64 A) amounts
to about 3% of the distance between the magnetic
ions. Since the superexchange is very sensitive to
the ion radii®! the various exchange constants may
differ a lot. This effect, together with the differ-
ence in covalency between the Mn?t —F~ and
Fe’* —F~ bonds, yields a random distribution of
exchange integrals. In combination with frustration
this should lead to a spin-glass phase. However,
our results can be reasonably explained in terms of

clusters, domains, and microdomains. So one might
argue about the nature of a spin-glass phase.
Maybe a spin-glass is just a very complicated anti-
ferromagnet with the unit cell as large as the sam-
ple. It is clear that a lot of work must be done for a
complete understanding of magnetic ordering phe-
nomena, which cannot be described as paramagne-
tism or as usual long-range order. In this context
we are now studying the specific heat. Also the
frequency — time-dependent behavior of both X and
M is being examined in more detail, together with
the irreversible component of the magnetization and
the way in which this component depends on the
magnetic history of the sample. A model descrip-
tion for M, M;..,, and X of metallic spin-glasses
along the same lines is in press.>?
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APPENDIX: SYMMETRY RELATIONS BETWEEN
THE COEFFICIENTS OF THE ANISOTROPIC
TEMPERATURE FACTOR OF F

The definition of the temperature factor
exp(—M3) is given by**

Mp=3

3 3
Buh‘h],.B‘J =B], .
i=1j=1
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Here ﬁzzlehig,- is the reciprocal-lattice vector
for the reflection in question. We note that we have
denoted Bj; in our paper as the temperature factor.
CsMnFeFg has space group Fd3m, with the F~
ions occupying the 48 f positions. The symmetry
elements which leave the 48 f positions invariant

are the following:
q1: X )2, ——> X,2,),
1 1
qr: X,Y,2 ——> X, s —) iy —Z .

From this one obtains for these positions: (x,, ).
It is noteworthy that, within this space group, x is a
free parameter.

From the quadratic products (cf. Ref. 24) of these

symmetry operations one can determine that
B,,=Bj3; and that B;;=B3=0. Thus one obtains
the determinant

By, 0 0
0 By By,
0 By By

which gives, as eigenvalues, B;;, B, +B,;, and
B,, —B,3;. These, in turn, determine the eigenvec-
tors [100], [011], and [011], respectively. Combin-
ing this with the values for B given in Table I, we
conclude that the F octahedra are smeared out
along the [111] direction.
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