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dc and ac magnetic measurements combined with Mossbauer spectroscopy have been used to study
the evolution of magnetic order below the critical temperature T, in polycrystalline powders of the in-
termetallic compounds YFe&OMo& and LuFe&0Mo&. Irreversibility of the dc thermomagnetic curves after
zero-field-cooling (ZFC) and field-cooling (FC) processes has been observed. A hysteresis loop has been
detected for both compounds at 4.5 K and a shifting of the loop after FC has been observed in

LuFe&OMo2. Strong spin-relaxation eff'ects were recorded in ' Fe Mossbauer absorption spectra in tem-
peratures well below the T, =360 and 260 K for R =Y and Lu alloys, respectively. Furthermore, a
number of magnetic properties common to conventional spin glasses and true ferromagnets has been re-
vealed, which suggest the existence of a spin-glass-like magnetic phase below T, .

INTRODUCTION

The nature of the magnetic-moment configurations
known under the generic name of spin glasses and the
conditions required for their attainment have been the
subject of a great number of experimental and theoretical
investigations during the past several years. ' Although
the prototype spin-glass behavior has been observed and
studied initially in crystalline dilute alloys of magnetic 3d
elements in noble metals, a large amount of data now ex-
ists demonstrating the appearance of properties which
are considered characteristic of a spin-glass state in iron-
rich amorphous alloys, where the structural disorder
creates the conditions of a distribution of competing ex-
change interactions which are presumably required for
the establishment of a spin-glass state. Experimentally,
spin-glass behavior is usually identified by the observa-
tion of a few typical features —a cusp in the temperature
dependence of the ac susceptibility, irreversible behavior
of magnetization versus temperature below the freezing
temperature, appearance of coercivity in the spin glass
state —but the nature of the magnetic state is still a
matter of considerable controversy. It may be argued,
indeed, that the observation of similarities in different
systems does not necessarily imply identical magnetic
structures. In recent years several studies have been con-
cerned with the so-called "reentrant" type of magnetic
systems which are close to the limit of ferromagnetic or-
der and exhibit a transition from ferromagnetic to non-
collinear order with decreasing temperature. A typical,
well-studied example of an iron-rich system of this type is
the class of amorphous Fe Zr& alloys at values of
0.93)x)0.88.' A second magnetic transition is ob-
served well below T, by several techniques including dc
and ac susceptibilities, ' small-angle neutron scattering
(SANS) (Ref. 5) and Mossbauer spectroscopy. ' Similar
results have been obtained with a series of amorphous

yttrium-iron alloys of the general formula Y~ Fe„with
0.32) x )0.88 by Coey et al. The data from these in-
vestigations have been rationalized with a model that as-
sumes a distribution of Fe-Fe exchange interactions with
positive average value J and a width b extending to nega-
tive values. On the basis of the mean-field mixed ex-
change theory of Gabay and Toulouse, a phase diagram
in the plane (T,J/b, ) has been proposed by Ryan et al.
which outlines the region between the conventional spin
glass and ferromagnetic behavior. At temperatures
below the paramagnetic regime, as J/5 is reduced from
high values (J/6 ~3) where the spin system shows con-
ventional ferromagnetic behavior with infinite correlation
length, a region of collinear order sets in with a locally
preferred axis whose direction is maintained over a finite
coherence length of 20—30 nm. The average magnetic
moment is zero but a small magnetic field can produce
significant alignment of the local axes although the mag-
netization remains below saturation because of the pres-
ence of rapidly rotating perpendicular components. At
these values of J/b, as the temperature is lowered the
perpendicular spin components freeze leading to an an-
isotropic distribution of orientation of the magnetic mo-
ments, which has been termed an asper orna gnetic
configuration. ' Evidence for the gradual passage from
ferromagnetic to noncollinear order has been found in
studies of hydrogenated amorphous Y-Fe alloys where
J/6 can be varied by changing the hydrogen concentra-
tion.

We report in this communication the observation of
similar spin-glass-like phenomena in the crystalline ter-
nary alloys YFe,oMo2 and LuFe, oMo2. These alloys are
members of a class of compounds crystallizing in the
ThMn, 2 type of structure with the general formula
RFe&o T (2 ~ x ) 1 ), with R a rare-earth metal and T
=Ti,V,Cr, W,Si,Mo. They have been studied extensively
in recent years as candidates for permanent magnet ma-
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terials. ' ' The Mo members of this series with x =2 are
exceptional in their intrinsic magnetic properties in
several respects. A variety of magnetic phase transitions
(MPT) has been observed with descending temperature
and for the compounds with heavy rare earths very
unusual magnetic properties appear for different R. ' '
A detailed description of these results will be presented in
a forthcoming paper. We mention only some of the
features of the magnetic properties of these alloys which
set them apart from the other groups and presage the ap-
pearance of uncommon types of magnetic configurations:
(a) The values of the Curie temperatures (T, ) and satura-
tion magnetization (M, ) are nearly 30% and 20%o lower,
respectively, relative to the other R(Fe,M), 2 studied series
of 1:12 compounds with M=Ti, V,Cr,W, and Si. Since
the lattice constants of the Mo series are not significantly
different from the other series, the difference in T, and
M, indicates a strong modification of the 3d bands due to
the contribution of the extra d states from Mo in the 3d
band of the Fe host. ' (b) A considerable decrease
(
—50%) of the ordering temperature T, is observed from

R =Gd to Lu alloys which is accompanied by the obser-
vation of strong relaxation effects in the Fe Mossbauer
absorption spectra. (c) From singular point detection
(SPD) results on YFe,DMoz and GdFe, oMoz it is conclud-
ed that the Fe sublattice possesses uniaxial anisotropy.
In view of this, the appearance of a MPT in the corn-
pounds with the nonmagnetic Y and Lu, clearly evident
in the ac susceptibility data, ' is unexpected. We present
in this paper detailed results which suggest that the mag-
netic state has many of the features of a spin-glass
configuration.

The observation of spin-glass-like phenomena in com-
pounds with the 1:12 type of structure has been reported
several years ago in a detailed magnetization and
Mossbauer study of the alloys YFe Ali2 .' In this
study it has been demonstrated that as the Fe concentra-
tion increases from x =4 to x =6 the distribution of Fe
in the three crystallographic sites f, i, and j of the 1:12
lattice changes, respectively, from an almost unique occu-
pation of the f site giving rise to an antiferromagnetic
state, to a preferential occupation of the i and j sites.
This leads to the randomness of exchange interactions re-
quired for the occurrence of a spin-glass state. More re-
cently evidence has also been presented from neutron
diffraction and magnetization measurements that a spin-
glass transition occurs in HoFe4A18. ' In our work the al-
loys studied are much richer in Fe, but apparently the
randomness of exchange interactions persists, leading to a
noncollinear magnetic state similar to that observed in
the iron-rich amorphous alloys mentioned above.

In the following sections we shall first present the ex-
perimental results which support the establishment of a
noncollinear type of magnetic order and then discuss
these results in the light of theoretical models leading to
this state.

EXPERIMENTAL RESULTS

A. Preparation and structural characterization
The samples of the alloys were prepared by arc melting

from 99.99% starting materials. The as-prepared ingots

were vacuum annealed at 850'C for 5 days. From x-ray
powder patterns obtained with a Siemens D500
diffractometer the samples were found to be single phase
with the tetragonal ThMn, 2 type structure. It is worth
noting that the several heat treatments and annealing
times performed on three separately prepared ingots for
each alloy with R=Y,La do not show any difference
from the vacuum-annealed samples at 850'C for 5 days.
We consider therefore that within the resolution of our
measurements the observed phenomena are not caused by
homogenization effects of the ingots. The lattice con-
stants and the atomic positions were determined by Riet-
veld analysis of the x-ray diffractograms and are listed in
Table I for the two studied compounds. In this analysis
the Mo was assumed to substitute for two iron atoms in
the i site of the unit cell in accordance with a previous de-
tailed study of SmFe, oMo2 and its nitride. ' In the same
table we have also listed the interatomic Fe-Fe distances
calculated with the results of the structure analysis.

B. Magnetic measurements

Magnetic dc measurements were obtained with a vi-
brating sample magnetometer up to applied fields of 2 T.
The temperature dependence of the saturation magneti-
zation for both alloys measured in a field of 2 T is shown
in Fig. 1. The saturation moments at 4.5 K are 12.8p~
and 10.6p~ per formula unit for the Y and Lu alloys, re-
spectively. Thermomagnetic dc measurements were also
performed at lower applied fields, with zero field cooling
(ZFC) and field cooling (FC) procedures. The thermal
variation of magnetization in two different applied homo-
geneous fields is plotted in Fig. 2 for R =Y. The data for
an applied field of 50 mT show that for the field-cooled
procedure the temperature dependence is the same when
measured with increasing or decreasing temperature.
The difference between the ZFC and FC curves indicates
the appearance of irreversibility at a temperature of
about 260 K for this field. Furthermore, from measure-
ments at a higher field it is found that a coincidence of
the thermomagnetic curves from the ZFC or FC pro-
cedures occurs for an applied field of approximately 0.7
T. On the other hand, the persistence of the irreversible
behavior for very low-dc applied fields (2 mT), shown in
Fig. 2(b), excludes the appearance of this effect because of
the magnetic domain structure of the material. From the
data of Fig. 2(a) the Curie temperature of the Y alloy is
estimated at 350 K, in agreement with the previously re-
ported value. ' It is interesting to note that for the Lu
compound substantial magnetization can be induced even
by small fields, making it dificult to estimate the Curie
temperature. An approximate value of 260 K can be as-
sumed on the basis of the Mossbauer data which show
only a paramagnetic component above this temperature
(see below).

The nature of irreversibility in the thermomagnetic
measurements has been investigated in more detail for
the Lu alloy by a series of thermomagnetic cycles follow-
ing a similar procedure to that used by Wakabayashi
et al. in a study of amorphous Fe-La alloys. This pro-
cedure is aimed at exploring the relation between irrever-
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TABLE I. Lattice constants, fractional atomic coordinates, and neighbor distances smaller than 3.5
0
A for YFe»Mo2 and LuFe»Mo2.

a (A)
8.544

YFe»Mo,

b (A)
8.544

c(A)
4.792

a (A)
8.511

LuFe»Mo,

b (A)
8.511

c(A)
4.780

Atom
R=Y,Lu

Fe-Mo
Fe
Fe

Site
0.000
0.359
0.275
0.250

3'
0.000
0.000
0.500
0.250

z
0.000
0.000
0.000
0.250

0.000
0.356
0.278
0.250

0.000
0.000
0.500
0.250

z
0.000
0.000
0.000
0.250

Site Neighbor
l

J
J

Number
1

4
2
2
4
2

YFe»Mo,
2.402
2.933
2.633
2.651
2.609
3.052

2.633
2.651
2.702
2.449 .

3.061

2.609
2.449
2.392
3.237

Distance (A)
LuFe»Mo2

2.433
2.944
2.653
2.663
2.602
3.033

2.653
2.663
2.660
2.450
3.041

2.602
2.450
2.389
3.234

12-
0 0 0 YFeqPMo2

o
o o o o

LUFeqOMo2 0 0 0

2
0 100 150 200

TEMPERATURE (K)
250 300

FIG. 1. Temperature dependence of the saturation magneti-
zation of YFe»Mo2 and LuFe»Mo2.

sibility and the model of a free. energy surface with a
large number of minima corresponding to quasiequilibri-
um states which has been proposed by theoretical con-
siderations. ' The experimental results are summarized
in Fig. 3 where the numbers refer to the sequence of tem-
perature and applied field changes. Initially, the temper-
ature dependence of the magnetization was measured by
cooling from 200 to 4.5 K in a field of 20 mT and then
warming up again to 200 K. This procedure is reversible.

After this measurement the following thermomagnetic
protocol was executed.

(1) Starting with a zero-field-cooled (ZFC) state from
above 200 to 4.5 K a field of 20 mT is applied (point 1)
and the magnetization in this field with increasing tem-
perature is measured up to 200 K.

(2) At T =200 K the field is lowered to 6 mT (point 3).
This step is reversible.

(3) Cooling in a field of 6 mT to 4.5 K and increasing
the field to 20 mT (sequence 3-4-5) leads to a state
different from that of the ZFC sample in 20 mT (point 1).
The temperature dependence now to 200 K follows a
different curve to point 6.

(4) Following the same route as before (points 6-7-8-9)
we arrive at the same state as point 5. Increasing the
temperature to 110 K the magnetization follows the same
path up to point 10.

(5) By field cooling back to 4.5 K we obtain the state at
point 11. The return to 10 is reversible.

(6) The following cycle (10-12-13-14-10)is obtained by
lowering the field to 10 mT, then the temperature to 4.5
K and restoring the field to 20 mT. Increasing the tem-
perature in this field leads back to point 10.

(7) Finally, the field is increased to 26 mT leading to
point 15. Subsequent cooling under this field leads to
state 16 and return to a field of 20 rnT gives state 17.
Heating to 110 K gives a state which is different from the
initial state 10 at the same temperature and field. By in-
creasing the temperature further to 200 K the same state
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is obtained as in previous cycles.
The main feature emerging from the preceding obser-

vations is that the magnetization as a parameter describ-
ing the state of the system is not a unique function of B
and T below 200 K. In other words, the value of the
magnetization at a given B and T depends on previous
history with regard to temperature and field changes.
This is exemplified by points 1, 5, 9, 14, and 17 which
correspond to the same values of B and T (20 mT and 4.5
K, respectively) but exhibit diff'erent magnetic moments.
In the picture of the free energy surface this means that
the system is in different local minima. Furthermore we
observe that processes which involve lowering of the field
and/or the temperature (e.g. , 10-11-10or 10-12-13-14)do
not change the minimum at which the system resides,
while increasing the field at constant temperature causes
a change in local minimum (procedure 10-15-16-17).
These results are typical of quasiequilibrium states of a
spin-glass system. '

The nature of the magnetic state below the tempera-
ture at which irreversibility sets in, has been also exam-
ined by thermoremanence (TRM) and isothermal

1.6—

16 LUFeq OMo2

2,6

0.4 "

0.0
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TEMPERATURE (K)
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FIG. 3. Thermomagnetic cycles performed on LuFe&OMo2.
For a detailed explanation see text.

remanence (IRM) measurements. TRM and IRM data
were obtained for the Y alloy at T =4.5 K up to a max-
irnum applied field of 2 T. The results are shown in Fig.
4. The thermoremanence was measured by cooling the
sample from a temperature T)250 K to 4.5 K in a rnag-
netic field B and measuring the magnetic moment after
removing the field. The isothermal remanence was mea-
sured by applying a field B on a ZFC sample at 4.5 K and
then removing the field. Time relaxation effects have
been observed for each measurement of the remanence
magnetization and the points in Fig. 4 represent values
observed after 5 s from the removal of the applied field.
Every point has been measured after a cycle of heating-
up to 250 K and cooling down to 4.5 K. We note that
the TRM and IRM curves do not meet up to the highest
field of 2 T used in these measurements.

Evidence for the occurrence of magnetic phase transi-
tions well below the estimated Curie temperatures is
given by ac susceptibility measurements as reported al-
ready earlier. ' Plots of the real part of the ac suscepti-
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FIG. 2. Temperature dependence of the magnetization of
YFe&OMo2 for ZFC and FC samples at two values of the applied
field.

O

10 15
H (kOe)

20 25

FIG. 4. Thermoremanence (TRM) and isothermal remanence
(IRM) results for YFe&OMo2.
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bility as a function of temperature are shown in Fig. 5.
The Y alloy data show a rise to a plateau below 300 K
and then a sharp drop at approximately 150 K. The Lu
alloy exhibits a peak at 180 K which is close to the tem-
perature at which irreversibility sets in the dc magnetiza-
tion data. A shoulder is also observed in the Lu alloy
data which may indicate the occurrence of a second mag-
netic phase transition. Since Y and Lu are nonmagnetic,
the MPT must be associated with the Fe sublattices.
Magnetic anisotropy data obtained with the singular
point detection (SPD) technique show axial anisotropy
over the entire temperature range. The results for the Y
alloy are shown in Fig. 6 where also the corresponding
results for GdFe, oMo2 are plotted for comparison. The
curve for the Y alloy shows a discontinuity in slope at
about 150 K, the same temperature at which the sharp
drop in ac susceptibility is observed. In contrast the Gd
alloy shows a smooth monotonic decrease of the anisotro-
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py field with increasing temperature. Hysteresis loops
were measured at 4.5 K on FC and ZFC samples of both
alloys. For comparison a hysteresis loop was also mea-
sured for the Gd alloy in this series. The results are
shown in Fig. 7. The Y and Lu alloys show coercivities
in the range of 0.2 to 0.3 T while for the Gd alloy the
coercivity is practically zero. The maximum anisotropy
field observed for the Y alloy at 4.5 K measured by the
SPD technique, is lower than that obtained in
GdFe, oMoz (Fig. 6) and since in both cases the anisotro-
py field is caused in a first approximation from the Fe
sublattice, the absence of a hysteresis loop in the temper-
ature range from 4.5 K up to T, =440 K for R =Gd is a
strong evidence that the observed loop for R =Y,Lu is in-
duced from some intrinsic properties of this material
correlated to a special magnetic configuration of the sys-
tem. A symmetric narrowing of the loops around the ori-
gin of the axis is observed by decreasing the maximum
field B,„which is closing the loop. The variation of the
observed coercive field for the Y alloy at 4.5 K as a func-
tion of B,„, shown in Fig. 8(a), is indicative that the ob-

served loop for B,„=2T (Fig. 7) is close to the satura-
tion of B,. The temperature dependence of B, in Fig.
8(b) shows that the hysteresis loop vanishes at 84 K
which is well below 150 K where the B~ vs T curve
changes slope (Fig. 6). On the other hand the hysteresis
loop for the field-cooled sample of the Lu alloy is dis-
placed asymmetrically, a feature that has been found in
studies of spin glasses.

C. Fe Mossbauer spectra

Mossbauer measurements were obtained in the temper-
ature range of 5 —300 K using a conventional constant ac-
celeration spectrometer with a Co(Rh) source. The re-
sults for the Y and Lu alloys are shown in Figs. 9 and 10,
respectively. The main feature of the absorption spectra
for both alloys is the appearance of considerable
paramagnetic components well below the estimated
values of the Curie temperatures. For the Lu alloy, for
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example, the spectrum is completely paramagnetic at 250
K while the magnetization data indicate that substantial
magnetization can be induced even at small fields. More-
over, the magnetic hyperfine components show broad un-
resolved lines, similar to those observed in amorphous al-
loys implying a distribution of hyperfine fields. To ac-
count for these features the spectra have been simulated
with a bimodal distribution of hyperfine fields, similar to
that used for the analysis of Fe-Ni alloys, including a
"ferromagnetic" and a "paramagnetic" component with
fractional occupations f, and l f„, re—spectively. For
the "ferromagnetic" component we have used a modified
Gaussian distribution with a maximum at Bo and a cut-
off at B =Bo+B

Ff(B)=f„(BO+B' B)B'—

X exp[ (B B—o B')—/2B—' ]

200

150-
CD
CD

100-

A

50-
V

0 100 200 3OD

for 0 (B (B0 +B'. For the paramagnetic component
the probability distribution was taken as a simple Gauss-
ian:

FIG. 11. Temperature dependence of the average hyperfine
field for YFe&OMoz and LuFe&OMoz. The temperature depen-
dence of TmFe&OMo2 is also shown for comparison.
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F (B)=(l f )(2/I" —n'' )exp( B /I —)
for B ~0. The hyperfine field distributions derived from
this procedure are shown also in Figs. 9 and 10. The
average magnetic hyperfine fields (Bhf) as a function of
temperature are plotted in Fig. 11 and the estimated per-
centage of the ferromagnetic component f„ is given in
Fig. 12. For comparison we have included also in these
figures the results for TmFe, oMoz which shows inter-
mediate behavior.

The variation of the average hyperfine fields presents
an inAection for R=Lu at temperatures near 200 K.
This anomaly is more evident in the variation of f„sug-
gesting that in LuFe&OMoz significant freezing of spin
components appears below 200 K. On the other hand,
the persistence of a paramagnetic component down to
150 K indicates the existence of clusters with rapidly
fluctuating spins which order gradually as the tempera-
ture decreases. We shall discuss these effects in greater
detail in the next section in connection with the magneti-
zation results.

DISCUSSION

The experimental results presented in the preceding
section contain several features which suggest that the or-
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TABLE II. Magnetic properties observed in YFe»Mo2 and
LuFe»Mo2 alloys, indicative of the existence of a spin-glass-like
magnetic ordering below the T, .

Magnetic property YFe»Mo2 LuFe»Mo2

1. Irreversibility of dc
M vs T curve from ZFC
and FC process
2. ac-susceptibility x' and
x" vs T transitions
3. Hysteresis loop a low T
4. Shift of the hysteresis
loop after ZFC and FC
5. Difference of TRM and IRM
curves measured at 4.5 K
6. Slope change of B~ vs T
curve measured from the
SPD method
7. Strong relaxation effects
of Mossbauer spectra for
T)100 K
8. Difference between M& and
(Hhf) magnetic moments
at 5 K
9. Slope change of (H„„)
T curve by lowering T

Yes

Yes
No

Yes

Yes

Yes

No

No

Yes

Yes
Yes

NA

NA

Yes

Yes

Yes

dering in the LuFe, pMoz and YFe,pMO2 alloys is estab-
lished by spin freezing in a noncoHinear magnetic
configuration. The qualitative aspects of these results are
summarized in Table II. In many ways the observed be-
havior is similar to that observed in iron-rich amorphous
Y-Fe alloys.

The appearance of irreversibility and hysteresis, mani-
fested by the difference in measurements of ZFC and FC
samples and the IRM and TRM values is the strongest
evidence for the establishment of a spin-glass-like state.
These phenomena appear at temperatures well below the
estimated ferromagnetic ordering temperatures and can-
not be explained as arising from some special type of
magnetic domain configuration for two reasons: (a) the
difference in the temperature dependence of the magneti-
zation in FC and ZFC samples persists at low fields and
(b) the homologous Gd alloy shows in all respects normal
ferrimagnetic behavior with no irreversibility or hys-
teresis.

Theoretical models of spin-glass systems with the ob-
served properties are generally based on a distribution of
exchange interactions with positive average value J and
width 6, extending to negative values of the exchange in-
teraction. ' ' In amorphous alloys the distribution arises
from the distribution of interatomic distances and the
variation of the number of nearest neighbors. In the
crystalline systems studied in this paper, the distribution
can be attributed to the variation of Fe-Fe distances in
different lattice sites and the distribution of Mo atoms in
the unit cell. The structure results given in Table I reveal
significant differences in interatomic Fe-Fe distances ex-
tending from 2.389 to 2.944 A. At the lower end of this
range the Fe-Fe interactions are expected to be negative.
The transition from ferromagnetic to antiferromagnetic

interaction in direct exchange between 3d orbitals is es-
timated from the well-known Slater-Neel curve to occur
to approximately 2.5 A. This estimate is supported by
experimental studies of fcc iron both in thin film form
and as a precipitate in copper. The existence of negative
exchange interactions has also been established in the
crystalline Lu2Fe&7 alloy where certain pairs of Fe atoms

0

occur with distances smaller than 2.5 A. In this case the
competition between positive and negative interactions
leads to a helimagnetic structure. In the ThMn, 2 struc-
ture of the studied alloys, from the data of Table I, it is
seen that distances below 2.5 A occur for several pairs of
Fe atoms, with the lowest distance of 2.392 A observed
for the Fe(f)-Fe(f) pair. This observation explains the
antiferromagnetic order found in the YFe4A18 aHoy'
where Fe occupies exclusively the f site. When the Fe
concentration increases the iron atoms are randomly dis-
tributed in the three crystallographic sites and pro-
nounced spin-glass phenomena are observed in the
YFe5A17 alloy. This alloy exhibits hysteresis loops and a
temperature dependence of the coercive field similar to
our results. Finally, additional evidence that the ob-
served magnetic behavior is due to a specific distribution
of magnetic exchange interactions is offered by the
change in magnetic properties induced by nitrogenation
of these alloys. The introduction of nitrogen increases
dramatically the Curie temperature, e.g. , from 350 to 520
K for the Y alloy and from about 260 to 470 K for the Lu
aHoy. Moreover, although high-anisotropy fields are ob-
served, no significant hysteresis appears. It may there-
fore be suggested that the effect of nitrogen is to shift the
distribution of exchange interactions to more positive
values in the ferromagnetic regime of the phase diagram
proposed by Ryan et aI. This efFect is similar to the ob-
served shift of the magnetic behavior of amorphous Y-Fe
alloys upon hydrogenation.

Although the major source for the uncommon magnet-
ic properties of the studied alloys can be attributed to
competing positive and negative exchange interactions, a
significant role may also be played by electronic effects as
expressed in the electronic band structure. This can be
surmised from the difference in Curie temperatures of the
compounds YFe&oCr2 and YFe&oMoz (510 and 350 K, re-
spectively) which have the same number of valence elec-
trons. The effect can be understood qualitatively from
the difference of the perturbation of the 3d bands of Fe by
the introduction of Cr and Mo. ' It must be noted also
that our results show that although there is little
difference in interatomic distances between the Y and Lu
compounds, the former is closer to the ferromagnetic re-
gime than the latter. XPS measurements may shed more
light to this question.

As already mentioned, the Mossbauer spectra also pro-
vide evidence for freezing of spin components at tempera-
tures below the estimated Curie temperature. This is
shown by the inAection point in the temperature depen-
dence of the average hyperfine field (Fig. 10), which is
clear mainly in the Lu alloy data. Another expected
characteristic of transverse spin freezing is the develop-
ment of a discrepancy between moments determined by
Mossbauer spectroscopy and M, deduced from iso-
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thermal magnetization curves. This arises because be-
tween T, and the temperature of freezing of transverse
components T„~ only the z components of the spins are
ordered and both techniques observe the same moment.
Below T„ the total moment increases and Mossbauer
spectra measure this, but the maximum magnetic field ap-
plied for magnetization measurements usually is not
enough to align the noncollinear moments and the ob-
served M, should always be less than that obtained from
the average hyperfine splitting. Using a conversion factor
of 14.6pz/T we have found an average magnetic moment
of 13pz/f u. from the (Bh&) = 19 T at 4.5 K for R =Y, in
accordance to M, obtained from magnetization measure-
ments. In the case of LuFe&OMo~ the (Bhr) =17.5 T
gives 12pz/f. u. which is considerably larger than
10.6pz/f. u. obtained from isothermal magnetic measure-
ments at 4.5 K. This is an additional indication that the
Lu alloy has clearly more properties of a noncollinear
configuration of magnetic moments while the Y alloy is
closer to the ferromagnetic regime. A measurement of
magnetic spectra in a high-applied magnetic field could
give a definitive result on the noncollinear nature of the
magnetic state.

The Mossbauer results provide also qualitative infor-
mation about the dynamics of the establishment of mag-
netic order. It has been noted that a considerable
paramagnetic component persists at temperatures well
below the estimated Curie temperature. This infers that
a substantial fraction of Fe nuclei is sensing an effective
field which fluctuates rapidly within the nuclear lifetime.
Similar line shapes have been observed in the cluster glass
Y] ](Feo p5A10 25 )2 and have been simulated with a relaxa-
tion model which assumes that magnetic clusters form
stochastically and decay after a mean lifetime which in-
creases with increasing applied field and decreasing tem-
perature.

On the basis of the experimental results and the above
discussion we may propose the following tentative model
for the evolution of magnetic order in the YFe&oMoz and
LuFe&oMo2 alloys: As the temperature decreases from the
paramagnetic regime short-range spin correlations are es-
tablished in a direction determined by the local anisotro-
py and only spin components in this direction order. The
correlation length remains finite and substantial magneti-
zation can be induced by small fields. This implies that it
is difticult to define a Curie temperature, an observation
that has been also made in the case of amorphous Y-Fe
alloys. Magnetic clusters form and decay stochastically
with relaxation times increasing with decreasing tempera-
ture until at a temperature T the perpendicular com-
ponents also freeze and a noncollinear configuration is es-
tablished. In this picture the final state would depend on
the presence of a magnetic field and has probably a meta-
stable character as shown by the TRM and IRM results.
Further studies of the time dependence of the remanent
magnetization and relaxation efFects in Mossbauer spec-
tra may help to substantiate this picture. Small-angle
neutron-scattering (SANS) measurements and further

magnetic measurements on single crystals would be
definitive for understanding the nature of the observed
MTP.

CONCLUSIONS

A variety of experimental results from ac and dc mag-
netometry and Mossbauer spectroscopy, summarized in
Table II, gives strong evidence that the magnetic state of
the intermetallic compounds YFeioMo2 and LuFe&oMoz
is established by an initial ferromagnetic-like ordering of
components along a preferred direction. The transverse
components fIuctuate rapidly and freeze with decreasing
temperature into a spin-glass-like configuration leading to
a noncollinear arrangement of magnetic moments. This
state is formed under the combined effect of competition
of positive and negative magnetic exchange interactions,
the reduced strength of the exchange interactions charac-
teristic of the Mo compounds of this series of alloys, and
the randomness introduced by the distribution of the Mo
atoms in the i site of the ThMni2 type structure. The re-
sults can be interpreted in the light of theoretical models
which are based on a distribution of exchange interac-
tions extending to negative values of J. In the phase dia-
gram proposed by Ryan et al. the studied alloys would
be placed in the borderline between ferromagnetic behav-
ior and a mixed magnetic state, with the Y alloy closer to
the ferromagnetic regime as evidenced by the difference
in hysteresis behavior and the ordering temperature with
regard to the Lu alloy.

As magnetically concentrated systems dominated by
direct exchange these alloys provide a useful comparison
with other crystalline alloys in which transverse spin
freezing is more usually observed close to the percolation
threshold where a crossover from long-range to short-
range coupling occurs. The RFeioMo2 alloys consist of a
unique crystallE'ne intermetallic system, with a well-
defined site occupation of the R and Fe-Mo atoms, where
the different R + ions control the more or less
ferromagnetic-like behavior. In contrast, for the crystal-
line solid solution systems Au&00 Fe (1&x &35) and
Fe,oo Al, (x-25), the spin-glass-like properties ob-
served in some members are controlled by the concentra-
tion of the magnetic element.

Generally, the iron-rich intermetallic RFeioMo2 com-
pounds provide a very attractive alternative crystalline
system for studying the effects of varying exchange frus-
tration on magnetic ordering. However, the present data
should be considered preliminary for the correct explana-
tion of the nature of the observed transitions. The possi-
bility of single crystals preparation and their examination
with neutrons is a very promising aspect for the exact
determination of the magnetic phases reported here.
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