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Reentrant spin-glass-like behavior as a consequence of constrained dynamics
of magnetic clusters: A case study of Fei 4Rui t;Si
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The identi6cation of two distinct transitions in random magnetic systems as predicted by the
Gabay-Toulouse model has received considerable support from Fe Mossbauer data in Fe-based
reentrant spin-glass systems. Alternatively, it has been argued that the apparent multiple-transition
behavior of reentrant spin-glass alloys is a consequence of the dynamics of interacting magnetic
clusters. In this picture no well-deSned phase changes are expected. %e present here the results of
bulk-magnetic-response and "Fe-Mossbauer studies in a new random magnetic system, Fel 4Ru& 6Si,
which sho~s several features akin to reentrant spin glasses. The data in this system cannot be
reconciled in terms of two transitions corresponding to the freezing-in of transverse and longitudi-
nal components of the magnetic moment. Instead, our data suggest that the slowing down of spin
dynamics is a continuous process, and the features that identify the reentrant spin-glass phase arise
from the dynamics of mutually constrained magnetic clusters.

I. INTRODUCTION

The term reentrant spin glass (RSG) connotes the es-
tablishment of spin-glass order at a temperature below
the onset of long-range magnetic order. The labeling of
such a phase over a limited concentration range is a com-
mon feature of phase diagrams of all kinds of random
magnetic systems, be they metallic, insulating, or amor-
phous. During the last few years, several groups' 'c us-

ing Mossbauer spectroscopy have investigated Au, „Fe„
and other Fe-based RSG systems and have sought to pro-
vide microscopic evidence in favor of a class of infinite-
range models of spin glasses, " ' which sketch out a
definite scenario illustrating how the transformation from
paramagnetism to the RSG state via long-range fer-
romagnetism can come about. In particular for Heisen-
berg spins, Gabay and Toulouse' predict the existence of
three transitions at Tc, Tor and T„r. Tc marks the on-
set of freezing ("ferromagnetic transition") of the longitu-
dinal component of magnetic moments m,'. At TG&, the
transverse components m,' and m ' freeze randomly
("canting transition") such that the modulus of the total
moment

~
mr

~
shows an anomalous increase. Finally, at

T„r strong irreversibility sets in with no further change
in the thermal evolution of

~
mr

~

. It is observed that in

Au, „Fe„(x=0.168 and 0.19)' ' ' and in some other
Fe-based RSG systems, ' ' ' the hyper6ne Seld aver-
aged over all Fe nuclei H(Fe) shows an additional in-
crease and an apparent break in slope at a temperature
T~ much below the corresponding ferromagnetic order-
ing temperature Tc. It is also found that the magnetic
moments giving rise to the hyperfine Geld get easily
aligned in an external fieM between T& and T and the
degree of polarizability decreases below T~. On this
basis T~ has been identified with TG& and from the mag-
netic hysteresis data in Auo siFeo» (Ref. 5), it is argued

that Ts,z may be identified as the temperature below
which the coercive field shows a rapid build up.

However, such an apparently convincing line of inter-
pretation, in particular, in the case of the Au, „Fe„sys-
tem, s's '7 has been questioned by several groups. 's

A major criticism of Voilet and Borg' is that all the Fe
nuclei do not experience similar hyperfine fields over the
entire temperature range. In Aui „Fe, (0.10&x &0.35)
(Ref. 18) alloys an analysis of Mossbauer data shows a bi-
modal magnetic hyperfine field distribution P(H) even at
the lowest temperature. Therefore, the observed
(H(Fe) ) behavior in Au, ,Fe, may be a consequence of
different constituents of the distribution P(H) having
different temperature dependences. On the other hand,
Beck' points out that no long-range ferromagnetism sets
in at any temperature among the Au, „Fe„alloys show-
irig the RSG behavior and that the Gabay-Toulouse mod-
el is inadequate to explain consistently the in field and
zero-field Mossbauer data in Aui „Fe, (x =0.168). In
addition, in the RSG Aucs2Fec, s specimen' he finds
that the metastability and nonequilibrium character per-
sist over the entire temperature range across the regions
of both spin glass and ferromagnetic order. In his view,
the presence of magnetic short-range order and the dy-
namic relaxation between these clusters result in an ap-
parent double-transition behavior. However, it has been
asserted ' ' that, at least in metallic' RSG alloys no
dynamic relaxation e8ects are visible.

%'e present in this paper the results of bulk magnetic
response and Fe Mossbauer hyper6ne Seld studies on
Fe& 4Ru, 6Si. The bulk magnetization data in this system
mimic many of the features of reentrant spin-glass alloys.
The temperature variation of Mossbauer hyper6ne Seld
data is consistent with the interacting clusters picture of
random magnetic systems. Our data suggest that the
slowing do~ of the spin dynamics is a continuous pro-
cess, and there is no identi6able phase transition at any
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temperature. The results indicate that the apparent
multiple-transition behavior possibly arises from short-
range magnetic correlations and the constrained relaxa-
tion between dynamically interacting clusters of dilerent
sizes.

II. EXPERIMENT

5—
CA

C

LP

The system Fe& &Ru, ~si
O

O
i t l

IOO ROO BOO 4OO SOO

The magnetic phase diagram of the series Fez „Ru„Si
(0 (x & 2) has been recently established by us. ' The end
members of this series are ferromagnetic and antiferro-
magnetic, and for 1.5 &x & 1.7 the alloys exhibit magnet-
ic double-transition behavior in their ac susceptibihty
data. Taking Au& „Fe„as an example, it has been
shown 2 that a magnetic phase diagram of the above kind
can be mapped out either by varying the concentration of
the magnetic atoms or by varying the degree of magnetic
short-range order by giving diFerent heat treatments to a
single concentration lying in the double transition region.
Following this method, we have selected the composition
Fe, 4Ru, 6Si and subjected the alloy to three different
heat treatments.

The three specimens investigated are (A) as-cast ingot
prepared in an arc furnace, (8) a part of this as-cast ingot
annealed at 1220 K for seven days followed by quenching
in water, and (C) another part of the same ingot annealed
at 1220 K for seven days and furnace cooled to room
temperature. All three specimens, A, 8, and C are
confirmed to have the cubic L2i Heusler structure. In an
atomically well-ordered alloy at the stoichiometry
Fe, 4Ru, 6Si, all the Ru and Si atoms would occupy
( A, C) and D sites, respectively, and the Fe atoms would
be distributed on all the 8 and the remaining (A, C)
sites. The three specimens essentially dimer in the de-
gree of atomic order between Fe and Si on 8 and D sites.
The relative intensities of the x-ray rellections from the
L2i superstructure indicate that the sperimen 8 is the
closest to the expected state of perfect, atomic site order
at this composition and is followed by the specimens C
and A, respectively. A simple probabilistic calcula-
tion for the L2, Heusler structure reveals that the Fe
concentration at the composition Fe&4Ru&6Si is dwell

above the percolation threshold required to form an
in6nitely linked network of Fe-Fe near neighbors. An in-
crease in the 8 D(Fe-Si) site-disorder results in a de-
crease of the weight of the Fe atoms in this infinite clus-
ter. Thus the specimen 8, which has the least 8-D site
disorder among the three specimens, has the highest frac-
tion of Fe atoms correlated into the big (infinite) cluster,
while the specimen A has the highest fraction of Fe
atoms in the small (finite) clusters.

The bulk-magnetic measurements made on the system
under study include the low Seld ac-susceptibility (-0.1
Oe at 320 Hz) data (Fig. 1), the data of static magnetiza-
tion versus field (M-H) up to 80 kOe at a few selected
temperatures in the range 1.6-300 K, zero Seld cooled
(ZFC) and field cooled (FC) magnetization in low fields,
the thermal variation of remanence (trapped after expos-

TEMPERATURE (K)

FIG. 1. ac susceptibility in the three specimens at the compo-
sition Fe& &Ru& 68i. A, as-cast, 8, a part of the as-cast ingot an-
nealed at 1220 K for seven days followed by quenching in water,
and C, a part of the as-cast ingot annealed at 1220 K for seven

days and furnace cooled to room temperature.
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FIG. 2. Magnetization vs Seld data up to 80-kOe field at
diferent temperatures in the specimens A, 8, and C at composi-
tion Fe& 4Ru& &Si. Each of the curves was obtained by cooling
the specimen first to a given temperature in zero magnetic field.

ing the specimen to a field of 80 kOe at 4.2 K) and the
complete hysteresis loops (in specimen A only) at 4.2 and
1.6 K. The static magnetization data were obtained using
an Oxford Instruments Faraday susceptometer having su-
perconducting coils for uniform and gradient fields. The
low-field ZFC and FC magnetization runs were taken
after a few minutes waiting period at each setting of the
temperature and Seld value. Figures 2-6 depict most of
the static magnetization data in the three specimens.

The s7Fe Mossbauer absorption spectra with respect to
Co(Rh) source were recorded from 14 to 600 K in all

the three sperimens of Fe, 4Rui ~Si in a transmission
geometry. Figures 7-9 display the 5 Fe Mossbauer spec-
tra recorded at dilerent temperatures along with the field
distribution pro6les P (H) obtained using Window's
method. Figure 10 shows the temperature variation of
the estimated average hyperfine fields in the three speci-
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FIG. 3. Zero field cooled (ZFC) and field cooled (FC) magne-
tization measured in a field af 10 Oe from 4.2 to 300 K in speci-
men C at composition Fe& &Ru& 6Si. FC magnetization values
were recorded after having cooled the specimen to 4.2 K in a
field of 10 0e o Oe. The arrows indicate the direction in which the
temperature is varied.

mens. There is a broadening of the Mossbauer line in the
paramagnetic region due to variations in the nn

ble a
configurations and disorder in the alloys lead' tea lng 0 poss1-

e (apparent) quadrupolar efFect. We have ignored the
presence of the quadrupolar effects at the Fe nuclei in
fitting the Mossbauer spectra. This will, to a small ex-
tent, afFect our estimates of the average hyperflne fleld

values when they are in the range of 50 kOe. However,

ihe s
suc an uncertainty is not expected to qualitativel lt

e shape of curves of temperature variation of the aver-
age hyperfine field values. The mean value of the isomer
shift and the relative absorption area 3 ( T)/2 (300 K) as
a function of temperature are shown in Figs. 11 and 12,
respectively. The mean isomer shift values have been ob-
tained from the fitted Mossbauer spectra neglecting quad-
rupole efFects in the fitting procedure as mentio d bo'one a ve.

e va ues for the relative absorption area are estimated

0.0-
0 10 20 30 40 50 60 70 80 90 100

H/M ( kOe formula unit/ps)

from the experimental spectra taking linear flts to the
background from the high-velocity part of the spectra
which was completely flat. Corrections due to finite-
target-thickness efFects were not taken into account. The

th
signal-to-noise ratio was constantly monito dre
hroughout the experiment to check the possible drifts in

the signal level. In specimens A and 8 the Mossbauer
spectra were also recorded at 300 K in a transverse field
of 5 kOe and are shown in Figs. 13 and 14, respectively.

ese figures ofFer a comparison between the spectra
recorded in zero fleld and applied field along with their
fitted P (H) distribution curves.

FIG. 5. Arrot plots M vs 8/M at diferent temperatures in

specimen A at stoichiometry Fe& &Ru& 6Si. The direction of field

variation is indicated by arrows. At 40 and 1.6 K, M2 vs 8/M
have two branches corresponding to field-up {virgin ZFC state)
and field-down cycles.
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FIG. 4. Temperature variation of remanence from 4.2 to 300
K in specimen C at stoichiomeiry Fe& 4Ru& 6Si. The remanence

data were recorded in the minimal usable field of 5 50 Ge of the

superconducting field and gradient coils. The remanence at 4.2
K was trapped after exposing the specimen to a field of 80 kOe.
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FIG. 6. Complete hysteresis loop in +80-kOe field at 1.6 K in

specimen A at composition Fe& &Ru& 6Si. The inset shows the
blow up of the data near the origin.
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FIG. 7. "Fe Mossbauer spectra and the fitted hyperfine field
distributions at difkrent temperatures in specimen A at compo-
sition Fe& 4Ru& 68i.

III. RESULTS AND ANALYSIS

A. Bulk magnetic behavior
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The ac susceptibility measurements were made on arbi-
trarily shaped specimens and the data of Fig. 1 have not
been corrected for shape-dependent demagnetization
effects. The ac-susceptibility curves (in arbitrary units)
(Fig. 1) for specimens 8 and C show two apparent transi-
tions: an upturn near 500 K followed by a down turn at
lower temperature, whereas for specimen A only a com-
posite and broad bell shaped maximum is visible. In view
of the arbitrariness in X„units and in the absence of
demagnetization corrections wc tentatively identify the
two apparent transitions in X„data of Fig. 1 with fcr-
romagneticlike response and the spin-glass order as in
reentrant spin-glass systems. Magnetization versus Seld
data of Fig. 2 show that the specimens A, 8, and C wide-

ly diS'er in the degree of polarixability and the magnetiza-
tion values attained in a 6cld of 80 kOe at 4.2 K. The
specimen 8, which sho~s least-hysteretic behavior, is the
easiest to polarize and acquires the largest magnetization
value of 3.0 pa formula unit (which is equivalent to 2.2

FIG. 8. "Fe Mossbauer spectra and the fitted hyperfine field
distributions at di8'erent temperatures in specimen 8 at compo-
sition Fe& 4Ru& 6Si.

pa/Fe atom) in 80 kOe at 4.2 K. lt is followed by speci-
mens C and A with the magnetization values of 1.25
pa/(Fe atom} and 0.9 pa/(Fe atom), respectively, at 4.2
K. The ac-susceptibility values in Fig. 1 are not present-

ed in absolute units; however, it is apparent that at room
temperature ( -300 K) none of the three specimens are in
the conventionally understood paramagnetic state. The
curvature of the M vs H plot at 300 K in specimen A
(Fig. 2), which has the least-magnetization value at 4.2 K,
con6rms that even this specimen is not in the paramag-
netic state at room temperature.

In all the three specimens, the degree of polarizability
in low fields (H & 10 kOe} decreases and that of irreversi-
bility increases on cooling below 80 K. These facts are
well brought out by the M vs H curves at various temper-
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FIG. 11. Temperature variation of mean isomer shift at ' Fe
with respect to natural Fe in specimens, A, 8, and C at
stoichiometry Fe& 4Ru& &Si.
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FIG. 9. ' Fe Mossbauer spectra and the Stted hyper6ne Seld
distributions at difFerent temperatures in specimen C at compo-
sition Fe& 4Ru& 6Si.

atures. Figure 2 shows the data only in specimen A. The
sample shows negligible hysteresis in the M vs H curves
at 78 K. Hawever, the hysteresis loop (data shown in one
quadrant in Fig. 2) starts to open up rapidly below -40
K, which is signiScantly below the temperature region of
downturn in ac susceptibility.

Figure 3 shaws the difference between zero field cooled
and field cooled (H =10 Oe) magnetization in the speci-
men C. The ZFC and FC magnetization values were
recorded during the warmup cycle from 4.2 to 300 K.
The data above 300 K could not be'taken because of the
hmitations in our experimental set up. The data in the
other two samples were similar to that in specimen C. It
is seen (Fig. 3) that the ZFC and FC curves do not aver-
lap up to 300 K. This may be taken as additional evi-
dence that the samples are not in the paramagnetic state
at 300 K. We expect the difference between ZFC and FC
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FIG. 10. Temperature variation of average hyper5ne Seld
values computed from the Stted Seld distributions in the three
specimens at composition Fe& 4Ru& zSi.

FIG. 12. Temperature variation of relative area
A (T)/A(300 K) under the ' Fe Mossbauer absorption curves
in the three specimens at composition Fe& 4Ru& 6Si.



5294 GROVER, PILLAY, MISHRA, RAMBABU, AND TANDON 37

RU, ,Fe„Sl (A)
T= MOK

Ru, ~Fe, &Si (8)
T ~ 500K

0
z,'

o
0- (o-Ko
(fJ
Q) 0

~O~ lo-0

=OkQe

-" 5kOe

l ~ i i I i i
6 2 0+2 +6

Velocity {rnm/I, ec)

I I'

lOO 200 300 400

H(kOe)

kOe

i a t ~ i ~ 3"2 0 +2 +6

Velocity (mm/Sec)

CL

0 )bo 200 500 400

H ik0e)

FIG. 13. Fe Mossbauer spectra at 300 K in 0- and 5-kOe
transverse-Seld values in specimen A at composition
Fel 4Rul 6Si.

FlG. 14. "Fe Mossbauer spectra at 300 K in 0- and 5-kOe
transverse-Seld values in specimen 8 at composition
Fel 4Ru& 6Si.

magnetization to persist up to the paramagnetic re~ion in
all the three specimens in consonance with Beck's data
in Auo szFeo is alloy. Figure 4 displays the thermal decay
of remanence in specimen C from 4.2 to 300 K. This
data was recorded in the minimum usable field ( & 50 Oe)
of the superconducting field and gradient coils assembly.
Most of the remanent magnetization, trapped at 4.2 K
after exposing the specimen to a field of 80 kOe, decays
on heating the specimen to about 100 K. The podgy
hump visible in the temperature region of 100-300 K
(Fig. 4) is due to unavoidable superposition of the magne-
tization in a field of 5 50 Oe of the field cycled specimen.

The increase in the difference between ZFC and FC
magnetization values below 100 K and the remanence
data point towards some transformation in the magnetic
behavior of the three specimens in the 100 K region,
namely, into the strongly irreversible state. However, the
fact that significant difFerence between FC and ZFC mag-
netization values is present even above the temperature
region of downturn in ac susceptibility shows that the al-
loy system remains in a nonequilibrium state far above
this region. Arrot plots confirm that there is no spon-
taneous magnetization, thereby implying the absence of
ferromagnetism in the ZFC state of all the three speci-
mens at any temperature. Figure 5 shows the M vs
H/M curves in specimen A (data in other two specimens
not plotted here). For T g 78 K, each of the M vs H/M
curves has two branches corresponding to field-up (virgin
ZFC state} and field-down cycles. In the limit H/M ~0,
there is no positive intercept on the M2 axis (hence no
spontaneous magnetization) at T & 78 K. Also, below 78
K, there is no spontaneous magnetization in the virgin
ZFC state of the specimen. Finite intercepts on the M
axis are observed on extrapolating the data recorded dur-
ing the field-down cycle for T & 40 K. The virgin
branches for 40 and 1.6 K cut across the 78™Kcurve at
increasing value of H/M. This just refiects an increasing
diSculty in polarizing all the moments for T ~ 78 K. The
80-kOe magnetization value remains nearly the same as T
decreases from 78 to 1.6 K. Another interesting fact evi-
dent from Fig. 5 relates to the change in character of M
vs H curves in low field ( —1-2 kOe) values for T 5 40 K.
The knee in the initial portion of the M versus H/M

curves at 1.6 and 40 K corresponds to an initial suscepti-
bility increase followed by a decrease as a function of the
external field. This kind of transformation is seen in sys-
tems which display field-induced quasiferromagnetic be-
havior from a virgin antiferromagneticlike state.

Figure 6 shows the complete hysteresis loop in speci-
men A at 1.6 K. The main characteristics of this loop are
the following. (1) The virgin (ZFC) M vs H curve lies
outside the loop traced on cycling the specimen between
+80 kOe. (2) The loop is not symmetric with respect to
both the axes. Its center of gravity is shifted towards
negative-field values (see the inset of Fig. 6); this is remin-
iscent of the well-documented behavior in several spin-
glass systems. i6 It is also interesting to find that the mag-
netization value at + 80 kOe is smaller than the value at
—80 kOe. (3) An almost linear variation of M vs H in
fields up to 10 kOe in the ZFC state (see the inset of Fig.
6} clearly indicates that the moments are randomly
oriented in the virgin state. However, after cycling the
specimen in +80 kOe, the shape of the M vs H curves ap-
pears to be made up of superposition of a randomly
oriented spin-glass component and an easily polarizable
ferromagnetic part. In fact, after field cycling, the ob-
served shape of the loop is similar to that recorded at
higher temperatures (T & 78 K},the only difference being
that for T & 78 K there are almost no remanence and hys-
teresis. It is not out of place to recall here that after field

cycling the shape of the hysteresis loop at 1.6 K is akin to
the anomalous constricted hysteresis loops seen in many
magnetic rocks. The behavior in rocks has been
shown to be a composite response from two physically
distinct magnetic components; however, in the present
case the exposure to high-magnetic field causes the virgin
homogeneous state to behave like superposition of two
com.ponents.

8. Mossbauer results

It is very instructive to compare the bulk-
magnetization data in the three specimens of Fe& 4Ru, 6Si
with their Mossbauer results. Figures 7-9 show that for
T ~ 30 K, the Mossbauer spectra and the fitted hyperfine
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6eld distributions in all three specimens look similar.
The average hyperfine field values at Fe nuclei at —13 K
range from 250 to 270 kOe (Fig. 10) with a narrow distri-
bution of +35 kOe (HWHM). This seems to imply that
at the atomic moment level the three samples have simi-
lar behavior for T ~ 30 K. The magnitude of the
& H(Fe) & value of -270 kOe in specimen 8 is compatible
with its magnetization value of 2.2 pii/Fe atom at 4.2 K
in 80 kOe, but in the specimens C and A the correspond-
ing magnetization values are much lower as M vs H
curves do not show inclination towards saturation up to
80-kOe field.

The comparison of the thermal evolution of (H(Fe))
(Fig. 10) in the three specimens with their corresponding
ac-susceptibihties (Fig. 1) reveals that even though the
specimens 8 and C have similar ac-susceptibility
response, they die er vastly in the nature of their
(H(Fe) ) evolution. The (H(Fe}) for specimen 8 starts
to evolve around 400 K and shows an additional increase
in the temperature region of the downturn in the ac-
susceptibihty curve (cf. Figs. 1 and 10). This is analogous
to the behavior in many RSG systems described in Sec. I
and is sought to be interpreted as freezing of longitudinal
and transverse components of Fe moments in the Gabay-
Toulouse picture. ' However, such an identification can-
not be sustained in the present system, which is evident
from a comparison of (H(Fe)) curves in specimens C
and A. In specimen C, which shows a double transition
in the ac-susceptibility response, the (H(Fe) ) value (Fig.
10} shows a very gentle rise down to —150 K and only
below this a rapid buildup sets in. The (H(Fe) ) value in
specimen C at —150 K (which is far below its Tc-500
K) is less than 20%%uo of its ultimate value at the lowest
temperature. The specimen A, which does not show any
reentrant like feature in ac-susceptibility behavior, has
similar ( H(Fe) ) variation as in specimen C.

If we closely examine the Mossbauer spectra and their
fitted hyperfine field distributions [P(H) ] in Figs. 8 and 9,
it is evident that the difFerence in (H(Fe)) vs T curves
for specimens 8 and C (Fig. 10) may be a consequence of
different constituents of P(H) having dimerent tempera-
ture variations. Up to about 56 K (cf. Figs. 7 to 9), the
P(H) in all the three specimens appear similar with a
fairly narrow distribution. Above this temperature an
additional lower-field bundle builds up, thus reducing the
H(Fe) in all three specimens. In the temperature range
T & 150 K the Mossbauer pattern collapses into a single
line more rapidly in A and C (Figs. 7 and 9) as compared
to that in 8 (Fig. 8).

The change in slope of (H(Fe) ) versus temperature
near the 100 K region is a feature common to the three
specimens of Fe, 4Ru, 6Si (cf. Fig. 10). The thermal vari-
ation of the mean isomer shift (IS) with respect to natural
Fe absorber and the relative area under the Mossbauer
absorption curves A ( T)/A(300 K) in all the three speci-
mens are depicted in Figs. 11 and 12, respectively. There
is no sound reason to expect any anomalous variation of
these two quantities in the temperature region of a slow-
down of Fe spin dynamics. As stated earlier the data of
Figs. 11 and 12 may suler from the artifact of the Stting
procedure adopted by us in estimating these two quanti-

ties; nevertheless, it is thought provoking to find that
both IS and A ( T)/A (300 K) show downturn around the
temperature region where (H(Fe) ) values show a rapid
buildup. The downturns are somewhat less pronounced
in specimen 8 as compared to those in C and A. It
should be mentioned here that in other compositions
(0&x &1.35) of the series Fei „Ru„Si,which do not ex-
hibit any transformation in the low-temperature region in
their bulk-magnetic response, ' no such downturns are
observed in the temperature dependence of IS and
A ( T)/A (300 K) values. 2 '2s In these compositions, both
the parameters show monotonic increase with decreasing
temperature, and the observed temperature variations of
IS and relative absorption area can be accounted for in
terms of the second-order Doppler shift and the Debye-
Waller effect, respectively.

Figures 13 and 14 show that in both the specimens A
and 8 the application of an external magnetic field results
in an increase in the magnitude of (H(Fe)) values at
room temperature which is below the paramagnetic re-
gion (see X„-and dc-magnetization data). The change is
pronounced (-20 kOe) in sample 8 as compared to that
(-5 kOe) in sample A. In the paramagnetic state, the
external field of 5 kOe is expected to get reflected as an
internal field of 5 kOe as seen by the Fe nucleus.
Whereas, in the ferromagnetic state this should result in
an increase or decrease of & 5 kOe depending on the sign
of the internal field experienced by the Fe nucleus. The
observed increase of -20 kOe at 300 K in sample 8 can-
not be reconciled in terms of either truly paramagnetic or
ferromagnetic or admixture of macroscopically distinct
quasiferromagnetic and paramagnetic regions. This re-
sult is similar to the increase in the magnitude of H(Fe)
values in the RSG alloy Auo. ss2Feo. &6s (Ref. 4). Beck"
pointed out that the observed increase in the latter sys-
tem is opposite to the expected decrease in a normal fer-
romagnet. The negative sign of the hyperfine field at Fe
should result in a decrease in the magnitude of H(Fe) in
an external field.

IV. DISCUSSION

The results presented in Sec. III have clearly shown
that the three specimens under consideration are in a
nonequilibrium state over the temperature range, encom-
passing the region of initial rise in ac susceptibility, down
to the lowest temperature. The magnetic-hysteresis data
vividly demonstrate the metastable and irreversible na-
ture at low temperatures. There is no hard evidence for
the existence of genuine ferromagneticlike phases in the
zero field cooled state at any temperature below the
paramagnetic region. However, on exposing the speci-
men to a high-magnetic field or cooling the specimen in a
finite field can induce a quasiferromagnetic response in
the system. Further, the data give evidence for some
transformation in the magnetic behavior of the system in
the temperature region of the downturn in the ac-
susceptibility response. %e believe that the Mossbauer
data (Figs. 7—10) are providing us with the clues to un-
derstanding the mechanism of this transformation.
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The observed Mossbauer patterns of Figs. 7-9 have
been fitted to static hyperfine field distributions. The
fitted P(H) for Tc & T & 100 K indicate the presence of a
wide distribution of field values. It is to be noted that in
this temperature region the Mossbauer spectra consist of
a central paramagnetic line along with unresolved wings.
A closer examination of these Mossbauer spectra clearly
points towards the existence of dynamic relaxation
efFects, with the mean tumbling frequency of the Fe
moments to be of the same order as the Larmor preces-
sion frequencies ( —10 s '). Such an inference finds sup-
port from the comparison of in-field and zero-field
Mossbauer patterns at 300 K (Figs. 13 and 14). The in-
crease in (H(Fe) ) values on application of an external
field disfavors the resolution of the observed Mossbauer
spectra in terms of static field distributions.

The fact that the difFerence between ZFC and FC mag-
netization values persists up to the paramagnetic region
implies the presence of very long relaxation times. Thus
the Mossbauer and magnetization data demand the ex-
istence of a wide distribution of relaxation times of the Fe
moments below the paramagnetic state. The spectral
range extends from a much shorter than Mossbauer time
window of —10 s to much longer times (at least —few
minutes). The mean weight of the distribution is seen to
move towards longer times as the temperature is lowered.
We beheve that the difFerences between the three speci-
mens of Fei ~Rui 6Si in their hyperfine field behavior
originate from the difFerent spectral distribution of the
tumbling frequencies and their thermal evolutions. In
specimens A and C (see Figs. 7 and 9) above —150 K
most of the weight of Mossbauer spectra is in the central
paramagnetic line. These indicate that only a fraction of
Fe moments tumble slower than 10 s for T&150 K.
The tumbling times of most of the Fe moments in sam-

ples A and C are seen to become slower than the
Mossbauer time scale only below 150 K. Specimen 8,
however, differs from the other two in having a much
larger fraction of Fe moments having tumbling times
slower than —10 s, even above —150 K. The shapes
of Mossbauer spectra between 150 and 80 K in all speci-
mens indicate that the dynamic relaxation efFect gives
way to the static hyperfine fields for all the Fe nuclei only
below -80 K. The interval 150 to 80 K roughly overlaps
with the temperature region of the steep fall in the ac-
susceptibility curves. This suggests that there exists
strong coupling between the degrees of freedom corre-
sponding to short and long relaxation times. The static
hyperfine field split pattern for all the nuclei emerges only
when the dynamics of the fastest degree of freedom slows
down.

The broad spectrum of relaxation times can arise from
magnetic clusters of various shapes and sizes. The bigger
sized clusters probably are easier to polarize and have
longer relaxation times. The chemical short-range order
io each specimen determines the magnetic cluster distri-
bution. However, their size and morphology are expect-
ed to undergo continuous thermal evolution and tem-
poral variation. We feel that the predominance of the
small (finite) clusters dictate the behavior of specimens A
aod C, whereas in specimen 8, a suScient fraction of Fe

atoms get correlated into big-sized clusters above —150
K. The dyoamic relaxation e6ect between Fe moments
comprising the difFerent clusters, however, prevent the
appearance of well-resolved splitting in the Mossbauer
spectra above —150 K even in specimen B. The transfor-
mation in the magnetic behavior occurring below —100
K is due to the slowing down of dynamics of the smallest
clusters. It is pertinent to recall here that analogous
inferences have been drawn earlier by Sarkissian and
more recently by Mirza and Loram fram their analyses,
respectively, of electron spin resonance and specific heat
data in Au& ~ Fe„alloys. In particular, Mirza and
Loram find that the lower temperature anomaly in
specific heat involves disardering of all spins lying in both
infinite- and fioite-sized clusters. On the basis of their
data, they argue that magnetization of the ferromagnetic
infinite cluster is pinned when the network of Fe spins of
lower coordination number in which it is immersed or-
ders as a spin glass. It may appear fortutious, but it is in-
teresting to note that the experimental data in different
reentrant spin-glass systems echo one of the essential
basis of a class of theoretical models for relaxation in
strongly interacting glasses due to Palmer, Stein, Abra-
hams, and Anderson (PSSA). 5 PSSA remark that a
hierarchical scheme in which faster degrees of freedom
successively constrain the slower ones seems the only nat-
ural way to generate a wide range of relaxation times in
glassy systems.

V. SUMMARY AND CONCLUSIONS

The results of ac-susceptibility, dc-magnetization, and
Fe-Mossbauer studies in a new reentrant spin-glass sys-

tem Fe, 4Ru, sSi have been described. The observed tem-
perature variation of hyperfine field data at Fe nuclei in
these alloys cannot be reconciled in terms of freezing of
all the magnetic moments in homogeneous "collinear fer-
romagnetic" and "canted ferromagnetic" phases at
difFerent temperatures as per the mean-field approach of
Gabay and Toulouse. ' The Mossbauer data in conjunc-
tion with thermomagnetic efFects confirm the existence of
wide spectrum of relaxation times below the paramagnet-
ic region, and this favors the picture of interacting mag-
netic clusters for this system. The slowdown of spin dy-
namics is a continuous process. The ac susceptibility in a
given specimen is presumably the envelope of responses
of these interacting magnetic clusters. ' The compar-
ison of thermal evolution of Mossbauer spectra in the
diferent specimens, containing the same concentration of
magnetic ions but with different distributions in cluster
sizes, has shown that the slowly moving big clusters are
coupled to the faster moving small clusters. It is the ulti-
mate slowing down of the dynamics of the small clusters
that constrains the overall spin dynamics and give rise to
the appearance of the so-called reentrant or' simply the
spin-glass state.

If in the present investigations evidence for the chemi-
cal homogeneity of the specimens and the existence of
nooequihbrium and dynamical relaxation elects over a
wide temperature range are completely disregarded, the
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observed Mossbauer behavior in the three specimens of
Fe, 4Ru, 6Si A, C, and B may be understood as cluster

spin glasses with increasing amount of macroscopically
distinct ferromagnetic lumps in them. -In such a cir-
cumstance„ the resolution of the spectra in terms of static
hyperfine field distribution can be considered adequate.
However, our ' recent Mossbauer observations in other
widely investigated systems by several groups, namely,
(Pt, „Pd„)& Fe (x-0.5) and Pt&(Fe, ,Mn„) (x-0.6},
lelld lilore credit to the Fei 4Rlli sS1 systeiii described lil

terms of interacting clusters. The phase diagrams of both
these ternary series indicate the occurrence of
multiple-magnetic transitions for concentrations in which
RSG phase is believed to be present at the lowest temper-
ature. It has been found ' 9 that the Fe-Mossbauer
spectra in these alloys do not take cognizance of the
higher-temperature transitions visible in the ac-
susceptibility data. Static hyperfine splittings become
visible only on approaching the lowest transition identify-
ing the reentrant spin-glass phase. The temperature vari-
ation of average hyperfine field values at Fe nuclei show
behavior somewhat similar to that reported in

Auo s3zFe0, 68 alloy showing double transition. %e be-
lieve that there broadly exist three temperature regimes
in reentrant spin-glass systems investigated by us. They
are the high-temperature paramagnetic region, the low-
temperature spin-glass state, and the intermediate region.
The magnetic behavior in the intermediate region is dom-
inated by the presence of slowly moving big clusters
which are capable of giving quasiferromagnetic response
in an external magnetic field. In Beck's view' the pres-
ence of quasirandom anisorrOp, which largely deter-
mines the local orientation of the cluster moments at low
temperatures in the zero field cooled state, identifies the
low-temperature spin-glass region. Such an anisotropy
can arise from geometrical shapes of clusters. As the
temperature is raised the thermal activation can free the
cluster moments from the constraints of local anisotropy.
It is intriguing to find the signature of locking of Fe mo-
ments into random orientation in the temperature depen-
dences of Fe isomer shift and recoil-free fraction in
Fe, 4Ru, 6Si alloys (see Figs. 11 and 12}. These suggest an
interesting possibility of accompanying changes in the
electron-magnon and electron-phonon couplings due to a
local magnetostrictive effect from spin-glass-type order-
ing. Anomalous changes in these couplings have been re-
ported to occur across magnetic ordering in some

Heusler alloys. '

Finally it is fruitful to compare the Mossbauer behav-
ior in reentrant spin-glass alloys investigated by us with
the dilute magnetic alloys. In some dilute magnetic alloy
systems, ' the recent detailed investigations have re-
vealed the presence of dynamic relaxation el'ects up to
the temperature limit of 1.5 Tso. Thus even in the simple
spin-glass system the three temperature regimes can. be
identified. Ogielski and Campbell have attempted
to explain the existence of three diierent regions for re-
laxation in spin glasses on the basis of their computation-
al work for a finite number of Ising spins. In the physical
picture conceived by Campbell, the magnetic system exe-
cutes random walks on a closed surface in phase space.
At high temperature all eigenstates are mutually accessi-
ble (paramagnet). As the temperature is lowered the al-
lowed set of states thin out to a ramified network, and
then at percolation threshold they fragment into discon-
tinuous subnetworks. The spin-glass transition is
identified with the percolation threshold. in eigenstate
space. In the spin-glass state the system will become non-
percolating and hence nonergodic and highly irreversible.
The intermediate state in which the system has access
over a ramified lattice of phase points show a stretched
exponential relaxation. Thus on the laboratory timescale
a weak irreversibility and metastability would be ob-
served in the intermediate state. %e believe that in con-
centrated magnetic alloys (above the percolation thresh-
old for nearest-neighbor ferromagnetic links}, this inter-
mediate region lying in between the paramagnetic and
spin-glass states gets extended over a wider temperature
range as compared to that in dilute spin-glass systems.
Thus the experimental results presented in this paper
seem to imply that the inferences arrived at by Ogielski
and Campbell are applicable to real systems.
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