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Magnetic hardening and spin-glass phenomena in nanocrystalline FeNbB at low temperatures
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~Received 16 May 2001; published 24 October 2001!

The soft nanocrystalline alloy Fe80.5Nb7B12.5, containing 25 vol % of bcc Fe, displays a rapid magnetic
hardening below 20 K. This interesting process is accompanied by a strong irreversibility between field- and
zero-field-cooled magnetizations and by a maximum of the magnetic viscosity near 8 K, both determined in a
field of 1 Oe. We investigated the magnetization dynamics in more detail by measuring the linear ac suscep-
tibility x81 ix9 between 30 mHz and 100 kHz. The shifts of thex9 maxima towards low temperatures with
decreasing frequency reveal a critical slowing down of the characteristic time, characterized by a critical
exponentzn56.9(2), and acollective freezing temperature ofTg57.5 K. The collective nature of the freezing
is supported by a dynamical scaling analysis ofx9(T,v), yielding for the order parameter exponentb
50.40(5), in good agreement with results for the spin glasses. We discuss these results by assuming a
frustration of the exchange in the disordered interfacial regions and by the presence of the weak magnetic
Nb-rich shells around the nanocrystalline grains.

DOI: 10.1103/PhysRevB.64.184437 PACS number~s!: 75.50.Tt, 75.50.Lk, 75.60.Ej
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I. INTRODUCTION

Nanocrystalline magnetic materials often reveal uniq
magnetic properties that strikingly differ from their bu
polycrystalline counterparts. Thus, on many occasions, t
have proved to be promising candidates for a variety of m
netic applications. Examples include the soft and hard m
netic materials as well as the materials for magne
recording.1 Besides their technological relevance, the na
crystalline materials also represent attractive objects for
fundamental magnetic studies. The magnetic behavior
these systems can vary widely depending on the size of
nanocrystalline particles as well as on the volume fract
and on the magnetic properties of an intergranular ma
phase.

Iron-rich soft magnetic nanocrystalline materials prepa
by controlled crystallization of melt-spun amorphous prec
sors, typically FeCuNbSiB~Ref. 2! and Fe~Zr, Nb!BCu,3 rep-
resent two-phase magnetic systems, where the bcc Fe~Si! or
bcc Fe nanocrystalline particles with an average grain siz
10–20 nm are embedded in a residual amorphous ma
The explanation of the magnetic softness observed in th
systems has been given by Herzer4 based on the random
anisotropy model~RAM!, which was originally developed
for amorphous alloys.5 He showed that in a single-phas
nanocrystalline ferromagnetic system with the random dis
bution of crystallite orientations the magnetic behavior
determined by the ratio of the particle sizeD to the exchange
correlation lengthLex5AA/K, whereA is the exchange stiff-
ness constant andK is the magnetocrystalline anisotrop
constant. The main conclusion of this RAM model is that
D is smaller than the exchange lengthLex, then the magnetic
moments experience an effective anisotropyKeff5K/ANc ,
which is strongly reduced due to its averaging over sev
grains. HereNc5(Lex/D)3 is the number of crystallites in a
exchange coupled volumeLex

3 . By eliminating the exchange
0163-1829/2001/64~18!/184437~7!/$20.00 64 1844
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length between the above expressions, Herzer found tha
exchange-averaged anisotropy scales asKeff5K4 D6/A3. The
value ofLex is typically of tens of nanometers for these sy
tems, and consequently for the smaller grain sizes, the s
power law represents a very rapid variation ofKeff with D.
The coercivity is expected to scale withKeff , and hence, the
excellent soft magnetic properties are usually observed
D,20 nm.

As the exchange coupling is mediated by the residual m
trix phase, its magnetic state plays a very important role
determining the magnetic softness. In order to take be
into account the exchange interactions acting over
crystalline-amorphous-crystalline coupling chains, the ori
nal single-phase RAM model has been extended to t
phase RAM models, where the relevant magnetic and st
tural parameters such as the exchange stiffness and
anisotropy constants as well as the volumetric fractions
considered for both the crystalline phase and the amorph
matrix.6–8 These models allowed to explain two experime
tally observed features:

~i! the magnetic hardening at the first stages of nanoc
tallization, when the nanocrystals are separated by relativ
thick amorphous matrix,

~ii ! the magnetic hardening at elevated temperatures,
near the Curie temperature of the residual amorphous ph
Tc(am).

Contrary to the numerous works on Fe-based nanocrys
line alloys at high temperatures, less attention has been
voted to the behavior of the soft magnetic characteristics
these materials at low temperatures. In particular, for te
peratures far below theTc(am), where the nanograins ar
supposed to be well coupled, the above quoted two-ph
RAM models do not predict any drastic changes of the
ercive field and, indeed, the existing data for t
FeCuNbSiB-type alloys showed only minor changes of
ercive field down to helium temperature.9,10 On the other
©2001 The American Physical Society37-1
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hand, some magnetic hardening at low temperatures has
reported by Arcaset al.11 for the melt-spun FeZrBCu alloy
containing less than 531023 volume fraction of nanocrys
talline particles. However, these extremely diluted syste
can not be considered as conventional nanocrystalline m
rials but are rather amorphous with a very small amoun
crystalline inclusions. An advanced nanocrystalline sam
of FeZrBCu containing a large crystalline fraction of 0.5
exhibited only very shallow decrease of coercive field
wards the low temperatures.

On the other hand, in nanocrystalline Fe80.5Nb7B12.5 ~Ref.
12! and Fe73.5Nb4.5Cr5B16Cu1 ~Ref. 13! alloys exhibiting me-
dium degrees of nanocrystallinity, a rapid increase of
coercive field by nearly two orders of magnitude has be
found at temperatures below 20 K. This magnetic harden
at low temperatures is a novel feature of soft magnetic na
crystalline materials. In this paper we present the first
tailed study of the magnetization dynamics of the nanocr
talline Fe80.5Nb7B12.5 at low temperatures. The experiment
background is given in Sec. II. In Sec. III, we character
the magnetic hardening by measurements of the coer
field and by investigations of the magnetic irreversibilities
low fields. Moreover, we present here the results of mag
tization creep at low temperatures. In Sec. IV, the relaxat
behavior is determined from the frequency variation of
linear ac susceptibility. The data, in particular the scal
property of the ac absorption, suggest the onset of a co
tive spin-freezing below 10 K. Possible sources for this c
lective phenomenon related to the microstructure of
present material are discussed in Sec. V. The main con
sions of our experimental study are given in Sec. VI.

II. EXPERIMENT

Amorphous ribbons of Fe80.5Nb7B12.5 alloy 10 mm wide
and 28mm thick have been prepared by a planar flow cast
method from the melt in the Institute of Physics SAS, Br
islava. Pieces of these ribbons were annealed under pro
tive argon atmosphere for 1 h at 510 °C,which provided
nanocrystalline samples exhibiting the strongest magn
hardening at low temperatures. The crystallization beha
was determined by differential scanning calorime
~DSC!,14 and the structural changes upon annealing were
amined by using x-ray diffraction~XRD!, transmission elec-
tron microscopy~TEM!, Mössbauer spectroscopy~MS!, and
small angle neutron scattering~SANS!.15,16 These investiga-
tions have revealed the presence of bcc-Fe nanocrysta
grains with an average diameter ofD513 nm embedded in
the remaining Nb- and B-enriched amorphous matrix. T
volume fraction of the nanocrystalline phase of the sam
investigated here was estimated to bencr50.26. Using these
results and the relationd5D(Cncr

21/321), whereC ranges
from 0.9 to 1 depending on the arrangement,17 we find for
the mean distance between nanocrystalline grainsd'0.5D.

The measurements of the dc magnetization as a func
of temperature and applied field have been performed b
commercial superconducting quantum interference de
~SQUID! magnetometer~Quantum Design MPMS2! in the
range 1.8–300 K. In addition, the magnetization creep a
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application of small external field of 1 Oe has been inve
gated at selected temperatures within the magnetic harde
regime. By directly recording the feedback voltage of t
SQUID using the optional software of the MPMS2 magn
tometer and keeping the sample fixed in the pickup system
is possible to extend the time window forM (t) down to 0.1
s. The ac susceptibility measurements were also perfor
by the SQUID, covering frequencies from 30 mHz to 1 kH
at an amplitude of 0.01 Oe, where the response proved t
linear down to lowest temperatures. An extension up to 1
kHz was made by conventional lock-in detection.

III. MAGNETIC IRREVERSIBILITY AND CREEP

In Fig. 1, the magnetic hardening at low temperatures
evidenced by the increase of coercive fieldHc . These values
were determined from the magnetic hysteresis loops m
sured by the SQUID magnetometer, the low-field parts
which are shown by the inset of Fig. 1. Upon lowering t
temperature from 80 to 1.8 K, the coercive field increa
from 0.28 to 3.12 Oe and the major part of this increase ta
place at temperatures below 15 K. The irreversibility occ
ring at low temperature is also reflected by field-cooled~FC!,
zero-field-cooled~ZFC!, and thermoremanent~TMR! mag-
netization. The sequence of measurements shown in Fi
was as follows: The FC curve was recorded during the co
ing from 200 K down to 2 K in an external field of 1 Oe.
After reaching 2 K, the field was switched off and the TM
curve was measured during the warming to 200 K. Fina
the sample was cooled again to 2 K at zero field, and after
application of 1 Oe the ZFC magnetization was determin
during warming to 200 K.

Obviously, in the whole temperature range the FC m
netization remains constant at its maximum valueH/N
5200, which is determined by the demagnetization factor
the sample,N. This implies that the internal susceptibility o
the material is much larger than 1/N expected for a very sof

FIG. 1. Temperature variation of the coercive fields,Hc(T), for
nanocrystalline Fe80.5Nb7B12.5 annealed at 510 °C for 1 h. Inse
shows the low-field portion of hysteresis loops recorded at the
dicated temperatures.
7-2
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MAGNETIC HARDENING AND SPIN-GLASS PHENOMENA . . . PHYSICAL REVIEW B64 184437
bulk ferromagnet, which in the case of the present mater
results from the strong exchange coupling between the n
crystalline grains mediated by the amorphous matrix.
note that in our case the field was applied parallel to
longest axis of the ribbon sample. Below 50 K, both the Z
and TMR magnetizations signalize a rather strong magn
irreversibility, which goes along with the increase of co
cive field. It is interesting to note that the sum ofMZFC and
MTMR is equal to the equilibrium magnetizationMFC
5H/N, i.e., they obey the magnetization sum rule,MZFC
1MTMR5H/N. This indicates that both of the nonequilib
rium magnetizationsMFC2MZFC and MTMR created at 2 K
have the same, rather large values close to 0.4H/N and that
during the warming they decay on the same time scale.
both quantities we chose the same time of about 80 min
warm the sample from 2 to 50 K.

Similar irreversibility effects have been reported recen
for FeZrBCu nanocrystalline alloys at early stages
crystallization.17 However, the observed effects were mu
less intense as compared to our system. Furthermore
authors did not investigate the changes of coercive field w
temperature.

In order to provide additional information on the irrever
ibility, we have also studied the relaxation behavior at fix
temperatures. To this end, the sample was cooled in
field from 200 K to the temperature of measurement, wh
the magnetic field of 1 Oe was applied and the time variat
of magnetization was recorded up to 100 s. The results
M (t) are depicted in Fig. 3 on a logarithmic scale, the slo
of which defines the mean magnetic viscosityS(T). As can
be seen in the inset of Fig. 3,S(T) displays a clear maximum
near 8 K. Similar peaks in the magnetic viscosity coefficie
have also been observed in other inhomogeneous mag
alloys such as AuFe spin glasses,18 dipolarly interacting fro-
zen ferrofluids,19 and giant magnetoresistive CuCo allo
showing spin-glass-like ordering.20 The close correlation be
tween the peak temperature ofS and the upturn of coercive
field in our system suggests that that the spin freezing
the magnetic hardening at low temperatures have a com
origin. In order to illuminate this correlation further, we in
vestigate now the linear ac susceptibility at zero exter
field.

FIG. 2. Field-cooled~FC!, zero-field-cooled~ZFC! and ther-
moremanent~TRM! magnetization as a function of temperature f
nanocrystalline Fe80.5Nb7B12.5.
18443
ls
o-
e
e

ic
-

or
to

f

he
h

d
ro
e
n
or
e

t
tic

d
on

l

IV. REVERSIBLE MAGNETIZATION DYNAMICS

The temperature dependencies of the real and imagin
components of the ac susceptibilityx(v,T) measured at dif-
ferent frequencies are shown in Fig. 4. The real~in-phase!
component x8 becomes frequency dependent nearT
560 K, which marked also the onset of the irreversibility
the low field magnetizations~see Fig. 2!. This frequency
variation ofx8 is accompanied by the appearance of a fin
imaginary ~out-of-phase! x9, indicating the presence of
relaxation process. Upon increasingv the maximum ofx9
shifts to a higher temperature, and we may associate with
peak temperatureTv a mean relaxation timet(Tv)5v21.
The results are indicated on an Arrhenius plot shown in F
5, which reveals thermally activated behavior at eleva
temperatures,t(T)5t0 exp(Ea /kBT). In this temperature re-
gime we obtain for the activation energyEa /kB5218 K and
for the microscopic relaxation timet055.3310212s.

At lower temperatures, the relaxation rates decrease st
ger than the Arrhenius law indicating the crossover to a c
lective magnetic freezing. In this case, we rather expec
power law21 for the critical slowing down oft,

t~T!5t0S T

Tg
21D 2zn

. ~4.1!

According to the inset of Fig. 5, we find for the collectiv
freezing temperature of the disordered spin-systemTg
57.5(2) K and for the dynamical exponentzn56.9(2). A
value oft051.131025 s was obtained for the characterist
flipping time of the magnetic moments.

Figure 5 clearly demonstrates the validity of the pow
law ~4.1! in the whole temperature range under investigati
The value of the critical exponentzn is in good agreemen
with the values obtained for spin-glasses21 but somewhat
smaller than zn510.5 reported recently for Fe-C
nanoparticles.22 In this picture of a collective freezing
the rather larget0 value may point to a cluster-glas
nature of our material. The large magnetic moments of

FIG. 3. Time dependencies of the magnetization,M (t), in 1 Oe
applied after zero-field cooling to different temperatures. Inset: T
temperature variation of mean magnetic viscosity coefficient,S(T).
7-3
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I. ŠKORVÁNEK, S. SKWIRBLIES, AND J. KÖTZLER PHYSICAL REVIEW B 64 184437
cluster-glass involved in ‘‘spin-flip’’ process were pro
posed recently also for some other nanoparticle systems20,23

A relevant test of a collective behavior can be obtained
analyzing the frequency and temperature dependences o
absorption componentx9(v,T) of the linear acsusceptibility
Above the ordering temperatureTg of spin glasses,x9(v,T)
is predicted to obey the following dynamic scaling law:24–26

x9~v,T!5S T

Tg
21D b

F~vt!. ~4.2!

HereF(x) denotes a still unknown dynamical scaling fun
tion andb the exponent describing the temperature variat
of the spin-glass order parameter. In fact, Fig. 6 show
quite convincing collapse of the magnetic absorption d
taken at different frequencies on a single curve. The valu
b50.40(5) is close tob50.5 reported for standard spi
glasses and by Monte Carlo simulations based on theD
6J model.25,26

V. DISCUSSION

The magnetic hardening at low temperatures in Fe-ba
nanocrystalline alloys seems to depend sensitively on

FIG. 4. Temperature dependencies of the dispersionx8(v,T)
and absorptionx9(v,T) measured at different frequencies for nan
crystalline Fe80.5Nb7B12.5.
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metallurgical state of the investigated samples. As it has b
pointed out in Sec. I, the abrupt increase of the coercive fi
at low temperatures was not observed for the most freque
investigated soft magnetic nanocrystalline alloy famili
such as FeCuNbSiB or FeZrBCu. Moreover, even for
present composition, the strength of the magnetic harden
at low temperatures depends strongly on the volume frac
of nanocrystalline particles.12 These observations clearly in
dicate that among the relevant microstructural paramet
which seem to govern this behavior are the nature of in
granular phase that separates nanocrystalline bcc Fe g
and the concentration of the latter. Therefore, in order
discuss the possible sources of the magnetic hardening
the spin-glass-like features in our system, we shall firs
focus our attention to the processes, which control the de
opment of the microstructure during annealing of this p
ticular composition.

FIG. 5. The shift of thex9 maxima fitted by both the Arrhenius
law for thermal activation~dashed line! and by the power law Eq.
~4.1!. The straight line in the inset defines the value of the criti
exponentzn and the freezing temperatureTg .

FIG. 6. Dynamical scaling analysis ofx9(v,T) data forT.Tg

according to Eq.~4.2!. Symbols refer to different frequencies.
7-4
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MAGNETIC HARDENING AND SPIN-GLASS PHENOMENA . . . PHYSICAL REVIEW B64 184437
The amorphous Fe80.5Nb7B12.5 alloy clearly shows a two-
stage nature of the primary crystallization process.14 The first
and second stage of this process have been described b
nucleation and growth and by grain-growth mechanism
respectively.27 Obviously, it is the niobium content that play
a decisive role in controlling the crystallite size in FeNb
alloys. This element acts as a slowly diffusing inhibitor a
cumulating in front of the growing interface of the bcc F
grains leading to a diffusion barrier that finally stops t
growth process. A direct microstructural evidence of su
an accumulation of slowly diffusing atoms in the close vic
ity of nanocrystalline Fe grains in amorphous matrix h
been provided by using the atom probe field ion microsco
technique.28 The increasing Nb content is known to suppre
significantly the Curie temperature as well as the satura
magnetization value in FeNbB alloys.29 Hence, the presenc
of the Nb-enriched shells in the nearest vicinity of gra
should be reflected by magnetically weaker regions at
interphases between the bcc Fe crystallites and the res
matrix, leading to a reduced magnetic coupling betwe
grains. For the present sample exhibiting a medium degre
crystallinity, it seems that the concentration gradient of Nb
the interface between the nanocrystals and the remai
amorphous matrix could be particularly significant.14 A pres-
ence of the weak magnetic Nb-rich shells created around
crystallites for this sample is indicated also by the Mo¨ssbauer
spectrometry, revealing a remarkable population of the
hyperfine fields in the hyperfine field distribution of the i
tergranular amorphous phase even at cryoge
temperatures.16 On the other hand, in accordance with a tw
stage nature of the crystallization process, a concentra
gradient of Nb at the crystalline/amorphous interface can
reduced by an increased diffusion of Nb at higher annea
temperatures leading to its more homogeneous sprea
over the remaining amorphous matrix, thus allowing t
grains to grow further. Figure 7 shows that after anneal
for 1 h at 610 °C,which leads to the advanced stage
nanocrystallization containing a crystalline fraction of 0.6
both the low- and the high-temperature magnetic harden
are significantly reduced as compared to the sample anne

FIG. 7. Temperature dependencies of the coercive field,Hc(T),
for the Fe80.5Nb7B12.5 samples containing different volume fractio
of nanocrystalline particles.
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at 510 °C investigated in our study.
We shall now focus our attention on the microstructu

factors, which could affect the freezing of the magnetic m
ments in our system. Spin-glass features in the low temp
ture magnetic behavior of different nanosized systems s
as ball-milled pure nanocrystalline iron,30 ferromagnetic
NiFe2O4 nanoparticles,31 FeZrB nanocrystalline alloys,32 or
ball-milled Fe-Rh powders33 have been assigned to som
spin disorder located at the structurally disordered interfa
and/or outer shells of the magnetic nanoparticles. We ass
that this may be also the case of the present sample. Her
highly disordered regions may be associated with the in
faces between nanocrystalline grains and the amorphous
trix. The accumulation of larger Nb atoms near such int
faces and the related stress fields could even enhan
degree of structural disorder. Due to the variations of
Fe-Fe nearest-neighbor interatomic spacings within these
pologically disordered regions, which include or which m
be in close contact with the spins of the surface layers of
nanocrystalline grains, the exchange interactions can var
magnitude and even by sign. As a consequence of compe
exchange interactions, severe frustrations may produce s
glass behavior of the interfacial regions.

In order to discuss the observed magnetic hardening
low temperatures within the context of the RAM, we shou
also consider in addition to the crystalline phase and
amorphous matrix phase the presence of the grain/matrix
terfacial regions. At low temperatures, the relevant mate
parameters of the crystalline and the amorphous resid
phase such as the magnetic anisotropy constant and the
change constant depend rather weakly on the measuring
perature. Therefore, one would not expect any dra
changes of coercive field at low temperature. However
different situation may exist for the interfacial regions. He
the onset of magnetic frustration may result in an increas
local anisotropy if the spins at the grain/matrix interfaces
frozen in random directions. By analogy to similar consid
ations for the spins in the grain boundary layers of pu
nanocrystalline iron particles,30 one may assume that in th
interfacial regions the exchange correlation lengthLex be-
comes smaller than the mean thickness of these region
such a case, the exchange coupling between the spins
longing to adjacent grains is strongly reduced, so that
anisotropy may become significant in determining the m
netic behavior of the overall system. Consequently, all
spins located within the nanocrystalline grains may al
with the local randomly oriented easy axes to form a clus
glass state. This interpretation seems to be in agreement
our results reported in Sec. IV, which indicate the presenc
collective magnetic dynamics and critical slowing down a
proaching the glass temperatureTg from above. The value of
Tg coincides well with the temperature below which th
most pronounced changes of coercivity take place. In ad
tion the high value of the microscopic relaxation timet0
supports a cluster-glass nature of the investigated mater

We emphasize that the important role in the above s
nario is played by the weak magnetic Nb-rich shells arou
the crystallites in our sample. These shells may effectiv
reduce the strength of exchange coupling between the s
7-5
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located at the surface layers of the nanocrystalline grains
the one side and the spins located in the residual amorp
matrix phase on the other side of these weak magnetic
gions. A consequent shielding of the exchange coupling s
facilitate the freezing of spins at the structurally disorde
interfaces. On the other hand, for the nanocrystalline sam
without the Nb-enriched shells around the crystallites or
significantly smaller intergrain distances, the exchange c
pling will be strong enough to prevent them from freezing
random directions. Consequently, the magnetic hardenin
low temperatures for samples with higher degree of crys
linity is diminished.

The strong irreversibility between ZFC and FC magne
zation curves reported in Sec. III is related to the differen
between the random distribution of magnetic moments of
grains and the fully ordered state which can be obtained a
cooling the system in an even weak applied field. This in
cates that the multiple degenerate spin configurations exi
low temperatures and weak applied fields. In the ZFC reg
the magnetization of the frozen state will react in time to a
change of external field. The external field has to overco
an array of the random local anisotropy axes before the v
ous clusters can align with the field. Clearly, the increase
temperature will facilitate this process due to the therma
assisted jumps of the cluster moments away from th
anisotropy-pinned ‘‘frozen’’ orientation.

Our results obtained by different experimental techniqu
indicate a significant slowing down of the magnetization d
namics. The close relation between the magnetization c
and ac susceptibility is evident from Fig. 8. For a slow
laxation of the time-dependent magnetizationM (t), a rela-
tion between the magnetic viscosityS and the out-of-phase

FIG. 8. The temperature variation of the mean magnetic visc
ity, S(T), and of the out-of-phase component of the ac suscept
ity, x9(v,T). The shift of the maximum to lower temperatures up
the increase of observation time is indicated by arrows.
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component of ac-susceptibilityx9 exists,34

S~ t !5
1

H

dM

d ln t
;

2

p
x9~v!, ~5.1!

where t5v21 denotes the observation time. This combin
tion of the ac susceptibility and the time-dependent mag
tization measurements opens a broader window of obse
tion to study the spin-glass relaxation processes. Here
temperature of the maximum of the magnetic viscosity o
served atTs58.0(2) K fits well on thet(T) curves shown in
the main panel and the inset of Fig. 5, ift(Ts)52p
3100 s, corresponding to our mean measuring time of 10
~see Fig. 3! is used.

VI. CONCLUSIONS

In summary, a strong increase of the coercive field
cryogenic temperatures in the nanocrystalline Fe80.5Nb7B12.5
was found to be closely correlated with the presence of s
glass-like phenomena in this alloy. The irreversibility b
tween ZFC and FC magnetization curves, which goes al
with the increase of coercive field, starts to develop below
K. The ZFC and TMR data show that magnetization w
react in time to any change of the low external field while
the frozen state. We conjecture that this slow magnetiza
process is associated with the magnetic moments of
nanocrystalline grains and/or highly distorted interfaces f
zen in their random local anisotropy orientations.

The magnetic creep experiments have shown that
magnetization relaxation on the long time scales is logar
mically slow. An analysis of the frequency dependence of
peak temperatureTv of the x9 has shown that the magnet
zation dynamics of the Fe80.5Nb7B12.5 nanocrystalline sample
exhibits a spin-glass-like critical slowing down close to t
extracted glassy temperatureTg57.5 K. The values of the
dynamical critical exponentzn56.9(2) and the exponentb
50.40(5) are compatible with those predicted for spin-gla
systems. The large microscopic relaxation timet051.1
31025 s accounts for the cluster-glass nature of investiga
material.

The results of this study clearly indicate a collective n
ture of the spin-freezing process. A possible source of
collective phenomenon is the frustration of the exchange
the disordered interfacial regions, which include and
which are in close contact with the spins of the surface lay
of the nanocrystalline grains. The significant role in the s
freezing seems to be played by the presence of the w
magnetic Nb-rich shells around the nanocrystalline gra
which reduce the intensity of the exchange coupling betw
the nanocrystals and amorphous matrix.
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12I. Škorvánek, P. Duhaj, and R. Gro¨ssinger, J. Magn. Magn. Mate

215-216, 431 ~2000!.
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