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Magnetic hardening and spin-glass phenomena in nanocrystalline FeNbB at low temperatures
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The soft nanocrystalline alloy ggNb,B,,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 x'+ix” between 30 mHz and 100 kHz. The shifts of tffe maxima towards low temperatures with
decreasing frequency reveal a critical slowing down of the characteristic time, characterized by a critical
exponentzr=6.9(2), and aollective freezing temperature @f="7.5 K. The collective nature of the freezing
is supported by a dynamical scaling analysis xd{T,w), yielding for the order parameter exponegt
=0.4Q05), 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.
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[. INTRODUCTION length between the above expressions, Herzer found that the
exchange-averaged anisotropy scale& gs=K*D®A3. The

Nanocrystalline magnetic materials often reveal uniquevalue ofL., is typically of tens of nanometers for these sys-
magnetic properties that strikingly differ from their bulk tems, and consequently for the smaller grain sizes, the sixth
polycrystalline counterparts. Thus, on many occasions, thegower law represents a very rapid variationkqfy with D.
have proved to be promising candidates for a variety of magThe coercivity is expected to scale withs, and hence, the
netic applications. Examples include the soft and hard magexcellent soft magnetic properties are usually observed for
netic materials as well as the materials for magneticd <20 nm.
recording® Besides their technological relevance, the nano- As the exchange coupling is mediated by the residual ma-
crystalline materials also represent attractive objects for théix phase, its magnetic state plays a very important role in
fundamental magnetic studies. The magnetic behavior ofietermining the magnetic softness. In order to take better
these systems can vary widely depending on the size of thto account the exchange interactions acting over the
nanocrystalline particles as well as on the volume fractiorcrystalline-amorphous-crystalline coupling chains, the origi-
and on the magnetic properties of an intergranular matrihal single-phase RAM model has been extended to two-
phase. phase RAM models, where the relevant magnetic and struc-

Iron-rich soft magnetic nanocrystalline materials preparedural parameters such as the exchange stiffness and the
by controlled crystallization of melt-spun amorphous precur-anisotropy constants as well as the volumetric fractions are
sors, typically FeCuNbSiBRef. 2 and F¢Zr, Nb)BCu rep-  considered for both the crystalline phase and the amorphous
resent two-phase magnetic systems, where the b@&)F&@  matrix®~® These models allowed to explain two experimen-
bce Fe nanocrystalline particles with an average grain size ahlly observed features:
10-20 nm are embedded in a residual amorphous matrix. (j) the magnetic hardening at the first stages of nanocrys-
The explanation of the magnetic softness observed in thesg|lization, when the nanocrystals are separated by relatively
systems has been given by Hefzéased on the random thick amorphous matrix,
anisotropy modelRAM), which was originally developed (ii) the magnetic hardening at elevated temperatures, i.e.,
for amorphous alloyS.He showed that in a single-phase near the Curie temperature of the residual amorphous phase,
nanocrystalline ferromagnetic system with the random distriT (am).
bution of Crystallite orientations the magnetic behavior is Contrary to the numerous works on Fe-based nanocrysta|-
determined by the ratio of the particle si2eto the exchange |ine alloys at high temperatures, less attention has been de-
correlation length .,= VA/K, whereA is the exchange stiff- voted to the behavior of the soft magnetic characteristics in
ness constant and is the magnetocrystalline anisotropy these materials at low temperatures. In particular, for tem-
constant. The main conclusion of this RAM model is that if peratures far below th&.(am), where the nanograins are
D is smaller than the exchange lengtly, then the magnetic supposed to be well coupled, the above quoted two-phase
moments experience an effective anisotrdfy=K/\N, RAM models do not predict any drastic changes of the co-
which is strongly reduced due to its averaging over severag¢rcive field and, indeed, the existing data for the
grains. HereN.=(L.,/D)? is the number of crystallites in an FeCuNbSiB-type alloys showed only minor changes of co-
exchange coupled volun1egx. By eliminating the exchange ercive field down to helium temperatuté® On the other
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hand, some magnetic hardening at low temperatures has bee¢
reported by Arcagt al!! for the melt-spun FeZrBCu alloys
containing less than 8102 volume fraction of nanocrys- .
talline particles. However, these extremely diluted system58
can not be considered as conventional nanocrystalline mate™=5
rials but are rather amorphous with a very small amount of &
crystalline inclusions. An advanced nanocrystalline sample%
of FeZrBCu containing a large crystalline fraction of 0.54 i
exhibited only very shallow decrease of coercive field to- &
wards the low temperatures.

On the other hand, in nanocrystallineg:éNb;B1, 5 (Ref.
12) and Fe; Nb, sCrsB16Cu; (Ref. 13 alloys exhibiting me-
dium degrees of nanocrystallinity, a rapid increase of the . . . .
coercive field by nearly two orders of magnitude has been 0 20 40 60 80
found at temperatures below 20 K. This magnetic hardening Temperature T (K)
at low temperatures is a novel feature of soft magnetic nano-
crystalline materials. In this paper we present the first de- F|G. 1. Temperature variation of the coercive fields(T), for
tailed study of the magnetization dynamics of the nanocrysnanocrystalline Fg Nb;B;, - annealed at 510°C for 1 h. Inset
talline Feyp sNb;B, 5 at low temperatures. The experimental shows the low-field portion of hysteresis loops recorded at the in-
background is given in Sec. Il. In Sec. lll, we characterizedicated temperatures.
the magnetic hardening by measurements of the coercive

field and by investigations of the magnetic irreversibilities atapplication of small external field of 1 Oe has been investi-

Itpwtflelds. Moretolver,twe prestent helresthe rlevsutlrtls oflmagt_ne-ated at selected temperatures within the magnetic hardening
t;Z?] lon crgedp? ow %n}perat%res;. n Sec. 1V, 'et're axft'ﬁ egime. By directly recording the feedback voltage of the
ehavior Is determined Irom the requency variaton o eSQUID using the optional software of the MPMS2 magne-

linear ac susceptibility. The data, in particular the Sca"ngtometer and keeping the sample fixed in the pickup system, it
property of the ac absorption, suggest the onset of a colleclé possible to extend the time window f(t) down to 0.1

tlve_spm—freezmg below 10 K. Possible sources for this COI's. The ac susceptibility measurements were also performed
lective phenomenon related to the microstructure of th

¢ material di din Sec. V. Th ) Ieby the SQUID, covering frequencies from 30 mHz to 1 kHz
present material are discussed in Sec. V. The main Concitky o, amplitude of 0.01 Oe, where the response proved to be
sions of our experimental study are given in Sec. VI.

linear down to lowest temperatures. An extension up to 100
kHz was made by conventional lock-in detection.

Coerciv

Il. EXPERIMENT

Amorphous ribbons of kg Nb,B;5 s alloy 10 mm wide
and 28um thick have been prepared by a planar flow casting
method from the melt in the Institute of Physics SAS, Brat- In Fig. 1, the magnetic hardening at low temperatures is
islava. Pieces of these ribbons were annealed under protegvidenced by the increase of coercive field. These values
tive argon atmosphere ifal h at 510 °C,which provided were determined from the magnetic hysteresis loops mea-
nanocrystalline samples exhibiting the strongest magnetisured by the SQUID magnetometer, the low-field parts of
hardening at low temperatures. The crystallization behaviowhich are shown by the inset of Fig. 1. Upon lowering the
was determined by differential scanning calorimetrytemperature from 80 to 1.8 K, the coercive field increases
(DSO),** and the structural changes upon annealing were exfrom 0.28 to 3.12 Oe and the major part of this increase takes
amined by using x-ray diffractiofXRD), transmission elec- place at temperatures below 15 K. The irreversibility occur-
tron microscopy(TEM), Mossbauer spectroscogyS), and  ring at low temperature is also reflected by field-codle@),
small angle neutron scatterif§ANS).*>*® These investiga-  zero-field-cooledZFC), and thermoremanedTMR) mag-
tions have revealed the presence of bcc-Fe nanocrystallingetization. The sequence of measurements shown in Fig. 2
grains with an average diameter Df=13 nm embedded in was as follows: The FC curve was recorded during the cool-
the remaining Nb- and B-enriched amorphous matrix. Theng from 200 K down ¢ 2 K in anexternal field of 1 Oe.
volume fraction of the nanocrystalline phase of the samplefter reaching 2 K, the field was switched off and the TMR
investigated here was estimated toie=0.26. Using these curve was measured during the warming to 200 K. Finally,
results and the reIatiod=D(CvC_rl’3—1), whereC ranges the sample was cooled agaim 2 K at zero field, and after
from 0.9 to 1 depending on the arrangemEnive find for  application of 1 Oe the ZFC magnetization was determined
the mean distance between nanocrystalline grd#€.5D. during warming to 200 K.

The measurements of the dc magnetization as a function Obviously, in the whole temperature range the FC mag-
of temperature and applied field have been performed by aetization remains constant at its maximum valdéN
commercial superconducting quantum interference device=200, which is determined by the demagnetization factor of
(SQUID) magnetometefQuantum Design MPMS2in the  the sampleN. This implies that the internal susceptibility of
range 1.8—300 K. In addition, the magnetization creep aftethe material is much larger thanNLexpected for a very soft

IIl. MAGNETIC IRREVERSIBILITY AND CREEP
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FIG. 2. Field-cooled(FC), zero-field-cooled(ZFC) and ther- 10° 10 102 10°
moremanenfTRM) magnetization as a function of temperature for t (sec)

nanocrystalline kg Nb;B;,
o . FIG. 3. Time dependencies of the magnetizatidrit), in 1 Oe
bulk ferromagnet, which in the case of.the present m‘fjlter'"’“%lpplied after zero-fiF;Id cooling to dif‘ferengfJ tempera?u?es. Inset: The
results from th? strong 'exchange coupling between the NaNQsmperature variation of mean magnetic viscosity coeffici(i).
crystalline grains mediated by the amorphous matrix. We
note that in our case the field was applied parallel to the |y REVERSIBLE MAGNETIZATION DYNAMICS
longest axis of the ribbon sample. Below 50 K, both the ZFC
and TMR magnetizations signalize a rather strong magnetic The temperature dependencies of the real and imaginary
irreversibility, which goes along with the increase of coer-components of the ac susceptibiligfw,T) measured at dif-
cive field. It is interesting to note that the sumMf,-- and ferent frequencies are shown in Fig. 4. The réatphas¢
Mmur is equal to the equilibrium magnetizatioMg. Component y' becomes frequency dependent near
=H/N, i.e., they obey the magnetization sum ruMy-. = 60K, which marked also the onset of the irreversibility in
+Mqwr=H/N. This indicates that both of the nonequilib- the low field magnetizationssee Fig. 2 This frequency
rium magnetizationsl .c— M zrc and My created at 2 K variation of x’ is accompanied by the appearance of a finite
have the same, rather large values close tbifNMand that —imaginary (out-of-phasg x”, indicating the presence of a
during the warming they decay on the same time scale. Fdi€laxation process. Upon increasiagthe maximum ofy”
both quantities we chose the same time of about 80 min tghifts to a higher temperature, and we may associate with the
warm the sample from 2 to 50 K. peak temperatur@, a mean relaxation time(T,)=w 1.
Similar irreversibility effects have been reported recentlyThe results are indicated on an Arrhenius plot shown in Fig.
for FeZrBCu nanocrystalline alloys at early stages of5, Which reveals thermally activated behavior at elevated
crystallization'’ However, the observed effects were muchtemperaturesy(T) = 7o expE,/ksT). In this temperature re-
less intense as compared to our system. Furthermore, tiggme we obtain for the activation enery/kg=218 K and
authors did not investigate the changes of coercive field wittfor the microscopic relaxation timey=5.3x 10" *?s.
temperature. At lower temperatures, the relaxation rates decrease stron-
In order to provide additional information on the irrevers- ger than the Arrhenius law indicating the crossover to a col-
ibility, we have also studied the relaxation behavior at fixedlective magnetic freezing. In this case, we rather expect a
temperatures. To this end, the sample was cooled in zergower law" for the critical slowing down ofr,
field from 200 K to the temperature of measurement, where
the magnetic field of 1 Oe was applied and the time variation
of magnetization was recorded up to 100 s. The results for
M (t) are depicted in Fig. 3 on a logarithmic scale, the slope
of which defines the mean magnetic viscossyT). As can According to the inset of Fig. 5, we find for the collective
be seen in the inset of Fig. 3(T) displays a clear maximum freezing temperature of the disordered spin-systég
near 8 K. Similar peaks in the magnetic viscosity coefficient=7.5(2) K and for the dynamical exponent=6.9(2). A
have also been observed in other inhomogeneous magnetialue of 7o=1.1x 10" °>s was obtained for the characteristic
alloys such as AuFe spin glassé&siipolarly interacting fro-  flipping time of the magnetic moments.
zen ferrofluids® and giant magnetoresistive CuCo alloys Figure 5 clearly demonstrates the validity of the power
showing spin-glass-like orderirfd.The close correlation be- law (4.1) in the whole temperature range under investigation.
tween the peak temperature 8fand the upturn of coercive The value of the critical exponea is in good agreement
field in our system suggests that that the spin freezing andith the values obtained for spin-glas¥esut somewhat
the magnetic hardening at low temperatures have a commamaller than zy=10.5 reported recently for Fe-C
origin. In order to illuminate this correlation further, we in- nanoparticle€? In this picture of a collective freezing,
vestigate now the linear ac susceptibility at zero externathe rather larger, value may point to a cluster-glass
field. nature of our material. The large magnetic moments of the

T —Zv
T(T):’To(_l___l) . 4.1
¢]
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FIG. 4. Temperature dependencies of the dispergitfw,T)
and absorptiony”(w,T) measured at different frequencies for nano-
crystalline Fgy Nb;By5 =

cluster-glass involved in “spin-flip” process were pro-
posed recently also for some other nanoparticle systéiis.
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FIG. 5. The shift of they” maxima fitted by both the Arrhenius
law for thermal activatior(dashed lingand by the power law Eg.
(4.1). The straight line in the inset defines the value of the critical
exponenizv and the freezing temperatutg .

metallurgical state of the investigated samples. As it has been
pointed out in Sec. |, the abrupt increase of the coercive field
at low temperatures was not observed for the most frequently
investigated soft magnetic nanocrystalline alloy families
such as FeCuNbSiB or FeZrBCu. Moreover, even for the
present composition, the strength of the magnetic hardening
at low temperatures depends strongly on the volume fraction
of nanocrystalline particle¥. These observations clearly in-
dicate that among the relevant microstructural parameters,
which seem to govern this behavior are the nature of inter-
granular phase that separates nanocrystalline bcc Fe grains
and the concentration of the latter. Therefore, in order to
discuss the possible sources of the magnetic hardening and
the spin-glass-like features in our system, we shall firstly
focus our attention to the processes, which control the devel-

A rellevant test of a collective behavior can be obtained byopment of the microstructure during annealing of this par-
analyzing the frequency and temperature dependences of the ar composition.

absorption component’(w, T) of the linear acsusceptibility.
Above the ordering temperatufg of spin glassesy”(w,T)
is predicted to obey the following dynamic scaling 14tv=°

T B
)("(w,T)=(T—1) FloT). (4.2
g

HereF(x) denotes a still unknown dynamical scaling func-

tion andB the exponent describing the temperature variation =

of the spin-glass order parameter. In fact, Fig. 6 shows a
quite convincing collapse of the magnetic absorption data
taken at different frequencies on a single curve. The value of
B=0.40(5) is close toB=0.5 reported for standard spin
glasses and by Monte Carlo simulations based on the 3
+J model?>%®

V. DISCUSSION
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The magnetic hardening at low temperatures in Fe-based FIG. 6. Dynamical scaling analysis gf (,T) data forT>T,
nanocrystalline alloys seems to depend sensitively on thaccording to Eq(4.2). Symbols refer to different frequencies.
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: at 510 °C investigated in our study.

/' We shall now focus our attention on the microstructural
. factors, which could affect the freezing of the magnetic mo-
/' ments in our system. Spin-glass features in the low tempera-
ture magnetic behavior of different nanosized systems such
| as ball-milled pure nanocrystalline irdh, ferromagnetic
i —o— 610°C/1 hour J NiFe,0, nanoparticles! FeZrB nanocrystalline alloy¥, or
‘-\ / ball-milled Fe-Rh powders have been assigned to some
. / - spin disorder located at the structurally disordered interfaces
\
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Coercive Field [Oe]
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- and/or outer shells of the magnetic nanoparticles. We assume

e a mna-mEEe that this may be also the case of the present sample. Here the
0fo—90 oo oo eooo o ooo oo om0 highly disordered regions may be associated with the inter-
0 50 100 150 200 250 300 faces between nanocrystalline grains and the amorphous ma-
TI[K] trix. The accumulation of larger Nb atoms near such inter-
faces and the related stress fields could even enhance a
degree of structural disorder. Due to the variations of the
Fe-Fe nearest-neighbor interatomic spacings within these to-
pologically disordered regions, which include or which may
be in close contact with the spins of the surface layers of the

The amorphous kgdN\b;B,, 5 alloy clearly shows a two- nanocrystalline grains, the exchange interactions can vary by
stage nature of the primary crystallization proc¥'sBhe first  magnitude and even by sign. As a consequence of competing
and second stage of this process have been described by techange interactions, severe frustrations may produce spin-
nucleation and growth and by grain-growth mechanismsglass behavior of the interfacial regions.
respectively?’ Obviously, it is the niobium content that plays  In order to discuss the observed magnetic hardening at
a decisive role in controlling the crystallite size in FeNbB low temperatures within the context of the RAM, we should
alloys. This element acts as a slowly diffusing inhibitor ac-also consider in addition to the crystalline phase and the
cumulating in front of the growing interface of the bcc Fe amorphous matrix phase the presence of the grain/matrix in-
grains leading to a diffusion barrier that finally stops theterfacial regions. At low temperatures, the relevant material
growth process. A direct microstructural evidence of suctparameters of the crystalline and the amorphous residual
an accumulation of slowly diffusing atoms in the close vicin- phase such as the magnetic anisotropy constant and the ex-
ity of nanocrystalline Fe grains in amorphous matrix haschange constant depend rather weakly on the measuring tem-
been provided by using the atom probe field ion microscopyperature. Therefore, one would not expect any drastic
techniquée’® The increasing Nb content is known to suppresschanges of coercive field at low temperature. However, a
significantly the Curie temperature as well as the saturatiodlifferent situation may exist for the interfacial regions. Here,
magnetization value in FeNbB allog®Hence, the presence the onset of magnetic frustration may result in an increase of
of the Nb-enriched shells in the nearest vicinity of grainslocal anisotropy if the spins at the grain/matrix interfaces are
should be reflected by magnetically weaker regions at th&ozen in random directions. By analogy to similar consider-
interphases between the bcc Fe crystallites and the residualions for the spins in the grain boundary layers of pure
matrix, leading to a reduced magnetic coupling betweemanocrystalline iron particle¥,one may assume that in the
grains. For the present sample exhibiting a medium degree dafiterfacial regions the exchange correlation length be-
crystallinity, it seems that the concentration gradient of Nb acomes smaller than the mean thickness of these regions. In
the interface between the nanocrystals and the remaininguch a case, the exchange coupling between the spins be-
amorphous matrix could be particularly significdh pres-  longing to adjacent grains is strongly reduced, so that the
ence of the weak magnetic Nb-rich shells created around thanisotropy may become significant in determining the mag-
crystallites for this sample is indicated also by theddloauer netic behavior of the overall system. Consequently, all Fe
spectrometry, revealing a remarkable population of the lowspins located within the nanocrystalline grains may align
hyperfine fields in the hyperfine field distribution of the in- with the local randomly oriented easy axes to form a cluster-
tergranular amorphous phase even at cryogeniglass state. This interpretation seems to be in agreement with
temperature® On the other hand, in accordance with a two- our results reported in Sec. IV, which indicate the presence of
stage nature of the crystallization process, a concentratioeollective magnetic dynamics and critical slowing down ap-
gradient of Nb at the crystalline/amorphous interface can b@roaching the glass temperaturgfrom above. The value of
reduced by an increased diffusion of Nb at higher annealing, coincides well with the temperature below which the
temperatures leading to its more homogeneous spreadingost pronounced changes of coercivity take place. In addi-
over the remaining amorphous matrix, thus allowing thetion the high value of the microscopic relaxation timg
grains to grow further. Figure 7 shows that after annealingsupports a cluster-glass nature of the investigated material.
for 1 h at 610°C,which leads to the advanced stage of We emphasize that the important role in the above sce-
nanocrystallization containing a crystalline fraction of 0.62,nario is played by the weak magnetic Nb-rich shells around
both the low- and the high-temperature magnetic hardeningshe crystallites in our sample. These shells may effectively
are significantly reduced as compared to the sample annealeeduce the strength of exchange coupling between the spins

|
oy o
] n-

FIG. 7. Temperature dependencies of the coercive figldT),
for the Fegy Nb;B,, 5 samples containing different volume fraction
of nanocrystalline particles.
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' ' ' ' ' component of ac-susceptibility” exists>*

93Hz

1 dv 2

SO=5 gt~ X (@),

(5.9

wheret=w ! denotes the observation time. This combina-
tion of the ac susceptibility and the time-dependent magne-
tization measurements opens a broader window of observa-
tion to study the spin-glass relaxation processes. Here the
temperature of the maximum of the magnetic viscosity ob-
served aff ;=8.0(2) K fits well on ther(T) curves shown in

the main panel and the inset of Fig. 5, #{T¢)=2n

X 100s, corresponding to our mean measuring time of 100 s
(see Fig. 3is used.

VI. CONCLUSIONS

In summary, a strong increase of the coercive field at
) ) ) cryogenic temperatures in the nanocrystallingygeb;B, 5
0 5 10 15 was found to be closely correlated with the presence of spin-
T (K) glass-like phenomena in this alloy. The irreversibility be-
tween ZFC and FC magnetization curves, which goes along
FIG. 8. The temperature variation of the mean magnetic viscoswith the increase of coercive field, starts to develop below 50
ity, S(T), and of the out-of-phase component of the ac susceptibilk, The ZFC and TMR data show that magnetization will
ity, x"(w,T). The shift of the maximum to lower temperatures upon react in time to any change of the low external field while in
the increase of observation time is indicated by arrows. the frozen state. We conjecture that this slow magnetization

located at the surface layers of the nanocrystalline grains off0C€SS is associated with the magnetic moments of the

the one side and the spins located in the residual amOrphoﬁganocrystalIine grains and/or highly distorted interfaces fro-

matrix phase on the other side of these weak magnetic rk€N in their random local anisotropy orientations.

gions. A consequent shielding of the exchange coupling shall The .ma.gneticl creep expirirr;ents .have slhovx{n Ithat .tﬂe
facilitate the freezing of spins at the structurally disordereomf"‘grllleuzlatlon re ax?thn ofn; ef ong tlmedsca ez IS ogafrlth A
interfaces. On the other hand, for the nanocrystalline sampld@ically slow. An analysis of the frequency dependence of the

without the Nb-enriched shells around the crystallites or fol€aK temperaturg,, of the x" has shown that the magneti-

significantly smaller intergrain distances, the exchange col#ation dynamics of the fggNb;B,, s nanocrystalline sample

pling will be strong enough to prevent them from freezing in €xhibits a spin-glass-like critical slowing down close to the
random directions. Consequently, the magnetic hardening &*tracted glassy temperatuig=7.5 K. The values of the
low temperatures for samples with higher degree of crystaidynamical critical exponerir=6.9(2) and the exponet
linity is diminished. =0.40(5) are compatlbl_e with th_ose predlt_:ted f_or spin-glass
The strong irreversibility between ZFC and FC magneti-syStﬁTS- The large microscopic relaxation timg=1.1
zation curves reported in Sec. Ill is related to the difference<10 " s accounts for the cluster-glass nature of investigated
between the random distribution of magnetic moments of thénaterial. _ o _
grains and the fully ordered state which can be obtained after The results of this study clearly indicate a collective na-
cooling the system in an even weak applied field. This indi-turé Of_ the Spln-freezmg_ process. A possmle source of th_|s
cates that the multiple degenerate spin configurations exist &°!lective phenomenon is the frustration of the exchange in
low temperatures and weak applied fields. In the ZFC regiméhe disordered interfacial regions, which include and/or
the magnetization of the frozen state will react in time to anyVhich are in close contact with the spins of the surface layers
change of external field. The external field has to overcom®f the nanocrystalline grains. The significant role in the spin
an array of the random local anisotropy axes before the varfl€€zing seems to be played by the presence of the weak
ous clusters can align with the field. Clearly, the increase off@gnetic Nb-rich shells around the nanocrystalline grains,
temperature will facilitate this process due to the thermallyVhich reduce the intensity of the exchange coupling between
assisted jumps of the cluster moments away from theifh€ nanocrystals and amorphous matrix.
anisotropy-pinned “frozen” orientation.
. _Our resu!ts pptained by_ different experimental t.ech_niques, ACKNOWLEDGMENTS
indicate a significant slowing down of the magnetization dy-
namics. The close relation between the magnetization creep This work was supported by the Volkswagen Foundation
and ac susceptibility is evident from Fig. 8. For a slow re-under Project No. VW-I/75961. The authors acknowledge
laxation of the time-dependent magnetizatid{t), a rela- Dr. P. Duhaj and Dr. P.\&c for providing the amorphous
tion between the magnetic viscosi®/and the out-of-phase samples.
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