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Low-temperature magnetic properties of Fe nanograins in an amorphous Fe-Zr-B matrix
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The low-temperature magnetic behavior ogfZe;BsCu, metallic glasses has been studied by dc magneti-
zation (5—400 K and RT Masbauer spectroscopy after a series of thermal treatments. Precipitation of crys-
talline Fe nanograins is observed, their e 15 nm and amoun{1-19% being dependent on the annealing
temperature. The produced structural arrangement provides a model system in order to study the properties of
a collection of high-moment ferromagnetic clusters embedded in a weak ferromagnetic matrix. The splitting
between the zero-field-cooling and field-cooling magnetization curves increases as the amount of Fe grains
does, up to about 6% of the sample volume, and then decreases. This is interpreted as an effect of exchange
coupling between the grains through the surrounding amorphous matrix.

I. INTRODUCTION varied effects are well known nowadays, as regarding the
high-temperature propertigsoercivity evolution with tem-

The mechanisms driving the peculiar properties of Fe-Zrperature, Curie temperature changes of the amorphous phase
based amorphous alloys, displaying re-entrant spin glasgs increased by the exchange field penetration from the
(RSG and Invar behaviot;® are still the object of an intense nanocrystals, et 192
controversy. In particular, some models deal with the exis- However, the low-temperature behavior of the same nano-
tence of magnetic inhomogeneities leading to a noncollineaf'ystalline samples at early stages of crystallizaties.,
state with a net ferromagnetic component, when entering int¥/ith crystalline fractions below 20%thas not been exten-

. 6,27 . A
the RSG staté Alternative points of view have put forward SIVelY studied’®*" although it can provide a model system

the existence of “spin clusters” created by density variations©" Studying the properties of a collection of high moment

in the amorphous state during the casting of the ribBons.€Tomagnetic nanoclusters embedded in a weak ferromag-

Also, it has been suggested that even in these Fe-rich aIonEfat'C matrix. This view can help to understand the original

the observed magnetic phenomena are reminiscent of sup icture of clusters used for explaining the Fe-Zr glasses be-

paramagneticlike behaviér'® Some recent studies on Fe- "avior- .

Zr-B glasses have indicated that similar mechanisms are The main aim Of_ the present work is to carry out a low-

present in these alloys at low boron concentratidn&® t(_emperature study in I§5a7_r6B_>6_Cu, Fhrough a .systgmatlc se-
On the other hand, these Fe-zr-B alloys are used to pror_|es of thermal treatments giving rise to precipitation of sma}ll

mounts ofa-Fe nanocrystals, whose structure, size, and dis-

duce nanocrystalline alloys by heating amorphous materigft'Mou h b | 48dBin th |
and their characterization has boosted an enormous researgwuuon ave been recently stu In the same samples.

activity during the early 1990s, mainly focused on technical or this we have perf_ormed a comparison of the low-
applications!® The nanocrystalline state in these alloys is temperature magnetization behavior between the reported al-

obtained by a precipitation of-Fe nanometric grains in a 0¥ in @n amorphous state and that of samples in an early

remaining amorphous phase using adequate thermal tresitage of nanocrystallization. Moreover, the validity of a re-

ments on the as-quenched amorphous alloys. To improveSntly developed model to explain the amorphous/

such a precipitation, a small percentage of(@wound 1%is nanocrystalline interplay of the magnetic interactions has
commonly included. The important role of this element in Peen also studied for the case of the original amorphous clus-

these processes has been extensively discussed in s

literature®—18

In addition','thege nanocrystalline aIons”have also Pro- || EXPERIMENTAL PROCEDURE AND RESULTS
cured an exciting field to study the competition of magnetic
interactions between the small precipitated Fe-grains and the Ribbons of composition E&ZrsBsCu, were prepared by
roles of the remaining amorphous matrix and themelt spinning in glassy state. Isothermal treatméhth an-
nanocrystal-amorphous interfaces. As a consequence, theiealing at different temperatuses/ere performed in these
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an interesting component witB,,-~30 T. This has been in-
terpreted as arising from the amorphous-crystal
interface?>3132and extends up to around two atomic layers,
as it was demonstrated in Ref. 20. The interface should be
also present in samples annealed at other temperatures but
the Massbauer is not sensitive enough to separate that con-
tribution from the amorphous component. The relative
amounts of crystal, interface, and amorphous phases have
been deduced from the relative areas of the corresponding
e — subspectra, assuming the same recoilless fraction in all cases.
M B i s s Magnetic measurements shown in Fig. 2 were performed
in a superconducting quantum interference dey®@UID)
magnetometer between 5 and 400 K. The zero-field-cooling
(ZFC) and field-cooling(FC) curves were recorded using
H=400Am !, after a careful compensation of stray fields
at the sample location. As measurements at higher fields pro-
gressively mask the spin-glass behavior as shown in the

As Quenched

literature?!® we have limited our measurements to the

425°C/1h above-mentioned value. In general terms it is obvious that:

. S T T (i) Splitting between ZFC and FC curves is present for all the
8 -6 -4 -2 0 2 4 6 8 studied samples including the as-quenched dfi¢. FC

curves show a flat behavior, due to the demagnetizing factor,
and (iii) a sharp decrease at the Curie temperature of the
amorphous matriXless pronounced at the 475 °C stage
detected. The treatment at 350 °C produces a great amount of
structural relaxation and the splitting of the as-quenched
sample is reduced. Afterwards it increases as the amount of
Fe crystallites does, up to the sample treated at 450 °C, while
annealing at 475 °C reduces the splitting effect again. At this

47°Cfth 4 0 temperature the decrease of the magnetizatidix s broad-
-8 -6 -4 -2 0 2 4 6 8 ened and the transition extends above 400 K, spanning at
Velocity (mm/s) |east 100 K.

FIG. 1. Mcssbauer spectra in selected samples showing the ap- To end up with the description of dc magnetization re-

pearance of bcc-Fe nanocrystals after annealing. The sample heatse"élts' it is remarkable to note that the shape of the ZFC curve
at 475°C shows also the presence of an “interface” withBap at very low temperature also shows changes as a function of

=30T. the annealing. The rapid change of slope in the as-quenched
state appearing at about 30 K is not visible in the first stage

samples by means of a differential thermal analy#fA)  ©Of annealing, but appears again after the 425 °C stage.
apparatus under flowing Ar atmosphere. The DTA technique The magnetization remaining above thg of the amor-
provides rapid heating and cooling rates, a continuous moniPhous phase can provide an independent check of the amount
toring of the temperature and on-line display of any thermaPf crystalline phase present. However, this is only approxi-
effect occurring during the treatment. X-ray diffraction and Mmate, as the differences in magnetization and anisotropy be-
Mosshauer spectroscopy were used to characterize tH@een the amorphous and crystalline phases and the evolu-
samples microscopically. The resulsee, for example, the tion of these quantities as a function of the annealing can
Mossbauer spectrum of Fig) Show a typical amorphous distort the simple picture relating magnetization to phase
pattern for the as-quenched alloy. The possible existence gfmount.
minute amounts of very small Fe grains cannot be com-
pletely discarded by these techniques, which have a lower IIl. DISCUSSION
detection limit of about 1-2%. In addition, a more sensitive
technique to detect eventual small quantities of magnetic The description of the data of Fig. 2 reveals that the split-
grains such as dc magnetization or ferromagnetic resonand&®g appearing in the as-quenched amorphous sample is also
(FMR) (Ref. 29 does not show any particular contribution observed in the samples with a low crystallization fraction.
above the Curie temperature of the amorphous ptsesethe  This may indicate that the magnetic mechanisms giving rise
as-quenched sample in Fig). 2 to the splitting for all the samples can be basically the same
After the thermal treatments, the sbauer spectra were and hence we could consider that the structural arrangements
fitted with a crystalline sextet and a distribution of hyperfinerelated to those mechanisms should be similar in both states
fields, using theNorMOs program developed by Brand, (amorphous and nanocrystallindn the as-quenchetAQ)
Lauer, and Herlacf® In samples treated above 375 °C, the state, this arrangement has been described by the existence of
spectra(Fig. 1) show the appearance of Fe crystals as deinhomogeneities of amorphous natuodten referred as clus-
duced from the sextet with a hyperfine fieBl,-=33T. For ters in the literaturé® whereas in our nanocrystalline
the sample treated at 475 °C, the $§8bauer spectrum shows samples at the early stagbereafter referred as ESthese
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as-quenched
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FIG. 2. Zero-field-cooling and field-cooling magnetization curves for all studied samples. Sketches showing an approximate view of the
structural arrangement for the AQ and 475 °C sample conditions have been inserted in the plots. In the AQ condition, the inhomogeneities
are amorphous clusters. In the sample heated at 475°C 1 h, these inhomogeneities include a magnetic nanograin region, that is the
nanometric crystallité interface. Both inhomogeneities have been represented with the same shape in the sketches indicating the structural
similarities presented between them. The different color intensities represent the different nature and density between the amorphous clusters
and the nanograin regions.

inhomogeneities are of crystalline natieeFe nanograins  Finally, it is possible to estimate the average distance be-
It is important to remark here that the presented low-tween crystal¢d) assuming cubic or spherical crystals of the
temperature magnetization data allow to characterize nangame size and disposed either in a simple cubic lattice or in a
crystal sample$ES) with a similar magnetic behavior as the fcc arrangement as described elsewHéré,
AQ ones. Furthermore, the magnetization data for a sample
annealed at higher temperatures show that the Curie tempera- ~ d=D[Cx ¥3-1], with 1=C=(v2#/6)*?,
tures of the amorphous phase are higher than the available
temperatures in the SQUID apparatus. Besides, such a thetepending on the arrangement. These estimations have been
mal treatment results in samples with much larger sizes andsed successfully to explain, for example, the Curie tempera-
crystalline fraction(at least 23 nm and 40 at. %, respectively, ture variations with the amount of the crystallized
deduced from x-ray diffraction and \debauer datd) and, fraction?%33
so, these samples are not representative of the situation cov- The ratios of the nanocrystalline magnetization to the total
ered in the present discussion. magnetization can be calculated using the values of the Fe
Given the similarities found in the AQ and ES conditions, magnetic moment in the amorphous {.5u) (Ref. 19 and
it is useful to interpret quantitatively the data for the EScrystalline bcc phases (2:3) and the crystalline fractions
samples for an eventual extrapolation to the AQ state. Fopbtained from the Mssbauer spectra. These quantities ap-
that, we can consider a recently reported model based gpear in Table | agvi(Xtal) and can be compared to experi-
geometrical considerations and field penetration débth.  mentalM (400 K)/M (5 K) ratio obtained by Arrot plots of
the following, we will use this model to discuss the presentedhe saturation magnetization data from thHH) curves.
data. Figure 3 shows, as an example, thg(H) curves of the
The main parameters of the model are the size of thsample annealed at 450 °C. The values of the experimental
nanograins(D), the distance between theifd) and the ratio are also inserted in Table |. The comparison to the
atomic crystallized fractiorix). These parameters are sum- former M(Xtal) values shows a large discrepancy between
marized in first three columns in Table I. The grain size washem. The magnetization measured at 400 K is much larger
derived from the x-ray-diffraction pattern using the Scherrerthan the expected one for the amount of nanocrystalline Fe.
formula and the crystallized fractions were obtained from theHowever, it is possible to include the contribution from the
fittings of the Mwssbauer spectra. The crystallites are foundnterface to the magnetization aboVe taking into account
to be nanometric, as it is typical of this composition and theboth: (i) the hyperfine field of this region, and) the reso-
size and the crystalline fraction increase when the annealingant area of its subspectrueee Fig. 1. On the one hand
temperature is raised, as has been extensively repbfed. from (i) and given thaBhf=30T in the interface, an ex-
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TABLE I. Experimental and calculated data for the samples in all the analyzed condgemthe text for
detaily. Grain size(D), intergrain distancéd), crystalline fraction(%). Minimum and maximum values of
the latter are given, depending on the shape and arrangement of the nanocrystals assumed in the model.
M (Xtal): magnetization of the crysta¥l (400 K)/M (5 K) (%): experimental ratio of the total magnetization.
At. % interface: the interface amorphous-crystal percentage is deduced from the grain dimensions, assuming
a “thickness” of two atomic layers, as deduced from the experimental value obtained for the sample treated
at 475°C 1 h, and higher temperatuf8#4 (Xtal+interf): magnetization of the crystainterface. Errors in
brackets correspond to the last significative figure.

Grain  Distance M (Xtal) M At. % M
size d % calculated (400 K)/M(5 K) inter-  (Xtal+interf)
Treatment D (nm) (nm) crystal (%) (%) face  calculated(%)
As-Q
350°C/1 h 5(1)
375°C/1 h ~52 ~207 1.0(5) 2 5(1) 1 3
425°C/1 h 7(2) 9-13 4(1) 6 10(2) 2 9
450°C/1 h 8(2) 8-12 5(1) 9 13(1) 3 12
475°C/1 h 14(1) 5-10 18(2) 28 41(2) 5 37

dExtrapolated from the higher temperature data. X-ray diffraction does not allow us to extract any value.

trapolated value for its Fe magnetic moments can be asentities. The nature of these latter is difficult to be precisely
sumed about 2g (a-Fe values are 22z and B =33 T). determined although they could be described as arising from
From (ii), the interface amount is obtained from fittings of a progressive nucleation of the nanocrystal stettand the
the Massbauer spectrum of the sample annealed at 475 °growth of the very first nanograins. The fact that $8bauer
and calculated in other samples assuming a constant thiclgnd x-ray diffraction are not able to detect them is not sur-
ness of 0.5 nm(~2 atomic diametepjs These are shown in prising; the first stages of the nanocrystallization probably
the sixth co_Iumr(at. % interfacgin Table I. Th_e product of produce highly disordered Fe aggregates around the Cu at-
the magnetic moment of the Fe atoms at the interface and thgns which display broad diffraction peaks and a certain dis-
amount of Fe atoms provides the magnitude of the interfacgipytion of hyperfine fields. Consequently, they are masked
magnetization which is used to calculate the interfiagein by an otherwise predominant amorphous signal. However,
magnetizatiorjlabeled advl (Xtal+interf)]. The last column ferromagnetic resonan¢EMR) measurements performed on
in Table | displays thé/ (Xtal+interf) values, which show a  this sample shows the presence of a magnetic phase, differ-
much better agreement with the experimental valuegnt from the amorphous one, which carries high magnetiza-
M (400 K)/M (5 K). This agreement shows the great impor-tion similar to that of then-Fe2°
tance of the interface in nanocrystalline materials and sug- The inclusion of this interface into the magnetic grains
gests that the magnetic nanograin region is formed by thg|ightly reduces the distance between them by about 1 nm,
nanometric crystallite plus the interface, strongly coupled tayyt this has also been taken into account in Table I. From the
It. variation of theD andd values, it is clear that the first stages
Moreover, the sample annealed at 350 °C which neithepf crystallization produce very small grains separated by a
showed any crystallinity in the Misbauer spectra nor in the distance which is large compared with their diameter.” A
x-ray diffraction, presents a certain magnetization abbye crossover between grain size and intergrain distance occurs
of the amorphous phase, which can be ascribed to magnetifetween the treatments at 450 and 475 °C close to the tem-
perature range where the ZFC-FC splitting reaches to a

160 [T T T T T maximum(see Fig. 2 At first glance, it seems that the factor
140 r-""*‘ 5K -1 affecting the freezing of the magnetic moments of the nano-
1 grains corresponds to the ratio of the distance to the diam-
120 E eter. We, however, feel that this is not the only parameter to
= 100% 450°C 1h 3 be considered but also other mechanisms are playing, such as
2L ] those that follow.
g 8of E The splitting between the ZFC-FC curves is related to the
©® ek - difference between the random distribution of the nanograin
r ] moments and the fully ordered state which can be reached
4or E when cooling in a field. On the other hand, the degree of
20F 400 X 3 randomness in the ZFC state is determined by the coupling
] between the magnetic moments of the nanograins; in other
00 10 20 30 40 50 60 70 30 words, the interaction between them. In a well-known physi-
Magnetic Field (KG) cal picture®® a relevant parameter determining the coupling

is the ratio of the distance between the nanoparti@kgo

FIG. 3. First magnetization curves of the hysteresis loops of théhe exchange-correlation lengthLd) in the surrounding
sample annealed at 45G°1 h obtained al =5 and 400 K. amorphous matrix expressed as
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Lo~ (A/K o) 2. ) variation in the splitting of the low-temperature magnetiza-
tion, it could be possible to anticipate the behavior of clusters
Here A is the exchange constant amdy an effective  in the as-quenched alloys. This is clearly indicated by the
magnetic anisotropy, averaged in a volume of the order obbserved similarity between the magnetization shape of the
L3.212236f | >d, the particles would remain coupled and curves for the as-quenched and annealed at 475 °C/1 h. This
no random blocking of the moments will take place. Alter-fact reveals the existence of a similar magnetic structure, of
natively, if d>L.,, the Fe nanograins behave independentlyinhomogeneous natui@ee sketches and caption in Fig. 2
and a “total” random blocking can occur. There can beUsual clusterlike models put forward for Fe-Zr seem to be
some long-range dipolar coupling correlating the behavior obacked up by this experimental finding. The difference
the particles, but this is always feeble and will be still morecomes here from the structure and size of the magnetic in-
in the actual case in which the amorphous matrix partiallyhomogeneities: In the fully amorphous state, these inhomo-
“shields” the magnetic moment of the grains. geneities are regions of low-density amorphous
The exchange coupling starts operating when the interarrangemeft’ named “spin clusters,” whereas in the
grain distance is about 10 nm. This is deduced from theresent case, those are small Fe nanograins plus their inter-
progressive weakening of the splitting in the magnetizatiorface which are produced by annealing. This reinforces the
curves for samples 450/1 h and 475/1 h in Fig. 2. It can bettraction of the present annealings as a feasible route to
argued that the exchange-correlation length in a sofproduce case study samples. The similarity between nano-
ferromagne? is about 35 nm and the grains should becrystalline and as-quenched amorphous extends to the very
coupled all the time and hence no splitting should be appartow-temperature T<50K) downturn of the magnetization
ent. However, this is not observed for the case of samples @ the ZFC curves. This may be attributed to a sudden in-
the early stages of crystallization. Hence the amount of magerease of the magnetic anisotropy at low temperature, which
netization assigned to the nanograins cannot be considerédrther decouples the grains or clusters from the matrix. This
related directly to the magnitude of the ZFC-FC splitting of anisotropy increase was responsible for the coercivity behav-
samples with low amounts of crystallization and, as menior in samples of similar composition as reported in Refs. 3
tioned earlier, coupling effects are an important factor. Inand 8.
this sense, some Fe grains decouple in the intermediate In conclusion, we have shown that the presence of nano-
range, probably as the matrix starts to become inhomogegrains with high magnetization in a ferromagnetic matrix
neous itself, and lose magnetic correlation, while for highresults in a large splitting of the ZFC and FC curves, when
crystallinity amounts the distance between grains decreasemnograins are magnetically decoupled. This behavior allows
enough to still couple them. This latter regime can be ob-us to describe the as-quenched state of these samples as an
tained almost irrespective of the character of the amorphoushomogeneous magnetic mixture of high magnetization
matrix, as the distance between the grains is so(kety nm) clusters coupled through a lower magnetization matrix.
that it allows the coupling through very hard magnets.
From the arguments just exposed regardifgthe mag-
nitude of the magnetization aboVe in samples at the early
stages of the crystallizatior(ji) its explanation through a This work was supported by the Spanish CICYT under
model dealing with magnetic nanograin regions, &éiigithe  Grant No. MAT96/1023.
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