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Magnetic evolution of the amorphous and nanocrystalline phases and interphase coupling
during the crystallization of Feg,Zr ;BsCu: A ferromagnetic resonance study
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We present results of ferromagnetic resonance measurements on the ghoB€u. These show the
changes occurring in the sample, both magnetically and structurally, during the crystallization process. In this
alloy the amorphous phase gradually crystallizes, forming nanocrystallitesFef in a remaining ferromag-
netic amorphous matrix. Results show evidence of a disordered and Fe-rich interphase region surrounding the
Fe crystallites. This interphase region initially grows along with the growth of the Fe nanocrystals. However,
in the latter stages of the Fe nanocrystallization, this phase also crystallizes into the Fe phase and other
crystalline phases, and disappears at the end of the Fe crystallization and the beginning of second crystalliza-
tion. Evidence of an interface localized spin wave mode at the boundary between the amorphous ferromagnetic
and Fe phases in the early stages of crystallization is also observed. At higher annealing temperatures, we
observe another resonance absorption feature. This is due to the onset of the second stage of crystallization,
where FeZr and iron-boride phases form. The results of the ferromagnetic resonance are analyzed in a multi-
phase regime, where the importance of the magnetic coupling between the various magnetic phases is evident.
A minimum of the in-plane anisotropy is found to coincide with the softest magnetic properties of this alloy.
[S0163-182698)03441-9

[. INTRODUCTION the different phases due to the magnetic exchange coupling
that exists between the various magnetic pha$e3ther

The nanocrystalline state of amorphous alloys after partiahmorphous and nanocrystalline mixed phase alloys have
devitrification by thermal annealing consists of small ul-been measured by ferromagnetic resondfic&By a careful
trafine crystallites surrounded by a remaining ferromagnetistudy of the spectra we can obtain a high degree of informa-
amorphous matrix~* In the case of FeZrCuB, these small tion about the various magnetic phases in the sample and the
grains consist ofa-Fe nanocrystal¥.’ The excellent soft changes that occur during the crystallization process.
magnetic properties exhibited by these alloys, as well as In the present study we report on a detailed investigation
other similar systems such as the finemets, are due to the firwé the crystallization process in E&rgBgCu amorphous rib-
microstructure of the small magnetic graif® nanocrystal- bons, which are produced by the melt-spinning technique,
lites) embedded in a ferromagnetic amorphous matrix. Thausing ferromagnetic resonance. FMR offers a unique mea-
small magnetic grains suppress local magnetocrystalline arsurement of the magnetic properties of these alloys, as in this
isotropy due to exchange interactions. material the magnetic phasés-Fe and amorphous phase

The technique of ferromagnetic resonaE®R) is very  are of a very distinct nature which will give separable reso-
powerful, allowing the magnetic characterization of materi-nances in the FMR spectra. This will allow the observation
als. Primarily FMR is a magnetic measurement which allowsof the changegwhich are of both a structural and magnetic
the determination of bulk magnetic parameters, such as satanature in both magnetic phases as a function of the anneal-
ration magnetizationg factors, and magnetocrystalline an- ing treatment. It will be noted, however, that due to the
isotropy constant® The linewidths of the resonance absorp- strong magnetic exchange interaction between the phases,
tion peaks contain information about magneticwe expect a shift in the resonance field positions, and other
inhomogeneities and sample crystallinity as well as the ineffects, such as interface resonances. These materials exhibit
trinsic relaxation processes in magnetic sampiésin con-  a high-field resonance mode which has been interpreted as a
fined magnetic systems, which could be thin films or samplespin wave resonance mode localized at the sample édges.
of a granular nature, it is possible to obtain further informa-We show the importance of a magnetic multiphase approach
tion regarding surface or interface anisotropies and the exo the interpretation of the FMR spectra, and the changes
change stiffness parameter whereby we observe multipeakefbserved with crystallization.
spectra, due to resonance absorption by standing spin wave
resonance modé$-14In magnetic layered structures, ferro-
magnetic and spin wave resonance will allow the determina- Il EXPERIMENTAL
tion of the exchange coupling strength between adjacent
magnetic layerd>="In multiphase magnetic materials, such ~ Samples of rectangular shape with a cross section of 1
as mixed amorphous and nanocrystalline systems, we maym by 20um prepared from amorphous ribbons, with com-
expect a shift in the field positions of the resonance modes gfosition Fg,ZrgB¢Cu, have been studied. These ribbons
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FIG. 1. Percentages of phases present in the sample as a fur
tion of the annealing temperature, taken fromddieauer spectros-

Y/
copy (Ref. 23. ’/\\ /\ _ 350°C

were produced by the melt-spinning technique in a con As-quenched
trolled environment. The annealing of these samples wa 0=0°
performed isochronally at a preset temperaturelfd under ~ | \
an argon atmosphere, in the temperature range 350—650 °
The ferromagnetic resonance experiments were pel i
formed at room temperature with a fixed microwave fre- Field (O¢)
guency of~9.5 GHz, in a Bruker EPR spectrometer, in the
Magnetic Measurement Services of the University of the ®)
Basque Country. FMR measurements were performed on tt
samples at various stages in the crystallization process, froi
the as-quenched state to an annealing temperature of 650 ° \H\\
The samples were mounted in the measuring cavity such ¢ v
to allow in-plane measurements, i.e., where the applied stati \\
magnetic field is in the sample plane and the magnetic cornr
ponent of the microwave field varying in the direction of the
sample normal. The sample was placed on a rotatable samg
holder, which allows a variation of the external applied field
with respect to the sample, with an accuracy of less thal
0.5°. In this manner the angle of the applied field was variec
in the sample plane from 0° to 180° at 10° intervals. In these
measurements 0° corresponds to a direction along the dire
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/\\ 375°C
Ill. RESULTS \Y /\ e
In Fig. 1 we show the percentages of Fe in the various f\/\ f —

magnetic phases as a function of the annealing temperatur Ve U
This data has been taken from B&bauer spectroscopy, see ¢=90° :
Ref. 23. This shows the reduction of the amorphous phas
content as ther-Fe phase grows. Above 450 °C, we also 0 1000 2000 3000 4000 5000
observe the appearance of an interphase region, which has .. Field (Oe)

magnetically distinct behavior from that of the amorphous

. . N : FIG. 2. Ferromagnetic resonance spectra as a function of the
and crystallized Fe phases. The interphase is highly dlsorainnealing temperature, indicated for each spectrum{doalong

dered and Fe ric_h. The quantity of this phase initially in- ribbon, ¢=0°, (a and b denote the appearance of the phasgs Fe
creases to a maximum of around 12.5% of the total Fe cong, g FaZr, respectively, see texand (b) across ribbong=90°,

tent at an annealing temperature of 525°C, and theRgometries.

decreases as it gradually crystallizes into the various crystal-

line phases during second crystallization. Fig. 2(b)]. In the as-quenched state, the resonance signal will
Figure 2 shows the ferromagnetic resonance spectra falearly arise from only a single amorphous magnetic phase.

the samples at various stages in the crystallization proces$his is very clear in the spectrum a&t=0°. However, in the

where spectra are shown for the along ribbon direcfign ¢=90° spectrum there are several other resonance features

=0°, Fig. 2a)] and the across ribbon directidib=90°, apart from the main FMR line at about 1800 Oe. At the low
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3500 - // , { | 1 , the 0° and 90° directiongfilled and open circles, respec-
8°° tively). The variation of the amorphous phase resonance is
3000 - / :; ¢l * - indicative of a reduction of magnetization, as explained from
~  // ol ) the relaxation of the amorphous structure with thermal an-
% 2500 % Amorphous Phase &0 _ nealing. This is true for both the resonances for the amor-
o AQ : s OFePhase .%, phous phase in the 90° spectra, where both absorption peaks
5 2000 % !/,___, ool display a proportionate decrease of intensity and shift in
= y /| ¥ i ' field. The origin of the upper resonance mode of the amor-
5 < Regimel o -\ FeZr Phase h hase is a localized spin wave mode at the sample
S 1so0 ‘ : _ | phous phase is a localized sp p
& ! Regime 2 3 edges(this has been discussed in Ref)22Q denotes the
1000 | 1 ; | as-quenched values. This represents a drop of magnetization
«-Fe Phase © Regime 3 from about 360 G in the as-quenched state to 290 G after
s00 L/ W < § annealing to 425 °Gwe have used a value gf=2 to esti-
3

mate the amorphous phase magnetization

It is clear that, in general, this system consists of a mul-
tiphase magnetic materidlwith the exception of the as-

FIG. 3. Resonance field position versus annealing temperaturguenched state, where the sample behaves as a single ferro-
AQ denotes the as-quenched state. The inset shows an expande@gnetic amorphous phas&herefore, it is necessary to set
view of the variation of the resonance field for the Fe phase resoup the relevant resonance equations to account for the differ-
nance. We also indicate the three annealing temperature regimesmit magnetic phases and the magnetic exchange coupling
used in the analysis, see text. that exists between them.

In the early stages of crystallization anFe phase begins
field end of the spectrum there is a resonance feature at aboig form in ultrafine grains. These grains increase in size with
100 Oe, this is related to domain effeétsOn the high field subsequent annealiign the partially crystallized state, the
side of the FMR mode we observe a very broad resonancgamples consist of an amorphous phase magnetically coupled
feature which is due to sample edge effects, where a locato the Fe nanocrystallites. This system should thus be treated
ized spin wave mode is excited at the sample edf&si- as a two-phase ferromagnetic material. Furthermore, due to
dently there are some strong uniaxial effects which will bethe confined nature of the Fe phase, we should allow for the
related to growth induced inhomogeneities in the sample. possible excitation of standing spin wave resonance modes.

After annealing to 350 °C for 1 h, a new resonance line isA consideration of these conditions leads to a resonance
present in the FMR spectrum. This corresponds to the paequation of the forrf
tially crystallized Fe phase. Further annealing shows the
growth of the Fe phase resonance at the expense of that for  {(p,+ D \k3)(Qa+Dak3) — Q34 PgQg— 03}
the amorphous phase. The latter of which shifts to higher

50 400 450 500 550 600 650 700
Annealing Temperature (°C)

fields and decreases in intensity and is no longer evident in +Kag{[(Pa+Dak3) +(Qa+Dak3) ][ PeQs— Q3]
the spectrum corresponding to the sample after annealing to 5 5 5

475 °C. This is indicative of the weakening of the amorphous +[Pg+Qell(Pa+Daka)(Qat Daki) — Qil}
phase ferromagnetism, which is due to the relaxation of the T K2 (Pa+ PatD k2 4+ Ou+D k2
amorphous structure. After annealing at 600 °C, a new reso- asl(Pat Pt Daka)(QatQstDaka)

nance feature is evidenced on the high-field side of the Fe —(Qp+Qp)% =0, 1)

resonance line. This is due to the initial stages of second
crystallization, and is related to a FeZr ph&$&°This reso-  where
nance becomes more prominent with further annealing and

shifts to lower fi_elds which is. indicated by arrows ir) F!gs. Pa=Va{MAH[sin 9, sin O, cog®y— ¢,)

2(a) and 2b). This resonance is very broad, which is indica-

tive of significant inhomogeneity and spread of crystalline +c0os 9, CosO ]+ 2Kasir 9,

axes. In Fig. Pa), the spectrum from the sample annealed at )

650 °C, we also observe another very broad resonance in the X (Sirpa—CcoSPa)}, (2

3000 Oe region which is due to the crystallization of other

FeZr and FeB phases, see Refs. 5 and 24 and also Sec. IV C. Q,=Va{M,H[sin 9, sin O, cogdy— ¢n)

A full discussion of the positional changes of the resonance

fields of the various phases will be given in the following +c0S ¥p COS O]+ 4TME(SIP D~ CcoS,)

section. +2K4coS pa(COSIp—SIPIA)}, 3)

IV. DISCUSSION

From the FMR spectra taken in tle=0° and 90° direc-
tions we obtain the resonance field positions for the different
resonances of the different ferromagnetic phases. These anhere K,z represents the coupling strength between two
plotted in Fig. 3. The inset shows an expanded view of thanagnetic phase& andB, as defined from the exchange cou-
resonance field position for the Fe phase FMR line in bottpling energy per unit volume as

w
QAZ_ VAMAS|n ﬁAv (4)
YA
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z The large separation of the resonances reflects the distinct-
ness of the magnetic properties of the two magnetic phases.
From the as-quenchg@dQ) state we calculate a magnetiza-
tion (usingg=2) of around 360 G. Fe has a much greater
e, /7 magnetization in the bulk stadd =1714 G2° hence the cor-

B - -

0, Lo responding resonance will be encountered at much lower
Mg fields. Since the two magnetic phases are in direct physical

Co contact we may expect that the magnetic exchange coupling

B, q- - . between them will cause a shift of their respective resonance

phase, we can assume a relatively weak effective magnetic

coupling with the Fe phase. Following through the analysis

of Eq. (1) and substituting folP,. Q4, etc., we obtain the
FIG. 4. Coordinate system, defining the orientations of the magfésonance field dependence on the coupling strength for the

netization vectors, for a two phase system, and of the external apve€ak ferromagnetic coupling as

plied field.

SR field positions.
Y a T Due to the relatively low magnetization of the amorphous

2
Hieda~HR—27Ma—| 2Mp) 2+ (2t | —
Ma-Mpg (Hreda~Hk—=27Ma—japt | (27Mp)“+]apt T
Exg=—"Kpg—7. 5
AB AB MAMB ( ) 1/2
: _ _ A_ 4B
The corresponding relations for tt® terms are given by +2jppl2m(MaA—Mp)—(Hy—H )l . ()

substitutingB for A in the subscripts of Eq$2)—(4). In these

expressionsV,, which is a dimensionless quantity, repre- This is for the resonance field of phaégthat for phase3
sents the relative volume of phage KY represents the Will be given by exchanging\ subscripts foB. The anisot-
uniaxial anisotropy constan, is the magnetogyric ratio for ropy field for phaseA, Hy, is defined as

this phaseM , its magnetization, and represents the fre-

qguency of the microwave field. Note that for the two phase A_ZKZ
system HK_M_A : 8
Va+Ve=1. (6)  In Eq.(7) we have applied the in-plane geometry, where the

The angles? and ¢, used in Eqs(2)—(5) are defined in Fig. coupling parametef,p, is defined as

4.
In Eqg. (1) we have accounted for the existence of standing jAB:M
spin wave resonance modes in phasgvhich will represent VaMa+VgMp
the Fe nanocrystalline phasélereD 4 is the spin wave con-
stant, whereD =2A.,/M, A, being the exchange stiffness

(9a)

and the corresponding coupling parameter for pHaseill

constant, and is the spin wave vector. We have not in- be given by

cluded spin wave terms for phaBe(which will correspond K. VaM

to the remaining amorphous mairiExpressiong2) and(3) jBA:M_ (9b)
are much simplified by imposing the conditions for in-plane VaMa+VgMp

geometry.

To analyze the data we shall define three annealing tem-"eréfore we see thaag#jsa, but Kag=Kga. In the

@nalysis of these samples and the changes that occur upon

perature regimes. The first will be for the sample where w i be tak for the ch
observe the high-field resonance corresponding to the amofi"nealing, care must be taken to account for the changes not
nly in the magnetic coupling strength, but also the magne-

phous phase and the Fe phase resonance line. This corfd!"V. . .
sponds to the annealing temperature range 350TC tizations and relative volumes of both ferromagnetic phases.
n

<475 °C.(We exclude the as-quenched state, since this actd F'g'h5' we ghow a pI(:t”(_)f trl':e rehsonance f|feldst_for t?teh
as a single magnetic phas@he second regime is taken jn &MOrpNOUS and nanocrystaline € phases as a function ot the

the annealing temperature interval 425<T,,<600 °C, coupling strengthK 5. The lines show the theoretical calcu-

the overlap with the first temperature regime will be eX_Iatlons, using the above analysis, while the points correspond

plained in due course. The final range is from 600 to 650 OCFO experimental data taken at the annealing temperatures in-

where FeZr phases appear, at the initial stages of the secoﬁlbcated' The values Of the magnetization ar)d of the relat!ve
crystallization process and later iron borides. volume of the magnetic phases both vary with the annealing

treatment, as well as the coupling strength between the

phases. In the calculations, we vary the volumes of both

magnetic phases, as well as their respective magnetizations.
In the first stages of the Fe crystallization, there are twoSo phaseA (i.e., F§ will grow at the expense of phad®

very clear and well separated resonance absorption peak&morphouy in accordance with Eq6). The variations of

These correspond to the amorphous ph@asehe region of the magnetizations have been modeled by assuming a pro-

2000 Og¢ and the Fe phas®50-770 Og see Figs. 2 and 3. portionality of the volume of the phases with their bulk mag-

A. Early stages of crystallization
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FIG. 5. Variation of the resonance field positions for the amor- r ]
phous and Fe phases with exchange coupling strafggh Points 2000 E Amorphous Phase ]
are experimental, where annealing temperatures are indicated, and 5 \—%\%\%
lines are theoretical, see text. = C T ' fﬁ
2 1500 gsec 375°C
netization values over the small coupling strength range g C l
given in Fig. 5. We see a fairly good agreement between § 1000 - Y Fe Phase
theory and experiment. K ¥ _________________ Jo R i
It should be noted that the volumes of the phases as esti- 500 - .
mated by Maesbauer and the ferromagnetic resonance will " (b)
not agree for the same annealing treatment. This is because Y A SV WU AN R RPN R
while Mossbauer is a bulk measurement, FMR is much more 1.0 2.0 3.0 4.0

sensitive to the surface of the sample, due to the skin effect,
where the degree of crystallization will be expected to be
more developea? In Ref. 27, the authors show a comparison  FIG. 6. Variation of the resonance field positions for the amor-
of Mossbauer spectroscopy from the surface regEMS,  Phous and Fe phases with exchange coupling strengtaftie Fe
which probes a depth of about 100 hand the bulk, using Phase coupling parametggg and (b) the amorphous phase cou-
the conventional transmission geometry. This unequivocallp!ing parametejg,. The annealing temperatures are indicated for
shows that the crystallization in the gz&r,B,, amorphous "€ €xperimental points.
alloy is significantly more advanced in the surface region
than that of the bulk. It is fair to assume this will be the casenetic phases, as well as their magnetic properties, which is
for the present alloy under investigation. Therefore we cargenerally not the case for magnetic multilayers. Clearly this
expect significant differences between measurements whic$ituation is more complex than that for the magnetic
are surface sensitive and those which are bulk measurementsyltilayer case.
for the same annealing temperatétesee Sec. IV F. To clarify this situation we can illustrate the change of the
As the annealing temperature increases and the resonank@sonance fields for the two phases as a function of the cou-
lines move apart, the amorphous phase resonance line shift§ng parameterg,g andjgs, as defined in Eqs(9a) and
to higher fields while the Fe phase resonance line moves t®b). These are shown in Figs(& and @b), respectively. In
lower fields. This can be interpreted as an increase of th&ig. 6(a), we show the variation of the resonance field of the
coupling strength with an increase of the annealing temperag=e phase as a function of the Fe coupling paramgtgr
ture (and increase of crystallizatipnit will be seen that the where the coupling parameter increases with an increase of
graph (Fig. 5 implies that as we increase the coupling the annealing temperature. This is as expected, since both the
strength, the resonance lines shift apart. This would be cormagnetization and the relative volume of the Fe phase will
trary to the intuitively expected behavior. That is, we wouldbe expected to increase with annealing. In the case of the
expect the resonance lines to approach one another as thaimorphous phase coupling paramejgy we see that the
(ferromagnetig coupling interaction increases in strength. coupling parameter decreases with an increase of the anneal-
However, since the coupling strength will be dependent onng temperaturgnote the annealing temperatures indicated
the magnetization and on the relative quantity of the twoon the graph This is due to the decrease of the relative
magnetic phases, we have to be careful about how we interolume of this phase, and the reduction of the effective mag-
pret this change of coupling strength. This will be distinctnetization of the remaining amorphous phase with structural
from the case for magnetic multilayers where, indeed, theelaxation?® The separation of the two resonance lines, and
resonance lines of two distinct magnetic layers should apsubsequent changes with increase of annealing temperature,
proach one another as the ferromagnetic coupling strengthill therefore be mainly due to the changes of the magneti-
increases. The situation here is physically different, as we areation and relative volume for both ferromagnetic phases.
effectively changing the relative volumes of the two mag- It should be noted that the above discussion applies only

Jga (10* ergem?)



12 164 SCHMOOL, GARITAONANDIA, AND BARANDIARAN PRB 58

SEARNRRRAE EREEN LN RN RARRE field position. Should the Fe crystallites simply continue to
tT, =350°C ] grow in a regular fashion, we would expect the resonance
c /\\/\/____99__“ field position to exhibit a monotonic decrease, as the magne-
i /\ 80° 1 tization of the crystallites approaches that of the bulk state.
—_ /\/ S ] In the crystallization of FeZrBCu, the segregation of the Fe
= /\/V\ _/____7_0_ forms crystallites, and leaves an Fe-rich interphase region in
=R SN 60° ] the amorphous matrix which surrounds the Fe crystaffites.
g‘ f \//"‘——50_ This interphase can be expected to couple strongly to the Fe
= /X N _ : ] nanocrystalline phase, partly due to the close proximity of
’;E X 20° 1 the two ferromagnetic phases and partly due to their rela-
= A /\ ] tively strong magnetizations. We can therefore use a strong
T 1302 . . . . . 2 . .
<l \/ ] coupling approximation, in which thkzg terms will domi-
& A/\ N 20° 1 nate the resonance equatid, which will give
L : ’ o 2
(—) ={H cog Dy — ) +HE(si? ¢p—cod ¢)}
Yett
- o X{H cog @y — ) +4mM§ —HE" cog ¢},
0 1000 2000 3000 4000 5000 6000 (10
where the equilibrium condition is expressed as
Field (Oe) .
H sin(®y— ¢)=Hg" sin ¢ cos ¢, (11
FIG. 7. Ferromagnetic resonance spectra for the sample an- here
nealed to 350 °C as a function of the angle of the applied external’
field, angles are labeled. Arrows show the interface localized mode VM HA+VaMaHB
off VANIAFK BViBM K
at the Fe-amorphous phase boundary. Hi'= (12
VaMap+ VMg

to the case of relatively weak interphase coupling. For stronéS the effective anisotropy field,

coupling between two ferromagnetic phases, we would only . VAM,ZA"_VBMé
expect a single ferromagnetic resonance mode, as will be M3 VM.t VoMo (13
illustrated in Sec. IV B, where the magnetic vectors for each _ ATATTBTB
distinct magnetic component will precess in-phase. is the effective magnetization, and
In Fig. 7, we shovv_ FMR spectra for the sample an_neal_ed VaM A+ VMg
at 350 °C, with the orientation of the applied external field in (19

the range ofp=0° to 90°. The general angular dependence et VaMa/yatVeMe/ve
of the low- and high-field resonance lines is discussed in Refis the effective magnetogyric ratio. It will be noted that Eq.
22. The two large resonance lines are due to the Fe glaase (10) has the form of a single phase resonance equation,
around 750 Ogand the ferromagnetic amorphous phése where the various parameters constitute an effective value,
1800-1900 Ok The weak high-field resonance line is due to which will be an effective average of the magnetization, an-
a spin wave resonance mode localized at the sample edgesigotropy field, and magnetogyric ratio for the two ferromag-
the amorphous pha$é.Between the Fe and amorphous netic phases. These are defined in EG)—(14), where
phase resonance lines there is a further resonance featufese average values are directly dependent on the relative
(indicated by the arrows in Fig. 7, for angleg  Vvolumes and magnetizations of both ferromagnetic phases. It
=50°-70°). This is due to a spin wave resonance modavill also be noted that the coupling strength parameter no
localized at the interface between the Fe and amorphou@nger enters into the resonance equatid@), as the indi-
phases. Due to the closeness of this resonance to the Miglual magnetization vectors for the two phases are suffi-
resonance line at the high-field side we can deduce that thigiently strongly coupled that they move in-phase and effec-
resonance is due to the Fe phase. Also, from the fact that wiévely act as a single magnetic component. Spin wave
observe an upward shift in resonance field of this featuréesonance terms have been excluded from the resonance
(with change in angle while the FMR resonance modésr ~ equation, because from the strong coupling between the
both Fe and the amorphous phaseove down, is further phases at their boundaries, we will not expect a strong mag-
evidence of the localized nature of this resonance feaftffe. netic discontinuity, as will be found for the boundary with
The presence of an interface localized spin wave resonandge amorphous phase in the early stages of crystallization.
mode is indicative of the abrupt magnetic discontinuity be-This is analogous to ferromagnetic resonance in strongly
tween the Fe phase and the weaker amorphous ferromagnegéieupled magnetic layerS.
phase. The equilibrium condition, Eq.11), shows that the devia-
tion of the magnetization vectdvlE" from the direction of
the applied field, which is expressed & (— ¢), is directly
dependent on the size of the effective in-plane anisotropy
In the second temperature regime as defined above and field. Clearly for these classes of materials, where the in-
Fig. 3, we notice some very subtle changes in the resonangdane anisotropy is very small, these deviationdvoandH

B. Intermediate stages of crystallization
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1600

found. The reduction oME", is due to the growth of the

I a Fe-rich interphase, which has a lower value of magnetization
O 1500 e than Fe.(This would produce a resonance line close to that
8 T B of the Fe resonance on the high-field sjdehis interphase
S 1400 ) region is structurally disordered and forms an area surround-
B g ing the Fe crystallites, and includes the outer atomic layer of
é‘) 1300 o c the Fe crystallites themselv&$,and is distinct from the
Q / amorphous phase itself. Due to the coupling of the interphase
3 / s with the Fe crystallites, we observe an apparent shift of the
& 1200 B e resonance-field position. We can now explain the variations
I ‘( II I v of the effective magnetizatiofFig. 8 as follows: As the
1100 interphase region grows in volume, the effective magnetiza-
300 350 400 450 500 550 600 650 tion of the sample departs from the expected behavior due to
Annealing Temperature (°C) the strong ferromagnetic coupling between the Fe crystallites

FIG. 8. Variation of the effective magnetization of the Fe phaseand the interphase region. With further annealing the inter-
as a function of the annealing treatment. The dashed line shows thghase Fe crystallite volume ratio starts to decrease, as the
variation for the experimental data, and the solid line the expectedize of the crystallites grow, and the Fe crystallite magnetic
increase of the magnetization of the Fe crystallites for simple grairproperties will begin to dominate. This is evidenced by the
growth. Region | shows an increase of the effective magnetizatiofncrease ofivi Sff back towards the expected increase of the
in the early stages of crystallization. In region Il, one sees themagnetization, where the solid and dashed lines gradually
growth of an Fe-rich interphase in the amorphous matrix whichyaet. At 600 °C the second stage of the crystallization pro-
interacts with the Fe nanocrystalline phase. This interphase regio&mess has commenced and the interphase region has virtually
gradually crystallizes out, in region Ill, and disappears in region Iv’completely disappeared. We can therefore divide the crystal-
returnihg to the expected curve c_>f the effective magnetization of th(ﬁzation of the Fe phase into four regions, indicated in Fig. 8.
Fe grains. See text for explanation. In region |, we have a small quantity of Fe crystallites em-
bedded in the ferromagnetic amorphous matrix. In region Il
of the annealing process, an interphase region becomes evi-
dent, which has a magnetization close to but less than that of

. . : : ! .~ _the Fe phase. This interphase, at its maximum volume at
completely aligned with the applied field. At intermediate bout 475 °C. f . f ab 110 2 ic |
orientations, the deviation will be small, whede,— ¢ is apout 475 "C, forms a region of about 1 to 2 atomic layers
less than 0 ’50 ' surrounding the Fe crystallites including the outer atomic

The closeness of the magnetic properties of thEe layer of the Fe crystallites themselv@dwith further anneal-

e ! ing, the interphase region gradually decreases in volume and
phase and the Fe-rich interphase will mean that we do nq arts to become crystallized, region Ill. This process is com-

?hbeseva?ex\?eflegéhraefgr;asngﬁel'P:SSOLE,EZ FF'\:Ifm(SE%CxZ’ anﬁ:ete in region IV, where the interphase has virtually van-
y y . ' ) Jjshed and it has been crystallized into other crystalline
obtain the resonance equations for the along and across rip;

L s R ; haseqFeZr and Fe borides
bon directions ¢=0° and 90°, respectivelias At the 475 °C annealing temperature we can distinguish

w \2 both of the resonances from the Fe phase and the interphase,
(—) ={H+ Hﬁﬁ}{H +477M8ﬁ} see Fig. 2a), where these are indicated by the arrows in the
Yeft 475 °C spectrum. From an approximation of the linewidth of

%{H+H§ff}{|-| +47TM8”+ Hﬁff} (159 the Fe phase we can estimate the position of the resonance
field and hence its corresponding magnetization. This is in-
dicated by the filled square in Fig. 8, and lies more or less on

w |2 the solid line for the expected variation of the magnetization
(—) ={H-HM{H+47ME"—HEM  (15h  for the Fe crystalline phase. The existence of this interphase
Yeff is in good agreement with the results of "S&bauer
for the across ribbon direction. Note that in E459 we  spectroscopy see Sec. IV F.
assume a small effective anisotropy field, this is a valid as- It will be noted that the small values of the effective mag-
sumption in this materiaf see Sec. IV D. From these equa- hetization, particularly in the early stages of the crystalliza-
tions, using ag factor of 2, we can estimate the effective tion of the Fe phase, will be due to demagnetizing effects of
magnetization. This is shown in Fig. 8 as a function of thethe small grains. This demagnetization effect will gradually
annealing temperature. As the Fe crystallites grow in dimendiminish as the crystallites grow and become interconnected.
sions we would expect that the magnetization would also
show an increase as the Fe becomes more bulklike. How- o
ever, despite the initial increase of the magnetization from C. Latter stages of crystallization
the initial annealing point at 350 °C, we observe an effective In the latter stages of the annealing range studied, a new
drop in magnetization upto 475 °C. This is followed by a riseresonance feature is observed. This is due to the beginnings
in the effective magnetization. The solid line in Fig. 8 showsof the second crystallization, where we observe the forma-
the expected increase of magnetization for the Fe crystallitesion of a ferromagnetic phase, which is probably an FeZr
while the dashed line shows the variation experimentallycrystalline phasé* From Fig. 2, it can be seen that this reso-

will be small. At orientations of the applied external field
along and across the ribbon directigcorresponding tap
=0° and 90°, respectivelythe magnetization vector will be

for the along ribbon direction and
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FIG. 9. Absolute value of the in-plane uniaxial anisotropy as a
function of the annealing temperature.
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FIG. 10. Variation of the linewidths for the amorphous and Fe
ghases with annealing treatment.

nance feature increases in intensity and shifts to lower field

with increase of annealing temperature. This is indicated by . i i i i

the arrows and labele@). This shift down in field, with an uniaxial anlsotropy,_ Wh_lch further increases with _the (_)ns_et of

increase of annealing temperature, is due to an increase i€ sécond crystallization. The large error bars in this figure

magnetization of this phase, while the intensity will also re-2/15€ from taking into account that a slight misalignment of

flect the increase of the relative volume of this phase. the sample to coincide with the field in the sample plane, can
The position of the resonance field for the Fezr phasé@USe uniaxial effects in the angular variation due to demag-

may be affected by the Fe phase due to exchange couplidgt'z'ng effects. It is estimated that a 1° misalignment of the

effects. This would be expected to increase in importance ag<ternal field in the sample plane can cause a uniaxial varia-

the Fezr phase increases in volume and magnetization. sudfgn ©f about 5 G, see scale of anisotroffig. 9. The in-

an effect will cause a shift of the resonance line toward thaP!2n€ anisotropy is greatly affected by the melt spinning

of the Fe resonance. The full analysis of changes in the cod€chnique, and is probably the origin of the uniaxial nature

pling volume and magnetization of the FeZr phase is nof"d anisotropy, evident in samples produced by this

given here, as we are primarily interested in the state of théechnique’

sample in the region of the first crystallization, where this

alloy exhibits the best soft magnetic properties. Further on in E. Linewidth

the annealing series, we observe another high-field resonance

feature, just above 3000 Qeee Fig. %), spectrum for the contributions, which are in direct relation to the state of the

650 °C annealed sample, this resonance is lal@ddthis is ) ] i
orobably due to the crystallization of .22 Using ag szgrpﬁle. We can represent the observed linewidth in FMR

factor of 2, we can estimate the magnetizations of these mag-

netic phases, where for the 650 °C spectrum we ob¥n _

~ 830 G andM, ~ 60 G. These are for room temperature AH=AHo+AHcystt AH;, (17)
measurements.

The linewidth of resonance lines in FMR have various

where AH, represents the intrinsic linewidtlAH the

broadening due to a variation of crystalline axes, arid,

the linewidth broadening due to magnetic inhomogeneities in
By subtracting the resonance fields in the 0° and 90° orithe sample.

entations, we can obtain the size of the uniaxial anisotropy The evolution of the linewidth is shown in Fig. 10 for

field evident in these samples. Thus the anisotropy field iboth the amorphous and Fe nanocrystalline phases igthe

D. In-plane anisotropy

calculated, using Eq€15a and(15b), as =0° and 90° orientations. For the amorphous phase we gen-
Ho— H erally observe an increase of the linewidth with annealing,
Hﬁff:%, (16)  which is probably due to an increase of the amorphous phase

inhomogeneity during the crystallization process. For the Fe
whereH, andHg are the resonance field in the 0° and 90°phase resonance, there is a clear maximum in the linewidth
directions, respectivelyEquation(16) will be valid only for  at 475 °C. This can be explained by the presence of the in-
small anisotropies. This is a valid assumption in the preserterphase. As the interphase grows, its resonance overlaps
study] The measured in-plane anisotropy is plotted as awith that of the Fe phase, giving an apparent broadening. At
function of the annealing temperature in Fig. 9. This repre525 °C the resonance narrows, since the interphase region
sents the anisotropy in the Fe phase only. There is a clednas virtually disappeared and there is no longer any overlap
minimum in the region of annealing temperatures from 450etween separate resonances. Further broadening of the Fe
to 500 °C. This coincides with the best observed soft magresonance may be expected from crystallization effects,
netic properties for this allo§® and with the maximum quan- where there is a spread in the crystalline axes. This effect
tity of the interphase. With the completion of the crystalliza-may be expected to be more prominent as the Fe grains in-
tion of the Fe phase, we see an increase of the in-planerease in size.
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The very broad FeZr phase resonance lipel000 G  tween different magnetic phases is also shown to be of great
implies that this phase is very inhomogeneous, with a largémportance.
variation of the crystalline axes and has a much larger mag- In the early stages of crystallization the FMR spectra
netocrystalline anisotropy than the Fe phase. This large inshow two resonance lines in the ribbon direction. These are
homogeneity may be expected from the different diffusiondue to the ferromagnetic amorphous phase and nanocrystal-
rates of the various components in the amorphous phase. lites of Fe. The changes in resonance field with crystalliza-
tion are related to the changes of the volumes, magnetiza-
tions, and the magnetic exchange coupling between the two
phases. Changes in the Fe phase resonance, at annealing tem-
peratures above 400 °C, are seen to be due to the presence of

Despite the temperature differences expected between tlan Fe-rich interphase surrounding the Fe crystallites. These
results of ferromagnetic resonance andsstmauer spectros- subtle changes in resonance field can only be explained in
copy, as stated previously, there is a great deal in commoterms of a multiphase system. This shows the importance of
between the two techniques, which is useful to outline. Firstthe approach used here. The strong magnetic coupling be-
both techniques show the diminution of the amorphous phaseveen the Fe phase and the interph&Se-rich interphase
content and the growth of the-Fe phase, with annealing around the Fe crystallittameans that these phases effec-
temperature. Of great significance is the observation of thévely act as a common single ferromagnetic phase, where
Fe-rich interphase region, which surrounds the Fe crystalthe various parameters are effectively an average of the two
lites. In both FMR and Mssbauer measurements, we see arphases present. The changes are then explained as a variation
agreement that this interphase region grows in relative volef the various parameters and the relative volumes of the
ume, up to a certain point and then crystallizes into the variphases. Results indicate that the Fe-rich interphase initially
ous crystalline phases which subsequently form in the lattegrows in volume, up to about,,~475 °C, and then gradu-
stages of the annealing temperature range studied. ally crystallizes into the Fe and other crystalline phases. The

By way of demonstration of the differences between theFe-rich interphase zone completely disappears after anneal-
two technigues, we observe that the first evidence for théng to 600 °C. The variation of the linewidth of the Fe reso-
Fe-rich interphase region in the FMR experiments is founchance is consistent with the growth and subsequent crystal-
after annealing to 425 °C, whereas in &bauer spectros- lization of an Fe-rich interphase, with an increase of
copy, this is first noted after the annealing treatment atnnealing temperature. The results are in agreement with
475 °C. The maximum volume for the interphase is notedMiossbauer experiments, which also show evidence for the
after annealing at 475 °C in the FMR measurements, whilénterphase zone between the crystallites and the amorphous
for the Mtssbauer measurements, the maximum volume iphase’! see also Refs. 6, 7, 32, and 33.
observed after annealing at 525 °C. That is, due to the sur- In the latter stages of the annealing range studied, we
face sensitivity of the FMR technique, the degree of crystalenter the second crystallization process, where we observe
lization in the surface regiofes measured by the FMRs  new resonance absorption peaks from FeZr and iron-boride
similar to that in the bulk after the annealing treatment afphases. These resonances are very broad, indicative of a high
about 50 °C above that for the FMR measurements. degree of magnetic inhomogeneity in these phases.

In Mossbauer spectroscopy, the amorphous phase shows In the sample annealed to 350 °C, we see evidence of an
strong signs of becoming inhomogeneous from thenterface localized spin wave resonance mode. This arises
hyperfine-field distribution at an annealing temperature ofrom the strong magnetic discontinuity at the boundary be-
475 °C. (A discussion of the Mssbauer results is given in tween the amorphous matrix and the Fe nanocrystallites.
Refs. 23 and 29 and an investigation into the temperature The variation of the in-plane uniaxial anisotropy shows a
effects for M®ssbauer spectroscopy on these materials is iminimum in the annealing temperature interval 450-500 °C.
progress. This increase of inhomogeneity for the amorphousThis coincides with the softest magnetic properties of this
phase can be equated with the significant growth of the linealloy, where the Fe-rich interphase zone has its greatest vol-
width associated with the amorphous phase resonance aine.

425 °C, note the large increase of the linewidth150 G In summary, we see that ferromagnetic resonance is a

from 375 to 425 °C in Fig. 10. This is supported by thermo-very sensitive magnetic measurement, which can reveal

magnetic measuremerftswhere at 475 °C we observe a much about the state of partially crystallized amorphous al-

strong broadening of the ferromagnetic-paramagnetic transleys. This is a powerful complement to other structural and

tion, which is indicative of a spread of Curie temperaturemagnetic measurements. It is furthermore noted that it is, in

values, i.e., relating to the increased inhomogeneity. general, necessary to use a multiphase approach to interpret
ferromagnetic resonance measurements in these types of
samples.

F. Comparison of ferromagnetic resonance and Mssbauer
spectroscopy results

V. CONCLUSIONS
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