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Form ation of t he soft magneti c nanostr ucture in amor phous

Fe41 N i4 0 Zr 7 B 12 allo y due to heat treatment is studied by the M �ossbauer , dif -
ferential scannin g calorimetry , and X -ray di˜ractio n techni ques. A nnealin g at
temp eratures 520À 5 80 £ C leads to the formation of extremely soft nano crys-
tallin e alloy as revealed by the rf -M�ossbauer measurements. T he superpara-

magnetic behavio ur w as observed for the alloy annealed at 620À 640
£ C . At

higher anneali ng temp eratures good soft magnetic prop erties deteriorate.

PAC S numb ers: 76.80.+ y , 75.50.K j , 75.50.Bb, 81.40.{ z

1. I n t rod uct io n

Soft magneti c nanocrysta l line al loys, obta ined after subsequent anneal ing of
a suita bl e am orpho us precursor, consist of nanocrysta l l ine gra ins embedded in a
residual am orpho us m atri x [1, 2]. Such nanostructures reveal excellent sof t m ag-
neti c pro perti es, usual ly expl ained in term s of the random anisotro py m odel [3],
related to the suppression of the local magneto crysta l line anisotro py by exchange
intera cti on, com bined wi th high satura ti on magneti zati on and high perm eabi l -
i ty whi ch m ake them ideally suited for appl icati ons in m agneti c devi ces for elec-
tro nics. Since the di scovery of FINEMET al loys [1] and devel opm ent of terna ry
Fe{ M{ B( Cu) NAN OPE RM al loys [2] the search conti nues for new nanocrysta l l ine
al loys wi th impro ved m agneti c and m echanical pro perti es.
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W e prepa red the amorpho us Fe8 1 À x Ni x Zr 7 B 1 2 ( x = 1 0 Ë 4 0 ) a lloys in whi ch
the nanostructure wa s form ed by anneal ing. Structura l changes induced by therm al
trea tm ent were characteri sed by the M �ossbauer spectro scopy and suppl emented by
the di ˜erenti al scanni ng calori metry (DSC) and X- ray di ˜ra cti on (XR D) m easure-
m ents. Ma gneti c properti esof nanocrysta l l ine al loyswere studi ed by the special ised
rf -M�ossbauer techni que [4{ 6] in whi ch the rf col lapse and sidebands e˜ects, induced
by the externa l radio- frequency (rf ) m agneti c Ùeld, are employed [7].

Al tho ugh all al loys wi th x = 1 0 Ë 4 0 were studi ed our di scussion is f ocused on
the Fe41Ni 40 Zr B al loy because i t reveals m ost interesti ng magneti c properti es.

Am orpho us Fe8 1 x Ni x Zr 7 B1 2 ) ri bbons (3{ 4 m m wi de and
20 m thi ck) were prepared by rapid quenchi ng from the m elt. Am orpho us
Fe Ni Zr B precurso r was annealed in vacuum f or 1 hour at 440 800 C.
Co nventi onal M�ossbauer m easurements were perform ed at room temperature for
al l as-quenched and annealed sampl es. For sam ple annealed at 620 C the
M�ossbauer m easurements were perform ed also at low tem peratures (295{ 80 K).
The rf -M�ossbauer m easurem ents were carri ed out duri ng exposure of the sampl e
to the 61 M Hz rf Ùeld of intensi ty ranging from 0 to 20 Oe in the sam e way as in
our earl ier studi es [4{ 7].

Am orpho us Fe Ni Zr B al loy crysta l lises in two steps, as shown in the
D SC measurements. The crysta l l izati on tem peratures of the Ùrst and second crys-
ta l l izati on step are about C and C. The M�ossbauer spectra recorded for
the Fe Ni Zr B al loy annealed at indi cated tem peratures are shown in Fi g. 1.
The XR D and M�ossbauer m easurements have shown tha t al l as-quenched al loysare
ful ly am orpho us (Fi g. 1a). As can be seen, the crysta l l ine bcc-Fe phasef orm s in the
sam ple annealed at C, in addi ti on to the residual am orpho us phase (Fi g. 1b).
An increase in anneal ing tem perature causes an increase in the spectra l contri bu-
ti on of the bcc-Fe phase(Fi g. 1c). Then at 570 C the spectra l contri buti on of
thi s com ponent decreaseswhi ch is associated wi th the sim ulta neous change of the
spectra l com ponent related to the bro adened sextet whi ch now corresp onds both
to the residual am orpho us phase and to the Ni -conta ining nanostructure (Fi g. 1d).
The of thi s sextet slightly decreases whi ch suggests a substanti al Ni content
in the nanocrysta ll ine phase (Fi g. 1c{ e). The XR D measurements perf orm ed for
these sam ples suggest tha t the nanogra ins of the (F eNi ) 2 3 B 6 phase are form ed at

570 C. At 595 C the sing le l ine com ponent appears in the spectrum
(Fi g. 1f ) and the of the m agneti c com ponent further decreases. The sing le-l ine
component dom inates in the spectra recorded for 620 640 C (Fi g. 1g, h).
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Fig. 1. Ro om temp erature M�ossbauer spectra of Fe41 N i40 Zr 7 B 12 alloy annealed at

indica ted temp eratures.

The XR D patterns are almost the same for sampl es annealed in the tempera-
ture range of 570À 6 4 0 £ C, whereas the M�ossbauer spectra are di stinctl y di ˜erent
(Fi gs. 1d and g, h). In order to eluci date the ori gin of a sing le l ine com ponent
observed in Fi g. 1g the low tem perature M�ossbauer measurements were perform ed
(Fi g. 2). As can be seen from Fi g. 2, the spectra l fracti on of a single l ine strongly
decreases wi th decreasing tem perature and the m agneti c component increases. The
sing le l ine tra nsform s gradua lly to the magneti c pattern (Fi g. 3) whi ch rul es out
a simpl e para- to ferrom agneti c phase tra nsiti on. The observed gradual tra nsfor-
m ati on of the sing le l ine to a magneti c pattern may suggest a sup erparam agneti c
relaxa ti on ori gin of thi s l ine. Very sim i lar behavi our was observed for the sampl e
annealed at 6 4 0 £ C. Mo st probably at favourabl e tem peratures (620À C) the
crysta l l ine phase of the FeNi- typ e is form ed as very smal l nanogra ins separated by
a residual am orpho us matri x, probably of i ron poor Ni ZrB- typ e tha t m ay al low
a sup erparam agneti c relaxati on. However, the presence of such an interg ranul ar
phase wo uld be di £ cul t to detect by the M�ossbauer and XR D techni ques. Su-
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Fig. 2. Low temp erature M�ossbauer spectra of Fe41 N i40 Zr 7 B 12 alloy (T A = 620 £ C ) .

Fig. 3. T emp erature dependence of a single line comp onent in the spectra show n

in Fig. 2.

perparamagneti c behavi our in nanocrysta l l ine al loys when residual nonm agneti c
am orpho us m atri x separates the nanogra ins was suggested recentl y [8{ 10].

At hi gher anneal ing tem peratures no relaxa ti on behavi our was observed be-
cause gra ins grow and m icro crysta l l ine m agneti c phases are form ed (Fi g. 1j { l ).

Co nversion electron M�ossbauer spectra (CEMS), whi ch pro vi de inf orm ati on
regardi ng a near surface region of the sampl e, about 120 nm thi ck, do not show a
single l ine component. Thi s suggests tha t in the surface regions of the sam ples the
superparam agneti c relaxa ti on is suppressed, probably by the addi ti onal ani sotro py
related to the stress induced by the enhanced surface crysta l l izati on.

The increase in T A above the tem perature of the second crysta l l izati on peak
in DSC curve causes a compl ete crysta l l izati on of the sam ple and the sing le-l ine
component di sappears (Fi g. 1j { l ). The phase form ed at T A Ñ 700£ C (Fi g. 1j { l ) is
m ost probably fcc-FeNi.
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The soft m agneti c properti es of Fe41Ni 40Zr 7 B12 nanocrysta l l ine al loy were
veri Ùed by the rf -M�ossbauer techni que [4{ 7]. The M�ossbauer spectra recorded dur-
ing the exposure of the Fe41Ni 40 Zr7 B12 as-quenched and annealed at 5 2 0 C and

C alloys to the rf Ùeld of 61 MHz at vari ous rf Ùeld intensi ti es are shown
in Fi g. 4. A gradual rf- induced narro wi ng of the m agneti c hyp erÙne structure
(m hfs) is observed for the am orpho us al loy (Fi g. 4a{ f ). A com plete rf col lapse of
the m hfs to a quadrup ole doublet is observed for the rf Ùeld of 12 Oe (Fi g. 4e).
Ho wever, at 6 Oe the rf - induced narro wi ng is only marg ina l (Fi g. 4c). Thi s m eans
tha t the e˜ecti ve anisotro py Ùeld in the am orpho us state is considerably larger
tha n 6 Oe but smal ler tha n 12 Oe. The form ati on of the nanocrysta l l ine phase
at 520 C causes changes of the rf -M�ossbauer spectra (Fi g. 4b f ). The
spectra are signiÙcantl y m ore col lapsed as com pared wi th the am orpho us al loy
(Fi g. 4c, d). Substanti al rf - induced narro wi ng of the m hf s occurs al ready at 6 Oe
(Fi g. 4c ) and at 8 Oe the rf -col lapsed centra l com ponent accom pani ed by a partl y
col lapsed m agneti c \ wi ngs" appears (Fi g. 4d ). The shape of the spectra in Fi gs.
4c and 4d suggest a two -phase structure consisting of magneti cal ly very soft
nanocrysta l l ine gra ins, whi ch pro duce a col lapsed centra l part of the spectra, and
the amorphous m atri x wi th a larger anisotro py related to the partl y col lapsed
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m agneti c com ponent. A f urther increase in rf Ùeld intensi ty leads to an almost
compl ete col lapse of the mhf s of the magneti c com ponent. The centra l col lapsed
sing le l ine and rf sidebands appear in the spectrum (Fi g. 4e0 ). Such an rf Ùeld is
su£ cientl y stro ng to average the hyp erÙne Ùelds both in the residua l am orpho us
m atri x and nanocrysta l l ine bcc-gra ins. Ho wever, the m agnetostri cti on of the al loy
is sti l l substa nti al , as shown by fai rl y stro ng rf sidebands (Fi g. 4f0 ). The most
interesti ng results were obta ined for the Fe4 1Ni 40Zr 7 B12 al loy annealed at 5 8 2 £ C
(Fi gs. 4a00

À f00 ). The rf -M�ossbauer spectrum reveals a substa nti al collapse for the rf
Ùeld intensi ty of only 4 Oe (Fi g. 4b" ) at whi ch the am orpho us al loy did not show
any narrowi ng of mhf s (Fi g. 4b). At 6 Oe the m hfs strongly narrows (Fi g. 4c00 )
and 8 Oe rf Ùeld is su£ cient for an alm ost com plete col lapse of the mhf s to a sin-
gle l ine associ ated wi th the bcc gra ins, accom pani ed by smal l magneti c \ wi ngs" ,
m ost probably rel ated to a sti l l incom plete col lapse of the m hf s of the residual
am orpho us pha se. A 12 Oe rf Ùeld induces a com plete col lapse of mhf s of the en-
ti re nanocrysta l l ine al loy and weak sidebands appear in the spectrum (Fi g. 4e00 ) .
Such an rf Ùeld dependence of the rf -M�ossbauer spectra reveals tha t the e˜ec-
ti ve anisotro py of the al loy annealed at C is parti cul arl y smal l , considerably
smal ler tha n in the am orpho us al loy and in the sam ple annealed at lower tem per-
atures. Ti l l now in al l rf -M�ossbauer studi es perf orm ed for vari ous NANOPER M
al loys (e.g., [4, 5, 6, 11]) the am orpho us precurso r and residual am orpho us matri x
had a smal ler anisotro py tha n the nanocrysta l l ine bcc-Fe gra ins. In the present
case of Fe Ni Zr B al loy annealed at the opti m al tem perature the crysta l l ine
Ni -conta ining nanostructure reveals substa nti al ly a smal ler anisotro py tha n the
residual amorpho us matri x and the amorpho us precurso r.

Stri ki ng di ˜erences as regards the rf sidebands e˜ect, di rectl y related to the
m agneto stri cti on [12], could be noti ced in the rf -M�ossbauer spectra recorded for
16 Oe rf Ùeld (Fi gs. 4f, f , and f ). W hereas the rf col lapse is com plete for al l al loys
in Fi g. 4, the rf sideband intensi ti esstro ngly decrease in the nanocrysta l l ine al loys
and are the smal lest for the al loy annealed at C. Thus the al loy annealed at

C has the best soft magneti c properti es: the smal lest anisotro py and almost
vani shing m agneto stri cti on.

Annea l ing the Fe Ni Zr B al loy at tem peratures exceeding the second
crysta l l izati on step ( 730 C) leads to the form ati on of the phasewhi ch is m ag-
neti cal ly m uch harder. The rf -M�ossbauer spectra recorded for sam ples annealed at

C and C reveal only m arg inal rf -induced narro wi ng of the magneti cal ly
spl it broad sextets.

D espite the fact tha t the hyp erÙne Ùeld in the Fe Ni Zr B nanocrys-
ta l l ine al loy is reduced as compared wi th the bcc-Fe phase in NANOPER M al loys,
an impro ved magneti c softness combi ned wi th the m uch reduced bri ttl enessof the
sam ples o˜er new attra cti ve possibi l i ti es for techni cal appl icati ons of these novel
Ni -conta ining alloys.
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