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The hyperfine parameters of iron atoms are studied in iron nanocrystallites prepared by different methods:
ball milling of iron powder, partial crystallization of Fe-Zr-B-Cu amorphous ribbons, and vacuum evaporation
of Fe-B polycrystalline multilayers. Careful analysis of the spectral contribution of the possible impurities and
chemical mixing at interfaces reveals that no specific grain boundary contribution can be separated in the
Mossbauer spectra when the grain size is in the 2—10 nm range. The results indicate that excluding chemical
effects the hyperfine fields of iron atoms at the bcc interfaces are very close to those in the bulk sahdudo
spectra of the iron nanocrystallites studied can be understood without supposing a separate grain boundary
phase with very distorted structure or highly reduced density.

. INTRODUCTION line Fe (h-Fe) prepared by consolidation of small clusfers
was dominantly influenced by the idea of gaslike grain-
It has been assumed for more than a decade that nanocryisoundary structure. The results were described by two hy-
talline materials possess a special grain-boundary structurperfine components: a sharp sextet with the parameters of
which is very different from that of the usual polycrystalline pure bcc Fe and a broad sextet with distinct parameters.
grain boundaries. The Gleiter model depictednocrystal- These components were assigned to atoms inside the crystal-
line substances as essentially perfect fine grains with widétes with a nearly perfect order and atoms in the strongly
grain boundaries of significantly reduced density. This waydistorted grain-boundary region, respectively. However, later
of modeling leads to the very surprising idea that the grainstudies revealéd large uncertainties in the ratio of the two
boundary region is disordered to the extent that it lacks evesomponents and in the hyperfine parameters of the broad
the short-range order of an amorphous or liquid condensedomponent. Following these studiesFe particles were pre-
phase. It is described as a gaslike, completely disorderegiared by other methods, including chemiBabr cluster
phasé On the other hand, an increasing amount of structurabeam depositiort and mechanical milling?=*¢ These stud-
evidence has been collected recently which confirms that siges could not reveal an unambiguous common component in
nificant structural disorder at the grain boundary extends nthe Massbauer spectra of differentFe samples which could
further than the planes immediately adjacent to the boundarle safely identified as the one belonging to grain-boundary
plane. Besides direct verification by high-resolution trans-atoms. On the other hand, the role of different impurities are
mission electron microscopyx-ray absorption fine structure emphasized in most of these wors:113-1°
(XAFS) measurements also support that the grain bound- A large variety of the extensively studied soft magnetic
ary is similar to those in microcrystals. It is also becomingnanocrystalline composite materidisalso contain n-Fe
obvious that contamination is a serious problem in mosgrains besides nanosize amorphous granules. These materials
preparation methods; this way, chemical and structural inhoare usually formed by partial crystallization of amorphous
mogenities are usually presénin these materials. In strik- ribbons. A spectral component around 30 T at ambient tem-
ing contrast to the above-mentioned direct structural eviperature is often identifiéd2°as the component belonging
dence, it is still widely accepted that sbauer to the surface atoms of the bcc Fe precipitates in the amor-
spectroscopy detects the low-density interfacial phase at thghous matrix. The possibility of impurity dissolution in bcc
grain boundaries. Fe over the equilibrium solubility limit has also been
The structural model discussed above predicts that nangaised.
crystalline materials have a large number of atoms in the In spite of the contradictions, the concept of a grain-
grain boundaries which should give a measurable contribuboundary contribution in the Mmsbauer spectrum of-Fe
tion to Mossbauer spectra. In case of 5-10 nm grainwith broad lines and hyperfine parameters different from the
diameters which is the range of minimum available average normal a-Fe values remained unalter&f? Even in a pio-
grain sizes for most metals, about 30—50 % of the atoms caneering work for the dynamical properties of nanocrystals a
be found in grain boundaries if a 1-nm grain-boundary thick-separated grain-boundary phase is consid&tdte incon-
ness is supposed. The first B&bauer study of nanocrystal- sistency of the data whemFe samples prepared by different
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methods are compar&ds explained by preparation-specific phous Fe-B layer is formed by solid-state amorphization at
structural differences. The temperature dependehokthe  the interface of the layers and therefore they are also closely
so-called grain-boundary and crystalline components wagelated to the samples formed by nanocrystallization of
found to be very different. The increased magnetic momenamorphous ribbons. As compared to these samples, it is a
(i.e., the low-temperature hyperfine figldf the grain- fortunate feature of multilayers that during solid-state amor-
boundary component was originally explained by a greatlyphization B is not dissolved in the bcc phase to a measurable
reduced density. About a 20% reduction of the bulk defsity extent. Therefore it is reasonable to state that pure bcc Fe
in n-Fe samples prepared by the inert gas condensation techanocrystals can be studied in these samples. Our data on
nique is attributed mainly to a lower density of the grain multilayers will clearly show that the perturbation caused by
boundaries, since no voids were found in the compactedrain boundaries falls in the range of the experimental line-
powders. The broad lingse., the presence of a distribution width of the Massbauer spectra. The seeming contradiction
of hyperfine fields and the reduced Curie temperature arepetween high-resolution electron microscopy antsitmuer
explained in terms of exchange fluctuations originating fromspectroscopy results on the structure of nanocrystalline ma-
an amOfphOUSlike, disordered structure. On the other hand, .Uériais is resolved by attributing the hyperfine Component
the FgyZr;B, nanocrystalline composite system the surfaceformerly interpreted as the grain-boundary contribution to

layers of the Fe nanocrystallites were clairffeth show a  defect sites and impurities determined by the preparation
temperature behavior similar to bcc Fe but the hyperfine fielghethod.

range attributed to it was significantly different, 22—-35 T at

4.2 K. In many later works om-Fe samples prepared by

di_fferent methods, Fhe (_)bservation_of a spectral component Il. EXPERIMENT

with a lower hyperfine field at ambient temperature was re-

garded as an indication of a grain-boundary component with- The mechanical milling was carried out in a vibrating

out a detailed investigation of its temperature dependencdtame single ball vessel continuously pumped during milling

The supposition of a greatly reduced density and amorphoudy a conventional diffusion pump system. The typical pres-

like structure clearly contradicts both electronmicroscopy sure was 102 Pa. The technical construction of the vacuum

results on cluster-consolidated nanophase Pd and XAF@al corresponds to the description of Ref. 31: a hardened

(Refs. 4 and bmeasurements on inert gas condensated Cateel ball(60 mm diameter, 870)gscillates on the top of a

and ball-milled Cu, Fe, Ni, and Cr. 65-mm-diam, 5-mm-thick tungsten carbide bottom plate.
The aim of the present work is to studyFe samples The oscillation frequency is 50 Hz; the amplitude of the ball

prepared by three different methods, to account for thenovement is 1.5 mm. For this arrangemen#é g powder

possible impurities, and evaluate the $8bauer spectra mixture charge was used to get a high enough alloying rate

consistently in order to identify a well-defined contribution and low-impurity-concentration. Aldrich Fe powdé¥9.9%

of the grain-boundary atoms. The following samples will bepurity, less than 44m diameteyr was used.

utilized for this purpose(a) ball-milled Fe powder(b) nano- Amorphous Fe-Zr-B-Cu ribbons and microcrystalline
crystalline, i.e., partially crystallized Fe-B-Zr-Cu amorphousFeyZrg reference alloy were prepared by rapid quenching
ribbons, andc) vacuum-evaporated Fe-B multilayers. from the melt in B atmosphere and vacuum, respectively.

Different perturbations are present in the above cases. FArhe nanocrystallizing heat treatment of the amorphous rib-
ball-milled iron, contamination from the milling tools— bons was carried out in a Perkin Elmer DSC2 calorimeter by
which is mainly Cr contamination in our case, but C, Ni, W, heating to the end of the first crystallization peak. The nano-
etc., can also be found in certain steels—is to be encourcrystalline state of the samples was checked by x-ray diffrac-
tered. In the last two cases, theFe grains are embedded in tion (XRD) and transmission electron microscopy’
an amorphous matrix. Partial crystallization of amorphous TEM).

Fe-Zr-B-Cu results in the appearance of nanosize bcc Fe Multilayered samples were evaporated either to Si single
crystallites, but as it will be shown these can dissolvéafid  crystal or Al substrates in a vacuum of 10Pa with an

B), although the elements are not soluble under equilibriunevaporation rate of approximately 0.1 nm/s. The liquid-
conditions. In order to eliminate the effects of dissolved im-nitrogen-cooled substrate was first covered with up to 30 nm
purities in bcc Fe, nanostructured multilayers consisting oboron to prevent Si or Al contamination, and the topmost
insoluble elements are regarded the most relevant. Thiayer was 5-nm-thick boron. The layer thickness was con-
sample preparation is made under high-vacuum conditiongrolled by a quartz oscillator, and nominal layer thickness is
the level of impurities is the lowest possible, there are nagiven using bulk density data. The total sample thickness
serious porosity problems, and the grain size distribution isvas between 100 and 200 nm. The polycrystalline multilay-
narrow?® The grain size is influenced by the columnar ers were checked by parallel-beam x-ray diffractibtrans-
growth and is roughly proportional to the layer thicknéss. mission electron microscopy,and neutron reflectometry.
Polycrystalline iron layers with different grain sizes below The periodicities determined by these methods were 10—-20%
10 nm can be easily produced. Though there are not onllarger than the nominal ones derived from the mass measure-
bce-bee grain boundaries, but other, in our case bccments by the quartz oscillator during sample deposition,
amorphous, interfaces in the sample, a systematic study ishich can be partly explained by the reduced densities of
able to distinguish them. Multilayers of Fe and B seem to behin layers. Due to the geometry of the evaporation chamber,
a good choice since the bulk solubility is less thanthere is a variation of the layer thickness throughout the
1074(0.01%) 2 However, in grain boundaries much higher 2-in.-diam samples, which was also checked and was found
solubility?® is expected. According to our resuffsan amor-  to be about 0.1 nm.
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FIG. 1. Grain size determined from the XRD linewidtbpen FIG. 2. Dark field TEM image of the 160-h-milled sample.

circles and left scajeand the linewidth of the Mssbauer spectrum

(solid circle§ and right scaleof ball-milled Fe powders. The lines |ixa those appearing in Fig. 2, were interpreted as single
:L%rzglé’e%‘éffstg&einegi;tc;jComem measured by EDX and x-1ayaing and the grayish inner structure was supposed to origi-
. nate from dislocations lying in bands and/or strained or

. sheared regions. With this supposition the grain size might

The average grain size of the powder samples was megyg gyerestimated in some caseAccording to the TEM re-
sqreq by x-ray d|ffrgct|on of CK « radiation and by rans-  gyits, the expected grain-boundary fraction approaches 10%
mission electron microscopyEOL-2000 FX-I). The impu-  ager 160 h of milling and 25% after 470 h of milling if a
rity content was determined by energy-dispersive X-ray;_nm grain-boundary thickness is supposed. The linewidth of
(E%X) and x-ray fluorescence analysis. the six-line pattern observed in the S&bauer spectra in-

Fe Massbauer spectra were recorded by a standargreased by about 20% after 160 h of milling, but 0.3% Cr
constant-acceleration spectrometer using a 50 MCORh  content was also detected by EDX and x-ray fluorescent
source. Measurements in applied magnetic field were pegnaiysis. After 470 h milling the Cr contamination reached
formed in a Janis cryostat with superconducting magnet. 51 3t 04 and the Nssbauer spectrum also shows

feature$*3® characteristic of Cr impurities. In order to check
IIl. RESULTS AND DISCUSSION the effect of Cr impurities, both alloy ingots and mechani-
cally alloyed samples were prepared and studied for com-
parison.

After different milling times the samples were analyzed Mossbauer spectra of the Fe powder milled for 160 and
by XRD to obtain the average grain size and by EDX and300 h and that of alloy ingots with &LCry 3 and Fg,Cry
x-ray fluorescence to determine the impurity content. Thecompositions are compared in Fig. 3. Deviations observed in
Mossbauer spectra were fitted by one sextet. The observetie second and fifth lines are due to sample morphology,
linewidth as a function of the milling time is plotted in Fig. which will be discussed later. The two outermdftst and
1. The average grain sizes, which were determined by theixth) and the two innermodthird and fourth lines of the
Debye-Scherrer formula from the XRD linewidth, are alsospectra of the 160-h-milled Fe and the,§£r, ; alloy ingot
shown in the figure. After 100 h of milling the average grainare identical within the statistical error. There is a small dif-
size determined by XRD was below 10 nm. The grain-sizeference in these lines when the sample ball milled for 300 h
determination can be problematic for two reasofis:the  and the FgCr; ingot are compared: however, this can be
Scherrer equation does not take the lattice strain into considiue to a Cr concentration difference less than 0.2 at. %,
eration and(ii) there might be deviation from the supposedwhich is the experimental error of the measured concentra-
spherical grain shape. tions. This kind of comparison shows that the gradual in-

The samples were also examined by transmission electrocrease of the linewidth of the ball-milled Fe samples, as
microscopy® measurements, which provide a more accurateshown in Fig. 1, can be well explained by the measured Cr
and direct measurement of the grain size. Figure 2 shows ianpurity content for all of the samples, including the longest
typical dark field image made by tti#10-type reflections of  milling time.
the 160-h-milled sample. The TEM measurements revealed A further check was made by introducing Cr impurities
that the grain shapes were elongated and indicated a preito n-Fe in a controlled way, i.e., by preparing & xCry
ferred orientation of the elongated grains in the samples. Thkall-milled samples with differentx=0.3, 1, and 5Cr con-
thickness of the elongated grains was in accordance with theentrations. In each case Fe and Cr powder mixture and
grain size obtained from the XRD line broadening. The av-Fe, ,Cr, alloy ingots were ball milled in a tube mill work-
erage length per thickness ratio measured over a few hundrédg under vacuum for 94 h to produce small grain-size pow-
grains was over 14 for the 80 h milling time and were aboutder samples. The two kind of samples showed identical
10, 4.5, and 1.6 for the milling times 160, 300, and 470 h,Mossbauer spectra and were fitted by a binomial distribution
respectively (Elongated bright spots in the dark field image, allowing first- and second-neighbor contributions according

A. Ball-milled n-Fe samples
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ms " . F mostly platelike flakes, while the powdered ingot sample has
; ﬁ ﬁﬁﬁ ﬁ 4 no significant shape anisotropy. The platelets prefer to lie
¢4 “ % ow G i parallel to the sample plane when the $8bauer absorber is
EQ . § 5 2 prepared, and due to the shape anisotropy energy, the mag-
2, 5 ;" netic moment of the granules is directed toward the sample
T L plane. This is reflected in the intensity of the second and fifth
: A s lines relative to those of the third and fourth lines of the

a, ¢ ) ! Mossbaur spectrumlfs) according to the formula,s

£ ¢ =4 sirf 9/(1+ cog 9), where ¥ is the angle between the

v-ray direction and the magnetic moment. The formation of

‘ﬁ% ﬂf'x f'f\ & ﬁ ;‘W the platelets might be explained by the plasticity of pure iron
8 ? %
g

at the beginning of the millingThis is also supported by our
results on the ball-milled kg, ,Cr, ingot samples, where
o bl this anisotropy was not obsernjedVith the gradual increase
H o J g of the Cr content, the Fe powder becomes harder and more
o b - brittle. After prolonged milling the line intensities get again
H 2 5 close to 3:2:1:1:2:3, that is, the isotropic average. The in-
- crease of the hardness of the powder might explain as well,
that the measured impurity content increases more rapidly
than a simple linear function of the milling time.
8 6 4 2 0 2 4 6 8 When our M@sbauer spectra are compared to those pub-
lished by other group¥:*>1>1%the above described change
velocity [mms] of the line intensities is the only significant difference which
can be observed without any fitting procedure. It is con-

circles for 160 and 300 H(a and (b), respectively and that of nected to the particle shape and might be due to the applica-

alloy ingots(open circleswith Fey, Cro s and FgoCr, [(2) and (b), f[ion of_ the spe_cific milling 'equipmeﬁil.OtherWise, when th_e
respectively compositions. impurity level is low the Massbauer spectra show only a line

broadening similar to all other published results on ball-
to the bcc structure. This evaluation showed that the Cr conmilled Fe. In accordance with our conclusion this line broad-
tent of the ball-milled samples agrees with the nominal con€ning was attributed to impurities in a few other ball-milling
centration in each case. The milling tin{®4 h) is much  experiment3>*®In other cases the authors claimed that the
shorter than the timé160 h where significant Cr contami- impurity level was negligib&*¢-*%and fitted this line broad-
nation could be observed by EDX; i.e., Cr contaminationening by a hyperfine field distribution attributed to a grain-
does not seriously alter the nominal concentration in thissoundary phase. However, if we compare these hyperfine
case. When the spectra are compared to that of the allofeld distributions and their spectral fractions, it turns out that
ingots?” only differences which are in the order of the ex- the results are quite different from each other. The range of
perimental errors are observed. the hyperfine field values seems to depend on the evaluation

Our results for ball-milledn-Fe show that no grain- method applied and the variations of the spectral fractions

boundary contribution can be identified within the experi-are not in accordance with the variations of the grain-size
mental limits if the effect of Cr impurities is taken into ac- \5j,es. These inconsistencies may hint at evaluation artifacts
count properly. A similar conclusion was dfa%”ece”t'y when modest line broadening is analyzed by introducing a
bY _anal_yzmg the results on—F_e prepared _b_y mechanical large number of fitting parameters. It is a well-known prob-
milling in heptane, where malnly C impurities have to be lem in Mossbauer spectroscopy, that unphysical oscillation
encountered. It is also made evident thatdgloauer spec- . o L
troscopy is a very sensitive tool to detect impurities of the?" peaks can emerge in t'he calculated hyperfine f|el'd distri-

butions due to the ill-defined parameter set to be fitted. A

order of 0.1 at.%. When compared to EDX, which is re-I lation bet the fitted ters indicates that
garded a sensitive methdd,it is to be emphasized that arge correfation between the Titted parameters indicates tha

Méssbauer spectroscopy measures a bulk quantity of thie choice of the_ parameter_set is nqt correct or tht_a spectrum
sample and therefore it gives a better check of the averadd®€S Nnot contain enough information to determine them.
impurity concentration when the distribution is not homoge-S0me of the commonly used evaluation programs do not
neous. This is obviously the case when wear debris suppliedarn of the presence of strongly correlated parameters. On
impurities Continuous|y, but an inhomogeneous Concentrame other hand, the Shape of the calculated distributions can
tion distribution was also observed when intermixing of Fesensitively depend on the number of sextets, the cutoff hy-
and Cr powder during ball milling was studiéy. perfine field values, or the line intensities used in the fitting

There is one significant difference between the spectra gfrocedure. This was well demonstratedy the evaluation
ball-milled Fe and Fg_.Cr, ingot samples in Fig. 3. The of synthetic spectra generated from different hyperfine field
intensity of the second and fifth lines of the spectrum isdistributions of Gaussian shape. Sample thickness effects can
much greater in case of the ball-milled Fe samples. The difeause deviation from the Lorenzian line sh&peshich may
ference in the line intensities is a consequence of the differalso lead to unphysical peaks when small line broadenings
ent shape of the particles. The ball-milled Fe sample haare fitted by a hyperfine field distribution.
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FIG. 3. Massbauer spectra of Fe powder ball millésblid
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nanocrystalline FIG. 5. Temperature dependence of the hyperfine field of the

Fe Zr B Cu main componentB,,.;) of the bcc phase in nc Fe-Zr-B-Cu samples
0oz i with different metalloid concentrations as compared to a puFe
-8 ' -I6 ' _'4 ' _'2 ' 6 ' é ' "1’ ' é 8 sample. The inset shows the same data points as the main figure for
velocity [ mm/s ] the nc FgyZr;B,Cu; sample in comparison to the melt quenched

nominally Fg.Zrg sample.
FIG. 4. Room-temperature fdsbauer spectra of the nc
FeyZr,B,Cu; and the nominally RgZrg melt-quenched sample.

eighbor in the first two coordination shells. It is 3 at. %, less
The dotted and dashed curves are the subspectra referred as rﬁe th inal trati d ith timat
main and the satellite components, respectively. an the nominal concentration, and agrees with our estimate

for the nc FgyZr,B,Cu, sample.
The possibility that the shoulder component of thedsto
B. Nanocrystallized Fe-Zr-Cu-B amorphous ribbons bauer spectra of nc Fe-Zr-B-Cu samples belong ttefd B
Nanocrystallizednc) Fe-Zr-B-Cu samples were prepared dissolved in the nanosize bcc Fe crystallites is further exam-
from amorphous ribbons by heat treatment at a temperatuiged by temperature-dependent studies. The hyperfine field
above the first crystallization stage to form bcc of the main component,,,) is shown for nc samples with
nanocrystallite¥3 with an average diameter of 10—20 nm different metalloid concentrations in Fig. 5. For comparison,
which are embedded in a residual amorphous matrix. Roonrdata of purex-Fe and the melt-quencheddz&rs sample are
temperature Mssbauer spectra of the nc Jg@r,B,Cy, ~ also shown in the figure. While the low-temperature data
sample are shown in Fig. 4. It contains two well-resolvedagree very well with the pure-Fe value for all of the
sextets superimposed on the spectrum of a residual amogamples, a significant reduction of the hyperfine fields can be
phous phase. The first sextet with the larger splitting ha®bserved at temperatures above 300 K, indicating a reduction
hyperfine parameters similar t@-Fe, but the origin of the of the Curie temperature, which is enhanced by increasing
second sextet is disputé§?! These two components, respec- the metalloid content of the sample. The intensity of the
tively, will be referred to as the main and satellite compo-satellite component also increases as compared to the inten-
nents in the followings. The satellite component was usuallysity of the main line when the metalloid concentration is
attributed to Fe atoms located at the interface of the nanosiZ&nhanced. These indicate that B is also dissolved in the bcc
a-Fe crystallites and the amorphous matrix. However, dissophase and explains the significant reduction of the Curie tem-
lution of a few at. % Zr in the bce structure may also explainperature as the B concentration increases. The inset in Fig. 5
the results. This is not in contradiction with atomic probeshows that the lowest B content ncqf&r,B,Cy and the
field ion microscopy measuremefftswhere no alloying melt-quenched nominally kgZrs sample show similar tem-
component was observed in the bce crystallites since the experature dependence. It means that a comparable amount of
perimental errors of this method cannot exclude a smalsolutes is expected in the bcec phase of these two different
amount of Zr and B. Although the equilibrium solid solubil- samples.
ity of Zr in Fe is negligible, melt quenching offers a possi- The hyperfine field of the satellite componei) fol-
bility for the preparation of the solid solution. The nominal lows closely® the temperature dependenceBy;, both in
Fey,Zre melt-quenched sample yields a dominant Fe-rich mithe nc and in the melt-quenched samplBs,/B i, and
crocrystalline bcc solid solution together with a not-well- Byain/ Bee (WhereBg, is the hyperfine field of pure-Fe) as
defined amorphous or intermetallic minor phd%eThe a function of temperature is shown for the ngge;B,,Cu,
Mossbauer spectrum of this sample together with the maisample in Fig. 6. The observation that the hyperfine field of
and the satellite subspectra of the bcc phase is shown in Fithe satellite componentBg,) follows closely the tempera-
4. The average zirconium content can be calculated from thture dependence ofB,,,—even in case of the nc
intensity ratio of the main and satellite components supposkepZr,B,,Cu; sample where the Curie temperature is at least
ing that the hyperfine field is reduced if a Fe atom has a Z400 K lower than the bcc Fe value—strongly supports
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' ' ' ' T zero isomer shift with respect to pureFe, and zero qua-
P A Y | druple splitting in case oflge=3.5nm. (The case ofdg,
' el =2.5nm is discussed later. The line intensities within the
e ] sextet could be fitted as 3:4:1:1:4:3, showing that the mag-
e B /B < netic moments lie in the sample plane. The second compo-
0951 BMa‘/"B Fe . 1 nent has no sharp lines, but appears as an increased back-
sat  Main AN ground for larger velocities and gives a peak in the middle of
8 | the spectra. This central peak is superimposed to the para-
09015 o0 5o g magnetic doublet of the substrate material. A clearer picture
o ° of the second component is given when the fiiteHe sextet
. , . , . T and the Al substrate contribution is subtracted from the mea-
0 200 400 600 sured spectra. These modified speéimterface subspectra in
TIK] Fig. 7), attributed to iron atoms in the interface, are very
similar for samples on both Si single crystahnd Al sub-
FIG. 6. Hyperfine field ratios of pure-Fe (Brg and the main  strates and for different iron and boron layer thickness val-
(Bmain) and the satelliteBs,) components of the bce phase for nc o5 Considerations concerning the structure and the chemi-
FeyoZr7B1,Cly as a function of temperature. cal composition of the interface have been nidby

h . hat th bel h analyzing these figures; however, here our main concern is to
the notion that these two components belong to the Samg, ., that the interface component can be consistently sepa-
phase, i.e., a metastable bcc(F#B) solid solution. Quite

) . . . rated in the spectra. The width of the interface can be esti-
different behavior would be expected if the satellite compo- b

. . . M mated from the spectral fraction belonging to it. It is 79
nent were associated with a grain-boundary phase containi

: ! NN5 06, 57+5%, and 45:8% for the samples withdg,
the iron atoms on the interface of the bcc nanocrystallites 5 £ " 35 204 5.5 nm iron layer thicknesses, respectively

and the amorphous grains, as it was supposed in severg}om these values the width of the interface region is esti-

apers-&20 - - :
Papers. mated to be 20.2 nm on the iron side, which means that the
extent of the bcc iron layer is reduced by this amount due to
C. Fe-B multilayers interface formation on its two sides. This is in perfect agree-
Room-temperature Mesbauer Spectra of Samp|es on Al ment with the Obsgrvation that there is no pure bcc Fe con-
foil substrates are shown in Fig. 7. Due to Fe impurities intribution in the Masbauer specttawhen the iron layer
the Al substrate, a paramagnetic doublet is encounterelfickness is below 2 nm. After separating the contribution of
which amounts to about 5% of the total intensity. Besideghe Fe-B interface, we turn our attention to the component
this, the Mmsbauer spectra can be described by two maielonging to the iron layer. The linewidth of the sextet be-
components. There is a sextet which represents iron atoms |8nging to Fe atoms in unperturbed iron layer is G:2702
the unperturbed iron layer. It has 32:0.1 T hyperfine field, Mm/s for all samples witltde=3.5nm nominal iron layer
thickness. Due to interface formation, the actual layer thick-

d,_nmFe+ d nmB nesses are even smaller. Electron microstopkiowed that
origin;i spectra _ interface subspectra the individual layers are continuous, their thickness varies
T )

Tt ' " less than 1 nm, and a columnar microstructure can be well

mE ; observed in all the samples. Based on this, the planar grain
size can be estimated to scale with the layer thicknesses.
After these considerations it can be definitely stated that line
broadening or satellite components, as were observed in
nanocrystalline iron prepared by other methods, cannot be
observed in Fe-B multilayers containing iron grains of simi-
lar size.

Itis only in case of thelc.=2.5 nm sample that a signifi-
cant broadening of the line®.36-0.02 mm/$ can be ob-
served. The average thickness of the pure bcc Fe layer is
only about 0.5 nm in this sample, and if we take into account
all the experimental uncertainties, it comprises a few atomic
layers of bcc Fe. This way the hyperfine parameters of such
samples give a good estimate of the order of magnitudes that
can be expected in case of grain-boundary atoms. The room-
temperature hyperfine splittingd2.5+0.2 T) is slightly re-

- duced compared to the bulk value, but at 4.2 K they agree
5 0 5 '5 0o 5 within 0.1_T. This probably indicates a significa_nt reduction
of the Curie temperature. Msbauer spectra of this sample at
4.2 K in an applied field b3 T perpendicular to the sample

FIG. 7. Room-temperature ebauer spectra of samples on Al plane are shown in Fig.(8). The disappearance of the sec-
foil substrates beforériginal spectraand after(interface subspec- ond and fifth lines of the bcc Fe sextet due to the complete
tra) subtraction of the substrate and the purEe contributions. alignment of the magnetic moments can be well observed.

velocity [mm/s]
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phous interface is paramagnetic at room temperdterg.,
Fe-Zr (Ref. 48, Fe-Ti(Ref. 49 are in acceptable agreement
with the observations described above. These experimental
results set a limit to the difference between the hyperfine
field of iron atoms in the grain-boundary region and in the
bulk which is of the order of the experimental linewidile.,
below 1 7). If this observation is compared to dilute solid
solution studies on bcc Fe, one can state thasdbauer
spectroscopy does not support those models which assume a
separate grain-boundary phase with distorted structure and
significantly reduced density in nanocrystals. The observed
spectral component with an increased low-temperature hy-
perfine field®in samples prepared by consolidation of small
clusters might be connected to free iron surfaces, i.e., to
sample porosity or gas contamination. In more densely
packed iron nanocrystallites, our results limiting the change
in the iron hyperfine field at the interface to the magnitude of
the Massbauer linewidth are in line with the experimental
T T T T T T T results® on the saturation magnetization of electroplated
6 -4 -2 0 2 4 6 nanocrystalline nickel which was also supported by elec-
velocity (mm/s) tronic structure calculatiort.

FIG. 8. Mcsshauer spectra of the Fe-B multilayer with,
=2.5nm(a) and a 1um-thick Fe sample evaporated onto a silicon V. CONCLUSION

membrane(b) measured at 4.2 Knia 3 T nagnetic field applied No well-resolved component of nanocrystalline grain
erpendicular to the~ray direction. . . ..
perp vray boundaries can be observed in theddbauer spectra of ball-

On the other hand, the ratio of the bcc Fe and the interfacidhilled Fe and in nanosize iron clusters of Fe-Zr-B-Cu com-
component which contains a significant paramagnetic contriposite materials after impurity effects have been accounted
bution remains unaltered. This further supports that the sepdor properly. This is explained by the results on polycrystal-
ration of the interface contribution is correct. The absence ofine multilayers which set a low limit to the perturbation
any superparamagnetic relaxation is consistent with the ele¢vhich can be expected in the hyperfine field due to changes
tronmicroscopic observation that the layers are continuougf the iron coordination numbers and distances in bcc grain
For comparison, the spectrum of auir-thick Fe sample boundaries. The observed maximal line broadening which

evaporated onto a silicon membrane and measured undégn be attributed to grain-boundary effects in the case of a
identica' Conditions is Shown in Flg(m The hyperﬁne few atomic |ayerS of Fe is less than 40% of the eXperimental

splittings measured in the two samples agree within 0.06 Tlinewidth. This small effect strongly contradicts the view that
The hyperfine field distribution of the interfaeand the —hanocrystalline materials have a wide disordered grain-

calculated interface thickness agree very well in case of difboundary region of significantly reduced density and well

ferent Fe and B layer thicknesses. Experimental results als@xplained by recent findings of direct structural measure-

exist for other systems with negligible bcc solid solubility Ments such as high-resolution electron microsopyd

[e.g., Fe-Ag(Ref. 45, Fe-Mg (Ref. 49]. The sophisticated ’

monolayer resolution experiments for Fe in contact with Au,

Ag, and Cg Iay_ers z_;\Iso co_nfirr‘Hsthat a detectable change of ACKNOWLEDGMENT
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