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lon-beam mixing of Ag/Fe and In/Fe layers studied by hyperfine techniques
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lon-beam mixing of the thermally immiscible systems Fe/Ag and Fe/In by 450- and 600-keV Xe ions was
investigated by means of perturbed angular correlatR®C) and conversion electron \dsbauer spectros-
copy. The'™lin PAC probe atoms were either implanted into the layers at 400 keV or deposited by evaporation
at the metal-metal interface. Using these different methods of doping it was possible to distinguish between the
mixing process at the interface and “long-range” effects. Different magnetic hyperfine fields associated with
one or two Ag atoms close to the hyperfine probe were identified via both hyperfine methods. The results are
compared with those of a supersaturated homogenediés Falloy.

I. INTRODUCTION Il. EXPERIMENTAL DETAILS

. : . ... Thin Fe and Ag films(typically 50—-100 nm eaghwere
In recent years detailed studies of ion-beam mixing inyeposited by electron-gun or thermal evaporation at a rate of
metallic layers have been carried out, especially in systemg 3 nm/s onto Si wafers at room temperature. The In films
with a negative heat of mixingH;x<<0). These investi- were deposited at 90 K. The base pressure in the vacuum
gations have led to refined models of the ion-beam-induceghamber was & 10 ° Pa, rising to about % 10 * Pa during
atomic transport through the interfgse! It turned out that  deposition. The thickness of the layers was measured by a
the ballistic model of Sigmund and Gras-M&rfiwhich es-  quartz oscillator and checked using Rutherford backscatter-

sentially associates atomic transport with the energy deposfd spectroscopyRBS). o
ited in the interfaceR ), predicts a mixing rate that is up to , FOr @ series of PAC measurements som¥ iadioactive

11 H H
ten times smaller than the one measured in most misciblé I atoms were deposited at the interface between the me-
tallic layers. In these cases th&lin was immediately evapo-

systems. Moreover, mixing was found. o increase with In_rated from a thin tungsten wire after the deposition of the Fe
creasingAHuy, and decreasing cohesive energyHc). layer and promptly covered with a layer of Ag, In, or Fe

Such chemical driving forces can be explained if the ionyinoyt breaking the vacuum. The other samples were pre-
|mpa_10t results in a_colle(_:tlve excitement of th_e solid alo_ng pared by implanting thé'*in tracers at 400 keV at room
the ion path and is attributed to thermal spike formationtemperature into the layer stacks. Due to the small but not
Several thermal spike models have been proposed but fafxactly known **in* beam spot size, the fluence might
most of the investigated systems the description in terms of have reached up to i‘bions/cmg in some experiments.
local spike model was most successftil According to Afterwards, the samples were irradiated with 240, 450, or
Cheng; a necessary condition for the formation of a thermal600 keV Xe ions, up to a dose of ¥DXe/cm?. All Xe
spike is that the mean atomic numbé&) (of the target ma- irradiations were done at 77 K and the fluence was kept
terial exceed<Z=20. In all these models it has thus beenbelow 2uA/cm?. Homogeneity of irradiations over an area
assumed that the chemical driving forces are favorable to thef 10x10 mm? was achieved by means of an electroxic
mixing in miscible systems, i.eAH,<0. For systems Y beam sweep system. During implantation and irradiation
with positive heat of mixingAH >0, little experimental the base pressure of the chamber was about Ea. At least
work has been done so far. one PAC spectrum was taken after each subsequent irradia-
For the present study, the systems Ag/Fe and In/Fe withion step at room temperature.
their large positiveAH ., were chosen. The models predict ~ The PA% and CEMS methods are described in many
the formation of thermal spikeZ(>20) for these systems. textbooks:™® Therefore only some special features of the
The opposite effects aballistic) mixing and local demixing PAC method are explained here. The PAC probien decays
in thermal spikes are expected to be active at the interfac&ith a half-life of T1,=2.8 d via electron capture t6"'Cd.
leading to a complicated atomic transport pattern. To inves] he 5/2" intermediate state in the cascade in“Cd (mean
tigate these competing effects, the methods of perturbed afife 7=122 n3 senses the hyperfine fields and gives access to
gular correlationPAC) and Conversion Electron Msbauer the local magnetic field) By (MHF) and electric field gra-
spectroscopyCEMS) were chosen because of their high sen-dient(s) (EFG) via the perturbed angular correlation of two
sitivity to the microsurrounding of the probe atoms. emitted y radiations. If all probe nuclei are exposed to the
In the miscible systems Al/Ni and Sb/Ni it has previously Same magnetic hyperfine fiely¢, only the Larmor fre-
been shown that PAC measurements are appropriate to préUe€ncyw, = uBy/fi and its first harmonic occur in the per-
vide detailed information on the early stage of the mixingturbation factor,
and the phase formation procéssMossbauer spectroscopy 2
is WeI_I syited to observe §uch effects for metallic multilayers GO t) = E s,cognw tyexg —nstd(nw, ,7), (1)
containing, for example, irof\. n=0
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FIG. 1. PAC measurements in F@) Fe foil after 1*lin implan-
tation; (b) **%n deposited between two Fe layets) after 240 keV
Xe irradiation. Left-hand side: perturbation functioRét); right-
hand side: Fourier specti ).

FIG. 2. PAC measurements in the In/Fe bilay@): with *'lin
implanted; (b) and (c) after 600-keV Xe irradiations. The insets
show the Fourier transform also with a better resolution in the low-
frequency region.

with d(w,7,)=exd —(w7)%16 In2] taking into account the Il EXPERIMENTAL RESULTS

finite time resolution of the spectrometer, €1.5 n9. The

coefficientss,, depend on the orientation of th&,; relative A. PAC measurements in Fe

to the detector plane. In Fig. 1, two PAC measurements &f\Cd in Fe obtained

In the case of pure electric interaction three transition fre‘lmmediately after preparation are shown. The upper spec-
quencies occur, which are characterized by the coupling cony,m [Fig. 1(@)] was taken after the implantation &¥in into
stantvg and the asymmetry parametgr They are corre-  ap jron foil. A second sample was prepared by evaporation of
lated to the eigenvalues/,, of the EFG tensor by 4 104-nm iron layer onto the silicon substrate. Afterwards
vQ=eQV,,/h and 7= (Vyx—V,y)/V,,. In the case of elec- 114, a5 evaporated onto the iron surface and covered with
tric interactionG,(t) is given by a second27 nm layer of iron[Fig. 1(b)]. Both PAC spectra
exhibit a pure magnetic signal with the Larmor frequency
o w 0=560(1) MHz and a fraction off ;=64(5)% after in
GZ(t):nZ‘O San(77)€04 g2n( 7) vot] implantation compared td,=60(5% after 'in evapora-

- tion. This hyperfine field is characteristic 6t'Cd probes on
X exf —gon(7) 8t1d(@an(7) vot, 7). (2)  defect-free substitutional sites in irdh™° It is obvious that
the dampings of this fraction is smaller when th&in ions

There may be a number of inequivalent sitesccupied ~ a'€ implanted §=2.7 MHz compared t&=7.8 MH2). The

by PAC probe atoms. With the fractional occupation prob-fémaining probes experience a second magnetic hyperfine
ability f; the experimental perturbation functioR(t) is field with a broad frequency distributiord§=35 MHz) and
given by a reduced Larmor frequency ab, 3=530(15 MHz. The

third spectrum in Fig. (c) was taken after irradiation of the
evaporated film with X 10'® Xe/cm? at 240 keV. No further
R(t)=A§f2f 2 fiG(zi)(t). (3)  fraction appeared and only a slight decrease of the damping
(6p=6 MHz) at the substitutional site was found. The two
observed PAC fractionf, andf 5 are therefore characteristic
If electric and magnetic hyperfine interaction are presentor *4in(EC)*'Cd probes in pure Fe.
at the same probe nucleus, combined hyperfine interaction is
observed! For the case of a strong magnetic field and a
weak EFG, Wenzel, Uhrmacher, and L{éthave recently
given a simple approximative formula of the combined hy- Figure 2 shows the PAC measurements of a Fe/In bilayer
perfine interaction. All the PAC measurements were per{82-nm In on 100-nm Be The upper PAC spectrurffig.
formed using a four-detector setup, equipped with BaF 2(a)] was taken directly after implantation dtin. Two al-
scintillation detectors and fast-fast electronics, as describeghost undamped fractions were found:(396 of the *'Cd
in Ref. 13. The CEMS measurements using the isotop@toms were exposed to the MHF of pure Fe, the rest were
%"Fe were performed using the apparatus described in Refound to be exposed to an EFGo=17(1) MHz, 7=0],
14. known for 1*XCd in In metal'’ After the first Xe irradiation

3

B. PAC measurements in a Fe/ln bilayer
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FIG. 3. CEMS spectra of &Fe enriched bilayer(a) as depos-
ited; (b) and (c) mixed at 450 keV with fluences of 2810'° and
5.8x 10'° Xe/cm?,

FIG. 4. Fractiongtop) and magnetic hyperfine field; (bot-
tom) after Xe irradiations as measured by CEMS.

with 5x 10" Xe/cm? at 600 keV, only a slight change of the the spectra. The magnetic hyperfine fields did not change
spectrum was observed: in addition to the two substitutionasignificantly with the irradiation, as can be observed in Fig.
fractions In¢*'Cd) and Fef''Cd) a fraction withf;=15% 4. The fractions of these additional sites were found to satu-
and a Larmor frequency ofw, 3=53515 MHz with rate very fast with the implantation dose. In a measurement
83=35(15) MHz appeared. Further irradiations led to an in- at 4.2 K, a magnetic splitting of the former doublet fraction
crease of this fractionfg=35%) at the expense of the pure with BEEMS:26.4(6) T was observedFig. 5).
Fe and In signals. Furthermore, a damping of the{i@d) PAC experiments were carried out on multilayers consist-
signal was observed. ing of four layers of Fe, three layers of AB0 nm each and
a Ag layer of 40 nm on top of that sandwich. Figur&)6
shows the Fourier spectra taken immediately after implanta-
tion of n and after subsequent irradiations with a dose of
3% 10" Xe/cm? at an energy of 450 keYFigs. §b) and

For the >’Fe CEMS investigations, samples consisting ofg(c)]. Common to all spectra are the frequency components
80-nm natural Fe on a silicon substrate were covered witlhetween 400 and 560 MHe@nd their first harmonics at 2
another 13-nm Fe film that was enrich@5%) in °'Fe. Af- ). To get a consistent fit of all data it was necessary to
terwards, these layers were covered with a film of 50-nm Agintroduce two new fraction$; and f, with w, ; = 500(15)
This sample geometry was chosen in order to raise the sefiHz and w,, = 44025 MHz in addition to the fractions
sitivity to the Fe/Ag interface. Figure(@ shows a CEMS ¢ and f, already known from the measurements in pure
spectrum after preparation. Although an enrici¥ée layer jron. Due to the spontaneous magnetization of the sample it
was used, it was not possible to identify the Fe sites at th¢,a5 necessary to fit the individual amplitude factas
Fe/Ag interface. This changed with the Xe irradiation, Which(nzoll,z, which deviate from the values in a nonmagne-
became obvious through the changes in the correspondingeq sample. Unfortunately, the PAC signal fdfCd in Ag
CEMS spectra displayed.in Fig._3. After irradiatipn wit.h.450 has a vanishing coupling constang=0[Eq. (2)]. Therefore
keV, three other magnet|gE1;;gctlons appeared in addition t¢ was not possible to distinguish between the substitutional
the substitutional field oB;~">=33.13) T in a-Fe. Two of  Ag-site fraction and thes, parts of the magnetic fractions
them had reduced magnetic fieldsBf=°=30.34) T (f;)  [see Eq(1)]. For this reason, in Fig. 7 the relative magnetic
and BS¥M5=26.63) T (f,), whereas the third fractionf§)  fractions f;/Sf; are plotted. The decrease of the substitu-
had a somewhat higher field &;5"°=33.92) T. In addi- tional fractionf, in favor of the fractions with lower fields
tion, a paramagnetic fractiorf{) was found as a doublet in f; (i=1-3) is obvious.

C. PAC and CEMS measurements
in the Fe/Ag bilayers and multilayers
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FIG. 5. CEMS spectrum of &Fe enriched bilayer after Xe
irradiation measured at 4.2 K.

D. Measurements in Fe supersaturated with Ag

As a supplementary measurementlin was also im-
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planted into a Fe film, supersaturated with Ag. This sample
was laser deposited onto a silicon substrate at room FIG. 7. Fractions after Xe irradiations of the Ag/Fe multilayer
temperaturé® The homogeneous distribution of the Ag at- obtained by PAC. Typical errors are indicated.

oms in the film was checked by x-ray diffractiOdRD) and

energy dispersive x-ragEDX) analysis. The PAC spectrum conditions only the higher harmonics wg appear
after implantation of a sample with 6% Ag is shown in Fig. (So=5:=0). The hyperfine parameters for this sample are
8. In this case, the film was magnetized by an external fiel@iven in Table I. The slightly reduced, ; values for all the
of 0.14 T perpendicular to the detector plane. Under sucliractions compared to those found in pure Fe and multilayer
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FIG. 6. PAC spectra of an Fe/Ag multilaygia) as implanted
with in; (b) and(c) after 450-keV Xe irradiations.

experimentgTable Il) are remarkable.

E. Observation of the mixing effect by *4in deposited
at the interface

The implantation of **in with 400 keV results in a
Gaussian depth profile of the probe atothdl width at half
maximum of about 75 njn Therefore, the information ob-
tained from these experiments results from a relatively large
volume of the sample. In order to reach a higher sensitivity
to the mixing process at the interface, all thé28in atoms
were deposited at the Ag/Fe or the In/Fe interface.

After preparation, the PAC signal of the Ag/Fe sample is
strongly dampedFig. 9(a)]. The almost complete absence of
typical Fe fractions and the Ag signak§¢=0) indicates that
the probes are located at the interface. After Xe irradiation
with a dose of X 10" Xe/cm? a drastic change was ob-
servedFig. Ab)]: 75% of the probe atoms were exposed to
a damped fraction witvg=0. The remaining 25% were ex-
posed to MHF's similar to those found in the Ag/Fe

Fe supersaturated

0.05 with 6 % Ag
0.10 + 0
0 50 100 150 0 0.5 1.0
t [ns] w [GHz]

FIG. 8. PAC spectrum of Fe supersaturated with 6% Ag and
doped with *4n.
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TABLE I. Hyperfine parameters of the Fe sample supersaturated The CEMS measurements performed at 293 K after Xe

with 6% Ag. irradiation revealed two fractions with reduced MHF’s
- [BSEMS=30.34) T andB5EM°=26.63) T]. In a-Fe, impurity

_S'te O S fi P atoms are known to cause such a reduction of the MHF,
[ (MHz) (MHz) (%) (%) which increases with the number of impurities next to the
0 5533) 93) 23(6) 42 probe. 'ghls has, for example, be_en shO\év’\;]Sfor Al, Si, Mn, V,
1 48915) 34(6) 397) 38 and Cr® For these reasons, we identBf*"'* with one and

5 42525) 347) 17(8) 16 BSEMS with two Ag atoms next to théFe probe. In analogy,

3 52310) 158) 208) B¢ and BYAC are attributed to one and two Ag atoms in

next-neighbor positions to th&n.

In the CEMS experiments in addition to the two reduced
multilayer and the F&\g) alloy. A further irradiation did not MHF’s the field B§=5=33.9(2) T was found, which is
change this spectrum significantly. slightly larger than the substitutional one. This is typical for

After preparation of the In/Fe sample, @6 of the @ widened Fe lattic&:*° For FeAg) alloys such a widening
113 atoms are located in an In matrfFig. 10@)]. The by substitutional dissolved Ag has indeed been proVéh.
remaining probes cannot be associated with pure magnetitherefore, this fraction is attributed tFe probes in an Fe
nor with pure electric hyperfine interaction. No further infor- lattice, which is expanded by Ag atoms, but does not have
mation can be obtained from this kind of combined interac-2ny direct Ag neighbors.
tion because neither the MHF nor the magnitude or orienta- Referring to Schurer, Celinski, and Heinrihthe para-
tion of the EFG are known. After the first irradiation, the magnetic fractionfs has to be attributed to Fe atoms in the
substitutional In fraction increased to (8% and the rest Ag matrix. These authors observed a ferromagnetic ordering
was again exposed to combined interaction. In agreemernd an increase of the Curie temperatiie with the Fe
with the Ag/Fe experiment, a second irradiation did notconcentration. The mean isomer shift of the doublet
change the spectrufig. 10. 6=0.33(9) mm/s indicates a Fe concentration of abo(8)15

at. % in the Ag matrix. The magnetic splitting at 4.2 K
proves this identification.

IV. DISCUSSION The measurements in the Ag-supersaturated Fe sample
gave an ideal opportunity to test the proposed identifications.
As the sample had a homogeneous Ag content of 6%, the

The PAC and CEMS measurements in pure Fe revealegrobability that the probe is surrounded by a certain number
the known MHF's for the substitutional lattice site: of Ag atoms can be calculated using a binomial distribution.
B;™M5=33.13) T in the case of FE&(Fe' and Because of the only slightly different distan€5%) to the
BSAC=38.2(2) T for Fe**'Cd).?® This dependence of the probe site the eight nearest and six next-nearest neighbors
MHF’s on the probe nuclei is well knofiand can be re- were regarded as “next neighbors.” The probabilitRgor
produced by calculations that take into account local fluctuanone, one, and two Ag atoms to be in next neighborhood of
tions of the spin densit}22 the *4n probe is given in the last column of Table I. Com-

Fraction ;) with a Larmor frequency ofv, 3=530(15  paring these probabilities with the experimental fractions,
MHz appeared in all the samples, even in the pure Feerfect agreement was found for fractidnsandf,. Finally,
samples. Therefore, it has to be attributed to a trapped defeatso the probability oP=42% for the probes having no Ag
next to the probe atom. The damping of this fiel8€£35  neighbors is reproduced when the defect associated fraction
MHz) indicates that in addition to a MHF an EFG is present.f; is added to the substitutional fractidg.

In the limit of combined interaction with a very large MHF  In the FéAg) films prepared by laser deposition, Bter,

of B§AC=36.1(7) T, the magnetic interaction dominates the Krebs, and Faler”® measured a high stress sf3 GPa via
spectrum and the EFG will only generate the line broadeningKRD. The pressure dependence of the MHF ¥5iCd in Fe

in the Fourier spectrum. Using the approximation of Ref. 12 has been investigated by Lindgren and Vifayyho found a

the strength of the EFG can be estimated from the distribudecrease of the MHF with increasing pressure. This seems to
tion width, corresponding teq~ 45 MHz. The structure of be reasonable for the slightly lower Larmor frequencies in
this defect has not yet been analyzed. the measured allogcompare Tables | and)ll In agreement

A. Site identification

TABLE II. Magnetic hyperfine fields measured at room temperature with PAC and QEM&notes the
number of Ag neighbors next to the probe

PAC CEMS
fi oy (MHz) BT  B™IB, BT BB,
a-Fe(Ag) N=0 fo 560(2) 38.22) 1.00 33.92) 1.00
a-FeAg) n=1 f1 500(15) 34.1(10) 0.893) 30.34) 0.891)
a-FeAg) n=2 fa 440(25) 30.017) 0.795) 26.63) 0.791)
a-Fetdefect fa 530(10) 36.1(7) 0.952)

a-Fe fa 33.13) 0.9911)
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FIG. 9. PAC spectra of an Ag/Fe bilayétlin was deposited at FIG. 10. PAC spectra of an In/Fe bilayétlin was deposited at
the interface by thermal evaporatio@) as deposited(b) and (c) the interface by thermal evaporatiof@) as deposited(b) and (c)
irradiated with 450 keV ions. irradiated with 450 keV ions. The insets show the Fourier transform

also with a better resolution in the low-frequency region.

with the XRD measurements, a stress ¢2)3GPa can be
calculated from the reduced MHF's.

For a comparison of the PAC and CEMS results, the rela
tive decrease of the MHF is consider@dble 1): The fields

ms\%sured by PAC were normalized to the substitutional fielqrom the PAC measurements, wherdin was deposited di-
Bo :38'%72) T'_ and the f'elqs measureéjESg_CEMS to therectly at the interface. After the first irradiation, 75% of the
value for >'Fe in the Ag-enriched areB;—""=33.92) T. 1134 a10ms were found in the Ag lattice and only 25% were
Surprisingly, in this case the relative MHF's found with both exposed to MHF's. This is in contrast to ballistic simulations
methods are in perfect agreement. This can be understood ffith the computer coderim.? They predict that 70% of the
one realizes that th&"in probe itself is a foreign atom in the 114, atoms are transported into the Fe layer and only 30%
Fe lattice, which may cause a small dilatation of its oWnjntg the Ag layer. But if chemistry governs the mixing
neighborhood. Therefore the “substitutional” PAC site in Fe nechanism at the interface, théHin is expected to diffuse
seems to correspond to the widened Fe lattice in the CEMgytq Ag because, according to the phase diagrams, In is mis-
measurements. The fact that the defect-associated fractiqfe with Ag but not with Fe. From this we also conclude
f3 only occurs in the PAC investigations also hints at such gnat the mixing process at the interface is not determined by
small lattice distortion caused by tHéJm_ itself. This distor-  pajistic collisions, but by chemical driving forces. This con-
tion may lead to an attractive interaction between thén  ciusion is further supported by the fact that the second irra-
probe and dilute defects which cannot be observed byiation did not change the spectruisee Fig. 9 as thermal
CEMS. spikes at the interface led to a phase separation.

Likewise, in the PAC experiments whefélin had been
deposited at the In-Fe interface, no significant amount of

o . o 1 was found in Fe and a second irradiation did not
In the miscible systems Ni/Sb and Ni/Al it has been change this situation.

shown that after low fluence Xe irradiation ofx80%
Xe/cm? the multilayers were fully mixed and crystalline in-
termetallic phases had been fornfedas proven by PAC,
XRD, and transmission electron microscofyEM). Obvi-
ously, this is not the case for the immiscible systems Ag/Fe We have investigated the hyperfine interaction '6fin

and In/Fe. Neither in the CEMS nor in the PAC experimentsand >’Fe nuclei in Xe-irradiated Ag/Fe and In/Fe layered
was phase formation detected. Nevertheless, the site identitructures via PAC and CEMS. Various layer geometfies
fication of the different fractions proved that after irradiation Jayer, multilayer$ have been studied, and tH&'in tracers

at a fluence of 18— 10'® Xe/cm?, Ag atoms are found in were either deposited at the interface or introduced via ion
the Fe-matrix fractionsf( andf,). From the CEMS mea- implantation. For comparison, measurements have also been
surements it can be concluded that also few Fe atoms remajierformed in a supersaturated(Rg) alloy.

in the Ag lattice fs). Such a small mixing efficiency was not ~ The results obtained with both types of hyperfine tech-
observed for miscible systems consisting of heavy elementsiques are very consistent insofar as identical fractions with
(Z>20), for which mixing by thermal spikes is expected. different magnetic hyperfine fields have been identified. We

We therefore propose that the largé ., is reponsible for
the low mixing efficieny observed.
Further information on the mixing process was obtained

B. Mixing

V. CONCLUSIONS
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associate one fraction with defects in Fe and three fraction§hese authors also came up with very small interface mixing
with microsurroundings of Ag atoms in the vicinity of the rates that are, indeed, smaller than expected from ballistic
probe atoms in Fe. The ratios of hyperfine fields for thesemixing and again indicate demixing and phase separation
“Ag-decorated” probes relative to those of the nondecoratechear the interface. Taking into account all these arguments,
probes are in perfect agreement for PAC and CEMS. A slighfve conclude that the ion beam induces long-range transport
effect of lattice distortion via the PAC probe atom itself or of few Ag atoms into Féand Fe atoms into Agas a conse-
via Ag atoms in the Fe matrix has been observed. quence of ballistic transport, while the short-range transport
While we have been able to identify the structures ands counterbalanced by the thermal spike demixing process. It
fractions of these point defects, we did not find evidence fOKNou|d therefore be very useful to experimenta”y differenti-

the formation of intermetallic phases near the interface. Irpte between the length scales of the two processes.
this respect our findings are consistent with the positive heat

of mixing in the Ag/Fe and In/Fe systems, which would for-

bid _s_uc_h intermetallig qompounds to be f_ormed_ i_n thermal ACKNOWLEDGMENTS
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