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Evidence for complete ion-beam mixing in thermally immiscible FgAg multilayers from
conversion electron Masbauer spectroscopy
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lon-beam mixing in Fe/Ag multilayers is studied by Aion irradiation at 325 and 110 K using conversion
electron M@sbauer spectroscodEMS) and secondary ion mass spectroscopy. The present experiments
show that Fe/Ag multilayers exhibit almost complete ion-beam mixing, in contrast to the earlier results in a
bilayer system where only a significantly low mixing efficiency was observed. In the present study, the
ion-beam mixing is found to be more rapid at 110 K as compared to the irradiation at 325 K. The ion-beam
mixing at 325 K is not homogeneous even at a fluencexi6' ions/cnt, as one can observe the presence
of a sharp sextet with the hyperfine field of 33c¢brresponding to Fe atoms in the interior of #d-e) along
with a doublet and a broad sextet, whereas for the 110 K irradiation we observe that the Fe is intermixed with
Ag at a fluence of X 10'® ions/cnt as evidenced by the presence of a single doublet only in the CEMS. The
observation of complete mixing in Fe/Ag multilayers but not in a bilayer is attributed to the increase in
interfacial free energy stored in the interfaces of the as-prepared sample and to the reduction of atomic
migration length for intermixing and alloying due to nanosized Fe layer thickness.
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lon-beam mixing in metallic layers has been studied for ahere is a certain number of interfaces which posses interfa-
variety of system$.In most of the bilayer systems composed cial free energy. The interfacial free energy could contribute
of miscible elementghaving negative heat of mixingthe  significantly in raising the initial state of the films to a highly
measured mixing rates were up to ten times larger than thosenergetic nonequilibrium state. Further, in multilayers having
predicted ballisticall, and found to depend on thermody- nanosized layers, the atomic migration length required for
namic properties like heat of mixing and cohesive energyintermixing and alloying is reduced considerably, which
Transient diffusion in local thermal spikes was able to ex-could alter the ion-beam mixing phenomenon in them. In this
plain these results for a overwhelming number of misciblepaper, we report the mixing of Fe/Ag multilayers by low
bilayer systems.However, the situation in the immiscible energy ion irradiation at 110 K. The local magnetic proper-
system like Fe/Ag is quite different, as there is no chemicallyties of Fe layers have been studied by measuring the mag-
driven transport. For these immiscible systefinaving posi-  netic hyperfine fields at Fe sites usihfFe conversion elec-
tive heat of mixing, there is little experimental work on tron Mossbauer spectroscofCEMS). The secondary ion
ion-beam mixing’ Moreover, ion-beam mixing in these sys- mass spectroscop{8IMS) technique has been used for the
tems has become important now as nanoscale granular Fe/Apth profiling of the multilayers. The mixing in Fe/Ag mul-
and Co/Ag films that can be prepared by ion-beam mixingijjayers was found to be substantially different from the one
exhibit the t_echnologically impt_)rtant.phgnomenon of giantihat was reported earlier for bilayers.
magnetoresistandeThe present investigation is on thermally The Ag(185 A)[5Fe(70 A)/Ag(185 A),, multilayer

immiscible Ag/Fe muItiIayerg. According to the fractal ge- films were deposited on [@i10] substrates, using ion-beam
pmetry approach (_)f Cher?gsgkes are found _|n systems hav- sputtering with 99.5% enrichetiFe and 99.99% pure Ag as
ing a mean atomic numbeZ{>20). Formation of thermal  targets in an argon atmosphere at room temperature. The rate
spikes is expected in the Fe/Ag system due to its high meags geposition was 8 A/min and 5 A/min for the Fe layer and
atomic number Z=36.5). Further, due to the large positive Ag layer, respectively. The thicknesses of the individual lay-
heat of mixing in both the solid and liquid phaseSHS%,  ers were confirmed by x-ray reflectivity measurements and
=42 kJ/moIe,AH'r{ﬁX= 28 kJ/mole), these systems have anthe films were polycrystalline. These samples were irradiated
extremely low solubility within the solid and liquid equilib- with 85 keV Ar" ions with a fluence range of>610*-3

rium states. lon-beam irradiation of energetic inert gaseoux 10 ions/cnt at room temperature and 110 K at a vacuum
ions on Ag/Fe bilayer at room temperature and also at lowof ~3x 107 torr by using a 150 kV ion accelerator. In or-
temperature has been carried out by Sesal® in order to  der to avoid beam heating, the beam current was limited to
study the mixing mechanism. These authors observed a vef.5 uA/cm?. The range of penetration of Arions in the
poor mixing efficiency, which is significantly smaller than multilayered sample was found to be 397 A using the Monte
the prediction of the ballistic model. The low mixing has alsoCarlo simulatiorsrim 2000’ The Ar* ion energy is chosen to
been attributed to the demixing and phase separation occumaximize damage in the film. A CAMECA-IMS 4F SIMS
ring in the thermal spike phase of the collision cascade. Thinstrument was used for depth profiling of the as-prepared
situation of ion-beam mixing in multilayers is different as and irradiated samples. The primary ions used for sputtering
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FIG. 1. 5Fe concentration profile obtained from SIMS as a The 5Fe Missbauer spectrum of the as-prepared sample
function of depth in Fe/Ag multilayer after irradiation with 85 keV' i< shown in Fig. 4a). The as-prepared sample spectrum con-
Ar* ions to various fluences at room temperature. The dots COMezicts of a Sharp; se;(tet with a hyperfine field of 33 T which
spond to the measured values and the continuous line correspon 8rresp0nds ta-Fe in the bulk Fe layer and a broad sextet
to the fitted curve. corresponding to the Fe atoms at the interface between the

are C¢ ions of energy 5.5 keV with an ion current of about F€ and Ag layers with different atomic configurations, i.e.,

1 nAwith a raster of 20mx 200 um. Conversion electron the number of nearest neighbor Fe atoms around Fe is varied
Mossbauer spectroscopy measurements were performed with
a 5’Co(Rh) radioactive source of strength25 mCi. The
conversion electrons were detected by a He/C5% meth-

ane gas flow proportional counter. The velocity calibration
was done with a natural iron absorber. The isomer shifts are
given relative to natural iron at room temperature. The mag-
nitude of the magnetic hyperfine fields at Fe sites is assumed
to be approximately proportional to the Fe magnetic
moments.

The depth profile of°’Fe of the as-prepared sample is
somewhat skewed towards higher sputtering time. The
profiles were corrected for the Csrradiation broadening in
order to determine the correct value of the square of the
mixing length using the formalism given in Refs. 9 and 10.
The thin film solution to Fick’s law was applied to measure
the mixing length Dt). Figure 1 shows the Fe concentration
profile as a function of irradiation fluence. A broadening of
the individual layers as a function of fluence is observed,
indicating atomic mixing. In order to determine the mixing
rate, we have calculated the broadening of the itse layer
as a function of irradiation fluence. Figure 2 shows a plot of
Dt versus ¢ for the samples irradiated with 85 keV Ar
ions. The linear dependence bt vs ¢, indicates that bal-
listic mixing has taken place in the systém. ) — g

The SIMS profiles of samples irradiated at a low tempera- 100 200 300 400 500 600 700 800 900
ture of 110 K with various fluences are shown in Fig®)3 Depth (A)

3(d). The broadening of the individual layers as a function of

fluence is more rapid than observed on irradiation at room F|G. 3. The SIMS depth profile of’Fe: (a) the as-prepared
temperature. The system is completely mixed on irradiatiosample;(b)—(d) the samples irradiated at 110 K with various flu-
with a fluence of X 10'® ions/cnf at 110 K, as seen from ences; and(e) the sample irradiated with the fluence of 3
the SIMS profile in Fig. &). % 10 jons/cn? at room temperature.
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FIG. 4. (a) The CEMS spectra of the as-prepared sample: the continuous (thicleline) represents the best fit to the experimental data,
obtained by taking two independent hyperfine field distributions corresponding to the sharp sextet representifieetankl the remaining
broad sextet representing the interfacial regit. and (c) The hyperfine field distribution of the broad sextet and the sharp sextet,
respectively.

(i.e., one, two, and three Fe atoms are replaced by Ag atomsample with a fluence of 810'® ions/cnt at room tempera-

in a total of eight nearest neighbor atom& The relative  ture(given in Fig. § has three component§) a sharp sextet
intensities of the two components are 52% and 48%, respeavith a hyperfine field of 33 T(ii) a broad sextet from the Fe
tively. The area under the broad hyperfine component hastoms at the interface, arfiii ) a doublet(with a peak value
contributions from Fe atoms from the intermixed region atof the quatrupole splitting of 0.75 mm/s and width of the
the interface. A qualitative estimate of the intermixed layer isquadrupole distribution of 0.98 mnj/slue to the Ag-rich
obtained from the Mssbauer spectrum. If one can neglectintermixed region. The relative areas of the three compo-
the difference in the recoilless fraction of the Fe atoms in thenents are 15%, 54%, and 31%, respectively. The 15% of the
bulk a-Fe layer and interfacial region, one can take 47% ofsharp sextet with a hyperfine field of 33 T can be from either
the Fe atoms as residing in the intermixed region. The aba-Fe in the Fe layer or ferromagnetic Fe atoms in the interior
sence of a doublet component in the $gbauer spectrum of the a-Fe particles. The SIMS measurement on the sample
indicates the interface is Fe rich. Taking the composition ofirradiated with a fluence of 8 10'® ions/cnf at room tem-
interdiffused layer as ReAg, s, > about 45% of Fe atoms in perature[given in Fig. 3e)] does not show the presence of
the interdiffused region give approximately 1.3 nm thicknesdayer structure. Hence 15% of the sharp sextet is expected to
at each interface. The Ksbauer spectrum of the irradiated arise from Fe atoms in the interior of theFe particles?
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FIG. 5. (a) The CEMS spectra of the sample irradiated at room temperature up to a fluenzel6¥3ons/cnt. The continuous curve
(thick line) represents the best fit to the experimental data, obtained from the hyperfine field distributions representing the interfacial region
and the discrete Fe hyperfine field representing the btfle and the quadrupole splitting distributiofis) The hyperfine field distributions
arising from the interfacial regioric) The quadrupole splitting distributions.
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54% of the broad sextet corresponds to the Fe atoms at ttshown that the ballistic ion mixing of the Ag/Fe interface is
interface between the-Fe particle and Ag matrix with dif- significantly counterbalanced by a chemically driven relax-
ferent atomic configurations. In comparison with the as-ation mechanism, which results in the demixing of the
prepared sample, the number of Fe atoms at the interface h&&0 metals. The thermal spike diffusion process was consid-
now increased. Moreover, there is a significant number of F&red to be the cause of demixing even at low temperatures.

atoms completely surrounded by Ag atoms, which give riséNeubaueret al'**° proved the importance of thermal spikes
to the doublet. in mixing and estimated the average size of thermal spikes

In Fig. 6(a), we present the Msbauer spectrum of the t0 be about 5 nm. These authors also observed the transport
Sample irradiated at 110 K to a fluence of 5 of a few Ag atoms into Fe, limited to the first 15 nm

X 10 jons/cnf. The spectrum is fitted with three compo- depth from the surface. The above results for the bilayer
nents as was done in the case of the sample irradiated 8ystems are consistent with the observation of Averback
room temperature. The relative areas of the three compdit a';izo_WhO found that systems which are miscible in
nents(i.e., a sharp sextet, a broad sextet, and a douatet f[he _I|qU|q state, but not in the solid state, are intermixed on
14%, 51%, and 35%, respectively. In this case, 14% of thé®n irradiation at 6.K byt not when i(radiated at 300 K. The
sharp sextet with a hyperfine field of 33 T can arise fromSystem Ag/Fe is immiscible even in the liquid state and
both a-Fe in the bulk Fe layer and ferromagnetic Fe atoms in€nce does not mix at any temperature. As stated above, we
the interior of thea-Fe particles. The SIMS resyig. 3b)]  have observed a complete mixing in Ag-Fe multilayers at
shows that the layer structure is still present; hence the mix}10 K. We attribute this observation to the nature of our
ing is not complete at this fluence. However, on further irra-Sample. The Fe layer thickness of 7 nm used in our case is
diation, to a fluence of %10 jons/cn? at 110 K [Fig. substantlally smaller than the th|ckn.eé87' nrrj' used in
6(b)], the Mdssbauer spectrum shows only a single broadhe e_zarller W_orR an_d_hence the a’Fom|c migration lengfth
doublet with a peak value of quadrupole splitting of 0.69"equired for intermixing and alloying between Ag and Fe
mm/s and the width of quadrupole distribution being 0.g3layers is substantially reduced. Additionally, our sample
mmV/s. This suggests that the Fe is completely intermixeOnsists of f60ur !nterfgcgs in comparison to two interfaces of
with Ag as the Fe environment is nonmagnetic. Lonworthear““j‘r Work,'whlch will increase thglmte'rfamal freg energy.
and Jaif® and Mareset al® have implanted’Fe in Ag up The _|nterfaC|aI_ free energy is positive in proportion to the
to a fluence of 5 10%ions/cnt and characterized the fraction of the interfacial atoms versus the total atoms in the
samples by Mesbauer spectroscopy. They have reported thdflm- We have calculated the interfacial frczale energy of our
Fe atoms completely surrounded by Ag atoms give rise to §&mple by using the formalism of Liet al,”* which is as
singlet with an isomer shift around 0.5 mm/s. But the ab-follows. , _ ,
sence of such a singlet in our sample is not unexpected as the According to Gerkema and Miederfiathe interfacial
average iron percentage is around 3@#suming the sample {T€€ energy is
is completely mixed and hence iron atoms may not have AG = aAG? 1)
isolated Ag atoms at all the 12 nearest neighbor sites, a nec- fr

essary condition for cubic symmetry. Some of these sites ar@here « is the fraction of interfacial atoms versus the total
likely to be occupied by iron atoms, thereby destroying cubicatoms in the films and G is the interfacial free energy per
symmetry. The observed isomer shifi.35 mm/$ in our  mole of interfacial atoms and is calculated fromG?

sample is close to the isomer shift observed in an Fe-Ag- gAB,AB \yhere S*B s the surface area occupied by one
alloy,'” which indicates that the intermixed state of our mole of interfacial atomsy”B is a constant for a specific

sample coulq be_a randc_Jm alloy. The"SM»auer_ spectrum of system.y*B can be calculated B
the sample irradiated with a fluence ok3a0 ions/cnt at
110 K [Fig. 6(c)] shows a single broad doublet only. How- YAB=0.15 y3 %+ y30) + ySem 2
ever, the quadrupole splitting and the width of its distribution 50 50 ,
have been reduced considerat®y60 mm/s and 0.62 mmis Where ya~ and yg~ are the surface energies of metdls
The reduction in the width of the distribution in quadrupole @1d B, contributing a POS't'Yehter_m of elastic energy
splitting suggests that the intermixed region has becoméaused by size difference, whit§g™ is the chemical con-
more homogeneous. The reduced average value of the quadibution, which has the same sign as the heat of mixing
rupole splitting suggests that the local environment aroundAHﬁﬁlx)-
Fe atoms has become more symmetric. The schematic configuration of the Fe/Ag multilayer films
The present experiments clearly demonstrated that Fe/Aig shown in Fig. 7. Supposd, andNg are the numbers of
multilayers irradiated by Ar ions exhibit ion-beam mixing. layers of metal#\ andB, d,; anddg ; are the thicknesses of
The ion-beam mixing as a function of irradiation fluence istheith layers of metalé\ andB, respectivelyn, andng are
more rapid when irradiated at 110 K as compared to 325 Kthe numbers of the interface# (on B) and B on A), and
The ion-beam mixing at 325 K is not completely homoge-Ad,; andAdg; are the thicknesses of thth interfaces A
neous even at a fluence ok3.0' ions/cnt, whereas at 110 on B) and @ on A), respectively. It is noted that the rela-
K we observe that the Fe is completely intermixed at a flutionship ny+ng+1=N,+Ng always holds for these four
ence of X 10*® ions/cnf, as evidenced from the Mebauer parametersa, and ag are the fractions of interfacial atoms
measurements. These observations are in contrast to the ob-andB versus the total number of atoms in the multilayered
servation of Sosat al® in an Ag/Fe bilayer, where they have films, respectively, and they are given by

165411-4



EVIDENCE FOR COMPLETE ION-BEAM MIXING IN . .. PHYSICAL REVIEW B69, 165411 (2004

1.035 C(i) 0.005 C(ii
1.030-.
1.025-. =

1.020

1.0154 0.002

P (Q.S.)

1.010+
0.001

Relative Intensity

1.005

0.000

10 -8 -6 -4 -2 0 2 4 6 8 10 00 02 04 06 08 1.0 12 14
Velocity (mm/s) Q.S. (mm/s)

b(ii)

> 0.0024
=
[71]
c
3 & 00016
£ g
o 2z
> o
prer) 0.0008
S
()]
o
0.0000]
0.995 T T T T T T T T T 00 02 04 06 08 10 12 14
10 -8 6 -4 -2 0 2 4 6 8 10 Q.S. (mm/s)
Velocity (mm/s)
1.010 — 0.0020
0.0030 - a(ll) a(lll )
1.008 <
> 0.0025 - 0.0015 -
=
(7]
c 1.006 < 0.0020 -
()
'g o 000101
1.004 0.0015 )
& g
2 0.0010 e
+= 1.002 4 0.0005 -
S
O 0.0005 -
oc 1.000 4
0.0000 - 0.0000 -
-10 5 20 25 30 35 40 00 02 04 06 08 1.0 12
H(T) Q.S (mm/s)

Velocity (mm/s)

FIG. 6. The CEMS spectra of the sample irradiated at 110 K up to a fluen@ 5% 10 ions/cnt, (b) 1x 10'° ions/cnt, and(c) 3
X 10™ ions/cnt. The curveda(ii)] and[a(iii)] represent the best fit to the experimental data obtained from the hyperfine field distributions
corresponding to the interfacial region and the quadrupole splitting distributions showing evidence for mixing. Additionally, a sharp sextet
corresponding to bulle-Fe is also fitted. The continuous cunjéii)| and[c(ii)] are the distributions of quadrupole splittings, confirming
the complete mixing of Fe/Ag multilayers.
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FIG. 7. Schematic configuration of tie-B multilayered films.
da, anddg, are the thicknesses of the first layers fAfand B,
respectively, and\d, ; and Adg ; are the thicknesses of the first
interfaces A on B) and B on A), respectively.
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where S™Ad, /=Md,; and ='®Adg; /3 Bdg; are the
fractions of interfacialA atoms versus the total number Af
atoms and of interfaciad8 atoms versus the total number of
B atoms respectively. These atoms, multiplied Xy and
Xg, respectively, give the fractions & and B interfacial
atoms versus the total number @& B) atoms in the mul-
tilayers. X, and Xz are the concentrations &f andB of the
whole film. In our caseA is Ag andB is Fe and for simplic-
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the heat of mixing for a random mixture of 89,9, which

is 25 kJ/mole€® Hence, a metastable fg-, random alloy
was formed at 110 K by ion-beam mixing assisted with the
interfacial free energy stored in the initial multilayers and
aided by the reduction of atomic migration length required
for intermixing and alloying due to the nanosized Fe layer
thickness.

However, on irradiation at 325 K, thermally activated
long-range defect migration becomes possibiehich pro-
vides a picture of competing dynamics, where mixing by
irradiation is in competition with thermal decomposition by
radiation enhanced diffusion. According to the empirical for-
mula proposed by Rossit al?* a linear dependence exists
between the critical temperaturg ) for the onset of radia-
tion enhanced diffusion and the average cohesive energy
(Econ - Using this empirical relation T,
=96.%F ., (eV/atom), we obtain a value af.=349 K for
the Fe/Ag system. Sincé&, is close to the temperature of
irradiation of 325 K, we expect mobility due to radiation
enhanced diffusion, which leads to the clustering of Fe par-
ticles, and the mixing is inhomogeneous at this temperature
compared to that at 110 K.

It is concluded that the complete mixing of Fe/Ag multi-
layers as observed in the present study is due to the presence
of an increase in interfacial free energy stored in the inter-
faces of the multilayer and to the reduction of atomic migra-
tion length required for intermixing and alloying. This is
very different from the results observed in Fe/Ag bilayers,
which do not mix at any temperature.

ity of calculation the interfacial layers of Ag on Fe and Fe on
Ag are assumed to be the same. We have taken the interfacial We gratefully acknowledge financial support from the
layer thickness as the interdiffused layer thickness, whichnter-University Consortium for DAE facilities, Indore Cen-
was estimated to be 1.3 nm from the 8&bauer spectrum of ter, Indore, and partial support from UGC-SAphase 1)

the as-prepared sample. The calculated interfacial free emanctioned to the University of Madras. We thank Dr. B.

ergy of the Fe/Ag system is 35 kJ/mole, which is higher tharViswanathan for his interest in this work.
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