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Structural and magnetic properties of Cu/Fe multilayers
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The structural and magnetic properties of Cu/Fe multilayers, prepared by dc-magnetron sputtering on silicon
substrates, have been studied as a function of Fe layer thicknesstFe, from 7 to 34 Å. Structural characterization
confirmed the successful growth of high-quality layered structures along the film growth direction, and showed
an increasing contribution from interface roughness with decreasingtFe. Magnetoresistance~MR! showed an
evolution from well-defined superlattice to granular behavior with decreasingtFe. For tFe,7 Å the island
structure was confirmed by observing superparamagnetic blocking in ac susceptibility. The temperature de-
pendence of the magnetization suggests that fortFe57 Å, 75% of the Fe atoms are in a superparamagnetic Fe
phase, leaving the remaining 25% as a Cu-Fe alloy. A gradual evolution in magnetic behavior from ferromag-
netism to paramagnetism with decreasingtFe was also seen using conversion-electron Mo¨ssbauer spectroscopy
~CEMS!. We observed a monotonic decrease in average hyperfine field of the magnetic components in the
CEMS data, coupled with increasing areas of two interfacial phases. FortFe<10 Å a paramagnetic component
develops which we identified as islands of fct-Fe. We attribute the change in magnetic behavior in this system
with decreasingtFe to an evolution from multilayer to island structures rather than to the formation of a
nonmagnetic fcc-Fe phase.@S0163-1829~99!03609-7#
a
ex
l

t
g
it
rl

o
m

ila

th
t
t t
r
t

g

er

bi
Cu
m

de
th

fcc

ra-
d

s
of
ad-
f

de-
ex-

ons
lo-
ro-
of
and

re,
ron-

to
to
en-

ibil-
.

ag-
di-

sure

gle
nd
ere
I. INTRODUCTION

Band-structure calculations have suggested that the m
netic properties of transition-metal ferromagnets are
tremely sensitive to atomic density1–3 and thin films are idea
structures in which to study such behavior. It is possible
vary both lattice spacing and crystal structure by growin
thin layer of a material on a stable buffer layer with a su
able lattice constant. The Cu/Fe system is particula
interesting4–13 because fccg-Fe can be stabilized down t
low temperatures either as small Fe precipitates in a Cu
trix or as thin epitaxial Fe films on a Cu buffer layer.8 Epi-
taxial Cu/Fe multilayers are possible because of the sim
ity of lattice constants of Cu~3.615 Å at 295 K! and g-Fe
@3.588 Å at 293 K, extrapolated from bulkg-Fe data above
1185 K,6 or 3.5757 Å at 80 K measured forg-Fe precipitates
in Cu ~Ref. 19!#.

Since the report by Jesser and Matthews,4 there has been
a wealth of information in the literature on epitaxial grow
of Fe by evaporation onto Cu.7–9,11–13Their results show tha
Fe undergoes complicated structural changes and tha
magnetic behavior of Fe indeed correlates with its structu
changes. Recently, several groups9,11,12 have suggested tha
the room temperature~RT! growth of Fe on Cu~100! leads to
three distinct phases:~1! a ferromagnetic fct~face-centered-
tetragonal! structure for films less than 5 monolayers~ML !;
~2! an antiferromagnetic bulk fcc structure with a ferroma
netically ordered surface layer for films between;5 and 11
ML; and ~3! a ferromagnetic bcc structure for films thick
than;13 ML.

While most of the work on fcc Fe has been done on
layers with a simple Fe film grown by evaporation on a
substrate, very few studies on Cu/Fe multilayered thin fil
have been reported.5,10,14,15Recent work by Chenget al.10 on
magnetron-sputtered Fe/Cu multilayers using exten
x-ray-absorption fine-structure spectroscopy suggested
PRB 590163-1829/99/59~10!/7001~9!/$15.00
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the crystal structure of Fe changes from distorted bcc to
with decreasing Fe layer thicknesstFe. They found a fcc Fe
sample to be ferromagnetic with a reduced Curie tempe
ture. On the other hand, a Mo¨ssbauer study of evaporate
Fe/Cu multilayers by Pankhurstet al.15 showed that sample
with 5-Å-thick Fe layers have roughly equal quantities
ferromagnetic bcc Fe and antiferromagnetic fcc Fe. The
ditional complications introduced by the growth o
multilayer samples can make the study of the structural
pendence of the magnetic properties more difficult. For
ample, the two surfaces of the Fe layer~Cu/Fe and Fe/Cu!
need not be identical. Furthermore, structural imperfecti
can lead to the formation of an island structure with dis
cated submultilayers for ultrathin Fe layers. This may p
duce a composite granular solid which consists
nanometer-sized Fe grains embedded in the Cu medium
may exhibit superparamagnetic behavior.

In this study, we present a detailed study of structu
magnetotransport, and magnetic properties of magnet
sputtered Cu/Fe multilayers. The iron thickness (tFe) in
Cu/Fe multilayers was varied systematically in order
change the atomic density of Fe. The aim of this study is
develop a fundamental understanding of the structural dep
dence of the magnetic properties. In particular, the poss
ity of superparamagnetic relaxation was studied carefully

II. EXPERIMENTAL METHODS

A series of Cu/Fe multilayers was prepared using dc m
netron sputtering onto silicon substrates with nominal in
vidual layer thicknesses ranging from 25 down to 5 Å and
total number of bilayers between 12 and 36. Base pres
before each deposition was less than 231027 Torr. The
deposition rates for Cu and Fe were determined by low-an
x-ray reflectivity measurements on single layer films a
found to be 2.1 and 1.2 Å/s, respectively. The samples w
7001 ©1999 The American Physical Society
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prepared at room temperature to minimize interdiffusion
Cu and Fe, and capped with 15 Å of Cu to reduce oxidat
effects.

Sample structures were characterized by low- and h
angle x-ray diffraction~XRD! using CuK radiation with the
scattering vector perpendicular to the film surface. Mag
totransport measurements between 77 and 300 K were
ried out using a high-resolution ac bridge. The ac susce
bility and magnetization of samples were measured betw
5 and 290 K using a commercial ac susceptome
Conversion-electron Mo¨ssbauer spectroscopy~CEMS! mea-
surements were performed at room temperature using a
flow proportional counter with premixed He/4% CH4. CEMS
data were analyzed using a nonlinear least-squares fi
with overlapped Lorentzian curves to obtain the hyperfi
parameters. Typical linewidths~half width at half maximum!
were;0.25 mm/s. All isomer shifts given below are relativ
to bulk a-Fe at room temperature.

III. STRUCTURAL CHARACTERIZATION

Two single 500 Å~nominal! films of Cu and Fe were
prepared for thickness calibration purposes on silicon s
strates. To estimate the actual layer thicknesses, the
angle x-ray diffraction data were fitted using a standard
tical model,16,17 in which the x-ray reflectivity is calculated
using a matrix method. Possible interfacial mixing has be
incorporated into the calculation by assuming a linear co
position profile. Also global roughness and layer thickne
fluctuations were added to simulate a realistic system. Us
a nonlinear least-squares fitting procedure, the layer th
nesses of Cu and Fe were deduced to be 70861 Å and 612
62 Å, respectively, compared to the nominal 500 Å.

Cu/Fe multilayers with nominal bilayer periodL ranging
from 30 to 50 Å and bilayer numbersN of 12–36 were
checked by x-ray reflectivity and analyzed using the sa
optical model. Figure 1 shows the x-ray reflectivity spec
for the series of multilayers withN512 and 36, and a fixed
nominal Cu layer thicknesstCu of 25 Å. Correcting the nomi-
nal layer thicknesses,tCu and tFe, based on the calibration
data, the deduced layer thicknesses were found to be w
10% of the calibrated values. Bragg peaks up to the fou
order are visible in both figures without apparent peak bro
ening, indicating a well-defined compositional modulati
along the film growth direction. However, the reduction
the Bragg peak intensities with decreasingtFe indicates the
presence of interface roughness. In every sample analy
the fitted roughness of the Fe/Cu interfacesFe/Cu ~Cu depos-
ited on Fe! was larger than that of the Cu/Fe interfacesCu/Fe
~Fe deposited on Cu! and was found to increase withtFe.
The observed difference in the roughnessessFe/CuandsCu/Fe
can be explained by interfacial disorder due to the latt
mismatch. In equilibrium, Cu exists only in a fcc structur
whereas Fe can exist in both bcc and fcc forms.18 When an
ultrathin Fe layer is grown on a stable fcc Cu layer, epitax
growth may produce fcc Fe with a negligible lattic
mismatch.6,19 Thus Fe grows smoothly as fcc on the C
~sCu/Fe small!, and Cu again grows smoothly on the fcc F
~sFe/Cu also small!. This is consistent with the observatio
that sCu/Fe is smallest in multilayers with nominaltFe
55 Å. As tFe increases, Fe regains its stable bcc structu
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requiring a relatively large distortion to accommodate t
subsequent growth of fcc Cu on the bcc Fe. Hence when
is grown on thicker Fe underlayers, larger values ofsFe/Cu
may be expected. In the case of Fe deposited on Cu, the
first few layers will form fcc Fe with a smoother transition
bcc Fe (sCu/Fe,sFe/Cu). Interfacial mixing can also caus
significant roughness. Although the mutual solubility of C
and Fe are negligible,7,20 sputtering is a nonequilibrium pro
cess, and alloys with enhanced solid solubilities at the in
faces can be formed.5,21 An island structure of dislocated
submultilayers, due to structural disorder along the grow
direction, also leads to large interface roughness.

Throughout this paper, the nominal layer thickness will
used to identify multilayer samples; however, for data p
sentation and analysis, the actual thickness has been use
avoid ambiguity, whenever the nominal values are used, t
will be identified explicitly. The nominal and actual laye
thicknesses for all of the samples studied here are liste
Table I.

Every sample studied was checked by high-angle x-
diffraction. For a series of (Cu 25 Å/FetFe)336 multilay-
ers, we observed two significant features:~1! the position of
the main diffraction peak shifts to higher angles with incre
ing tFe; and ~2! the linewidths of the diffraction peaks in
crease monotonically withtFe. For the nominaltFe55 Å
multilayer, the main diffraction peak corresponds to C
~111!, but the peak is shifted slightly to higher angles. T
small decrease in lattice spacing may indicate that a v
small amount of Fe is dissolved in this structure as the
atom is about 1.5% smaller than the Cu atom. As the Br
peaks for fcc~111! and bcc~110! for Fe occur at the same

FIG. 1. Low-angle x-ray reflectivity data for ~A!
(Cu 25 Å/Fe tFe)312 multilayers; and~B! (Cu 25 Å/FetFe)336
multilayers. The spectra have been shifted vertically for clarity.
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PRB 59 7003STRUCTURAL AND MAGNETIC PROPERTIES OF Cu/Fe . . .
diffraction angle, it is difficult to distinguish the two struc
tures. AstFe increases, the main diffraction peak becom
broader and shifts to higher diffraction angles. This impl
that there is proportionally more Fe dissolved in fcc Cu d
to interfacial mixing and/or that the amount of crystalline
~bcc or fcc! is increasing astFe is increased.

IV. MAGNETOTRANSPORT PROPERTIES

The transversal magnetoresistance~transversal-MR! for
all the samples was measured in magnetic fields of up to
T at temperatures betweenT577 and 295 K. Figure 2 show
the room-temperature transversal-MR for a series
(Cu 25 Å/Fe tFe)336 multilayers with nominaltFe varying
between 5 and 11 Å. The MR curve for nominaltFe55 Å is
linear and shows no sign of saturation, indicating the abse
of ferromagnetic Fe. The significant increase
transversal-MR for nominaltFe57 Å, indicates the presenc
of ferromagnetica-Fe in the multilayer. With increasingtFe,
the magnitude of MR decreases due to additional bulk s

TABLE I. Nominal and actual layer thicknesses of th
(Cu tCu/FetFe)3N multilayers used in this work.

N Nominal Actual

12 Cu 25 Å/Fe 25 Å Cu 38.5 Å/Fe 34 Å
Cu 25 Å/Fe 15 Å Cu 38 Å/Fe 16.8 Å
Cu 25 Å/Fe 10 Å Cu 38 Å/Fe 11.5 Å
Cu 25 Å/Fe 5 Å Cu 38 Å/Fe 5.6 Å

36 Cu 25 Å/Fe 11 Å Cu 39 Å/Fe 12.8 Å
Cu 25 Å/Fe 9 Å Cu 39 Å/Fe 10.4 Å
Cu 25 Å/Fe 7 Å Cu 38.5 Å/Fe 9.8 Å
Cu 25 Å/Fe 5 Å Cu 38.5 A/Fe 7.3 Å

FIG. 2. Magnetoresistance measurements taken at room
perature for a series of (Cu 25 Å/FetFe)336 with nominaltFe of
~A! 5 Å; ~B! 7 Å; ~C! 9 Å; and ~D! 11 Å. The magnetic field was
applied in the plane of the multilayers perpendicular to the curr
direction ~transversal-MR!.
s
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tering in Fe layers. The MR measurements with the fi
applied in the sample plane along the current direct
~longitudinal-MR! were identical to the transversal-MR dat
This isotropy is a characteristic of the giant magnetore
tance~GMR! effect.

The loss of GMR confirms that decreasingtFe leads to a
change from ferromagnetism to paramagnetism. The mag
totransport measurements can help us to understand
structural properties of the multilayers by probing the int
layer exchange coupling. The variation of MR as a functi
of tCu for (Cu tCu/Fe 20 Å)324 multilayers illustrated the
oscillatory behavior of interlayer exchange coupling.22 Peak
positions and the overall profile of MR versustCu were simi-
lar to those observed at 4.2 K in Fe/Cu multilayers w
stable bcc Fe layers reported by Petroffet al.23 This confirms
that a Cu/Fe multilayer with nominaltCu520 Å has a well-
defined superlattice structure with stable bcc Fe layers.
cause the interlayer exchange coupling depends primarily
the Fermi surface and crystal structure of the spa
material,24,25well-defined Cu/Fe multilayers should exhibit
similar oscillating behavior of MR, independent oftFe.

The variation of transversal-MR as a function oftCu for
(Cu tCu/Fe 5 Å)324 multilayers at 77 K in a field of 0.1
T, is shown in Fig. 3~A!. It is evident from the figure tha
oscillatory exchange coupling is absent. In fact, the plat
shape shown in Fig. 3~A! is commonly observed in Fe-C
and Fe-Ag granular alloys.26–28This is more apparent in Fig
3~B! wheretCu is replaced by the equivalent volume fractio
x of Fe. The maximum GMR was achieved with nominaltCu
ranging from 20 to 30 Å, which corresponds to a moder
volume fraction range (15%<x<25%). The decrease in
MR with increasingtCu ~i.e., the Fe-poor region! results from
a reduced magnetic scattering due to the low concentrat
of Fe particles. At the other end, the weakening of MR w
decreasingtCu ~i.e., the Fe-rich region! can be explained by
the loss of antiferromagnetic~AF! coupling between adjacen
magnetic layers. The loss of AF coupling can be caused
structural imperfections such as pinholes in the nonmagn
spacer layer. Such defects can give rise to strong direct
romagnetic bridging of adjacent magnetic layers, leading
the loss of AF coupling and hence the decrease in MR.

The variation of MR withtCu indicates that for nomina

m-

t

FIG. 3. Variation of MR as a function of:~A! tCu for
(Cu tCu/Fe 5 Å)324 multilayers; and~B! the equivalent Fe volume
fraction x for (Cu tCu/Fe 5 Å)324 multilayers. The measuremen
were taken atT577 K. The magnetic field of 0.1 T was applied i
the plane of the multilayers perpendicular to the current directi
The values oftCu are calibrated thicknesses estimated from
x-ray reflectivity data. The solid lines are guides for the eye.
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7004 PRB 59D. W. LEE, D. H. RYAN, Z. ALTOUNIAN, AND A. KUPRIN
tFe520 Å the samples have a well-defined superlattice str
ture, whereas for nominaltFe55 Å they are granular alloys
due to island formation. These measurements illustrate a
sible use of magnetotransport measurements as a struc
characterization technique.

V. MAGNETIC MEASUREMENTS

As superparamagnetism exhibits a characteristic temp
ture dependence,29,30ac susceptibility (xac) enables us to dis
tinguish the relative contribution of superparamagnetic ph
from those of the nonmagnetic Cu-Fe alloy and fcc Fe pha
Figure 4~A! illustrates direct evidence of superparama
netism and the associated blocking phenomenon observe
a (Cu 25 Å/Fe 5 Å)312 multilayer. The easy magneti
axes of the single-domain grains in the multilayer are r
domly oriented, and at sufficiently low temperatures,
magnetizations will be frozen in space. On warming, the s
ceptibility (xac) grows as the thermal energy allows the gra
magnetizations to fluctuate. At some temperature,TB ~often
called the blocking temperature!, the fluctuation rate matche
the measurement frequency andxac reaches its maximum
value. At higher temperaturesxac falls as the fluctuations
become too rapid to follow. Using an instrument with a ch
acteristic measuring timet i , the observedTB for a sample
with the characteristic timet0 is given as29

TB5
KV

kB@ ln~t i /t0!#
, ~1!

where KV is the barrier to magnetization reversal. Figu
4~A! shows thatTB at 377 Hz for a (Cu 25 Å/Fe 5 Å)
312 multilayer is;205 K. No blocking behavior was ob
served up to 300 K for a (Cu 25 Å/Fe 10 Å)312
multilayer @Fig. 4~B!# indicating that either islands are ab
sent, or that they are large enough that their blocking te
perature lies above 300 K.

The temperature dependence of the initial susceptib
can also be used to determine the magnetic grain size
superparamagnetic system. Taking the interaction effect
tween magnetic particles into consideration, Chantrel
Wohlfarth28,31 found that the susceptibilityx, of ultrafine
particle systems with saturation magnetizationMs , density
r, and volumeV can be described by a Curie-Weiss-ty
law:

x5
Ms

2~T!rV

3kB~T2T0!
for kBT.mH, ~2!

wherem(5MsrV) is the magnetic moment of a single pa
ticle. The effective Curie temperatureT0 indicates the
strength of interaction and is marked by the intercept
1/x→0 at theT axis. The temperature dependence ofMs(T)
is due to spin-wave excitations inside the single-dom
grains at finite temperatures. From Eq.~2!, one can plot
Ax(T2T0)5AV/3kBMs(T) as a function ofT and extrapo-
late the curve to T→0 K to obtain the intercep
AV/3kBMs(0). Then using the value ofMs measured at low
T, we can calculate the average volumeV of the grains from
the intercept. Using the regionT.TB of the initial suscepti-
bility measurement for a (Cu 25 Å/Fe 5 Å)312 multilayer
c-
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@shown in Fig. 4~A!#, we estimate the diameter of spheric
Fe grains to be 2r 057266 Å. However, a multilayer struc-
ture is likely to be isotropic within the growth plane, so it
more appropriate to consider the shape of the grains to
oblate ellipsoids with major axisa and minor axisc. With 2c
set equal to the Fe layer thicknesstFe, 2a is estimated to be
260638 Å.

dc magnetization measurements were performed, al
with the xac measurements, over a temperature range of
down to 5 K. Figure 5~A! shows, after subtracting the sub
strate contribution, the magnetization curve f

FIG. 4. Temperature dependence of zero-field-cooled magn
susceptibility for (Cu 25 Å/FetFe)312 multilayers withtFe55 Å
~A! and 10 Å~B!.

FIG. 5. Magnetization measurements taken at 5 K~empty
squares! and 250 K~full squares! for (Cu 25 Å/FetFe)312 multi-
layers withtFe55 Å ~A! and 10 Å~B!.
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(Cu 25 Å/Fe 5 Å)312 at temperatures of 5 K~empty
squares! and 250 K~full squares!. The magnetic moments o
the sample were normalized by the expected moment of b
a-Fe. One should note that there exists a systematic s
uncertainty of;12% originating primarily from the uncer
tainty in tFe. It is interesting to observe a saturated mom
even at 250 K, well above the observedTB of ;205 K,
where paramagnetic behavior might be expected. The or
of this difference lies in the fields used in the measureme
The saturation in Fig. 5~A! was achieved with an applie
field larger than 0.5 T, whereasxac was measured in 0.5 mT
The magnetization measurements for (Cu 25 Å/Fe 10
312 are shown in Fig. 5~B!. Smaller saturation fields and th
large saturated moment, slightly less than that of bulk
confirm the presence of the ferromagnetica-Fe phase.

The temperature dependence of the saturated Fe mag
moment for (Cu 25 Å/FetFe)312 multilayers with nomi-
nal tFe of 5 Å ~triangles! and 10 Å~squares! is shown in Fig.
6. The sample with nominaltFe510 Å exhibits a linear de-
pendence of magnetization with temperature:

ms~T!5m0~12bT!, ~3!

which may be associated with a two-dimensional magn
system.27 The interceptm0 is the ground-state atomic mag
netic moment of Fe. For a superparamagnetic system, it
been shown experimentally thatAx(T2T0) has a T3/2

dependence,29,32 and hencems obeys Bloch’s law:

ms~T!5m0~12BT3/2!, ~4!

whereB is the spin-wave constant. From the fitting of th
calculations to the experimental data~solid lines in Fig. 6!,
m0 were found to be 75 and 88 % of the value of the bulk
metal (mFe52.21mB) for nominal tFe55 and 10 Å, respec-
tively. Assuming that the average Fe moment in the mu
layers is identical to that of bulk Fe, the results indicate t
for nominal tFe55 Å most of the Fe atoms~75%! are in the
superparamagnetic Fe phase. The remaining 25 and 12
the Fe atoms in the samples with nominaltFe55 and 10 Å,
respectively, are present as nonmagnetic phases, such
interfacial Cu-Fe alloy. Although it has been reported th

FIG. 6. Temperature dependence of the saturated Fe mag
moment for (Cu 25 Å/FetFe)312 multilayers withtFe55 Å ~tri-
angles! and 10 Å~squares!.
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fcc-Fe orders with a Ne´el temperature of about 67 K~Refs.
33,34! neither thexac measurements nor the temperature d
pendence of the magnetization showed any evidence for s
an ordering.

VI. CONVERSION ELECTRON MO¨ SSBAUER
SPECTROSCOPY

It is clear from the magnetic properties of the multilaye
that Fe atoms exist in a variety of environments depend
on the value oftFe. It is essential, therefore, to utilize a loca
probe which will provide information that is complementa
to that obtained from x-ray diffraction. Figure 7 show
CEMS data for a series of (Cu 25 Å/FetFe)336 multilay-
ers with nominaltFe ranging from 11 down to 5 Å. The firs
two Mössbauer spectra~nominal tFe59 and 11 Å! were
found to be a superposition of two sextets~sextet A and
sextetB!, and one doublet~doublet A!. Both sextets come
from Fe atoms in a bulklike ferromagnetic bcc phase con
tent with the transversal-MR results. SextetA is due to atoms
with only Fe nearest neighbors while sextetB, with a smaller
BHF is attributed to Fe with some Cu neighbors, presuma
at the Fe-Cu interfaces.5 The doublet originates from the
electric quadrupole interaction in a nonmagnetic phase,
we attribute it to a distorted interfacial Fe-Cu alloy. An a
ditional nonmagnetic component,~doubletB! appears in the
spectrum of the nominaltFe57 Å sample. This componen
has a smaller quadrupole splitting than doubletA, and an
isomer shift closer to zero. Finally, the nominaltFe55 Å, the
CEMS spectrum shows no magnetic contribution, and c
sists only of doubletsA andB. For the three thinnest sample
~nominal tFe59, 7, and 5 Å! the doublets exhibit a clea
asymmetry in intensity~R in Table II! reflecting highly tex-
tured growth. Similar line asymmetries have been reporte
epitaxial Fe/Cu~001! films13 but with the sense reversed. Th
relevant parameters extracted from least-squares fitting o
spectra are summarized in Table II.

A visual examination of the CEMS data in Fig. 7 show
that decreasingtFe leads to a transition from ferromagnetis
to paramagnetism and that both the average hyperfine
~Fig. 8! BHF and the volume fractionVF of the ferromagnetic
phases decrease monotonically withtFe. The dotted horizon-
tal line in Fig. 8~A! represents the hyperfine field of bu
a-Fe, ~33 T!. For sufficiently thicktFe (tFe>34 Å), Fe in a
Cu/Fe multilayer has bulklikea-Fe properties. withR54
indicating in-plane magnetization. The decline in^BHF& re-
flects both an increasing proportion of the interfacial Fe~Cu!
alloy, and also the onset of superparamagnetic fluctuation
the layers start to break up into islands with decreasingtFe.
A gradual magnetic evolution occurs with decreasingtFe un-
til the magnetic contribution disappears for ultrathintFe
(<7 Å).

Analysis of the various components seen in the CEM
data can be used to shed some light on the structural cha
that occur astFe is reduced. Working from a Cu base laye
through an Fe layer and back to Cu, we make the follow
assignments.

The assignment of doubletA is the most problematic. Its
steady growth in area as the Fe layer thickness is redu
indicates that it involves a constant;1.7 Å of the iron in

tic
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7006 PRB 59D. W. LEE, D. H. RYAN, Z. ALTOUNIAN, AND A. KUPRIN
each layer@Fig. 9~A!#, and that it is therefore probably ass
ciated with an interfacial Fe-Cu alloy. However, while th
hyperfine parameters are stable across the series of sam
~d;0.35 mm/s, D;0.85 mm/s) they are somewhat larg
than those found in dilute Cu~Fe! alloys @d50.225 mm/s
~Ref. 35!, D50.45 mm/s~Ref. 21!#. Larger quadrupole split-
tings have been reported for Fe clusters in CuD
50.60 mm/s~Ref. 36! and epitaxial Fe grown on Cu~001!
D50.62 mm/s,13 however, the isomer shifts in each case a

FIG. 7. Conversion-electron Mo¨ssbauer spectra taken at roo
temperature~vertical bars! and the calculated fits~solid lines! for a
series of (Cu 25 Å/FetFe)336 with nominal tFe ranging from 11
down to 5 Å. The relevant parameters extracted from least-squ
fitting of the spectra are listed in Table II.
les

e

close to zero. An alternative assignment for this compon
is a ferric oxide~ferrous oxides would not be consistent wi
either observed Mo¨ssbauer parameter!. Such an oxide would
be consistent with the observed isomer shift, and canno
ruled out, however it is inconsistent with several other o
servations:~i! the ferric oxides~haematite, maghemite, an
magnetite! all have magnetic ordering temperatures w
above RT so we might expect such an impurity to yield
magnetically split spectrum.~ii ! Very small magnetic oxide
particles would be superparamagnetic and could give a n
magnetic contribution at RT, but low-temperature Mo¨ssbauer
measurements on these samples show no ordering of
component down to 90 K.37 Furthermore, our susceptibility
data Fig. 4~A!, also shows no evidence of additional orderi
of an impurity phase down to 5 K.~iii ! The constant thick-
ness~;1.7 Å/layer! of this phase is more consistent with a
interfacial alloy than an oxide formed during production
subsequent storage.~iv! There was no change in the amou
of this phase present after storage for 18 months in amb
air. We, therefore, prefer to identify this component as
interfacial Fe-Cu alloy, and attribute the larged andD values
to strains associated with the multilayer structure.

SextetA is simply bulklike bcc-Fe formed in the cente
of the Fe layers, while sextetB is an Fe~Cu! alloy and origi-
nates from the Fe/Cu interfaces~Cu grown on Fe!. The
slightly reducedBHF reflects the presence of some Cu neig
bors. Thus different Fe phases form at the Cu/Fe and Fe
interfaces, an interpretation that is consistent with the diff
ent roughnesses of the two interfaces, and also with sim
distinctions reported for Fe/Sb and Sb/Fe interfaces.38 Fur-
thermore, it is clear from Fig. 9~A! that the nonmagnetic
Cu-Fe layer at the Cu/Fe interface is significantly thinn
than the magnetic bcc-Fe~Cu! layer at the Fe/Cu interface,
result that is fully consistent with the low-angle XRD obse
vation of sCu/Fe,sFe/Cu.

Doublet B is only observed in the two thinnest sampl
~nominal tFe57 and 5 Å! and its appearance is correlate
with the loss of the magnetic components. It exhibits t
same strong intensity asymmetry as the other paramagn
doublet, again reflecting textured growth. Low-temperat
CEMS data37 shows that this phase orders around 200 K a
is the origin of the peak in the susceptibility in Fig. 4~A!. We
attribute this component to Fe in a distorted fcc structu
i.e., fct-Fe. This phase exhibits perpendicular anisotropy
low Tc;200 K ~Ref. 37! consistent with surface magneto
optic Kerr effect~SMOKE! data on epitaxial wedges.11 The
fitted values forD are somewhat larger than reported on F
Cu~001! epitaxial samples13 but this may be due to additiona
strains associated with the iron being sandwiched betw
successive fcc-Cu layers, or related to our growth being
the Cu~111! surface. Reported ordering temperatures
thin-film fct-Fe range from.500 K,13 370 K.Tc.280 K
~Ref. 9! to 250 K,11 all well above our value of;200 K,
which therefore reflects blocking of superparamagnetic
lands rather than the ordering of fct-Fe. Indeed, since fct
exhibits a substantialBHF,13 it is likely that significant
amounts of fct-Fe could be contributing to the two sexte
and it only becomes apparent as a distinct phase when
islands become small enough to be superparamagnetic a

Based on this structural interpretation of the CEMS da
the following picture emerges as an explanation for the

es
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TABLE II. Hyperfine parameters extracted from fitting the spectra shown in Fig. 7 for a serie
(Cu 25 Å/FetFe)336 multilayers with nominaltFe ranging from 11 down to 5 Å. Here,d is the isomer shift;
D is the quadrupole splitting; for the magnetic subspectra,R is the intensity ratio of lines 2 and 5 to those
line 3 and 4, while for the doublets,R is the intensity ratio of the low and high velocity lines,BHF is the
hyperfine field; andV is the fractional area of each subspectrum.

(Cu/Fe)3N Subspectra d ~mm/s! D ~mm/s! R BHF ~T! V ~%!

(25 Å/11 Å)336 SextetA 0.0160.01 4.0060.12 30.260.1 7462
SextetB 0.1060.02 4.0060.12 25.960.2 1762
DoubletA 0.4060.03 0.8660.05 1.0060.19 962

(25 Å/9 Å)336 SextetA 0.0460.01 4.0060.17 28.960.1 5662
SextetB 0.0160.02 4.0060.17 25.360.2 2862
DoubletA 0.3660.03 0.8560.04 1.4560.21 1662

(25 Å/7 Å)336 SextetA 0.0260.03 4.0060.40 24.860.2 2862
SextetB 0.0760.03 4.0060.40 20.260.2 2762
DoubletA 0.3960.06 0.8860.11 1.4060.45 1862
DoubletB 0.0360.04 0.2760.07 1.4060.45 2762

(25 Å/5 Å)336 DoubletA 0.32660.012 0.99960.022 1.8560.13 2362
DoubletB 0.13260.006 0.26660.007 1.8560.13 7762
bu
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tant
served magnetic changes. With decreasingtFe, the bulklike
bcc a-Fe layer gets thinner, and hence the relative contri
tion of the ferromagnetic sextets falls. The pure-Fe regi
undergo a transformation from bcc to fct aroundtFe510 Å,
but this phase is also ordered above RT and so cannot c

FIG. 8. tFe dependence of~A! the average hyperfine fieldBHF

and~B! the fractional volumeVF of the ferromagnetic phases. Th
values were extracted from least-squares fitting of CEMS spe
for (Cu 25 Å/FetFe)3N multilayers withN512 ~squares! and 36
~triangles!. The dotted line in~A! represents the hyperfine field o
bulk a-Fe, 33 T.
-
s

use

the loss of ferromagnetic order. Some of the loss of magn
order comes from the growing importance of the;1.7 Å
layer of Cu-Fe alloy, however, the biggest change in m
netic properties is associated with the breakup of the lay
into isolated superparamagnetic fct-Fe islands. The bcc
transformation must occur before the islands become su

ra

FIG. 9. tFe dependence of the thicknesses of the four identifi
components in the CEMS data.~A! the two interfacial phases
Cu-Fe alloy~doublet A! and the bcc-Fe~Cu! alloy ~sextetB!. Note
that in both cases the interfacial alloys have essentially cons
thicknesses.~B! The two primary components: bcc-Fe~sextetA!
and fct-Fe ~doublet B! showing the structural change attFe

;10 Å.
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paramagnetic as we never observe a contribution from su
paramagnetic bcc-Fe~a singlet centred at zero velocity!. The
thinnest sample shows only paramagnetic components a
interfacial Cu-Fe alloy~doublet A! and superparamagnet
fct-Fe ~doublet B!. The CEMS results are fully consisten
with the magnetic measurements and show the same tre
Magnetization at 5 K showed 25 and 12 % of the Fe atoms
be in nonmagnetic structures for nominaltFe55 and 10 Å,
respectively, consistent with the area of the nonmagn
component~fct-Fe is ferromagnetic at 5 K! in the CEMS
spectra~23 and 16 % in the nominaltFe55 and 9 Å samples
in Table II!.

VII. OVERALL DISCUSSION

Throughout this paper, we reported the observed ev
tion from ferromagnetism to paramagnetism at room te
perature with decreasingtFe and tried to understand the stru
tural changes responsible for the observed transition. H
we present a simple structural model that is consistent w
our experimental results.

For sufficiently largetFe, the multilayer sample has
well-defined superlattice structure. This was verified by
observation of higher-order superlattice peaks in the lo
angle x-ray reflectivity data and by the presence of the os
latory exchange coupling in the magnetotransport meas
ments. The conversion-electron Mo¨ssbauer spectra~CEMS!
suggested that the Fe layer can be divided into three sub
ers, each with its own unique magnetic properties:~1! bulk-
like ferromagnetic bcc Fe layer;~2! Fe-rich ferromagnetic
Fe/Cu interfacial layer~Cu grown on Fe!; ~3! paramagnetic
Cu-Fe alloy phase at the Cu/Fe interface. The contributi
of the first two sublayers can be estimated from the fractio
areas of sextetsA andB, respectively, in the CEMS spectra
while the contribution of the third sublayer is related to t
fractional area of doubletA. DecreasingtFe leads to a steady
increase in the proportions of the two alloyed sublayers
the expense of the bcc-Fe layer, however, their estima
thicknesses remain constant. Below a certain critical thi
ness, a distorted fcc, i.e., fct structure becomes favorab11

and starts to replace the bcc-Fe, however the fct-Fe is
magnetic.

For sufficiently smalltFe<7 Å, surface roughness lead
to structural imperfections and causes island formation,
sulting in a granular-solid structure. DoubletB appears in the
CEMS spectra and the room-temperature magnetization
rapidly. The magnetic transformation was confirmed by
magnetotransport andxac measurements. At this point, th
Fe grains embedded in a Cu matrix can also be divided
two sublayers according to their magnetic properties:~1! a
ferromagnetic fct Fe core;~2! an outermost paramagnet
Cu-Fe alloy phase. Below a critical size the Fe grains
accommodate only a single magnetic domain even in z
magnetic field. For sufficiently largetFe.tc , the grains will
be large and their blocking temperatureTB will lie above
room temperature. However, on decreasingtFe, Fe grains
will reach a size whereTB is below room temperature, lead
ing to the apparent loss of ferromagnetism as superparam
netic fluctuations dominate. In summary, the observed m
er-
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netic transition is likely due to superparamagnetic relaxat
of fct-Fe islands rather than a structural transition from b
Fe to paramagnetic fcc or fct Fe astFe decreases belowtc .

VIII. CONCLUSIONS

We have studied in detail the structural, magnetic, a
magnetotransport properties of sputter-deposited Cu/Fe m
tilayers. Structural characterization by low-angle x-ray
flectivity confirmed the successful growth of a well-defin
multilayer structure. The reduction of the higher-order sup
lattice Bragg peaks with decreasingtFe indicates the rela-
tively increasing contribution of the interface roughne
High-angle x-ray diffraction showed that with increasingtFe
the position of the main peak shifts from Cu~111! peak po-
sition to higher angles and the linewidth of the diffractio
peaks increases. This can be explained by Fe atoms
solved in fcc Cu medium due to interfacial mixing.

The loss of GMR effect for nominaltFe55 Å confirmed
the change in magnetic behavior with decreasingtFe. The
variation of MR with tCu indicated that for nominaltFe
520 Å a multilayer has a well-defined superlattice structu
whereas a multilayer with nominaltFe55 Å has a granular-
alloy-like structure. These magnetotransport measurem
confirmed that a multilayer with nominaltFe55 Å has an
island structure leading to superparamagnetic relaxatio
room temperature.

xac with a characteristic timetac of 2.6531023 s showed
blocking behavior for nominaltFe55 Å with TBac

of around
205 K, providing direct evidence for the existence of a s
perparamagnetic phase. A simple calculation shows the
ameter of spherical Fe grains to be 260638 Å. dc magneti-
zation measurements, performed along with thexac
measurements, on nominaltFe55 Å sample showed a satu
rated magnetization corresponding to 39% of that of b
a-Fe at 250 K with an applied field larger than 0.5 T. T
temperature dependence of the magnetization showed
the extrapolated 0 K magnetization of the multilayers coul
be accounted for by 75% and 88% of the bulka-Fe magne-
tization for nominaltFe55 and 10 Å, respectively. Assumin
that the average Fe moment in the multilayers is identica
that of a-Fe, 25% and 12% of the Fe atoms in the samp
with nominal tFe55 and 10 Å, respectively, are present as
nonmagnetic Cu-Fe alloy.

The Mössbauer study confirmed the gradual evoluti
from ferromagnetism to paramagnetism with decreasingtFe.
DoubletA, which gave an almost constant thickness con
bution in all of the multilayers, was assigned to a Cu-
alloy phase at the Cu/Fe interfaces~Fe grown on Cu!. The
two magnetic components in the spectra were attributed
bulk-Fe and an Fe~Cu! alloy. These decreased in avera
hyperfine field and total area as the Fe layer thickness
reduced. An additional doublet appeared for nominaltFe57
and 5 Å and was attributed to superparamagnetic island
fct-Fe. Since we saw no evidence of superparamagnetic
Fe, and fct-Fe is ferromagnetic, we concluded that the b
fct transformation occurs before the islands become
small to be blocked at room temperature.

All of the magnetic and magnetotransport measureme
suggest that with decreasingtFe the ultrathin Fe layers firs
transform into fct-Fe and then break up into small islands
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is the latter process that results in the magnetic transi
from ferromagnetism to superparamagnetism.

ACKNOWLEDGMENTS

This research was supported by grants from the Nat
Sciences and Engineering Research Council of Canada
M

s.

, J

lis

lis

ch

L

er

.

rs,

u-

X

ki
n

al
nd

Fonds pour la Formation de Chercheurs et la´ide àla Recher-
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