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Thickness dependence of the total magnetic moment per atom in the Cu/Ni/Cu/Si„001… system
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Systematic measurements of the magnetic moment per Ni atom in Cu/Ni/Cu/Si~001! structures have been
made using polarized neutron reflection~PNR! for Ni thicknesses in the range 30 Å,t,400 Å at room
temperature. We find a dramatic reduction in the magnetic moment per atom fort,100 Å and near bulk values
above 100 Å. These results are corroborated by alternating gradient magnetometer measurements on the same
samples. A Cu/Ni-wedge/Cu/Si~001! structure with 30 Å,t,150 Å was studied using magnetic circular x-ray
dichroism~MCXD!, polar magneto-optical Kerr effect~MOKE!, and reflection high-energy electron diffraction
~RHEED! in order to estimate the variation in the values of^Lz&, ^Sz&, perpendicular anisotropy strength, and
surface in-plane Ni lattice constant, respectively, during epitaxial growth. RHEED measurements show that the
in-plane lattice constant falls by 1.7% in the Ni thickness range 30 Å,t,90 Å. The MCXD measurements
reveal the same trend for^Lz&, ^Sz&, and total moment per atom versus Ni thickness as found for the total
moment by PNR. Polar MOKE measurements confirmed the transition from a perpendicular easy axis towards
an in-plane magnetic easy axis as has already been extensively studied in the literature. Comparison of the
PNR results with RHEED measurements reveal a striking correlation between the increase of in-plane strain
and reduction in magnetic moment per atom with decreasing Ni thickness. While a direct strain-induced
variation of the moment based on bulk phase calculations cannot account for the magnitude of the moment
variations we observe, we show that the results cannot be attributed to sample contamination, interdiffusion, or
a reduction of the Curie temperature with decreasing Ni thickness. Furthermore, the presence of a magnetically
dead layer in the samples is not consistent with the PNR results. The strong moment variation partially explains
the large thickness range for which perpendicular anisotropy is observed in this system.@S0163-
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I. INTRODUCTION

In recent years many experimental studies have explo
the thickness dependence of the magnetic anisotropy, m
netic order, domain structure, and Curie temperature in
Ni/Cu~001! system.1–5 The Curie temperature of the Ni/C
system is known to be below room temperature for thin
films below about five monolayers~5 ML! and to exhibit an
in-plane magnetic easy axis for thicknesses of 5–9 ML~8.8–
15.8 Å!.6 For larger Ni thicknesses up to 100 Å, a perpe
dicular magnetic anisotropy again develops as is now w
known.1–3 Ultrathin Ni films grown epitaxially on Cu~001!
have an in-plane lattice constant expanded by 2.5% to m
that of the Cu seed layer. This results in a correspond
tetragonal contraction in the perpendicular lattice spac
thus causing a strain-induced magnetoelastic~ME! perpen-
dicular anisotropy. As the Ni film grows thicker still, th
magnetic easy axis returns to the in-plane direction as
shape anisotropy of the sample becomes dominant. The
contribution of the tetragonal distortion has been calcula
by Naik et al.1 using lattice spacing measurements p
formed by Chang3 and found to be large enough to accou
for the perpendicular anisotropy field. To understand the
550163-1829/97/55~17!/11422~10!/$10.00
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gin of the magnetic properties further, it is, however, des
able to know the magnetic moment per atom to a high p
cision since this is one of the most fundamental quantit
Also, the magnetization determines the demagnetizing fi
valuem0M and so the critical thickness up to which perpe
dicular magnetic anisotropy~PMA! can dominate. Marcus
et al.have carried out theoretical calculations on the volu
dependence of the magnetic moment per atom in vari
transition metals including fcc Ni.7 However, to our knowl-
edge the strain dependence of the magnetic moment per
has not been systematically studied and an investigatio
the Ni/Cu system provides an excellent opportunity to do t
because of the large internal strains in the system identi
from the magnetic anisotropy studies.

Calculations of the electronic and magnetic structure
ultrathin epitaxial films using recently developed spi
resolved band-structure techniques8 demonstrate that the re
duced atomic coordination, modified volume per atom, a
the interface-induced electronic states all strongly affect
magnetic moment. Enhanced total moments9–11 and en-
hanced orbital moments in systems which exhibit PM
~Refs. 12 and 13! have been reported. A reduced spin m
ment for one monolayer of Ni on Cu~100! has also recently
11 422 © 1997 The American Physical Society
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been calculated.11 In this paper we will discuss the results
polarized neutron reflection~PNR! measurements of the ab
solute moments per atom on a series of samples of nom
structure Cu 50 Å/Ni/Cu 600 Å/Si~001! for Ni thicknesses in
the range 30 Å,t,400 Å. The procedure for fitting the
PNR data is discussed in detail and the results comp
with those carried out on the same samples using con
tional magnetometry@alternating gradient force magnetom
etry ~AGFM!#. Magnetic circular x-ray dichroism~MCXD!
and polar magneto-optical Kerr effect~MOKE! experiments
were carried out on a wedge sample of nominal structure
30 Å/Ni~30–150 Å!/Cu 600 Å/Si~001!. These experiments
allowed us to study the variation of^Lz& and ^Sz& and an-
isotropy strength as a function of Ni thickness on the sa
sample and to compare our findings with the absolute m
ments as determined by PNR.

II. POLARIZED NEUTRON REFLECTION

Polarized neutron reflection is able to yield the absol
value of the magnetic moment per atom in a magnetic t
film system with high accuracy14 and, in contrast to super
conducting quantum interference device~SQUID! magne-
tometry, has the advantage of having no magnetic sig
from the substrate requiring correction to the data. Furth
more, since SQUID magnetometry measures the total
ment of a thin film sample, to calculate the magnetic mom
per atom requires that the sample area and thicknes
known to a high accuracy. PNR avoids this difficulty since
is, in principle, a self-calibrating magnetometric techniqu
allowing not only a direct measurement of the magnetic m
ment, but also a precise measurement of the layer th
nesses. It is a powerful technique, able to directly probe
layer-dependent magnetization vector profile in a magn
medium.15–17 Experimentally, polarized neutrons with spin
parallel and antiparallel to the sample magnetization are
flected off the surface of the sample at grazing inciden
The potential energy of a neutron in theath region of the
sample is given by14,15

Va5
2p\2

mn
raba2mn•Ba , ~1!

wheremn , ba , Ba , andra are the neutron moment, cohe
ent nuclear scattering length, magnetic field~due to the mag-
netization in the region!, and atomic density, respectively
This potential gives rise to a spin-dependent reflectiv
which depends on the relative orientation of the spin of
incident neutron and the magnetization of each magn
layer. The specularly reflected neutron intensity is measu
as a function of the incident spin state and incident wa
vector. Such measurements permit the refractive index
file of the solid medium to be determined with a depth re
lution typically in the nm range. Since the strength of t
Zeeman interaction is determined by the magnetic induc
B only ~the neutron moment is known!, the total magnetic
moment per atom~spin and orbital components! can be ac-
curately obtained for a magnetically saturated thin ferrom
netic film of known density. By comparing the results
experiment with simulations, we can obtain informati
about the absolute moment per atom and the thickness o
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magnetic and nonmagnetic layers. The difference betw
the spin-up and spin-down reflectivities, or spin asymme
gives information on the magnetic moment, while the per
and detailed wave-vector dependence of the reflectivity
cillations give us information on the thickness and struct
of the sample layers. The numerical technique of extract
magnetic moments from the measured spin asymmetry is
now well established and is discussed in numero
references.14,15

The PNR experiments were carried out on the CRI
time-of-flight neutron reflectometer at the Rutherford App
ton Laboratory~RAL! and on the D17 fixed-wavelength re
flectometer at the Institut Laue-Langevin~ILL ! at Grenoble.
The details of the experimental setup of the two reflectom
ters is described elsewhere18,15 and so will not be discusse
here. The samples were subjected to a field ofH56 kOe
directed in the plane of the film. MOKE measurements w
an in-plane applied field showed that a field of 6 kOe w
sufficient to saturate 30 Å Ni. The sample sizes were
proximately 1.531.0 cm2. Simulations were performed us
ing a downhill simplex numerical recipe. The same samp
~cut into 2-mm2 pieces! were then measured using an AGF
with a sensitivity in the 1028-emu range.

III. EXPERIMENTAL DETAILS

The eight samples grown for the PNR experiments w
grown at room temperature and prepared in two differ
growth chambers. Either Knudsen cell sources ore-beam
evaporation sources were used to grow the Ni films in UH
All Cu layers were grown usinge-beam evaporation. Table
gives information on the nominal structures of the eig
samples as well as the sample parameter results as give
PNR. Si~001! substrates were degreased, etched in dilu
HF solution for 12 min, and pull dried prior to loading int
the growth chamber. The Ni was grown at 3 Å/min and a
deposition pressure of 231029 mbar for e-beam evapora-
tion and 5 Å/min at 331028 mbar from the Knudsen cell
The Cu was grown at 10 Å/min at a pressure of
31029 mbar. A wedge sample Cu 30 Å/Ni~30–150 Å!/Cu

TABLE I. Structural and magnetic parameters of the eig
samples investigated with PNR. The second column indicates
nominal thicknesses of the Ni films as given by a quartz microb
ance. Columns 3 and 4 give the Ni thickness and Ni moment
atom as determined by the PNR fits. The last column is the ave
of the roughness values for each of the several interfaces with
given sample.

Sample

Ni
thickness

nominal ~Å!

Ni
thickness
PNR ~Å!

Ni
moment

mB

Interface
roughness

~Å!

1 ~RAL! 30 30.163.4 0.1 60.09 19.5
2 ~RAL! 60 53.663.5 0.2560.03 13.5
3 ~RAL! 80 69.664.5 0.2360.05 14.7
4 ~RAL! 100 78.464.4 0.4160.04 10.3
5 ~RAL! 150 98.164.1 0.6360.03 15.0
6 ~ILL ! 100 103.366.2 0.6260.05 22.5
7 ~RAL! 300 233.963.8 0.5760.02 19.4
8 ~RAL! 400 373.6611.2 0.5960.04 18.5
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600 Å/Si~001! was also grown for the purposes of MCX
measurements. Both Ni and Cu were grown at room te
perature. Reflection high-energy electron diffracti
~RHEED! was used to confirm the epitaxial growth of Ni an
Cu, and the substrate and film purity were monitored us
Auger electron spectroscopy~AES!. The sample thicknes
was monitored using a quartz microbalance, but PNR w
used to give a more accurate estimation of the true magn
thickness.

The MCXD experiment was performed at the beam l
1.1 of Daresbury Laboratory UK.19 The sample was sub
jected to a field of 1 T perpendicular to the film to ensur
saturation. Polar MOKE measurements were performed
room temperature using a conventional polar MOK
arrangement.20,21The change with applied field in the inten
sity of light transmitted through an analyzing polarizer~set
close to extinction! after reflection from the sample~Kerr
intensity! can be related to the magneto-optic Kerr rotatio
RHEED measurements were performed as the wedge
grown to study the change of in-plane lattice paramete
the Cu buffer and Ni layer with thickness.

To fit the PNR experimental data, a choice has to be m
as to how we model the sample in the computer simulatio
Figure 1 shows schematically the model adopted in our w
and from which the best fits were obtained. We assume
constants in the fits appropriate~bulk! density and coheren
scattering lengths of the individual layers. Only the magne
moment, layer thicknesses, and interface roughness pa
eters are varied. There are, of course, possible alternativ
the model we have adopted. For instance, NiCu or even
alloy layers~representing intermixing and contamination e
fects at the interfaces, respectively! could be introduced be
tween the Ni/Cu interfaces in the model of Fig. 1. In o
analysis, these alternative models have proved unsucce
in modeling the Ni/Cu data and would seem to indicate t
the presence of intermixing/contamination surfaces is
significant, as we shall discuss later.

In the model we have adopted, the PNR best-fit thickn
parameter is an average value, since it is assumed that
is a region of roughness associated with each interface.
important to understand the meaning of the roughness
rameter and its effect on the fitting process for our samp
In practice, defects, steps, interdiffusion, intermixing, a
local fluctuations22 in the interface position can all contribut
to an effective interface roughness. Roughness has the e
of reducing the specularly reflected intensity due to diffu
scattering of some of the neutrons out of the specular be

FIG. 1. Schematic diagram of the sample model used to fit
PNR data.
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The fitting program takes into account the reduction
specular intensity by introducing a multiplicative exponent
factor, as proposed by Nevot and Croce22 and given by

Rm5R0e
24q1q2z

2
, ~2!

wherez is the root-mean-square roughness amplitude of
surface andq1 andq2 are the perpendicular wave vectors
media 1 and 2 bounding the interface.R0 is the Fresnel in-
tensity reflection coefficient for a perfectly smooth surfac
and Rm is the measured specular intensity. The roughn
parameters of samples 1–8 are given in Table I. A roughn
amplitudez is obtained for each of the several interfaces in
given sample. These values ofz are then averaged to give th
values shown in the last column of Table I. The roughn
parameter is the last variable to be fitted and allows a ‘‘fin
tune’’ to the best fit. The moment and thickness parame
are fitted separately, then simultaneously until a best fi
approached. Fitting the roughness parameter allows u
close in on a best fit without causing a significant change
the moment and thickness values already reached. The
asymmetry~defined below!, which is less sensitive toz2 than
the reflectivity, was also fitted for each sample.

IV. RESULTS

Representative PNR results are shown in Figs. 2~a! and
2~b! for samples 2 and 7~see Table I!. Both the reflectivity
and spin asymmetry are shown for samples 2 and 7 and
plotted as a function of the reduced wave vectorq/qc where
qc is the critical wave vector below which there is total r
flection from the sample surface. For the Cu/Ni/Cu/Si~001!
system, 2qc50.018 Å21 in units of momentum transfe
~where h/2p is conventionally taken as unity!. The spin
asymmetry is given by

S5
R↑2R↓
R↑1R↓

, ~3!

whereR↑ andR↓ indicate the reflectivities of the neutron
with spins parallel~spin up! and antiparallel~spin down! to
the film magnetization, respectively.

The key observation from Fig. 2 is the decreasing ma
mum flipping ratio (R↑ /R↓) from sample 7 to sample 2. Thi
behavior indicates that the difference between the poten
of the spin-up and spin-down neutrons in the Ni layer
decreasing with decreasing Ni thickness, and hence, f
Eq. ~1!, the magnetic moment per atom in the Ni layer
decreasing. Referring to Table I, sample 1~30 Å Ni! is sur-
prisingly almost ‘‘magnetically dead,’’ with the moment in
creasing rapidly, reaching the bulk value at approximat
100 Å. To ensure the in-plane 6-kOe field applied during
PNR measurements was sufficient to saturate all of
samples, a polar MOKE measurement was carried out o
Cu 30 Å/Ni 30 Å/Cu 600 Å/Si~001! film with an in-plane
applied field. Figure 3 shows the result of this measurem
At remanence the film shows a magnetization perpendic
to the film plane. This is because up and down domains
not reform in equal volumes if there is even the small
misalignment of the in-plane applied field. Applying an i
plane field forces the magnetization into the plane of the fi
and the polar Kerr intensity is observed to drop to zero. Fr

e
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FIG. 2. Representative PNR data~symbols! and best-fit reflec-
tivity and spin asymmetry curves~solid lines! for two samples of
different thicknesses: ~a! sample 2~53 Å Ni, RAL! and~b! sample
7 ~234 Å Ni, RAL!. It is clear that the maximum flipping ratio
(R↑ /R↓) is decreasing from sample 7 to 2. This indicates that
magnetic moment per atom of the Ni is decreasing for decrea
Ni thickness. Table I gives information on the best-fit paramet
for the figures shown.
Fig. 3 it is clear that no perpendicular magnetization com
nent remains after the in-plane applied field is raised abov
kOe and therefore 6 kOe is stronger than the perpendic
anisotropy field of the sample, and so all moments
aligned in-plane. Since all of the moments are aligned
plane, PNR is able to accurately determine the average
solute moment per atom. We conclude that all of our samp
are saturated~in plane! at the fields used during the PN
measurements. This follows because the perpendicular
isotropy field is strongest for the 30-Å Ni sample~sample 2!.

It is clear that there are excellent fits to both the sp
asymmetry and reflectivity data for the data in Fig. 2, hig
lighting the power of the technique in determining thic
nesses and magnetic moments. Since we were princip
concerned here with the variation of the magnetic mom
with thickness rather than the detailed wave-vector dep
dence of the reflectivity, measurements were made only
to 2.5qc . Taking measurements at a higherq value than this
would not have significantly improved our estimates of t
layer averaged moment per atom, but higherq measurements
yield more details on the variation of the magnetizati
within the sample. However, it is important to check that t
experimental data can still be fitted at higherq values in
order to establish confidence in the parameters fitted from
lower q data. To this end sample 2~53 Å Ni! was measured
up to 5qc . Figure 2~a! indicates that an excellent fit can sti
be obtained when measurements are taken to higherq. By
fitting the data of sample 2 in the low-q range only and
comparing the best-fit parameters with those gained fr
fitting the data over the entireq range, it was found that ther
was no significant difference in any of the parameters, t
establishing confidence in the information obtained from
low-q measurements.

As a further test of the PNR ‘‘best fits,’’ we can compa
two measurements of the same sample under different
ditions in the following way. If we measure the reflectivit
curves for a sample which is magnetically saturated, then
know that the moments are fully aligned and we can th

e
g
s

FIG. 3. Polar MOKE loop for Cu 30 Å/Ni 30 Å/Cu 600
Å/Si~001!. The polar Kerr intensity is measured as a function of
in-plane applied field. At remanence, the film shows a magnet
tion perpendicular to the film plane. Applying an in-plane fie
forces the magnetization into the plane of the film, reducing
measured Kerr intensity to zero. Above 6 kOe no perpendicu
component is observed, showing that 6 kOe is sufficient to satu
the samples used in this study.
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obtain good estimates of the thickness and roughness par
eters. If our best-fit thickness and roughness parameters
correct, then we should be able to use exactly the same v
ues to fit the same sample measured at remanence, allow
only the moment to vary. The moment would change b
cause PNR is only sensitive to the component of the mom
parallel to the incoming neutrons and at remanence the f
mation of domains in various directions would reduce th
measured layered averaged moment per atom. The long
herence length of the neutron beam projected in the plane
the film ensures that the magnetization probed correspo
to a coherent average over the domains which form with
the film.15 All of our samples were tested in this way to
confirm the best-fit structural parameters in each sample. I
portantly, we found that it was not possible to achieve bet
fits to the remanence data by further adjusting the structu
parameters so justifying this method.

Figure 4 shows the variation in moment with thickness f
all eight samples, and Table I gives further information o
the best-fit parameters.23 The AGFM measures the relative
total moments of the samples. By measuring the area of
samples and using the thickness values obtained from P
fits, we were able to calculate the relative moments per at
~assuming constant densities!. To compare absolute moment
for the two techniques, it was assumed that sample 7~233 Å
Ni! had reached the bulk value for the magnetic moment
Ni (0.6mB). The other samples were then rescaled acco
ingly to give the absolute values as shown in Fig. 4. W
emphasize that AGFM cannot yield the absolute moment p
atom. Only PNR provides information on both the thickne
and magnetization of the sample, thus providing an absol
estimate of the Ni moment per atom. Clearly, the sharp
duction in moment per atom below 100 Å is also corrob
rated by AGFM measurements on the same samples. Th
is complete agreement between the two techniques wit

FIG. 4. Magnetic moment per atom as a function of Ni thickne
as given by PNR, AGFM, and MCXD. The dotted line indicates
hypothetical model in which the Ni contains a 23-Å ‘‘magneticall
dead’’ layer in the Ni. The MCXD data points refer to nominal N
thicknesses, whereas the PNR and AGFM data points refer to thi
nesses as determined by PNR. Also shown on the same scale is
change in surface in-plane lattice constant for Ni over the sa
thickness range. The solid line is a guide to the eye. A strikin
correlation between an increase of the surface Ni in-plane latt
constant and reduction in moment per atom is clearly visible.
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experimental error. Surprisingly, the PNR and AGFM resu
also show a slight peak in the curve at about 100 Å wh
might indicate a small enhancement in the moment per a
as compared to the bulk value. However, the error bars
too large to confirm this and more detailed experiments
this region with better statistics would be needed to se
this is a real effect or not.

The details of the MCXD experiment are describ
separately19 and so will only be discussed in summary he
The values for botĥLz& and ^Sz& were found to increase
from 30 to 150 Å following the same trend as the PNR da
Although there is now wide agreement that the ra
^Lz&/^Sz& can be measured accurately using MCXD, app
ing the sum rules in determining the absolute values
^Lz& and ^Sz& is still contentious

24,25 and we will not try to
compare the absolute moments from PNR and MCXD qu
titatively. The details of how the absolute moments we
calculated from the MCXD data are discussed in Ref. 19,
here we are concerned with the qualitative trends of^Lz& and
^Sz&. Figure 4 also shows the total moment estimated fr
the MCXD data following the same trend as the PNR a
AGFM results. It must be emphasized here that the MCX
data points refer to nominal thicknesses, whereas the P
and AGFM data points refer to thicknesses as measured
PNR. We have also shown on the same graph the chang
surface in-plane lattice parameter for the Ni layer in t
wedge sample. It is evident that there is a strong correla
between the decrease in moment per atom determined
PNR, AGFM, and MCXD and the increase in surface
nearest-neighbor distance determined by RHEED and, th
fore, the strain in the Ni layer. The RHEED study show
three-dimensional epitaxial growth of the Cu buffer alo
the@001# direction with the Cu cubic axes rotated in plane
45° with respect to the Si~001! principal axes.1 RHEED was
used to monitor the change in surface in-plane lattice c
stant during growth by using the streaks in the pattern
calculate the nearest-neighbor distances for the Ni and
layers. At a Cu buffer thickness of 600 Å, the NB was fou
to be;0.4% larger than that of bulk Cu. The Ni layer wa
shown to grow with much improved epitaxy on thicker C
buffer layers. O’Brien and Tonner6 have observed that th
normalized MCXD intensity for Ni/Cu~001! in the remanent
state is constant for the Ni thickness range of 12–75 M
implying that the moment per atom remains constant in t
thickness range. This result contrasts with the MCXD m
surements performed on our sample where the MCXD sig
increased with thickness as discussed seperately in Ref
The main difference in the two systems is that O’Brien a
Tonner used Cu single crystals as opposed to our Cu bu
layer on Si~001! substrates. RHEED measurements show
that the 600-Å Cu buffer was still not relaxed to the bulk C
value, and so our Ni films are subjected to more strain th
O’Brien and Tonner’s in the ultrathin limit. From Fig. 4, th
surface in-plane lattice constant of 30 Å Ni is very close
the bulk Cu value, suggesting that it is strongly strained. T
contrasts with the case of Ni films grown on Cu~001! single-
crystal substrates which are reported to exhibit coher
growth up to 10 ML (;17 Å) thickness followed by strain
relaxation.26 The additional Cu cap present in our samp
and not in O’Brien and Tonner’s could also contribute to t
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differing amounts of strain in the two systems and hence
the difference in MCXD results for the two systems.

Polar MOKE measurements on the wedge sample~Fig. 5!
revealed the changing anisotropy of the wedge sample f
perpendicular towards in-plane easy axis at 150 Å. Figur
indicates that at 30 Å Ni coverage the polar MOKE loop h
almost unity remanence, indicating an easy axis perpend
lar to the film plane. Further Ni coverage up to 150 Å r
duces the remanence progressively, with the loops ten
towards a hard axis loop at higher Ni thicknesses.

V. CONTAMINATION, INTERMIXING, AND ROUGHNESS

It is most important to analyze in detail the possibility th
the reduction in absolute moment per atom may be due t
extrinsic effect such as sample contamination or NiCu in
mixing. PNR measures the average moment per atom
the thickness range of the magnetic layer, and so contam
tion would in effect ‘‘dilute’’ the amount of magnetic mate
rial in the Ni layer and lead to the observation of a reduc
moment. Uniform contamination would affect the same v
ume fraction of all samples in a given growth environme
and so could not explain the trend we have observed s
the moment would be reduced by the same amount for e
sample. The eight PNR samples, however, were grown un
different conditions and thus under environments of differ
contamination levels. This cannot be the cause since we
serve exactly the same trend of moment versus thicknes
the MCXD wedge sample. In an attempt to explain the tre
in moments for the PNR data, we can assume that there
23-Å ‘‘magnetically dead’’ layer in each sample. The dott
line in Fig. 4 shows the behavior corresponding to this h
pothetical model. Apart from samples 5 and 6, the mo
yields a reasonable approximation to the values of aver
moment versus thickness data obtained from the prev
analysis, and so it is important to now carefully consider
possibility of such a magnetically dead layer. We have c
sidered two possible causes of a magnetically dead
er: ~i! NiCu intermixing at the interfaces and~ii ! oxygen
and carbon contamination at the interfaces. The latter

FIG. 5. Normalized polar MOKE hysteresis loops measu
with an out-of-plane applied field for the wedge sample showing
reduction in perpendicular anisotropy with thickness from 30 to 1
Å Ni. The remanence is clearly reducing as the shape anisot
forces the sample towards an in-plane easy axis.
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were the only significant contaminants observed by AES
It is known from the Slater-Pauling curve,27 which gives

the net magnetic moment per atom as a function of the n
ber of 3d electrons per atom, that a reduction in magne
moment per atom will occur for various intra-3d alloys.
NiCu forms a simple solid solution in the bulk alloy over th
entire range of composition. The addition of Cu to Ni has t
effect of diluting the magnetic properties of the alloy such
saturation magnetization. Cu also causes a linear decr
in the Curie temperature from 63 K at 0% Cu, vanishing to
K at 62% Cu. A linear decrease of the moment results, fr
0.6mB in pure Ni to 0mB at 62% Cu.28,29 To create a 23-Å
magnetically dead layer at room temperature, we would n
33% Cu intermixing over this length scale at the Ni/C
interface/interfaces assuming the behavior of the bulk all
However, at room temperature there is layer-by-layer grow
for Cu/Ni~001!,30,31 Ni/Cu~001!,4 and Ni/Cu~001!/Si~001!.32

It is therefore unlikely that NiCu intermixing is the mech
nism responsible for the decreasing moment. This view
supported by our Auger spectroscopy studies.19

The worst contamination levels recorded in any sample
AES indicated a 4% oxygen component for the comple
600-Å Cu buffer and Ni layer. May has found that 0.5 ML
atomic oxygen suppresses the magnetization correspon
to one layer of Ni, and for 1.5 ML no ferromagnetic respon
from a 4-ML Ni film was found at 38 K.33 Tischeret al.also
find effects of similar magnitudes in their ultrathin N
films.34 The information depth of the Auger was approx
mately 10 Å. If we assume that the 4% O component
entirely on the surface, then there would be no more than
ML of oxygen on the surface. This oxygen would then co
bine with the growing Ni to form about 0.4 ML of NiO. I
seems very unlikely that such a small NiO layer could d
stroy the magnetism of 23 Å of magnetic material. Furth
more, RHEED measurements after Ni growth do not sh
any evidence of a NiO layer which has a much larger latt
constant (a054.16 Å) than Ni and so should have been v
ible. A carbon component was also present on the Si s
strate, but the formation of an ordered Ni-C compound at
NiCu interface was not supported by RHEED. Carbon s
regation to the surface of the Cu or Ni at room temperatur
also ruled out by earlier work.35

PNR provides a further test of the hypothetical ‘‘de
layer’’ model shown in Fig. 4 since PNR is sensitive to t
magnetic moment profile in the Ni layer. Figure 6 shows t
result of a series of PNR simulations compared with the
perimental data of sample 2, each incorporating a magn
cally ‘‘dead’’ region within the Ni layer. Exactly the sam
parameters as obtained in the best fit for sample 2@see Table
I and Fig. 2~a!# were used in the simulations, except that t
Ni layer was modeled in such a way so as to take into
count a possible magnetically dead layer. Each of the m
eled Ni layers in Fig. 6 has an average effect of 53 Å Ni w
a magnetic moment per atom of 0.25mB , i.e., exactly equiva-
lent to the best-fit parameters obtained for sample 2 ass
ing a homogeneous Ni layer of reduced moment. Figure 6~a!
assumes a model with a magnetically dead layer extend
from the Cu-cap/Ni-layer interface. Figure 6~b! assumes a
model with a magnetically dead region extending from t
Cu-buffer/Ni-layer interface. Finally, and perhaps more re
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FIG. 6. PNR spin asymmetry simulation
compared with the experimental spin asymme
data of sample 2.~a! The Ni layer is modeled
with a magnetically dead region extending fro
the Cu-cap/Ni-layer interface.~b! The Ni layer is
modeled with a magnetically dead region exten
ing from the Cu-buffer/Ni-interface.~c! The Ni
layer is modeled with two magnetically dead r
gions extending from each Ni/Cu interface with
central magnetically alive region of bulk mo
ment. The average effect of each model is a 53
Ni layer of moment 0.25mB . See the discussion
in the main text.
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ra-
istically, Fig. 6~c! models the sample with the Ni layer com
posed of two magnetically dead regions extending from e
Ni/Cu interface and a central magnetically ‘‘alive’’ region o
bulk magnetic moment. It is clear that each of the simu
tions give a poor fit to the experimental data above ab
~3–4! qc . This is in sharp contrast to the excellent fit f
sample 2 given in Fig. 2~a!, assuming no magnetically dea
layers, and highlights the capability of PNR in resolving t
magnetic moment profile within a magnetic thin film. A
tempts to fit the experimental data using models incorpo
ing NiCu alloy regions with reduced moments were simila
unsuccessful. Therefore, we can find no evidence to sug
that sample contamination or NiCu intermixing is the mec
nism responsible for the reduction in magnetic moment
to the formation of a magnetically dead layer.

Interface roughness gives rise to an effective perpend
lar anisotropy36 and also increases the surface area of
film resulting in an increase of contact area between the
and Cu layers in our system. Since the Ni atoms at a Ni
interface are calculated to have a reduced moment
0.39mB ,

37 columnar growth of our thinnest samples could,
present, explain both the reduction in magnetic moment
the perpendicular magnetic anisotropy found in t
Cu/Ni/Cu/Si~001! system. If interface roughness is solely r
h
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d

sponsible for the PMA in our thinnest films, then the corr
lation length of the roughness would have to be smaller t
or comparable to the thickness of the film. But for our 30
Ni sample, this implies that the correlation length of t
roughness is comparable to the wavelength of the incid
neutrons (l;10 Å). This cannot be true, since to measu
well-defined reflectivity oscillations with PNR the interfac
must be flat over a length scale much greater than the n
tron wavelength; otherwise, the diffuse scattering is so la
we cannot collect meaningful data. Therefore, our thinn
films cannot be columnar on the lateral scale required. Ho
ever, we cannot rule out the possibility that large amplitu
interface roughness with a correlation length much lar
than l could contribute to the moment reductions we o
serve.

VI. VOLUME DEPENDENCE
OF THE MAGNETIC MOMENT

The presence or absence of magnetism in transition m
als is determined by a competition between intra-atomic
change interactions and interatomic electron motion, as
been discussed by Moruzzi and Marcus.38,39Since the inter-
atomic motion depends strongly on the interatomic sepa
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tion and because thed bands are partially filled, transition
metals can be expected to be magnetic at sufficiently la
volumes~low densities! and nonmagnetic at sufficiently low
volumes~high densities!. It is well known that ultrathin Ni
grown on the Cu~001! surface undergoes a lattice expansi
of 2.5% in plane to match that of the Cu seed layer, induc
a contraction of the perpendicular lattice spacing. The u
cell volume can therefore change during this strained grow
We can estimate the unit cell volume for 30 Å Ni grow
~sample 1!. Chang3 used x-ray diffraction measurements
directly measure the perpendicular lattice spacing on a v
similar system to our own: Cu~1000 Å!/Ni/Cu~1000 Å!/Si
~001!. Using the in-plane value of the lattice constant for
Å Ni ~which was found to be almost the bulk Cu value! as
measured by our RHEED and Chang’s value for the perp
dicular component for ultrathin Ni below 50 Å, we estima
the unit cell volume for 30 Å Ni to be expanded by appro
mately 2.6%. This is just a rough estimate, but is helpful
the following discussion.

It is reasonable to expect that the increased distance
tween the Ni atoms might cause band narrowing, chang
the number of holes in the spin-up and spin-down ban
thereby changing the magnetic moment. Marcus a
Moruzzi have calculated magnetic moment versus volu
curves using spin-polarized total energy band calculati
for various transition metals including fcc Ni.7 The theoreti-
cal calculations are based on isotropic changes of volum
the Wigner-Seitz unit cell of atoms. They find that fcc Ni
a stable ferromagnet throughout the volume range stud
Their calculations show that an expanded volume gives
enhanced moment and a reduced volume gives a red
moment. For fcc Ni it is a very weak effect, with a 1%
change in volume corresponding to approximately 1
change in magnetic moment per atom. Therefore, the pre
tions of Marcus and Moruzzi would imply that sample 1~30
Å Ni ! should display only a slightly enhanced mome
~2.6%! and not the dramatically reduced moment we o
serve. However, their calculations do show that a sharp t
sition does occur for bcc Ni from a nonmagnetic phase
approximately the bulk moment over a volume change
only 1% or so.7 There is no evidence to support this grow
mode from the literature or from our RHEED data. The sh
moment versus volume transition for bcc Ni occurs at a
tice spacing ofa052.78 Å,40 whereas our RHEED data giv
a053.605 Å. However, bcc can be regarded as a disto
fcc structure—i.e., fct where thec/a ratio is& for fcc. The
PNR measurements are inconsistent with the prediction
Marcus and Moruzzi for fcc Ni in the bulk phase. Althoug
we have clearly demonstrated that there is a strong corr
tion between the strain-induced anisotropic distortion of
Ni unit cell volume and the strongly reduced moments fou
in our fct structures, the currently available theoretical co
putations based on this anisotropic distortion indicate that
direct effect of strain cannot readily account for the obser
reductions.41 Further computational studies which take in
account the specifics of the film structure would clearly
helpful in this context.

VII. CURIE TEMPERATURE

The variation of Curie temperature as a function of
thickness in the Ni/Cu~001! system has already been exte
e

g
it
h.

ry

n-

e-
g
s,
d
e
s

of

d.
n
ed

ic-

t
-
n-
o
f

p
t-

d

of

la-
e
d
-
e
d

e

i

sively studied.6,42 The Curie temperature drops below roo
temperature for thin films below about 5 ML and rises to 5
K for 16.0 ML ~28 Å!. Since the thinnest Ni film studied
here is 30 Å, we can expect that our measurements at r
temperature are well belowTc for all of our samples. How-
ever, the literature6,42 refers to Ni grown on Cu~001! single
crystals and not Ni grown on Cu/Si~001! as studied here
Consequently, using a SQUID magnetometer, we have
vestigated the temperature dependence of the magnetiz
of an additional sample specially prepared for this study. T
nominal structure of the sample was 50 Å Cu/30 Å Ni/600
Cu/Si~001!, but we emphasize that this should not be co
fused with sample 1~30 Å Ni! listed in Table I. Table II
shows the results of this measurement performed at th
different temperatures 50, 200, and 300 K. Table II sho
that the magnetization is reduced by 14%65% as we in-
crease the temperature from 50 to 300 K. From Table I
reduction in moment per atom for sample 1~30 Å Ni thick-
ness! as measured by PNR is 83%615%, and so this strong
reduction cannot be a consequence of a reduction in C
temperature due to the small 30 Å Ni thickness. Since
Curie temperature increases as the Ni thickness increase
can expect that the reduction in moment due to the Cu
temperature effect for the thicker Ni films will be less tha
14%. Although it is clear that the reduction in Curie tempe
ture with decreasing Ni thickness can contribute to the
duction in moment we observe, the effect is far too small
account for the experimental data and therefore we can
no evidence to suggest that this is the mechanism respon
for the strongly reduced moments.

VIII. CONCLUSIONS

The thickness dependence of the magnetic moment
atom in the Cu/Ni/Cu/Si~001! system has been studied usin
polarized neutron reflection. In all samples a uniform ma
netization model fits the data very well. We find a drama
reduction in the moment per atom below 100 Å in agreem
with AGFM measurements performed on the same sa
ples. MCXD measurements on a wedge sample show
actly the same trend in̂Lz& and^Sz& and total moment ver-
sus nominal thickness, as the PNR and AGFM versus P
determined magnetic thickness. We find that there is a str
correlation between the increasing strain measured
RHEED and the reduction in moment per atom. Our resu
differ from those of O’Brien and Tonner6 who observed that
the normalized MCXD intensity for Ni/Cu~001! in the rem-
anent state is constant for Ni in the thickness range 12

TABLE II. SQUID measurements of a sample with nomin
structure 50 Å Cu/30 Å Ni/600 Å Cu/Si~001!. The magnetization of
the Ni is reduced by 1465 % as the temperature is increased fro
50 to 300 K. This reduction is far too small to account for t
reduction in moment for 30 Å Ni (83615 %) as measured by PNR

Temperature
~K!

Sample moment
M (emu31025) M /M50 K

50 4.3660.19 1
200 4.0360.19 0.92
300 3.7560.12 0.86
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ML. We attribute the different behavior for the two system
to the different degrees of strain in the systems due to
different substrates and overlayers. The additional Cu c
ping layer present in our samples significantly adds to
strain in the Ni layer, and therefore a reduced moment is s
at comparatively large Ni thickness. We find our results c
not be explained by sample contamination or NiCu interm
ing, but are inconsistent with the predictions of Marcus a
Moruzzi for isotropically expanded bulk fcc Ni. Althoug
thermal effects contribute to the reduction in moments
observe with respect to the bulk ground-state val
temperature-dependent SQUID measurements show th
fect is far too small to account for the total reduction
moments as measured by PNR. We cannot rule out the
sibility that large amplitude interface roughness with a c
relation length much larger than the neutron wavelen
could contribute to the moment reductions we observe. F
ther work is underway to study the variation in moment p
atom for a fixed Ni thickness layer as a function of Cu buf
thickness. The surprisingly large thickness range over wh
the perpendicular anisotropy exists in the Cu/Ni/Cu/Si~001!
system may be in part due to the reduced moment pe
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atom we have found below 100 Å. Since the moment
greatly reduced below 100 Å, it will require a relatively thic
Ni film before the shape anisotropy is able to win over t
magnetoelastic perpendicular anisotropy. We suggest tha
strain-induced anisotropic change in volume of the Ni u
cell below 100 Å Ni thickness is correlated with the larg
variation in the magnetic moment per atom. However,
currently available theoretical calculations41 indicate that the
direct effect of strain cannot readily account for the observ
moment reductions, and so further computational stud
which take into account the specifics of the film structu
would be desirable.
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