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Clarification of contesting results for the total magnetic moment of NiÕCu„001…
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The aim of this work is to give an experimental answer to the ‘‘contesting results’’ concerning the magnetic
moments of ultrathin Ni layers. The total magnetic moment of ultrathin Ni/Cu~001! films from 4 to 20
monolayers is measured by an ultrahigh vacuum compatible high-Tc SQUID magnetometer and x-ray mag-
netic circular dichroism. The magnetization of all Ni films is close to the bulk value for all thicknesses
confirming recent theoretical predictions and experiments but contradicts former experimental findings report-
ing strongly reduced magnetic moments. A reduction of the Ni moment to 0.46mB /atom is only measurable by
capping a 4 monolayer film with Cu. This is dicussed in terms of enhanced surface and reduced interface
magnetic moments attributed to hybridization effects between Ni and Cu.
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I. INTRODUCTION

Ni/Cu~001! films have been used during the last decade
a prototype system to study magnetic properties at the u
thin film limit. A unique spin reorientation transition as
function of film thickness from in to out and then back in
the film plane was observed.1–3 The spin reorientation tran
sition as a function of increasing temperature from in-
out-of-plane was of ‘‘anomalous’’ or ‘‘unconventional’’ char
acter with respect to other ultrathin film systems.4,5 This has
been explained by the temperature dependence of the va
contributions to the magnetic anisotropy energy. While
magnetic anisotropy of Ni/Cu~001! has been intensively in
vestigated and interpreted,6 a major question concerning th
magnitude of the magnetic moments remains unresolved
the one hand, strongly scattered experimental values w
reported~Table I!. Namely, reduced magnetic moments
only 0.3mB /atom compared to the 0.61mB /atom for bulk
were reported for 4 monolayer~ML ! Ni/Cu~001!.7 Reduced
moments for thicker Cu/Ni/Cu/Si~001! films ~17–56 ML!
were also reported and attributed to strain effects.8–10 Re-
cently bulklike magnetic moments of Ni films above 11 M
film thickness11 and a 10 ML film grown on Co~Ref. 12!
have been measured. On the other hand, recent first
ciples calculations predict almost bulklike moment values
ultrathin Ni/Cu~001! films and a slight reduction of the mo
ment upon Cu capping.13–16 In this work we deal with the
problem of these ‘‘contesting results’’14 for the magnetic mo-
ments in ultrathin Ni films. We restricted ourselves to t
crucial thickness range between 4 and 20 ML of Ni grown
Cu~001!. We show that the Ni moments are indeed larg
than previously measured and agree with the theoretic
predicted values. Finally, we discuss sources of uncerta
in previous experiments leading to the report of reduc
moments.

II. EXPERIMENTAL DETAILS

Ultrathin Ni films between 4 and 9 ML were evaporat
through a 333 mm2 mask on Cu~001! as described
0163-1829/2001/65~2!/024411~4!/$20.00 65 0244
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elsewhere,17 the thickness determination was done with t
help of a quartz balance system. In this thickness range N
Cu~001! grows pseudomorphically, fully strained18 and
layer-by-layer.19 Only a small amount of intermixing occur
which is strictly limited to the interface.20 The Ni films were
magnetically saturated with the help of a pulse-driven el
tromagnet. Subsequently, the total magnetic moment,
spin plus orbital contribution, is determined with a novelin
situ UHV-high-Tc SQUID magnetometer21 at the lowest tem-
perature of 40 K. The magnetic moment per atom can
extracted from the temperature-dependent~40 to 300 K!
measurements of the remanent magnetization if the film i
a single domain state, as discussed in Ref. 17. It is a fun
mental property of in-plane films that the thermodynami
ground-state is a single domain one.22 The entire measure
ment takes only a few minutes, therefore possible conta
nation due to residual gases is not expected in a base p
sure<2310210 mbar. Afterwards, the films are capped b
about 5 ML of Cu and the process of measurement is
peated once more. That is to say, we did study the effec
Cu cappingin situ on the same films. To ensure, that o
moments deduced from remanent magnetizations are cor
we capped 4 ML Ni with 15 ML of Cu and took it out of th
vacuum chamber to measure it via x-ray magnetic circu

TABLE I. ‘‘Contesting’’ experimental results for the magneti
moments of thin Ni films. Obviously the findings differ over a wid
thickness range.

Ni thickness Moment (mB /atom)

4 ML 0.3~1! ~Ref. 7!
4 ML to bulk 0.61~9! This work
11–14 ML ;0.65 ~Ref. 11!
3 nm ~17 ML! 0.10~9! ~Ref. 8!
8 nm ~45 ML! 0.23~5! ~Ref. 8!
10 nm ~56 ML! 0.41~4! ~Ref. 8!
15 nm ~85 ML! 0.63~3! ~Ref. 8!
©2001 The American Physical Society11-1
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dichroism~XMCD! at 10 K and under high magnetic field
up to 3 T to yield magnetic saturation. The XMCD expe
ments have been performed at the European Synchrotron
diation Facility ~ESRF! in Grenoble~France! at the ID12B
beam line23 at the NiL2,3 edges using the total electron yie
detection mode. The degree of polarization of the circu
light was 85%. The spectra were recorded either by chang
the helicity of the light or by inverting the direction of th
magnetic field. A 20 ML thick Ni/Cu~001! capped with Cu
and a textured$111% polycrystalline 20 nm thick Ni film
sandwiched between Pt were used as references.

III. RESULTS AND DISCUSSION

Figure 1 shows the stray field of a 4 ML Ni/Cu~001! be-
fore and after capping with 5 ML of Cu measured with o
SQUID magnetometer at a temperature of 40 K. The sign
to-noise ratio for a single measurement is 5/1, in other wo
the sensitivity of the instrument is better than 1 ML of Ni. B
fitting the data according to Ref. 17 we deduce a Ni mag
tization of 490~80! kA/m which is close to the bulk value o
528 kA/m. The error is due to uncertainties in determini
the distance between SQUID and sample and the thick
calibration since the SQUID is sensitive to the number
contributing magnetic atoms. To verify our calibration thi
films have been prepared and they are found to behave b
like. Measuring 4 ML of Ni at 40 K corresponds to 0.1
–0.19 in a reduced temperature scale assuming a Curie
perature ofTC52102250 K.6 According to Ref. 17 we ex-
trapolate the temperature-dependent behavior of the ma
tization to T50 K and revealM (T50)5524(90) kA/m
corresponding to 0.61(8)mB /atom which equals the bulk
value. An example for such a measurement is shown in
inset of Fig. 2. Due to the low acessible temperature of 4
this extrapolation is insensitive to the chosen model for
low-temperature behavior of the magnetization; t
M (T50) values differ by at most 2% for the different mo
els of the T dependence.17,21 Contrary to previous

FIG. 1. Measured~data points! and calculated~lines! stray-field
distributions for 4 ML Ni/Cu~001! at 40 K before~larger signal! and
after Cu capping~smaller signal!. A clear reduction of the stray field
due to Cu capping is revealed. The fitted magnetizations are g
as well.
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measurements,7–10 a reduction of the Ni magnetization b
50% can clearly be ruled out. Subsequent capping by 5
of Cu reduces the Ni magnetization by about 22% to 380~80!
kA/m compared to the uncapped 4 ML Ni/Cu~001!, see Fig.
1. The extrapolation toT50 K yields 410 kA/m which cor-
responds to 0.47(9)mB /atom. It should be noted that dete
mining the relative change between the capped and the
capped films is more significant than providing absolu
values of the respective magnetization values as it can
seen from Fig. 1. The reduction of the 4 ML Ni/Cu~001!
magnetization by Cu capping confirms recent XMC
studies.24 More important, it helps to clarify a controversia
structural problem. Recent quantitative low energy elect
diffraction studies (IV-LEED! claimed the existence of a
floating Cu layer on the top of Ni/Cu~001! films.25 First prin-
ciples calculations for the interlayer distances of Cu/4 M
Ni/Cu~001! supported this model of a floating Cu layer.16

However, the magnetic properties are in many cases the m
sensitive witnesses of structural changes. Here we show
the large reduction of the Ni magnetization upon Cu capp
is inconsistent with pre-existence of Cu on top of the 4 M
Ni/Cu~001! film.

Figure 2 summarizes the results of the remanent mag
tizations atT540 K for the full thickness range from 4 to
ML Ni/Cu~001! before ~solid squares! and after ~open
circles! capping with 5 ML of Cu. Within the error bar al
films possess bulklike magnetizations. Cu capping produ
measurable changes of the magnetization only for 4 ML
Cu~001! as discussed above. The measurements are only
sitive to the in-plane@110# component of the magnetization
The constant bulklike value of the remanent magnetizat
from 9 down to 4 ML of Ni implies that@110# is the easy axis
of the magnetization for all films. On the other hand, t
reduction of the remanent magnetization for the 4 ML fi
after Cu capping could originate from a change of the
plane easy axis from@110# to @100#. Therefore, we measure

en

FIG. 2. Measured remanent magnetizations at 40 K for a se
of Ni/Cu~001! films between 4 and 9 ML before~solid squares! and
after ~open circles! Cu capping. All films present bulklike magnet
zations except the Cu-capped 4 ML one which shows a decre
magnetization by about 22%. From the temperature dependenc
the magnetization shown in the inset one can extract the magn
moments given in Table I.
1-2
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under applied field to clarify the origin of this decrease.
Fig. 3 we show XMCD spectra at the NiL2,3 edges for a
Cu/20 ML Ni/Cu~001! and a Cu/4 ML Ni/Cu~001! film. The
reduction of the XMCD signal makes it obvious that the
moment for 4 ML thickness is decreased. Applying the s
rules26 and taking the signal of the 20 ML film as referenc
we deduce a total Ni moment of 0.44(5)mB /atom for the 4
ML film. Since there have been previous reports for redu
Ni moments even for 20 ML Ni/Cu~001! ~Refs. 8–10! we
compared the XMCD spectra of the 20 ML Ni film to the on
of a Pt/20 nm Ni/Pt film which was cross checked with hig
field SQUID magnetometry.27 The moment of the 20 ML
film equals within 5% the one of the 20 nm Ni film showin
that Cu/20 ML Ni/Cu~001! possesses bulklike moments. Th
conclusion is in full agreement with a recent work by Ku
et al. for 11–14 ML Ni/Cu~001!.11

The value for the magnetic moment of the Cu-cappe
ML Ni film given by the XMCD is within 6% in agreemen
with the one that can be determined from the SQUID dat
we translate the magnetization value atT50 K into a mag-
netic moment per atom as discussed above, see Ref. 17.
result indicates that the Ni films measured by the SQU
stay in a single-domain state with the easy-axis along
in-plane@110# for the full thickness range between 4 and
ML before and after capping and, therefore, conclusions
the magnetic moments may be safely deduced. In Table I
give the moments for the bulk and 4 ML Ni/Cu~001! from
the present experiments, together with the theoretical fi
ings of Refs. 13 and 15. It shows a very good agreem
between the present experiment andfirst principlescalcula-
tions and clearly excludes the possibility that the magn
moments of Ni films are reduced to an extent as measu
before.7–10 The calculations are carried out for perfect inte
faces, while scanning tunneling microscopy has dem
strated that real films have a small amount of intermix
strictly limited to the interfaces.20 The agreement betwee
the experimental values for real films and theoretical val
for ideal films of Table II confirms the results of Ref. 20 th
such intermixing has negligible influence on the total ma

FIG. 3. Normalized x-ray absorption spectra~XAS, linear light!
and XMCD ~circular light! spectra for Cu/20 ML Ni/Cu~001!
~dashed! and Cu/4 ML Ni/Cu~001! ~solid line!. A clear reduction of
the XMCD signal and, consequently, reduction of the magnetic m
ment is observed by decreasing the Ni thickness yield
0.44(5)mB /atom. The measurement was carried out at 10 K un
a field of 3 T applied along the film normal~hard axis!.
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netic moments of Ni/Cu~001! 4–5 ML thick.
In a last step we analyze our experimental data in term

surface and interface contributions to the magnetic mom
as in Ref. 29. From the moment of the capped films
deduce a reduction of 50% of the Ni mome
@0.31(10)mB /atom# at the Cu/Ni interface by using the the
oretical predictions that reveal bulklike moments for the ce
tral Ni layers, which are confirmed by the fact that our e
periments show bulklike magnetization for the thicker film
Following the results of theoretical calculations,13–16,30,31we
attribute this reduction to modifications of the electron
structure of Ni due to the presence of Cu, i.e., to hybridi
tion between Ni and Cu. Separation into surface and in
face magnetic moments may be, furthermore, achieved
comparing the capped to the uncapped 4 ML Ni film. Taki
into account that the uncapped 4 ML Ni/Cu~001! possesses
almost bulk moments, an interface moment
0.31(10)mB /atom and 0.61(8)mB /atom for the central lay-
ers, this results in 0.88(12)mB /atom for the magnetic mo
ment of the surface Ni layer. This large increase is caused
the reduced coordination number of the surface atoms an
is in agreement with the calculations in Refs. 13–16,
Table II. For the Co/Cu~001! system we found that the en
hancement of the moment at the surface of132(5)% does
overcompensate the reduction at the interface which
217(3)% leading to an enhancement of the magnetic m
ment of the entire film.29 In the case of Ni films on Cu~001!
the two contributions just cancel out each other~surface
150%, interface250%, see Table II!. This results in a bulk-
like magnetic moment for all Ni films between 4 and 9 M
and to the observed reduction of the moment due to
capping, i.e., replacing the surface by a second interface

The present experiment succeeds in lifting some incon
tency for the Ni magnetic moments between previous exp
ments and theory. This success is mainly caused by the l
year-by-year improvements in magnetometry with mon
layer sensitivity, such as our UHV-SQUID magnetomet

-
g
r

TABLE II. Comparison between the total magnetic moments
mB /atom of 4 ML Ni/Cu~001! from the present experiment an
previous theoretical works~Refs. 13,15!.

Exp. ~this work! Theory ~Ref. 13! Theory ~Ref. 15!

bulk 0.61~8! 0.57a 0.72b ~0.65!

uncapped 0.61~8! ~SQUID! 0.52 0.69~0.62!
capped 0.47~9! ~SQUID! 0.61 ~0.55!
capped 0.44~5! ~XMCD!

surface 0.88~12! 0.64 0.81~0.73!
central 0.61~8! 0.55 0.71~0.64!
interface 0.31~10! 0.37 0.51~0.46!

aIn Ref. 13 the moments were calculated in the Korringa-Koh
Rostoker~KKR! approach and they are assumed to be the spin
the orbital contribution.

bIn Ref. 15 spin and orbital moment are calculated by means of
generalized-gradient approximation~GGA!. It is known ~Ref. 28!
that the GGA overestimates the moment by 8–10 %. Theref
10% reduced values are given in parenthesis.
1-3
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and the use of third generation synchrotron radiation fac
ties. Moreover, the evolution of the ultrahigh vacuum pr
cesses, like film growth and structural characterization
sults in the preparation of higher quality films with lowe
amounts of defects or gas contamination. For example, c
pared to Refs. 8,9 the pressure during evaporation of
films was improved by 1 to 2 orders of magnitude whi
substantially improves the cleanness of the films. Moreo
the interface roughness is drastically reduced in the pre
experiment (61 ML) compared to<10 Å in Refs. 8,9.
The previous findings of reduced moments for the 4 ML
films in Ref. 7 based on remanent state measurements a
the in-plane@100# direction instead of the in-plane easy ax
of magnetization@110#. Accordingly, the projection ofM dif-
fers by a factor ofA2. A further slight reduction of the rem
anent magnetization may originate from a competition
tween uniaxial step-anisotropies and the small fourfold
plane anisotropy of Ni/Cu~001! films with tetragonal
symmetry.
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IV. CONCLUSIONS

In conclusion, we presented SQUID and XMCD measu
ments for the magnetic moments from 4 to 20 ML N
Cu~001! ultrathin films before and after capping with C
Our results show almost bulklike moments for the fu
thickness range and clarify inconsistencies between for
experimental work andfirst principlescalculations. Having a
bulk Ni moment for the central layers, the surface momen
4 ML Ni is enhanced while the interface moment is reduc
by 50% compared to the bulk value. The reduction of
magnetic moment by Cu-capping rules out the possibility
a floating Cu layer on Ni/Cu~001! films.
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