
PHYSICAL REVIEW B 1 MARCH 2000-IIVOLUME 61, NUMBER 10
Magnetism and electron redistribution effects at NiÕCo interfaces
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~Received 15 September 1999!

The electronic structure at the Ni/Co interface has been characterized using differences inL2,3 x-ray-
absorption spectra~XAS! recorded before and after deposition of Ni overlayers on Co films. Strong changes in
the Co and Ni absorption spectra suggest a high degree ofd-charge redistribution between the Co and Nid
states for submonolayer coverages of Ni. X-ray magnetic circular dichroism shows that the change in the
d-state occupancies results in an increased Co spin moment and a reduced Ni spin moment. The effects are
interpretted in terms of a modified exchange splitting of the Ni and Cod bands determined using line-shape
analysis of Co XAS. The results are compared with the predictions of first-principles band-structure calcula-
tions invoking the local spin-density approximation.
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I. INTRODUCTION

Data storage technology has benefited widely from
discovery of artificial materials not found in nature such
magnetic multilayers and amorphous alloys.1 These materials
often exhibit important phenomena such as perpendic
magnetic anisotropy~PMA! and giant magnetoresistance. A
the same time they provide a challenge for theorists to
plain the microscopic origin of low-dimensional magnetis
For instance, the prediction and confirmation of PMA
Ni/Co multilayers is a prime example of how theoretical c
culations can be used to tailor novel materials exhibit
technologically important properties.2 Using first-principles
local-spin-density calculations Daalderopet al.2 showed that
the Ni/Co interface anisotropy is controlled byd-state occu-
pancy near the Fermi level. However, other studies h
shown that predicting the effects of electron mixing and h
bridization at ferromagnetic interfaces remains a challe
even for state-of-the-art calculations.3,4 Experimental deter-
mination of such effects, and their influence on interfa
magnetism, is therefore essential from both a theoretical
technological point of view.

In a recent study, Dhesiet al.5 reported on the electroni
and magnetic structure of ultrathin Ni films grown on 4 M
films of Co. A marked reduction in the Ni spin moment,
the film thickness was decreased from 2 ML to 0.2 ML, w
attributed to an increased electron localization. In the pres
study we show that, in addition to changes in the Ni hybr
ization, electron redistribution plays an important role in d
termining the magnetic properties at the interface of Co
Ni. We use high-resolution x-ray absorption spectroco
~XAS! with circularly polarized radiation to monitor elec
tronic structure and interface magnetism in an eleme
specific manner for Ni films grown on Co. Deposition of N
on Co, results in a redistribution of charge, which increa
the Ni d-state occupation and reduces thed occupancy of Co.
X-ray magnetic circular dichroism~XMCD! shows that this
redistribution increases the Co spin moment and reduces
Ni spin moment. Features in the CoL2,3 spectra, which are
resolved for the first time, are used to interpret the interf
magnetism in terms of a modified density-of-states~DOS!.
PRB 610163-1829/2000/61~10!/6866~5!/$15.00
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The results are compared with first-principles band-struct
calculations, which predict negligible hybridization an
charge rearrangement at the Ni/Co interface.

II. EXPERIMENT

The Cu~001! substrate was prepared by repeated cycle
Ar1 ion bombardment and annealing to 700 K in UHV. C
was deposited onto the Cu~001! surface at temperatures be
tween 270 and 300 K followed by deposition of Ni at simil
temperatures. The films were not annealed to avoid inter
fusion and the pressure rise during deposition of either Co
Ni was ,1310210 mbar. The thickness of the Ni and C
films was calibrated by a quartz crystal monitor and by ed
jumps in the XAS spectra. All coverages reported in th
study are accurate to within 10%. The morphology a
growth mode of the films was determined using hig
resolution low-energy electron diffraction and is described
more detail elsewhere.5 The electronic and magnetic prope
ties of the thin films were investigated using 85% circula
polarized light at beamline ID12B of the European Synch
tron Radiation Facility, Grenoble. TheL2,3 absorption spec-
tra were recorded in total electron yield mode with the lig
incident at 45° after remanent magnetization of the fil
parallel to the sample surface. The energy resolution of
incident x-rays was better than 0.45 eV. XMCD spectra w
recorded by reversing the remanent magnetization of the
films and by reversing the helicity of the incident radiatio
The angle-dependence of the XMCD indicated that all fil
reported here exhibited an in-plane easy direction of mag
tization. All XAS spectra presented were normalized to
constant edge jump in order to obtain ground-state mom
per atom. Saturation effects are negligible for the given
ometry and thin Ni films used in this study.6

III. RESULTS AND DISCUSSION

Figure 1 shows the isotropic CoL2,3 edges for a 4 ML Co
film grown on Cu~001! before~dashed line! and after~drawn
line! deposition of a Ni ML. The spectra, split by the 2p
spin-orbit interaction into anL3 andL2 structure, show fea-
6866 ©2000 The American Physical Society



ie
he
Ni
i-
th
o

ty
ea

ru
r

tra
o
-

ar

to

y

tra

the
ed
-
in

-
ort.
i
n

. 2
d Co
en
ct
In
. 2
ro-

x-

ed
e

for

ol-
e
es

r-
ent,

e
to-
n

ith

the

PRB 61 6867MAGNETISM AND ELECTRON REDISTRIBUTION . . .
tures due to transitions from the core level to the unoccup
s andd states. Thed states largely dominate because of t
much larger radial matrix element. After addition of the
overlayer the intensity at theL2,3 edges increases and add
tional satellite structures are resolved, as indicated by
downward pointing arrows. Furthermore, the line shape
the difference spectrum shows that the increase in intensi
not uniformly distributed across the edges. At least five f
tures, labeledA–E, can be resolved in theL3 difference
spectrum of Fig. 1. The line shape of the difference spect
~circles! was confirmed by repeated measurements for va
ing Ni overlayer thicknesses. TheL2 difference spectrum
shows almost the same features~inset Fig. 1!. FeaturesA-E,
which are directly related to the structure in the XAS spec
have not been reported previously. For Ni, the origins
satellite features in theL2,3 edge XAS spectra remain con
troversial. In a one-electron model the XAS satellites
explained in terms of critical points in the DOS.7,8 In a con-
figuration interaction~CI! approach, the satellites are due
d-weight fluctuations in the initial state.9,10 However, the ap-
plication of the CI model to metallic Co is complicated b
the large number of configurations in the final state.

The removal of the transitions into the continuum ands
states is accomplished, in the standard manner, by sub

FIG. 1. Co L3 XAS for 4 ML Co grown on Cu~001! before
~dashed line! and after~drawn line! deposition of 1 ML Ni. The
difference spectrum~dots! is shown with a Fourier smoothing
~drawn line!. The energy positions of the resolved features w
respect to theL3 maximum areA521, B520.1, C50.6, D53,
and E56.1 eV. The inset shows the CoL2 edge with the energy
positions with respect to theL2 maximum asA8521.4, B8
520.3, C850.5, D852.6 andE856.4 eV.
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tion of a steplike background aligned at the maxima of
L3 andL2 edges with relative heights of 2:1. The integrat
intensity over theL2,3 edges is then proportional to the num
ber of unoccupiedd states. The thickness dependent trend
the Ni d-state occupation, extracted from the NiL2,3 edge, is
shown in Fig. 2~solid triangles!. The procedure used to de
termine this has already been described in a previous rep5

The rise in the occupation of thed states for decreasing N
film thickness is similar to the case for Ni thin films grow
on Cu~001!.11

The increase in the integrated intensity over the CoL2,3
edge in Fig. 1 shows that the occupation of the Cod states
decreases after the addition of a Ni film. The inset of Fig
shows the background subtracted change in the integrate
L2,3 intensity for varying Ni coverages. The data have be
normalized to the Ni overlayer thickness in order to refle
the intensity rise due solely to the Co-Ni interface sites.
order to transform the intensity changes in the inset of Fig
into d-state occupation changes we adopt the following p
cedure. Figure 2 shows that the Nid-state occupancy in-
creases by;0.61 electrons going from a 2 ML to a 0.2 ML
Ni film. In the case of the Ni/Cu interface the electron mi
ing has been shown to be dominated by thed states.12 If, in
the same manner, the Ni-d-Co-d hybridization dominates
then the increase in the Nid-state occupancy can be equat
with the decrease in the Cod-state occupancy. By taking th
total change in the number of Nid electrons~0.61! equal to
the corresponding change in the Co integrated intensity
the 0.2 ML Ni overlayer, the trend in the Cod-state occu-
pancy can be established~Fig. 2, open triangles!. The de-
crease in the Cod-state occupancy at the interface sites f
lows the increase in Nid-state occupancy over a wide rang
of Ni thicknesses. The deviation between the two curv
might be ascribed to factors such as small amounts ofs-d
hybridization. Also, for the lower Ni coverages, cluster fo
mation at step edges may result in electron confinem
which would also increase the Nid-state occupancy.13 Nev-
ertheless, the trends ind occupancy exhibited in Fig. 2 ar
strong evidence for a charge redistribution from the Co
wards the more localized Nid states. In a one-electro

FIG. 2. The increase in the number of Cod holes ~open tri-
angles! and corresponding increase in Nid-state occupancy~solid
triangles! The lines are a guide to the eye. The inset shows
increase in the integrated area over the CoL2,3 edge as a function of
Ni overlayer thickness.
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scheme, a change in thed-state occupation shifts the relativ
positions of the minority and majority DOS for both Ni an
Co and would result in modified magnetic moments. Su
energy shifts have been predicted for the Ni/Cu interface
ascribed to hybridization between Cu and Nid states.12

In order to determine the interface magnetic properties
used XMCD. Figure 3 shows the XAS spectra for a 4 ML Co
film with the magnetization direction parallel~open dots! and
antiparallel~closed dots! to the light helicity. The resulting
dichroism~drawn line! is compared with that after depositio
of 1 ML Ni ~dashed line!. The nonuniform distribution of
signal increase is again emphasized by the change in the
shape of the dichroism in between the two edges~inset Fig.
3!. The additional feature~indicated by the arrow in the inse
of Fig. 3! has been observed for bulk Co.14 In the CI ap-
proach, the decrease in the Cod-state occupation would in
crease the electron correlation resulting in the appearanc
extra features in the XAS~marked by the arrows in Fig. 1!
and XMCD spectra. In the one-electron model, the addit
of Ni alters the Co DOS, which would also result in shifte
spectral weights. The increase in the dichroism might be
lated to an increase in the Co Curie temperature (Tc) as the
film thickness is increased.15 However, for a 4 ML Co film
grown on Cu~001!, Tc is ;1000 K ~Ref. 16! so that no
significant increase in the saturation magnetization sho

FIG. 3. CoL2,3 XAS for a 4 ML Co film with remanent mag-
netization parallel~open dots! and antiparallel~closed dots! to the
light helicity. The resulting XMCD for the 4 ML Co film~dashed
line! together with the XMCD for a 4 ML Co film covered with 1
ML Ni ~drawn line!. The inset shows the dichroism line shape
between theL3 andL2 edges before~dashed line! and after~drawn
line! deposition of the Ni overlayer.
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arise from an increase in film thickness at room temperat
The orbital moment,̂Lz&, and spin moment,̂Sz&, obtained
by applying the sum rules to the XMCD spectra17–19 are
given in Table I. It is expected that the magnetic dipole te
can be neglected because the measurements were perfo
near the magic angle.22 Table I shows a dramatic increase
the Co spin moment after the deposition of the Ni and a
spin moment considerably smaller than the bulk value.
addition, the Cô Lz&/^Sz& ratio decreases from 0.33~1! to
0.27~1! after the addition of the Ni overlayer. The determ
nation of this quantity does not involve an estimation of t
number of unoccupied Cod states and further shows that th
addition of the Ni alters the Co magnetic structure. Figur
shows XAS spectra for a 2 ML Ni film, grown on a 4 ML C
film, recorded using the same experimental geometry as
the spectra of Fig. 3. The resulting dichroism~drawn line! is
also shown together with the dichroism recorded for a
ML Ni film grown on 4 ML of Co ~dashed line!. The de-
crease in the dichroism, as the Ni film thickness is reduc
shows that the Ni magnetic moment is dependent on
degree of charge redistribution at the interface. The inse
Fig. 4 shows the change in the XMCD line shape as the
film thickness increases and also reflects modifications in
Ni electronic structure at the interface. A detailed analysis
the changing Ni XMCD line shape is presented elsewhe5

The Ni ^Lz&/^Sz& ratio decreases from 0.52~10! to 0.33~7! for
the two Ni film thicknesses. From Table I it can be seen t
the increase in this ratio is due to a reduction in the Ni s
moment compared to the bulk value. Similar results ha
been reported by Srivastavaet al.23 for the Ni/Cu~001! inter-
face. The Co and Ni XMCD spectra therefore show that
magnetic structure on both sides of the interface is subs
tially altered by the charge redistribution. In the present ca
the complications of using the CI model to interpret the
spectra means that another approach may be more appr
ate.

In a one-electron model, a redistribution ofd electrons
from Co to Ni results in a larger exchange splitting for C
and a smaller splitting for Ni; hence, an increased Co s
moment and decreased Ni spin moment. The XAS final s
contains an extra 3d electron compared to the ground sta
which effectively screens the 2p core hole. XAS is then a

TABLE I. Ni and Co orbital and spin moments for the structur
in this study together with the experimental values for bulk fcc
~Ref. 19! and Ni ~Ref. 4!. The corresponding theoretical values f
each structure are also given in Ref. 20 and Ref. 21.

Co ^Lz& Co ^Sz& Ni ^Lz& Ni ^Sz&

4 ML Co/Cu~001! 0.23~1! 0.70~5!

1 ML Ni/4 ML
Co/Cu~001!

0.26~1! 0.95~5! 0.06~2! 0.18~3!

fcc bulk metal~exp.! 0.153a 0.775a 0.06~2! b 0.27~3! b

fcc bulk metal~th.! c 0.08 0.76 0.05 0.31

NiCo/Cu~001! 0.28~2! 0.93~3! 0.07~2! 0.33~3!

Ni50Co50 (th.) d 0.07 0.81 0.05 0.33

aReference 19.
bReference 4.
cReference 20.
dReference 21.
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sensitive probe of the ground state DOS and the line sha
of the XAS spectra may be used to determine changes in
ground-state electronic structure. FeaturesB, C, D and E
could then be related to a decreased occupation of Cd
states with minority character. The onset of the spectra
more sensitive to changes in the DOS near the Fermi le
The negative peakA of Fig. 1 then reflects an increase
occupation of a small quantity of Co majorityd states. How-
ever, it should be emphasized that the removal of ene
shifted states related purely to the Co surface could also
sult in the appearance of featureA in the difference
spectrum.24

To confirm that featuresA–E in the difference spectrum
of Fig. 1 represent modifications to the DOS, the measu
ments were repeated for a NiCo alloy formed by codepo
tion of 4 ML of Co and 0.7 ML of Ni. Figure 5 shows theL3
XAS spectra for the alloy~dashed line! and the Ni overlayer
structure~from Fig. 1, drawn line!. The difference between
the two spectra is also shown with featuresA–E marked.
The difference spectrum implies that the redistribution
charge is not the same for the alloy and overlayer structu
Further, the XMCD for the alloy shows that the Coand Ni
spin moments are both larger than the bulk values in di
contrast to the case for the Ni overlayer~c.f. Table I!. It
should be noted here that this is not aTc effect sinceTc for
such an alloy will be almost the same as for 4 ML of Ni16

FIG. 4. Ni L2,3 XAS for a 2 ML Ni film with remanent magne-
tization parallel~open dots! and antiparallel~closed dots! to the
light helicity. The resulting XMCD for the 0.2 ML Ni film~drawn
line! together with the XMCD for the 0.2 ML Ni film~dashed line!.
The inset shows the dichroism line shape in between theL3 andL2

edges for the 0.2 ML~dashed line! and 2 ML ~drawn line! Ni film.
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The difference in thed-charge redistribution between the a
loy and overlayer structures is therefore reflected in the r
tive intensities of featuresA–E in the difference spectra~cf.
Fig. 1 and Fig. 5!. Even though the origins of featuresA–E
are difficult to determine, the combined use of hig
resolution XAS and XMCD shows that XAS spectra c
yield information regarding the spin-polarized DOS.

The spin moments in Table I contradict the results
recent band-structure calculations for the Ni/C
interface.25,26 Using the Korringa-Kohn-Rostoker approac
Ernst et al.26 have calculated the magnetic and electro
properties at the Ni/Co interface, and found no change in
d occupancy of the Ni or Co. They also found that the int
face Ni and Co spin moments are close to their bulk valu
Since these calculations can only be applied to systems
translation symmetry, they are less appropriate for determ
ing interface properties at submonolayer coverages. H
ever, even for the 1 ML Ni on Co structure Fig. 3 shows
d-state occupation change of;0.2 electrons~Fig. 2! as well
as modified interface magnetic moments~cf. Table I!. The
discrepancy between our experimental results and the t
rectical predictions may be due to the difficulty in calculati
a spin-dependent exchange correlation energy at the inter
of two ferromagentic materials since calculations for t
Ni/Cu interface have prooved to be highly accurate.12

Table I also shows an increase in^Lz& after the addition
of the Ni to the Co. The increase in̂Lz& will affect the

FIG. 5. CO L3 XAS for 4 ML Co grown on Cu~001! after
deposition of 1 ML Ni film ~drawn line! and for a NiCo alloy
formed by codeposition of 4 ML Co and 0.7 ML Ni onto th
Cu~001! surface~dashed line!. The difference spectrum~dots! is
shown with a Fourier smoothing~drawn line!.
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6870 PRB 61S. S. DHESIet al.
magnetocrystalline anisotropy~MCA! through a modified or-
bital anisotropy.27 This is because the charge redistributi
directly influences the population of thed bands whose sym
metry favors either out-of-plane or in-plane magnetizati
Transverse XMCD measurements, for 3 ML Co films grow
on 33 ML of Ni show that it is the Co orbital anisotropy
which aligns the Ni moments in-plane.28 In the absence o
the Co film the Ni film exhibits PMA due to the bulk mag
netoelastic anisotropy.29 The microscopic origin of the spin
reorientation, after the addition of the Co, could then be
signed to an increased in-plane orbital anisotropy due
charge redistribution at the interface.

IV. CONCLUSIONS

In summary, we have shown that high-resolution XA
and XMCD using circularly polarized synchrotron radiatio
provides a valuable tool with which to study interface ele
tronic and magnetic structure. It is found that the eleme
specific magnetic structure at the Ni/Co interface is hig
sensitive to changes in the interface electronic structure. D
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ing the initial stages of interface formation the Ni spin m
ment decreases and the Co spin moment increases. Th
fect is explained in terms of a modified exchange splitti
arising from the charge redistribution between thed states.
The details of the electronic structure changes are obse
in the Co isotropicL2,3 edge line shapes, which reflect th
unoccupied spin-polarized DOS. The method of subtract
high-resolution XAS spectra has enabled the observation
at least five features in the CoL2,3 edges previously no
reported. This technique could be used to monitor sub
changes in hybridization, electron transfer, and exchan
splitting in magnetic ultrathin films using the improved in
tensity of linear polarization. Monitoring charge redistrib
tion at the interface and controlling the MCA therefo
becomes a possibility for future studies.

ACKNOWLEDGMENTS

This research was supported under EPSRC Grant No.
L38240. We thank K. Larsson for his help and technic
assistance and A. B. Shick for useful discussions.
e,

B

ev.

tt.

.

.

B.

. B

an

d

1M.T. Johnson, P.J.H. Bloemen, F.J.A.den Broeder, and J.
Vries, Rep. Prog. Phys.59, 1409~1996!.

2G.H.O. Daalderop, P.J. Kelly, and F.J.A.den Broeder, Phys. R
Lett. 68, 682 ~1992!.

3J.I. Lee, S.C. Hong, A.J. Freeman, and C.L. Fu, Phys. Rev. B47,
810 ~1993!.

4J. Vogel, G. Panaccione, and M. Sacchi, Phys. Rev. B50, 7157
~1994!.

5S.S. Dhesi, H.A. Du¨rr, G. van der Laan, E. Dudzik, and N.B
Brookes, Phys. Rev. B60, 12 852~1999!.

6R. Nakajima, J. Sto¨hr, and Y.U. Idzerda, Phys. Rev. B59, 6421
~1999!.

7H. Ebert, Rep. Prog. Phys.59, 1665~1996!.
8R. Wu, D.S. Wang, and A.J. Freeman, J. Magn. Magn. Ma

132, 103 ~1994!.
9T. Jo and G.A. Sawatzky, Phys. Rev. B43, 8771~1991!.

10G. van der Laan and B.T. Thole, J. Phys: Condens. Matte4,
4181 ~1992!.

11P. Srivastava, N. Haack, H. Wende, R. Chauvistre´, and K. Bab-
erschke, Phys. Rev. B56, R4398~1997!.

12O. Hjortstam, J. Trygg, J.M. Wills, B. Johansson, and O. Eri
son, Phys. Rev. B53, 9204~1996!.
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