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Magnetism and electron redistribution effects at NICo interfaces
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The electronic structure at the Ni/Co interface has been characterized using differerices srray-
absorption spectréXAS) recorded before and after deposition of Ni overlayers on Co films. Strong changes in
the Co and Ni absorption spectra suggest a high degrelechfrge redistribution between the Co anddNi
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 andd®ands 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.

[. INTRODUCTION The results are compared with first-principles band-structure
calculations, which predict negligible hybridization and
Data storage technology has benefited widely from thecharge rearrangement at the Ni/Co interface.

discovery of artificial materials not found in nature such as
magnetic multilayers and amorphous alldyghese materials Il. EXPERIMENT
often exhibit important phenomena such as perpendicular
magnetic anisotropyPMA) and giant magnetoresistance. At ~ The CU001) substrate was prepared by repeated cycles of
the same time they provide a challenge for theorists to exAr ' ion bombardment and annealing to 700 K in UHV. Co
plain the microscopic origin of low-dimensional magnetism.was deposited onto the (101 surface at temperatures be-
For instance, the prediction and confirmation of PMA intween 270 and 300 K followed by deposition of Ni at similar
Ni/Co multilayers is a prime example of how theoretical cal-temperatures. The films were not annealed to avoid interdif-
culations can be used to tailor novel materials exhibitingfusion and the pressure rise during deposition of either Co or
technologically important propertiésUsing first-principles  Ni was <1x10™'® mbar. The thickness of the Ni and Co
local-spin-density calculations Daalderepal? showed that ~ films was calibrated by a quartz crystal monitor and by edge
the Ni/Co interface anisotropy is controlled bystate occu- jumps in the XAS spectra. All coverages reported in this
pancy near the Fermi level. However, other studies havétudy are accurate to within 10%. The morphology and
shown that predicting the effects of electron mixing and hy-growth mode of the films was determined using high-
bridization at ferromagnetic interfaces remains a challengéesolution low-energy electron diffraction and is described in
even for state-of-the-art calculatioh$ Experimental deter- more detail elsewhereThe electronic and magnetic proper-
mination of such effects, and their influence on interfaceties of the thin films were investigated using 85% circularly

magnetism, is therefore essential from both a theoretical angolarized light at beamline ID12B of the European Synchro-
technological point of view. tron Radiation Facility, Grenoble. THe, 3 absorption spec-

In a recent study, Dhesit al® reported on the electronic tra were recorded in total electron yield mode with the light
and magnetic structure of ultrathin Ni films grown on 4 ML incident at 45° after remanent magnetization of the films
films of Co. A marked reduction in the Ni spin moment, asparallel to the sample surface. The energy resolution of the
the film thickness was decreased from 2 ML to 0.2 ML, wasincident x-rays was better than 0.45 eV. XMCD spectra were
attributed to an increased electron localization. In the preseriecorded by reversing the remanent magnetization of the thin
study we show that, in addition to changes in the Ni hybrid-films and by reversing the helicity of the incident radiation.
ization, electron redistribution plays an important role in de-The angle-dependence of the XMCD indicated that all films
termining the magnetic properties at the interface of Co andeported here exhibited an in-plane easy direction of magne-
Ni. We use high-resolution x-ray absorption spectrocopytization. All XAS spectra presented were normalized to a
(XAS) with circularly polarized radiation to monitor elec- constant edge jump in order to obtain ground-state moments
tronic structure and interface magnetism in an elementper atom. Saturation effects are negligible for the given ge-
specific manner for Ni films grown on Co. Deposition of Ni ometry and thin Ni films used in this study.
on Co, results in a redistribution of charge, which increases
the Nid-state (_)CCl_Jpation r?md r(_aduces theccupancy of CQ. IIl. RESULTS AND DISCUSSION
X-ray magnetic circular dichroisfXMCD) shows that this
redistribution increases the Co spin moment and reduces the Figure 1 shows the isotropic o, ; edges foa 4 ML Co
Ni spin moment. Features in the @g 3 spectra, which are film grown on Cy001) before(dashed lingand after(drawn
resolved for the first time, are used to interpret the interfacdine) deposition of a Ni ML. The spectra, split by the 2
magnetism in terms of a modified density-of-statB©S). spin-orbit interaction into ah; andL, structure, show fea-
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FIG. 2. The increase in the number of @oholes (open tri-
angle$ and corresponding increase in blistate occupancysolid
triangles The lines are a guide to the eye. The inset shows the
increase in the integrated area over thelGgedge as a function of
Ni overlayer thickness.

Intensity ( arb. units)

tion of a steplike background aligned at the maxima of the
L, andL, edges with relative heights of 2:1. The integrated
A intensity over the., ; edges is then proportional to the num-
! L ber of unoccupiedl states. The thickness dependent trend in
776 780 784 788 792 the Nid-state occupation, extracted from the INi; edge, is
Photon Energy (eV) shown in Fig. 2(solid triangle$. The procedure used to de-
termine this has already been described in a previous rgport.
FIG. 1. CoLg XAS for 4 ML Co grown on C(001) before  The rise in the occupation of théstates for decreasing Ni
(dashed ling and after(drawn ling deposition of 1 ML Ni. The  fjjm thickness is similar to the case for Ni thin films grown
differenc_e spectrum(doty is _shown with a Fourier smoothlng on CL(OOl).ll
52;‘?)‘2’& ltlgetﬁlgemzr;?nﬁ):np;izini fféh:ejglsfl‘éejof%agfg with The increase in the integrated intensity over thelGg
. ’ g ' ’ edge in Fig. 1 shows that the occupation of the dCstates
and_E:S.l _eV. The inset shows the G‘Oz edge Wlth the ener,gy decreases after the addition of a Ni film. The inset of Fig. 2
positions with respect to thé, maximum asA’'=-1.4, B . .
= _03,C'=05,D'~2.6 andE’ —6.4 eV. shows the_backgroun_d sub_tracted change in the integrated Co
L, 3 intensity for varying Ni coverages. The data have been
normalized to the Ni overlayer thickness in order to reflect
tures due to transitions from the core level to the unoccupieghe intensity rise due solely to the Co-Ni interface sites. In
s andd states. Thel states largely dominate because of theorder to transform the intensity changes in the inset of Fig. 2
much larger radial matrix element. After addition of the Ni into d-state occupation changes we adopt the following pro-
overlayer the intensity at thle, ; edges increases and addi- cedure. Figure 2 shows that the Mistate occupancy in-
tional satellite structures are resolved, as indicated by thereases by-0.61 electrons going fra a 2 ML to a 0.2 ML
downward pointing arrows. Furthermore, the line shape oNi film. In the case of the Ni/Cu interface the electron mix-
the difference spectrum shows that the increase in intensity isig has been shown to be dominated by thstates'? If, in
not uniformly distributed across the edges. At least five feathe same manner, the NMi-Co-d hybridization dominates
tures, labeledA—E, can be resolved in thé; difference  then the increase in the Mistate occupancy can be equated
spectrum of Fig. 1. The line shape of the difference spectrunwith the decrease in the Gbstate occupancy. By taking the
(circles was confirmed by repeated measurements for varytotal change in the number of Nielectrons(0.61) equal to
ing Ni overlayer thicknesses. The, difference spectrum the corresponding change in the Co integrated intensity for
shows almost the same featufesset Fig. 1. FeatureA-E,  the 0.2 ML Ni overlayer, the trend in the Gbstate occu-
which are directly related to the structure in the XAS spectrapancy can be establishd&ig. 2, open trianglés The de-
have not been reported previously. For Ni, the origins ofcrease in the Cd-state occupancy at the interface sites fol-
satellite features in thé,; edge XAS spectra remain con- lows the increase in Ni-state occupancy over a wide range
troversial. In a one-electron model the XAS satellites areof Ni thicknesses. The deviation between the two curves
explained in terms of critical points in the DG$In a con-  might be ascribed to factors such as small amounts-of
figuration interactionCl) approach, the satellites are due to hybridization. Also, for the lower Ni coverages, cluster for-
d-weight fluctuations in the initial stafe'® However, the ap- mation at step edges may result in electron confinement,
plication of the Cl model to metallic Co is complicated by which would also increase the Mistate occupanc}’ Nev-
the large number of configurations in the final state. ertheless, the trends ith occupancy exhibited in Fig. 2 are
The removal of the transitions into the continuum and strong evidence for a charge redistribution from the Co to-
states is accomplished, in the standard manner, by subtragrards the more localized Ni states. In a one-electron
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' T N T v T 7 T ? T TABLE I. Ni and Co orbital and spin moments for the structures

Co { in this study together with the experimental values for bulk fcc Co
. (Ref. 19 and Ni(Ref. 4. The corresponding theoretical values for
: 11 . each structure are also given in Ref. 20 and Ref. 21.
T Co(L,) Co(S) Ni(L) Ni(S)
4 ML Co/Cu(001) 0.231) 0.705)
1 ML Ni/4 ML 0.261) 0.955 0.062) 0.183
Co/Cy00))
:_.f fcc bulk metal(exp) 0.153%  0.775* 0.062)° 0.273)°
5 fce bulk metal(th.) © 0.08 0.76 0.05 0.31
'g } ' NiCo/Cu001) 0.282) 0.933) 0.012) 0.333)
< NigsCoso (th.) @ 0.07 0.81 0.05 0.33
] [
% /\_ x2 4Reference 19.
b
E Photon Energy (eV) Reference 4.
784 788 792 ‘Reference 20.

dReference 21.

arise from an increase in film thickness at room temperature.
The orbital moment{L,), and spin momentS,), obtained
by applying the sum rules to the XMCD specfrd® are
given in Table I. It is expected that the magnetic dipole term
; can be neglected because the measurements were performed
IS I T - . near the magic angfé.Table | shows a dramatic increase in
776 784 792 800 808 the Co spin moment after the deposition of the Ni and a Ni
Photon Energy (eV) spin moment considerably smaller than the bulk value. In
. . addition, the Co{L,)/(S,) ratio decreases from 0.@3 to
FIG. 3. ColL,3 XAS for a 4 ML Co film with remanent mag- 9 271) after the addition of the Ni overlayer. The determi-
netization paralle(open dots and antiparalle(closed dotsto the nation of this quantity does not involve an estimation of the
I?ght helicity. Th.e resulting XMCD for the 4 ML Co ﬁlmdashEd number of unoccupied Cd states and further shows that the
Il\l/rl]f)l\ﬁ)gzztrgsvrn\,\fi;heth'?h)éI\i/lrigtﬂs)r?o:sttlF\é:gigLTo(i:s%elzﬁ: \;vrl]t;] (la . addition of the Ni alters the Co magnetic structure. Figure 4
' . PEIN shows XAS spectra for a 2 ML Ni film, grown on a 4 ML Co
between thd_; andL, edges beforédashed lingand after(drawn . . .
line) deposition of the Ni overlayer. film, recorded using the same gxper_lmen_tal geom_etry_ as for
the spectra of Fig. 3. The resulting dichroigdrawn ling is
also shown together with the dichroism recorded for a 0.2
scheme, a change in tldestate occupation shifts the relative ML Ni film grown on 4 ML of Co (dashed ling The de-
positions of the minority and majority DOS for both Ni and crease in the dichroism, as the Ni film thickness is reduced,
Co and would result in modified magnetic moments. Suctshows that the Ni magnetic moment is dependent on the
energy shifts have been predicted for the Ni/Cu interface andegree of charge redistribution at the interface. The inset of
ascribed to hybridization between Cu and dNtates:? Fig. 4 shows the change in the XMCD line shape as the Ni
In order to determine the interface magnetic properties wdilm thickness increases and also reflects modifications in the
used XMCD. Figure 3 shows the XAS spectra4 ML Co  Ni electronic structure at the interface. A detailed analysis of
film with the magnetization direction parall@pen dotsand  the changing Ni XMCD line shape is presented elsewfere.
antiparallel(closed dotsto the light helicity. The resulting The Ni(L,)/(S,) ratio decreases from 0.60) to 0.337) for
dichroism(drawn ling is compared with that after deposition the two Ni film thicknesses. From Table | it can be seen that
of 1 ML Ni (dashed ling The nonuniform distribution of the increase in this ratio is due to a reduction in the Ni spin
signal increase is again emphasized by the change in the limeoment compared to the bulk value. Similar results have
shape of the dichroism in between the two ed@eset Fig.  been reported by Srivastae# al?® for the Ni/CU001) inter-
3). The additional featuréndicated by the arrow in the inset face. The Co and Ni XMCD spectra therefore show that the
of Fig. 3 has been observed for bulk &bln the CI ap- magnetic structure on both sides of the interface is substan-
proach, the decrease in the @estate occupation would in- tially altered by the charge redistribution. In the present case,
crease the electron correlation resulting in the appearance die complications of using the Cl model to interpret the Co
extra features in the XA®marked by the arrows in Fig.)1 spectra means that another approach may be more appropri-
and XMCD spectra. In the one-electron model, the additiorate.
of Ni alters the Co DOS, which would also result in shifted In a one-electron model, a redistribution dfelectrons
spectral weights. The increase in the dichroism might be refrom Co to Ni results in a larger exchange splitting for Co
lated to an increase in the Co Curie temperatdig @s the and a smaller splitting for Ni; hence, an increased Co spin
film thickness is increaseéd.However, fa a 4 ML Co film  moment and decreased Ni spin moment. The XAS final state
grown on C@001), T, is ~1000 K (Ref. 16 so that no  contains an extra@® electron compared to the ground state,
significant increase in the saturation magnetization shoul@vhich effectively screens thep2core hole. XAS is then a
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FIG. 4. NiL, 3 XAS for a 2 ML Ni film with remanent magne- FIG. 5. COLs XAS for 4 ML Co grown on C(001) after

tization parallel(open dots and antiparallel(closed dots to the deposition of 1 ML Ni film (drawn liné and for a NiCo alloy
light helicity. The resulting XMCD for the 0.2 ML Ni film(drawn  ¢5rmed by codeposition of 4 ML Co and 0.7 ML Ni onto the
line) together with the XMCD for the 0.2 ML Ni filn{dashed ling Cu(001) surface(dashed ling The difference spectruntdots is
The inset shows the dichroism line shape in betweerLthendL, shown with a Fourier smoothingirawn ling.

edges for the 0.2 Ml(dashed linpand 2 ML (drawn line Ni film.

The difference in thel-charge redistribution between the al-
sensitive probe of the ground state DOS and the line shapésy and overlayer structures is therefore reflected in the rela-
of the XAS spectra may be used to determine changes in théve intensities of featureA—E in the difference spectraf.
ground-state electronic structure. FeatuBesC, D andE  Fig. 1 and Fig. 5 Even though the origins of featurés-E
could then be related to a decreased occupation ofdCo are difficult to determine, the combined use of high-
states with minority character. The onset of the spectra areesolution XAS and XMCD shows that XAS spectra can
more sensitive to changes in the DOS near the Fermi levelield information regarding the spin-polarized DOS.

The negative peald of Fig. 1 then reflects an increased The spin moments in Table | contradict the results of
occupation of a small quantity of Co majoritlystates. How- recent band-structure calculations for the Ni/Co
ever, it should be emphasized that the removal of energinterface?®?® Using the Korringa-Kohn-Rostoker approach,
shifted states related purely to the Co surface could also reéErnst et al?® have calculated the magnetic and electronic
sult in the appearance of featur@ in the difference properties at the Ni/Co interface, and found no change in the
spectrunt? d occupancy of the Ni or Co. They also found that the inter-
To confirm that featured—E in the difference spectrum face Ni and Co spin moments are close to their bulk values.
of Fig. 1 represent modifications to the DOS, the measureSince these calculations can only be applied to systems with
ments were repeated for a NiCo alloy formed by codepositranslation symmetry, they are less appropriate for determin-
tion of 4 ML of Co and 0.7 ML of Ni. Figure 5 shows the, ing interface properties at submonolayer coverages. How-
XAS spectra for the alloydashed lingand the Ni overlayer ever, even for the 1 ML Ni on Co structure Fig. 3 shows a
structure(from Fig. 1, drawn ling The difference between d-state occupation change 6f0.2 electrongFig. 2) as well
the two spectra is also shown with featurdsE marked. as modified interface magnetic momeiité. Table ). The
The difference spectrum implies that the redistribution ofdiscrepancy between our experimental results and the theo-
charge is not the same for the alloy and overlayer structuresectical predictions may be due to the difficulty in calculating
Further, the XMCD for the alloy shows that the @ad Ni a spin-dependent exchange correlation energy at the interface
spin moments are both larger than the bulk values in direcdof two ferromagentic materials since calculations for the
contrast to the case for the Ni overlay@.f. Table ). It Ni/Cu interface have prooved to be highly accurgte.
should be noted here that this is noT aeffect sinceT for Table | also shows an increase(ih,) after the addition
such an alloy will be almost the same as for 4 ML of'Ri. of the Ni to the Co. The increase ifi,) will affect the



6870 S. S. DHESIet al. PRB 61

magnetocrystalline anisotrogiCA) through a modified or- ing the initial stages of interface formation the Ni spin mo-
bital anisotropy?’ This is because the charge redistributionment decreases and the Co spin moment increases. This ef-
directly influences the population of tliebands whose sym- fect is explained in terms of a modified exchange splitting
metry favors either out-of-plane or in-plane magnetizationarising from the charge redistribution between thetates.
Transverse XMCD measurements, for 3 ML Co films grownThe details of the electronic structure changes are observed
on 33 ML of Ni show that it is the Co orbital anisotropy, in the Co isotropicL, ;3 edge line shapes, which reflect the
which aligns the Ni moments in-plai®.In the absence of unoccupied spin-polarized DOS. The method of subtracting
the Co film the Ni film exhibits PMA due to the bulk mag- high-resolution XAS spectra has enabled the observation of
netoelastic anisotrop’. The microscopic origin of the spin at least five features in the Cl, ; edges previously not
reorientation, after the addition of the Co, could then be asreported. This technique could be used to monitor subtle
signed to an increased in-plane orbital anisotropy due tehanges in hybridization, electron transfer, and exchange-

charge redistribution at the interface. splitting in magnetic ultrathin films using the improved in-
tensity of linear polarization. Monitoring charge redistribu-
IV. CONCLUSIONS tion at the interface and controlling the MCA therefore

) . becomes a possibility for future studies.
In summary, we have shown that high-resolution XAS

and XMCD using circularly polarized synchrotron radiation
provides a valuable tool with which to study interface elec-
tronic and magnetic structure. It is found that the element- This research was supported under EPSRC Grant No. GR/
specific magnetic structure at the Ni/Co interface is highlyL38240. We thank K. Larsson for his help and technical
sensitive to changes in the interface electronic structure. Duassistance and A. B. Shick for useful discussions.
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