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Evidence for a strain-induced variation of the magnetic moment
in epitaxial Cu/Ni/Cu/Si(100) structures
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We have studied the magnetic moment and in-plane strain in epitaxial Cu/Ni(QQ@Sstructures by
varying both the Ni and Cu buffer layer thickness. We find a sharp reduction in magnetic moment with
increasing Ni lattice strain. Our structural and temperature-dependent studies exclude interdiffusion, interface
roughness, and a decreased Curie temperature as possible causes of the reduced moment, but reveal a strong
correlation between the strain and magnetic moment in Cu/Ni/Cu strucf@@5s63-18207)05322-9

The atomic magnetic moment is one of the most elemension, interface roughness, or a reduced Curie temperature but
tal quantities in magnetism. Since the theoretical predictionsuggests a strong correlation between strain and magnetic
of enhanced magnetic momehtsin ultrathin transition- moment per atom in the Ni film.
metal films, there has been strong interest in experimental Si(001) substrates were degreased and etched in diluted
studies® For example, an enhanced orbital moment associHF solution for 12 min prior to loading into the growth
ated with the reduced interface symmetry has been proposedhamber. After an overnight bake-out the Si substrate was
and observed in ultrathin Co films with perpendicular mag-annealed fo2 h at~200 °C to improve the reflection high-
netic anisotropy(PMA).® These studies clearly establish the energy electron-diffractiotRHEED) pattern of the Si. The
importance of the interface in modifying the magnetic mo-chamber base pressure was 10~ ° mbar for sampleA and
ment. However, strain is also a very important property ofB and increased to 810 ° mbar during growth. The base
epitaxial thin films, giving rise to a magnetic anisotropy pressure for sampl€ was below 5< 10”1 mbar and below
through the magnetoelastic interaction. In epitaxial3x 10~ ® mbar during growth. Cu buffer layers were grown
Ni/Cu(001) PMA occurs for a surprisingly large thickness at 10—15 A/min using an electron-beam-heated Mo crucible
rangé=® and is explained by magnetoelastic anisotropyand the epitaxial Ni film at 1.5—-2 A/min by electron-beam
caused by the in-plane lattice mismatch between Ni and Cwevaporation. The growth temperature was maintained at
However, the strain dependence of the magnetic moment hasom temperature or at least the substrate was not heated
not been well studied experimentally in epitaxial transition-intentionally during growth. Step widths are3 mm for all
metal films. structures. A Cu capping layer was further depositedefor

In this paper we report the observation of an unusuakitu measurements. The film thickness was estimated using a
variation of magnetic moment and strain in epitaxial quartz crystal monitor close to the sample position. A 5%
Cu/NiCu/S(00]1) structures. Three different step-wedgedatomic concentration of O and C was found for samfsle
samplegsee Table)lwere prepared for this study: Sample and a trace o€ was found for sampl® by Auger electron
shows a large variation of strain and magnetic moment withspectroscopyAES) as shown in Fig. (). The AES taken
Ni layer thickness. From sampl we have observed a clear after the complete Cu/@01) shows no contaminants on the
Ni magnetic moment variation correlated with a strain varia-2000 A Cu part within the noise level and traces of C and O
tion of the Cu buffer wedge. Sampwas prepared to study on the 600 A Cu side as shown in Figbl, which were too
the possibility of roughness-dependent interdiffusion or asmall to quantify(sampleC). The AES measurements after
possible temperature dependence of the magnetic momenhe first 3 A Ni film show no contaminants.

We demonstrate that the observed magnetic moment varia- The RHEED images were recorded using a CCD camera
tion in these structures is not due to impurities, interdiffu-and a line shape analysis of the RHEED streaks was used to

TABLE |. Three wedged samples and their specification.

Sample Specification

SampleA 30 A cuf30, 60, 90, and 150 ANi/600 A Cu/Si001)
SampleB 30 A cu/50 A Nif600, 1000, 1500, and 2000) A£u/S(001)
SampleC 50 A Cu/30 A Ni(600 and 2000 ACu/S(001)
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FIG. 2. In-plane nearest neighbor distances (JNNf Cu and Ni
films determined by RHEED during the growth of sampleThe
. . ' . ‘ NN;, of bulk Cu and Ni are shown for comparison.
(b)
6%/4‘/ value of NN, for the Ni film shows a dramatic change with
2 | thickness. The 30 A Ni film is found to be strongly strained.
z Figure 3 shows the normalized XAS and the XMCD dif-
£ ] ference spectra for sampke. The two featuregsmarkedA
7 2000 A CusSi(001) ] andA’) located at about 6 eV above tihg and L, white
2 (W lines in the XAS spectra have been previously repdrted
discussetf together with the two features in the dichroism
- . 1 spectra at about 4 eV abovmarkedB andB’). It is clear

300 600 900 that the XMCD signal increases with Ni thickness. Figure 4
shows the thickness dependence of NijN&hd atomic mag-
netic moment determined by XMCD-sum ruté$or sample

FIG. 1. () Auger spectra of sample B taken after the growth of A A clear trend is seen in each case, with a rapid initial

600 A Cu/S{00D and 50 A Ni/600 A Cu/SDOY. (b) Auger spectra  CNange in magnetic moment and yMith thickness level-
of sample C taken after the completion of the 2000 A Cu buffer. INg off around 90 A Ni. This suggests a strong correlation
between strain and magnetic moment.

_ ) In order to verify this correlation and to exclude the pos-
evaluate the lateral strain. RHEED patterns taken from thickp|e effect of impuritie¥ on our observation of a magnetic

Cu buffers and subsequent Ni layers are sharper than thoggoment variation we have prepared samPlevhich has a
from the 600 A Cu buffer. Also the RHEED patterns indicateStep-Wedged Cu buffer |ayer with a constant thickness Ni
that three-dimensional epitaxial growth occurs along thdayer and a Cu capping layer. Based on the results shown in
[001] direction with the Cu cubic axes rotated in-plane Fig. 2, we can expect that the Cu strain changes with increas-
by 45° with respect to the &01) principal axis® The 600 A ing Cu buffer thickness even beyond 600 A Cu buffer thick-
thick Cu00Y) film displays a very weak polycrystalline com- ness and as a result the strain of the overlying epitaxial Ni
ponent. films is expected to change in this structure. Figure 5 shows

The x-ray magnetic circular dichroisfKMCD) experi- a clear trend of the Cu buffer thickness dependence of
ments were performed at beam line 1.1 of the synchrotrodNN;, for Cu, normalized polar magneto-optic Kerr effect
radiation source at DaresbufyK) with 80% circularly po- (MOKE) height, and Ni atomic magnetic moment per Ni
larized x rays. The , 3 X-ray-absorption specti@&AS) were determined from the XMCD experiment, such that the mag-
obtained at room temperature in the total electron-yield

Electron Energy (eV)

mode where the sample current is recorded as a function of T 30AN | 60ANI| l90AN | | 150 ANi
300 B 1

photon energy. During the measurement the sample was
magnetically saturatechia 1 T field perpendicular to the
sample surface. The circular magnetic dichroism sigmgl,

=gt -0, is the difference between the XAS measured

T

Norm. XAS

with the circular polarization of the beam fixed and the o 0.0
sample magnetization oriented first parallei™() and then g v M
antiparallel ¢~) to the propagation vector of the light by £ o | I B B
reversing the direction of the applied field. The average of a -LOp
the two spectra corresponds to a combination of the linearly 850 870 890 850 870 890 850 870 890 850 870 890
polarized and isotropic XAS spectrum. Photon Energy (V)
The in-plane nearest-neighbor distandés;,) for Cu
and Ni vs thickness from samphkeare shown in Fig. 2 with FIG. 3. Normalized XAS and their difference spectra of sample

the corresponding bulk values. The values of,N&f Cu do A with Ni thickness. The intensity of the difference spectra de-
not reach that of bulk Cu in the thickness range studied. Thereases with decreasing Ni thickness.
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FIG. 4. NN, of Ni and atomic moments of sample. The FIG. 6. AugerLMM intensities of Ni(left) and Cu(right) mea-

atomic moments show strong variation between 30 and 60 A Nireq during Ni film growti{sampleC). Upright symbols represent
thickness which is the thickness range of strong variation of Nisignals from the 200 A Cu side and downright symbols from the
lateral strain. 600 A Cu side. The dotted lines passing through the Cu data points
are fitted curves, assuming an exponential decay of the Cu intensi-
netic moment of this system is increasing with decreasing Cities.
strain. For this sample, polar MOKE measurements, which
confirmed the 100% remanence of samplas an especially after growing 30 A Ni of sample A did not show any mea-
p_owerful tool because _the total film thickness at each posi-Surable Cu peaks compared with Ni. Polarized neutron re-
tion exceeds thg probing depth-200 A) of MOKE and flection measurements on the same system also did not show
therefore the height of the polar loop should be directly re'any evidence of a localized magnetically dead layer-aD
lated to the local magnetization throughout the wedge strucy 13 Moreover, in order to explain the magnetic moment
ture. Experimental errors prevent us from directly determin-di'fference sho,vvn in Fig. ®), the Ni film on 600 A Cu
ing the strain in the Ni layer, but it is reasonable to assume o 14 have a magneticélly éead layer-BLA thicker than
tha_t t_he ;train variation in the Ni layer follows the strain the Ni on the 2000 A Cu buffer, which would imply a very
variation in (_:u. . . strong dependence of interdiffusion on roughness. Therefore
. A r_nagnetlcally d(_ead layer (%Cu?()) caused by Cu inter- we have studied the possibility of roughness-dependent in-
diffusion may explain our observations of a decreased magy diffusion by taking AES during Ni growth on a two-step
ngtic moment since Cu may interdiffuse into Ni layer during Cu buffer wedge(sampleC) as shown in Fig. 6. The AES
)l\(l;\/lgégwéh duel_to_ tk:je IOV;E.” Slérfac;: 1;2ee enhergf)_/ of Chu andtaken after successive depositioh3A Ni allow us to test
dae asaf |m|te| pro 'Pg g‘p:‘- lflom t S. It LOt E f the possibility of strongly roughness-dependent interdiffu-
f(l\/?CeEJ)ui?%Sr sgomrr?e?r Wli ;;g At lz?]t ct)rgeertcc)) g]c%ojrﬁtfo? sion. The height of Ni and Cu Auger intensities from the 600
the magnetic r?woment%f the 30 a.nd 60 A Ni films in sampleand 2000 A Cu buffer layers are the same within experimen-
A at least a 19 A thick tically dead | Id b tal errors, suggesting that there is no roughness-dependent
»atleast a Ick magnetically dead layer wWould b€ qitfusion. The values for the mean free paths for Cu
needed, which should give an AES ratioloMM Cu (922 Auger electrons of 10:845 A for the 2000 A Cu buffer and
eV) to Ni (849 eV) of 0.22. But the AES spectrum taken 14 4. 39 A for the 600 A Cu buffer obtained by assuming
an exponential decay of Cu intensity are in good agreement.
This clearly shows that our observations of a changing mag-

257 L@ { o CulN, netic moment are not due to interdiffusion. We have made
< * NiNN, temperature-dependent measurements using a superconduct-
EE 2] ing quantum interference device on the 600 A Cu buffer part

of sampleC and found that the magnetic moment at 300 K is
reduced by only 145% from the value of 50 K, which
means that the Curie temperature of this structure is far

2.55
2.53
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Gietr e

13} r 19 < above room temperature as expetfetbr this thickness

= 12f 7 ) fost 2 (=30 A).

4 SUR o g Our findings of a Ni moment variation apparently differ
Ly 1048 from earlier work at first sight, in which O’Brien and
10} ¥ . loas < Tonnef® have observed that the normalized XMCD signal in

500 1000 1500 2000 ' the remanent state for Si grown on single crysta{GDd) is
Cu Thickness (&) constant for the Ni thickness ranges of 12—75 ML. We now

consider two possible mechanisms which could give rise to

FIG. 5. Several parameters versus Cu buffer thickness of sampidis difference.
B. (@) NN;, of Cu and Ni.(b) Normalized height$NH) of the polar Firstly, our Ni films are grown on a Cu buffer layer,
MOKE loop (left axis), where the height of the polar MOKE loop at Which is expected to have a rough surface compared to a
each thickness is divided by the height obtained at 600 A Cu, anavell-treated C(001) single crystal. But in order to explain
the magnetic moments of Ni determined by XMCD-sum rigtgght ~ the magnetic moment difference observed in sanipkes a
axis). result of surface roughness, the 50 A Ni on 600 A Cu should
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(a) that the magnetic moment variation of the Ni is always cor-
3 8.0 nm related with the strain variation in the Ni layer, either directly
600 wa d? (Fig. 4) or indirectly via the Cu buffefFig. 5. We notice
? that all Ni films studied here were capped with at least 30 A
400 15 Cu. The effect of a Cu capping layer on the strain in the Ni
(. is such that the critical thicknesst.] for coherent
7y growth increases from 15 A in Ni/Q001) to 42 A in
200 |F Cu/Ni/Cu001).}" In the incoherent growth region abotg,
o the residual strair can be expressed as= nt./t, wherey
is the lattice misfit® Therefore we can expect that the Cu
0 0 capping layer not only increases the valug obut also the

strain in the Ni film in the incoherent growth region. Based
on this effect, we can qualitatively estimate how much strain
(b) difference exists between the Ni films with/without Cu cap-
y p ping. In the incoherent region, a 12 ML thickness Ni layer on
Cu(001), which is the maximum thickness up to which a
sharp magnetic moment variation occtitsnay experience
almost the same strain as a Cu/60 A Ni(Q@d) structure
does; this is the same Ni thickness range in which we have
observed a dramatic magnetic moment variation for sample
A. Based on the above argument we conclude that our struc-
tures are experiencing additional strain due to the presence of
L _ 0 the Cu capping layer in addition to the strain measuredhby
0 200 400 600 nm situ RHEED. We believe that a reduced relaxation of the
strain in our films is the reason why we observed a magnetic
FIG. 7. Scanning tunneling microscopy images of sanple Moment variation over a wide thickness rarie—90 A of
from (a) 600 A and(b) 2000 A Cu buffer side taken after the 50 A Ni.
Cu capping layer. In summary, we have observed a dramatic variation in
magnetic moment and the in-plane strain with both Ni and
'&:u buffer layer thickness. Our structural and temperature-
dependent studies exclude the possibility of roughness-
dependent interdiffusion or decreased Curie temperature as
o . ) the cause of the dramatic magnetic moment variation in our
of the limited probing depth for XMCD. This means that for samples. Our observations therefore suggest an unexpectedly

evey 1 A lateral variation an~11 A vertical variation is . . . i
y strong correlation between strain and magnetic moment in

geig(neg}&/]vgécrgls :C\;i%#nrﬁjanl'nsgl?n'mi:‘;?rc:sigapei';;'Se;”i%u/Ni/Cu structures, though we cannot rule out other possi-
y 9 eling py Imag ilities, such as a volume change in the distorted Ni unit cell.
sample C taken after Cu capping as shown in Fig. 7. The

average island size of the thin Cu buffer side is 2Q0 A in We acknowledge the use of the superconducting magnetic
lateral scale with~20 A vertical variation and that of the facility under EPSRC Grant No. GR J82195. We would also
thick Cu buffer side is 58830 A in lateral scale with the 12 like to thank the staff from York University and Daresbury
A vertical variation. Laboratory and particularly Dr. I. W. Kirkman for his help at

Secondly, the strain in our samples is likely to be greatethe beamline and for writing the XMCD data acquisition
than that in Ni grown on a Cu single crystal. We have showrsoftware. We thank the EPSRC for financial support.

have an 11 times larger Ni-Cu interface area than the 50
Ni on 2000 A Cu if we use the theoretically determined
value of 0.3%g for 1 ML/Cu(001),% and include the effect
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