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Abstract. We have directly compared the values of the magnetic moment obtained from x-ray
magpnetic circular dichroism (XMCD) measurements with those obtained from polarized neutron
reflection (PNR) measurements on strained Ni films grown on Cu(001)/Si(001). The PNR
measurements show that the absolute magnetic moments differ from that of bulk Ni. We find
agreement within experimental errors between the two magnetometry measurements, confirming
that the XMCD sum rules are applicable to this strained low-symmetric system.

Despite the fact that the pioneering theoretical study of Erskine and Stern [1] suggested that
it is possible to obtain the spin polarization of the unoccupied d electronic states by using
circularly polarized light, it is only recently with the advent of powerful synchrotron light
sources that extensive experimental and theoretical studies using x-ray magnetic circular
dichroism (XMCD) have begun. A key advantage of this technique is its high element
selectivity [2-4]. Further interest in XMCD has been added by the development of magneto-
optical sum rules [5, 6] derived for XMCD, which connect XMCD measurements to the
ground-state values of the orbitétio,) and spin (mspin) moments. Because of their
important implications for magnetic materials and the fact that they were derived from a
single-ion model which neglects several aspects of the band structure arising in real systems,
there have been many attempts to verify the validity of XMCD sum rules in determining
element-specific orbital and spin moments [7—12]. Céieal [7] confirmed the applicability

of the sum rules to bulk-like Co and Fe films. But the applicability of the x-ray sum rules
for low-symmetry systems remains unclear. Several difficulties may be expected in such
an attempt, especially given that the magnetic moment in low-symmetry systems is likely
to be different from that of the bulk.

In order to overcome the expected difficulties in testing their validity, comparing the
result of XMCD sum rules with the results of another magnetometric measurement on the
same sample provides the simplest approach. In this letter we report the measurements of
the total magnetic moment on the same strained Ni/Cu buffer/Si(001) samples with two
different techniques, XMCD and polarized neutron reflection (PNR). Ni thin films grown
on Cu buffer/Si(001) structures were chosen for the comparison for two reasons. First, a
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decreased moment has been reported in thin Ni films incorporated into Cu/Ni/Cu/Si(001)
structures [13]. Our detailed study of the relation between the moment and structural
parameters will be presented elsewhere [14]. Second, because only a single magnetic layer
with a relatively large (51A) Ni thickness is involved, accurate measurements of the atomic
moments and thickness can be made from the PNR measurements. Therefore this system
offers an ideal opportunity for testing the validity of the XMCD sum rules in determining

the magnetic moments in non-bulk-like magnetic systems.

Si(001) substrates were degreased and etched in diluted HF solution for 12 minutes prior
to loading into the growth chamber. The base pressure was inHE01° mbar range and
during deposition increased tox510-° mbar. Cu buffer layers were grown at 1>Om|n—1
using an electron-beam-heated Mo crucible and the epitaxial Ni films at A5
by electron beam evaporation. A two-step Cu buffer layer was prepared with different
thicknesses upon which a 814 A Ni film was deposited (sample A: 54 Ni/490+ 4 A
Cu and sample B: 54 Ni/771+ 7 A Cu). All thicknesses quoted are based on fits to
the PNR data. The cleanliness of the films was checked by Auger electron spectroscopy
(AES). Reflection high-energy electron diffraction (RHEED) indicated that sample B shows
sharper RHEED images than that of sample A. A Cu capping layer was further deposited
for ex situmeasurements.

It is well known that strained Ni/Cu(001) shows perpendicular magnetic anisotropy at
this thickness due to a magnetoelastic contribution [15]. Our polar magneto-optical Kerr
effect (MOKE) measurements confirmed the full perpendicular remanence of our samples.

In order to measure the absolute atomic magnetic moment, PNR experiments were
carried out on these samples. PNR has recently been developed as a direct method of
determining atomic moments with high accuracy [16, 17]. The main advantage of PNR
over conventional magnetometry techniques is that it is a self-calibrating magnetometric
technique since the difference between the spin-up and spin-down reflectivities yields
the total magnetic moment of the layer while the period and structure of the reflectivity
oscillations independently give information on the thickness in the nm range and structure
of the constituent layers.

Table 1. The structural and magnetic parameters determined by PNR and XMCD sum rules.
Each film thickness has been confirmed separately by x-ray measurements. In particular the Ni
thickness has been confirmed to bed5@ A by x-ray measurements.

Sample A Sample B
SilCu interfaceh 50 50 PNR
Cu thicknessk 497+ 4 771+ 7
Ni thicknessA 51+ 4 51+ 4
Cu cappingi 18 18
Culair interfacek 20 20

Magnetic moment/p  0.50+ 0.02 053+ 0.02

Magnetic momentlz  0.55+0.03" 0.58+0.03f Sum rules

T The errors in magnetic moments determined by applying XMCD sum rules come from the
repetitive measurements.

The PNR measurements were carried out on the G2-2 reflectotmeted.14 A) at the
Orphée reactor, Saclay (France), using sample rotatid®0@ resolution) [18] to vary the
perpendicular wavevector. Polarized neutrons with spins parallel (spin-up) and antiparallel
(spin-down) to the in-plane sample magnetization (perpendicular to the scattering plane) are
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Figure 1. PNR data (triangles) and fits (continuous lines) for sample A. The inset shows the
x-ray reflectometry measurement of sample B to confirm the values of thicknesses determined
by PNR. Thel on they-scale (iniq*) for the x-ray data is the reflected intensity.

reflected off the surface of the sample at grazing incidence. The beam polarization has been
found to be better than 98%. All data given are corrected correspondingly. The sample was
held at 300 K and during the measurement one side of the sample was covered by a Cd
mask. A 6.5 kOe external field was applied in the plane to saturate the sample magnetically
and it was confirmed separately by MOKE that this field strength was sufficient to saturate
the film in the plane [19]. Figure 1 shows the measured spin-dependent reflectivities of
sample A and fits as a function of the neutron scattering ve@gy, where ¢ is the
component of the neutron wavevector perpendicular to the plane of the film. Six well
defined oscillations are seen in both the spin-up and spin-down reflectivities, and a clear
splitting in intensities is observed as expected for a film of this thickness. In fitting the
data, the thickness and magnetization were adjusted, and the bulk scattering densities were
assumed. The results are summarized in table 1. From the fit to data we can exclude the
possibility of a significant magnetic moment depth profile. However, as the neptramge

is limited, we cannot determine the layer thicknesses with very high accuracy. Therefore,
we have performed x-ray reflectometry measurements on both parts of the sample. The
results of x-ray measurements for sample B are shown in the inset of figure 1. The Ni
thickness is found to be 58 2 A in agreement with PNR results.

The XMCD experiments were performed at beam line 1.1 of the synchrotron radiation
source at Daresbury (UK) with-80% circularly polarized x-rays. The,k absorption
spectra were obtained at room temperature in total-electron-yield mode where the sample
current is recorded as a function of photon energy. During the measurement the sample
was magnetically saturated a 1 Tfield perpendicular to the sample surface. The magnetic
circular dichroism signalgy, = o™ — o7, is the difference between the x-ray absorption
spectra (XAS) measured with the circular polarization of the beam fixed and the sample
magnetization paralle{c™) and antiparallellc~) to the propagation vector of the light.

The sample magnetization was switched by reversing the direction of the field externally
with a superconducting magnet.

An important condition that needs to be checked before directly comparing the results
of the two techniques is that the two techniques probe the same thickness range of the
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Figure 2. The relative intensity (Rel. Int.) of the NizLledge jump in the XAS spectra of 30

Cu/Ni step wedge (30, 60, 90 and 1507600,& Cu/Si(001), normalized by the incident photon

flux and, then, divided by the intensity of a 180thick Ni film, is fitted with different effective
probing depths (or escape depths) by assuming exponential decay of the intensity with travel
distance.

film. PNR investigates the whole Ni film while our detection method (total electron
yield) of XMCD has a limited effective probing depth (or escape depth). In order to
determine the escape depth we have separately used the absorption spectra#dfa/R0
step wedge/60@\ Cu/Si(001) structure, which was normalized by the incident flux. We
determined a probing depth o35 A by fitting a Ni L3 edge jump by assuming that
the signal from each Ni layer is decaying exponentially with travel distance (figure 2).
Therefore, as long as the sample does not have a significant magnetic moment depth profile
which has already been confirmed by PNR, the two techniques can be compared.

Figure 3(a) shows the normalized XAS for sample A with two opposite magnetizations.
A constant background was subtracted from the absorption spectra, and then the spectra were
normalized by the average signal over the higher-energy range where no more dichroic signal
is observed. Figure 3(b) shows the corresponding XMCD spectrum which is not corrected
for the incomplete polarization of the incident light, and figure 3(c) shows the average XAS
spectrum(c ™ + o 7).

The XMCD sum rule states that for 3d transition metalgy, mspin and the magnetic
dipole term(my) [5, 6] can be determined from the XAS and XMCD spectra using the
following equations:

Morb —_ 4q Mgpin — Tmr _ _617 —4q 1)
np 37’l7pol np " Ppol ’
Here,q andr are defined by
p:/ona) q:f oy dw r:/ (ot +07) do (2)
L3 La+L2 La+L2

andny; is the number of holes in the 3d band, apgl, is the degree of the polarization

of the light. Figures 3(b) and (c) also show the integrated curves of the XMCD and XAS
spectra. The integration of the linearly polarized XAS is obtained after subtracting a step-
like background from the XAS spectrum with the steps placed at the peak positions, as
shown in figure 3(c) [7, 11, 20]. We assumed the relative step heights above #rellL,

edges to have the statistical weights of 2/3 and 1/3 respectively. We have tried to estimate
the size ofny by applying the magnetic field perpendicular to the photon incidence direction
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Figure 3. (a) Normalized XAS. (b) Normalized (solid line) and integrated (dotted line) XMCD
spectra. These are not corrected for incomplete polarization of light. We choe@sethe
minimum of the integration curve. (c) Summed XASf 4o~ (solid line) and the corresponding
integrated spectrum (dotted line). The integration curve was obtained by subtracting the two
step functions shown from the summed XAS.

in the XMCD measurements, in which the spin magnetic moment disappears [21, 22], but
within the noise no contribution was seen. Therefore the total magnetic moment is given
by mon, + Mgpin-

In order to determine the absolute atomic magnetic moment and, therefore, to compare
it with that of the PNR, it is necessary to knoppy and n;,. However, becaus@pg
depends crucially on the exact beam position, the mirror setting, and the aperture, the real
polarization can be different from the estimated one [12]. Moreover, no experimental values
for n;, are available, while the published theoretical valuesifprary widely [23]. Using
the same model calculation, the number of holes is found to change within a few per cent
for different metallic environments [24]. Therefore, we have used the ratio, pppol
determined by an XMCD measurement on a thick polycrystalline film which has a bulk
moment. In accordance with this small calculated change, the measured XAS area, which
can be assumed to depend @y shows a minimal change for both systems [25] in our
experiment.

Table 1 summarizes the results of this work. By comparing the total magnetic moment
we can still test the validity of XMCD sum rules in this strained low-symmetric system
instead of comparing:on, and mspin Separately. We find agreement within experimental
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errors between the results of the two different measurements. The agreement of the sizes
of the relative changes for the two samples is especially remarkable. XMCD measures the
moment due to the 3d band. In reality there are contributions from the 4s and 4p bands
[7-9]. For bulk Ni, the contribution of the diffuse moment due to the 4s electrons was
calculated to be-7% of total moment [11, 26]. But in our case this contribution is already
taken into account in calculating,/ ppoi from the polycrystalline sample and we do not
expect much change of this 4s contribution to the total moment compared with that of the
bulk because of the broad width of the 4s band.

In conclusion, we directly compared the total magnetic moment determined by XMCD
sum rules with the results of PNR measurements on the same strained Ni film prepared on
Cu(001) buffer layers. We found an agreement within experimental errors between the two
techniques, so directly confirming the validity of the XMCD sum rules in determining the
total magnetic moments in these low-symmetry thin-film structures, in which the magnetic
moments are different from that of bulk. But we emphasize here that by using a standard
reference sample (a thick polycrystalline Ni film) we were able to avoid several difficulties,
associated with the determination:of and ppq. In view of this problem, we conclude that,
in general, the applicability of the XMCD sum rules is limited in practice to measurements
of relative changes of magnetic moment.
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(HCM) CHRX-CT94-0473. We are grateful to ProfessbA D Matthew (University of
York) for giving access to the XMCD facility developed under EPSRC grant GR/J82195.
We also thank Dr M Watson and his team (Centre for Data Storage Material, Coventry
University) for providing the data for the polycrystalline Ni film.

References

[1] Erskine J L and Ster E A 1975Phys. RevB 12 5016
[2] Chen C T, Idzerda Y U, Lin H-J, Meigs G, Chaiken A, PziG A and Ho G H 1993hys. RevB 48 642
[3] Vogel J and Sacchi M 199Rhys. RevB 49 3230
[4] Stohr J, Wu Y, Hermsmeier B D, Samant M G, Harp G R, Koranda S, Dunham D and T8nRe1993
Science259 658
[5] Thole B T, Carra P, Sette F and van der Laan G 1P88s. Rev. Lett68 1943
[6] Carra P, Thole B T, Altarelli M and Wang X 199hys. Rev. Lett70 694
[7] Chen C T, Idzerda Y U, Lin H J, Smith N V, Meigs G, Chaban E, Ho G H, Pellegrin E and Sette F 1995
Phys. Rev. Letfr5 152
[8] Wu R, Wang D and FreenmaA J 1993Phys. Rev. Letfr1 3581
[9] Wu R and Freema A J 1994Phys. Rev. Letr3 1994
[10] Guo G Y, Ebert H, TemmernmaW M and Durhan P J 1994Phys. RevB 50 3861
[11] O’Brien W L and Tonne B P 1994Phys. RevB 50 12672
[12] Boske T, Clemens W, Carbone C and Eberhardt W 1PBys. RevB 49 4003
[13] Bochi G, Ballentine C A, Inglesfield H E, Thomps& V and O’'Handlg R C 1996Phys. RevB 53 R1729
[14] Lee Jaeyongt al, to be published
[15] Jungblut R, Johnson M T, van de Stegge J, Reinders A and den Brieeda 1994J. Appl. Phys75 6424
[16] Blundel S J and Blad J A C1992Phys. RevB 46 3391
Bland J A C 1994 Ultrathin Magnetic Structures &d J A CBland and B Heinrich (Berlin: Springer)
[17] Majkrzak C F, Cable J W, Kwo J, Hong M, McWhan D B, Yafet Y and Waskc¥& 1986Phys. Rev. Lett.
56 2700
Felcher G P, Hilleke R O, Crawford R K, Haumann J, Kleb R and Ostrowski G Fa87 Sci. Instrums8
609
[18] Fermon C 1995%hysicaB 213910
[19] Hope Set al, to be published
[20] Wu Y, SHhr J, Hermsmeier B D, Samiall G and Weller D 1992Phys. Rev. Lett69 2307



[21]
[22]

(23]

[24]
[25]

[26]

Letter to the Editor L143

Durr H A and van der Laan G 199Bhys. RevB 54 R760

Durr H A, Bland J A C, Guo G, van dektaan G, Lauhoff G, Lee J and Schille J P, to be published

For the measurement @iy an angle of 45 between the sample surface normal and the applied field was
used.

An Anderson model calculation for Ni bulk gives, equal to 0.85:

van der Laan G and ThelB T 1992J. Phys.: Condens. Mattet 4181

Hunter Dunnet al:

Hunter Dunn J, Arranitis D, Martensson N, Tischer M, May F, Russo M and Baberschke KJ189%s.:
Condens. Mattei7 1111

use in their XMCD experiments a value of 1.8 foy, referring to

Soderlind P, Eriksson O, Johansson B, A& C and Borig A M 1992 Phys. RevB 4512911

Guo G Y (unpublished, 1996) calculated 1.37 holes in bulk Ni, 1.35 holes at the surface and 1.42 in the slab
centre of a five-layer Ni slab.

The ratios of the XAS areas of the epitaxial and the polycrystalline Ni films &&40.011 for sample A
and Q98 + 0.004 for sample B.

Stears M B 1986 Numerical Data and Functional Relationships in Science and Technology (Landolt—
Bornstein, New Series, Group 8pl 19, ed H P J Wijn(Berlin: Springer) Part a

Bonnenberg D, Hempé& A and Wijn H P J1986 Numerical Data and Functional Relationships in Science
and Technology (Landolt-eBristein, New Series, Group 8pl 19, ed H P J Wijn(Berlin: Springer) Part a



