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MAGNETIC ORDER OF CO,,PT,, IN PROXIMITY OF COPT, 

A.L. SHAPIRO", F. HELLMAN* AND M.R. FITZSIMMONS** 
"University of California4an Diego, La Jolla, CA 92093 
**Los Alamos National Laboratory, Los Alamos, NM 87545 

A polarized neutron reflectometry study of the magnetization density depth profile of a Coo.lPto.g- 
COP$ bilayer film found evidence for an induced moment in the CO~.~P~,, ,  overlayer in close 
proximity to the Cop5 underlayer. If the moment of Co in these films is that of the bulk, then the 
clpt = 0.09( l)pB in the overlayer, and clpt = 0.04( 1 ) b  in the underlayer. In addition, ferromagnetic 
order of the CO,.,P~,,~ overlayer was observed 8K above T, for the material in the bulk. 

INTRODUCTION 

A magnetic moment can be induced in a material not normally magnetic, but easily polarizable, or 
enhanced in a material, when in close proximity to a strongly magnetic material [l]. The 
polarization of the non-magnetic material by a magnetic material is called the proximity effect. 
Examples of the proximity effect include: enhancements of the magnetic moment of Fe in Fe-Co 
alloys, or an induced moment of Pd in Pd-Fe alloys. In these instances, the polarizable atom is 
spread uniformly in a dilute concentration throughout the alloy. Alternatively, the polarizable 
material can be a thin film in contact with a strongly magnetic material. In this case, the magnetic 
material can induce magnetization of the portion of the polarizable material close to the film 
interface. 

The motivation for this work was to explore the proximity effect in alloys of Co and Pt- here, Pt 
would be the easily polarizable material. The particular system chosen for study was one 
composed of a low Curie temperature thin film, Coo.1Pto.9, which was deposited onto a film of 
C o b  with a high Curie temperature, to form a bilayer sample. There are two issues posed by this 
study. First, what is the magnetic moment of Pt in the two Co-Pt alloys? Secondly, could 
ferromagnetic ordering in the Co,,Pt,, overlayer be induced above its Curie temperature in the 
bulk by the strongly ferromagnehc COR, underlayer? In order to address these questions, 
polarized neutron mflectometry- a technique well-suited to studies of ferromagnetism across 
interfaces and in thin films [2], was employed. 

EXPERIMENT 

The bilayer sample was manufactured by eo-evaporating Co and Pt from separate targets using e- 
beam guns onto an epitaxially polished (100) oriented MgO single crystal substrate [3]. The 
substrate measured 2.5 x 2.5 cm2 by lmm thick. The substrate was cleaned by heating to 900K 
and then cooled to 500K prior to deposition of the film. The deposition was made in an ultra-high- 
vacuum chamber with a base pressure of la7 Pa. The deposition consisted of two steps. During 
the first step, the deposition rates of Co and Pt were adjusted to produce a film with the 
stochiometry of Copt,. The film was grown to be 31nm thick. During growth, the Reflection 
High Energy Electron Diffraction (RHEED) pattern was observed. Streaks were observed in the 
RHEED pattern, which suggested the CopS film was single crystalline with the (001) orientation. 

Following the deposition of the Cop5 film, the depositions rates were readjusted to produce a film 
with the stochiometry Co,.,Ph,. The readjustment took 20s, during which time the COP& surface 
was exposed to about 0.2 monolayers of gas atoms. A 1 2 m  thick film of COO.,P~, was deposited 
directly on the Cop5 crystal. During the growth of the Co,,PtOg film, the RHEED pattern 
indicated that the Coo,,Pt,, film grew as a single crystal with the (001) orientation. A schematic 
diagram of the bilayer sample is shown in the inset of Fig. 1. 
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Fig. 1 Schematic diagram of a scattering experiment using a beam of (X-rays) neutrons with spins 
aligned anti-parallel (spin-up) or parallel (spin-down) to the field, H, applied to the sample. Inset: 
diagram of the Coo.,P~.,-Copt, bilayer sample. 

Samtde Characterization 

The susceptibility of a similarly prepared sample was measured with a vibrating sample 
magnetometer equipped with an liquid-N, flow cryostat. Kinks in the susceptibility curve 
measured as a function of temperature were observed at 540K and 24OK The kink at the higher of 
the two temperatures corresponded to the onset of ferromagnetic order in the Copt, underlayer, i.e. 
its Curie temperature, T,. The low temperature kink corresponded to the Curie temperature of the 
CO,,P~,,~ overlayer. 

The thickness of the Co,,,Pt,, and Copt, films, and the roughness of the air-film, Coo,,Pt,,-CoPt, 
and fii-substrate interfaces were measured with X-ray reflectometry. Reflectometry involves 
measuring the intensity of the radiation specularly reflected by a smooth sample through an angle, 
2a (see Fig. l), and comparing this intensity to the intensity of the radiation illuminating the 
sample. The ratio, caIled the reflectivity- R, is measured as a function of momentum transfer, 
Q=4zsin(a)/h, where h is the wavelength of the radiation. 

The X-ray reflectivity of the sample was m e a s d  using X-rays with a wavelength h=1.54178& 
selected from a spectrum with a graphite monochromator. X-rays were produced by an 18kW 
rotating anode X-ray generator at the Los Alamos Neutron Science Center (LANSCE). The X-ray 
beam was collimated with a pair of slits located between the monochromator and sample. The 
intensity of the incident X-ray beam was monitored using a scintillation detector and a Mylar sheet, 
which scattered a small portion of the X-ray beam into the detector. The intensity of the incident 
X-ray beam was needed in order to measure the exposure of the sample to the beam. The position 
and intensity of the reflected X-ray beam were measured with a Xe-filled position sensitive detector 
(PSD). The intensity profile measured as a function of angle off the sample surface by the PSD 
was a Gaussian-shaped peak on a smooth background. The integrated intensity of the peak after 
removal of the background was the reflectivity of the sample at Q, which was determined by 
selecting the angle of incidence- the angle, a, between the incident X-ray beam and its projection 
on the sample surface. The profile was assembled by incrementing a, and repeating the 
measurement and integration procedure. The reflectivity profile taken for the sample at 296K is 
shown in Fig. 2. X-ray reflectivity measurements were alsataken at 81 and 248K with the aide of 
a Displex closed-cycle He cryostat equipped with Be-domes. The three X-ray reflectivity profiles 
were not statistically different. 
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Fig. 2 Reflectivity of the bilayer sample measured with X-rays (0) at 296K. The solid curve is 
the profile calculated for a model structure whose X-ray scattering length density varies with depth 
into the sample (inset). 

For extremely small values of Q<Q,-O.O7A-', the X-radiation in the sample becomes evanescent, 
so the sample reflectivity was unity [4]. For larger values of Q, the radiation penetrated into the 
sample and was reflected by internal planar interfaces [SI. The radiation reflected from these 
interfaces interfered with the radiation reflected from the sample surface producing modulations in 
the reflectivity profile (Fig. 2). The modulation frequency of the reflectivity profile is related to the 
thicknesses of the CO~.~P&, and Copt, layers. The amplitude of the modulation and the attenuation 
of the profile with Q are related to the change of electron density and roughness of the sample 
interfaces, respectively. 

The reflectivity of the sample was also measured using the polarized neutron reflectometer at 
LANSCE. A detailed description of this instrument is found in ref. [SI. Briefly, a beam of 
neutrons with spins aligned anti-parallel (spin-up) to the magnetic field applied to the sample was 
produced using polarizing neutron supermirrors. Since LANSCE is a pulsed-neutron source, the 
time-of-flight technique was used to measure neutron wavelength, so the so-called spin-up sample 
reflectivity, R+, was measured as a function of Q by fixing a and varying h (the latter was 
accomplished by the pulsed-source). The spin-down sample reflectivity, R-, was measured by 
reversing the field applied to the supermirrors; thus reversing the polarization of the neutron beam 
with respect to the field on the sample, H (Fig. 1). Normally, the reversal of the field applied to 
the polarizer would produce a zero-point in the field between the polarizer and sample, which was 
undesirable, since the neutron beam would become depolarized. This problem was avoided by 
using a YBCO-cryoflipper which isolated the fields applieduo the sample and polarizer from each 
other; thus, preserving the polarization of the neutron beam [6]. 

The spin-up and spin-down sample-reflectivities were measured with neutrons after first cooling 
the sample to 81K in a strong magnetic field (H=6.5kOe). The field was applied to the sample 
during the entire neutron experiment. Neutron reflectivity measurements were made for sample 
temperatures of 81,248 and 296K (Fig. 3). The interpretation of the neutron reflectivity profiles is 
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Fig. 3 Polarized neutron reflectivity profiles for the Coo.,Pto,9-CoPt3 sample measured at 81, 248 
and 296K. Differences with temperature were most pronounced for the spin-down profile in the 
region 0 . 0 2 ~ - ' ~ Q c O . O 3 ~ - ~  (arrows). The profiles have been displaced for the sake of clarity. 

similar to that of the X-ray profile, i.e. the periodicity of the fringes is related to the film thickness, 
the amplitude of the modulation is related to the change ?n scattering length density across the 
interfaces, and the attenuation of the profile is related to the roughness of the interface. In contrast 
to the X-ray measurements, the scattering of the polarized neutron beam also depends upon the net 
magnetization of the sample parallel to H and perpendicular to Q. Information about 
ferromagnetism, e.g. the magnetic moment of Pt in the Coo.,Pt0, and COP& films, can be deduced 
from differences between R+ and R-. In the this study, a splitting of R+ and R- is seen at all 



' temperatures (since the Copt, underlayer was always ferroma netic), and a change in the splitting 
occurred with temperature, particularly in the region O.O2f-'<Q< 0.03A-' for the spin-down 
profiles (arrows in Fig. 3). 

RESULTS 

The bilayer sample contained three reflecting interfaces- the air-film, Co0,,Pt,,-CoPt3, and f h -  
substrate interfaces. These interfaces are denoted by the numerals 1 ,2  and 3 (Fig. 1). In order to 
obtain information about interfaces, for example the distance, AI2, between interfaces 1 and 2, the 
sample was represented by the model in Fig. 1, from which the reflectivity of the model was 
computed and then compared to the measured reflectivity profiles. Perturbations to parameters of 
the model were made until the difference between the calculated and measured profiles weighted by 
the statistical precision of the data were minimized. 

The attenuation of the profile beyond the usual Q4 Porod decay [SI, was attributed to roughness of 
the interfaces. Typically roughness is treated as if it were small random or Gaussian distributed 
fluctuations of the interface height in the z-direction (direction parallel to the interface normal) with 
variance of d. The roughness of each interface was refined independently. Finally, the power of 
a material to scatter X-rays (or neutrons) is called the scattering length density of the material. 
Since the fiilms have different compositions, and their components scatter X-rays and neutrons 
differently, three X-ray and six neutron (three nuclear and three magnetic) scattering length 
densities were required. 

For X-ray scattering in the small-angle regime, the scattering length density p is the product of the 
Bohr radius, r,=2.82*10-' A, and the density of electrons in the material (the scattering length 
density is related to the index of refraction for the material) [7]. For scattering with polarized 
neutrons, p has nuclear and magnetic components. The nuclear component is the product of the 
average neutron scattering length of the material, b, and the number density of atoms, N, so p, 
=bN [8]. The magnetic component is the product of a constant, C=2.645010-~ the magnetic 
moment of the material, p [&I, and N, i.e. p, =fCpN [9]. The positive sign is used to compute 
the spin-up scattering length density and the negative sign- the spin-down scattering length 
density. It is the value of p(z) which is desired for the Co,,,P&,-CoPs sample. 

Of the fourteen model parameters, only two parameters, p(Co,,Pt,~,) and p(CoPt,), will produce 
splitting of R+ and R- (Fig. 3). Indirectly, p(Coo.lPtos) and p(CoPtJ can be influenced by 
correlation with the remaining 12 parameters- those that describe the nuclear structure of the 
sample, in a numerical refinement used to obtain the best-fitting model. Correlation with the 
nuclear parameters can be avoided if the latter are determined by X-ray reflectometry. 

The X-ray fitting 'involved calculating the X-ray scattering length density profile of the sample as a 
function of depth into the sample, z, and then computing the reflectivity of such a profiie using the 
Parratt formalism [SI. The scattering length density profile (inset Fig. 2) is composed of three 
plateaus which represent the scattering length densities of p(Co,,Pt0,,), P(CoPt,) and P(Mg0). 
The widths of the Coo.,Ptq., and Coo.,%, plateaus are AI2 and A2,. The plateaus are connected to 
each other by error functions, whose derivative with z are Gaussian functions with root-mean- 
square widths o, 2 3  (Fig. 1). The reflectivity of a sample with the scattering length density profile 
shown in the inset of Fig. 2 is the solid curve in the larger figure and best-fits the X-ray data. 
From this analysis, the thickness of the Co,,Pt0, overlayerwas determined to be AI2=12.4(5)nm 
and A&l.O(5)nm for the Copt, underlayer. The roughness of the air-fii interface was 
o,=O.8( l)nm, the C O ~ ~ , P ~ ~ , ~ - C O P ~ ,  interface was o,=l. 1 (l)nm, and the film-substrate interface was 
03=0.4( 1)nm. 
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Fig. 4 Neutron scattering length density profiles deduced from model fitting to the data shown in 
Fig. 3. Splitting between the spin-up and spin-down profiles is indicative of the film 
magnetization corresponding to a particular depth into the sample. 

A two-step fitting procedure was used to measure the magnetization of the overlayer. First, the 
structural parameters deduced from the X-ray fitting, were used in the fitting of a model to the 
neutron data taken at 81K. In this fit, only the neutron nuclear and magnetic scattering length 
densities were refined for the Coo.,Pt,, and Copt, films. From this refmement, the average 
magnetic moment of and Cop5 in the fully saturated state were readily obtained, since 
the temperature, 81K, of the sample was well below the Curie temperatures of both films. For this 
temperature, the spin-up and spin-down neutron scattering length densities, whose reflectivities 
produced the best-fitting curves in Fig. 3, are shown in Fig. 4(a). 

The second step in determining the magnetization of the Coo.,Pto,, overlayer above T,, involved 
using the nuclear scattering length densities deduced for the Coo~,Pto, and Copt, films, and the 
magnetic scattering length density of Cop5 obtained from the first step, and refining only the 
magnetization of the C00.1%.9 overlayer. Since T, for the Copt, underlayer was much larger than 
room temperature, the magnetization of the underlayer was not expected to change as the sample 
temperature was increased from 81 to 296K. Only the magnetization of the C00.1&,9 overlayer was 
refined to accommodate the shift of the fringes for the spin-down neutron cross-section towards 
higher reflectivity and smaller values of Q (arrows in Fig. 3). The neutron scattering length 
density profiles for the sample at 248 and 296K are shown in Fig. 4(b) and (c), respectively. 

CONCLUSIONS 

Using the relationship (z) = P,(z)/CN(z), and values of N for the films, N(Co0~,Pt0,)=0.066 A-3, 
and N(CoPt,)=O.O70 i3, the average magnetic moment for the Coo~,Pto, and Copt, films were 
determined. At 81K, p(Co0~,P~~,)=0.25(2)pB, and p(CoPt3)=0.46( l)pB. At 248K, the mean 
moment for the Coo.lPto., overlayer decreased to ~ ( C O ~ ~ , P ~ , ~ ) = ~ . O ~ ( ~ ) ~ ~ ,  and at 296K, the 
moment was ~(Coo~lPto~9)=0.00( l)pB, i.e. the overlayer had no ferromagnetic component in the 
direction of the apphed field at room temperature. 

In contrast to magnetometry measurements, we find evidence for some ferromagnetic order of 
CoO,,pt, , in a 12nm thick film 8K above T, for Coo.,%, in the bulk. While the magnetometry and 
neutron studies used different thermometers, both were calibrated thermometers and suitable for 
use in high magnetic fields; therefore, the discrepancy was not likely due to errors in thermometry. 
A more plausible explanation is one attributing the increase of T, in COO.,P& to a higher degree of 
sensitivity for polarized neutron reflectometry to deteck ferromagnebsm in thin films than 
magnetometry. In other words, if the magnetometer could have measured moments as small as 
0.04b from 12nm thick films, then the value of T, deduced from magnetometry would have been 
higher. 

Presently, the magnetization of the overlayer was treated as if it were uniform over its 12nm 
thickness. Alternatively, the overlayer may be largely paramagnetic at 248K except for a very thin 



region close to the Co,,,Pt,,-CoPt, interface. For example, the magnetization of the overlayer may 
increase exponentially from zero at the Coo.,Pt,,, surface to a non-zero value at the Co,,Pt,,-CoPt, 
interface. This possibility was examined by modifying the magnetization profile to assume the 
form poexp(-Alz-A,,l) in the overlayer; however, refinement of this model yielded the simpler 
uniform layer model, since po+ 0 . 0 4 ~ ~  and A + 0. Either the magnetic correlation length, A-', 
was much larger than the 12nm thickness of the film, or the quality of the neutron data taken at 
248K was not sufficient for an unique refinement of the more sophisticated model. 

Finally, the magnetic moment induced in Pt when in close proximity to Co at 81K was calculated 
for the two film compositions. If the magnetic moment of Co in the films were that of Co in the 
bulk, pc, = 1.715b [lo], and the moment of Co was parallel to the applied field, then lower limits 
for pR can be established. In the Co,,Pt0,, overlayer, pPt is at least 0.09( l)pB, and in the Copt, 
underlayer, cr, is at least O M (  l)&, thus, we find evidence for an induced magnetic moment in Pt 
when in proximity of Co. 
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