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Resonant Surface Magnetic X-Ray Diffraction from CozPt(111)
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Surface magnetic x-ray diffraction experiments have been done on the (111) surface of the
ferromagnetic alloy CgPt. This has been achieved by tuning the photon energy té.tfieabsorption
edge of Pt in order to benefit from the increased magnetic cross section at resonance. Analysis of the
data reveals that the magnetism of the Pt atoms on the first atomic layer is smaller by about a factor of
2 than that of the Pt atoms in the bulk, the reason probably being the reduced Co concentration at the
surface. [S0031-9007(96)00680-1]

PACS numbers: 75.70.Ak, 68.35.—p

The demonstration almost 25 years ago [1] of thesurface of our alloy that was found to be Pt enriched.
possibility of using x rays to study the magnetic propertiedNext, we made similar measurements isolating the part of
of solids has resulted in a continuously increasing numbethe diffracted intensity sensitive to the magnetization of the
of experiments in a large variety of magnetic systemscrystal. The structural results were used as input for the
Most of them have used x-ray beams from synchrotroranalysis of the magnetic measurements that revealed a de-
sources since the intensities of the magnetic signals amressed magnetic moment of the Pt atoms in the topmost
weak: typically 5 or 6 orders of magnitude smaller thanatomic plane.
the intensities from charge scattering. The experiments were performed on the surface diffrac-

X-ray scattering from surfaces is a well-establishedtion beam line at ESRF that has been previously described
technique for structural studies [2] that in most cases alsi detail [8]. The CgPt samplg6 X 10 X 2 mm’) was
takes advantage of the intense synchrotron beams sinepark cut and polished to exhibit a (111) face (mis-
the intensities from surface charge scattering are usuallgut ~0.1°). X-ray techniques were employed to ver-
around 6 orders of magnitude weaker than those fronify the homogeneous composition and lattice parameter
the bulk of the material. The possibility of detecting (ayp = 3.671 A).  After insertion in the vacuum cham-
magnetic scattering from surfaces presents the difficulty ober, the surface was prepared with successive cycles of
measuring intensities around 11 or 12 orders of magnituden etching and annealing to 1200 K. The cleanliness
weaker than the normal bulk Bragg intensities. This isof the surface was monitored with Auger electron spec-
very demanding even for third generation synchrotrortroscopy. The crystal, which has the fcc structure, was not
sources such as the ESRF. However, the discovery in 1988 scribed with the standard cubic basis but instead with a
[3] of the resonance exchange scattering which resulteexagonal basia;, a,, a; with a; and a, in the surface
in a large (2 orders of magnitude or more) increase oplane ¢, = a» = ao/+/2, nearest neighbor surface dis-
the magnetic signal when the photon energy is tuned ttance) anch; perpendicular to the surfade; = /3 ag).
an absorption edge, makes the possibility of performingrhe corresponding reciprocal lattice vectors are directed
surface magnetic x-ray diffraction experiments realistic.along three axebl,K,L with H andK in the surface plane
This has been confirmed in previous experimental worknaking an angle of 120andL normal to the surface (see
[4,5] and it has also been discussed theoretically [6]. VenRef. [9] for more details). The crystalline quality of the
recently, Watsonret al.[7] have also advanced in that sample was examined by measuring the widths of bulk
direction of studying the magnetism of a surface regiorand surface reflections. Both bulk and surface mosaics
only a few nm thick. The present Letter represents a stepad characteristics lengths of about 200 A.
forward since it provides direct evidence of the magnetism Crystallographic data were collected at an angle of in-
of the topmost atomic plane in a ferromagnetic surface. cidence of twice the critical angle for total external re-

A characteristic feature of surface x-ray scattering isflection. After orienting the sample and detector to fulfill
that the diffracted intensities along straight lines in re-a (H,K,L) diffraction condition, the sample was rocked
ciprocal space, normal to the surface of the crystal andround its normal while measuring the scattered intensity.
passing through reciprocal lattice points where Bragg conThe intensity distributions were integrated and corrected
ditions are fulfilled, are not zero along the segments joinby the appropriate geometrical factors (see Ref. [2]) to
ing neighboring Bragg reflections. In these segmentsiesult in the magnitudelFyk. | of the structure factors.
the relatively weak intensities are sensitive to the strucFigure 1 shows the results for the rods (1,0and (0,1L)
ture of the surface. These “one-dimensional” distributiongor 0.2 = L = 4. The bulk Bragg peaks at (1,0,1),(1,0,4),
of intensity are designed as diffraction rods. We meaand (0,1,2) appear as divergences in the figure. Two data
sured the diffracted intensities along several rods in orsets crystallographically equivalent to the ones in the fig-
der to determine the structure and stoichiometry of theire were measured in order to evaluate the error bars.
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usual Thomson charge scatterifig significant contribu-
tions of the dispersivé /) and absorptive partsf”’) and

a resonant magnetic term. Most of the experiments de-
scribed below were done at grazing angles of incidence,
typically at the critical anglex. = 0.30°. The direction

of the scattered beam was defined with two angles as in-
dicated in Fig. 2: the exit angle relative to the plane of
the surface and the angle of in-plane scattemdndeter-
mined by the projection to the surface plane of the out-
L going and incoming wave vectors. Under this geometry,

3 4 if the sample is magnetized in the vertical direction and
recalling that the incoming polarization is horizontal, one

L (r.lu.) has for the scattering amplitude in unitsrgf the electron

FIG. 1. The data points are the measured magnitudes dedius [11,12],
the structure factors of the rods (1.9, (circles) and (0,1,)
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rod has been shifted upwards 100 units. The divergences at f S (fo T f" = if) + anes, (1)
L = 1,2, and 4 correspond to bulk Bragg reflections. The i+ x )

continuous curves are calculated with the structural model ars = ———— (—n, COSy — ien, Siny c0s5).  (2)

1+ x

n, accounts for the white line at the absorption edge. Its
In a chemically ordered alloy, in addition to the so-callednumerical value is taken from Ref. [12] to be 4.3.may
fundamental reflections arising from the translational SYM+tagke the values 1 and1 depending on the up or down
metry of the crystal, there are the superstructure reflectiongrientation of the magnetizatiorx determines the relative
which reflect the chemical ordering. The lack of measurenergy deviation from resonance:
able intensities in the superstructure reflections from our
sample indicated the absence of long range chemical order. y = (Ef — Ei) = hv 3)
Thus the structure was modeled by assuming that the sam- r/2 '
ple consisted in disordered bulk unit cells with the nominal ) .
stoichiometry and lattice parameter. The last three atomi¢/ — E; is the transition energy/v the energy of
planes parallel to the surface were allowed to differ from"€ Photon, andl’ the width of the core level. The
the bulk. They defined a disordered surface unit cell whos810St important quantity isz,,, which is defined as
characteristic features were that the concentrations wef@€ difference in the transition probabilities of dipolar
allowed to be different in each layer and that the atomjdransitions, from the core level to the Ferml energy,
coordinates of the atoms in the direction of the surface nor1VoIving changes of angular momentulyy, of 1 and
mal were allowed to relax. With all these compositional ~!- A nonzero value ofz, in a magnetic atom arises
and structural hypotheses, a least squares fit was done #@M the spin splitting in the conduction band originated
determine the structure. This results in Pt concentration8Y the exchang.e Interaction. In'a somewha}t loose sense,
of the first three atomic planes (starting from the topmostiz May be visualized as being proportional to the
one) equal to 0.60, 0.10, and 0.31, respectively. Also, if"2gnetic moment of the resonant atom. o
was found that the topmost layer is buckled since the Co EXPressions (1) and (2) are valid at zero incidence
atoms are displaced from their bulk positigns = 0.1)% angles, which is a good approximation at the vicinities
of a3 outwards and the Pt aton = 0.1)% inwards. The
second and third atomic layers exhibit relaxations smaller
than 0.6%. The continuous curves in Fig. 2 are calculated /
]

discussed in the text.

with our structure model. As can be seen the agreement €9
with the data is very good. To quantify it, the? param- T_\{f -
eter is commonly used [2]. Its value, 0.8 in our case, also 4, '1
indicates a good fit. Iy
Our model agrees well with previously published [10] 3| f;'
low-energy electron diffraction results in the same system H
which resulted in similar surface concentrations and 4
relaxations.
Having determined the surface structural parameters, welG. 2. Schematic layout of the geometry of the experiment.

concentrated in the magnetic measurements. The expe ihe sample surface lies in a vertical plane and is illuminated
: y the incoming wave vectok; with polarizatione;. The

ments were done by setting the photon energy atife direction of the scattered wave vectks is determined by the
absorption edge of Pt (11.564 keV). Under these condianglesy ands. H denotes the applied magnetic field that may
tions, the scattering amplitude contains, in addition to théve directed upwards or downwards.
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of a.. For arbitrary incidence angles the appropriate ' T '
formulas [11,12] have to be used. 61 ]
As may be seen from Egs. (1) and (2), the diffracted ] (0,0,6)
intensity, which is proportional tbf|?, will contain terms o 4 5 )
with odd parity ing; therefore the asymmetry ratio 8 » bulk
x
R=(1=1D/1T+10) @ LI _
o
will be different from zero at the resonance enetgy~ Fal (-1,1,2.5) ]
0) where it exhibits a maximum. Away from resonance g surface b
R decreases and the functioR(x) has a line shape E o J
that resembles a Lorenztian. Its detailed form has been § LE/I
discussed in Ref. [12] and will not be described here. 0 ]
In the previous paper by de Bergewvén al. [12], R was t
measured at resonance for different Bragg reflections in 21— . ——
a CoPt ferromagnetic alloy. The measurements lead to 11540 11560 11580 11600
n, = —0.8rq for that sample. photon energy (eV)

Our experiments consisted of measurify along IG. 3. Curvea: Asymmetry ratio vs photon energy at the

diffraction rods. For t_his_ purpose a permanent NdFe icinity of the Pt L,;, absorption edge for the (006) bulk
magnet was located inside the UHV chamber, at thgeflection. Curveb: The same for thé—1,1,2.5) reflection,

vicinity of the surface of the G#t sample to create which has a very large surface sensitivity. The continuous
a magnetic field of 1.2 kG in the vertical direction as curves are calculated as explained in the text.
depicted in Fig. 2. The magnet could be rotated to invert
the field direction and it could also be retrieved to allow
surface preparation when needed. With the help of the equations discussed above and
Measuring the scattered intensity at thg; resonance taking as values off’ and f” those of Ref. [12], one
of Pt presents the difficulty that the signal at the detectomay evaluaten,, from the measurements d® made
contains, in addition to the elastically scattered photonsn the bulk Bragg peaks mentioned above. The result
a fluorescent part arising from the core hole deexcitationss n,, = —0.9 = 0.1 in very good agreement with the
with an energy only a few hundred eV lower. It consti- previously published value.
tutes a significant background that needs to be corrected The data points of Fig. 3(b) are the measured values of
from the data. To do so, two independent measurement® as a function ofzv, at (H,K,L) = (—1,1,2.5) which
were performed for determining the value®at (H,K,L):  lies in between two neighboring bulk Bragg reflections
one at the ifl,K,L) position itself and another at a nearby [(—1,1,1) and(—1,1,4)] and the surface sensitivity is
position in reciprocal space. Usually the measurementhighest. The value at the maximum (6.4 = 0.5) X
were done by collecting first 1 and then! | during the  1073. The continuous curve is a calculation with Egs. (1)
same time interval (1 min or less), then the same operaand (3) convoluted with the energy resolution. In the
tion was repeated a number of times (freni6 to ~64)  calculation, the atomic positions of the atoms in the
to obtain a temporary averagé€tlvalue. Subsequently, topmost layer and the stoichiometry of the first three
the same routine of intensity collection was performed inatomic planes have been taken from the structural model
the background often with the same duration in order taliscussed above. The surface segregation of Pt is the
have reasonably low error barsk main factor responsible for the small energy shift and
Curvea in Fig. 3 shows the dependence of the asym{or the increased asymmetric line shape of the surface
metry ratio with the photon energy in the proximity of the resonance compared to the curve of the bulk. This arises
L1 absorption for the (006) reflection. It displays the ex-from the structure factor expression rather than from a
pected resonant behavior. The energy width (FWHM) ischange in electronic structure at the surface. This will be
of ~6 eV. By taking from Ref. [13] the valuE€ = 4 eV  discussed in more detail in a forthcoming publication.
as the energy width of the core hole, we deduce the en- In order to investigate the magnetic surface structure,
ergy distribution of our beam from the monochromator,measurements d® at resonance were performed for dif-
which turns out to be described by a Gaussian energy digerent values of. along a given diffraction rod. The data
tribution of standard deviation of 2 eV. points in Fig. 4 are the results for the (0L),and (1,0L)
Before taking the measurements®in the regions of rods. As can be seen, they have a rich structure consist-
the diffraction rods sensitive to the surface, we performedng of several maxima and minima. The general trend of
several measurements for different bulk Bragg reflectiongncrease inR whenL increases is due to the fact that at
namely, (104), (101)(—1,0,2), and (006). Their values higherL values the exit anglg is larger and the magnetic
of R at resonance ranged frof2.7 = 0.6) X 1073 to  termin Eq. (3) becomes larger. The dashed vertical lines
(30.5 = 0.4) X 1073, in the figure mark the positions of the bulk Bragg peaks.
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small changes in the surface atomic concentrations and

154 1 relaxations. This high sensitivity of thR values along
1rod(1,0,L) f[he diﬁraction rods seems a promising tool to characterize
10+ - in detail the magnetism at surfaces.

To summarize, we have performed experiments of
magnetic surface x-ray diffraction by measuring the
magnetic asymmetry ratiR for surface reflections from
Co;Pt(111). The resonant effect iR has been brought to
evidence in th& ;; absorption edge of Pt. The numerical
values ofR along diffraction rods allows us to conclude
that the magnetism in the topmost Pt atoms is about one-
half of that in the bulk atoms.

We wish to thank C. Vettier and R. van Silfhout
for help in early experiments, R. Baudoing-Savois and
Y. Gauthier for lending the crystal, P. Bernard for
technical assistance, and Y. Petroff and M. Altarelli for
critical reading of the manuscript.
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tion rods for0.5 = L = 4. The dashed lines indicate the bulk
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