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Magnetic X-Ray-Scattering Study of Interfacial Magnetism in a Gd-Y Suyerlattice
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The modulation in the magnetic moment and in the interplanar spacing (strain) in the superlat-
tice [Gd2i Y2i)x 40 has been determined by use of synchrotron and rotating-anode x-ray sources.
The average moment appears to decrease in the interfacial regions, and the width of the strain in-

terface increases ~ith decreasing temperature.

PACS numbers: 61.10.Lx, 75.25.+z, 75.70.—i

The technique of magnetic x-ray scattering, which
was developed by Platzman and Tzoar' and by DeBer-
gevin and Brunel, 2 has been used to determine the
modulation in the magnetic moment in a superlattice
composed of alternating regions of ferromagnetic Gd
and nonmagnetic Y. Recently, the high flux and po-
larization of a synchrotron x-ray source has been used
to gain new insight into the antiferromagnetic struc-
ture of Ho metal where the weak magnetic reflections
are separated in reciprocal space from the much
stronger Bragg reflections. 3 In this Letter, we use the
tunability of the x-ray energy from a synchrotron
source to maximize the cross term between the charge
and magnetic scattering so as to measure the small
changes in intensity in the Bragg reflections of a fer-
romagnet which occur when the direction of the spin is
reversed with an external magnetic field. There is
considerable interest in the properties of the interfaces
between magnetic and nonmagnetic materials, and su-
perlattices provide a means of studying an array of in-
terfaces. Recent studies of the magnetization of
Gd„Y superlattices show a reduced average magnetic
moment, 4 and we find that the magnetic scattering
data are consistent with the reduced average moment
per Gd resulting from a smooth decrease in the pro-
jected moment on going from the center of a Gd re-
gion toward the interfaces. In addition, the tempera-
ture dependence of the interplanar-spacing modula-
tion, which has a large magnetostrictive component,
shows a thicker interface than that of the composition
modulation.

Measurements were made on a superlattice com-
posed of alternating regions of 21 atomic layers each of
Gd and Y which were repeated 40 times, and the syn-
thesis and bulk magnetic properties of this sample are
given in Ref. 4. For scattering vectors perpendicular
to the layers, the reciprocal lattice at room temperature
is Q (I,m) = 2m (I/c + m/A), where c = 2X 2.879 A is
the average lattice constant (twice the interplanar spac-
ing for a hexagonal-close-packed structure), A=42

x 2.879= 120.9 A is the modulation wavelength, and I
and m are integers which denote the average Bragg re-
flections and their harmonics, respectively. The
scattering intensity per repeat distance is given in a re-
lativistic quantum theory for a centrosymmetric fer-
romagnetic structure by

1(I m) = 2 f F'( I m) 2+ F"( I m ) 2

—(2),/) )F"(I,m)(k, xkf) S(l,m)],

(1)
where A is a constant which includes Lorentz and ab-
sorption factors, A. ,= Ir/mc = 0.024 26 A, X is the x-ray
wavelength, and k, and kf are the incident and scat-
tered wave vectors. 2 This expression is valid up to
first order in X,/A. , and neglects the orbital contribu-
tions to the magnetic moment which are small for Gd.
For simplicity we show the expression assuming com-
plete linear polarization of the incident beam normal
to the scattering plane, but the full polarization matrix
is used in the calculations. 2 The structure factors for
the charge, F(l,m), and spin, S(l,m), are sums over
the repeat distance of 42 atomic layers:

F(l,m) = F'(I, m) + iF"(I,m)

S(l,m) = XJ —,'pjf e

where fo+ f', if", f, and p,j are the real and imag-
inary parts of the atomic form factors, the magnetic
form factor, and the average magnetic moment per
layer in Bohr magnetons, respectively. The relative
importance of F'(I,m) and F"(I,m) can be varied by
tuning of the x-ray energy through the L absorption
edges of Gd. Near the Liii edge of Gd, f' and f"
change by 30 electrons relative to fo which is 64 elec-
trons at Q=0.5 The dispersion corrections (f' and
f") used in the calculations were obtained from a
composite of (1) values in Ref. 5 for Gd, (2) scaled
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values for the three edges of Cs, 6 and (3) calculated
values. 7 The magnetic form factor is from Freeman
and Desclaux. s

Before our determining the magnetic-moment
modulation, the temperature dependence of the strain
modulation is obtained in order to separate the mag-
netic contribution [see Eq. (1)]. Following Ref. 4, the
modulations in the composition and the interplanar
spacing as a function of the layer number, N, are ap-
proximated by three-parameter curves. Each modula-
tion has an amplitude (Co for composition and Do for
spacing), the number of nominal Gd layers per modu-
lation wavelength (Nod = 21), and an interfacial thick-
ness for the composition, NF, and for the spacing, NID.

The parameters were determined by minimization of
the quadratic-weighted R factor9 for 20-25 measured
intensities, and the results are shown in Fig. 1 along
with the resulting models for the interplanar-spacing
modulation at T= 12 and 333 K. The data for Do
agree well with the volume magnetostriction of Gd,
which varies as the square of the magnetization, as in-
dicated by the two curves. The interfacial width of the
spacing modulation increases above that for the com-
position below the Curie temperature, Tc. The anisot-
ropy and the exchange are sensitive to the local strain,
and the variation in NID implies that the magnetic
properties will vary across the Gd region from the
center to the interface.

The magnetic-moment modulation was determined
as illustrated in the inset of Fig. 2. An x-ray beam
from the Cornell high-energy synchrotron source
(CHESS) of —10'2 photons/sec at the sample was ob-
tained from a double-crystal monochromator using
Si(111) crystals with the second crystal being sagitally
focused. Either an ion chamber or a NaI scintillation
detector was used depending on the intensity of the re-
flection. The magnetic contribution to the scattering
varies as the projection of S(l,m) on the normal to the
scattering plane, S„(l,m) [Eq. (1)]. A magnetic field
of 100-150 Oe is used to reverse the direction of
S(l,m) and consequently the sign of the magnetic con-
tribution. (This field is greater than 2.5 times the
measured coercive field for this film. ) The change in
intensity on field reversal is
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In order to determine the modulation in the magnet-
ic moment, the flipping ratios for reflections Q(l, m)
with as wide a range of I and m as possible were deter-
mined. In all, twenty flipping ratios, which vary by a
factor of 50 in b, l/I and 105 in I, were measured at
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where 9 is the Bragg angle. The flipping ratio can be
varied by tuning of the x-ray energy through the Lii
and xiii absorption edges of Gd, which are shown at
the top of Fig. 2. The observed flipping ratios for
Q(4, 2) and Q(4, 3) at T=200 K are compared with
the best model (solid curves in Fig. 3), and the
demonstration that the flipping ratio versus energy fol-
lows the functional form of Eq. (3) is strong evidence
that the observed ratios are magnetic in origin.

FIG. 1. (a) The interplanar-spacing modulation ai T= 12
and 333 K calculated as described in the text by use of the
parameters in (b) and (c). (b) The variation with tempera-
ture of the interface thicknesses, NP and Xf (c) The varia-.
tion ~ith temperature of the amplitude of the spacing modu-
lation, Do. The dash-dotted curve is calculated by use of the
thermal expansion of bulk Gd and Y (Ref. 10), and the solid
curve is the square of the bulk magnetization measured in a
field of 80 Oe normalized to the data at low and high tem-
peratures. Triangles and circles are separate experiments.
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FIG. 2. Top: transmission through a Gd foil as a function
of energy near the I.~I and L~~I absorption edges. Bottom:
the observed (circles) and calculated (solid curves) flipping
ratios for reflection at Q(4, 2) and Q (4, 3). The experi-
mental arrangement is shown in the inset.

T = 150 K, and they are compared with three models
for the spin structure in Fig. 3. For Gd»Y» at
T = 150 K an average moment per Gd of 6.0p, a is cal-
culated from the magnetization measured in a field of
80 Oe. Our x-ray measurements are only sensitive to
the local moment, which is 5.6p, s per Gd, if we as-
sume a 7% correction for conduction-electron polariza-
tion as in bulk Gd. The magnetic moment per layer,
p,j, in Eq. (2) is the product of the Gd concentration
and the moment per Gd in the layer. Thus, the
magnetic-moment modulation would follow the com-

FIG. 3. Top: three models for the magnetic-moment
modulation. Bottom: the calculated flipping ratio corre-
sponding to no magnetic contribution from the two interfa-
cial layers (dashed curve), a smooth decrease in moment
(solid curve), and a uniform reduction in moment (i.e., a
moment modulation that comes from the composition
modulation) (dotted curve), compared with the values mea-
sured at 8.04 keV.

position modulation if the magnetic moment per Gd
were reduced uniformly. The dashed curve, calculated
on the assumption of no magnetic contribution from
the interfacial layers, is not consistent with the mea-
surements (R = 0.25); the dotted curve, which as-
sumes a uniform reduction in the projection of the Gd
moment parallel to the field, gives better agreement
(R =0.18); and the solid curve, which assumes the
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full Gd moment at the center with a smooth reduction
in the projected moment as the interface is ap-
proached, gives the best fit (8 = 0.14). The magnetic
x-ray measurements are consistent with the reduced
average moment in Gd2t Y2t resulting from a decrease
in the projected moment near the interfaces between
Gd and Y.

In conclusion, we have demonstrated that the
development of magnetic order in a superlattice can be
determined from x-ray scattering measurements using
a synchrotron source. Polarized neutron scattering is
the traditional probe of magnetic structure, "'2 but
magnetic x-ray scattering is a competitive probe for su-
perlattices because of the small sample volume and the
need to measure the weak, higher-order harmonics.
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