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A microscopic magnetic antiphase domain structure has been observed in a single-crystal Gd-Y
superlattice by neutron diffraction. Furthermore, this long-range antiferromagnetic correlation is
found to occur in a multibilayer, in which each bilayer consists of NG& ferromagnetic atomic planes
of Gd folio~ed by N& planes of nonmagnetic Y, for %&=A'«=10 but not for A'Y=6 or 20. This
oscillatory behavior is consistent ~ith recent theoretical speculation that the Gd moments are cou-
pled through the intervening Y via the Ruderman-Kittel-Kasuya- Yosida interaction.

PACS numbers: 68.35.8s, 75,25. +z

Thin-film multilayers have become a subject of great
scientific and technical interest ever since Esaki and
Tsu' proposed growing single-crystal multiple bilayers
of two different semiconductors. Significant modific-
atio of the electronic properties has been shown to oc-
cur as a result of the artificially imposed periodicity.

The interest in synthesizing such novel structures is
not, however, limited to semiconductor materials.
Considerable theoretical efforts have been made in re-
cent years to describe the magnetic states of surfaces
and interfaces. 3 4 Magnetic layers made up of a
discrete number of atomic planes of moments can be
deposited alternately with nonmagnetic layers of a
given thickness as a model system for the investigation
of both the interfacial magnetism and the effects of re-
duced dl mcnslonallty.

It is also possible to study interlayer magnetic cou-
pling in synthetic superlattices. In the case of the me-
tallic, magnetic rare earths (RE), the magnetic mo-
ments are ~ell localized and the indirect exchange in-
teraction is via the conduction electrons. The long-
range nature of this Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction can be expected to give rise to a
modulation of the magnetic properties in an artificially
layered magnetic-RE-nonmagnetic-RE structure.

We report here the results of a neutron-diffraction
study of [Gd~ -Y~ )~ super lattlccs composed of M
successive bilayers of Noq basal planes of hexagonal-
close-packed Gd followed by Nv such planes of Y. It
is found that below the Curie temperature and in low
fields the ferromagnetic Gd layers tend to align anti-

ferromagnetically relative to one another for 1V&~
= Nq = 10 in a microscopic antiphase domain structure
that is coherent over many superlattice periods. For
Nq=6 or 20, however, simple long-range ferromag-
netic order is observed. This oscillatory dependence
on Nv is consistent with a theory which attributes the
coupling between Gd layers to the RKKY interaction. 6

This interpretation is also supported by the recent ob-
servation of incommensurate, long-range spiral magnet-
ic order in a Dy-Y superlattice.

The preparation of the Gd-Y superlattices is
described elsewhere. 5 s Detailed x-ray diffraction mea-
surements5 9 have shown that Gd-Y superlattices have
a composition modulation profile corresponding to
two-atomic-plane-sharp interfaces with the modula-
tion amplitude approaching 100%. The neutron-
diffraction measurements were performed at the
high-flux beam reactor at Brookhaven National Lab-
oratory and at the high-flux isotope reactor at Oak
Ridge National Laboratory. A typical spectrometer
configuration is shown in the lower part of Fig. 1.
Neutrons are first simultaneously monochromatized
and polarized, and then scattered by the sample [a flat
coil flipper (FLP) preceding the sample permits selec-
tion of either of the two neutron spin states]. The
second polarizing crystal or analyzer (along with
another flipper) distinguishes spin-flip from spin-
nonflip scattering.

Four spin-dependent scattered intensities I~++(Q),
(Q), I+ (Q), and I + (Q) can be measured. '0

The t~o superscripts denote the initial and final neu-
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is a &agram of the spectrometer configuration
used to separate the four possible spin-dependent scattered
intensities for polarized neutrons. HSLR(111)
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tron spin states, respectively, and the subscript labels
n primary ragg re-the order of a satellite about a given

' B
ection. Q = Ik-. Q

-=I,-k, I, where kf and k; are the fmal
and initia1 ne
lite inte

neutron wave vectors, respectivel S t 1-y. ae-
intensities were measured about th (0002)

) reflections as well as the forward direct'

Q parallel to the c axis. After deconvolution from the
instrumental resolution width, the natural width f 11

observed satellite reflections were found to be
i so a

approximately equivalent and to correspond to a
coherence length of at least 1000 A , or more than
seventeen superlattice periods.

We will first discuss the [Gd -Yd ] sample ln

e ai, or which representative data taken at 150 K in
a field of 150 Oe are shown in Fig. 1. Th

of the ev
ig. . e positions

o t e even-number satellites measured from the
primary (0002) reflection correspond t
ples of 27r/XSL, where )i. =58.45 A is t e chemical
modulation wavelength or bilayer thickness [i.e.,
0~= (m/2)2n/&sL] Above Te ( = 290 K) the. inten-
sities of the even-numbered satell't '

1i es anse solely from
the nuclear scattering associated th hwi t e superlattice

chemical modulation so that I++ =I= m, whereas
below T, it is found that I++cI whic

e presence of an additional ferromagnetic com-
ponent. To within experimental accurac n
scatterin is

y, no spin- ip
i g is found to occur at the even-nu b d

ellite o
' '

-num ere sat-

other h
positions. The odd-numbered satell'tsa e ites, on the

er hand, begin to appear below T in low f'

inte er mul
'

g u tiples of the wave vector for a doubied bi-
layer thickness [e.g. , for m =1 Q = (—' 2

m =, Q3= ( —,)2n/XSL, and so on] with intensities
corresponding to spin-flip scattering only.

epen ences ofhe temperature and magnetic field d d
e i erence 0

—0, which is proportional to
t e net sample magnetization along the direction o
the applied field (perpendicular to Q), and of I-,+ are

plotted in Fig. 2. At 79 K a field of several thousand
oersteds simultaneously saturates th
and reduces

s e magnetization
an reduces the intensity of the odd-numbered satel-
lites to within background [Fig. 2(a)]. As the tem-
perature is lowered below T, the mag t t'

ie o Oe initially increases but eventually de-
creases as the intensity of the m = —1 satellite contin-
ues to grow [Fi . 2 big. & & . Near T, hysteresis is observed
Fig. 2 (c)].

Appropriate corrections ~ere made for thor t e instru-
n a polanzing and flipping efficiencies, and a con-

tribution to the superlattice (0002) intensity due to the
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FIG. 3. Schematic representation of the antiphase domain
configuration of the Gd magnetic moments in the [Gdip-
Yip]225 superlattice. The inset in the upper left-hand corner
shows the results (solid curve) of the theoretical calculation
of the relative strength and sign of the RKKY interaction as
described in the text,

superposition of the (0002) reflection of a pure Y seed
layer (amounting to about 16'/p) was subtracted. Fur-
ther analysis of the data indicated that extinction ef-
fects were negligible. The measured intensities in-
tegrated over the entire resolution volume (with
overall uncertainties of the order of 5'/p) were then
compared to values predicted by various models for
the magnetic structure. It was found that the anti-
phase domain model depicted in Fig. 3 (in which the
atomic interplanar spacing and net magnetization per
plane are uniform) is a good approximation. It is as-

sumed that the Gd moments are confined to the basal
plane, even in low fields, on the basis of the results of
magnetization measurements performed on a number
of samples. " The magnetic form factor for elemental
Gd'2 was assumed and the relatively small changes in
absorption and Debye-Wailer factors over a limited g
range were neglected, although it was necessary to in-
clude the imaginary part of the average nuclear scatter-
ing length for the naturally occurring isotopic mixture
of which the Gd layers were composed. However,
better agreement is obtained with a more refined ver-
sion of this basic model which includes the chemical
composition and atomic-plane-spacing modulations
along the c axis deduced from the x-ray measure-
ments, as well as a reduction in the net ordered mo-
ment of the interface planes that is consistent with
both magnetization5 and magnetic x-ray scattering
data. 9 The intensities calculated according to this im-
proved model are compared to the measured values in
Table I along with the corresponding "flipping ratios"
R ++ =—I++/1 . The calculated values are
those which give the best fit and are obtained for an
individual interior Gd moment magnitude of 6.3p, a, in
close agreement with the measured bulk value, '2 and
for an angle ~ (see Fig. 3) of 80' at 150 Oe. Models
for other moment configurations including various
helical arrangements gave significantly poorer agree-
ment with the data.

The magnetic behavior of each of the other two
samples, namely [Gdio-Y6]i89 and [Gdio-Yzo]too, is
quite striking in contrast to that of the superlattice for
which N&=10. Neither develops antiferromagnetic
correlations down to a temperature of 10 K in zero
field. Both samples do, however, exhibit long-range
ferromagnetic order below T, .

One particularly appealing explanation to account for
the observed oscillatory behavior is to attribute the
coupling between two Gd layers across an intervening
Y layer to the RKKY interaction. In order to estimate
the strength and sign of this coupling, a calculation of
the interaction between two Gd monolayers separated
by pure Y (for which the calculated susceptibility func-

g++/ ——

Obs.

I+-
Obs. Calc. Obs.

I —+

Calc.(A ) Calc.

TABLE I. Comparison of observed intensities (normalized to /2++ ) and flipping ratios for [Gdip-Y, p]225 with corresponding
values calculated for the antiphase domain model described in the text.

Reflection
order m T 0
(0002) (K) (Oe) Obs. Calc. Obs. Calc.

1.968
2.021
2.075
2.129
2.183
2.236
2.290

150
150
150
150
150
150
150

0.046 0.008 0.050
0 0 0
1.00 1.00 1.05
0 0 0
4.46 4,54 3.10
0 0 0
0.50 0.53 0.65

0.011
0
1.10
0
3.21
0
0.70

0
0.53
0
1.70
0
1.22
0

0
0.51
0
1.77
0
1.33
0

0
0.52
0
1.69
0
1.25
0

0
0.51
0
1.77
0
1.33
0

0.93

0.96

1.44

0.77

0.73
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tion was assumed'3) was performed. 6 While the valid-

ity of this approximation has not been rigorously test-
ed, it is probably the simplest physically plausible com-
putation that can be made short of doing a superlattice
band calculation. The sign and relative strength of the
interaction obtained from this calculation are plotted in
the inset of Fig. 3 as a function of Nv. The points on
the theoretical curve indicate those values of Nv for
which the magnetic structures have been determined
and show that the experimental observations are
indeed consistent. Moreover, magnetization measure-
ments performed on the three samples studied by neu-
tron diffraction and five additional samples with
N„=9, 11, 14, 16, and 24 (and N«=10) give rela-
tively low remanence and high saturation magnetiza-
tion values for Nv = 9, 10, 11, and 16. This oscillatory
dependence of the remanence and saturation magneti-
zation on Nv is also consistent with the proposed
coupling mechanism. Superlattices for which the
remanence is low and saturation magnetization high
are expected to exhibit the antiphase domain structure
as confirmed in the [Gdto-Yio]225 sample by neutron
diffraction. The calculation further predicts that a field
of the order of 3 kOe would be required to bring the
Gd layers of the [Gdio-Yio]22s sample into parallel
alignment at 0 K, which is in agreement with observa-
tion [see Fig. 2(a)].

Now that single-crystal RE superlattices can be
grown with a high degree of perfection and precision,
studies of fundamental phenomena including inter-
layer interactions and magnetic states at interfaces can
be performed in a controlled and systematic manner.
Novel magnetically ordered structures can be expected
to occur, as has been demonstrated in the present
study, and may ultimately be tailored to particular
specifications.
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