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The first coherent, single-crystal, magnetic rare-earth superlattices of Gd-Y were grown by metal
molecular-beam epitaxy. X-ray structural analysis showed that the superlattices have a composition
modulation of two atomic-layer-sharp interfaces with the modulation amplitude approaching 100%.
The magnetic properties are consistent with a model in which the central Gd layers in each array
behave like ideal ferromagnetic thin films even for as few as five atomic layers. The two interfacial
Gd layers at the sides appear not to order ferromagnetically and have a susceptibility X, indepen-

dent of the number of atomic layers.

PACS numbers: 68.55.+b, 73.60.Dt, 75.70.-i

The magnetic properties of surfaces and thin films
are of continuing interest. There have been a number
of recent attempts to observe!'2 and to calculate®*
variations in the magnetic behavior resulting from the
breaking of the bulk symmetry at a surface or inter-
face. One approach to the carrying out of such studies
is through the synthesis of superlattices composed of
alternating regions of magnetic and nonmagnetic com-
ponents (Cu-Ni,>® Mo-Ni,” Fe-V.,%° Tm-Lul0).
Many rare-earth metals have similar crystal structures
with a close lattice-constant match. Therefore, forma-
tion of coherent superlattices is highly probable.!?
Furthermore, the magnetic moments of rare-earth
ions are well localized and the indirect exchange in-
teraction is long range through the conduction elec-
trons. Isolated arrays of moments which vary both in
thickness and in separation can be synthesized as a
model system for investigation of two-dimensional
magnetism, intermagnetic layer coupling, and anti-
ferromagnetic-ferromagnetic lockin transitions.?

The discovery that single-crystal films of yttrium can
be grown epitaxially on sapphire with an intervening
Nb buffer layer has led to the synthesis of the first
high-quality, single-crystal, inter—rare-earth superlat-
tices.!! In this Letter we report the synthesis and mag-
netic and structural properties of a series of Gd/Y su-
perlattice crystals. This system was chosen because
the Gd ion has a spin-only moment with S = % and
L =0, and bulk Gd is a simple ferromagnet (Tc=292
K) with weak anisotropy. The magnetic results on
Gd-Y multilayers with Gd varying from S to 21 atomic
layers are consistent with a model in which the Gd
layers in the middle of each array have the simple fer-
romagnetic structure observed in the bulk. The two
interfacial Gd layers have a different, nonferromagnet-
ic spin structure. This picture is in accord with the x-
ray structural analysis which indicates that the inter-
face between (essentially) pure Gd and Y regions is
only two atomic layers thick. Such sharp boundaries
achieved in this work are approaching those observed
in semiconductor superlattices. It is expected that

similar results can be obtained with other rare earths
because of their similar crystal-chemical nature.

The superlattice crystals were prepared in a metal
molecular-beam epitaxial deposition system operating
at a low pressure of 3x10~!! Torr during growth.!!
The sensitive flux detection and fast loop control
maintained the deposition rate constant to within 2%.
The epitaxial growth was monitored and optimized
with in-situ reflection high-energy electron diffraction
(RHEED). The superlattice crystals were grown on
sapphire (1120) and we first deposited a Nb(110)
buffer layer and then a Y(0001) seed layer. The Nb
buffer layer eliminated chemical reactions between the
rare earths and the sapphire and provided an atomical-
ly smooth surface for the epitaxial growth of the Y
seed layer. The RHEED patterns clearly showed that
one monolayer of Y wets the Nb completely, and by
fifty atomic layers an atomically smooth Y single crys-
tal is obtained. The epitaxial relations obtained from
subsequent x-ray studies are [111]1Nb||[0001]1A1,04
and [110]Nb||[1010]Y. The buffer and seed layers
were grown at 900°C and 700°C, respectively, and
then the Gd-Y superlattice was grown at 220°C in or-
der to minimize interdiffusion.

The structure and coherence of Gd-Y superlattices
with respective numbers of atomic layers (n,m)
=(21,21), (10,11), and (5,5) were determined from
x-ray diffraction analysis by wuse of techniques
described previously.!? Typical high-resolution scans
through the (0002) and (0004) Bragg reflections of the
(10,11) x 80 samples are shown in Fig. 1. The full
widths at half maximum (FWHM) of the rocking
curves are A9, =0.16 and A9, =0.23 (Fig. 1 inset).
The lingwidths are Agq,=0.0025 A—1 (0002) and
0.0039 A-l (0004), and Aq, =0.0041 A~ (1010) and
0.0063 A~! (02021) Here instrumental resolution is
Aq=0.0014 A~! from the (1120) AL,O; (FWHM in
units of 27/d). The samples are single crystals with
some strain broadening and with coherence lengths of
several thousand angstroms. The composition modu-
lation was determined by fitting of the integrated in-
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FIG. 1. High-resolution longitudinal scans around Bragg
peaks (00.2) and (00.4) of a (10,11) x 80 multilayer. A/’s
are in units of 27/d. The intensity scales for (00.4) scans
are displaced by two decades for clarity. The inset shows the
rocking curves of (00.2) and (20.1).

tensities of the (0002), (0004), and (0006) reflections
and their harmonics up to *fifth or +seventh order
depending on wavelength. The amplitude of the inter-
planar spacing modulation was calculated from the
elastic constants with the assumption of a coherent
structure. With the Poisson contraction or expansion
the difference in spacings along the ¢ axis is reduced
from 0.9% for the pure elements to 0.72% for the su-
perlattices. The Gd composition in layer N for one
wavelength was approximated by

c(N) = Fcolerf((Ngq+2N)/N,;)
+erf((NGd—2N)/N,)],

where Ngq and N; are the number of atomic layers of
Gd and the interface thickness, respectively, and ¢y is
the maximum Gd concentration. These three parame-
ters plus a scale factor were refined by minimization of
the weighted R factor!3 for the 20-30 observed intensi-
ties. In all cases N; was found to be 3.5 atomic layers,
which means that the compositional profile goes from
90% to 10% Gd in about two atomic layers. cy was
essentially unity except at the shorter wavelengths
where the interfacial regions begin to overlap [cg
=0.83 for (5,5)].

The magnetizations per gram of Gd in the superlat-
tices as a function of the applied field (o-H loops)
were measured at 25 K with a vibrating-sample magne-
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FIG. 2. The magnetization curves at 25 K for H parallel

and H perpendicular to the film plane of a (5,5) x 80 mul-
tilayer.

tometer (0-15 kOe). The magnetization curves for all
the samples measured closely follow the behavior ex-
pected for an ideal thin film with weak anisotropy,
namely a square loop for H in the plane of the film
(H\), and a linear dependence of o on H for field less
than the saturation magnetization (47 M,) applied
perpendicular to the plane (H,). An example of a o-
H loop is shown in Fig. 2 for a (5,5) sample with a
coercive force in the plane of only 25 Oe. The small
remanence for H, seen in Fig. 2 is an indication that
some unspecified imperfections in this film keep o
from reaching zero at H, =0 as would be the case for
an ideal thin film. This film is actually an exception to
all the other multilayers studied. Samples with larger
Ngg show the expected linear dependence of o, on
H |, with o, =0 when H, =0. The slight decrease in
o for H) less than 1 kOe is attributed to the magne-
tocrystalline anisotropy of Gd which at 25 K gives an
easy cone of magnetization 32° away from the c axis.!

Using the usual definition of o (0) as the extrapola-
tion on the high-field data for H, back to zero field,
we obtain o (0) for the (5,5) sample to be 154 emu/g,
which is about 60% of the bulk Gd moment, ogq= 268
emu/g. Furthermore, the o), data in Fig. 2 show a
linear rise with applied field, and by 15 kOe, the max-
imum measuring field, this linear rise has produced an
increase of moment of Ao (15)=0(15)—0(0)=36
emu/g. For all the superlattices measured, the general
trend is that o(0) increases and Ao (15) decreases
with increasing Nyy. These results are summarized in
Figs. 3(a) and 3(b), where ¢ (0) and Ao (15) are plot-
ted as functions of 1/Ngyq. Clearly for 0=<1/Ng4
=<0.2 both o(0) and Ao (15) vary linearly with
1/Ngq.

This systematic variation of o (0) and Ao (15) with
Ngq can be explained on the basis of a model which
assumes that in the middle of each Gd array there are
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FIG. 3. (a) The magnetization o (0) at zero field, 25 K,
(b) the increment of moment at 15 kOe, Ac(15), (c) the
anisotropy field Hg, and (d) the Curie temperature T¢, as
functions of 1/ Ngq in (n,m) multilayers.

Ngqa— X layers of Gd that exhibit, at least at low tem-
perature, the properties of the bulk material. On ei-
ther side of this center region there exists an interfa-
cial region at least X/2 layers thick. This interfacial re-
gion is taken to be not ferromagnetic and is character-
ized by a susceptibility X, and, hence, a moment
Oint=XgH. Accordingly, the total moment in the
plane is described by

o(H) =0og4 1——NLG‘j +xgH7Vif;.
Obviously, then,
a(0) =ogyqll— X/Ngql,
and
Ao (15) =5 (15) = 0 (0) = X, (1.5X 10 Oe) <—.

Gd

If X and X, are, as assumed in the model, indepen-
dent of Ngq these equations yield both the observed
linear dependence of o (0) and Ao (15) on 1/Ngq and
the correct intercepts at 1/ Ngq=0. The best fit to our
experimental data gives X=2.2+0.2 layers and
Xg=(5.5+0.5)x107% emu/(g Oe). The fact that the
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X and X, values vary only slightly among superlattices
of substantially different wavelengths adds support to
the validity of our model in the description of this
magnetic system. Furthermore, the thickness of the
interfacial layers as deduced from the present model is
in good agreement with independent structural
analysis by x-ray diffraction.

In order to ascertain whether the films consisting of
Ngg— X magnetic Gd layers indeed retain ideal thin-
film behavior it is necessary to substract the contribu-
tions of the interface layers from the experimental o-
H loops. For H| this contribution is simply X, H (X/
Ngg). The contribution for H, is deduced to be
XgH (X/Ngq) (1 +4mpX,)~1, in which a correction for
the demagnetization field is made. In addition, X, is
assumed to be isotropic, and the density (p) of the in-
terface layer is taken to be that of bulk Gd. After ap-
plication of these corrections to the o-H loops for both
H\ and H, the magnetization curves are extrapolated
to high fields for the determination of Hg, the effec-
tive anisotropy field. In this case Hy is defined to be
the value of H, at which o, equals ¢(0). For an
ideal thin film the anisotropy arises only from shape
effects and Hy =47 M,. As seen in Fig. 3(c) the value
of Hg remains nearly constant at 24 + 2 kOe indepen-
dent of the value of Ng4. The fact that the measured
Hy is to a very good approximation equal to the sat-
uration moment of Gd (27 kG) supports our model of
the central Ngq— X layers behaving like an ideal Gd
thin film. It should be noted that if the correction to
o, from the finite susceptibility of the interfacial re-
gions is not applied, a slight reduction in the Hg value
will result. For the (5,5) sample Hg, at most, de-
creases to 21 kOe.

The temperature dependence of the magnetic mo-
ment was measured by both the vibrating-sample mag-
netometer and the Faraday method. In general o vs T
is similar to the behavior seen in bulk Gd. The Curie
temperature (7c) was determined from Arrott
plots!®>1® (o2 vs H/o at constant 7), which were
linear over the field range used, 2.6 to 12.8 kOe. As
shown in Fig. 3(d), T remains close to the bulk value
of 292 K, and only for the (5,5) film is T¢ reduced to
264 K. This 10% depression of T¢ is consistent with
the T¢ expected for Gd-Y alloy!’ with the composition
obtained from the x-ray analysis (c,=0.83). In con-
trast, our homogeneous GdsyYsg-alloy film orders anti-
ferromagnetically at 180 K as in the bulk alloy.!”

In conclusion, after subtraction of the contribution
of the interfacial layers, the observed low-temperature
magnetic properties of single-crystal superlattices of
Gd-Y are consistent with the properties of bulk Gd
even for Gd arrays thin as five atomic layers. It is
quite remarkable that, for all films considered here,
the central region behaves like an ideal thin film for
both H, and H,, independent of Ngyq. For Ngy4=5,
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this region is only three atomic layers thick. The good
agreement of Hg with 47w M, obtained in this work
has, in general, been seen only in much thicker films.
Since the interfacial layers have a zero ferromagnetic
moment, the spins of these layers could be rotated
with respect to the central region in such a manner as
to take an antiferromagneticlike arrangement. Indeed,
many of the heavy rare-earth metals and alloys have
spiral spin structures in which the ferromagnetic
planes are rotated successively to give rise to antifer-
romagnetism. Further experiments are planned to
resolve the magnetic structure by x-ray and neutron-
scattering techniques.
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(@Permanent address: Institut Laue-Langevin, Grenoble,
France.

1U. Gradmann and R. Bergholz, Phys. Rev. Lett. 52, 771
(1984), and references therein.

2D. Weller, S. F. Alvarado, W. Gudat, K. Schréder, and
M. Campagna, Phys. Rev. Lett. 54, 1555 (1985), and refer-
ences therein.

3A. J. Freeman, Jian-hua Xu, and T. Jarlborg, J. Magn.
Magn. Mater. 31-34, 909 (1983), and references therein.

4K. Binder and D. P. Landau, Phys. Rev. Lett. 52, 318
(1984), and references therein.

SE. M. Gyorgy, D. B. McWhan, J. F. Dillon, Jr., L. R.
Walker, J. V. Waszczak, D. P. Musser, and R. H. Miller, J.
Magn. Magn. Mater. 31-34, 915 (1983), and references
therein.

6J. Q. Zheng, C. M. Falco, J. B. Ketterson, and 1. K.
Schuller, Appl. Phys. Lett. 38, 425 (1981).

M. R. Khan, C. S. L. Chun, G. P. Felcher,
M. Grimsditch, A. Kueny, C. M. Falco, and I. K. Schuller,
Phys. Rev. B 27, 7186 (1983).

8N. Hosoito, K. Kawaguchi, T. Shinjo, T. Takada, and
Y. Endoh, J. Phys. Soc. Jpn. 53, 2659 (1984).

9H. K. Wong, H. Q. Yang, J. E. Hilliard, and J. B. Ketter-
son, J. Appl. Phys. 57, 3660 (1985).

10W. P. Lowe, E. M. Gyorgy, D. B. McWhan, L. H.
Greene, W. L. Feldman, and J. M. Rowell, J. Appl. Phys.
(to be published).

1J. Kwo, D. B. McWhan, M. Hong, E. M. Gyorgy, L. C.
Feldman, and J. E. Cunningham, in Layered Structures, Epi-
taxy, and Interfaces, edited by J. H. Gibson and L. R.
Dawson, Materials Research Society Symposia Proceedings
(Materials Research Society, Pittsburgh, 1985), Vol. 37, p.
509.

12E. M. Gyorgy, D. B. McWhan, J. F. Dillon, Jr., L. R.
Walker, and J. V. Waszczak, Phys. Rev. B 25, 6739 (1982).

B]nternational Tables for X-Ray Crystallography (Kynoch
Press, Birmingham, England, 1974) Vol. 4, p. 288.

14C. D. Graham, Jr., J. Phys. Soc. Jpn. 17, 1310 (1962).

I5A. Arrott, Phys. Rev. 108, 1394 (1957).

16A. Aharoni, J. Appl. Phys. 56, 3479 (1984).

17W. C. Thoburn, S. Legvold, and F. H. Spedding, Phys.
Rev. 110, 1298 (1958).

1405



