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Modulations of the magnetic properties in synthetic rare-earth Gd-Y superlattices were ob-
served by magnetization measurements. The remanence and the saturation field show an oscilla-
tory dependence on the intervening nonmagnetic Y layer thickness, but not on the ferromagnetic
Gd layer thickness. The oscillation occurs with a periodicity of 7 atomic layers and extends over
a range of 20 atomic layers. The results are interpreted on the basis of coherent propagation of
the Ruderman-Kittel-Kasuya-Yosida interaction through the Y medium.

The synthesis of artificially layered materials has at-
tracted much attention in the last decade. Studies of nov-
el heterostructures tailored on length scales characteristic
of important physical interactions have led to the
discovery of many new physical properties.! In the case of
magnetic superlattices, most studies reported to date have
focused on the magnetic behavior at the interfaces be-
tween individual layers,>3 rather than on the long-range
and collective phenomena representative of the superlat-
tice as a whole.*> This is largely due to the fact that
many of the known magnetic interactions are of short
range, and do not extend beyond several atomic planes.
Earlier work on 3d magnetic superlattices such as the
Cu-Ni systems found no evidence for a modulation effect
on their magnetic properties. ¢

In comparison, the magnetic coupling in 4/ magnetic
rare-earth metals is relatively long range, and is mediated
indirectly through the conduction electrons in the so-
called Ruderman-Kittel-Kasuya-Yosida (RKKY) in-
teraction. Hence, magnetic superlattices containing mag-
netic rare-earth elements, e.g., Gd or Dy, alternating with
a nonmagnetic analog such as Y, would seem to be
promising systems for investigating the modulation effects
derived from a long-range interlayer exchange coupling.
Furthermore, previous studies have shown that rare-earth
Gd-Y superlattices can be fabricated with a high degree
of structural perfection and with well-characterized chem-
ical and magnetic structures at the interfaces.>’ There-
fore, the modulation effects can be readily explored by
simply varying the intervening nonmagnetic layer thick-
ness while maintaining a constant magnetic-layer thick-
ness.

In this Rapid Communication, we report the first obser-
vation of significantly modulated magnetic properties in
synthetic metallic superlattices. This is demonstrated by
magnetization measurements on several series of Gd-Y
superlattices where the remanence and the saturation field
show an oscillatory dependence on the Y layer thickness
with a periodicity of 7 atomic layers over a range of 20
atomic layers. The results are interpreted on the basis of
coherent propagation of magnetic correlations across the
nonmagnetic Y medium via the RKKY interaction which
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is enhanced by a peaklike structure in the Y generalized
susceptibility function. Furthermore, the product of the
wave vector at the maximum of this peak and the inter-
vening Y layer thickness determines the sign of the mag-
netic interaction between adjacent Gd arrays and, there-
fore, the resulting magnetic structure of the superlattice.

(Gdn,, — Yn,)m superlattices consisting of M succes-
sive bilayers of Ngq atomic basal planes of hcp Gd fol-
lowed by Ny such planes of Y were grown by the
molecular-beam-epitaxy techniques established for hcp
rare-earth elements.® The magnetization studies were
carried out at low temperatures by the Faraday method
(1.4-12.8 kOe), and vibrating-sample magnetometry
(0-15 kOe). The easy axis of the moment is in the plane,
and the coercive field is typically less than 100 Oe. Previ-
ous studies focused on the magnetization behavior of the
individual Gd array after reaching saturation.? The linear
rise of the in-plane moment o) with the applied field was
attributed to the nonferromagnetic interfacial Gd plane at
either side of the ferromagnetic region.’

In this work two series of superlattices were examined:
one consisting of Ngg=10=% 1 and Ny =6-24; the other
of Nga=4 and Ny=2-10. The results of the Ngq
=10 = 1 series will be discussed first. At low fields, there
appeared to be two different types of in-plane magnetiza-
tion, shown in Fig. 1 for T=12 K. In the following dis-
cussions two characteristic parameters are introduced for
describing the low-field magnetization behavior. The first
parameter is the saturation field H; at which oy no longer
rises rapidly as it approaches saturation, and Ao/AH be-
comes constant. The other parameter is the ratio of
o,/5(0), where o, is the remanence, and o(0) is the fer-
romagnetic moment at zero field, as determined by
extrapolating o) from H > H; back to zero field.> The
normalization of o, by o(0) removes the uncertainty in
determining the total sample volume. In one case,
represented by the (NggNy)y =(10,24)7¢ superlattice,
the saturation is characteristic of ferromagnetic Gd thin
films with weak magnetocrystalline anisotropy because of
the zero angular momentum and the spin-only moment.
The saturation field H; is consistently low, about 2 kOe,
and the ratio o,/0(0) is close to one. However, distinctly
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FIG. 1. The in-plane magnetization curves at 12 K for the
(10,10)25 and (10,24)+6 superlattices.

different behavior for the low-field magnetization is found
in the (10,10),,5 superlattice: The remanent moment o,
is exceedingly small, only about 10-15% of o(0). In ad-
dition, a much higher field of ~7 kOe is required to reach
saturation.

Further studies of the in-plane magnetization behavior
were carried out as a function of temperature. An
equivalent method of presenting the data is to plot mag-
netic moment versus temperature in a series of applied
fields (H,). Figure 2 shows the results for the (10,10) su-
perlattice, where H) is varied from 0.2 to 10.6 kOe. In-
stead of following the Brillouin function dependence of
ferromagnetic Gd thin films, for H, less than 7 kOe the
moments develop a broad maximum at temperatures
below the Curie point of 285 K. The occurrence of this
moment maximum shifts to lower temperatures with in-
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FIG. 2. The temperature dependence of the magnetic mo-
ment of the (10,10) superlattice in a series of applied fields.
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creasing field, indicating a higher H; at lower T. No evi-
dence for the field-cooling effect is found. In light of re-
cent neutron scattering studies,® the anomaly is now ac-
counted for by the formation of a long-range magnetic an-
tiphase domain structure. The spins of each Gd array lie
predominantly in the plane. The increase of moment
gained from the reduced thermal fluctuations at tempera-
tures below T, is compensated by an antiparallel arrange-
ment of the spins of the adjacent ferromagnetic Gd ar-
rays. Judging from the fact that H, increases with de-
creasing temperature, this antiferromagnetic correlation
becomes even stronger at lower temperatures.

The occurrence of the so-called ‘“‘antiferromagnetic”
behavior is not limited to the (10,10) samples, but is also
found in the (11,9) and (10,16) samples in the same
Ngg=10=*1 series, whereas the (10,6), (10,13), and
(10,20) samples exhibit simple ferromagnetic behavior as
in the (10,24) case. Studies were extended to another
series of superlattices with Ngq =4, and the data for mo-
ment versus temperature are shown in Fig. 3 for Ny =2,
3, 4, and 10. The (4,10) sample has essentially the same
magnetization behavior as the (10,10) sample except for a
reduced o(0) value, which arises from the reduction of
the density of the central ferromagnetic region in each Gd
array.? In decreasing Ny to 4 and 3, even a field exceed-
ing 12.8 kOe is insufficient to preserve the Brillouin-like
temperature dependence. Furthermore, the apparent
maximum in M vs T shifts toward higher 7T with decreas-
ing Ny, accompanied by a substantial loss of moment at
lower T. This suggests an antiferromagnetic order pro-
gressively more difficult overcome by the field. For
Ny =< 2, the fact that the relatively modest values of o,
and H; reoccur in the (4,2) sample implies a reversed
trend toward ferromagnetic coupling. Note that in these
samples of small Ny, interdiffusion near the interfaces
may cause the chemical modulation amplitude to be
significantly reduced below 100%. Nevertheless, present
magnetization data are both qualitatively and quantita-
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FIG. 3. The temperature dependence of the magnetic mo-
ment of the (4,2), (4,3), (4,4), and (4,10) superlattices in an ap-
plied field of 12.8 kOe.
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tively different from those expected for Gd-Y alloys of the
same average compositions,® or of compositionally modu-
lated Gd-Y alloys, e.g., Gdo7Yo3 alternated with
Gdo3Yo.7- ,

The modulation effect on the magnetic properties is best
demonstrated by the variations of o,/c(0) and H, with
Ny, plotted in Figs. 4(a) and 4(b), respectively. The in-
verse relationship between o,/0(0) and H; is evident.
Most strikingly, the data for both parameters are con-
sistent with a trend exhibiting an oscillatory dependence
on Ny for 2 < Ny < 20. The oscillation period is approxi-
mately 7 atomic layers, and the overall oscillation range is
about 20 atomic layers. Furthermore, this oscillatory
dependence of the magnetization on Ny is not limited to
two series of superlattices. The data shown in Fig. 4, in
fact, represent a much larger body of results obtained on
superlattices of different Ngg including 3, S5, and 20.
Varying Ngg, to first order, does not affect the oscillatory
trend qualitatively.

It is interesting to speculate on the nature of the funda-
mental mechanism governing the modulated magnetic be-
havior in the superlattices. The most appealing explana-
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FIG. 4. The oscillatory dependence of (a) o,/5(0), and (b)
H,, on Ny in two series of superlattices with Ng¢=4, and
Nga=10=* 1. The dashed lines are to guide the eyes. (c) The
calculated functional dependence of Jga-y(r) on Ny.
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tion that consistently accounts for the oscillatory depen-
dence is based on the picture of a long-range RKKY in-
teraction propagating coherently through the nonmagnet-
ic Y medium which then causes an effective coupling be-
tween the successive Gd arrays. This postulation stems
from the known properties of the diluted alloys of magnet-
ic rare-earth elements with Y. With the addition of low
concentrations of magnetic rare-earth ions to nonmagnet-
ic Y, a long-range antiferromagnetic in-plane helical or-
der is formed.’ The turn angle of the helix remains the
same regardless of the magnetic species added. In the
very dilute limit (~2%), the turn angle of the spiral is
50.4° per atomic layer. The formation of this long-range
magnetic order was attributed to RKKY coupling mediat-
ed by the conduction electrons of Y, with a wavelength
determined by the peak in the generalized susceptibility
Zy(g) of Y at gmax =0.28(27/c). 10

Based on this picture, an interpretation of the present
data is therefore made. The susceptibility function
XG4-y(q) of the overall superlattice is approximately some
average of the susceptibilities of the two components. The
peaklike structure at gmax in Xy(g) is expected to be
directly reflected in Xg4.y(g) and, therefore, in the ex-
change function Jgq.y(q), since Xg4(g) has a maximum
at ¢ =0. Consequently, the sign of the exchange interac-
tion function Jgq.y(r) will depend in an oscillatory way
on the Y layer thickness with a periodicity of ~7 atomic
layers corresponding to 27/gmax. An estimate for
JGa.y(r) vs Ny was made, and shown in Fig. 4(c).>!!
The calculation is for a simplified case of two monatomic
Gd planes separated by a Y layer of variable thickness.
Xca(q), originally responsible for propagating the indirect
RKKY coupling in Gd, is now replaced by Xy(q). The
calculated Jgq.y(r) approximates that of the superlattices
when only the nearest-neighbor exchange interactions
among Gd arrays are considered.

Since the exchange fields of the ferromagnetically
aligned Gd planes within each array are colinear in one
direction, the presence of a negative exchange interaction
between the adjacent Gd arrays produces an antiferro-
magnetic alignment (i.e., 180° apart) between these ar-
rays. This antiferromagnetically ordered structure corre-
sponds to a magnetization behavior of low remanence and
high saturation field. The interpretation is in good agree-
ment with the experimental observation of the periodic oc-
currence of the low o,/c(0) and high H, at Ny =3, 4, 10,
11, and 16. Note that a deviation from the expected
square-wave modulation exists in o,/c(0) vs Ny. In the
(11,9) and (10,16) samples, o,/0(0) is about 0.5, and the
antiphase domain spin structure was found in neutron
diffraction. Two possible explanations are proposed to ac-
count for such behavior. The first possibility considers
that Jgq.y(r) in such Ny range is of negative sign, but of
weaker magnitude, according to Fig. 4(c). After magneti-
zations at high fields, the spins of successive Gd arrays
may return, at zero field, to an arrangement of being cant-
ed symmetrically with respect to the field with an angle 6.
Here 6 could be approximately 60° to give a o,/c(0)
~0.5. The other possibility is based on the fact that Jgq.
y(r) changes sign rapidly near such Ny range. Minor
fluctuations in Ny readily resulted in coexistence of fer-
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romagnetic and antiferromagnetic alignments between
adjacent Gd arrays in the overall sample, hence given an
average remanence about 50% of o(0). Detailed analysis
of the polarized return diffraction data would resolve
these two different spin structures.

In addition, consistency was observed between the cal-
culated dependence of Jg4.y(r) on Ny and the experi-
mental data for Hy, since H; can be taken as a measure of
the exchange coupling strength between the Gd arrays.
The overall decrease of H; with increasing Ny follows ap-
proximately 1/r, again, consistent with the dependence of
the RKKY coupling in the one-dimensional case. More-
over, because of the finite width of the peak in Xy(q), the
interaction range of Jgq.y(r) is limited to be about 20
atomic layers, which is also supported by the data in Figs.

4(a) and 4(b).

In conclusion, this work has demonstrated for the first
time that the magnetic properties representative of syn-
thetic superlattices as a whole are modulated by arti-
ficially imposed periodicities. Further, novel magnetic
properties are expected to emerge continually, as studies
can now be straightforwardly extended to many other sys-
tems by introducing different species of magnetic and non-
magnetic components, and even nonperiodic layering se-
quences.
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