Magnetic structure in Dy/Sc superlattices
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We have investigated magnetic order in superlattices of Dy and Sc grown along the hep ¢ axis
by molecular beam epitaxy (MBE) techniques. Our neutron diffraction experiments reveal that
individual Dy layers order ferromagnetically below T',~ 150 K. The magnetic coherence length
along the growth direction is less than the Dy-layer thickness. Previous studies of rare-earth
superlattices with Y or Lu as spacer layers have shown that magnetic coherence propagates
through sufficiently thin nonmagnetic interlayers. This arises from the long-range exchange
interaction that originates from nesting features in the Fermi surface of the spacer material. The
lack of coupling in Dy/Sc superlattices reflects the very different Fermi surface of Sc, with much

weaker nesting than Y and Lu.

l. INTRODUCTION

Coherent magnetic properties of rare-earth superlat-
tices have been the subject of great interests since the early
1980s. This is in part the result of advances in materials
synthesis using molecular beam epitaxy (MBE), particu-
larly in thin-film growth of rare-earth metals.' Studies of
single-crystal superlattices of Dy with nonmagnetic Y or
Lu as spacer layers have produced a variety of interesting
magnetic structures.”® Two of the most striking results are
(1) that the Dy magnetization wave passes through many
sufficiently thin intervening spacer layers to form a coher-
ent magnetic structure along the ¢ axis; and (2) that the
magnetic phase diagram of Dy epilayers can be drastically
altered from that of the bulk material, depending on the
sign and strength of lattice strain and the degree of lattice
clamping. The observed long magnetic coherence length
along the ¢ axis in ¢-axis Dy/Y and Dy/Lu superlattices is
a consequence of the long-range exchange interaction be-
tween Dy moments through the conduction electrons,
which arises from nesting features in the Fermi surfaces in
the superlattices.* The suppressed or enhanced ferromag-
netic transition temperatures in the Dy epilayers of the
Dy/Y or Dy/Lu systems are driven by magnetoelastic en-
ergetics.>®

In this article we report results from the neutron scat-
tering and superconducting quantum interference
device (SQUID) magnetometry measurements on two
c-axis Dy/Sc superlattices, c¢-[Dyys 4|Scs il and
c-[Dyy4 518¢y; ilgs grown by MBE techniques. The 8%
lattice mismatch between Dy and Sc presents a unique
challenge in epitaxial growth’ that is discussed in Sec. IL
Sc is yet another nonmagnetic hep element with a conduc-
tion band similar to those of the Y, Lu, and other heavy
rare earths. However, these new Dy-based superlattices
show very different magnetic behavior from those of the Y
or Lu counterparts. The magnetic properties of the Dy/Sc
superlattices, such as layer-to-layer magnetic coherence
and spin arrangements, are discussed in Sec. ITL.
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li. SAMPLE GROWTH

The Dy/Sc superlattices were grown by MBE tech-
niques following a procedure similar to that used for Dy/Y
samples.” Sapphire substrates cut along the [1120] direc-
tions were used as the growth templates. A buffer layer of
1000 A (110) Nb was first grown at a substrate tempera-
ture of 900 °C. 1000 A of (0001) Sc buffer was then de-
posited at 600 °C, In order to minimize interdiffusion, the
superlattice was grown at 350°C, a temperature 50°C
lower than that used for the Dy/Y superlattices. The dep-
osition rate for the superlattice was reduced to about 0.2
A/s in an attempt to accommodate the large lattice mis-
match and low growth temperature. The conditions above
maintained the crystal growth within the “step-flow” re-
gime. The resulting superlattice has a crystal coherence
length of about 500 A along the ¢ axis, a mosaic spread of
about 1°, and the effective interdiffusion is limited to sev-
eral interface layers, as determined by x-ray Bragg scans.

The growing surface was monitored in situ by reflec-
tion high-energy electron diffraction (RHEED). Figure
1(a) shows a typical RHEED pattern from the surface of
a Sc buffer layer. The short, sharp streaks indicate a flat
surface with a lateral crystal coherence length > 300 A.
RHEED observation made during the superlattice growth
revealed that, for Dy on Sc or vice versa, the first mono-
layer of the heteroepitaxy was pseudomorphic and then the
strain was partially relaxed during the growth of the sec-
ond monolayer. From the second layer on, the lattice con-
stants in the growth plane stayed constant with a remain-
ing strain of more than 29 for each component. A typical
RHEED picture for a Sc surface during the superlattice
growth is shown in Fig. 1{b). The broader and longer
streaks with respect to that of the buffer layer correspond
to a lateral crystal coherence length of about 100 A.

lil. MAGNETIC RESULTS AND DISCUSSION

Neutron scattering experiments on c-fDy,s 5| Scag 366
and ¢-[Dy4 4]8cy; 3]ss were carried out on a triple-axis
spectrometer at the National Institute of Standards and
Technology Reactor. These experiments were designed to
probe the spin structure, its coherence, and the tempera-

© 1993 American Institute of Physics 6904



(a)

FIG. 1. Typical RHEED pictures for Sc surfaces along the [1120] azi-
muth: (a) diffraction from a Se buffer layer surface indicating excellent
surface and bulk crystal order, and (b) surface of Sc in a Dy/Sc super-
lattice. The somewhat longer and broader streaks in (b) reflect a slightly
shorter surface coherence.

(b)

ture and field dependences. Collimations of 40'-48'-48’
were used to produce a resolution of 0.03 A~! for longi-
tudinal scans. Scans along the c-axis growth direction,
namely (000/) scans, were performed near the (0002)
Bragg reflection. Figure 2 shows three such scans. In Fig.
2, superlattice sidebands are indicated by arrows, and the
{0002) nuclear peak at Q+=2.40 A~! of the Sc buffer
layer is shown as a reference.

8000
| Set0002)
N

FIG. 2. Neutron diffraction from ¢-[Dyas 3 |Scy i]es for scans along the
[oo02 ] dll’(‘s.tl()n (a) nuclear intensity at 160 K showing five structural
superlattice sidebands and (0002) Sc reflection from the buffer layer; (b)
zevo-field scan at 10 K showing the short-ranged ferromagnetic order
along the growth direction that is indicated by the thick line underneath
the unchanged structural superlattice peaks; and (c¢) zero-field-cooled
sean at 10 K, at a 60 kQOe field applied along the a axis showing the
magnetic superlattice intensities on top of structural peaks, indicating a
coherent ferromagnetic order with vanishing short-ranged order. Scans
{b} and (c) are each displaced by 2000 and 4000 counts for clarity. Lines
through the data points are Gaussian fits, and arrows indicate superlattice
reflections.
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Structural intensity of the superiattice was measured at
high temperatures, as shown in Fig. 2(a). The superlattice
peak widths coincide with the instrumental resolution.
This indicates a structural coherence length >200 A,
which is consistent with the x-ray data. At low tempera-
tures additional ferromagnetic intensity was observed as a
single broad peak under the superlattice sidebands near
Q+=2.24 A~!, while the intensities of the superlattice
peaks remained constant, as illustrated in Fig. 2(b). No
basal plane spiral was evident within the temperature range
of the experiments. Instead, ferromagnetic transitions oc-
cur at T'.=147 K for ¢-[Dy,s z|Scio zles and 77.=100 K
for c-[Dyy4 4|Scay ilgs, which are much higher than the
bulk value of 85 K.* Furthermore, these samples do not
order above T, even through the bulk helimagnetic transi-
tion temperature of ~ 180 K.* For ¢-[Dy,s 4 |Scao A](,G, the
width of the ferromagnetic peak is about 0.35 A™! just
below T',, and gradually reduces to about 0.26 A~" at 10
K, with an uncertainty of 0.04 A~', The widths corre-
spond to a ferromagnetic coherence length along the ¢ axis
of 18+2 A just below T, and 24+3 A at low tempera-
tures. Thus the ferromagnetic coherence is slightly less
than the Dy-layer thickness of 25 A below T, and extends
over each individual Dy layer at low temperatures. Similar
behavior is also observed in ¢-[Dyy, 4 18c;, 4lss. Therefore,
spin coupling between neighboring magnetic layers
through the Sc interlayers as thin as 21 A appears negligi-
ble. The observed magnetic intensity at zero field corre-
sponds to isolated thin ferromagnetic Dy layers. The in-
tensity of the ferromagnetic peak, on the other hand,
increases with decreasing temperature, which corresponds
to the increasing polarization expected for ferromagnetic
order.

Field-dependent neutron scattering experiments were
also performed. The magnetic field was applied along the @
axis in the growth plane to align the spins in the different
Dy layers. As the field increases, the intensity of the broad
ferromagnetic peak is transferred to the superlattice side-
bands. The observed magnetic intensities superposed on
the structural superlattice peaks correspond to a coherent
ferromagnetic spin structure along the ¢ axis as the Dy
moments are aligned by the applied field. Figure 2(c)
shows a neutron scan at 10 K with a high field of 60 kOe,
in which the coherent ferromagnetic intensities are satu-
rated, while the broad ferromagnetic peak nearly vanishes.
The widths of the coherent ferromagnetic peaks coincide,
as expected, with the instrument resolution because the
magnetic coherence extends over the entire sample.

Complementary bulk magnetization measurements
were performed using a commercial SQUID magnetome-
ter. Figure 3 shows the temperature dependence of the
field-cooled and zero-field-cooled magnetizations for
¢-[Dy,ys 2)Scao iles with fields applied along and perpen-
dicular to the ¢ axis. There is no observable differences
between the a- and b-axis magnetizations, so the results for
the a- or b-axis fields are presented together as basal plane
results. The onset of irreversibility coincides with the de-
velopment of basal plane ferromagnetic order at T ,==147
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FIG. 3. Temperature dependence of the field-cooled (open circles) and
zero-field-cooled (closed circles) magnetizations for ¢-[Dyss 5S¢40 alee:
(a) 10 Qe field applied perpendicular to the ¢ axis, and (b) 100 Oe ficld
applied along the ¢ axis,

K. The paramagnetic Curie temperatures 0,, determined
from magnetization above T, along and perpendicular to
the ¢ axis are 40 and 140 K, respectively. The disparities in
magnetization and in 6, between the two directions are
both consistent with basal plane order. Field-dependent
hysteresis loops were also measured for fields applied along
various symmetry directions. Figure 4 shows two of such
loops at 15 K. The initial basal plane zero-field-cooled field
dependences are identical to those obtained from neutron
scans with a gradual approach to saturation. At 15 K, the
coercive field and remanent magnetization in the basal
plane are about 10 kOe and 120 emu/g, respectively. Since
the Dy layers are magnetically isolated, the bulk field de-
pendence determines the anisotropy of the individual Dy
layers.

The large enhancement of T evidently arises from par-
ticular structural features of the superlattice, namely from
the large strain and strong lattice clamping. It is well es-
tablished for bulk Dy that the available magnetoelastic en-
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FIG. 4. Hysteresis loops for ¢-[Dys i |Scy ales at 13 K for fields applied
perpendicular (circles) and parallel (diamonds) to the ¢ axis.
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ergy from the tetragonal distortion, in addition to the crys-
tal field anisotropy, gives rise to a first-order ferromagnetic
transition.® In the Dy/Sc superlattice, a tetragonal distor-
tion more than an order of magnitude larger is provided by
the Sc and this probably causes the greatly enhanced 7.
The observed large saturation and coercive fields, the
strong field-cooled zero-field-cooled irreversibilities, the
lack of difference between the a- and b-axis responses, and
the small remanent magnetization all point to the presence
of an unusually strong and spatially dependent anisotropy
field that rigidly “pins” the ferromagnetic domains. These
features could be associated with interfacial alloying and
dislocations in the superlattices,>>®

The lack of interlayer magnetic coherence in the
Dy/Sc superlattice reported here suggests that the nesting
of the Fermi surface in Sc is much weaker than that in Y
or Lu. This is consistent with results from bulk Sc-based
alloys.” However, the observed large and randomly distrib-
uted anisotropy field, which corresponds to a saturation
field of > 50 kOe at 15 K, might overwhelm the much
weaker interlayer exchange energy'® and lock the individ-
ual ferromagnetic layers into randomly distributed do-
mains.

In summary, we have studied magnetic order in Dy/Sc
superlattices grown along the hep ¢ axis. Our neutron dif-
fraction and SQUID magnetometry experiments on
c-[Dyas 4]Scqg 3les and c-[Dyyq 4|Scyy alss reveal that in-
dividual Dy layers in the two superlaitices order ferromag-
netically at T',=147 and 100 K, respectively. These values
are greatly enhanced from the value for bulk Dy of 85 K.
No observable magnetic coherence is transmitted through
the Sc interlayers as thin as 21 A. A large isotropic basal
plane anisotropy field was observed which may contribute
to the negligible interlayer magnetic coherence.
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