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Two samples of Dy-Y superlattices produced by molecular-beam-epitaxy techniques are shown by
neutron diffraction to order magnetically in a helix which is incommensurate with the bilayer thick-
ness. One sample consists of 64 bilayers, each bilayer made up of about 15 growth planes (42 A) of
Dy atoms followed by 14 planes (38 A) of Y atoms. The second sample has 90 layers, each layer con-
sisting of 9 Dy atomic planes and 8 Dy, sY, s alloy planes. The phase coherence of this ordering ex-
tends over several bilayers, and is especially striking in the sample where the layers of localized Dy
spins are separated by 14 atomic planes of nonmagnetic Y. The fact that the helix chirality propa-
gates across several bilayers rules out a simple scalar Ruderman-Kittel-Kasuya-Yosida coupling be-
tween the Dy planes on either side of an Y layer, but suggests instead that a helical spin density wave
is induced in the Y conduction electrons. A simple model for the superlattice structure factor
demonstrates that observed asymmetries in the magnetic diffraction-peak intensities can be ascribed
to the existence of different magnetic modulation wave vectors in each layer type (Dy and Y). In
these superlattices the strain clamping by the intervening non-Dy layers and the substrate suppresses
the first order ferromagnetic transition found in bulk Dy in both zero and finite fields. Although the
planar magnetostriction is clamped, it is observed that the application of a magnetic field in the basal
plane produces at low temperatures a second order irreversible transition to a metastable ferromag-
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netic state.

At high temperature the magnetization process is initiated by a reduction of the helical

coherence length due to a random-field coupling to the uncompensated Dy layer moment. This al-
lows us to estimate the strength of the interaction through the Y layers.

I. INTRODUCTION

Recent advances in the technologies required to
manufacture superlattices and multilayers have not only
greatly expanded the control of materials properties, but
just as significantly opened new avenues for the investiga-
tion of microscopic interactions. For many superlattices
interdiffusion can now be limited to be between only two
growth planes, so that one has nearly arbitrary control
over the stacking sequence of atoms. These sharp chemi-
cal boundaries provide an ideal milieu for studies of
dimensionality and interface effects, and the control of
layer thickness makes it possible to study the details of in-
teractions propagating through the interlayers. The
present paper focuses on rare-earth magnetic interactions
by studying single-crystal rare-earth-metal superlattices
grown by molecular beam epitaxy (MBE).!'? We present
results principally on a sample consisting of 64 bilayers,
each bilayer made up of approximately 15 growth planes
(42 A) of Dy atoms followed by 14 planes (38 A) of Y
atoms. Its designation is then [Dys | Y 4]es (sample A).
The stacking sequence of the second sample,
[Dys | (Dyo.5Y0.5)s]o0 (sample B), is 9 planes of Dy fol-
lowed by 8 planes of Dy, 5Y, 5 alloy.

In bulk dysprosium the localized 4/ magnetic moments
order in an incommensurate helix below a Néel tempera-
ture of 179 K with ferromagnetic alignment of the mo-
ments in each basal plane and successive planes along the
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crystallographic ¢ axis rotated by the turn angle w. Below
85 K the gain in magnetoelastic energy of the ferromag-
netic state compared to the helical state>* drives a phase
transition to a ferromagnetic state (0=0°). The helix
wavelength increases smoothly from about 25 A (0=43)
at the Néel temperature to about 40 A (=27 ) just above
the first-order collapse to the ferromagnetic state. Yttri-
um is chemically and structurally very similar to dyspro-
sium but is nonmagnetic (no 4f electrons).

Neutron-diffraction measurements show that the super-
lattice [Dy;s]| Ysles develops helimagnetic order below
about 175 K as in bulk Dy. Remarkably, ,the phase
coherence of this order extends across the 38-A layers of
nonmagnetic Y.>¢ The measured magnetic correlation
range is greater than 370 A or at least 5 bilayers. Similar
observations of long-range magnetic order have been re-
cently obtained in Y-Gd superlattices.>’ Helical order
also occurs in dilute Y-Gd (Ref. 9) and Y-Tb (Ref. 10) al-
loy crystals, but at much lower temperatures. We note
that to achieve a 40-A interaction length in dilute alloys
would require a concentration below 400 ppm. The
present measurements thus provide strong evidence for an
incipient conduction-electron spin-density wave in crystal-
line Y, which is then stabilized by the proximity of local
moments.

A separate section of this paper is devoted to the field
dependence of the magnetic state in these two multilayers.
Those measurements show that the transformation to the
field-induced ferromagnetic state is second order, but that
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it becomes irreversible at low temperatures where basal-
plane anisotropy provides an increased barrier to spin re-
orientation. At high temperatures the initial magnetiza-
tion process is accompanied by a reduction of the helix
coherence to a single Dy layer as the external field couples
to the uncompensated Dy-layer moment in a random-field
fashion.

II. SAMPLES AND EXPERIMENTS

The key to the growth of these superlattice structures is
the discovery' that Y grows epitaxially on a Nb(110) sur-
face, thereby avoiding the reactivity of rare-earth elements
with the sapphire substrates. To produce these samples,
1500 A of Nb was first grown on (1120) sapphire at
1000 °C in an ultrahigh-vacuum MBE chamber (base pres-
sure <1077 torr). About 500 A of Y and subsequently
the Y-Dy samples were grown over a 1 -cm? area of the
Nb(110) at 320°C at a rate near 0.5 A/s. The crystallo-
graphic ¢ axis of the hexagonal-close- packed rare-earth
elements was perpendicular to the growth planes. At
room temperature the lattice parameters are cy =5.740 A
and ch—S 655 A, while there is about a 2% lattice
mismatch in the basal plane. This does not prevent the
epitaxial growth of coherent crystalline superlattices. The
Y and Dy sources were temperature-controlled effusion
cells with computer-controlled shutters. A mass spec-
trometer monitored the growth rate and reflection high-
energy electron-diffraction (RHEED) patterns confirmed
the quality of the epitaxial growth. The sample quality,
as will be shown in the neutron-diffraction data, is that of
a good single crystal with an effective mosaic spread with
respect to the crystallographic ¢ axis of about 0.5°.

The number of planes of atoms per bilayer is deter-
mined from the neutron diffraction to be 28.3+0.1 for
sample A and 17x1 for sample B. Since an absolute cali-
bration of the deposition rates has not been made, it is not
surprising that noninteger values are obtained. We also
obtain the individual layer thicknesses from the neutron-
diffraction data as 14.8+0.2 atomic planes of Dy and
13.5+0.2 atomic planes of Y for sample A. Sample A
consisted of 64 bilayers (= 5000 A), while sample B was
90 bllayers thick (~4300 A). The surface areas were 1
cm? for sample B and 0.5 cm? for sample A, so that the
total sample volumes were 0.043 and 0.025 mm?, respec-
tively.

Neutron-diffraction studies were performed at the
National Bureau of Standards Reactor on a standard
triple-axis spectrometer. The (002) reflection of pyrolytic
graphite (PG) was used to produce a monochromatic in-
cident beam of neutrons at a wavelength of 2.4616 A
(13.5 meV incident energy). A 2-in.-thick PG filter was
oriented in the incident beam to remove the higher-order
(00)) reflections. A PG(002) analyzer crystal was also em-
ployed in the elastic-scattering position after the sample to
significantly improve the signal-to-noise ratio. Typically,
Soller slit collimators with full-width divergence angles of
40'-25'-25'-40" were used before the monochromator, sam-
ple, analyzer, and detector, respectively, providing instru-
mental wave-vector resolution along [000/] of
AQ;=0.022 A~' and transverse resolution of
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AQ,=0.002 A" Since the ¢ axis was perpendicular to
the growth planes and the magnetic structure is also
modulated along the ¢ axis, the neutron-diffraction experi-
ments were preformed in reflection geometry along the
[000/] direction. Some scans transverse to [000/] were
also performed by rocking the sample with the scattering
angle set to an observed [000/] peak to measure the
effective sample mosaic widths.

For the zero-field experiments the samples were
thermally anchored with vacuum grease to an aluminum
plate and then mounted on the cold finger of a
controlled-flow cryostat. The temperature could then be
regulated between 300 K and 5 K with a precision of 0.1
K. Care has been taken to align the samples using the su-
perlattice Bragg peaks instead of the much stronger sub-
strate peaks, since the registry between the substrate and
the superlattice may not be perfect. Field-dependent stud-
ies were performed by similarly mounting the samples in
a cryostat which was then lowered into a Nb-Ti split-
vertical-coil superconducting magnet where the field in
the basal plane could be varied from O to 70 kOQe.

III. SUPERLATTICE STRUCTURE-FACTOR
CALCULATION

A. Lattice and magnetic phase mismatch

It is usually the case that corrections for absorption, ex-
tinction, and scattering geometry (Lorentz factor) must be
considered when translating observed Bragg-peak intensi-
ties into values for the structure factor. However, as
shown by Bacon,!! for crystals on the order of 1000 A
thick the reflectivity of neutrons is typically on the order
of 1%, so that extinction will be negligible. Also, the
linear absorption coefficient for 2.5-A neutrons in Dy is
45 cm~ !, so that the absorption of neutrons passing
through 2500 A of Dy is only 0.1%. Under these condi-
tions it is well known'?!? that the intensity obtained by
integrating a longitudinal wave-vector scan through a
given Bragg reflection is proportional to F?(Q)/siné,
where the quantity F2(Q) is the structure factor for the
reflection and sin@ is the appropriate Lorentz factor in the
case that the sample is fully bathed in the incident beam
(20 is the scattering angle). When the mosaic of the sam-
ple crystal is large compared to the instrumental resolu-
tion there are additional small corrections'? which are
again straightforward.

We shall calculate the superlattice structure factor be-
ginning from the differential neutron cross section with
nuclear and magnetic terms:

dQ 27(Q)= > exp(iQ-r)b, ]2+

r

| S exptiQrp,

(1

The vectors r denote the positions of the atoms in the
crystal, while b, is the nuclear-scattering amplitude of
that atom. When the magnetic moments are perpendicu-
lar to Q, as in the present experiments, the effective mag-
netic scattering amplitude can be expressed as
p,=0,/,(Q)S,, where o, =0.2695%x10"' cm and
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f,(Q) is the magnetic form factor for the moment S, (in
Bohr magnetons) at site r.

In this paper we are only interested in the scattering
along the [000/] direction, so that the calculation of the
cross section can be restricted to one dimension (with a
possible configurational average across the basal plane).
Then with only the assumption that the bilayer thickness
(L) is uniform, the atom positions along the ¢ axis can be
expressed as r(m,n)=mL +z(n), where m indexes the bi-
layer in which the atom resides and z(n) is the relative
position along the ¢ axis of the nth atom within the bi-
layer. Thus z(N;)=L for a bilayer of N, atomic planes.
Since the nuclear amplitudes have the periodicity of the
bilayer, the nuclear part of the cross-section factors as

da

dQ(Q)

o« Shuc(Q)

nuc
2 e imQL
m

2 [Eein(n)b” ]2 . (2)

n

The first factor corresponds to the usual Bragg 6 function,
producing peaks at the bilayer reciprocal-lattice vectors
Q=7,.=1127/L) for integer I with peak full widths at
half maxima (FWHM’s) of approximately 27/(NL),
where N is the number of bilayers which scatter coherent-
ly (N is less than or equal to the total number of bilayers
in the sample). The second factor is the nuclear structure
factor F2,.(Q) for the bilayer unit cell.

In the case of the magnetic scattering, the effective mag-
netic scattering amplitudes do not necessarily have the
periodicity of the bilayer (incommensurability). Those
amplitudes can quite generally be expressed as
pim,n)=p, {Xcos[m®+¢(n)]+ysin[md+d(n)]} . ()
In this notation the total phase shift of the helix across
each bilayer is ® and the phase shift at site » with respect
to the start of each bilayer is ¢(n), so that ®=¢(N, ).
Since the magnitudes p, of the effective magnetic scatter-
ing amplitudes do have the periodicity of the bilayer, the
magnetic part of the cross section splits into two terms:

do

dQ(Q)

< Smag(@)+Smag( — Q) , 4

mag

where the magnetic scattering function is

Smag(Q)z% zeim(QL +®) }2 [2 ei(Qz(n)+¢(n))Pn 2 . (5)
m

n

The magnetic Bragg peaks are located at Q=7,,,—®P/L
and Q=7p,c+P/L for Sp,,(Q) and Spu(—Q), respec-
tively [recall that 7,,.=/(27/L)]. Thus these two sets of
magnetic peaks are separated from each other by 2®/L.
Since QL in Eq. (2) is replaced by QL +® in Eq. (5), the
FWHM of the magnetic Bragg peaks must be greater than
the FWHM of the nuclear Bragg peaks. That is, the mag-
netic coherence length is limited by the phase coherence
as well as the chemical coherence. The second factors in
Snag(Q) and Sy, (—Q) are the respective magnetic struc-
ture factors, anag(Q) and anag( —Q). Note that these re-
sults are only dependent on ¢ modulo 27.

In order to calculate the structure factors, we shall ini-
tially assume sharp interfaces and uniform layers for the
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RARE EARTH SUPERLATTICE STRUCTURE

bilayer
P ~FNg (g(omic planes) —
- [ d, (A/plane) =
- Y :mu (radians/plane) _} B
- [—bg,pg (scatt. amp.) —]
- L
R < Dy A
o ) [
Y [0002] }~500 A e
o]
Nb [110] }~1500 A repeat N times
sapphire
(1120]
substrate
FIG. 1. A schematic of rare-earth-metal superlattices is

shown, introducing the notation used in the text. Each bilayer
consists of N4 atomic planes of type-A (e.g., DY) atoms and Np
atomic planes of type-B (e.g., Y) atoms. The rectangle-wave
modulated interplanar spacings and turn angles are d 4, dg, w 4,
and wp. The total bilayer thickness is L.

superlattice. That is, we have rectangle-wave modulation
of the constituent concentrations, lattice spacings, and
magnetic phase shifts. The postulates of the model are il-
lustrated in Fig. 1. The N coherent bilayers of the sample
each consist of 4 and B layers, which, in turn, are made
up of N, and N atomic planes, respectively, with
N, +Ng=N,. The atomic planes in 4 and B are
separated by d spacings d 4 and dg. The coherent nuclear
scattering amplitudes are b, and bg. The magnetic mo-
ments are S, and Sz. We also allow for the possibility
that the magnetic phase shifts between atomic planes are
different in the two layers by defining separate magnetic
modulation wave vectors «k 4 and kp.

To illustrate the main features, we can assume the ex-
treme contrast case where the B-layer scattering ampli-
tudes (bp and pp) are zero, but allow the magnetic wave
vectors k 454Kg. In a given bilayer the atoms which con-
tribute to the observed scattering are positioned along the
¢ axis at z(n)=nd 4, where n =[0, N ;, —1]. The relevant
magnetic phase shifts also index as ¢(n)=n«,d ,, with
the total bilayer phase shift given by ®=N 4k ,d,
+Ngrpdp. In this simple rectangle-wave model the
scattering functions can be written in closed form'* as
sin*(NQL /2) sin*(N40d 4/2) ©
sin2(QL /2)  sin®(Qd ,/2)

Snuc(Q):

_ Sin’[N(QL +®)/2]
sin?[(QL +®) /2]
sinz[NA(Q-f-KA )dA /2]
ip2 . (7)
sin?[(Q+k 4)d /2]

Stmag(Q)

We have not written out Sp,,(—Q) since it is identical to
Eq. (7) with Q replaced by —Q. The first factors in Eqgs.
(6) and (7) are the Bragg terms discussed previously, and
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the second factors are the unit-cell structure factors
FXQ). F%,.(Q), Ffmg(Q), and F,Znag(—Q) have peaks at
Q=I1Q2m/d,), I2w/d, )—k,, and [(27w/d 4)+kK ,, TeE-
spectively, for integer /. The FWHM of these peaks is ap-
proximately 27 /(N 4d 4), so that L /(N 4d 4)+1 of the
nearby superlattice Bragg peaks will have a considerable
intensity (see Fig. 2).

Provided that the coherence length of the superlattice is
much larger than a single layer thickness, the superlattice
Bragg peaks will be much narrower than the structure-
factor peaks. Thus the observed intensity maxima will be
at the Bragg positions with integrated intensities propor-
tional to the product of the structure factor evaluated at

SUPERLATTICE STRUCTURE FACTOR

0 6 12 18
! | ! | K | ! T 1 T

nuclear NA=6 L/dA=12.2

1 1
®,/2n=3.0

o/2n=4.4

[

magnetic

0 6 12 18
QL/2n

FIG. 2. A visualization of the superlattice structure factors.
The sharp spikes are the superlattice Bragg peaks spaced at in-
tervals of 27 /L, while the curve defines the structure-factor en-
velope. The calculated values of the structure factor are ob-
tained at the intersection of the envelope with the Bragg peaks.
Lattice mismatch shifts the peak of the envelope function away
from a Bragg position, resulting in asymmetry of the superlattice
satellite intensities. Note that the relationship of the magnetic
Bragg peaks to the magnetic structure-factor envelope is different
from the nuclear case. This results in a different asymmetry of
the magnetic satellite intensities.
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the Bragg positions and the corresponding Lorentz factor.

This simple model demonstrates that lattice mismatch
along the ¢ axis (L /d 4 is not an integer) causes the struc-
ture factor to peak at a Q different from any superlattice
Bragg peak position, which results in the asymmetry of
the observed intensities.'* This is illustrated in Fig. 2.
Note that the intensity asymmetry for the S(Q) and
S(—Q) groups of magnetic peaks are, in general, different
unless the total bilayer phase shift satisfies ®=«, L
modulo 27 (or, equivalently, x , =kz modulo 27 /L). If
® =« 4L, the two groups of peaks are simply shifted along
the Q axis from one another by 2k 4.

Provided that the lattice mismatch is sufficiently small,
we can obtain the number of atomic planes per bilayer
from the position of the most intense nuclear Bragg peak.
If we assume an integer number of atomic planes per bi-
layer then the primary Bragg peak position is given by
I(2w/L), where [ is an integer. For small lattice
mismatch this must be near the peak in the nuclear struc-
ture factor, which we write as 27 /{(d ). It is easy to show
that the structure factor peaks at a position which corre-
sponds to a weighted average of the d spacings in layers A
and B. Thus (d) is between d , and dp and is given to a
good approximation by (d)=L /N;. Since ! and N,
must be integers, this immediately implies that /=N, and
To=N;(2mw/L). A similar argument using an extended
unit cell shows that this remains true when N, is nonin-
teger.

B. Effects of imperfect rectangle-wave modulation

At this point we consider modifications to the above
model in order that we might make reliable inferences
from our data analysis. In particular, perfect rectangle-
wave concentration modulation is removed in a real su-
perlattice by diffusion and island formation at the inter-
face during the crystal-growth process (HEED measure-
ments suggest that island formation is minimal in the
present superlattices). Even without diffusion the d spac-
ings are expected to modulate smoothly,'>1® and without
diffusion or strain modulation the band structures might
still be expected to obtain some gradual transition from
one layer to the next. We cannot measure the infinite
number of Fourier components necessary to extract
directly the real-space modulation functions, so we resort
to a model for the interface. The simplest way to include
these imperfections is to write the rectangle wave in terms
of its Fourier components and to include a damping fac-
tor. Thus we write the concentration modulation for
layer-4 atoms as a diffusion-equation solution (with o
equivalent to a time variable),

(n,q)= 4
C4q n,a—NL
1 & _am2l | . |2mm .
+1Tm2:16 | sin N, (n—;)y
— sin ZEZ"(n_;_NNH
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The rectangle wave corresponds to a value of zero for the
parameter «, and as a approaches infinity complete
diffusion is reached. This choice of parametrization has
the recommending features of preserving the superlattice
periodicity and conserving the number of atoms of each
layer type. Note that here n is a site index, so that the in-
terfaces correspond to values of + and L +N 4. This form
of the concentration modulation allows us to write the
effective coherent scattering amplitude at each unit cell
site as

b,=c n)b4+[1—c,(n))bg . 9)

This expression can easily be generalized to the case that
there are binary alloys in each layer, and an identical ex-
pression can be obtained for the p, (replacing b by p

everywhere). In an analogous fashion, we write the d-
spacing modulation as
. L 1
di,f)=—"+—(d,4—dp)
NL o
® 2mm
—Bm ZL . i
X m{,l e | sin N,
.| 2mm
— sin N, (i—N ||,
(10)
and the magnetic phase shift per atomic plane as
. P 1
wli,y)= N_L +;(wA —wg)
had —ym? 1 . 27Tm,
X m2:'1 e o | sin N,
—sin (i—N,)
L
(11)

In Egs. (10) and (11), i is an interval index with the inter-
faces centered at intervals numbered zero and N ,. Note
that again these expressions have the superlattice periodi-
city, and for all values of the modulation parameters 3
and y the bilayer thickness and total phase shift across
the bilayer are conserved. Obviously d 4, dp, w 4, and wp
are the d spacings and turn angles in the case of
rectangle-wave modulation. The generalized expressions
for the unit-cell atom positions and phase shifts are then
n—1
z(n,B)= 3 d(i,B) with z(N,,B)=L (12)
1

i—0

and

n—1

dn,y)= 3 wli,y) with ¢(N,,y)=P . (13)
i=0

Alternatively, one could define a magnetic wave vector on
each interval equivalent to «(i)=w(i)/d(i). The present
parametrization is simpler, however, since the total phase
shift @ is determined only by the observed magnetic peak
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positions and not their intensities. A representation in
which @ is conserved is then ideal for our purposes.

The above formalism can be extended readily to super-
lattices with noninteger numbers of atomic planes by sim-
ply extending the unit cell for the structure-factor calcula-
tion an integer number of times until the total number of
planes is an integer (e.g., the multiplicative factor is 6 for
sample A, since 6Xx28.33 and 6X13.5 are nearly in-
tegers). This extension retains the conservation of total
bilayer phase shift and bilayer thickness. Note, however,
that noninteger Bragg indices must be used.

In summary, these calculations show that observed
peak positions will determine the bilayer thickness L, the
total magnetic phase shift across the bilayer, ®, and the
total number of atomic planes per bilayer. The remaining
parameters which can be determined by the relative peak
intensities are d 43 =d 4 —dp, © 454 =0 4 — g, the sizes of
the magnetic moments, and the modulation parameters «,
B, and y. The relative intensities of the main nuclear
peak and its satellites are dominated by d 5, while the
relative magnetic peak intensities are likewise most sensi-
tive to w 45. The modulation parameter which will have
the most significant effect on the results of the data
analysis is a (concentration). Since the number of atoms
is conserved, the effect of diffusion is to reduce the satel-
lite intensities while leaving the primary peaks unchanged
(the width of the structure-factor envelope decreases).
The satellite intensities are thus converted into incoherent
scattering.

IV. ZERO-FIELD DIFFRACTION
A. Nuclear intensities and coherence range

The [000/] scans for samples A and B are shown in
Figs. 3(a) and 3(b), respectively, for a range of tempera-
tures. The most prominent feature in the data is the ap-
proximately temperature-independent primary nuclear
Bragg peak (7y) at a wave-vector transfer (Q) of about
222 A~'. A second nuclear Bragg peak at a slightly
higher Q appeared in some of the scans for sample A, and
has been subtracted from the data producing the enlarged
error bars observed in the figure. This second peak is not
due to the sample and is tentatively identified with the Y
substrate layer or some other rare-earth impurity phase.’
It appears in the data at a Q value about 3% higher than
expected for bulk Y. The intensity of this peak is ostensi-
bly a function of the crystal-orientation procedure on the
spectrometer (and/or time). In fact, in one of the data
sets this peak is entirely absent. A similarly positioned
though much less intense peak is found in sample B,
where it has not been subtracted since it does not obscure
any other relevant peaks.

It is possible to obtain considerable information from
the raw data before proceeding to a detailed analysis of
the peak intensities. The peak positions and widths alone
are sufficient to obtain the bilayer thickness (L), the total
magnetic phase shift across the bilayer (®), the number of
atomic planes per bilayer (N, ), and the nuclear and mag-
netic coherence lengths. The nuclear coherence length
along the superlattice growth direction (¢ axis) is deter-
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mined from the intrinsic width of the primary nuclear
Bragg peak. Using 40'-25'-25’-40" collimators the instru-
mental Gau351an FWHM at the nuclear Bragg position is
AQ,;=0.022 A~ (mdependent of any sample mosaic be-
cause of the symmetric collimators). This value is
confirmed by measuring the instrumentally limited width
of the sapphire [1120] peak in the same scan. Fitting the
observed Bragg peak gives a Gaussian FWHM of
AQ,;=0.0250 A~ (for both samples), so that the decon-
voluted intrinsic linewidth is AQ,=0.015 A~'. Follow-
ing Scherrer,!” the correlation range or crystallite width is
then approximately 27/AQ; =420 A.

As our model calculation in Sec. III shows, there
should exist a series of nuclear satellites of the main
Bragg peak at Q mtervals of 27/L. The nuclear satellite
at higher Q (2.3 A~") than the primary Bragg peak is
clearly visible in sample A, although the corresponding
satellite at lower Q (2.14 A~") cannot be easily dis-
tinguished. This strong asymmetry of the nuclear satellite
intensities is also observed in earlier x-ray-diffraction data’
for this sample, and, as our model calculation in Sec. III
shows, is a consequence of the lattice mismatch along the

40
(Dy45(Y14l64 (@

321

N
H

-
o

Intensity (relative units)

Q,(A-1)
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¢ axis between the Dy and Y layers. The nuclear-
scattering -amplitude contrast is not great enough in sam-
ple B, where the layers are Dy and Dy, sY,s (bp,=1.71
and by =0.775 in units of 10~ !2cm), to make the satel-
lites visible in the diffraction scan.

As we have remarked above, when the lattice mismatch
is reasonably small, the position of the primary nuclear
Bragg peak is 7o=N; (27/L). Dividing 7, by the satellite
separation then yields N;. For example, at 80 K in sam-
ple A we obtain 7,=2.217 A~! and 27/L =0.0784
+0.0003 A‘l, so that N; =28.2. We have repeated this
calculation for all the sample-A data to obtain an average
of 28.3+0.1 atomic planes. The difficulty of observing
superlattice-modulation peaks for sample B prevents such
an accurate determination (except in the field-induced
remanent state described below). The determination of in-
dividual layer thicknesses is described in the field-
dependence section below. Note that it is quite reasonable
to obtain noninteger numbers of atomic planes per bilayer,
since the shuttering is controlled by the amount of each
element deposited rather than the completion of the indi-
vidual epilayers.

80
(b) [Dysl(Dy Y)glog
64 |
160K . ...
481 155K . oo

2]
N
-t
H
=]
x
i
»

| 150K -~ . i
. /\\

Intensity (relative units)

- A
130K " N «-,m-// ‘\ e — ]
’ =
. | N
161 BOK // \ d \__

{ ;

40K ____ /,' Y B Loy S a\
t ~

o L10K f AL ' ‘1‘ L 4'/\

1.8 20 2.2 24 2.6

Q,(A-")

FIG. 3. The [000/] scans are shown for samples A and B in zero field. The curves through the data are Gaussian fits from which
the superlattice structure factors are derived. The magnetic sate]hte mten51ty increases with decreasing temperature and the peak posi-

tions move toward the primary nuclear Bragg peak (0002)=

222 A

~'. This is the same behavior found in the helimagnetic phase of

bulk Dy, although no long-range ferromagnetism is observed in the superlattices down to 10 K. In sample A the first peak at higher Q
from the (0002) is the first-order nuclear satellite deriving from the superlattice modulation of the nuclear scattering amplitude. Super-
lattice modulation of the helimagnetic satellites is also observed in sample A, indicating magnetic phase coherence through the magnet-
ically “‘dead” yttrium layers across about four bilayers. The peak intensities are controlled by lattice and magnetic phase mismatch in

the separate layers as described in the text.
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FIG. 4. The average interplanar spacings along the ¢ axis are
obtained from the position of the primary nuclear Bragg peak.
The temperature dependence in the superlattice is a weighted
average of the behavior in the constituent materials. Note the
change of scale when comparing to the bulk materials. Also
shown is the average turn angle in the superlattices as well as in
the bulk materials. Again, an average of the bulk values is ob-
tained.

Since the number of planes per bilayer is fixed, the tem-
perature dependence of the bilayer thickness (L) can be
precisely determined from the temperature dependence of
79. The values of the average spacing, L /N, of the
atomic planes along the ¢ axis are plotted in Fig. 4 versus
the temperature for samples A and B. When compared
with the temperature dependence of interplanar spacings
in bulk Dy and Y in the same figure, it is seen that the su-
perlattice behavior is an average of its bulk constituents.
The expansion along the ¢ axis below Ty is clearly
characteristic of the unforced magnetostriction in Dy.'®
Note that the orthorhombic distortion which occurs in
bulk Dy at the ferromagnetic transition will be clamped
by the superlattice Y layers and the substrate, although
the ¢ axis magnetostriction can occur. The determination
of separate values of the lattice parameters in each indi-
vidual layer will be made in the detailed data analysis
below.

B. Magnetic intensities and coherence range

As the temperature is lowered, additional peaks of mag-
netic origin appear on either side of 7 as shown in Fig. 3.
In sample B only two additional peaks are found in the
zone about the primary nuclear peak and thus the scatter-
ing pattern is identical to that found in a conventional
helimagnetic phase such as bulk Dy. In sample A, by
contrast, a triad of magnetic peaks appears on either side
of 7y below 175 K (e.g., positioned at Q =1.96, 2.04, and
2.12 A" at 10 K). As in the case of the nuclear scatter-
ing, the magnetic-scattering-amplitude contrast in sample
B is considerably weaker than in sample A. This is the
main reason for the disparity in the diffraction patterns of
the two samples, although, as we will discuss later, small
amounts of interdiffusion likely contribute to this effect
also.

Although the individual magnetic peak intensities are
determined by the magnetic phase shifts as well as the
magnitudes of the magnetic moments, we can estimate the
ordering temperatures for sample A by computing the in-
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tegrated magnetic intensity in the Brillouin zone about 7.
We treat the 200-K scan as a nonmagnetic background
and subtract it from the lower-temperature scans. The re-
sulting counts are summed over the scan and weighted by
the free-ion form factor of Dy and the appropriate
Lorentz factor. The results are plotted as a function of
temperature in Fig. 5. Assuming that in their equilibrium
configuration the magnetic moments lie in the basal plane,
the integrated magnetic intensities (assumed to be the re-
sult of elastic scattering) are then proportional to the
configurationally averaged moment squared (including the
form factor). Although the exact power-law dependence
of the order parameter on temperature is not known
(especially for these superlattices, which have a consider-
able effective magnetic surface area compared to their
volume), it is clear that a straight line can be drawn
through our integrated intensities in Fig. 5 as Ty is ap-
proached (corresponding to a mean-field magnetization
critical exponent of 1) to obtain an approximate ordering
temperature T, (sample A)=176+t1 K, which may be
compared to the value of 165 K determined by supercon-
ducting quantum-interference device (SQUID) magne-
tometry in an applied field of 2 kOe. The curve through
the data in Fig. 5. is a fit to the J = £ Brillouin function
for the spontaneous magnetization, showing that the
configurationally averaged (and thermally averaged) Dy
moment has a conventional temperature dependence. In
sample B there are only single magnetic satellites, so that
the temperature dependence of the square of the order pa-
rameter is obtained directly by plotting the individual
peak intensities as shown in Fig. 5. The ordering temper-
ature thus obtained is Ty (sample B)=163+1 K.

——M?2 (Brillouin
Function)

-
o

(DY, 5/Y14l6q

Magnetic Intensity (scaled)

T, =176K
0.5 [PYe!(®Y Y)glgg
T _=166K
c
0.0 1 1 1
()} 50 100 150 200
T(K)

FIG. 5. Relative integrated magnetic intensity for samples A
and B vs the temperature, giving ordering temperatures of 176 K
for sample A and 163 K for sample B. The solid lines are fits to
the J =1 Brillouin function, showing that conventional behav-
ior is obtained.
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The interlayer coupling in sample A is weak (as will be
shown), so that the ordering temperature is predominantly
determined by the average exchange energy in the Dy lay-
er. Finite-size effects on this average exchange have been
investigated by Kwo et al.” in Gd-Y superlattices. Since
the Néel temperature for Dy, sY, s is about 115 K,!° the
interlayer coupling in sample B will be weaker than the
intralayer Dy coupling. Again, T will be determined
primarily by the Dy-layer average exchange. This offers a
reasonable explanation for the proximity of Ty in samples
A and B and bulk Dy. The dependence of T on the Y-
layer thickness is also presently under investigation.

The magnetic coherence length is less precisely deter-
mined than the nuclear coherence length, since, as we
mentioned previously, the magnetic peak width depends
on the regularity of both L and ®. We have fitted the
most intense magnetic peaks to Gaussians and performed
the same deconvolution as in the case of the nuclear peaks
to obtain a lower bound of 370 A for the magnetic phase
coherence length in sample A and 300 A in sample B.
The magnetic peak widths are independent of temperature
below Ty in sample A, indicating a well-defined phase
transition. However, in sample B the widths increase at
temperatures above about 130 K (recall that Ty =115 K
for Dy, 5Yo.5)-

The asymmetries displayed in the magnetic superlattice
peaks for sample A result from a combination of lattice
mismatch (asymmetry within the group of peaks on a
given side of 7y and magnetic wave-vector mismatch
(k 45~k producing asymmetry between the groups of
peaks on either side of 7). This asymmetry and its strong
temperature dependence permits us to obtain detailed in-
formation on the magnetic wave vectors, as we show
below.

With decreasing temperature the magnetic peak posi-
tions move in towards 7, in both samples. This behavior
is characteristic of bulk Dy, where the wavelength of the
magnetic modulation increases as the ferromagnetic tran-
sition is approached, and is a consequence of the opening
of superzone gaps at the Fermi surface in the presence of
local moments.?® Note that no additional intensity is ob-
served at the nuclear peaks down to 10 K, indicating that
a transition to long-range ferromagnetic order is absent
(although we shall demonstrate the presence of a broad
ferromagnetic background which does increase at low
temperature).

Drawing once again upon our model calculation, we
can determine the total magnetic phase shift (& modulo
27) across the bilayer from the positions of the magnetic
peaks. Recall from Eq. (5) that the magnetic Bragg peaks
are located at Q=7,,,t®P/L. We have thus obtained P
as a function of temperature for both samples, and these
values are plotted in Fig. 4 as {(w)=®/N, representing
the average turn angle for the bilayer. For comparision,
the turn angles in bulk Dy and Y are also shown with the
value for Y obtained from the dilute rare-earth alloys.?'
Clearly, () is quite different from the turn angle in bulk
Dy. The individual phase shifts in each layer will be
more significant as shown below, although as with the
values of L, the values of ® are necessary in order to fit
the peak intensities and extract additional information.
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C. Turn angles and magnetic moments

We proceed by extracting the structure factors for the
observed peaks. These values are used in a least-squares
fit to obtain d 4, dg, 4, and wg. We have been careful
to scan the Bragg peaks in the transverse direction to en-
sure that we obtain the full integrated intensity. The
effective mosaic widths (n=AQ, /Q) are listed in Table II.
For the magnetic peaks these are nearly independent of Q,
as would be the case for a true mosaic distribution of
crystallite orientations. However, the mosaic width for 7,
has an effective mosaic which is smaller than the mosaic
widths for the superlattice satellites. We can calculate the
scattering function for a transverse scan through a nuclear
peak by writing Q=(N, +k)c* +&a* and the atomic po-
sitions as R=[m +z(n)/L]c+la. The k, I, m, and n are
integers, |c|=2w/L, and a and a* are the direct and
reciprocal-lattice vectors in the basal plane. Note that
k =0 corresponds to the transverse scan through 7.
Then, the scattering function is

S(k,&)= [ 3 expliQ-R)b(Imn) |?

L,m,n
= [2 exp(2mi&l)f(k,1) ]2 , (14)
!
with
flk,D="3 exp(2mwik /L)b(Imn) . (15)

m,n

When k =0 the function f(k,/) should be nearly indepen-
dent of [/, since b(Imn) is averaged over the entire
coherent length along the ¢ axis. It is clear that f(k,I) be-
comes sensitive to the interface roughness when k=20, so
that S(ks£0, £) measures the transverse coherence length
along the interface. This explains why 7, is the sharpest
peak in the transverse scans.

Table II gives the effective Lorentz factors obtained
from the peak positions and the measured effective sample
mosaic widths. The structure factor given is the integrat-
ed longitudinal intensity divided by the Lorentz factor.
We have least-squares-fitted the values of | F(Q)|? to our
model for the superlattice structure factors, Eqgs. (2) and
(5), using Eqgs. (8)-(11), with the predetermined values of
L, &, N;, and N 4, and the modulation parameters a, f3,
and y held fixed (there is insufficient contrast to perform
this analysis for sample B). The values of the modulation
parameters were determined from an initial pass through
the data which showed that @=0.11+0.03 and B=y=a.
The concentration modulation resulting from a=0.1 is
plotted in Fig. 6, showing that the interface width (due to
diffusion, variation of L, or island formation) is about 4—5
atomic planes.

The results for the individual layer lattice parameters
and turn angles in sample A are plotted in Fig. 7. Note
from Eqgs. (10) and (11) that these are the effective
rectangle-wave values, and are thus representative of the
central regions of the layers. Also shown are the total
phase shifts from atomic plane 1 to atomic plane N 4 (®p,
across the Dy layer) and from atomic plane N 4 to atomic
plane N; +1 (®y from Dy plane to Dy plane through the
Y layer). In Fig. 8 we show the temperature dependence
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TABLE 1. Structure factors for [Dy;s|Y4).

Lorentz
T (K) Q@AY factor | F(Q) | 2 | F(Q) | 2
5 mag —
1.9645 1.095 15.87+0.87 16.19
2.0396 1.049 25.46t1.45 25.90
2.1147 1.006 4.33+0.8 4.67
mag +
2.3964 0.880 20.01+1.71 19.01
2.4747 0.830 21.58+1.20 20.99
2.5529 0.799 1.40+0.58 0.58
nuc 2.1379 0.836 1.48+1.34 1.38
2.2167 1.029 100.00+3.38 100.06
2.2956 0.776 10.19+2.45 9.83
10 mag — 1.8871 1.135 0.63+0.22 0.03
1.9635 1.082 14.02+0.82 13.94
2.0399 1.036 26.70+1.64 27.11
mag +
2.3965 0.869 20.81+2.24 18.79
2.4740 0.819 20.66+1.64 21.59
2.5516 0.790 1.23+0.34 1.27
nuc 2.1395 0.825 1.42+1.12 0.67
2.2168 1.016 100.00+4.85 100.45
2.2923 0.767 14.24+3.36 12.79
80 mag —
1.9590 1.098 17.98+1.26 16.75
2.0360 1.051 27.14+1.44 28.17
2.1130 1.007 5.93+0.54 5.36
mag + 2.3208 0.910 0.72+0.72 1.98
2.3997 0.879 22.81+2.01 22.81
2.4787 0.828 19.27+1.62 20.65
nuc 2.1387 0.836 2.30+0.54 1.82
2.2172 1.029 100.00+2.70 100.45
2.2957 0.776 13.64+3.77 8.90
110 mag — 1.8716 1.145 0.70+0.35 0.07
1.9478 1.091 12.97+2.09 13.32
2.0244 1.044 17.46+2.43 18.82
mag -+
2.4087 0.864 15.37+2.33 12.94
2.4865 0.815 14.61+2.26 16.76
2.5647 0.785 1.84+0.49 : 1.29
nuc 2.1387 0.825 1.67£0.52 1.25
22167 1.016 100.00+4.28 100.90
2.2939 0.766 12.17+£2.43 10.61
130 mag —
1.9392 1.110 12.284+0.83 11.15
2.0186 1.060 12.80+0.86 14.28
2.0980 1.014 2.49+0.27 1.93
mag +
2.4151 0.873 9.62+1.08 8.64
2.4947 0.823 12.74+1.05 14.07
2.5743 0.783 2.98+0.60 1.79
nuc 2.1382 0.836 1.23£0.36 0.83

2.2167 1.029 100.00+1.91 100.36
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TABLE 1. (Continued).

2.2950

150 mag —
1.9314
2.0098
2.0882

mag +
2.4250
2.5034
2.5818

nuc 2.1386
2.2172
2.2956

Lorentz

factor [ F(Q) | 3eas | FIQ) | Zue
0.776 13.11+1.43 12.16
1.114 8.02+0.57 7.20
1.065 6.57+0.56 6.82
1.019 1.48+0.59 0.56
0.869 4.67+0.67 3.82
0.819 6.57+0.70 7.98
0.781 1.85+0.24 1.45
0.836 1.19+0.36 1.00
1.028 100.00+1.62 100.38
0.776 12.71+1.07 11.40

of the Dy thermal average moment determined from the
fits and the resulting magnitude of the uncompensated
(net) Dy-layer moment, given analytically by the sum of
the Dy-moment vectors along the ¢ axis in a single Dy
layer,

Poe(m)= 3 S(m,n), (16)

with
“"nct(m) | =HMnet and ”’nct(m)'”'ne!(m +1)::“‘rzle! cos(P) .
(17)

There are several salient points. First, the data analysis
shows that the phase shift across the Y layers is a multi-
ple of 7 within experimental uncertainty. This is con-
sistent with a scalar coupling through the Y (the Dy spins
on either side of the Y layer simply align or antialign).
However, scalar coupling is not sufficient to preserve the
handedness (helicity) of the helix in the Dy layers across
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FIG. 6. The concentration modulation obtained for sample A
assuming a diffusion model is plotted against the atomic-plane
number. The interface is observed to be smeared over about four
atomic planes.

the Y without which the magnetic coherence length would
be limited to a single layer. Scalar Ruderman-Kittel-
Kasuya-Yosida (RKKY) coupling would require some ad-
ditional mechanism for the helical coherence other than a
conduction-band spin-density wave. Investigation of su-
perlattices with different thicknesses for the Y layer in or-
der to clarify this point is presently underway. Second,
the turn angle in the Y layer (wy) is temperature indepen-
dent at about 52°=0.297 (equivalent to a modulation
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FIG. 7. The parameters obtained from the detailed fits of the
observed peak intensities to a model for the superlattice structure
factors are plotted vs the temperature. The total magnetic phase
shift across the Y layer, ®y, is observed to be a multiple of 7 (see
text). The total phase shift across the Dy layer, ®p,, has simply
the temperature dependence of the Dy turn angle. The turn an-
gles in the Dy and Y layers, wp, and wy, respectively, are quite
similar to the values in their bulk counterparts. The separate
Dy- and Y-layer interplanar spacings dp, and dy are also plot-
ted vs the temperature. The Dy c-axis lattice parameter expands
while the Y lattice contracts with decreasing temperature.
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TABLE II. Effective mosaic widths for [Dy,s|Y4].
Q@A
1.9590 2.0360 2.3997 2.4787 2.2172 2.2957
Mosaic (min of arc) 36.6 36.8 37.2 38.3 34.0 45.0
Width mag mag mag mag nuc nuc
wave vector of 0.31 Afl), which is the value obtained in with Fig. 4) due to the elastic coupling at the interfaces

many dilute alloys of rare earths in Y.>!%?! The tempera-
ture independence of wy follows from the absence of local
moments in Y.?® Third, the turn angle obtained for the
Dy layer, wp,, has a temperature dependence which is
qualitatively similar to bulk Dy. However, the turn angle
saturates at low temperatures at about 0.1757 (31.5°),
while in bulk Dy the value just above the ferromagnetic
transition temperature is 0.1477 (27°). This value is
representative of the center of the Dy layer, while the
average turn angle is about 33.5° [®p,/(N,—1]. The
average turn angle is relatively insensitive to our modeling
of the interface. This suggests that there is no lock-in
transition to 7 /6 at low temperatures in this sample. We
remark that in bulk Ho a lock-in transition to 7/6 has
been observed to be highly sample dependent.?

The behavior of the separate Dy and Y lattice parame-
ters again suggests that the zero-field magnetostriction in
this superlattice is quite different from that in bulk Dy.
The temperature dependence below Ty indicates that the
Dy layer gains some volume magnetostrictive energy
while the Y lattice contracts normally along the c¢ axis.
The Dy and Y layers are thus qualitatively similar to the
bulk materials in this regard, although the magnitudes of
the length changes are considerably reduced (compare
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FIG. 8. The Dy moment contributing to the long-range hel-
imagnetism is shown as function of the temperature. The free-
ion value of 10up is not obtained at low temperatures, indicating
that not all of the spins contribute to the long-range-ordered
state. The J =14 Brillouin function is plotted for comparison.
The uncompensated Dy-layer moment is also shown to have ap-
proximately the value of a single Dy moment at all temperatures.

with the substrate and between the layers. There is no
dramatic increase in the Dy lattice parameter in zero field
at any temperature, as would be expected at a ferromag-
netic transition. Our field-dependent studies in the next
section will further elucidate this behavior.

The Dy moment associated with ‘the long-range hel-
imagnetic order saturates at low temperature as shown in
Fig. 8, at about 7.6up (up denotes Bohr magneton),
which is well below the free-ion value for Dy. The values
of the moment are compared to the J =< Brillouin func-
tion for the spontaneous magnetization, as in Fig. 5. The
“missing” moment below about 80 K appears as short-
range ferromagnetic order represented by scattering cen-
tered at 7, as indicated by the cross hatching in the 10-K
data in Fig. 9. Fitting these data with Gaussians shows
that it has a Q width of about 0.2 Afl, which translates
into a correlation range which is approximately equivalent
to the thickness of a single Dy layer (about 30 A). It is
difficult to make an accurate determination of the intensi-
ty in the short-range-order peak, although the comparison
between the total-intensity and Dy-moment plots in Figs.
5 and 8 suggest that this short-range order should account
for the ‘““missing” moment. It is not yet clear whether
this short-range ferromagnetism is intrinsic to the super-
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FIG. 9. The missing Dy moment at 10 K in sample A ap-
pears as short-range ferromagnetic correlations represented by
the cross-hatched intensity centered on the primary Bragg peak.
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lattice (it could be, for example, simply the result of im-
purity pinning of the Dy moments). If one attempts to
explain the reduction of the Dy moment as thermal or
static disorder at the interfaces, then it is difficult to un-
derstand how the long-range helical order is maintained.

Finally, we plot the uncompensated (net) magnetic mo-
ment per Dy layer in Fig. 8 as determined from the least-
squares fits to the observed peak intensities. This net mo-
ment obtains about the same values as a single Dy atom.
We shall refer to this figure in the next section, describing
the behavior in a magnetic field.

V. FIELD-DEPENDENT DIFFRACTION

A. Field-induced ferromagnetism

The marked differences observed between field-cooled
(FC) and zero-field-cooled (ZFC) magnetizations2 and the
absence of a zero-field ferromagnetic transition have
prompted us to determine by neutron diffraction the mag-
netic structure of these superlattices in an applied field.
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We first essay a replication of the bulk magnetization
measurements’ by observing the field dependence of the
intensity of the primary Bragg peak, 7. The square roots
of the observed magnetic intensities have been scaled so
that the saturation at low temperatures for sample A cor-
responds to a Dy moment of 10up. The resulting iso-
therms are shown in Fig. 10 for both samples, and were
collected by varying the magnetic field along the superlat-
tice [1120] and [1010] basal-plane directions with the
spectrometer angles fixed at the zero-field Bragg-peak set-
tings. Magnetometer data are shown for comparison, and
where the data overlap there is good agreement for the
shape of the magnetization curves. The neutron results
seem to indicate a sharper transition to the ferromagnetic
state in the 130-K data than the bulk measurements. We
have not been able to explain this discrepancy.

Scans through 7 in zero field and 25 kOe applied along
an easy axis of magnetization are shown in Fig. 11. Our
model calculation for the structure factor shows that for
small lattice mismatch (as in the present case) the intensi-
ty at 7o is very insensitive to the lattice mismatch d 45 as
well as the effective amount of interlayer diffusion, a.
Thus the nuclear and magnetic intensities at 7, are deter-
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FIG. 10. The magnetization for fields applied along the easy and hard directions in the basal plane of sample A are shown in Fig.
(a). These results are in qualitative agreement with magnetometer measurements on the same sample in (b). The basal-plane anisotro-
py is observed to be similar to that of bulk Dy shown in (d).
tion limited, and the first-order transition from the helimagnetic to ferromagnetic states in bulk Dy is not as sharp in the superlattice.
A large remanent magnetization remains upon removing the field at low temperatures in both samples A and B [(a) and ©)].

At low temperatures the slope of the curves is clearly not demagnetiza-
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FIG. 11. The [000/] scans through the primary Bragg peak
are shown for sample A at 10 and 130 K for fields of 0 and 25
kOe. The factor-of-2 increase in the Bragg intensity at 10 K in
25 kOe corresponds to a 10up Dy moment. The induced fer-
romagnetism is long range since the peak width of the magnetic
intensity is identical to the nuclear-intensity peak width.

mined by the relative layer thicknesses and the nuclear
and magnetic scattering amplitudes. We assume that the
saturation magnetization at 10 K is equivalent to 10uz on
the Dy atoms in order to determine the relative
thicknesses of the Dy and Y layers (note that there is no
contribution from conduction-band polarization at 7).
The observed ratio of magnetic to nuclear intensities is
1.00+0.02, which gives a Dy-layer thickness of 14.8+0.3.
This is consistent with a-step measurements’ of the layer
thickness and validates our assumption for the saturation
Dy moment.

The scans through 7 also confirm that the Bragg-peak
width is constant (there is a slight increase in the width
during the initial magnetization, but the widths are identi-
cal for O and 25 kOe). The position of 7, shifts by at most
25% of the resolution width. These considerations show
that our measurements of the peak height at fixed Q =7,
will give a very good representation of the peak intensity.

The isotherms for the magnetization of bulk Dy (Ref.
23) are added to Fig. 10 for comparison with the superlat-
tice curves. The most conspicuous difference between the
Dy and superlattice curves is the absence of first-order
jumps in the latter. The slopes of the superlattice curves
at the initial magnetization are certainly not demagnetiza-
tion limited. This confirms that these samples are not fer-
romagnets in zero field at low temperature, as noted pre-
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viously from the temperature independence of the 7, in-
tensity. The basal-plane anisotropy is observed to be
qualitatively similar to that found in bulk Dy with [1120]
the easy axis of magnetization. This similarity is not
surprising, since the single-ion anisotropy depends on the
crystalline electric fields, which can only be very different
from bulk Dy at the superlattice interface. The different
results along the hard and easy directions at 130 K are
surprising, since the basal-plane anisotropy should be
completely negligible at that temperature (as in the bulk
Dy measurements). This may indicate that the elastic
properties of the substrate materials, which do not have
sixfold basal-plane symmetry, are affecting the forced
magnetostriction.

Once ferromagnetic alignment of the spins is obtained
at low temperatures (10 K in Fig. 10), there is a consider-
able remanent magnetization when the field is removed.
The observed remanence for a field applied along the hard
direction is approximately V'3/2, as expected if the spins
relax to the two nearby easy directions. Note that the
remanence is greater if the field is applied along an easy
direction. In that case the spins are predominantly
trapped along a single easy direction. The remanent fer-
romagnetic state is long range in nature since the Bragg
peak retains its zero-field width. We will also show that
the remanent state includes short-range correlations. Al-
though no remanence is found at 80 K in either sample,
the magnetization and demagnetization curves do not
overlap.

The c-axis magnetostriction of sample A has been ob-
tained from the temperature and field dependence of the
position of 7. These results are shown in Fig. 12. The
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FIG. 12. The average interplanar spacing of sample A is
shown as a function of temperature in an applied field of 4 kOe,
and as a function of applied field at low and high temperatures.
The irreversibility in the magnetostriction occurs in the same
temperature regime as found for the magnetization (Fig. 10).
The superlattice forced magnetostriction at 25 kOe is half the ex-
pansion of bulk Dy at its ferromagnetic transition.
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c-axis forced magnetostriction becomes irreversible in the
same temperature regime as the magnetization. The ex-
pansion of the superlattice along the ¢ axis in a field of 25
kOe is 0.1%, which is half the expansion of Dy at its fer-
romagnetic transition.'®

We suggest that the differences in the magnetization
arise primarily from the decreased magnetoelastic energy
density of the superlattice compared to bulk Dy (the mag-
netic moment density is lower because of the presence of
the Y or Dy, Y, s interlayers as well as the substrate).
The ferromagnetic transition in bulk Dy is driven by the
gain of magnetoelastic energy in the ferromagnetic state
compared to the helimagnetic state, which arises princi-
pally from an orthorhombic distortion of the lattice along
the broken-symmetry direction.>* This energy gain is
sufficient to overcome the resulting increase in the elastic
strain energy. However, the addition of the superlattice
interlayers and the substrate makes it too costly in terms
of strain energy for the ferromagnetic basal-plane distor-
tions to occur. The c-axis expansion is still allowed. Of
course, when a sufficient magnetic field is applied the en-
ergy balance can be shifted to favor the ferromagnetic
state once more. The fact that the fields required to
achieve magnetic saturation are considerably higher in the
superlattice than in bulk Dy at equivalent temperatures is
evidence for this difference in strain energy. We also
suspect that the magnetization process may become con-
tinuous as the result of strain modulation.

B. Driving energy for ferromagnetism
in the superlattice

We attempt to support these remarks by a quantitative
calculation of the driving energy for ferromagnetism in
the superlattice using the bulk values of the relevant pa-
rameters for Dy and Y. The relevant terms in the driving
energy density for ferromagnetism are the single-
ion—-anisotropy, exchange, and magnetoelastic energies:

fd:Afan+Afex+Afme . (18)

The driving-energy density is the term-by-term difference
in the free-energy density between the ferromagnetic and
helimagnetic states, Af,=f,(helix)—f,(FM), with f,
becoming positive when the ferromagnetic state is favored.
We shall for the moment neglect the anisotropy term.
The exchange term in f; for bulk Dy is about —1.0
K/atom at T, and is only weakly temperature dependent
(favoring the helimagnetic state).>* Cooper® has estimated
Afme at T=0 K in bulk Dy to be about 2.0 K/atom,
which then renormalizes to about half this value at the
ferromagnetic transition. This energy cannot be gained
until the system is ferromagnetic (the lattice-clamping
effect), which makes the transition discontinuous. In or-
der to reestimate Af,. for the superlattice, we follow
Evenson and Liu* and separate f,,. into elastic and mag-
netoelastic terms. If the superlattice were free from a sub-
strate, then the only additional term would be the elastic
energy density of the Y layer. The dominant contribution
to the driving energy would arise from the y strains as in
bulk Dy, corresponding to the distortion of the circular
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symmetry of the basal plane, which occurs in the fer-
romagnetic state. However, if the y strain in the superlat-
tice forces a coherent y strain in the substrate, then a
term proportional to the volume of the substrate and the
strain squared will be added to the elastic energy. Since
the sapphire substrate in the present case is 4 orders of
magnitude larger in volume than the sample, any strains
in the plane of the sample will be very unfavorable ener-
getically. We shall thus calculate the magnetoelastic ener-
gy, allowing only a c-axis anomalous strain in the Dy lay-
ers. The conventional expression for the elastic energy in
a hexagonal system is

fa=4lcfi(€ P +ec5H(e™) e, ()] . (19)

The €*! strain mode is a pure volume expansion, while
the €2 mode is a linear combination of a circular basal-
plane contraction and a c-axis expansion. The € mode is
the orthorhombic basal-plane distortion. We can retain
this formalism_ in the present case by restricting
€' =0=€*1—-V"3¢*2, so that all basal-plane strains are
zero, and €*'=¢ (the c-axis strain). Keeping only the
one- and two-ion terms as in Ref. 4, the magnetoelastic
energy density can be expressed as

frne =12 %) — 4 “cosw)(€) , (20)

where

5a:C(111 +%Cg2 and /] aZC(]]l}\.l‘f'_l——‘ng)\z N 2n

V'3

and the strains A, and A, are defined in Ref. 4. Solving
for the equilibrium strains in the superlattice results in the
expression for the magnetoelastic driving energy for fer-
romagnetism:

Afme=1(sin*o)(4 “)?/c* . (22)

The values at T =10 K for the anomalous expansion in
ferromagnetic bulk Dy (Refs. 18, 24, and 25) (where A,
and A, are just the «a strains) are A;=0.0009 and
A,=0.0049, while the elastic constants are c{,
=4.2x10""  ergs/em® and c¢$%=13.1x10"" ergs/
cm®.?® Using w=30° we find that Af,.(10 K)=0.6
K/atom, favoring ferromagnetism. Therefore, even at low
temperatures the magnetoelastic energy is not sufficient to
overcome the exchange-energy barrier of — 1.0 K/atom in
any Dy thin film elastically constrained by a much thicker
substrgte. Also, we obtain the equilibrium strain
€=(A%/¢ %) cos(w), so that the forced magnetostriction
at 10 K is calculated to be 6.3 107* This compares
favorably with the observed value of 9.0 10~* shown in
Fig. 12. We are presently unable to reconcile these calcu-
lations with magnetization measurements on a MBE-
grown sample of pure Dy, which showed the behavior of
bulk Dy in an applied field of 1 kOe.? If the superlattice
is freed from the substrate, then a similar calculation
shows that the basal-plane strain terms contribute enough
energy to drive the superlattice ferromagnetic at low tem-
peratures. The y-strain term alone would be
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Afme=31(A7) /7, (23)

where E?':cyDy +c% for a superlattice with equal
thicknesses for the Dy and Y layers, and A7=2¢ VDer.
Using €’ =0.0048 and ¢”=0.27x 10® K/atom from Refs.
24 and 26 at 10 K gives Af,.~1.4 K/atom for the
substrate-free superlattice. We also argue that the basal-
plane anisotropy, which reaches a value of —2.0 K/atom
(Ref. 18) at temperatures on the order of 10 K, may be
ineffectual in driving a ferromagnetic transition because of
its single-ion character. Although spins prefer to align
along an easy-axis direction, there is no coherence of this
choice from site to site, since there are six equivalent easy
directions. However, a global anisotropy, provided, for
example, by a substrate, might break the remaining six-
fold symmetry. The principal result of adding the anisot-
ropy is to pin the magnetic configuration to the lattice.

C. Field dependence of the helical state

The field dependence of the magnetic satellites reveals
more details of the magnetization process. This depen-
dence is shown at 10 and 130 K for sample A in Fig. 13
with the field along the easy [1120] direction (results are
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FIG. 13. The field dependence of the helimagnetic state is
shown for sample A at temperatures of 10 and 130 K with the
field along the easy direction. At low temperature the magnetic
satellite intensity decreases for fields above about 1.5 kOe with
complete ferromagnetic saturation by 25 kOe. Very little
broadening of the magnetic satellites is observed at 10 K. How-
ever, at 130 K the first effect of the applied field is to broaden the
magnetic satellites, and a field of 10 kOe is sufficient to limit the
helimagnetic coherence to a single bilayer. The helimagnetic
state is not reformed when the field is removed at low tempera-
ture, but can be regained upon warming, although with a shorter
coherence length than the zero-field cooled state.
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similar when the field is applied along the hard direction).
First, note that a 1.5-kOe field has no effect on the mag-
netic satellites at 10 K, although the magnetization shown
in Fig. 10 has a considerable nonzero slope at the initial
magnetization. The reason for this discrepancy is that at
low temperature the magnetization process is initiated by
a conversion of the short-range ferromagnetic order into
long-range order. However, for fields above about 5 kOe
the magnetic satellite intensity gradually decreases as the
To intensity increases. This behavior is consistent with a
picture of the magnetization process in which the magnet-
ic helix is gradually distorted towards ferromagnetic
alignment. We do not find compelling evidence for a
first-order transition to a ferromagnetic or fan state,?’ al-
though there is some structure below 80 K in the hard-
direction magnetization (see Fig. 10) similar to that found
in holmium.?> We reiterate our expectation that inhomo-
geneous strains might well smear out any such sharp tran-
sition in the superlattice.

At fixed temperature and for magnetic fields accessible
in these experiments, the magnetic satellite positions are
unshifted as observed in most rare-earth incommensurate
magnetic structures. This is not surprising since the or-
dering wave vector is determined by the band structure.?

At 10 K and with a 25-kOe field along the [1120] (easy
axis) of sample A, no observable intensity remains at the
magnetic satellite positions, in agreement with our finding
the full free-ion moment participating in long-range fer-
romagnetic order. At this point, when the magnetic field
is reduced to zero, the ZFC helimagnetic state is not re-
stored. About half of the magnetic intensity remains at
the 7, position, in agreement with the remanence shown
in Fig. 10 of about 70% of the saturation value. The
remaining magnetic intensity is diffuse, representing some
combination of short-range ferromagnetic correlations and
short-range helimagnetic or fan-state correlations. When
the temperature is then raised, the remanent magnetiza-
tion gradually decreases and magnetic intensity is
transferred to the original ZFC satellite positions. This
behavior, along with our measurements of the anisotropy
in Fig. 10, clearly shows that the Dy spins must cross rel-
atively high energy barriers when moving from the fer-
romagnetic to helimagnetic states, and it is natural to as-
sume that the single-ion basal-plane anisotropy provides
those barriers. Note that the low-temperature anisotropy
energy of 2.0 K/atom is equivalent to a 2-kOe field ap-
plied to 10up. It is not surprising that the bulk magneti-
zation? shows features which are spin-glass-like, when the
presence of anisotropy barriers is taken into account. We
are in the process of making a detailed study of the tem-
perature and field dependence of the remanent state to
elucidate the precise nature of the energy barriers. The
helimagnetic coherence is also significantly shorter ranged
in the reformed remanent state than in the ZFC states.
We point out that similar remanent states have been ob-
served in bulk Ho (Ref. 22) and in Dy-Y alloys (Ref. 19).

At 130 K the magnetization process for sample A is
qualitatively different than at 10 K. Upon applying a
magnetic field of 1.5 kOe, the magnetic satellites are ob-
served to broaden. This is quite distinct from the low-
temperature behavior where the peaks retain their zero-
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FIG. 14. The intrinsic width of the most intense magnetic sa-
tellite is shown as a function of the applied field for samples A
and B. At high temperatures in sample A the coherence is des-
troyed by a random-field coupling of the external field to the un-
compensated Dy-layer moment (see text). At low temperatures
basal-plane anisotropy prevents an equivalent distortion of the
helix. The interlayer coupling is stronger in sample B, where all
basal planes are near-neighbor coupled by Dy spins. The applied
field is thus not as effective in breaking the helimagnetic coher-
ence.

field width up to about 10 kOe. The full width of the
most intense magnetic peak has been plotted as a function
of the applied magnetic field for several temperatures in
Fig. 14. To our knowledge this rapid destruction of the
coherence length has not been observed in any bulk hel-
imagnets. This must therefore be a consequence of the
weak interlayer coupling of the Dy spins, along with the
rapid decrease of basal-plane anisotropy as the tempera-
ture is raised. Our data analysis also gives an uncompen-
sated magnetic moment per layer of Dy of 5.4up at 130
K due to the mismatch of the helix wavelength with the
Dy-layer thickness (see Fig. 7). We suggest that the Zee-
man energy of the external magnetic field coupled to this
excess magnetic moment per layer is sufficient to break
the weak interlayer coupling between the Dy spins. The
phase shift per bilayer of the net layer moment in zero ap-
plied field is just the total bilayer phase shift @ previously
measured [see Eq. (17)]. Thus for magnetic fields small
compared to the intralayer exchange, the helical spin ar-
rangement within the Dy layers is unperturbed and we
may write the Hamiltonian in terms of the net moment
unit vectors I, as

H=—JS?S il (m) R(—®)fipe(m +1)
m

—8HneB- Eﬁnet(m) . 24)
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Here, R (—®) is the matrix which rotates fI,.(m +1) to
be parallel to fI,.(m), so that the exchange term favors
the angle ® between the net moment vectors. The weak
effective interlayer exchange is represented by J, the mag-
nitude of the Dy spin is S, and B is the external field. At
this point we make the gauge transformation

foe(m)=R (m®)s,, , (25)

so that the Hamiltonian can be written

H:_'Jszzgm '/s\m +]_g.u'nelB E [R(_mq))ﬁ]'gm .
m

m

(26)

This form of the Hamiltonian explicitly shows that the
uniform external field couples to the uncompensated Dy-
layer moments as a random field. That is, m® modulo
27 is a pseudorandom number between zero and 27 pro-
vided that ® modulo 27 is not an integer. Since the § are
continuous variables (XY model), random-field theory®®
predicts that the long-range helical order will be destroyed
by the external field. We can approximate the strength of
the interlayer coupling at 130 K as 5 kOeXx5.5up=1
K/Dy layer. That is, at 5 kOe the Zeeman energy is ap-
proximately equal to the interlayer coupling strength. As
the external field is increased, the angles ®y between the

S,, become random and the configurational average of ®y

approaches zero. If we further assume that the helical or-
der within the Dy layers is unperturbed, then the
configurational average of the total bilayer phase shift
approaches  ®p, ((®)=(DPy+Pp,) =(DPy) +{(Pp,)
=®p,). Single magnetic satellites would be observed on
either side of 7, with peak widths of about 27/L. The po-
sitions of these peaks would still be given by the total
phase shift across the bilayer, ®. Since, in sample A, &y
is very near to a multiple of 27, the structure in which the
uncompensated layer moments are aligned should show
the magnetic satellites at roughly the same positions as
the most intense zero-field peaks. This description fits
well the observed field dependence of the magnetic satel-
lites at 130 K, with an applied field of 10 kOe leaving a
single broad magnetic satellite centered approximately at
the positions of the zero-field satellites. The induced mo-
ment obtained for fields above 10 kOe is then due to the
subsequent distortion of the remaining helical order in the
Dy layers. Again, a sensitive test of these conjectures in-
volves a future detailed study of the magnetic structure as
a function of the Dy and Y thicknesses.

The field dependence of the magnetic coherence length
in sample B is much weaker than in sample A, as expect-
ed, since there are nearest-neighbor Dy atoms which cou-
ple all of the basal planes. It is interesting that the coher-
ence length in zero field is observed to decrease for tem-
peratures above 110 K in sample B.

The field dependence of the diffraction scan is shown
for sample B (the Dy—Dy-Y alloy sample) at 10 K in Fig.
15. In this case the magnetic field is applied along a
[1010] direction, and the data are qualitatively similar to
the “hard” direction data in Fig. 10, with intensity ob-
tained at 7 only for fields above 10 kOe. As previously
mentioned, the superlattice peaks are not observed be-
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FIG. 15. The field dependence of the helimagnetic state in sample B is shown at a temperature of 10 K. This dependence is similar
to that of sample A (Fig. 13). The remanent state has peaks corresponding to both short-range helimagnetic and ferromagnetic order.
Again, as in sample A, the helimagnetic state is reformed upon warming, but with a shorter coherence length than the ZFC state.

cause the nuclear and magnetic contrasts are weak. This
implies that ferromagnetism is induced in both the Dy
and alloy layers as the field is increased. As was the case
for sample A, the remanent state obtained by reducing the
magnetic field to zero after raising it to 25 kOe is not the
same as the ZFC state. A similar remanent magnetiza-
tion (intensity on 7y), about 70% of that observed at 25
kOe, is obtained, with only very weak and broad peaks
observed at the ZFC magnetic satellite positions. Addi-
tional weak, broad peaks also appear between the ZFC sa-
tellite peak positions and 7. This pattern suggests that in
the remanent state in sample B the Dy layers are fer-
romagnetically aligned, predominantly along the previous-
ly applied field direction, while the Dy-Y alloy layers tend
towards helical order. This structure could provide
sufficient ferromagnetic contrast to make the superlattice
satellites of 7, observable. The coherence length of this
magnetic structure is only several bilayers, since complete
coherence with the helical order would require that the
ferromagnetically aligned Dy layers relax across strong
anisotropy barriers. In fact, the coherent state which is
obtained once this relaxation is allowed to take place by
raising the temperature is just the ZFC state with a re-
duced coherence length. This behavior of the remanent
state is also shown in Fig. 15. Overall, we find that the
magnetic states and magnetization process are quite simi-
lar in samples A and B. The greatest difference between
the two samples is in the breakdown of helimagnetic
coherence in an applied field.

VI. CONCLUSION
We have shown by neutron diffraction that it is possible

to characterize the magnetic structures in single-crystal
superlattices by means of a simple model for the superlat-

tice structure factor. In the Dy-Y superlattices investigat-
ed here the measurements show that the magnetic struc-
ture is modulated by the separate magnetic properties of
each layer type. In sample A the helimagnetic turn angle
in the Y layers is consistent with the 52° value obtained in
dilute alloys and other superlattices’ ~!° as well as band-
structure calculations.”” The turn angle in the Dy layers
is qualitatively similar to that of bulk Dy, varying from
about 45° near Ty to about 31.5° at 10 K (the bulk Dy
value is about 27° at T,.). The phase coherence of the or-
dered magnetic state extends across 4-5 bilayers. This
implies that the helicity is maintained across the 38-A yt-
trium layers, which, in turn, argues for the stabilization of
a conduction-band spin-density wave in the Y. A simple
scalar RKKY coupling is ruled out unless there is some
intrinsic factor which maintains the same helicity in
separate Dy layers.

The properties of these superlattices in an applied mag-
netic field are quite different from those of bulk Dy. The
discrepancies can largely be ascribed to the very different
magnetoelastic energy density of the superlattice com-
pared to bulk Dy. The y magnetostriction which drives
the first-order ferromagnetic phase transition in bulk Dy
is clamped, so that the zero-field-cooled states are always
helimagnetic. The application of a magnetic field then
produces a smeared second-order-like transition to a fer-
romagnetic state. At 10 K the single-ion basal-plane an-
isotropy of Dy becomes sufficient to metastably freeze the
ferromagnetic state, and the ZFC helimagnetic states can-
not be recovered until the temperature is warmed above
about 40 K.

At high temperatures (130 K=0.76Ty ) the magnetiza-
tion process includes a gradual reduction of the magnetic
phase coherence. This is a phenomenon unique to the su-
perlattices, and is likely due to the weak interlayer cou-



pling compared to the Zeeman energy of the uncompen-
sated Dy-layer moment in an applied field. Since the ini-
tial loss of coherence in only 1.5 kOe produces no observ-
able intensity on the nuclear Bragg peak 7, we postulate
that the external field randomly twists the helix sections
in each Dy layer. The_interlayer coupling strength in
sample A across the 38 A of yttrium is then estimated at
1 K per Dy layer per basal-plane atom.

Many of the interesting and new features of these su-
perlattice magnets can only be further investigated by pur-
suing a detailed investigation of the dependence of the
magnetic structure and properties on the separate Dy and
Y thicknesses. These studies are presently underway.
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