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Helimagnetic structures in epitaxial Nd/Y superlattices and alloys
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The complex magnetic structure of Nd exhibits a new magnetic phase when grown epitaxially, either as a
stabilized double hexagonal close-packed alloy, or as part of a Nd/Y superlattice. In the alloy and in those
superlattices with small Nd/Y ratios, the incommensurateb axis modulated structure exhibited by elemental
Nd at TN519.9 K is absent. In its place, incommensurate helimagnetic order, similar to that in dilute yttrium
alloys of the heavy lanthanides, appears below approximately 30 K. Evidence for coherent propagation of the
magnetic spiral through the Y spacers is observed in some Y-rich superlattices. As the Nd:Y ratio in the
superlattices is increased, theb axis modulated phases reappear and coexist with the helical phase. Thick
epitaxial Nd films, nevertheless, exhibit only bulklike magnetic structure. We discuss these observations in
terms of band structure modifications.@S0163-1829~97!01133-8#
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I. INTRODUCTION

The element neodymium orders magnetically bel
.19.9 K and exhibits one of the most complex magne
structures known, involving multiple, incommensurate ma
netization waves.1 Unlike the heavier rare earths, the perio
icities q of these waves are not obviously related to featu
in the electronic band structure, nor is the confinement of
magnetic moments in the basal planes the obvious co
quence of crystal field effects. Rather, the magnetic struc
is the result of a delicate balance among indirect exchan
anisotropic two-ion coupling, and crystal field effects.2 Un-
der such circumstances, it is likely that the coherency stra
that accompany epitaxial growth will significantly alter th
magnetic transition temperatures and phases. Indeed
have shown3 that coherency strain and clamping to a su
strate, through their effect on magnetostriction, profoun
affect the magnetic properties of heavy rare-earth supe
tices and thin films.

Unlike the heavy lanthanides, Nd orders in a double h
agonal close-packed~dhcp! structure. The Fermi-surfac
nesting features that lead to helimagnetism in, e.g., Dy
Ho, are absent in the dhcp structure, suggesting that
feature drives dhcp crystallization in the light rare earth4

Nd-Y alloys exhibit dhcp structure to approximately 30%
and are hcp beyond 40% Y. The samarium~nine-layer re-
560163-1829/97/56~9!/5452~9!/$10.00
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peat! structure appears in the intermediate concentra
range. Sharif and Coles5 found alloys in that intermediate
concentration to contain a significant fraction of a metasta
magnetic phase with a transition near 32 K. At the Nd-ri
end, Zochowskiet al.6 found that 6 at. % of Y suppresses th
‘‘archipelago’’ of magnetic satellites present in bulk Nd.
this study, we report magnetization and neutron scatte
measurements ofc-axis Nd/Y superlattices,7 a Nd0.62Y 0.38

alloy, and a thick Nd film, all grown by molecular bea
epitaxy. Nd and Y are exceptionally well lattice matched
the basal plane, with a 0.24% mismatch at room tempera
providing compressive strain on the Nd layers. The thick
film exhibits a multiple-q behavior similar to that of bulk Nd,
but a different magnetic structure appears in superlattices
coexists with the bulklike structure. Only this different ma
netic structure is observed in the epitaxial alloy and, in b
superlattices and the alloy, this phase persists to tempera
above 30 K. We suggest that this phase is the source of
susceptibility peak found at 32 K by Sharif and Coles in th
quenched Nd0.63Y 0.37 alloy, and will argue that this phas
arises from a modification of the band structure relative
pure Nd rather than as a consequence of epitaxial strain

The magnetic structure of Nd has been studied ext
sively; a comprehensive review of the current state of und
standing has been published recently by Lebechet al.8 The
ABAC stacking sequence of the dhcp structure provides
5452 © 1997 The American Physical Society
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56 5453HELIMAGNETIC STRUCTURES IN EPITAXIAL Nd/Y . . .
distinct crystallographic environments: hexagonal local
rangements in theB and C layers and a nearly cubic env
ronment in theA layer, as shown in Fig. 1. The hexagon
sites order magnetically atTN519.9 K into a longitudinal,
single-q structure, with both the propagation wave vectorq
and the modulated magnetic moments parallel to one of
hexagonalb~10•0! axes. Three possible domains coexi
giving rise to six magnetic reflections in neutron scatteri
as shown in Fig. 2~a!. Below 19.1 K the moments turn awa
from theb axis and a perpendicular component ofq devel-
ops parallel toa~11•0!. This leads to a transverse splitting
the magnetic satellites and a ‘‘double-q’’ structure, as shown
in Fig. 2~b!. Below 8.2 K order begins to develop on th
cubic sites, with a different wave vectorq3 , as shown in Fig.

FIG. 1. The hcp~left! and dhcp~right! crystal structures. In the
latter, for an ideal close-packedc/a ratio, theB- andC-plane sites
have hexagonal symmetry; theA-plane sites have local cubic sym
metry. ~From Ref. 2.!

FIG. 2. Magnetic satellites observed in a~00•l ) plane, for l

odd, in Nd. Theq vectors at different temperatures are specified
components parallel and perpendicular to one of thea* axes.
@Adapted from R. M. Moon and R. M. Nicklow, J. Magn. Mag
Mater.100, 139 ~1991!.#
-
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2~c!. The lowest temperature phase arises below 6.2 K
which q1 and q2 are split longitudinally alongb while the
cubic-site modulation exhibits a fourfold splitting, a
sketched in Fig. 2~d!. The moment on the hexagonal sites
2.6760.02mB /atom at the temperature at which the cub
sites order. When the cubic sites order, the total momen
both modulated structures remains at 2.67mB /atom.9 Some,
but not all, aspects of this complex behavior are retained
epitaxial samples, and new features appear.

In Sec. II we describe the preparation and initial char
terization of the epitaxial samples. We present the neut
scattering data in Sec. III, comparing and contrasting it w
the results summarized above for elemental Nd. Finally,
discuss the results and suggest possible avenues for fu
research on epitaxially grown light lanthanides.

II. SAMPLE GROWTH AND CHARACTERIZATION

Samples were grown in the University of Illinois EpiCe
ter using now-standard methods3 for the growth of rare-earth
films and superlattices. Buffer layers of bcc Mo (.150 nm!
were first deposited on suitably cleaned epitaxial gra
~1120! sapphire substrates at a temperature of 1000 °C a
background pressure of 131028 torr. A Y layer, deposited at
700–800 °C with the chamber pressure held at.2310210

torr, was grown until thick enough to give a clear hexago
reflection high-energy electron diffraction~RHEED! pattern.
Nd and Y were then grown asc-axis superlattices or films
with computer control of the deposition times. A final
capping layer was added to inhibit oxidation of the high
reactive Nd. Typical growth rates were between 0.03 and
nm/s.

Because of the small magnetic moment (msat/mB52.6 as
compared with 10.6 for Dy! and multiple domain structure o
Nd, samples were grown on 5 cm sapphire wafers in orde
obtain a reasonable neutron diffraction signal with an achi
able number of bilayers. To improve the homogeneity of
samples, the substrates were rotated at 6 rpm during gro
A total of four thin film samples and eight superlattice spe
mens were grown. A superlattice not exhibiting a regu
bilayer period was annealed at 800 °C for 30 min to form
alloy sample. The true compositions of the superlatt
samples were determined from a combination of x-ray a
Rutherford backscattering~RBS! data. The superlattice pe
riod was determined from the spacing of x-ray superlatt
peaks and the atomic fractions from the RBS data. The c
acteristics of the samples are listed in Table I; in seve
instances the nominal composition differs substantially fr
that determined using x rays and RBS. We use the meas
compositions in this paper.

The principal goals in the growth of a superlattice stru
ture are regularity of the superlattice period and abruptnes
the interfaces. These can be determined by x-ray diffrac
studies in the vicinity of Bragg peaks. For a perfect squa
wave superlattice with exact matching of the lattice para
eters in the direction of growth, each Bragg peak is s
rounded by odd-order superlattice harmonics, separate
reciprocal space from that peak byl 64n/NL , whereNL is
the total number of atomic planes in a single superlatt
bilayer of thicknessL. The factor 4 arises because we ind
this and subsequent Bragg peaks relative to a dhcp unit

s
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TABLE I. Characteristics of the epitaxial films and superlattices. The notation~b! indicates that the
temperature given is that of the bulklike phase. The remaining entries refer to the anomalous, helim
Néel temperature.

Nominal Mo buffer Y seed Y cap TN~K! TN~K!

Sample Nd/Y ratio ~nm! ~nm! ~nm! ~SQUID! ~Neutron!

Nd ~582 nm! 240 150 12 2862 , 22 ~b!

Nd ~156 nm! 165 75 5 2562
Nd ~11.5 nm! 85 146 8 2562
Nd ~1.44 nm! 185 70 5
@Nd ~3.1 nm!uY ~2 nm!#315 18/20 100 100 30 3261 3762
@Nd ~3.2 nm!uY ~2 nm!#120 37/30 100 100 30 3261 2962
@Nd ~3.9 nm!uY ~3.9 nm!#120 38/38 100 100 30 3261 2864
@Nd ~4.2 nm!uY ~1.2 nm!#90 35/11 100 100 30 2962 2763
@Nd ~4.7 nm!uY ~1.9 nm!#109 37/20 100 100 30 3062 2562
@Nd ~8.7 nm!uY ~2.4 nm!#80 77/21 100 100 30 3262 2762
@Nd ~11.5 nm!uY ~2 nm!#80 115/20 100 100 30 2762 2262 ~b!

Nd0.62Y 0.38 ~970 nm! 100 alloyed alloyed 2861 3062
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which contains four atomic planes. Differences between
thicknesses of the component layers add even-order supe
tice harmonics to the spectrum. Figure 3 shows such an x
scan for the@Nd ~8.7 nm!uY ~2.4 nm!# 80 sample (NL.40),
in the vicinity of the ~00•4! Bragg peak. The solid line
through the data is a fit based on the damped rectang
wave model10 in which successive Fourier components of t
concentration andc-axis lattice parameter are multiplied b
attenuation factors. Because the Bragg peak from the Y b
layer coincides with the first-order superlattice harmo
near l 54.1, the least-squares fit was insensitive to relat
Nd and Y layer thicknesses and lattice parameters but
sensitive to the concentration attenuation factor. The fi
Fig. 3 uses the RBS-determined relative thicknesses i
cated in the sample designation. The analysis clearly sh
that the full width of the interfaces is less than 6 atom
planes.

The~00•l ) scan of Fig. 3 cannot differentiate between h

FIG. 3. X-ray scan alongc* of a @Nd ~8.7 nm!uY ~2.4 nm!#80

superlattice. The solid line compares the data to a profile base
the diffusion model.
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and dhcp stacking sequences, as thec-axis layer separations
are equal for the two structures. The difference is dist
guishable, however, in off-axis scans such as~10•l ). An hcp
crystal, if indexed on the dhcp unit cell, exhibits Bragg pea
only at even-integer values ofl , while dhcp stacking results
in both even and odd order peaks. Figure 4 is such an x
scan on the same sample as in Fig. 3. Arrows indicate th
peaks due to dhcp stacking. The width of odd-order pe
corresponds to a coherence length of.7 nm, comparable to
the 8.7 nm thickness of each Nd layer, suggesting that t
are entirely due to the dhcp Nd layers. The larger atom
number of Nd (Z560) makes these similar in intensity to th
even-order peaks to which both Nd and Y (Z539) layers
contribute. We conclude, therefore, that the Y layers are
and the Nd layers, dhcp as in the bulk materials.

The magnetic properties of each film and superlatt
were measured using superconducting quantum interfere

on

FIG. 4. X-ray diffraction scan along the (10• l ) axis of a @Nd
~8.7 nm!uY ~2.4 nm!#80 superlattice. The peaks indicated by arrow
are due entirely to the Nd interlayers. The breadth of the peak
consistent with hcp and dhcp structures alternating in the Y and
layers, respectively.
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56 5455HELIMAGNETIC STRUCTURES IN EPITAXIAL Nd/Y . . .
device ~SQUID! magnetometry. Small segments (.10
mm2) were cut from samples using a diamond wire saw a
to reduce background contributions, were cemented to a
Kapton band with a small amount of wax or epoxy. T
principal remaining background contribution arises from
20 mg sapphire substrate, which has a diamagnetic mom
of .1025 emu in a field of 1 kOe; the signal from 100 nm
Nd is approximately an order of magnitude larger. Figure
shows the magnetic moment per Nd atom for the Nd~582
nm! film upon warming in several fields applied along theb
axis after being cooled to 4.2 K in zero field~ZFC!. Well-
defined anomalies are observed at 8 K and near 27 K in the
lowest field, associated presumably with the ordering of
cubic sites and the Ne´el temperatureTN, respectively. Com-
parable data for the superlattice sample@Nd ~3.2 nm!uY ~2
nm!# 120 are shown in Fig. 6 along with field-cooled~FC!
data obtained upon cooling in the same field. There is
obvious feature associated with cubic-site ordering above

FIG. 5. Zero-field cooled magnetization of the 582 nm Nd fi
with the field along the~100! easy axis. The anomaly near 27 K
associated with the Ne´el point, which is significantly higher than in
bulk Nd; the peak near 8 K arises from cubic-site ordering.

FIG. 6. Field-cooled and zero-field cooled data on a@Nd ~3.2
nm!uY ~2 nm!#120 superlattice. The Ne´el temperature extrapolates t
a zero-field value of 32 K, much above the bulk value of 19.9 K
,
ng

e
nt

5

e

o
.2

K in the superlattice. We have extrapolated the peaks in
6 to zero applied field in order to estimate the trueTN . The
Néel points obtained from similar graphs are listed for all
the samples in Table I. Note thatTN in films, and especially
in superlattice samples, is significantly higher than that
elemental Nd, a point we return to below.

III. NEUTRON SCATTERING RESULTS

Neutron diffraction data were taken on the BT-9 tripl
axis spectrometer at the NIST reactor, and on triple-a
spectrometers TAS-1 and TAS-6 at Risø National Labo
tory. All of the superlattice samples and the Nd~582 nm!
film were studied at NIST. These were mounted in a cryos
with the a* (h0•0) and c* (00• l ) axes in the scattering
plane. A similar configuration was used to examine t
Nd0.62Y 0.38 alloy at Riso”. In order to improve the resolution
in the a* direction, superlattice sample@Nd ~11.5 nm!uY
~2 nm!# 80, previously studied at NIST, was mounted wi
thea* andb* (0k•0) axes in the scattering plane at Riso”. In
this l 50 geometry we cannot detect any component of
ordering wave vector alongc* ; furthermore, the ordering o
cubic sites is unobservable, as the structure factor is zero
l even.8

Figure 7 shows magnetic scattering from the thick N
~582 nm! film taken at 6 K in the a* -c* geometry. In this
(d0•3) scan, withd the scan variable, the peak was observ
at the pointd50.12 close toq1,2 in Fig. 2~c!. The resolution
in the b* direction is 0.02 nm21 in this geometry, so we
cannot resolve anyb* component of these two wave vector
If all domains are equally present, the integrated intensity
this peak should represent 1/3 of the total magnetic inten

FIG. 7. Neutron diffraction scan along (d0•3) at 6 K for the 582
nm film. The peak atd50.12 is close to that associated wit
hexagonal-site ordering in the bulk. Although evidence of cubic-s
order is seen in Fig. 5 for this sample, no peak is evident in
scan.
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5456 56B. A. EVERITT et al.
due to hexagonal-site ordering. A comparison of magn
and structural peaks at 9 K leads to an estimated momen
2.660.5mB per Nd atom for the film. This is consistent wit
the high-field saturation moment of 2.2mB per Nd atom11 and
the neutron scattering results9 but is smaller than the free N
moment of 3.27mB . Though there is a clear anomaly at 8
in the SQUID data~Fig. 5!, the 6 K neutron data show, a
most, a weak peak associated with cubic site ordering atq3.
The splitting ofq1 andq2 @Fig. 2~d!# that occurs at 6.2 K in
the bulk, is evident here. The magnetic peak disappears
tween 15 and 22 K, suggesting that the SQUID anom
near 27 K is either not associated with magnetic order
arises from problems in thermometry. We note for later r
erence that no increase in intensity occurs neard50, and
therefore that the thick film orders in a manner similar
bulk Nd.

The situation is quite different for superlattice sampl
Figure 8 shows a scan taken at 1.5 K on the superlattice@Nd
~11.5 nm! u Y ~2 nm!# 80 with the largest Nd:Y ratio. At this
temperature a magnetic peak from the hexagonal site
d50.12 ~but not its splitting! and from the cubic sites a
d50.18 are readily observed. An unexpected peak occ
however, atd50, a feature seen in neither pure Nd nor dh
Nd/Pr alloys. The bulklike Bragg peaks are sufficiently i
tense and well resolved that we can compareq1and q3 as
functions of temperature with values for bulk Nd, as sho
in Fig. 9 for @Nd ~8.7 nm!uY ~2.4 nm!# 80. Figure 10 shows
the temperature dependence of the magnetic peaks for@Nd
~4.2 nm!uY ~1.2 nm!# 90. As in bulk Nd thedÞ0 peaks dis-
appear in the vicinity of 20 K~Refs. 11,12! while thed50
peak persists to higher temperatures. In this sample,
cubic-site ordering, giving rise to the peak atd.0.18, and
the splitting of the hexagonal-site peak by 0.01 r.l.u. alo
a* @cf. Fig. 2~d!#, are apparent in the 5 K data.

While the unbroken scans in Fig. 10 were taken alo
(d0•3), the remaining scans through the anomalous p
were taken at positionslÞ3 that maximized its intensity. A
scan along~00•l ) ~Fig. 11! on @Nd ~4.2 nm!uY ~1.2 nm!# 90,
clearly reveals thec-axis structure to beincommensurate; it

FIG. 8. Neutron diffraction scan along (d0•3) at 1.5 K on a@Nd
~11.5 nm!uY ~2 nm!#80 superlattice. The peaks atd150.12 and
d250.18 are consistent with hexagonal- and cubic-site order,
spectively. The peak at~003! is not observed in bulk Nd.
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should be indexed as~00•42t) with t temperature depen
dent. The same peak is observed in all superlattice sam
Figure 12 is a plot of the position of the peak as a function
temperature for@Nd ~3.2 nm!uY ~2 nm!# 120 ~circles! and@Nd
~3.9 nm!uY ~3.9 nm!# 120 ~squares!. The c-axis wave vector
increases fromt.0.8 at TN toward t51 at low tempera-
tures. One interpretation of the data is that a ferromagn
component of the magnetic moment develops in each
plane with successive planes rotated through a turn angl
72° to form ac-axis helix atTN . Alternatively, if only the
hexagonal sites are involved, the turn angle is twice as la
tending toward antiparallel alignment of success
hexagonal-site planes at lower temperatures. We refe
these incommensurate reflections as helimagnetic peak

e-

FIG. 9. Positions of the (d103) and (d203) peaks for the@Nd
~8.7 nm!uY ~2.4 nm!#80 superlattice~filled circles! along with the
hexagonal- and cubic-site peaks of bulk Nd~open circles!.

FIG. 10. Successive neutron diffraction (d03) scans~offset ver-
tically! on the @Nd ~4.2 nm!uY ~1.2 nm!#90 superlattice. The
hexagonal-site peak is split at 5 K as inFig. 2~d!. The ~003! peak
remains observable well above the bulk Ne´el temperature, consis
tent with the magnetization data. In these scans, thel index was
always set to maximize the intensity of thedÞ0 feature. Where
there is a gap in the data, the spectrometer was reset to maxi
the intensity atd50.
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analogy to the ordering of heavy lanthanides and their all
with yttrium.

Comparing the 5 K data in Fig. 10 with those in Fig. 11
we see that the helimagnetic peak is much broader in thec*
direction than alonga* . One interpretation is that the widt
measuresc-axis magnetic coherence which, after deconvo
tion of the instrument resolution, is only 4 nm for th
sample—essentially limited to a single Nd layer. Indeed,
width in thec* direction increases as the Nd-layer thickne
is decreased. However, in the sample with the thinnest
layer „@Nd ~3.1 nm!uY ~2 nm!# 315…, the peak develops well
defined shoulders in thec* direction, as the 1.5 K data in
Fig. 13 show. The dashed lines show a fit to three Gauss
spaced to agree with the structural superlattice periodi
~0.23 r.l.u.! and a width corresponding to a magnetic cor
lation length of.7 nm, indicating that helimagnetic orde

FIG. 11. Scans along~00l ) for the @Nd ~4.2 nm!uY ~1.2
nm!#90 superlattice. The peak is clearly shifted from the comm
surate~00•3! position, even at 5 K.

FIG. 12. Position of the helimagnetic peak in@Nd ~3.2 nm!uY
~2.0 nm!#120 ~filled circles! and @Nd ~3.9 nm!uY ~3.9 nm!#120

~squares! superlattices vs temperature. We index these peak
(00•42t), with t both sample and temperature dependent.
s

-

e
s
d

ns
ty
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extends over at least two Nd/Y bilayers. No evidence
coupling through the Y spacer layers is seen in the bulkl
dÞ0 peak, which is found only in samples with larger Nd/
ratios. A similar sample,@Nd ~3.2 nm!uY ~2 nm!# 120, also
has a distinctly non-Gaussian line shape which can be w
represented by three superlattice harmonics whose wi
correspond to a coherence length of 8 nm and also sugg
that the incommensurate magnetic structure couples thro
at least one Y spacer layer.

The question arises immediately whether the helimagn
structure is unique to superlattices. To investigate this,
annealed a superlattice sample to form a Nd0.62Y 0.38 ~970
nm! alloy. Neutron scattering studies showed this alloy
have the dhcp structure and to order in the helical ph
below 30 K. Helimagnetic peaks were observed
~00•46t) and at~00t), with t50.6760.03 throughout the
ordered temperature range. Interpreted as a helix, the
angle is 6061° per atomic plane~including cubic sites!, in
contrast to the 70–90° per plane in the superlattices~Fig.
12!. A 60° per plane lock-in state is expected if the mome
are aligned parallel to hexagonal crystal axes with no s
slips. We note that this turn angle is relatively close to t
51° per plane usually observed in dilute lanthanide-Y allo
There is no additional intensity at (d0•3) for dÞ0.

We can extract absolute magnetic moments from the d
by comparing the integrated intensity of the (00•42t) mag-
netic peak with the~00•4! Bragg peak. The results are show
in Figs. 14~a! and 14~b! for several superlattices and th
alloy sample, assuming here thatall Nd atoms participate in
helimagnetic order. The Ne´el temperatures estimated from
these curves are in reasonable agreement with the zero-
extrapolations from the magnetization data, and are liste
Table I. As the Nd concentration is decreased, the per a
moment associated with helimagnetic order increases w
that associated with bulklike ordering of the hexagonal s
decreases. We demonstrate this in Fig. 15, where we h
plotted the low-temperature values of the helimagnetic m

-

as

FIG. 13. A ~00l ) scan, similar to Fig. 10, at 1.6 K for the
short-period superlattice@Nd ~3.1 nm!uY ~2 nm!#315. Magnetic su-
perlattice harmonics are nearly resolved; the widths of the th
peaks separated by 2p/L give ac-axis magnetic coherence lengt
of 7 nm, approximately two bilayer periods.
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5458 56B. A. EVERITT et al.
ment per hexagonal sitealong with comparable values fo
the bulklike ordering of hexagonal sites. The sum of t
moments is approximately 2.2mB where both coexist, reason
ably close to fully ordered hexagonal-site moments (2.6mB)
observed in bulk Nd. In computing the bulklike moment w
assumed equal populations of all three possible domains
assumption we shall see is not necessarily justified. Figur
and 10 show that, when the cubic sites order, the intensit
comparable to that of the hexagonal sites, suggesting
coexistence of bulklike and helimagnetic domains and no
more complex magnetic structure exhibiting both types
order. The alloyed sample shows no sign of bulklike ord
and a significantly larger helimagnetic moment (2.9mB per
hexagonal site! than the superlattices, implying some he
magnetic ordering among cubic-site moments.

To explore the multi-q structure of superlattices furthe
sample @Nd ~11.5 nm!uY ~2 nm!# 80 was examined a
Risø using a scattering geometry that gives good resolu

FIG. 14. Temperature dependence of the magnetic momen
Nd atom~hexagonal and cubic sites! that orders in the helimagneti
structure for several superlattices and the alloy sample. The
peratures at which this component vanishes agree semiqua
tively with the Néel temperatures from the magnetization data,
shown in Table I.
e

an
8

is
he
a
f
r

n

in both a* andb* directions. Four of the six magnetic sa
ellites of~10•0! ~cf. Fig. 2! were examined. No evidence of
transverse (b* ) component of the magnetic wave vect
such as that in the 4-q state of Nd was observed, even at 2
K. A puzzling aspect of the data is a marked difference
intensity among symmetrically related peaks. The strong
peak ~1d1•0) is roughly a factor 2 more intense tha
~11d1 ,d1•0), which can be attributed to the predominan
of one q domain. Indeed, single-q structures have recentl
been detected in magnetic x-ray diffraction from Nd, whi
measures sample volumes comparable to that of
samples.13 However, the~1d1•0) peak, which arises from
the same predominant domain, is weaker still. We show
in Fig. 16. Note that bulklike order disappears near 20
while helimagnetic order, shown in Fig. 10, persists to 30
or higher.

IV. DISCUSSION

In early magnetization measurements on the Nd-Y al
system, Sharif and Coles5 detected a metastable magne
phase between 60 and 70 % Nd, in the Sm-like crystal str
ture regime, with a transition temperature near 32 K that th
attributed to a ‘‘residual hcp’’ phase. We suggest that o
epitaxial alloy in that composition range~Nd0.62Y 0.38) is in
the same residual phase, stabilized here by the constr
imposed by epitaxy. Indeed, the high-temperature phas
Sm is itself dhcp, and the phase boundary moves to lo
temperatures under pressure; Coles14 has argued that a simi
lar situation exists for the Nd-Y alloy system. The epitax
alloy, grown first as a superlattice and then annealed,
dhcp, rather than the proposed hcp, structure and orders m
netically as an incommensuratec-axis helix. The presence o
this phase in the Nd0.62Y 0.38 alloy suggests that the nestin
features which characterize the heavy lanthanides and Y,
are absent in elemental Nd, are restored in the dhcp a

er

-
ita-
s

FIG. 15. Magnetic moment per hexagonal site associated w
helimagnetic order and the moment per atom associated with b
like order of hexagonal sites vs the Nd concentration. The Nd ato
are in the dhcp structure in all samples.
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Hybridization of the 4f levels with the 5d-6s conduction
bands in the lighter rare earths15 causes the spanningQ vec-
tor of the nesting regions to increase. AsQ approaches one
half the distance between theM andL points of the recipro-
cal lattice, the nesting features can be removed by doub
the unit cell in that direction via dhcp stacking, stabilizin
the dhcp structure and suppressing the helical phase.4 Alloy-
ing with Y reduces thef -electron contribution and tends t
restore the webbing features. Presumably, this occurs in
concentration range between 30 and 40 at. % Y, and
thought to be responsible for the presence of the interven
Sm crystal structure.16 However, epitaxial growth of the
Nd-Y alloy by annealing an hcp/dhcp superlattice results i
dhcp alloy, which permits us to observe the magnetic or
of the dhcp alloy into the Sm-structure region of the pha
diagram. The restoration of webbing features increases
conduction electron susceptibility and is also responsible
the increased transition temperatures in the epitaxial a
and superlattices.

In yttrium-rich superlattices the helimagnetic phase is
predominant magnetic order, with transition temperature
excess of 30 K. In some samples that exhibit only helim
netic order, there is evidence for coupling through the
spacers. Neither helimagnetic nor bulklike order propaga
through the spacers when both coexist. The high transi
temperature, and the fact that the sum of helimagnetic
bulklike moments is constant within experimental unc
tainty, suggests strongly that helimagnetic order arises
marily on the hexagonal-site sublattice, with the moments
successive hexagonal planes tending toward antiferrom
netic alignment at low temperatures. The alloy sample ord
similarly, but with a larger moment and a temperatu
independent helical pitch. We have suggested, on the bas
the moment and the fact that the turn angle is very clos
60° per atomic plane, that cubic-site moments take par
the helical order of the alloy.

We have considered the possibility that helimagnetic

FIG. 16. Integrated intensity of (1d1•0) ~circles! and (1d1•0)
~squares! magnetic peaks for@Nd ~115 nm!uY ~2 nm!#80. The large
asymmetry suggests that the three possible domains are not eq
present. This component of the magnetic order disappears abov
bulk TN but at a temperature at which the helimagnetic compon
is still present.
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der arises mainly at the interfaces between Nd and Y, an
associated with alloying. However, the two samples hav
the same helimagnetic moment (1.1mB) and concentration
~0.78! in Fig. 15 have quite different Nd-layer thickness
~4.2 and 8.7 nm!. If this were an interface effect, independe
of the total Nd-layer thickness, the helimagnetic mome
~calculated as the moment per hexagonal site! would be
smaller for the sample with the thicker Nd layer, which it
not. Rather, the moment scales with concentration, sugg
ing that the picture above, in which the two periodiciti
coexist, is more consistent with the experimental results.

The hexagonal peak atd50.12 is found in the more con
centrated superlattices, but neither its splitting nor a Bra
peak associated with cubic-site order are found consisten
One possibility is that existence of the ‘‘archipelago’’ Brag
peaks in elemental Nd requires long-range coherence w
is limited by the finite regions that exhibit bulklike orde
Indeed, even random substitutions of Y at the 6% level s
presses the splitting of thed50.12 peak.6 We see no regular
pattern in the ordering~or lack thereof! of the cubic-site mo-
ments and suggest that residual strain, or perhapsc-axis
magnetostriction associated with the helical structure, m
lower the transition temperature of the cubic sites. Th
effects are not so profound here as for the heavy rare ea
where magnetoelastic effects play a central role in determ
ing the phase diagram.

Helimagnetic order commonly occurs in dilute alloys
the heavier rare earths with yttrium, and it is therefore n
surprising to find it in an Nd-Y alloy that has been stabiliz
in the dhcp phase. In the case of heavy rare earths lay
with nonmagnetic Y or Lu, the local band structure of t
magnetic rare earth is approximately preserved, and the
served magnetic structures are closely related to those in
bulk materials. Not so in Nd/Y superlattices, where helima
netism, absent in bulk Nd, persists over a wide range of N
and Y-layer thicknesses, coexisting in some cases with
b-axis spin modulation that is characteristic of the bulk. D
spite the fact that the interfaces are abrupt and the stac
alternates between dhcp and hcp, the magnetic structur
the superlattice becomes increasingly that of the alloy as
Y component is increased. Clearly the influence of t
nearby Y is paramount and produces a band structure in
Nd similar to that in dhcp Nd-Y alloys. For both the allo
and the superlattices, Fermi-surface nesting is the prob
explanation for the observed helical order. Unfortunately,
coherence of the helimagnetic order is limited to a single
layer for most of the samples studied. Thus we have no
rect measure of the magnetic response of the Y interlay
As a result, we cannot determine whether this magnetic s
indicates bands that belong uniquely to the superlattice o
alternatively, the result of local perturbations of the bulk N
band, or even of epitaxial strains. To help clarify these
sues, further studies of epitaxially grown Nd/Y alloys a
underway.
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