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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 incommensutat@xis modulated structure exhibited by elemental
Nd at Ty=19.9 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, theaxis 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 modificatiod§0163-182807)01133-9

[. INTRODUCTION peaj structure appears in the intermediate concentration
range. Sharif and Coledound alloys in that intermediate
The element neodymium orders magnetically belowconcentration to contain a significant fraction of a metastable
=19.9 K and exhibits one of the most complex magneticmagnetic phase with a transition near 32 K. At the Nd-rich
structures known, involving multiple, incommensurate mag-end, Zochowskét al® found that 6 at. % of Y suppresses the
netization waves.Unlike the heavier rare earths, the period- “archipelago” of magnetic satellites present in bulk Nd. In
icities q of these waves are not obviously related to featureshis study, we report magnetization and neutron scattering
in the electronic band structure, nor is the confinement of theneasurements af-axis Nd/Y superlattice$,a Ndy g,Y .35
magnetic moments in the basal planes the obvious consedloy, and a thick Nd film, all grown by molecular beam
quence of crystal field effects. Rather, the magnetic structurepitaxy. Nd and Y are exceptionally well lattice matched in
is the result of a delicate balance among indirect exchangédhe basal plane, with a 0.24% mismatch at room temperature
anisotropic two-ion coupling, and crystal field effettsin-  providing compressive strain on the Nd layers. The thick Nd
der such circumstances, it is likely that the coherency strainBlm exhibits a multipleg behavior similar to that of bulk Nd,
that accompany epitaxial growth will significantly alter the but a different magnetic structure appears in superlattices and
magnetic transition temperatures and phases. Indeed, vemexists with the bulklike structure. Only this different mag-
have shown that coherency strain and clamping to a sub-netic structure is observed in the epitaxial alloy and, in both
strate, through their effect on magnetostriction, profoundlysuperlattices and the alloy, this phase persists to temperatures
affect the magnetic properties of heavy rare-earth superlagbove 30 K. We suggest that this phase is the source of the
tices and thin films. susceptibility peak found at 32 K by Sharif and Coles in their
Unlike the heavy lanthanides, Nd orders in a double hexguenched Ngg3Y (37 alloy, and will argue that this phase
agonal close-packeddhcp structure. The Fermi-surface arises from a modification of the band structure relative to
nesting features that lead to helimagnetism in, e.g., Dy opure Nd rather than as a consequence of epitaxial strain.
Ho, are absent in the dhcp structure, suggesting that this The magnetic structure of Nd has been studied exten-
feature drives dhcp crystallization in the light rare eafths. sively; a comprehensive review of the current state of under-
Nd-Y alloys exhibit dhcp structure to approximately 30% Y standing has been published recently by Lebethl® The
and are hcp beyond 40% Y. The samarignne-layer re- ABAC stacking sequence of the dhcp structure provides two
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2(c). The lowest temperature phase arises below 6.2 K, in

A which g; andqg, are split longitudinally alond while the
B e F cubic-site  modulation exhibits a fourfold splitting, as

c Foo e sketched in Fig. @). The moment on the hexagonal sites is
A — 2.67£0.02ug/atom at the temperature at which the cubic

A sites order. When the cubic sites order, the total moment in
B ’T"'—’:‘(‘ both modulated structures remains at Zg7atom® Some,

B Fo--=10 but not all, aspects of this complex behavior are retained in
A > epitaxial samples, and new features appear.

A In Sec. Il we describe the preparation and initial charac-

terization of the epitaxial samples. We present the neutron
FIG. 1. The hcpleft) and dhep(right) crystal structures. In the  scattering data in Sec. lll, comparing and contrasting it with
latter, for an ideal close-packera ratio, theB- andC-plane sites  the results summarized above for elemental Nd. Finally, we
have hexagonal symmetry; ti#eplane sites have local cubic sym- giscuss the results and suggest possible avenues for future
metry. (From Ref. 2) research on epitaxially grown light lanthanides.

distinct crystallographic environments: hexagonal local ar-
rangements in th® and C layers and a nearly cubic envi-
ronment in theA layer, as shown in Fig. 1. The hexagonal = Samples were grown in the University of Illinois EpiCen-
sites order magnetically &fy=19.9 K into a longitudinal, ter using now-standard methddsr the growth of rare-earth
singleq structure, with both the propagation wave veagor films and superlattices. Buffer layers of bcc Me=150 nm
and the modulated magnetic moments parallel to one of thevere first deposited on suitably cleaned epitaxial grade
hexagonalb(10-0) axes. Three possible domains coexist,(1120) sapphire substrates at a temperature of 1000 °C and a
giving rise to six magnetic reflections in neutron scatteringbackground pressure of110~8 torr. A Y layer, deposited at
as shown in Fig. @). Below 19.1 K the moments turn away 700-800 °C with the chamber pressure held=g&x 10 1°
from theb axis and a perpendicular componentoptlevel-  torr, was grown until thick enough to give a clear hexagonal
ops parallel taa(11-0). This leads to a transverse splitting of reflection high-energy electron diffractigRHEED) pattern.
the magnetic satellites and a “dould¢-structure, as shown Nd and Y were then grown as-axis superlattices or films,
in Fig. 2(b). Below 8.2 K order begins to develop on the with computer control of the deposition times. A final Y
cubic sites, with a different wave vectqg, as shown in Fig. capping layer was added to inhibit oxidation of the highly
reactive Nd. Typical growth rates were between 0.03 and 0.1
MULTIPLE DOMAIN  SINGLE DOMAIN nmys.
Because of the small magnetic momept(/ug=2.6 as
(@) compared with 10.6 for Dyand multiple domain structure of
4,= (0.140) Nd, samples were grown on 5 cm sapphire wafers in order to
obtain a reasonable neutron diffraction signal with an achiev-
able number of bilayers. To improve the homogeneity of the
samples, the substrates were rotated at 6 rpm during growth.
A total of four thin film samples and eight superlattice speci-

II. SAMPLE GROWTH AND CHARACTERIZATION

>
< >

®) XN A 2 mens were grown. A superlattice not exhibiting a regular
. . 5 = a, = (0.13,0.006) bilayer period was annealed at 800 °C for 30 min to form an
. . ! q,= (0.13,-0,006) alloy sample. The true compositions of the superlattice
° ¢ samples were determined from a combination of x-ray and
Rutherford backscatteringRBS) data. The superlattice pe-
© riod was determined from the spacing of x-ray superlattice
N /) \\QZ/% peaks and the atomic fractions from the RBS data. The char-
2 s —H=="— q,= (0.12,0.003) acteristics of the samples are listed in Table I; in several
. . ! q,= (0.12,-0,003) instances the nominal composition differs substantially from
* * a;= (018.0) that determined using x rays and RBS. We use the measured
compositions in this paper.
(d) o Yo R The principal goals in the growth of a superlattice struc-
\\/ 2 /4, ture are regularity of the superlattice period and abruptness at
:: :: T q,= (0.106,0) the interfaces. These can be determined by x-ray diffraction
/\ q, %~ (01160 studies in the vicinity of Bragg peaks. For a perfect square-
% e . 95= (0-181,-0.013) wave superlattice with exact matching of the lattice param-

(0.184,0.021)

.

L]

O
N

eters in the direction of growth, each Bragg peak is sur-
FIG. 2. Magnetic satellites observed in(@0-1) plane, for~ ~ rounded by odd-order superlattice harmonics, separated in
odd, in Nd. Theq vectors at different temperatures are specified ag€ciprocal space from that peak by 4n/N, , whereN, is
components parallel and perpendicular to one of #ie axes. the total number of atomic planes in a single superlattice
[Adapted from R. M. Moon and R. M. Nicklow, J. Magn. Magn. bilayer of thickness\. The factor 4 arises because we index
Mater. 100, 139(1991).] this and subsequent Bragg peaks relative to a dhcp unit cell
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TABLE |. Characteristics of the epitaxial films and superlattices. The notdbprindicates that the
temperature given is that of the bulklike phase. The remaining entries refer to the anomalous, helimagnetic
Neel temperature.

Nominal Mo buffer Y seed Ycap Tyn(K) Tn(K)
Sample Nd/Y ratio (nm) (nm) (nm) (SQUID)  (Neutron
Nd (582 nm) 240 150 12 282 < 22 (b)
Nd (156 nm 165 75 5 252
Nd (11.5 nm 85 146 8 252
Nd (1.44 nm 185 70 5
[Nd (3.1 nm|Y (2 nm)]zs 18/20 100 100 30 321 372
[Nd (3.2 nn)\Y (2 nm)] 159 37/30 100 100 30 321 29+2
[Nd (3.9 nnj\Y (3.9 Nnm] 159 38/38 100 100 30 321 28+4
[Nd (4.2 nm|Y (1.2 nm]g 35/11 100 100 30 292 27+3
[Nd (4.7 nm|Y (1.9 nm]109 37/20 100 100 30 3062 25+2
[Nd (8.7 nm|Y (2.4 nm]g 77/21 100 100 30 322 27+2
[Nd (11.5 nm|Y (2 nm)]g 115/20 100 100 30 272 22+2 (b)
Ndg 62Y 035 (970 nm 100 alloyed alloyed 281 30+2

which contains four atomic planes. Differences between thand dhcp stacking sequences, asdfaxis layer separations
thicknesses of the component layers add even-order superlare equal for the two structures. The difference is distin-
tice harmonics to the spectrum. Figure 3 shows such an x-raguishable, however, in off-axis scans suchHHEs1). An hcp
scan for theNd (8.7 nm|Y (2.4 nm]g, sample N,=40), crystal, if indexed on the dhcp unit cell, exhibits Bragg peaks
in the vicinity of the (00-4) Bragg peak. The solid line only at even-integer values of while dhcp stacking results
through the data is a fit based on the damped rectanguléam both even and odd order peaks. Figure 4 is such an x-ray
wave model’ in which successive Fourier components of thescan on the same sample as in Fig. 3. Arrows indicate those
concentration and-axis lattice parameter are multiplied by peaks due to dhcp stacking. The width of odd-order peaks
attenuation factors. Because the Bragg peak from the Y basmrresponds to a coherence length=6f nm, comparable to
layer coincides with the first-order superlattice harmonicthe 8.7 nm thickness of each Nd layer, suggesting that they
nearl =4.1, the least-squares fit was insensitive to relativeare entirely due to the dhcp Nd layers. The larger atomic
Nd and Y layer thicknesses and lattice parameters but wasumber of Nd Z=60) makes these similar in intensity to the
sensitive to the concentration attenuation factor. The fit ineven-order peaks to which both Nd and ¥=39) layers
Fig. 3 uses the RBS-determined relative thicknesses indieontribute. We conclude, therefore, that the Y layers are hcp
cated in the sample designation. The analysis clearly showsnd the Nd layers, dhcp as in the bulk materials.
that the full width of the interfaces is less than 6 atomic The magnetic properties of each film and superlattice
planes. were measured using superconducting quantum interference
The(00:1) scan of Fig. 3 cannot differentiate between hcp

[Nd(8.7 nm)IY (2.4 nm)],,
10° g
—_ 2
=4
*‘é’ 10" 3
= 2
: [=2}
o =B ]
E e
210 |
R7 E
gk
= i
(o]
1 | | 1 1 L
10" | 0 1 2 3 4 5 6
s ‘ | | 1 | I (dhep r.lu.)
3.6 3.8 4.0 42 44 )
I(rlu) FIG. 4. X-ray diffraction scan along the (10 axis of a[Nd

(8.7 nm|Y (2.4 nm]g, superlattice. The peaks indicated by arrows
FIG. 3. X-ray scan along* of a[Nd (8.7 nm|Y (2.4 nm]g, are due entirely to the Nd interlayers. The breadth of the peaks is
superlattice. The solid line compares the data to a profile based ogpnsistent with hcp and dhcp structures alternating in the Y and Nd
the diffusion model. layers, respectively.
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FIG. 5. Zero-field cooled magnetization of the 582 nm Nd film
with the field along thé€100) easy axis. The anomaly near 27 K is
associated with the N¢ point, which is significantly higher than in
bulk Nd; the peak near 8 K arises from cubic-site ordering. 0 ' : ‘ : ‘ :
0.0 0.1 0.2
8(r.1. u.)

device (SQUID) magnetometry. Small segments={0

mm?) were cut from samples using a diamond wire saw and, FiG. 7. Neutron diffraction scan alongQ-3) at 6 K for the 582

to reduce background contributions, were cemented to a longm film. The peak ats=0.12 is close to that associated with

Kapton band with a small amount of wax or epoxy. Thehexagonal-site ordering in the bulk. Although evidence of cubic-site

principal remaining background contribution arises from theorder is seen in Fig. 5 for this sample, no peak is evident in the

20 mg sapphire substrate, which has a diamagnetic momestan.

of =107° emu in a field of 1 kOe; the signal from 100 nm of

Nd is approximately an order of magnitude larger. Figure 5K in the superlattice. We have extrapolated the peaks in Fig.

shows the magnetic moment per Nd atom for the (882 6 to zero applied field in order to estimate the tiyg. The

nm) film upon warming in several fields applied along the Neel points obtained from similar graphs are listed for all of

axis after being cooled to 4.2 K in zero fie{dFC). Well-  the samples in Table I. Note th@j, in films, and especially

defined anomalies are observedBeK and near 27 K in the in superlattice samples, is significantly higher than that of

lowest field, associated presumably with the ordering of theelemental Nd, a point we return to below.

cubic sites and the N temperaturdy, respectively. Com-

parable data for the superlattice sampie (3.2 nm|Y (2

nm)],,o are shown in Fig. 6 along with field-cooledC)

data obtained upon cooling in the same field. There is no Neutron diffraction data were taken on the BT-9 triple-

obvious feature associated with cubic-site ordering above 4.2xis spectrometer at the NIST reactor, and on triple-axis
spectrometers TAS-1 and TAS-6 at Risg National Labora-

Ill. NEUTRON SCATTERING RESULTS

0.22 tory. All of the superlattice samples and the K&B2 nm)
0.20 vo 5000e film were studied at NIST. These were mounted in a cryostat
018 ow 20006 | with the a* (h0-0) and c*(00-1) axes in the scattering
016 510008 | plane. A similar corjfiguration was used to examing the
' Ndge2Y o.3s @lloy at Riso In order to improve the resolution
c 0.14 1 in the a* direction, superlattice samplgNd (11.5 nm|Y
g 012 1 (2 nm)]go, previously studied at NIST, was mounted with
2 0.10 ] thea* andb* (0k-0) axes in the scattering plane at Rito
o 0.08 | this | =0 geometry we cannot detect any component of the
0.06 o | ordering wave vector along"; furthermore, the ordering of
) va® cubic sites is unobservable, as the structure factor is zero for
0.04 cu?_ ] | even®
0.02 DEE% . Figure 7 shows magnetic scattering from the thick Nd
0.00 T T R R (582 nm film taken a 6 K in the a*-c* geometry. In this
4'0 5‘0 6‘0 7‘0 s (50-3) scan, withé the scan var_iablg, the peak was observed
T® at the points=0.12 close tay; , in Fig. 2c). The resolution

FIG. 6. Field-cooled and zero-field cooled data ofiNal (3.2 ( : . (
nm)|Y (2 nm)],,0Superlattice. The Nat temperature extrapolates to If all domains are equally present, the integrated intensity of
a zero-field value of 32 K, much above the bulk value of 19.9 K. this peak should represent 1/3 of the total magnetic intensity

in the b* direction is 0.02 nm? in this geometry, so we
cannot resolve ang* component of these two wave vectors.
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FIG. 8. Neutron diffraction scan alongQ-3) at 1.5 K on gNd FIG. 9. Positions of the ,03) and ¢,03) peaks for th¢Nd

(11.5 nm|Y (2 nm)]g, superlattice. The peaks a=0.12 and (8.7 nm|Y (2.4 nm]g, superlattice(filled circle along with the
5,=0.18 are consistent with hexagonal- and cubic-site order, rehexagonal- and cubic-site peaks of bulk Mgben circles
spectively. The peak d003) is not observed in bulk Nd.

should be indexed a®0-4— 7) with 7 temperature depen-
due to hexagonal-site ordering. A comparison of magneticdent. The same peak is observed in all superlattice samples.
and structural peaks at 9 K leads to an estimated moment ¢figure 12 is a plot of the position of the peak as a function of
2.6+ 0.5ug per Nd atom for the film. This is consistent with temperature fofNd (3.2 nm|Y (2 nm)] ;5 (circles and[Nd
the high-field saturation moment of 2 per Nd atomi*and (3.9 nm|Y (3.9 nm]1, (Squares The c-axis wave vector
the neutron scattering res\fltsut is smaller than the free Nd increases fromr=0.8 at Ty toward =1 at low tempera-
moment of 3.2%4g. Though there is a clear anomaly at 8 K tures. One interpretation of the data is that a ferromagnetic
in the SQUID dataFig. 5, the 6 K neutron data show, at component of the magnetic moment develops in each Nd
most, a weak peak associated with cubic site orderimggat plane with successive planes rotated through a turn angle of
The splitting ofg; andq, [Fig. 2(d)] that occurs at 6.2 K in 72° to form ac-axis helix atTy . Alternatively, if only the
the bulk, is evident here. The magnetic peak disappears bé&exagonal sites are involved, the turn angle is twice as large,
tween 15 and 22 K, suggesting that the SQUID anomalyending toward antiparallel alignment of successive
near 27 K is either not associated with magnetic order, ohexagonal-site planes at lower temperatures. We refer to
arises from problems in thermometry. We note for later refthese incommensurate reflections as helimagnetic peaks in
erence that no increase in intensity occurs néal0, and
therefore that the thick film orders in a manner similar to 1200
bulk Nd.

The situation is quite different for superlattice samples.
Figure 8 shows a scan taken at 1.5 K on the superlditice
(11.5 nm | Y (2 nm)]go with the largest Nd:Y ratio. At this
temperature a magnetic peak from the hexagonal sites at
6=0.12 (but not its splitting and from the cubic sites at
6=0.18 are readily observed. An unexpected peak occurs,
however, ats=0, a feature seen in neither pure Nd nor dhcp
Nd/Pr alloys. The bulklike Bragg peaks are sufficiently in-
tense and well resolved that we can compayand g3 as
functions of temperature with values for bulk Nd, as shown
in Fig. 9 for [Nd (8.7 nm|Y (2.4 nm]g,. Figure 10 shows 200 o
the temperature dependence of the magnetic peakidNibr R85 o TERa
(4.2 nm|Y (1.2 nm]gg As in bulk Nd thed+0 peaks dis- 0 : :
appear in the vicinity of 20 KRefs. 11,12 while the 5=0 0.00 004 008 012 016 020
peak persists to higher temperatures. In this sample, both 5(rlu)

CUblc'S.'te ordering, giving rise FO the peak &0.18, and FIG. 10. Successive neutron diffractiof03) scangoffset ver-

trle spl|tt.|ng of the hexagonal-s_lte peak by 0.01 r.l.u. alonqica"y) on the [Nd (4.2 nm[Y (1.2 nme, superlattice. The

a* [cf. Fig. 2d)], are apparent in th5 K data. hexagonal-site peak is split & K as inFig. 2(d). The (003 peak
While the unbroken scans in Fig. 10 were taken alongemains observable well above the bulkeNeemperature, consis-

(60-3), the remaining scans through the anomalous peajent with the magnetization data. In these scans,| tirelex was

were taken at positionls# 3 that maximized its intensity. A always set to maximize the intensity of the=0 feature. Where

scan along00-1) (Fig. 11 on[Nd (4.2 nm|Y (1.2 nm] g, there is a gap in the data, the spectrometer was reset to maximize

clearly reveals the-axis structure to béncommensuratgt  the intensity at5=0.
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FIG. 11. Scans along00) for the [Nd (4.2 nm|Y (1.2 FIG. 13. A (00) scan, similar to Fig. 10, at 1.6 K for the
nm)]qo superlattice. The peak is clearly shifted from the commen-short-period superlatticeNd (3.1 nm|Y (2 nm)]3;5. Magnetic su-
surate(00-3) position, even at 5 K. perlattice harmonics are nearly resolved; the widths of the three

peaks separated byrZ A give ac-axis magnetic coherence length
of 7 nm, approximately two bilayer periods.

analogy to the ordering of heavy lanthanides and their alloys
with yttrium.

Comparing tle 5 K data in Fig. 10 with those in Fig. 11,
we see that the helimagnetic peak is much broader irc’the
direction than along* . One interpretation is that the width
measureg-axis magnetic coherence which, after deconvolu

extends over at least two Nd/Y bilayers. No evidence of
coupling through the Y spacer layers is seen in the bulklike
6# 0 peak, which is found only in samples with larger Nd/Y
ratios. A similar sample[Nd (3.2 nm|Y (2 nm)];,,, also
‘has a distinctly non-Gaussian line shape which can be well

tion ?f the ms'irulrlnel_nt _tregtilutlon_, IIS ?\Ir:jlﬁ 4 nr? (;or (;hlt?] represented by three superlattice harmonics whose widths
sampie—essentially imited fo a single ayer. Indeed, orrespond to a coherence length of 8 nm and also suggests

S P ;
W'%th n theg E{wecnon 'Ucrfﬁses as Ithe '.\:g'ltﬁye{ht.h'(:kntei?&at the incommensurate magnetic structure couples through
is decreased. However, in the sample wi e thinnes t least one Y spacer layer.

layer (INd (3.1 nm|Y (2 nm]z;s), the peak develops well- The question arises immediately whether the helimagnetic

dt_eflned shoulders in the* c_j|rect|on, as t_he 1.5 K data N structure is unigue to superlattices. To investigate this, we
Fig. 13 show. The dashed lines show a fit to three Gauss'a%nealed a superlattice sample to form agyY ¢ a5 (970

spaced to agree W.ith the structure_ll superlattice p.eriodicityjm) alloy. Neutron scattering studies showed this alloy to
(0.23 r.L.u) and a width corresponding to a magnetic COre-pave the dhcp structure and to order in the helical phase

lation length of=7 nm, indicating that helimagnetic order 0. 30 K. Helimagnetic peaks were observed at
(00-4= 7) and at(007), with 7=0.67=0.03 throughout the

3.225 9 70 ordered temperature range. Interpreted as a helix, the turn
3200 | E 1 angle is 6&=1° per atomic plangincluding cubic sites in
’ 5 contrast to the 70-90° per plane in the superlatti¢ég.
3 3475 d7a & 12). A 60° per plane lock-in state is expected if the moments
= % £ are aligned parallel to hexagonal crystal axes with no spin
5 3.150 - : 17 g slips. We note that this turn angle is relatively close to the
g ® § 178 g 51° per plane usually observed in dilute lanthanide-Y alloy.
i i i Py There is no additional intensity a®-3) for 5+0.
= 5100 | : L 18 2 We can extract absolute magnetic moments from the data
<o'r ‘ §§ § i lgs E by comparing the integrated intensity of the (86 7) mag-
S a075 | @ - netic peak with th€00-4) Bragg peak. The results are shown
@ 84 in Figs. 14a) and 14b) for several superlattices and the
3.050 o O g6 alloy sample, assuming h,ere tredt Nd atoms participate in
helimagnetic order. The N¢ temperatures estimated from
8025 ; 1'0 1'5 2‘0 2'5 % these curves are in reasonable agreement with the zero-field

extrapolations from the magnetization data, and are listed in
Table I. As the Nd concentration is decreased, the per atom
FIG. 12. Position of the helimagnetic peak[iNd (3.2 nm|Y moment associated with helimagnetic order increases while
(2.0 nm]y, (filled circles and [Nd (3.9 nm|Y (3.9 nm],, that associated with bulklike ordering of the hexagonal sites
(square} superlattices vs temperature. We index these peaks a@ecreases. We demonstrate this in Fig. 15, where we have
(00-4— 7), with 7 both sample and temperature dependent. plotted the low-temperature values of the helimagnetic mo-
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T® Nd Concentration
2.0 FIG. 15. Magnetic moment per hexagonal site associated with
181 4 [Nd(4.2 nm)IY(12 nm)lgq helimagnetic order and the moment per atom associated with bulk-
m [NA32 nm)IY(2 nm)lyz0 like prder of hexagonal sitgs vs the Nd concentration. The Nd atoms
161 are in the dhcp structure in all samples.
141 ¢ ® Ndg Yo 38 Alloy
E
g 12} ¢ ¢ . L . .
@ in both a* andb* directions. Four of the six magnetic sat-
z 101 ellites of (10-0) (cf. Fig. 2 were examined. No evidence of a
£ 08 I * transverse t§*) component of the magnetic wave vector
[=] .
2 6l "a i ¢ such as that in the 4¢-state of Nd was observed, even at 2.2
' ﬁ * } . K. A puzzling aspect of the data is a marked difference in
0.4 |- * Py L intensity among symmetrically related peaks. The strongest
o2l ® 3 peak (16,-0) is roughly a factor 2 more intense than
(1+6,,64-0), which can be attributed to the predominance
0.0 : s - . .
0 10 20 30 40 of one g domain. Indeed, singlg-structures have recently
T(K) been detected in magnetic x-ray diffraction from Nd, which

measures sample volumes comparable to that of our
FIG. 14. Temperature dependence of the magnetic moment paamples> However, the(15;-0) peak, which arises from
Nd atom(hexagonal and cubic sitethat orders in the helimagnetic the same predominant domain, is weaker still. We show this
structure for several superlattices and the alloy sample. The tenin Fig. 16. Note that bulklike order disappears near 20 K,

peratures at which this component vanishes agree semiquantitizhile helimagnetic order, shown in Fig. 10, persists to 30 K
tively with the Neel temperatures from the magnetization data, aspr higher.

shown in Table I.

ment per hexagonal sitalong with comparable values for V. DISCUSSION

the bulklike ordering of hexagonal sites. The sum of the In early magnetization measurements on the Nd-Y alloy
moments is approximately 2. where both coexist, reason- system, Sharif and Colésletected a metastable magnetic
ably close to fully ordered hexagonal-site moments 2) phase between 60 and 70 % Nd, in the Sm-like crystal struc-
observed in bulk Nd. In computing the bulklike moment we ture regime, with a transition temperature near 32 K that they
assumed equal populations of all three possible domains, attributed to a “residual hcp” phase. We suggest that our
assumption we shall see is not necessarily justified. Figures &pitaxial alloy in that composition rand&ldg g,Y .39 iS in
and 10 show that, when the cubic sites order, the intensity ithe same residual phase, stabilized here by the constraints
comparable to that of the hexagonal sites, suggesting thienposed by epitaxy. Indeed, the high-temperature phase of
coexistence of bulklike and helimagnetic domains and not &m is itself dhcp, and the phase boundary moves to lower
more complex magnetic structure exhibiting both types oftemperatures under pressure; Clldms argued that a simi-
order. The alloyed sample shows no sign of bulklike ordedar situation exists for the Nd-Y alloy system. The epitaxial
and a significantly larger helimagnetic moment (2:9per  alloy, grown first as a superlattice and then annealed, has
hexagonal sitethan the superlattices, implying some heli- dhcp, rather than the proposed hcp, structure and orders mag-
magnetic ordering among cubic-site moments. netically as an incommensurateaxis helix. The presence of

To explore the multg structure of superlattices further, this phase in the NglgoY ¢ 35 @lloy suggests that the nesting
sample [Nd (11.5 nm|Y (2 nm)]g, was examined at features which characterize the heavy lanthanides and Y, but
Risg using a scattering geometry that gives good resolutioare absent in elemental Nd, are restored in the dhcp alloy.
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12 der arises mainly at the interfaces between Nd and Y, and is
associated with alloying. However, the two samples having
the same helimagnetic moment (&g) and concentration
(0.78 in Fig. 15 have quite different Nd-layer thicknesses
(4.2 and 8.7 nm If this were an interface effect, independent
of the total Nd-layer thickness, the helimagnetic moment
(calculated as the moment per hexagonal)siteuld be
smaller for the sample with the thicker Nd layer, which it is
not. Rather, the moment scales with concentration, suggest-
49 4 ing that the picture above, in which the two periodicities
o coexist, is more consistent with the experimental results.
The hexagonal peak @#=0.12 is found in the more con-
centrated superlattices, but neither its splitting nor a Bragg
peak associated with cubic-site order are found consistently.
0 5 10 15 20 25 30 35 40 One possibility is that existence of the “archipelago” Bragg
T(K) peaks in elemental Nd requires long-range coherence which
is limited by the finite regions that exhibit bulklike order.
FIG. 16. Integrated intensity of (&-0) (circles and (15;-0) Indeed, even random substitutions of Y at the 6% level sup-
(squaresmagnetic peaks fdiNd (115 nm|Y (2 nm)]g,. The large  presses the splitting of th&=0.12 peakG. We see no regular
asymmetry suggests that the three possible domains are not equagiattern in the orderinépr lack thereof of the cubic-site mo-
present. This component of the magnetic order disappears above thgents and suggest that residual strain, or perteapsgis
bulk Ty but at a temperature at which the helimagnetic componeninagnetostriction associated with the helical structure, may
is still present. lower the transition temperature of the cubic sites. These
effects are not so profound here as for the heavy rare earths,
where magnetoelastic effects play a central role in determin-
ing the phase diagram.

10 -

Intensity (arb. units)
[+
T

Hybridization of the 4 levels with the B®-6s conduction
bands in the lighter rare earffizauses the spannir@ vec-

tor of the nesting regions to increase. Asapproaches one-  “pajimagnetic order commonly occurs in dilute alloys of
half the distance between thé andL points of the recipro- he heavier rare earths with yttrium, and it is therefore not

cal lattice, the nesting features can be removed by doubling, v ising to find it in an Nd-Y alloy that has been stabilized
the unit cell in that direction via dhcp staqklng, stabilizing in the dhcp phase. In the case of heavy rare earths layered
the dhcp structure and suppressing the helical phasley- i, nonmagnetic Y or Lu, the local band structure of the
ing with Y reduce_zs thd -electron contribution c_";md tends_ to magnetic rare earth is approximately preserved, and the ob-
restore the webbing features. Presumably, this occurs in theed magnetic structures are closely related to those in the
concentration range between 30 and 40 at. % Y, and g,k materials. Not so in Nd/Y superlattices, where helimag-
thought to be responglble for the presence of the interveningatism absent in bulk Nd, persists over a wide range of Nd-
Sm crystal structur€ However, epitaxial growth of the 54 v.Jayer thicknesses, coexisting in some cases with the
Nd-Y alloy by annealing an hcp/dhcp superlattice results in §,_5yis spin modulation that is characteristic of the bulk. De-
dhcp alloy, which permits us to observe the magnetic ordegjie the fact that the interfaces are abrupt and the stacking
of the dhcp alloy into the Sm-structure region of the phase,jierates between dhcp and hcp, the magnetic structure of
diagram. The restoration of webbing features increases thg,e g periattice becomes increasingly that of the alloy as the
conduction electron susceptibility and is also responsible fox, component is increased. Clearly the influence of the
the increaseql transition temperatures in the epitaxial a"°¥|earby Y is paramount and produces a band structure in the
and sup_erlattl_ces. . ) ) ) Nd similar to that in dhcp Nd-Y alloys. For both the alloy

In yttrium-rich superlattices the helimagnetic phase is they 4 the superlattices, Fermi-surface nesting is the probable
predominant magnetic order, with transition temperatures iR, nanation for the observed helical order. Unfortunately, the
excess of 30 K. In some samples that e)fh'b't only helimagggperence of the helimagnetic order is limited to a single Nd
netic order, there is evidence for coupling through the Ylayer for most of the samples studied. Thus we have no di-
spacers. Neither helimagnetic nor bulklike order propagateg, .t measure of the magnetic response of the Y interlayers.
through the spacers when both coexist. The high transitiong 5 resylt, we cannot determine whether this magnetic state
temperature, and the fact that the sum of helimagnetic anfjicates bands that belong uniquely to the superlattice or is,
bulklike moments is constant within experimental uncer-pyeratively, the result of local perturbations of the bulk Nd

tainty, suggests strongly that helimagnetic order arises Prigand, or even of epitaxial strains. To help clarify these is-

marily on the hexagonal-site sublatti_ce, with the mqments Ogues, further studies of epitaxially grown Nd/Y alloys are
successive hexagonal planes tending toward antiferromag;

S nderway.
netic alignment at low temperatures. The alloy sample orders
similarly, but with a larger moment and a temperature-
independent helical pitch. We have suggested, on the basis of
the moment and the fact that the turn angle is very close to
60° per atomic plane, that cubic-site moments take part in
the helical order of the alloy. This work was supported in part by the National Science

We have considered the possibility that helimagnetic or+oundation through Grant No. DMR 94-24339.
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