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Formation of uniform magnetic structures and epitaxial hydride phases in Nd/Pr superlattices

J. P. Goff and C. Bryn-Jacobsen
Oxford Physics, Clarendon Laboratory, Parks Road, Oxford OX1 3PU, United Kingdom

D. F. McMorrow
Department of Solid State Physics, Risational Laboratory, DK-4000 Roskilde, Denmark

R. C. C. Ward and M. R. Wells
Oxford Physics, Clarendon Laboratory, Parks Road, Oxford OX1 3PU, United Kingdom
(Received 5 December 1996

The chemical and magnetic structures of neodymium/praseodymium superlattices grown by molecular-beam
epitaxy have been determined using x-ray and neutron-diffraction techniques. The x-ray measurements show
that the superlattices have a dhcp structure of high crystalline quality, and that the stacking sequence is
coherent over many bilayer repeats. The neutron measurements show that for the hexagonal sites of the dhcp
structure, the Nd magnetic order propagates coherently through the Pr, whereas the order on the cubic sites is
either suppressed or confined to single Nd blocks. It is also shown that the singlet ground state of Pr is
perturbed to produce a local moment on the hexagonal sites, so that in some cases there is a uniform magnetic
structure throughout the superlattice. These results cast new light on the theory of magnetic interactions in
rare-earth superlattices. Within a few months of growth these light rare-earth samples are found to react with
hydrogen to form new single-crystal phases, which are coherent with the epitaxial structure.
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[. INTRODUCTION the so-called 23 structure? see Fig. 23). At temperatures
below T~8.2 K, ordering on the cubic sites occurs, and the
The magnetic properties of heavy rare-earth superlatticesiagnetic moments adopt ag3structure and then, at tem-
with the hexagonal close packédcp crystal stucture have peratures below ~6 K, there is a further transition to the
been studied extensively® The most striking feature of 4-q structure shown in Fig.(®).> The moments on the cubic
these systems is the long-range coherence of the magneﬁﬂes are alon@ directions and the modulation vectors differ
order over many bilayer repeats, even when electronicallyom those associated with the hexagonal sites. In contrast Pr
similar but nonmagnetic elements such as Y or Lu are one of
the constituents of the superlattice. Here these investigations
are extended to light rare-earth neodymium/praseodymium
superlattices. These systems have several unique features
which make them appealing to study. First, the localized
4f moments in bulk Nd form incommensurate structures O~
with components of the modulation vectors in the basal —?4
plane, whereas bulk Pr has a nonmagnetic singlet ground _
state down to very low temperatures. Thus it is of interest to
study whether in a superlattice the Nd magnetic order propa- _ o=

gates coherently through the Pr by establishing a spin-
density wave in the conduction band of the Pr, and whether %3—«3 L
-0
0|

c-axis

—_—

the development of order in the Nd blocks affects the mag- A C
netism of the Pr ions. Secondly, the double hexagonal close-
packed(dhcp structure exhibited by the light rare earths has
two inequivalent sites, of approximately cubic and hexagonal <
symmetry, and there is therefore the possibility that the mag- B a |l =
netic order may propagate differently on the two sites. - >
Thirdly, bulk Nd exhibits a variety of multi magnetic
structures, and these may be modified in a superlattice.
Figure 1 shows the magnetic structure of bulk Nd. The A O~
magnetic moments on the hexagonal sites order in the basal
plane belowTy~ 19.9 K with an antiferromagnetic coupling
between hexagonal layers, and a longitudinal sinusoidal F|G. 1. The magnetic structure of bulk Nd. The hexagonal sites
modulation in thea* direction. As the temperature is low- (filled circles order atT~19.9 K and the cubic sitéempty circles
ered belowl ~19.1 K the moments tilt away from* to give  order atT~8.2 K.
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(a) temperature, which limits interdiffusion at the interfaces,
whilst still allowing sufficient surface mobility to promote
4, My layer-by-layer growth, depends primarily on the melting

points of the constituents of the superlattt¢élhe melting
points are closéNd 1294 K; Pr 1234 Kso a growth tem-
perature appropriate to both constituents can be chosen and,
since they are significantly lower than those of the heavy rare
earths, a lower growth temperature of 570 K was chosen. Nb,
(b) Y, and Pr were evaporated from electron-beam sources,
and Nd from a Knudsen effusion cell, at a growth rate of

q, 9 W, ", 0.5 As 1 The nominal structures are NgPry,
Nd33Praz, Nd;gPrzg, NdzgPrig, and Nd,gPrse, where the
q, H subscripts refer to the number of atomic planes in one bi-
layer, and the overall superlattice thickness was between 40
My and 80 bilayer repeats.
a4 The crystal quality of the epitaxial structures was deter-

mined using x-ray-diffraction techniques. The measurements
were performed at room temperature at the Clarendon Labo-
atory using triple-crystal diffractometers and €uw radia-

ion from a Stoe rotating anode source operating at 6 kW.
The nature of the magnetic order was studied by neutron-
diffraction techniques, using triple-axis spectrometers situ-
ated on the cold neutron source at Rigational Laboratory.

has a singlet ground state and does not exhibit spontaneoa—ge magnetic scattering from light rare-earth superlattice; is
weak due to the small volume of magnetic material

long-range magnetic order until it is induced by the hyperfine 4 > ;
coupling atT~0.05 K, because the effect of the exchange(N10 cm®) and the decreased moments in comparison to

interaction is insufficient to overcome the crystal-field the heavy rare earths. An energy analyzer was used in order

splitting® However, the hexagonal sites constitute an almos 0 separate the elgstic magnetic diffract_ion from the inelastic
piing g >&)ackground. The incident energy was fixed=at 4.95 meV

critical system and magnetic ordering may be induced b d high d taminati 4 usi b
various perturbation§When the Pr hexagonal sites order the @Nd NIgheér-order contamination was suppreéssed using a be-
ryllium filter. The instrumental collimation was chosen to

magnetic structure closely resembles that of Nd just below’. i .
its lg\]l'eel temperature y J give a wave-vector resolution of roughly 0.017 Ain the

This paper describes studies of the chemical and magnetﬁf:atte”ng plane. Samples were cooled using a variable tem-

structures of Nd/Pr superlattices. Section Il describes the eP€rature cryostat, and measurements were taken over the

perimental techniques employed, and these comprisieMpPerature rangé=2-25 K.
molecular-beam epitaxyMBE) to grow the single-crystal
superlattices, and x-ray and neutron diffraction in order to Il. CRYSTAL STRUCTURES
characterize their crystal and magnetic structures. The
chemical structures are described in Sec. Ill, which includes Table | summarizes the structural properties determined
a study of the reaction with hydrogen, and then the mairksing X-ray-diffraction techniques. The mosaic spreads
results of the paper, the magnetic structures, are presented(.1—0.2°) arerelatively low for rare-earth superlattices,
Sec. IV. The observed magnetic ordering is discussed ifdicating that the samples are of high single-crystal quality.
terms of the theory of magnetic interactions in rare-earttFigure 3a) presents a typical scan of the wave-vector trans-
superlattices in Sec. V, and finally some conclusions aréer Q along the[0 O L] direction for the NdsPrss| super-
drawn in Sec. VI. lattice. Despite the small, one electron, x-ray-scattering con-
trast between the constituents, the superlattice peaks either
side of the(004) Bragg reflection are clearly visible. The
separation of the superlattice peaks gives the bilayer repeat
The single-crystal Nd/Pr superlattices were grown bydistance, and the overall enveloping function provides details
MBE in the Balzers UMS 630 equipment at the Clarendonof the individual layer thicknesses and any interfacial rough-
Laborator{ using growth techniques similar to those devel-ness or interdiffusion. The data have been fitted to the struc-
oped for heavy rare-earth superlattiéé8.A 1500 A Nb  tural model of Jehaet al,'? in which the number of planes
buffer layer separates the rare earths from the sapphire sub-and the interplanar spacinglsof each constituent are al-
strate, and the superlattice structure is grown on top of &wed to vary, and a tanh function is used to represent the
1800 A Y seed layer. In order to protect the light rare earths/ariation of concentration and spacing at the interfaces.
from reaction with the atmosphere the samples were cappebhe results are listed in Table I. The interplanar spacings are
with a 500 A layer of Y. The epitaxial relationships in the close to the bulk valuedyy~ 2.951 anddp~ 2.960 A, and
growth direction arg1 1 0t Al,O5 || {11 G Nb| {00 1Y, therefore the strains in these epitaxial structures are small.
Nd/Pr. The close match between the Y, Nd, and Pr in-plan@he fits also show that the interfaces extend over approxi-
a lattice parameters facilitates the growth of an epitaxialmately four atomic planes, which is typical for rare-earth
structure of high crystalline quality. The optimum growth superlattices. Figure 4 presents the x-ray scattering observed

FIG. 2. Basal plane projections of modulation vectors, momen
amplitudes, and the corresponding diffraction pattern around
nuclear Bragg point*) (a) for the 2q structure andb) for the
4-q structure(Ref. 15. Filled circles result from the arrows shown,
and unfilled circles arise from domain averaging.

Il. EXPERIMENTAL TECHNIQUES
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TABLE |. The structural parameters of the superlattices determined by fitting the model of ehlan
(Ref. 12, to the x-ray-diffraction data(Nd
number of atomic planes of elemeKt in one bilayer,N is the overall number of bilayersly is the
interplanar spacing, and is the extent of the interfacial region. The table also lists the measured single-
crystal mosaic spreads.

"Nd

anP)N is the nominal as-grown composition, withy the

Nominal Nng Np, dng dpr N Mosaic
structure +2planes *2planes +0.003A +0.003A +1plane +0.03°
(Nd5oPry0) g0l 18 18 2.955 2.955 6 0.18
(Nd3qPry0) gl 24 8 2.953 2.953 6 0.14
(NlePl’30) g0l 9 25 2.958 2.960 4 0.17
(Nd,gProg) goll 17 17 2.953 2.953 4 0.13
(Nd33Pr3g) a0l 33 33 2.952 2.955 4 0.14
(Nd 40Pr40) 407! 41 41 2.952 2.955 2 0.13
(Nd33Pr33) 501l 31 30 2.953 2.952 3 0.16
(NdygPryg) golll 18 18 2.953 2.952 5 0.16
(Nd4gPr30) go-ll 10 27 2.955 2.955 3 0.16
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from Nd;¢Prsll for a scan ofQ in the[1 0 L] direction

determined using the higher-intensity x-ray data.

which, unlike[0 0 L] scans, is sensitive to the positions of Nd and Pr are more susceptible to reaction with the atmo-
ions within the close-packed planes. Reflections are observedPhere than the heavy rare earths, and these superlattices
at the positions expected for the dhcp structure, and the fag¥ere found to react to form new crystalline phases over a
that these peaks are narrow, and that superlattice reflectioR§riod of a few months. The x-ray measurements taken 120

are observed, shows that the stacking sequence is coherdlys after growth for NebProi-| near the(004) reflection are
over at least 700 A. presented in Fig. 5. Sharp new single-crystal Bragg reflec-

Measurements of the neutron scattering with a wavelions are observed, and these are located along the[6h2p
vector transfer near th@04) structural reflection yield fitsin L] and[1 0 L] axes, indicating that the new single-crystal
agreement with those obtained using x rays. The neutrorRkhases are coherent with the original epitaxial structure. Fur-
scattering results whe@ is scanned along tH@® 0 L] direc- ther evolution of the x-ray scattering is shown for scans of
tion for Nda3Pras| are presented in Fig.(B) for comparison ~ Q @long the{0 O L] direction in Fig. 6, and1 0 L] in Fig. 7.
with the x-ray data of Fig. @). The neutron superlattice The triple-crystal diffraction results have been used in con-
peaks are larger relative to the main Bragg reflection becauddnction with the x-ray cylindrical camera techniddieto

of the greater scattering contrast between the constituentélentify the phases present at different times after growth,
Nevertheless the structural parameters were more accurateéipd these are listed in Table II.
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FIG. 3. Typical data fofa) x-ray, and(b) neutron, scans in the
c* direction for Nd;5Prs5-1 through the(0 0 4) Bragg peak, showing

tural parameters to the data, as discussed in the text.

Wave vector g,(c*)

FIG. 4. The x-ray scattering observed fQr= (1 0 q;) from
superlattice peaks on either side. The solid line shows a fit of strucNd;Pr;4-1l, showing the coherence of the dhcp stacking sequence

over many bilayer repeats.
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FIG. 5. The x-ray scattering observed from N@r,g| for .
Q=(0 0 q,) 120 days after growth, showing th@11) rare-earth _FIG. 7. The x-ray scattering observed from Jyér,q-| for
hydride reflection, and the YHpeak at a loweg than for pure Y. Q=1 0a)) (@) 140 days andb) 218 days after growth.

A similar reaction has been observed for thin films Ofincreases, so the Bragg reflections associated with Y move to

yttrium, where capping with gold was found to catalyze theIowerQ, see Fig. 5. The positions of the peaks in Figs. 6 and

formation of hydrides and oxidé$.In the case of the Nd/Pr 7 are consistent with a change of structure to fcc,Yadter

system the reaction is likely to start at the edges of the sut40 days, and to YHi after 218 days. The Nd and Pr also

perlattice, where Nd and Pr are exposed, rather than the tcfgaCt to form polycrystalline hydroxide as a loose powder.
of the Y cap, which rapidly forms a protective oxide layer. It Eventually all of the dhcp Nd/Pr superlattice is lost, see Figs.
appears that hydrogen is able to diffuse through the rared %nd 75 The E_b buﬁerr:ayﬁrdls c_(()jnv_erted :co epr:jamal hy-
earth lattice without destroying the single crystals, and thefilides, but in this case the hydroxide is not formed.

the rare-earth close-packed planes are able to translate arhd Fresh sar_nples were growg fohr each new rEeaEucrje?"nent of
change their stacking sequence, to form new epitaxial phasdS® Magnetic properties, and these were checked for any
such as fcc-NdH. The hydrogen is then able to enter the Y 3'9"S of deterioration, such as reduction of the dncp-Nd/Pr or
seed and cap through the interfaces with the superlattice. THECp'Y intensities, or the appearance of hydride peaks. The

lattice expands as the concentration of hydrogen YH , neL_Jtron-_dlffractlon stud_les of the magnetic ordering de-
scribed in the next section were performed on unreacted su-

perlattices with the dhcp structure.

. T . r
105 F (a) Yl-i2 ~ Nd/Pr .
Lot [Nt (111); * (004) IV. MAGNETIC STRUCTURES
(100) Nde_-‘A':._-" Nd(OH) For the samples with thicker layers, of nominal composi-
10 | A aty; * \ 3 4 tion NdgzsPrs; and NdigPrs, the magnetic structures are
§ 102 b ;’ i H ",.-*\?z::) found to be similar to that of bulk Nd. At temperatures below
af %@n"’ : o 1 T~19 K a peak in the scattering is observed for a wave-
E 10! F iﬁ ”%ﬁ@g@’#ﬁ’/ .‘ﬁ vector transfeiQ =(qp** 0 3) whereq®*~0.14 reciprocal-
2 + t t ; } lattice units(rlu) of the dhcp unit cell and, by analogy with
& 105 L ) NbH | bulk Nd, this is associated with magnetic ordering on
Z YH, NbH, (020) the hexagonal sites. A further peak is observed at tempera-
£ 105 ©02) (111, M tures bel 7 K for Q=(q° 0 3) whereq"*~0.19, indicat-
g Nd(OH), f "i it ing ordering of the cubic sites. FiguréaB shows the results
104 F (100) \ Nd(OH); ¢ % / B of scanningQ in the a* direction through ¢, 0 3) for
10% F (200) / i/ _‘ Nd53Prasll at T=2 K. The temperature dependence of the
Ty s . sl o scattering was determined in thie Q ) plane. The results of
. : L : 4 the projection of the ordering vector aloa§ at Q=(q,, 0 3)
15 2.0 25 for Nd34Prs5-Il are compared with bulk NdRef. 15 and a
Wave vector g, A'hH NdePro 35 alloy (Ref. 16 in Fig. 9. The coarse resolution

perpendicular to the scattering plaeughly 0.08 A1)
FIG. 6. The x-ray scattering observed from Nér,-| for Q  causes integration over any out of plane splitting of the peak
= (0 0q)) (a) 140 days andb) 218 days after growth. (see Fig. 2 However, there is better resolution along the
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TABLE Il. The aging of the NdyPr,y-| superlattice, with the phases identified using x-ray-diffraction
techniques at different times after growth. The crystallographic axis parallel to the surface normal is given for
the single-crystal hydride phases.

Age (day9 Phases Axis Comments
23 dhcp Nd/Pr [o01] Same structure as grown
hcp Y [001]
48 dhcp Nd/Pr [001] Same structure as grown
hcp Y [001]
120 dhcp Nd/Pr [0071] First signs of deterioration
hep Y [001] Y peak at lowerQ
fcc (Nd,PpH,, [111]
140 dhcp Nd/Pr [001] Reduced intensity of dhcp Nd/Pr
fcc YH, [111] No hep Y
fcc (Nd,PpH, [117] Other unidentified phases
hcp NdOH) 5 polycrystal
218 hcp YH; [0071] No dhcp Nd/Pr
fcc NbH, [117] Other unidentified phases
orthorhombic NbH [010]

a* direction, and a longitudinal splitting of tl@=(q\**03)  dinal splitting of the hexagonal peak &=(q[®* 0 3) is
peak is detected beloW=6 K, as expected for the transition suppressed. Figur€l® shows a scan ad* through @, 0 3
to the 4¢g magnetic structure shown in Fig(i8. for Nd,oPryg-l at T=2 K. Qualitatively similar behavior is
In contrast, the behavior of the superlattices with thinnembserved in Nd:Pr alloy$~'8 however since the x-ray re-
layers is found to be different from that of bulk Nd. For sults indicate minimal interdiffusion at the interfaces, this is
samples of nominal composition NgPrio, Nd,oProo and  a multilayer effect. The Nal temperatures for NgPryl,
NdgPrso no cubic-site ordering is detected down to the low-Nd,gPr,q-I, and Nd;oPrsq-| are plotted as a function of Nd
est temperature measurdds 2 K. Furthermore, the longitu- concentration in Fig. 1@), and these are seen to fall as the

I ' ) v 1 ' 1 v T
T T v T v T v
Nd,.Pr
600 | (a) Nd..Pr,, - - d 330 133
Hexagonal T 32123 —oF0 Bulk Nd
400 0.18 - Cubic -+ - - Ndy sPry 5]
0 T _
; 200 | Cubic . < 0.16 | -
£ g
;g T : . : ' Nid Pr :
= L (b) 20f Ty 54 -
z2 200 Hexagonal T =2K §
7]
=
2
R

100

0.10 0.15 0.20
Wave vector g, (a*)

Temperature (K)

FIG. 9. The temperature dependence of the projection of the
FIG. 8. The neutron scattering observed fr(qg, 0 3) at ordering wave vector along* for Q=(q;, 0 3) for Nd33Prsg-l. The
T= 2 K from (a) Nd33Prsz-1l and (b) Nd,oPr,q-l. The cubic reflec-  results are compared with bulk N@olid lineg (Ref. 15 and a
tion and the longitudinal splitting of the hexagonal peak expected\Nd ¢sPry 35 alloy (dotted ling (Ref. 1§. The Nd/Pr samples exhibit
for the 44q structure are observed for NgPryo-Il, but not for hysteresis, and these results were obtained by cooling from above
Nd,oPr,-l, which remains in the 2 structure. Ty-
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FIG. 10. The dependence @) the Neel temperatureT,, and
(b) the ordering wave vector at,, on the concentration of Nd for 400
Nd3gPrig-l, Nd,gProg-l, and Nd,oPrsg-l superlattices compared with
bulk metals(Refs. 6,1% and alloys(Refs. 16—18

0.8 0.9 1.0 1.1 1.2

concentration of Nd decreases in a similar manner to the Wave vector ¢ (c*)

alloys. However, for a given concentratidr tends to the

bulk Nd value as the thickness of the Nd block increases.

Figure 11 compares the results fqf for the NdsoPrigl, FIG. 12. Typical data from scans in the direction through
NdgPragl and NdyPrayl superlattlces with those for bulk magnetic reflections. The scatteringQit (gl 0 q,) at T=10 K is

Nd (Ref. 19 and a N, ¢dPr 35 alloy.*® As the proportion of  shown (a) for NdssPragl, (b) for NdygPryll, and (c) at

Pr increases the ordering wave vectorTaf decreases to- Q =(qf*?0q;) atT=2 K for Nd33Prs5I1. The solid lines in(a) and
wards the value obtained for pure qz’similarly to the alloys, (b) show calculations of the magnetic structure factors assuming no
see Fig. 1(h). Measurements in théh k 0) plane for induced order in the Pr layers, and a fitted Gaussian profi(e)in

—— — Nd,oProo-I show a transverse splitting of the peakG=(1
qﬂex 0) as expected for the §-structure[see Fig. 2a)]. The
magnitude of the splitting at=2 K is 0.004%5) rlu com-

. pared to 0.0054) rlu for Ndg 5Prp 35 and zero for bulk Nd.
o NdyPry The scattering observed whei d in the* di-

BulkNd . g observed w Qns scanned in the* di

- Nd, oPr, 5« rection through magnetic reflections gives information on the
0.16 L ‘ _ magnetic ordering in the growth direction. Since the peak
widths AQ corrected for instrumental resolution are related
to the correlation lengthg through é~27/AQ, they indi-
cate whether the magnetic structure is coherent through the
Pr layers, or if it is coherent only within single Nd blocks.
The results also depend on whether order is induced in the Pr
layers. If the magnetic order is coherent through the super-
1 lattice, and there is no magnetic moment on the Pr sites,
magnetic superlattice reflections will be observed on either
side of the average magnetic Bragg peak. However, if mag-
TR W R S S — netic order is induced on Pr sites, there is a reduced magnetic
4 8 12 16 20 moment contrast and the superlattice peak intensities de-
crease relative to the central peak. In the case of an identical
magnetic structure and moment on the Nd and Pr sites the

FIG. 11. The temperature dependence of the projection of thé&hagnetic superlattice peaks are not observed.
ordering wave vector along* for Q=(q, 0 3) for Nd,oPryl, The results of scannln@ in the c* direction through the
Nd;Prsq-l, and NdyPry-l. The results are compared with bulk Nd scattering aQ= (P 0 1) from NdgPragl for T=10 K are
(solid lineg (Ref. 15 and a N@ ggro 35 alloy (dotted ling (Ref.  shown in Fig. 12a). The widths of the peaks show that the
16). These results were obtained on heating ffbm2 K. magnetic order is coherent over many bilayer repeats. The

o NdyPr,,
0.18 _/_Cubic & Nd, Pry,

0.14 |

Wave vector g, (a*)

0.12

Temperature (K)
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FIG. 13. Temperature dependence of the induced moment on Pr FIG. 14. Temperature dependence of the width of the magnetic
hexagonal sites determined from the magnetic superlattice intensBragg reflection from the hexagonal sites in e direction, for
ties and the known epitaxial crystal structure, for JRrssl, Nd33Prazll, Nd 5gProg-l, Nd1gPrag-l, and NdygProg-l.
Nd,oPryg-1ll, and Nd;gPrag-ll.

superlattice peaks on either side of the main peak clearl reater than 809 A, and that the magnetic structure Is coher-
show the large moment contrast between the Nd and Pr la 2nt over many bilayer repeats. Although there is some broad-

ers. The same scan for MPrq| is presented in Fig. 19), ening for the thicker NgsPr35-Il sample, there is found to be

and this again shows that the magnetic order is coherent, bﬁpherence over several bilayer repeats at all temperatures

the absence of superlattice peaks indicates that order hggeasured, whether or not the Pr sites are ordered. A broad-

been induced on the Pr hexagonal sites. Figurds) l&hd ening of the hexagonal peak in NgPrsz Il occurs below

12(b) also show the results of magnetic structure factor caI-T:7 K, and this IS p_OSS|ny Correlated. W'th the onset of
culations for no induced moment in the Pr layers. order on the cubic sites. No broadening is detected for

The relative amplitude of the induced Pr moment Nd10Pr30-l which has a sjmi!ar Pr thickness, but does not
uP7uNd may be obtained by comparing the intensitiesdevel‘)p qrder on the cubic sites. For NBr,q| the hexago-
of the magnetic superlattice peaks with structure factor calf@! P€ak is considerably broader at all temperatures, and the
culations using the known structural parameters and aferrelation lengtre corresponds to about one bilayer thick-
antiferromagnetic arrangement of moments on the hexdl€SS: suggesting that the hexagonal order loses coherence if
gonal sites. This is shown as a function of temperature ifh€ré are 40 or more atomic planes of Pr. _
Fig. 13 for NoyPragzll, Nd ,Proglll, and Nd;Prapll. As .The coher_encg of the cubic S|tec§bwas studied by scanning
the temperature is increased the Nd moment decreases, aRd" thec* direction throughQ=(qy™ 0 1) for NdsgPraz Il
for NdaPras-ll and Nd;Prag-ll the induced moment in the atT=2 K. The sca_ttenng follows a broad Gaqsaan, see Fig.
Pr falls until it is negligible close to the Méé tempera- 12(c). After correction for_mstrumental resolutl_on,_the width
ture. However, when the temperature is reducedto4 K, ~ COresponds to a correlation length- 110 A, which is com-
there is an abrupt increase in the induced moment, and tHgarable to one Nd block thickness. The cubic peak for
moment ratio becomes equal to unity. The Pr hexagonal sitéddadPra-l was also found to be broad. Thus the magnetic
in Nd,gPr,¢-lll have the same moments as the Nd sites forord_er on the cubic sites is com_‘lned to individual Nd blocks,
all temperatures studied, and this sample therefore appears {8like that on the hexagonal sites.
exhibit a uniform magnetic structure over both constituents
of the superlattice. For these thin-film samples the magnetic
domains are not found to be randomly populated and, there-
fore, it is not possible to determine the absolute moment There has recently been extensive discussion of the
from measurements in théd (0 |) plane. mechanisms responsible for the propagation of magnetic or-

The temperature dependence of the widths of the hexagaler between magnetic regions through an intermediate layer
nal magnetic Bragg peak in thef direction are shown in in metallic multilayers'%-2? For rare-earth superlattices
Fig. 14 for NdyPrazll, NdoogPrypl, NdoPrsg-l, and there is general agreement that, whether or not this interme-
Nd3Prigl. The peak remains resolution limited at all tem- diate layer is magnetic, the conduction electrons provide the
peratures for NgyPryg-l, Nd 1oPrsg-l, and NdggPrrl, imply-  necessary coupling, through the medium of a spin-density
ing that the correlation length in the growth direction is wave. However, there are differing views about the relative

V. MAGNETIC INTERACTIONS
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importance of the nonlocal magnetic response of the interdensity wave in the Pr layers alters the effects of the ex-
mediate layer, as manifested in the static susceptibilitfchange sufficiently to outweigh the crystal-field splitting and
x(0), and the matching of the wave functions and the bandnduce spontaneous order. The fact that the induced moment
structures which occurs at the interface. According to thés comparable to the Nd moment is reasonable since the the-
first view, the essential element in determining the propagaeretical saturation momentsJug are 3.27 and 3.20g for
tion through the intermediate layer is its large conduction-Nd and Pr, respectively.
electron susceptibily at the appropriate wave vector, Incorporation of Pr in a superlattice structure gives a
whereas the second ascribes primary importance to thieigher induced ordering temperatui@ove 10 K than has
matching of the Fermi surfaces, which results in a loweringhitherto been observed, and provides the first clear experi-
of the energy due to the smooth propagation of the spinmental evidence for Pr in the @-magnetic structure. Fur-
density wave through the interface. thermore the Pr hexagonal sites follow the same temperature
It is difficult to distinguish experimentally between these dependence for their ordering wave vectors as the Nd. We
two mechanims since systems with similar Fermi surfaceéntend to study the induced order in the Pr layers further at
also usually have suitable peaks yq). Nevertheless the an x-ray synchrotron source using resonance-enhanced mag-
results described here for Nd/Pr superlattices have implicanetic scattering, where it is possible to distinguish between
tions for these theories. Although the measured magnetic exolarization of the 8 bands and ordering offAmoments on
citation spectra of Pr metal provide evidence for a susceptiPr sites.
bility of the conduction electrons that is large for an
antiferromagnetic configuration of the hexagonal layers and VI. CONCLUSIONS
small for cubic site orderin§,there is no evidence for ex- . . )
change between hexagonal sites extending over 33 atomic !N summary, we have carried out the first studies of su-
planes, as found in our study. The Fermi surface-matchin@erlatt'ces in which both components are light rare-earth
mechanism can account for coherence on the hexagonal sitB¥tals, and have observed a number of new phenomena.
in the superlattices since the magnetic structures of the buld/Pr superlattices show very different magnetic behavior
samples are similar at the ordering temperature. It als@n their hexagonal and cubic sites. The hexagonal order is
readily explains the lack of coherence in NdfRef. 23 and cohergr}t over many bilayers, but the cubic order is confined
has to ascribe the absence of coherent ordering on the cutigis cubic order appears to reduce the range of coherence of
sites in Nd/Pr superlattices to Fermi surfaces which are corfhe hexagonal ordering. Order may be induced on the Pr
gruent in one region but not another. Thus, further theoreticdl€xagonal sites so that in some cases the two constituents of
studies of the electronic structures in rare-earth superlatticd§€ superlattice exhibit a uniform magnetic structure. These
are required. resylts prowde important mfgrmatlon on the magnetic inter-
In bulk Pr it is found that magnetic order may be inducedactions in metallic .superlattlce.s. We have also dlscqvergd
on the hexagonal sites by the application of a uniaxial”_‘at these superlattices react with hydrogen to form epitaxial
pressuré or an external magnetic fiefd,or by alloying with single-crystal phases.
a small concentration of Nd ioffsHowever, these mecha-
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