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The chemical structure of epitaxiay cerium and the chemical and magnetic structures of cerium/
neodymium superlattices have been studied using x-ray and neutron diffraction techniques. The samples were
grown using molecular-beam epitaxy, optimized to yield the desired Ce allotropes. The x-ray measurements
show that, in the superlattices, both constituents adopt the dhcp structure and that the stacking sequence
remains intact down td@ ~2 K; these are the first measurements of magnetic ordering in single-crystal dhcp
Ce. The magnetic structure of the superlattices with thicker Nd layers exhibit incommensurate order and
ferromagnetism on separate sublattices in a similar manner to Nd under applied pressure. The sample with
thickest Ce layers has a magnetic structure similar to IBulRe, which has commensurate transverse modu-
lation with a propagation wave vectd/2 0 0l and moments along the hexagomalirection. These two types
of magnetic order appear to be mutually exclusiyeCe is the high-temperature fcc phase of Ce, our single-
phase epitaxial sample is observed to go through a new, but partial, structural transition not previously seen in
the bulk material.
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[. INTRODUCTION tion does not go to completion on cooling because it involves
a slight expansion of the specific volume; heating the sample
The electronic behavior of Ce has generated intense theeleases the compressive stresses on the remayn®g and
oretical interest over several decades\d the calculations of allows the transition to complefeThis technique can be
the structurdl and magnetit properties continue to yield used to prepare samples of better than 98%e at room
new understanding. A range of structural phases exist baemperature. Upon cooling, a significant percentage ofgthe
cause the energy of the innef 4evel is nearly the same as Ce will transform into fcca Ce, so the sample will be a
that of the valence & level. The allotropes have different mixture of allotropes at low temperatures. This makes it im-
atomic volumes and different nonintegral valencies. Here wepossible to characterize fully the phase with the dhcp crystal
study single-crystal Ce both as a thin film and as a constitustructure. The magnetic properties of t{8eCe have been
ent with Nd in superlattices of a range of compositions. Weextrapolated from measurements on e , alloys>® it is
find that epitaxy has a profound effect on the structural phasassumed thg8-Ce ordergbelow Ty=12.7 K) in an antifer-
transitions and that the magnetic interactions between Ce andmagnetic structure with moments lying in the basal plane
Nd are very different to other light rare-earth superlattices. on all sites in the unit cell. In this paper, the behavior of
When cooling bulk cerium from room temperature at at-epitaxial y Ce on cooling is studied and separately single-
mospheric pressure three allotropes are encountered. Undenystal dhcpB-Ce is successfully stabilized at low tempera-
ambient conditions, the stable phase is anfc€e. Below tures as part of Ce/Nd superlattices. The chemical and mag-
275 K, there is an intermediate phase, ditiCe, which is  netic structures of Ce/Nd superlattices are studied across a
followed, at 110 K, by the collapsed phase, fecCe. In  range of compositions.
practice, none of the structural phase transitions go to Nd is a dhcp light rare-earth metal. The dhcp light rare
completion, and, at low temperatures, Ce samples tend to kearths have two sublattices of sites with approximately hex-
a mixture of allotropes. The growth of single-phgs€e isa agonal and cubic local symmetry which often show differing
difficult task; until nowB Ce had been prepared from fgc = magnetic behavior creating an additional source of complex-
Ce. The procedure involves taking single-crysjaCe and ity. Below 19.9 K, Nd forms a longitudinally modulated
thermally cycling it for 10 or more times between room tem-magnetic structure involving moments on the hexagonal
perature and liquid-helium temperature. At this stagesites’ The moment is along the* direction in the basal
90-95 % of the fcey Ce has converted into dhgpCe. The  plane successive hexagonal planes order antiferromagneti-
final few percents are converted by maintaining the sample atally. Below 19.1 K, the moments tilt away from tre&
348 K for one week. It is assumed that the3 transforma-  direction to give a 23 structuré® Further modulated struc-
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tures occur below 10 K corresponding to the onset of ordegroup of researchers tried to fabricate Ce/Ni multilajfers
on the cubic sites. The 4-magnetic structure is adopted at and it was found that the Ce immediately alloyed with the Ni
low temperature as a result of the coupling between the cubigven if the samples were grown and kept at liquid nitrogen
and the hexagonal sites. Both the hexagonal and the cublgmperatures. Another group grew Ce/Ta multilay@rgk-
structures involve moments lying in the basal plane with thdnd advantage of the immiscibility of these two elements. Ce
ordering being commensurate and incommensurate, respe@yers of 15 A and 5 A were amorphous whereas those of
tively, for the two types of sit&® In other Nd-based super- 100 A grew as fccy Ce but became a mixture of allotropes
lattices such as Pr/N@Ref. 10 and La/Nd(Ref. 11, the  On coollng. Ce layers in Ce/Fe multllayerséowere amorphous
magnetic ordering is qualitatively similar to that of Nd metal, for the thicknesses growfl0 A to 60 A.*” It has been
Magnetic superlattices provide a unique way of probinQQemgnstrated that it is pos_S|bIe to improve the interface qual-
the nature of exchange mechanisms in metals. To date mody Significantly by replacing Fe with FeCo¥. The work
work on rare-earth superlattices has concerned hcp heapfésented here demonstrates that single-cryst@e can be
rare-earth metal® 4 However, recently studies have been Stabilized at low temperature. o o
carried out on superlattices consisting of two light rare-earth Section Il describes the growth of epitaxial Ce in thin
metals'® Initial interest in heavy rare-earth superlattices wasfilms and as a superlattice constituent. Structural investiga-
driven by the occurrence of long-range modulated magnetions with x rays are described in Sec. Ill; these show that
structures, which propagated coherently through relativelPoth superlattice constituents adopt the dhcp structure while
thick nonmagnetic spacer layers. Subsequently, magnetiéhln-ﬂlm Ce has quite dlffer_ent beh_awor. Section IV details
magnetic superlattices were investigated and competition bdb® neutron-scattering studies carried out on the Ce/Nd su-
tween the magnetic structures was observed. Of some re;p_erlat'ncels; these include the first measurements of magnetic
evance to the present work are the behaviors of HoRef. ordering in single-crystgB Ce. The results are discussed in
16) and Dy/Lu(Ref. 17 superlattices both of which exhibit S€c. V.
transitions from helical magnetic structures to ferromagnetic
states. Dy/Lu orders ferromagnetically with an elevated tran-
sition temperature while Ho/Lu forms a ferromagnetic phase Il. SAMPLE GROWTH

at low temperature where none occurs in bulk Ho. Itis gen- — rpg samples were grown using molecular-beam epitaxy
erally assumed that this behavior is due to the COMPressiVE 1o 20x 22 mn? sapphire substrates with an Nb buffer

strain exerted by the Lu layers, layer. The Ce film and the superlattices had significantly dif-

The firsotllgght rare-earth pair to be st.ud.ied ina ?uDerlamC%erent requirements in terms of the choice of seed layer and
was Pr/Nd:" The constituents have similar melting points growth conditions.

and lattice parameters simplifying the growth of a high-
quality dhcp crystal structure. The magnetic structures of the
series of samples studied range from bulk Nd behavior, in- A. Epitaxial Ce film
cluding a temperature-dependent modulation wave vector i _
and the complex 4r low-temperature magnetic phase, to a 1he y-Ce film was grown with a 500 A layer of
simple magnetic structure in which just the hexagonalPcc Nb performing the function of both a buffer and a
symmetry sites ordered for thinner Nd layers. For a range of€€d layer.  The epitaxial relationships ar€l10
sample compositions order was induced on the hexagonaft20sll(110) NHi(111) Ce. The Ce film was 5000 A thick,
symmetry sites in the Pr layers, and in one casegas2ruc- and was evaporated_ at a rate of 0.5 ﬂ;s_ The substrate
ture was observed. Additionally, La/Nd has been studfed. temperature was maintained at 673 K during growth and the
Samples of this combination proved to be very much hardef°® Was protected from corrosion by a Nb cap. To investigate
to fabricate. Only two compositions could be grown successthe stability of epitaxial Ce the crystal structure has been
fully. Intriguingly, this system exhibited magnetic order on ©PServed with x rays while a thermal cycling procedure was
the hexagonal and cubic sites of the Nd layers and coexisteff@/Tied out.
superconductivity, with a transition temperature close to that
observed in bulk La.

The superlattice study presented in this paper concerns
bilayers of Nd with Ce for which both the chemical and The Ce/Nd superlattices were grown using techniques
magnetic structures are of great interest. One of the possibEmilar to those employed previously for Pr/Nd
consequences of introducing artificial periodicity into thesuperlattice$? It was found that good, single-phaggCe
chemical composition is that both constituents may be force@pitaxy could be established using a dhcp Pr seed layer on
to adopt atypical lattice parameters. The amount of straithe Nb buffer. In this case, the epitaxial relationships are
will alter with the superlattice composition and the resulting(110) Al,Og||(110) NH|(001) Pr, Ce/Nd. This contrasts with
effect on the magnetic structure can be observed. There mvaporation directly onto bcc Nb which was successfully
also a possibility that the magnetic ordering may propagatesed to seed the growth of epitaxinlCe.
through the intermediate layers, and there may be magnetic These Ce/Nd superlattices demonstrate that it is possible
interactions between the two constituents of the superlatticeso grow dhcpB Ce as a single crystal in a layer of up to 30

Several previous attempts have been made to grow singlg@lanes. A series of compositions were grown and were sub-
crystal single-allotrope superlattices incorporating Ce. Asequently studied at low temperature with neutrons. All com-

B. C&Nd Superlattices
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FIG. 1. (a-d) The x-ray scattering intensity measured in scang afong[1 0 q,] for epitaxial y Ce at various stages during thermal
cycling: (a) original fcc sample(b) cooled with additional Sm structure peaks marked by vertical arsat 10 K, and(d) after many
cooling cycles. The arrow ifb) indicates one of the positions at which a peak would be expected for the dhcp packing se(pefice.
A simulation of the x-ray scattering intensity for epitaxigiCe during the plane sliding transformation. The poifjiténed by lineg mark
the wave-vector values for which the x-ray scattering has been simulated. Vertical bars mark the Sm structurgpe@ke iBm structure
regions appear to become more numerous but smaller with thermal cycling.

positions of superlattice were grown on a 500-A Nb bufferGrowth at much lower substrate temperatures creates a dif-
with a 1000-A Pr seed layer and with both constituents beinderent problem. During fabrication, reflection high-energy
evaporated at 0.5 A'¢. The choice of substrate temperature electron diffraction(RHEED) scattering is measured. The
is important for the growth of high-quality superlattices. RHEED pattern exhibits a change from streaks to spots,
With Pr/Nd! superlattices the constituents have similar melt-which indicates that the growth changes from two-
ing temperatures. This facilitates finding a temperature atlimensional planes to three-dimensional “hillocks” after a
which good two-dimensional growth occurs without signifi- few planes have been deposited. The epitaxial strain forces
cant problems due to interdiffusiéi.For the Ce/Nd system the Ce planes to adopt particular lattice parameters. There is
Ce has a considerably lower melting temperature than Nda buildup of coherency strain such that after the layer is just
making the choice of substrate temperature more difficult. Ira few planes thick it becomes favorable to release the strain
addition, Ce is being forced to grow in a nonequilibrium by a transition to three-dimensional growth. A balance was
structure by epitaxial constraint. The stability of the resultingfound at a substrate temperature of 453 K. The growth was
structure is highly sensitive to changes in the substrate tentwo dimensional and the amount of interdiffusion was ac-
perature. For Ce layers of up to 20 atomic planes a substrateptable; the structural characteristics of the successfully
temperature of 543 K gave good single-crysgalCe, how- grown samples are detailed in the following section.
ever, the growth of the sample with the thickest Ce layers
posed a bigger challenge. Ill. STRUCTURAL ANALYSIS

Growth of a superlattice with 30 atomic planes of Ce in
each bilayer at 543 K still gave the dhcp crystal structure. The chemical structure at room temperature was deter-
Unfortunately, x-ray measurements showed that there wamined by x-ray diffraction using high-resolution triple crys-
considerably more interdiffusion of the two constituents intal diffractometers at the Clarendon Laboratory. Scans along
this case than had been observed with the thinner Ce layerfsl 0 g;] and [0 0 q,] directions, in reciprocal space
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were performed(The hcp basis is used for labeling peaks

throughout to provide a single notation for fcc-, dhcp-, and (-109/2) 195
Sm-type crystal structurgsThese scans give information 2 104 |

about the quality of the film and the superlattices alongcthe g

direction, and enable the determination of the crystal struc- & g3 |

ture. The widths of thé0 0 2 peaks obtained from scans £

along[0 0 g,] could be used to deduce the real-space coher- &

ence length¢ of the spacing of close-packed planes in the & 10%|

growth direction sinceé=2m/Aq, where Aq is the full- g

width at half maximum intensitfFWHM) in reciprocal
space and the very high resolution of the x-ray diffractometer

can be neglected. Scans of wave-vector transfer gvitong

[1 0q,] can be used to establish the stacking-sequence
coherence length. Additionally, transverse scans through the
(0 0 2 Bragg reflection were performed to measure the mo-

saic spread.

10! [

44 4.6 4.8 5.0
Wave vector, q, (rlu)

FIG. 2. The x-ray scattering observed tpalong[TO q,] from
[Ceg/Ndggl79 showing the coherence of the dhcp stacking se-
guence over many bilayer repeats.

A. Epitaxial Ce film
_ ) o N that the significant changes in the stacking sequence were not
Ascan along 1 0 q;] is shown in Fig. 1a). The positions affecting the crystalline quality.
of the peaks correspond to the fcc configuration of close-

packed planes. The lattice parameter in the growth direction

(a=5.167 A) corresponds to about the same value amthe B. Ce/Nd superlattices

lattice parameter observed in bujkCe (a=5.161 A). The , )

in-plane a lattice parameter §=5.185 A) is considerably X-ray scattering measurements were obtained at room

larger than that in bulky Ce, indicating that there is some {€mperature for all the samples, nominafge,o/Ndso]7o,

distortion of the crystal structure. The Ce film was found tol C&0/Ndzqles, and [Ceso/Ndjgleo. Typically, coherence

have a stacking-sequence coherence length of 300 A andlengths é~1000 A were found. The FWHM of transverse

mosaic spread of 0.26°. The coherence length is quite lowgcans through the maii® 0 2 Bragg peak for each sample

indicating a relatively high concentration of stacking faults. give mosaic spread values in the range 0.15°-0.25°. These
Following measurements at room temperature the samplealues are comparable with those measured for other rare-

was mounted in a closed-cycle cryostat and was thermallgarth superlattices grown by MBE, and indicate that the

cycled between room temperature and 10 K. Fig)4(d)  samples are of good crystalline quality.

shows the x-ray scattering from scans alphgd q,] at vari- Figure 2 shows the x-ray scattering algfg0 q;] for a

ous points in the thermal cycling procedure. It was found thatuperlattice sample and can be compared to that fromyfcc
the fccy-Ce to dhcpB-Ce phase transition does not occur in Ce in Fig. 1a). This demonstrates that the Ce in the Ce/Nd
the epitaxial system. Instead, there is a transition at 245 Kyperlattices adopts a dhcp structure uncontaminated by fcc
where some fraction of the sample transforms irreversiblyce and this is one of the main results of the paper. For the
into a structure with a nine-plane unit cell. The scattermgsamme with the thickest Ce layers, the reflections along the

observed from the new peakig. 1b)] is consistent [TO q,] direction are slightly broader than those for the

with that of the Sm-type crystal structure. The Sm-type N . .
structure is the nine-plane close-packed seqtfénce_omer samples indicating that there was a little more disorder

...ABABCBCAG- -. The dhcpB-Ce structure would ex- in the sequence of stacking of the close-packed planes. The
hibit a peak in intensity at the position indicated by the arrowScans along thg0 0 q,] direction reveal superlattice peaks

in Fig. 1(b). The coherence length corresponding to the Sm&t Positions corresponding to the bilayer thicknéstg. 3).

type peaks is~90 A in comparison to~200 A from the 1O de_termme the strain and. concentration profiles through
(10 q) fcc peaks at 213 K. There appeared to be no IOW_the bllayer,zsthese data are fitted to the structural_model of
temperature transition equivalent to the transition to the cold€hanet al” The results(Table ) show that the lattice pa-
lapsed phase of fca Ce which occurs in the bulk material. rameters of both the con_stltuents are distorted compared to
Instead, the Sm-type structure peaks are observed to broadltpse of the bulk materialgbulk parametersc.=2.964;
further. By analogy with the bulky-8 transition, it was @ce=3.681; Cng=2.949; ang=3.658). The number of
thought that thermal cycling might increase the yield of thePlanes,\, in the interface regioriTable ) is slightly larger

Sm structure at the expense of the fcc structure. The experihan that observed to date in rare-earth superlattices.

ment showed that the amount of fcc stacking decreased but Neutron-scattering measurements were performed on the
that the close-packed planes became increasingly disordere@e/Nd superlattice samples as described in the following
The plane-spacing coherence length determined fronfGhe section. The dhcp structure was observed to remain intact
0 2) peak increased by only a few percent during the experidown to T~2 K, allowing magnetic measurements to be
ment while the mosaic spread remains constant, indicatinghade on single-crystg#-Ce for the first time.
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FIG. 3. Typical data for x-ray scans in th@ 0 q,] direction for Wave vector, g, (rlu)

[Cey,Nd,gles through the(0 0 2) Bragg peak, showing superlattice
peaks either side. The solid line shows a fit of a structural model to_
the data and is discussed in the text.

FIG. 4. Scan ofq through the magnetic scattering at
(0 0.142 3/2) in a direction perpendicular to the magnetic
modulation for[ Ce;q/Ndsq]79. The solid line is a fit to two Gauss-
ian lineshapes with equal widths. The transverse splitting is a char-
acteristic of the 23 magnetic structure.
Neutron-diffraction measurements were carried out on the ) _ _
four-circle diffractometer D10 at the Institut Laue-Langevin. intensity of the magnetic scattering was observed to decrease
The superlattices were mounted in a variable-temperaturdlightly at the lowest temperatures. This decrease was subse-
helium-flow cryostat designed to fit within the Eulerian quently confirmed by independent measurements on a sec-
cradle?® Measurements of the magnetic structure were madénd sample with the same composition. Scans inctheli-
between 2 K and 25 K. The incident energy was fixed atrection(hexa_gonab direction through the e_mtlferromagnetlc
14.8 meV and the higher-order contamination was Supor(jer peakFig. 6), when corrected_for the instrumental reso-
pressed using a pyrolytic graphite filter. The elastic magneti¢ution, showed that the magnetic structure was coherent
signal from the superiattices is very weak, and it was necesCross about two bilayers and that this was independent of
sary to suppress inelastic background using the optiondgmperature. If there were no magnetic moment on the Ce
energy-analyzer crystal. Unlike most other superlattices fabs[tes, m_agnetlc superlatthe reflections would be observed on
ricated from pairs of rare-earth metals, the magnetic structurgither side of the magnetic Bragg peak. The absence of su-
for Ce/Nd changes abruptly as the composition changes. TH@erIat’qce peaks indicates 'ghat the same ordered structure has
neutron-scattering results for each composition will be disPeen induced on the Ce sites. _
cussed separately. Ferromagnetism was detected via the temperature depen-
dence of the (10 0) reflection[Fig. 7 and Fig. ®)] T¢
A. [Ceyo/Ndsol o =9 K. The magnetic structure factors were calculated using

. the expression
A magnetic Bragg peak was observed at a wave vector

g~(0.14 0 3/2) consistent with the simplest magnetic ,
structure of bulk Nd, corresponding to incommensurate order Frn=| 2 pj€'%"i
on the hexagonal sites. The &letemperature was 18 K, J

close to that of bulk Nd. Scans perpendicular to the orderingvhere u; is uy, for a hexagonal symmetry site ang for a
wave vector(0 0.14 3/2 at 2 K show signs of the formation cubic symmetry site; the summation being over all sites in
of the 24 magnetic structuréFig. 4); otherwise, the wave the unit cell. The structure factors were calculateddarl-
vector was constantg,=0.14 rlu in thea* direction. The ues equal to various reciprocal lattice vecttrable 1). The
temperature dependence of the magnetic scattering intenagnetic structure factors for thé 0 1/2- and (1 0 3/2-
grated over both peaks is shown in Figa)5 The integrated type positions depend only on the ferromagnetic component

IV. MAGNETIC PROPERTIES OF Ce /Nd SUPERLATTICES

, @

TABLE |. Superlattice parameters determined using x-ray diffraction.

Sample Nce Nng A Cce Cnd a
+2 planes +2 planes +1plane *+0.003A +0.003A +0.003A

[ Ceyo/Ndsgl70 A 12 28 6.5 2.973 2.942 3.626
[Ceyo/Ndsgl70 B 10 28 6.5 2.965 2.944 3.652
[ Ceyo/Ndyolss 21 19 6.5 2.962 2.947 3.656
[ Ceso/Ndyoleo 24 10 5.5 2.970 2.949 3.664
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FIG. 7. Neutron-scattering intensity for=(10 q,) for
[Ceyp/Ndggls0 at 2 K(full circles) and 18 K(open circleg showing
ferromagnetic ordering.

netic moment exists on the cubic sites of both the constitu-
ents. A ferromagnetic-axis moment occurs on the cubic
sublattice in bulk Nd under applied pressirenaking it
likely that this behavior is driven by the Nd moments. The
ferromagnetic intensity determined from the magnetic scat-

tering at the ﬁo 0) position afT~2 K would be consistent

FIG. 5. Temperature dependence of the two magnetic structuregith a momentu = (1.62+0.05) ug on the Nd cubic sites,

in the[ Ceo/Nds]79 Samplega) The integrated intensity #0.14 0
3/2). (b) The intensity at the (D 0) due to ferromagnetic order.

The solid lines are guides to the eye.

of the moment on the hexagonal siteg. Measurements of

the (10 3/2), (11 3/2), and(0 1 3/2 peaks at 2 K and
18 K are consistent with their being no ferromagnetic mo
ment on the hexagonal sitdgt,=(0.18+0.31) ug]. No
magnetic scattering was observed(@tO 1) indicating that

assuming that there is no moment on the Ce sites. The pro-
posed magnetic structure in this superlattice is shown in Fig.
8. The moments on the hexagonal sites have a longitudinally
modulated structure as with Nd just below theeNeempera-
ture while the cubic-site moments are ferromagnetically
aligned pointing along the direction. Despite extensive
_searches, no magnetic scattering associated with3tae
magnetic structure nor the incommensurate Nd cubic-site or-
der was detected down to a temperatlire2 K.

the moments point along the direction. The width of the

peaks in thec* direction was comparable to that of the

chemical-structure Bragg peaks, indicating that this magnetic
structure was coherent throughout the superlattice. Such co-
herence throughout the sample suggests that the ferroma%

80 f

Intensity (arbitrary scale)

FIG. 6. Neutron-scattering intensity fog=(0.14 0q,) for
[Ceo/Ndgol7o at 2 K. The width of the peak indicates that the
magnetic structure is coherent approximately across two bilayers

60

40 r

20 f

29 3.0 3.1

Wave vector, q (rlu)

B. [Ceyo/Ndyoles

The magnetic structures are qualitatively similar to
Ceyo/Ndgg]79, however, there is a different domain popula-
on for the modulated structure. The®incommensurate
structure in Nd forms with 12 associated peaks representing
+q for the three possible domains as shown in Fig).9-or

this sample the neutron-scattering intensity was measured at
the six peak positions shown in Fig(9. Peaks were ob-
served at the two positions which are shaded black which

correspond to a single domain of theg2structure. Hence

TABLE Il. Magnetic structure factors for dhcp ferromagnetic

order.

On Ok a |F(a)l

0 0 1 2(ue— mn)
0 0 2 2(uct pn)
1 0 0 2 e pn
1 0 3 V3 pn

1 0 1 2 pet pn
1 0 3 V3 pn
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. FIG. 10. The proposeg-Ce magnetic structure determined
FIG. 8. The proposed magnetic structurg @eo/Ndsolz0- The  from measurements made on, &g, alloys® and found here for
superlatticq Ce,g/Nd,ggs has similar magnetic order. It is antici- [Céso/Ndyleo-

pated that the Nd magnetic moments drive the formation of this

structure.

here is il i of the i ] C. [Cezo/Ndqleo
there is just a single domain of the incommensurate magnetic For the sample with thickest Ce layers the magnetic order

order at 2 K[Fig. Yb)]. The total integrated intensity was : e e
1/5 of that in[ thge go-)glane Nd samplg’f scans throuygh a changed completely to being similar to that anticipateddor

magnetic Bragg peak from this structure indicated that thi<® (Fig- 10 from measurements made on,&g alloys™®
order was only coherent within a single bilayer. These two! "€ Strongest magnetic reflection at 2 K was observed at
features suggest that magnetic order is not induced on the @8/2 0 0) (Fig. 11). The magnetic structure factors for the
hexagonal sites for this sample. Tleeaxis ferromagnetic B3-Ce structurdshown in Fig. 10 for the points in reciprocal
contribution was still very significantT-=10.5 K) as wit- space where magnetic scattering was observed are given in
nessed by the temperature dependence ofltiie0) and(1 0  Table IIl. The relative strength of the scattering &t 0 0)

2) peaks and other peaks related by sixfold rotation. Thigompared to 8/2 0 0) indicates that the magnetic ordering
magnetic structure was again restnctgd to the sites of cubigccurred on both cubic and hexagonal sites. When the Lor-
symmetry. The absence of superlattice reflections demonsni; correction is included, the observed ratio of intensities
strated that this structure existed throughout the bilayer. Thg 15 6:1 whereas for the hexagonal sites to order alone a ratio
scaling of the ferromagnetic moment with the thickness 0fst 4.1 \would be anticipated while for cubic sites alone the
the Nd layers supports the assumption that this magnetigyio would be 1:1(see Table Ill. The magnetic correlation
structure is driven by the cubic sites of the Nd layers. Fur'lengths in thec* direction and in the basal plane are 54 A
tEermore,Ithi_s ma_gr?egc srtlructureNd(;slappearsTﬁltqgether f‘%[nd 580 A, respectively. The* correlation length was de-
the superlattice with the thinnest ayers. The integrate . . . — o
intensity of the ferromagnetic scatteringTat 2 K is consis- ermined from magnetic scattering at trisZ 0 3/2) position

tent with = (1.55=0.14) ug on the Nd cubic sites, the ac-

tual value being smaller than this due to the moment on the ) i )
Ce cubic sites. Again the magnetic diffraction peakgdte 50 b
were not detected. —_

[

=

(a) (b) g 4or

g

35 30T

8

220}

ot

=

10 E § §
g . .
-1.51 -1.50 -1.49
FIG. 9. (a) The peaks for the 2r magnetic structure of an el- Wave vector, q , (tlu)

emental Nd with all domains populatefth) Scans were performed
at these six points forCeyy/Ndyles. Magnetic scattering was ob- FIG. 11. Neutron-scattering intensity fogq=(qg, 0 0) for
served at the two positions that are shaded black. This corresponfi€e;;/Nd; gl at 2 K (full circles) and 18 K(open circle showing
to a single domain of the B-magnetic structure. ordering consistent with th8-Ce magnetic structure.
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TABLE Ill. Magnetic structure factors for dhcp-Ce order. A B CABU CA AU B C
An Gk i [F(a)l 4
A B A B CAUBC A

-3 0 0 4 pe=2 pn

-3 0 3 =2 pn U

3 0 1 4 pe+2 py ABACABTCAB
_é 0 % 2 pn U

2 c

-3 0 1 4 po—4 A B A CABADBC
7% 1 1 4pe—4 pn U

A B A CABAZCA

while the basal plane correlation length was found from thef* fansformation from fcey Ce to Sm structure requires that

(3/2 0 0) peak. This choice was made to minimize the inone plane slides while the next pair remains stationary. The

: f{J” transition is observed to take fewer steps:
fluence of the crystal mosaic spread on the measurement. . . .
fcc to Sm transformation, three glides for nine planes

The results indicate that the magnetic ordering is confined in

single Ce blocks, and is possibly even shorter ranged than A BCABTG CATGB C
this. The moment on each Ce site 4s0.1ug, somewhat

smaller than measured in & _, alloys® Neither the U

hexagonal-site antiferromagnetic order nor the cubic site fer- A B A B CAUBC A
romagnetic order observed in the previous samples were de- 1

tected in this sample. These magnetic structures appear to be

mutually exclusive. A B ABCUBTZCAB

U

A B A B COBCATZC
V. DISCUSSION
The transformation favored by epitaxial strain involves less

The experiments detailed above have revealed new stru@lane sliding without avoiding it altogether. _
tural behavior in ay-Ce film and the complex magnetic _F|ggre ](e)—(h). ;hows the result; .Of a S|mulgt|on O.f the_
phases of Ce/Nd superlattices epitaxial-plane-sliding phase transition. The simulation is

similar to those used to study the hcp to fcc transition in Co
and its alloys®?° The model transformation was a effected
in small domains picked at random within the 1350 planes of
the film. A close-packed plane was coded by

Epitaxial strain strongly modifies the structural phase™=1(A),2(B), or 3(C) and could be slid via
transitions ofy Ce. The transformation frony phase tog ,
phase is completely suppressed in favor of a transformation p’=(pmod3)+1, 2
from y phase to a Sm-type crystal structure. The transition isyhere p’ is the close-packed plane after it has sljf:
partial, and on cooling below 120 K and with repeated ther-=2(B),3(C), or 1(A), respectively. The size of the do-
mal cycling the stacking sequence becomes disordered. F@fains was chosen to follow the measured widths of the Sm
close-packed structures, the atomic volume does not have ructure peaks. Two processes were incorporated to capture
change much for the different stacking sequences to becompge effect of thermal cycling. First, the domain size for the
stable. In the bulk rare earths the changes between fagansformed regions was reduced. Second, rantmrhstill
—dhcp—Sm— hcp transitions are believed to be associatettiose packeddisorder was introduced. The diffracted inten-
with changes in the occupation of the Band?’ Ce has the sity was calculated by applying
additional complication that intermediate-valence behavior is
possible, and any electronic transitions are likely to be modi- _—
fied by epitaxial strain. Furthermore, the results indicate that |(Q):’2 e'dh
the epitaxial film does not transform to a single equilibrium .
phase, but instead some degree of disorder is introduced. to the stack of close-packed planes fqrvalues along

The mechanisms for the-8 and y-Sm transitions can be [10q;]; the summation is over all planes in the film. The
compared. The mechanism for theB phase transition is simulated data was binned so that the resolution algng
thought to be that twd0 0 1} planes glide a distance a/6 matched that of the instrument. The poifisined by lineg
while the next pair remains stationdrfhe glide is equiva- in Fig. 1(e)—(h) are the results of this simulation. The model
lent to changing the letters of the stacking sequence cycliresults can be compared to the measurements in Fig- 1
cally: (d). The additional peaks in Fig.(f) are due to the domains

fcc to dhep transformation, four glides for nine planes  ending unrealistically abruptly, a feature which disappears as

A. Epitaxial Ce film

2

()
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the amount of disorder increases. For the bulk transitiorestablishment of conduction-electron spin-density waves in
from y— B Ce, there is an increase in the specific volumethe spacer layer$:'® Whereas the matching of the Fermi

which necessitates heating to drive the transformation tgurfaces in dhcp/dhcp superlattices allows the propagation of
completion. It is likely that a similar small change in volume conduction electrons throughout the superlattice, the differ-
occurs in the epitaxial system and opposes the expansion eht crystal structures in hcp/dhcp superlattices result in their
the Sm structure domains. o confinement to single blocks. Thus, coherence of the mag-

Perhaps unsurprisingly, this investigation demonstrategetic ordering is possible in dhcp/dhcp Ce/Nd superlattices.
that the established thermal cycling technique is not an ap- There is some propagation of the antiferromagetic order-
propriate method for preparing epitaxjgtCe samples. ing of the Nd hexagonal sites through the Ce in the

[ Cep/Nd3g]70 superlattice, but, in general, the antiferromag-
B. Ce/Nd superlattices netic Nd and Ce structures are of much shorter range_than
: Pr/Nd and La/Nd. The difference for the Ce/Nd superlattices

The neutron-scattering experiments show a variety ofs that both constituents are magnetic at the temperatures
magnetic structures that change with superlattice composstudied, and there is a possibility of disruption of the propa-
tion. The magnetic properties of the hexagonal sublattice imation of the magnetic order due to the competition between
the 20- or 30-plane thick Nd layers has some similarities tahe two different types of magnetic ordering. The magnetic
the same sublattice in bulk Nd. Specifically, the moments arstructures of Nd and Pr are very similar at their ordering
longitudinally modulated in the basal plane, as in bulk Nd,temperatures, indicating strong similarities in their Fermi
however, the ordering wave vector is independent of temsurfaces. Thus Pr layers readily propagate the Nd magnetic
perature. In complete contrast to bulk Nd at ambient pressurerder in Pr/Nd superlattices. In contrast, Ce and Nd exhibit
the cubic sublattice adopts a ferromagnetic alignment withvery different magnetic structures, suggesting greater differ-
the moment pointing along the axis. For the sample with ences in their Fermi surfaces. The results indicate that the
the thickest Ce layers, the coexistent ferromagnetic and ariwo types of antiferromagnetic structures cannot coexist in
tiferromagnetic order is no longer observed and the Cehe same superlattice. A related phenomenon occurs in heavy
adopts an antiferromagnetic structure with moments lying irrare-earth superlattices where, for example, the very different
the basal plane on both sublattices. Ho and Er magnetic orderings become decoupled in Ho/Er

The behavior of samples with 20- or 30-plane thick Ndsuperlattices®
layers can be compared to the behavior of Nd under applied The dhcp Ce/Nd superlattices have two inequivalent sites,
pressure. Experiments by Watsenal® show a sequence of and like Pr/Nd and La/Nd the coupling of the Nd hexagonal
changes to the magnetic structure with increasing pressursites differ from that of the cubic sites, presumably because
For an applied pressure of 8.2 kbar thej4nagnetic struc- different parts of the Fermi surfaces are responsible for the
ture is suppressed ardaxis ferromagnetic ordering on the propagation of magnetic order. In fact, in some cases the Nd
cubic sites is induced. As the pressure is increased toubic sites exhibit ferromagnetic order that is coherent over
11.6 kbar some domains of the antiferromagnetic structurenany bilayer repeats so that the behavior is opposite to that
are suppressed while the ferromagnetic, cubic-site momemf Pr/Nd and La/Nd. The coupling of ferromagnetic blocks
gains a component in the basal plane. For the highest pregcross nonmagnetic spacer layers in rare-earth superlattices
sure applied (13.8 kbar), the ordering temperatures for théends to be over a relatively shorter rarfgét.is possible that
two structures became equal. Although not all of these feathe long-range propagation of the ferromagnetic order in
tures were observed in the measurements presented hefge/Nd superlattices is due to the inducement of the same
there are very strong similarities. Alloys of Nd with E&, ferromagnetic order on the Ce cubic sites. If this occurred at
Ce®? or Pr(Ref. 33 also exhibit coexistent ferromagnetic the Nd ordering temperatures, it would explain why Ce does
and antiferromagnetic order. In each case, the ferromagnetitot adopt its usual antiferromagnetic structure, which in-
moment is primarily associated with the cubic-symmetryvolves the cubic sites, at lower temperature.
sites while the incommensurate antiferromagnetic order is on The relationship between the ferromagnetic and incom-
the hexagonal sublattice. This behavior has been associatetensurate magnetic structures within the thicker Nd layers is
with the process of making Nd kghter rare earti?* The  unclear. The slight decrease at low temperatures, for the in-
epitaxial strain which Nd experiences in these Ce/Nd supertensity of the incommensurate order pd&kg. 5a)], raises
lattices appears to have a similar effect to alloying or appliedhe possibility that the two structures are in competition. Ad-
pressure. Strain-induced ferromagnetism in heavy rare-eartfitionally, it is a surprise that the incommensurate wave vec-
superlattices has been observed previously in HafRaf.  tor does not change as a function of temperature or at the
16) and Dy/Lu(Ref. 17. onset of ferromagnetic order.

The results also show that to understand the observed The growth of high-quality superlattices has facilitated
magnetic ordering it is important to consider the magnetionagnetic measurements on a material with a highly unstable
interactions between the two constituents of the superlatticeshemical structure. These results represent the first measure-
In the dhcp/dhcp superlattices Pr/NRef. 10 and La/Nd  ments on single-crystg@-Ce superlattices. The clamping af-
(Ref. 1)) long-range magnetic ordering is observed, in con-fected by the superlattice suppresses the phase transition to
trast to hcp/dhcp Y/NdRef. 35 where the magnetic order is the collapsedx-Ce phase on cooling. The sample with 30
found to be confined to individual Nd blocks. The propaga-atomic planes of Ce exhibited magnetic order of the type
tion of magnetic order in superlattices is achieved via theceported for dhcp G&;_, alloys>® This is an antiferromag-
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netic structure with moments lying in the basal plane onstructural phase transitions ¢fCe have been observed to be
hexagonal and cubic sites. The wave vedter(3 0 0) while  strongly modified by epitaxy. A transformation frogphase
moments point alond@l 2 0). No magnetic ordering of this (fcc) to a Sm-type crystal structure was found in place of the
kind was detected in superlattices with thinner Ce layerstransformation from fcey phase to dhcg phase which oc-
either due to interaction with the Nd or to epitaxial strain. curs in the bulk material. In both cases, the pathological
structural behavior of Ce has been modified via epitaxy.
VI. CONCLUSIONS

Elemental dhcgd Ce has been successfully stabilized at
low temperatures in the context of epitaxial Ce/Nd superlat-
tices. The magnetic structures for the Ce/Nd superlattices We would like to thank R.A. Cowley and R.S. Sarthour
change abruptly with changes of composition due to mutufor useful discussions. Financial support was provided by the
ally exclusive magnetic ordering. The sample with the thick-EPSRC in the UK and by the Institut Laue-Langevin in
est Ce layers exhibits short-range order in an antiferromag-rance. The expert technical assistance of the staff at the
netic structure of the type anticipated for the bliCe. The Institut Laue-Langevin is gratefully acknowledged.
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