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Crystal and magnetic structures of Sm epitaxial thin films and Sm/Y superlattices
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Epitaxial Sm thin films and Sm/Y superlattices have been grown with a high single-crystal quality. The
complex nine hexagonal close-packed planes stacking sequence has been successfully obtained in a 5000-
A-thick film, whose magnetic behavior presents a long-range antiferromagnetic order of the hexagonal sites
below 100 K, as in the bulk element. However, from neutron scattering, the relative magnetic and nuclear
contributions indicate a significant enhancement of the magnetic moment compared to the bulk value. For the
superlattice, the neutron-scattering results show neither long-range structural coherence of the stacking se-
guence along the direction nor a coherent magnetic ordering at low temperat{i84.63-1829)15035-5

Epitaxial thin films and superlattices of rare earths withaxis and one of the hexagonalaxes are quadrupled com-
various crystal structures, such as hexagonal-close-packgured to the chemical celthey reach 103.6 and 14.51 A,
(hcp or double-hexagonal-close-packédhcp, have been respectively. Koehler and Moon found that the average
grown during the past decade. The epitaxial growth along thenagnetic moment per atom was close tous1 which is
(0002 direction(c direction has been achieved by using the significantly smaller than the expected free-ion moment of
method proposed by Kwet al! These systems exhibit very 0.71ug. These authors believe that “the free ion moment is
exciting magnetic properties, among them the shift of thepartly reduced by crystal field effects and that there is a large
Curie temperaturé® the coherent propagation of a helical polarization of the conduction electrons parallel to the ionic
magnetic phase through nonmagnetic or paramagnetigpin. The combination of ionic plus conduction spin mo-
layers*® and the antiferromagnetic coupling through non-ments almost cancels the orbital moment which is directed in
magnetic or magnetic layefs. These effects have been at- the opposite sense.” The ordering of the magnetic moment
tributed to epitaxial strains developed in the films by epitaxyat the hexagonal sites has been confirmed recently by mag-
and to the long-range polarization of the conduction elecnetic x-ray resonant scatteriigChis technique is also very
trons in the rare-earth metal. promising to separate the orbital and spin contributions,

Among the trivalent lanthanides, samarium plays a parwhich are in competition in the magnetic moment.
ticular role between dhcp rare earths, to which corresponds In its trivalent electronic configuration, the structure of
the periodic stacking of four hexagonal compact planesamarium metal is sensitive to pressure and temperature, as
(ABACABAG--), and hcp rare earths which present theshown in the phase diagram proposed by C8lesd it can
(ABAB --) stacking sequence. Indeed, under normal temtherefore adopt one of the other common hexagonal plane
perature and pressure conditions, bulk samarium exhibits astacking: hcp, dhcp, or fcc. Recent experiments performed
intermediate crystal structure with the periodic stacking ofby Adachiet al** on hcp samarium quenched from the melt
nine hexagonal planesA{B,A,B.C;B,C.A,Cy--) along have shown that hcp samarium is a ferromagnet with a Curie
the ¢ axis, giving ac parameter of 26.21 A. This structure temperature of 165 K and, as in the Sm structure, the mag-
will be referred to as “Sm structure” in the following. THe  netic moment has been estimated tou1 The lattice pa-
and ¢ subscripts recall the symmetry about the samariumtameters for this hcp stacking ara=3.65A and c
atoms in each corresponding plane: the nearest-neighbor er5.80 A, which corresponds to @ axis d spacing 0.42%
vironment is approximately cubic when refereed with thesmaller than in the Sm structure.
letter c and hexagonal when refereed with the letteiThe Moreover, because of the weak energy difference between
magnetic structure of bulk samarium was first studied bythe two electronic configurations £35(5d5s)®  and
Koehler and Moofiby neutron scattering. They showed that (4f )®(5d5s)?, the samarium is subject to a change of va-
the magnetic moments at tiesites order along the direc-  lence between St and SmM*. The valence state is very
tion at 106 K, ferromagnetically in the same basal plane withsensitive to the surrounding of the atoms, either in alloying
an antiferromagnetic arrangement along ¢heexis, resulting  or at the surface. It has been extensively demonstrated that
in a magnetic unit cell with & axis twice as long as that of the surface of samarium was dival¥rand that the hexago-
the chemical unit cell. The magnetic ordering at theites  nal 5X5 surface reconstruction observed at low temperature
occurs only around 14 K, leading to a magnetic cell whose was related to the valence of the surface atbtis.the same
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way, it has been observed by Masenall* that samarium
could be divalent in small grains where the surface effects
are dominating.

In this context, the study of epitaxied samarium-based
systems, such as thin films or superlattices, arises to be of
particular interest. Various points would need to be investi-
gated, and first the crystal structure of samarium in layers
where epitaxial strains and surfag@eterface effects can be
important: is it possible to grow a long-range coherent sa-
marium structure, and to tailor the crystal structure via epi- __
taxial strains or in changing elaboration parameters, such asg
the substrate temperature during deposition or the deposition 5
rate? What will be the hexagonal planes stacking sequences
and its coherence in superlattices constituted of samarium &
metal and of another rare eatRE) with a different struc-
ture (Sm/hcp-RE or Sm/dhcp-RE superlattigesspecially in
samples where the thickness of the samarium layers is only £
some unit cells? Concerning the magnetic properties, is it
possible to get a long-range-ordered magnetic structure, in
thin films as well as in superlattices?

In this paper, we present structural and magnetic results
showing some aspects of the samarium behavior in epitaxial
thin films and superlattices.

Sm

(a)
5000A Sm film

ensity

(b)
Sm/Y superlattice

EXPERIMENTAL TECHNIQUES r%
4
=
The samples were prepared by molecular beam epitaxy in U TP P N TPUPE BN S
an ultrahigh-vacuum chamber whose base pressure typically 2 2.0 2.1 2.15 2.2 2.25 2.3 2.35
reaches 410 ' Torr. Following the usual process to grow q, @AM
(0001 rare-earth epitaxied systems, a (D)2single-crystal FIG. 1. Room-temperature x-ray-diffraction patterns with the

sapphire is used as a substrate and first covered with a thigkave-vector transfer along tH&0l] direction for (a) a 5000-A-
niobium buffer deposited at 820 °C. Samarium and yttriumthick samarium film,(b) a Sm(145 Ay (120 A) superlattice.
are then evaporated from an effusion cell and an electron CRYSTAL STRUCTURES
gun, respectively. During this deposition process, the sub-
strate is kept at 280 °C. This relatively low temperature has Figure 1 presents typical x-ray-diffraction patterns col-
been chosen to avoid reevaporation of samarium and intetected at room temperature with the wave-vector transfer
diffusion in the case of superlatticds. situ reflection high-  along the[ 00 ] direction for the 5000 A-thick samarium film
energy electron diffractiofRHEED) experiments evidence [Fig. 1(a)] and the Sm/Y superlatticg-ig. 1(b)]. The scan
the single-crystal quality of the deposited layers and permit(a) exhibits a sharp peak @=2.152 A"%, which corre-
us to identify thec axis as the growth direction. Moreover, sponds to the reflection of the hexagonal-close-packed planes
the in-plane surface parameter measured by RHEED appeaiseparated by 2.912)4erpendicular to the axis. However,
to be significantly larger than the bulk samariumitisimpossible in this geometry to determine the positions of
parameter® This is consistent with previous observations,ions within the close-packed planes, that is, to distinguish
and has been related to the divalent character of the Sinetween the different stacking sequences: Sm structure,
surface'? The true compositions of the superlattice sampleshcp, or dhcp. The observed peak would be referred to as
were determined from a combination of x-ray diffractiéor ~ (009)s,, for the Sm structure, (00gy), for the hcp structure,
the superlattice perigdand fluorescence x-ray analysgier  or (004)yn., for the dhcp one. We can just point out that the
the atomic fractions The samples discussed in this paper aredistance between close-packed planes is slightly closer to the
a 5000-A-thick samarium film and [a145A Sm/120AY;,  value expected from the Sm structure (26.21M0912A)
superlattice. than from the hcp stacking (5.882.9 A). The coherence
The structural and magnetic properties have been investlength of the stacking of close-packed planes in the growth
gated both by high-angle x-ray-diffraction and neutron-direction, deduced from the full width at half maximum of
scattering experiments. These latter have been performed dhe peak, was found to be about 700 A, which is similar to
the 4F.1 triple axis instrument in the LaboratoireobeBril-  the coherence length we have usually measured in thin epi-
louin (CEN, Saclay. The neutron wavelength was 4.245 A, taxied films of other rare earth. A transverse scan through the
which leads to an instrumental resolution of 0.0102* Aor Bragg peak yields a mosaic spread of approximately 0.13°,
the scattering vector along th& direction. Higher-order which reveals a good crystal quality of the samarium film.
contamination was suppressed using a beryllium filter. For the Sm/Y superlattice, the scan shown (b) Exhibits
Samples were cooled using a closed-cycle refrigerator andn average main Bragg peak surrounded by satellites, whose
measurements were taken over the temperature range 5@esition gives the bilayer repeat distan@s5 A). Their
300 K. presence attests for a long-range structural coherence i.e., a
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P ] Y S R S S and (015}, excludes the presence of some hcp or dhcp

structure. The fact that these peaks are narrow shows that the
stacking sequence is coherent over 48018 unit cells,
which is slightly smaller than the coherence length of the
basal planes measured in @0 ] direction (700 A). How-
ever, such a perfect Sm structure was not systematically ob-
tained. Several Bragg peaks typical of a mixture of dhcp and
Sm crystal structures have been observed in some epitaxial
films, under different preparation conditions, such as the sub-
strate temperature during the deposition or the evaporation
rate. The relevant parameters deciding between one crystal
100 structure or the other still have to be determined via a more
systematic study.

Figure Zb) presents the scan aloig 0] measured at
room temperature for the Sm/Y superlattice. Mainly broad
peaks are observed at the (1Q@)and (101), positions,
with two faint bumps at the (104), and (015}, positions.
Complementary x-ray-scattering experiments have also re-
vealed a broad peak at the (0 1 d4)position. The width of
the peaks indicates that the associated structural coherence
lengths are around 100 A, comparable to the thickness of the
individual layers. In contrast to the results obtained along the
[0d] direction (either by x-ray or neutron scatteringhere
are no sharp peaks surrounded by satellites, which means
that the hcp- and Sm-stacking sequences along: ttiieec-
tion are not periodic and their coherence is confined to indi-
vidual blocks. Itis likely that the (10Q),and (101)., peaks
are mainly due to the hcp Y, and the other contributions are
mainly due to the nine-plane stacking of Sm. We can there-

q,(r.l.u.) fore conclude that the Y layers present a hcp stacking and the

FIG. 2. Room-temperature neutron-scattering spectra with th&Sm layers present a nine-plane stacking, as in the bulk ele-
wave-vector transfer along tHelOl] direction for (a) a 5000-A- ments. However, we assume that the samarium layers con-
thick samarium film(b) a Sm(145 A)/Y (120 A) superlattice. tain stacking faults from the Sm structure, which gives rise to

such faint bumps at the (104) and (015}, positions.
periodic alternation of close-packed yttrium and samarium It should be noted that this structure is similar to what
planes, independent of the sequence. The main Bragg peatgeurs in the Nd/Y superlatticé8 where the hcp and dhcp
which is an average of both the samarium and yttrium constructures are obviously kept in the Y and Nd layers, respec-
tribution, is significantly shifted from the bulk (009)  tively, with coherence lengths limited to the layer thick-
Bragg peak, as it could be expected. The coherence lengttesses.
deduced from the width of the main pe&0127 A% is
about 500 A, and the mosaic spread deduced from a trans-
verse scan through the Bragg peak is 0.27°.

The actual crystal structure can be deduced from scans Figure 3 presents the neutron-scattering pattern measured
with the wave-vector transfer along th&0l ] direction, pro-  at 50 K for the samarium film along th&0i ] direction, with
viding information on the stacking sequence of the closethe room-temperature spectrum for comparison. Several new
packed planes along the axis: In reciprocal-lattice units peaks(indicated by arrowsare present at low temperature,
referred to the Sm structure, the hcp structure would give risghe more intense ones being located at the positions
to a (101), peak at (1 0 4.5, the dhcp structure would (1 0 7/2),, and (1 0 11/2,,,, which corresponds to a dou-
give (101}, and (102}, peaks, respectively, at bling of the unit cell along the direction. They are typical
(1 02.25)and (1 0 4.5),,, and the Sm structure would be of the antiferromagnetic ordering of tihesites, described by
characterized by (10%),, (012)sm, (104)sy, and (015}, Koehler and Moolf. The temperature dependence of the
peaks. These four peaks arising from the Sm crystal structun@agnetic intensityfsee inset in Fig. Bleads toTy near 100
can be present all together along fi®l ] direction, if there K, which is close to the samarium bulk Bletemperature
is a coexistence of domains rotated by 120°. (106 K).

The neutron-diffraction pattern measured at room tem- The integrated intensities of the magnetic peaks have been
perature along thg10l] direction for the 5000-A-thick Sm scaled with respect to those of the nuclear peaks. The results
film is presented in Fig. (@) (in reciprocal-lattice units with indicate that the magnetic scattering from the samarium film
respect to the Sm structyreAll the peaks unambiguously is between five and ten times larger than that determined for
reveal that the crystal structure is similar to that of bulka bulk sample by Koehler and Mo8tThis cannot simply be
samarium with a nine close-packed planes stacking senterpreted as showing that the magnetic moment in the film
guence. The absence of diffraction peaks between ghp4) is greater by a factor 3 than that in the bulk, since the mag-
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400

peaks typical of a magnetic ordering along fHiél ] direc-

Sm fil 5 ; X X o
" 510mK - s° tion. The only temperature dependence is a slight shift in the
350r - Bragg peaks positions, due to the thermal contraction of the

—— 300K |
- lattice parameters. Nevertheless, because of the extremely

large samarium neutron absorption cross section, we assume
that the absence of magnetic satellites in this superlattice
does not have to be immediately interpreted as a nonmag-
netic ordering in the individual samarium layers. Namely, if
the magnetic order sets in without any coherence between
successive layers, the magnetic contribution is expected to
present a large full width at half maximum; it is thus cer-
tainly impossible to extract it from the high background.

In this first paper devoted to samarium epitaxial layers
and to Sm/Y superlattices, we have shown that it is possible
to grow (000) single-crystal systems with a high-quality
complex samarium crystal structure. However, some samples
gather both the samarium and the dhcp structures, and the
precise relevant parameters governing the crystal structure

re still under investigation. As in the bulk element, we ob-

erved that the Sm samples exhibit an antiferromagnetic or-
dering at theh sites near 100 K. Nevertheless, the magnetic
‘moment appears to be larger than the expected value from
the bulk samarium investigationil.2ug+0.2 instead of

0.1up).

netic moment of samarium arises from a delicate balance Sm/Y superlattices have been also grown with a very

between oppositely directed spin and orbital moments. Thgood crystal quallty;_ they present a stackln_g of hexagonal—
%lose—packed samarium and yttrium planes, in which the hex-

intensities of the three magnetic peaks which were observe al olan ; mendicular to the arowth direction
have been fitted to the Koehler and Moon structure using th gonal planes are perpendicuiar to the grou ection.
owever, these samples do not exhibit long-distance coher-

ipol roximation h marium form f r: . i .
dipole approximation to the samarium fo acto ence of the stacking of the atomic planes. Yttrium and sa-

Intensity (arb. units)

q,(r.l.u.)

FIG. 3. Neutron-scattering spectra collected at 300 and 50
with the wave-vector transfer along tHd0] direction for the
5000-A-thick samarium film. The arrows indicate the magnetic sat
ellites. The inset presents the thermal evolution of thed 7/2
magnetic peak.

fsm(@) =(jo(a))(L+2S)+(hjy(a))L, marium exhibit their specific stacking sequence in each layer
without any coherence between layers.
where(jo(q)) and(j,(q)) are the form-factor integrals cal- ~ We are currently going on with the elaboration work, es-

culated for Sm* by Freeman and Descladk.If it is as-  pecially in trying to control the stacking of the atomic planes.
sumed thatlL has its maximum value. =5, we obtainS  On the other hand, neutron and resonant magnetic x-ray-
=1.9+0.1 and a resultant magnetic moment of 1.2scattering experiments are about to be performed, in order to
+0.2ug. separate the orbital and spin contributions, to determine the

For the superlattice, the intensity of the broad Braggordering of thec sites at low temperature, and to investigate
peaks was practically kept unchanged upon decreasing ternthe effects related to the conduction-electron polarization in
perature, and we did not observe the emergence of any extthese samarium systems.
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