PHYSICAL REVIEW B 67, 054403 (2003

Magnetic properties of gadolinium and terbium nanoparticles produced via multilayer precursors
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Gd and Tb nanoparticles were obtained via annealing of sputtered multilayer precursors. Detailed structural
examination, involving energy-filtered imaging and high-resolution electron microscopy along with transmis-
sion electron microscopy and scanning electron microscopy techniques, revealed an island structure for the rare
earths within the precursors, which further develops to nanoparticles upon annealing. A dramatic change in the
magnetic characteristics of the nanoparticles is observed comparing to the bulk. Magnetic data are discussed to
distinguish between true size effects and superparamagnetism. The obtained results give a credit to the former
scenario.
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I. INTRODUCTION As mentioned above, due to difficulties in preparation, the
studies on RE nanoparticles are limit€d8

Rare-earth elements, alloys, and compounds form a The aim of the present work is to produce RE nanopar-
unique group of materials with diverse properties. Magnedicles and study their microstructure and magnetic properties.
tism in the rare-earth6RE) originates almost entirely from The main issue of the study is to answer the fundamental
incomplete 4 shells which, being localized deep inside the question whether the observed dramatic modification of the
atoms, are well screened by the surrounding electrons. ThH@agnetic properties originates from a true size effect or is a
moments are coupled via an indirect exchange-couplingnanifestation of superparamagnetic behavior, which has
mechanism[Ruderman-Kittel-Kasuya-YasidéRKKY)] in- een controversially answered in the literattfret®
volving the polarization of conduction electrons. The rich
magnetism of rare-earth elements is still a challenging area
of research.

Because the RKKY interactions are mediated by the va- Two modifications of the sputtering technique were used,
lence electrons, they are very sensitive to the structure angimed to produce nanoparticles. In the first one, “multilayer”
filling of the conduction bands. Thus, small changes in theprecursors of RETb or Gd and matrix materia(Cr or W,
band structure of a solid, originating from nanosize, are exfor which no alloying with RE is expected according to the
pected to have dramatic effects on the magnetic propertiebulk phase diagramsvere obtained on a water cool€ét00)
Furthermore, the large surface area of nanoparticles is e)XS8i substrate by magnetron sputtering of the corresponding
pected to play a significant role on their magnetic propertiestargets. The base pressure of the chamber wa& T6rr and

It is surprising, but most of the research on nonbulk rarea high-purity argon gas flow with a pressure of 5 mTorr was
earths has been done on thin filmgnonolayers or used during sputtering. The deposition rate from the RE tar-
multilayers'=’ or on clusters containing up to few tens of get was between 1 and 3 A/s. Two sets of samples were
atom&~'and very little on nanoparticles. The results, while made, in which the thickness of the RE layer was 10 A and
intriguing, are also rather contradicting. Spin polarized low-20 A, respectively, while the matrix thickness was kept at 10
energy electron diffraction experiments on ultrathin fitraé A (10/10 and 20/10 The RE nanoparticles were formed by
Gd revealed a surface enhanced magnetic oisieme 60 K subsequent annealing of the precursors at 600°C. The par-
above bulkT;). However, other results contradict theseticle size was controlled by varying the annealing time. In
findings® The transition temperature of 5-100 ML of Gd the second modification, the so-called “continuous mode,”
was found to decrease with reducing the layer thicknesshe atoms were deposited on a substrate continuously rotated
while the anisotropy increasédGd clusters K=11-92) above the two targetéRE and matrix materialor by co-
were found, depending on the number of atoms in the clustegvaporation of the RE and matrix material. The speed of the
to be either superparamagnetic or with locked-moment comsubstrate rotation during sputtering was adjusted to ensure
ponent even at room temperat@reA puzzling increase of RE “layer” thickness of less than a few angstroms. This
the magnetic moment with temperature was also reportespeed was estimated via extrapolating the experimentally
Electronic structure calculations for Gctlusters predictéd  found dependence between deposition time and layer thick-
canted spin configuration. Recently, it was reportetiat  ness. The ratio between the deposited RE and matrix material
Dyy (N=20-60) clusters exhibit a nearly antiferromagneticwas estimated to be 20 to 80 at%. In both modifications
spin order at about 10 K, although the bulk Dy is ferromag-cover and buffer layers of 200 A matrix material were used
netic (at this temperaturgswith complicated size depen- to protect the particles and avoid any effect from the sub-
dence of magnetic moment. strate.

Il. EXPERIMENTAL
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FIG. 1. Energy-filtered images of Tb/Cr (10/10)x%0 repetitions precursor sample fabricated by the “multilayer” mddeZero-loss
image;(b) Cr jump-ratio imagefc) Tb jump-ratio image.

Magnetic properties were measured using both, Supercoan effective shrinking of the particles, as found for RE/Cr
ducting quantum interference device and vibrating-samplsamples annealed for longer than 40 min. The long annealing
magnetometers. The microstructure was examined by coriime also leads to some alloying between the Si substrate and
ventional TEM(transmission electron microscopgnd SEM  the buffer layer, as indicated by the microbeam electron dif-
(scanning electron microscoptechniques. To reveal the mi- fraction, but no trace of alloying between RE and matrix
croscopic features and elemental distribution at the nanonmmaterials was found. It is worth noting that the RE patrticle
eter scale both, energy-filtered imaging and high-resolutiongrowth is more difficult in W than in Cr matrix, requiring
electron microscopyHREM) were carried out on a Philips longer time; however, the thermal stability of the former
CM20 TEM at 200 kV equipped with a Gatan imaging filter. samples is better than the latter. No formation of RE particles

was observed in the samples obtained by continuous mode
deposition. Composition magd$-igs. 3a) and 3c)] show
lll. RESULTS AND DISCUSSIONS large Cr particleg10—15 nm coexisting with Tb clusters,
A. Structural characterization which are distributed in the form of networl{§ig. 3(C)]
. . . Electron-diffraction patterns of the continuous mode samples
The high-resolution electron microscopy and the Crosseonfirm the presence of bce Cr crystalline phase and an

s;erctl?nral isr:l:ﬁ'els n ;’;\s_l:ﬁpuztterreclj muilrtTl]IayersCrr(EV(szl_?k?_lsrlT?n morphous structure, possibly related to the Tb network clus-
structure € layer. The zero-loss image, Lra JUMPrars. No Th particles are formed even after annealing at

ratio images are shown on Fig. 1. The HREM confirmed tha 00°C for 20 min, implying that for the concentration under

the RE islands are isolatd#fig. 2). Subsequent annealing at . o
R . ) i study and at the condition used, the mobility of the RE atoms
600 °C for 20 min results in 3D growth of the islands and t0is 1ot sufficient to form particles.

the breaking of the multilayer structure, which is consistent
with the results reported by Baberschkén this way, RE

nanoparticles with irregular shape and mean size of about 8
nm are formed. It was found that further increase of the
annealing time causes some degradation of the material, due In the following, we will discuss mostly the RE/Cr

to some oxidation of both the RE and the matrix and, thus, t410/10) AX60 repetitions based samples (REb, Gd,
while the properties of analogous sample with W as well as

samples with 20/10 ratio between RE and matrix material
will be given for a comparison. Typical zero-field cooled
(ZFCO) and field cooledFC) thermomagnetic curves for par-
ticles with mean size of about 8 nm, produced by annealing
of multilayer precursors at 600 °C for 20 min, are given on
Figs. 4a) and 4b) for Tb and Gd, respectively. Thel (T)
curves show similar features—a magnetization maximum on
the ZFC curves, below which a departure between the FC
and ZFC magnetization is observed. The temperature of this
maximumT,, decreases with increasing the applied field. For
Gd an applied field of about 0.2 T is sufficient to suppress the
difference between FC and ZFC data, while for Tb this dif-
ference persists even in fields as high as 5 T. No peculiarity
indicative of a magnetic phase transition has been observed
FIG. 2. The HREM image showing a Tb nanoparticle in the at the characteristic temperatures for bulk Tiy €230 K,
Tb/Cr (10/10) Ax 60 repetitions precursor sample fabricated by theTc=219 K) and Gd Tc=293 K, T,=230 K), implying a
“multilayer” mode. dramatic decrease of magnetic ordering temperatures

B. Magnetic properties

054403-2



MAGNETIC PROPERTIES OF GADOLINIUM AND.. .. PHYSICAL REVIEW B57, 054403 (2003

FIG. 3. Energy-filtered of Tb/Cr (10/10) A60 repetitions sample fabricated by the “continuous” mo@®:Zero-loss image(b) Cr
jump-ratio imagejc) Tb jump-ratio image.

in the nanosize Tb and Gd particles. This observation is confield cooled data],,, below which the curve departs from
sistent with the results reported by O'SHe® and the field cooled curve, is attributed to the temperature at
Hadjipanayis'®*" It is worth noting that nanocrystaline Tb which the coercive field is comparable to the applied field
directly passes into a ferromagnetic state contrary to bulk Thrather than to a blocking temperature of superparamagnetic
which orders antiferromagneticaly first with decreasing temclusters. Below, we will discuss the experiments we have
perature. performed and the arguments supporting our statement. We
In addition to the type of the magnetic order at low tem-wish to mention that, because of uncertainties in determining
peratures, a fundamental question arises: whether a true pat@e actual mass of the RE in the samples, the attempts to
magnetic state or a superparamagnetic one is evident at tefetermine the magnetic moments from the susceptibility ver-
peratures betwe€R, and the bulk ordering temperature, i.e., sus temperature measurements ab®yewould be rather
whether a true size effect takes placausing the observed speculative and this is the reason why we focus our attention
dramatic decrease in the ordering temperature. We believen the low temperature data. As seen from Fig. 5 both, the
that the temperature of magnetization maximum on the zerocemperature dependence of coerciviiy and the field de-
pendence off ,, vary in a similar way. The loweH . values,
compared with the corresponding fields at which the magne-

40
Fe {a) tization shows a maximum at certain,, can be related to
P, &nm Thb the fact that no saturation is achieved in the range of fields
—_ 301 _ "b" =020T used, as implied from the significant slope of the magnetiza-
g FK\ *opl tion curves even at the highest fields used. 6).
2 20 ;' T Another support for the relationship betweln and T,
- ',' v comes from the fact that for low anisotro|$/state Gd the
= 7 " field required to shiffT, below 3 K is about 0.15, while
= 104 o",ZFL‘- for the strongly anisotropic Tb, fields as high as 5.&re not
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FIG. 4. Field cooledFC) and zero-field cooledZFC) thermo-
magnetic curves for 8 nrf@) Tb and(b) Gd nanoparticles produced FIG. 5. Temperature dependence of coercitityand field de-
by annealing of R/Cr “multilayer” (10/10) A 60 repetitions pre- pendence of the temperature of magnetization maximum on the
cursors at 600 °C for 20 min. The value of the applied figlual ~ ZFC data,T,,, for 8 nm Tb nanoparticles. The lines are guide for
to the cooling fieldl is given on the plot. the eye.

Ty (K)
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island structure to 40 K for particles with size of about 8 nm
formed after 20-min annealing. While for the as-made mate-
] rial an increase i, is observed when measured in applied
2 - field perpendicular to the film plane, no significant difference
T / in the direction of the applied field was observed for the
] /" 20-min annealed sampl@ata not shown It is natural to
-2 1 attribute this observation to a demagnetizing-field effect,
4 e which is strong in the case of elongated and occasionally
. connected islands in the as-made films and negligible in the
] . , . . . . case of well separated and more spherically shaped nanopar-
4 s ticles in the annealed samples. This demagnetization field
wH,,, (koe) effectively reduces the internal magnetic field and increases
T,, in the former material.
, by " It was also found that, in accordance with the discussed
7 // relationship betweei,, and particle size, an increase of the
] P RE concentration leads to some 50% increasé& jmas ob-
/ served in the 20:10 RE/Cr samples, both the as made and the
annealed samples under the same conditions as the 10:10
/ SnmGd samples.

T=5K Another demonstration of the size effect is the observed
enhancement of coercivity and the slope of magnetization
curves reflecting the noncollinear spin structure at the nano-

- . - . - particles surface. It is worth noting that bulk single crystals
0 20 40 60 T . "}
of Gd have extremely small coercivity,suggesting the im-

k., (KOe) portant role of the surface atoms in determining the magnetic

FIG. 6. Hysteresis loops @&) Tb/Cr (10/10) Ax 60 repetitions. properties of RE nanoparticles. We suggest that the coerciv-
(b) Demagnetization curve of GA/Cr (10/10)<%0 repetitions ity enhancement in the nanoparticles under study is what

multilayer samples, both are annealed at 600 °C for 20 min an(ﬁ)revents them from be?ng superparamagnetic,_ especiqlly ?n
nanoparticles of about 8 nm are formed. the case of Gd, for which a superparamagnetic behavior is

expected above liquid-helium temperatures if the anisotropy

sufficient to destroy the maximum &t,. If alternatively,T,, IS not much different from the bulk anisotropy. N
is manifestation of blocking temperature, for particles with a  All the samples produced in the continuous mode exhibit
similar size, one should expect much higfegy for the non ~ Paramagnetic b(_ehawor in agreement Wlth. high-resolution
S-state Th(two orders of magnitude higher anisotropian ~ Microscopy studies showing that no RE particles are formed
for Gd. However, the experimental results for 8 nm mearPUt the deposited atoms staying in clusters isolated from each
size Gd and Tb particles show that this is not the d#g. other in the nonmagnetic matrix even after annealing. This
4). result calls for further studies of the percolation limit at

netization curves measured at different temperatures aboR§ achieved.

the blocking temperature are expected to superimpose when

plotted againsH/T. However, the experimental results do IV. CONCLUSIONS

not reveal such behavior regardless whether the matrix ma-

terial is W or Cr.(Note that in case of Cr the data were Isolated Gd and Tbh nanoparticles can be obtained via an-

corrected for the antiferromagnetic contribution arising fromnealing of sputtered multilayer precursors, which themselves

the matrix material by measuring a Cr film with a mass simi-are composed of RE islands when produced under the con-

lar to that of the actual sample. ditions described in this work. A dramatic change in the mag-
The size effect hypothesis gains further verification fromnetic characteristics of the nanoparticles is observed when

the relationship between the particle size in the range og¢ompared to the bulk. The obtained magnetic data gives a

5—20 nm(controlled by the annealing temperature and studcredit to the true size effect scenario but not to the superpara-

ied by cross-sectional electron microscppyd the value of magnetic one.

T,,. For short annealing times where no degradation of the

samples is observetelow 2Q mi_n for Tb{Cr fiIm}sthe tem- _ ACKNOWLEDGMENT

perature of the ZFC magnetization maximum increases with
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