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Anisotropic lattice expansion and magnetism in sputter-deposited Ca„La…B6 films
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Department of Applied Physics, Tohoku University, Aoba-yama 05, Sendai 980-8579, Japan

~Received 26 January 2004; published 15 April 2004!

Nanocrystalline thin films of CaB6 and Ca0.995La0.005B6 were fabricated in this study using rf-magnetron
sputtering. X-ray diffraction~XRD! measurements and scanning electron microscopy/energy dispersive spec-
trometer analyses revealed that lattice expansion of up to 6% with respect to the bulk value occurs along the
direction perpendicular to the film plane. It is caused by the trapping of Ar gas into the film. On the other hand,
in-plane XRD showed that spacing along the directions within the film plane is shrunk slightly. Large ferro-
magnetic moment of 0.01–0.02mB /f.u. was observed in some La-doped films only when the lattice expansion
rate was larger than 2.5%. The Curie temperature was found to be markedly higher than 400 K.

DOI: 10.1103/PhysRevB.69.140406 PACS number~s!: 75.30.2m, 75.70.2i, 75.75.1a
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The reported weak ferromagnetism of Ca12xLaxB6 has
attracted great interest,1 because:~i! that compound has no
constituent 3d or 4f elements;~ii ! it has an extremely high
Curie temperatureTC(;600 K) despite its tiny magnetic
moment (;0.07mB /La); and ~iii ! the ferromagnetism ap
pears only when the doping quantity of La is very lo
(0.00,x,0.01). Ceperleyet al. suggested that La-dope
hexaboride might be an example of the long predicted,
never observed, ferromagnetic phase of a dilute elec
gas.2 Zhitomirsky et al. have presented another explanati
based on a semimetallic band structure calculated by lo
density approximation~LDA !.3 They proposed that the La
doped hexaboride might be an electron-doped excitonic
sulator, in which ferromagnetism appears to be caused
spontaneous time-reversal symmetry breaking. The latte
terpretation was considered initially to be more persuas
Therefore, some authors4,5 have attempted to improve tha
model. However, recent angle-resolved photoemission s
troscopy~ARPES! experiments for undoped CaB6 have re-
vealed that there is a sizable energy gap (;1 eV) at theX
point between the valence and conduction bands.6,7 That
finding is consistent with the calculated band structure
vealed by the so-called GW approximation,8 which takes ac-
count of the dynamically screened Coulomb interaction.
the other hand, Monnier and Delley have investigated
possibility that the observed spontaneous magnetizatio
localized at imperfections in the CaB6 lattice by self-
consistent electronic structure calculation.9 Consequently,
they concluded that only the B6 vacancy carries a large mag
netic moment.

FMR measurements for bulk single crystals
Ca0.995La0.005B6 have revealed that the magnetic moment
localized within a fewmm from the surface.10 Lofland et al.
indicated that defects introduced by annealing enhance
magnetization and ordering temperature.11 According to
these experimental results, ferromagnetism seems difficu
interpret as a bulk or stoichiometric CaB6 property. On the
other hand, Matsubayashiet al. claimed that magnetism ob
served in this system is not intrinsic, but results instead fr
alien phases of iron.12 Young et al. suggested that the phys
cal characteristics of magnetic element doped hexabo
share many similarities with those of dilute magnetic se
conductor such as Mn-doped GaAs.13 Therefore, the origin
0163-1829/2004/69~14!/140406~4!/$22.50 69 1404
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of the ferromagnetism remains controversial.
As mentioned previously, some experimental and theo

ical results have implied that ferromagnetism is not native
bulk single crystals, especially to stoichiometric ones. N
ertheless, almost all experiments thus far have been c
ducted on single crystals. Therefore, a study addressing t
film samples would be advantageous to extract intrin
properties of Ca(La)B6 because sputter-deposited films ge
erally consist of nanosized crystallites which have ma
grain boundaries and defects. This paper reports an exp
mental study of the structure and magnetism of sput
deposited nanocrystalline films of La-doped and undop
CaB6.

Thin films were fabricated using an rf-magnetron sputt
ing method. We used CaB6 and Ca0.995La0.005B6 targets of a
sintered compact with 76-mm diameter and 5-mm thickne
Either Ar or Ne was used as a sputtering gas. Gas pres
(PAr , PNe) was controlled between 1 mTorr and 20 mTo
During deposition, the Si~100! substrate was heated toTs
5900 °C; the film thickness was changed from 0.2mm to
8.0 mm.

The film structure was analyzed using x-ray diffractio
~XRD! measurement with CuKa radiation. In addition to
conventional XRD measurements inu-2u mode, which give
information regarding lattice spacing perpendicular to
film plane, we also examined an in-plane XRD pattern us
an ATX-G system~Rigaku Corp.!, which gives information
along directions parallel to the film plane. In this method, t
angle between the incident x-ray and the film plane can b
small as 0.4°. The angle between a plane of counter op
tion and the film is also very small so as to keep the scat
ing vectors almost parallel to the film plane. Magnetizati
measurements were carried out using a superconduc
quantam interference device~SQUID! magnetometer be
tween 2 K and 400 K. Samples’ chemical compositions w
analyzed quantitatively using scanning electron microscop
energy dispersive spectrometer~SEM-EDS!, Rutherford
backscattering spectroscopy~RBS!, and secondary-ion mas
spectroscopy~SIMS!.

Figure 1 shows the thickness dependence of XRD patte
in u-2u mode, in which all films were deposited using A
gas. The peaks are extremely broad because of the nano
talline structure. The mean grain size is estimated using
©2004 The American Physical Society06-1
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Scherrer’s formula to bed;30 nm. In addition, each Brag
peak position is shifted markedly toward the lower-an
side with respect to those for bulk CaB6. This shift suggests
that lattice spacing along the direction perpendicular to
film plane expands with respect to the bulk value ofabulk
54.145 Å. We deduced a hypothetical cell parametera'

according to the~110! peak position. It was found to de
crease with increasing film thicknesst for both doped and
undoped films, as shown in the inset of Fig. 1. Neverthele
it was about 1% larger than the bulk value for the sam
with t58 mm. XRD patterns for the same film measured
both u-2u and in-plane modes are shown in Fig. 2~a!. We
found that peak positions measured by the in-plane mode
slightly higher than those for the bulk sample. This relat
height indicates that spacing along the directions within
film plane are shrunk slightly (a//,abulk), in striking con-
trast witha'.abulk .

Composition analysis with SEM-EDS detected a peak t
originated from the Ar which was trapped into the film du
ing sputtering. As shown in Fig. 3, the Ar amount becom
larger in the sample with largera' . Figure 4 shows thea//
anda' values as a function of the Ar content for numero
films. With increasing Ar content of up to about 0.5 at %,a'

increases~to 6%!, whereasa// decreases~to about 1%! with
respect toabulk . That is, the lattice anisotropy becomes larg
concomitant with increased quantities of Ar trapped in
film.

Average grain sizes estimated from width of the diffra
tion peaks are also anisotropic withd//;10 nm andd'

;30 nm, respectively. The relative intensity of each diffra
tion peak reveals that the degree of preferred orientation
ied from sample to sample. One sample appeared to be
domly aligned; another had a~100!-preference orientation
Notably, as shown in Fig. 2~b!, no remarkable deviation o
a// and a' from the abulk was observed when Ne gas w
used for sputtering.

FIG. 1. ~Color online! Film thickness dependence of XRD pa
terns in normalu-2u scan. Vertical broken lines indicate peak p
sitions of bulk CaB6. The sharp peak at about 33° and the tail a
ascribed to the Si substrate. The inset shows thickness depend
of the lattice constant calculated from the~110! peak position.
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Such anisotropic transformation of crystal structures
sulting from trapped Ar is an interesting phenomenon in
self. However, it is not easy to deduce a correct structu
model using only diffraction patterns of such an assembly
nanosized crystallites. For example, a peak-splitting p
nomenon resulting from tetragonal lattice distortion wou
be masked by the line-broadening effect caused by the s
grain size. Detailed structural analysis, including location
trapped Ar atoms, is now in progress.

Magnetization isotherms of these films were measure
various temperatures. We found that some of La-dop
samples exhibit ferromagneticlike hysteresis loops and o
ers, including undoped samples, show paramagnetic
curves. TypicalM -H curves at 300 K are shown in Fig. 5
where a component of diamagnetism originated from the

nce

FIG. 2. XRD patterns for Ca0.995La0.005B6 films sputtered using
Ar ~a! and Ne~b! gases. Upper and lower patterns in each gra
indicate data measured by in-plane mode and by normalu-2u scan,
respectively. Vertical broken lines indicate peak positions of b
CaB6.

FIG. 3. ~Color online! The detected ArKa peak obtained by
composition analysis with SEM-EDS. Results for three samp
with different sputtering gases~Ar or Ne! anda' values are shown.
6-2
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substrate was subtracted. SampleB shows a ferromagnetic
M -H curve with a coercive field of about 70 Oe, whereas
curve of sampleA exhibits nonmagnetic behavior. Althoug
samplesA and B in Fig. 5 were fabricated with the sam
conditions (PAr55 mTorr, andTs5700 °C), their magne-
tism and structure are quite different, as shown in Fig
including the inset. This difference is caused by the amo
of the trapped Ar, that is, 0.01 at % in sampleA and 0.35 at %
in sampleB. These results led us to infer that there is
correlation between their structure and magnetization. T
we plotted the spontaneous magnetization valueM s in Fig. 6.
It was deduced by linear extrapolation ofM -H curve in the
high-field region to zero field, as a function ofa' . The data
points are scattered, but there is a tendency forM s to in-
crease with increasinga' from abulk . The Ca0.995La0.005B6
samples produced with the Ne gas have comparatively s
a' , being almost equal toabulk , and show smallM s values.
In contrast, Ar-sputtered films exhibit largera' and magne-
tization values. Especially, samples witha''4.3 Å show the
largest M s values, which amount to 0.02mB per formula
unit. Assuming nominal concentration of the doped La~0.5
at %!, this value is equivalent to 4mB per La, which is 50
times larger than that reported by Younget al.1 Nevertheless,
it should be noted that samples with a largea' do not always
exhibit ferromagnetism. This fact suggests that lattice exp

FIG. 4. Trapped Ar content plotted against hypothetical cell
rametersa// anda' calculated from the~110! peak position.

FIG. 5. ~Color online! Magnetization curves measured at 300
for two samplesA andB for which XRD patterns are shown in th
inset. Magnetization is expressed in units of magnetic moment
formula unit.
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sion is not just a sufficient, but a necessary, condition fo
Ca0.995La0.005B6 to show ferromagnetism with large magn
tization. Regarding the undoped CaB6 samples, we have no
observed ferromagnetism in this experiment, as shown
Fig. 6; however, the number of examined samples is
large compared with that for the La-doped sample.

We also plotted theM s value as a function of temperatur
in Fig. 7. We were unable to observe magnetization ab
400 K because of limitations of our device, but we found th
M s(T5400 K) is about 80% ofM s(T55 K), suggesting
that TC is much higher than 400 K, being 550–650 K.

It is important to investigate the correlation between o
served ferromagnetism presented here and the Fe impu
which might inevitably be incorporated into the film during
sputtering process. We measured the Fe content carefully
various samples using SEM/EDS analysis, especially
films exhibiting ferromagnetic behavior. The intensity caus
by the FeKa was below the detection limit of our EDS
apparatus in every film, demonstrating that the Fe conten
less than 0.1 at %. Presuming that all Fe impurities of

-

er

FIG. 6. ~Color online! Spontaneous magnetic moment deduc
at 300 K plotted as a function ofa' for both Ar- and Ne-sputtered
films. Two symbols for the Ar-sputtered films denote a differe
series of experiments.

FIG. 7. Temperature dependence of spontaneous magnetic
ments in some ferromagnetic samples.
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at % have a ferromagnetic moment equal to that of bcc
(2.2 mB), the resultant magnetic moment is 2.231023 mB
per formula unit, which is too small to explain the curre
observation. Therefore, we conclude that the ferromagne
presented here is not the result of the impurity Fe, but is
intrinsic characteristic of our Ca(La)B6 films.

Present results are consistent with some theoretical m
els. It is interesting to note that the magnitude of the fer
magnetic moment observed here is of the same order as
caused by the B6 vacancy9 if we assume the number of B6
vacancy is equal to that of the trapped Ar. Hottaet al.,14 on
the other hand, proposed that ferromagnetism can be s
lized when the original cubic symmetry of CaB6 is removed
to create a tetragonal structure. Therefore, this result se
to concur with our experiments.

We must mention the stability of the observed ferroma
netic moment. During the course of measurements, we fo
that the observed ferromagnetic moment is not stable,
instead decreases with time. Although decay time va
from 1 to 90 days depending on the sample, the finalM -H
curve becomes a straight line, just like that of sample
shown in Fig. 5. After finding that such phenomena of tim
dependent magnetization decrease, we attempted to
whether there are any structural or compositional chan
n,
re

ko

Y

.
k
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over time. Although films that have been examined by XR
and SEM/EDS are not numerous, we did not detect any tim
dependent change ofa' values and the Ar content in film
which had already become ‘‘nonmagnetic.’’ We have n
measured the structures of identical films that exhibit a la
ferromagnetic moment as a function of time because sepa
portions of a film with different sizes were used for magne
and structural measurements. For that reason, results in
study do not preclude the possibility that the structure and
Ar content of a film whose ferromagnetic moment decrea
with time are also time dependent. Therefore, we infer tha
sort of metastable state that is correlated with the trapped
and lowering of the lattice-symmetry engender the obser
ferromagnetism. The decay time of such a metastable s
would be dependent on the local environmental situati
Large scattering of observed ferromagnetic moment val
given in Fig. 6 would then be attributable to distribution
such a ‘‘time constant.’’ It is clear that further experiment
and theoretical studies are required to determine the origi
ferromagnetism reported here.
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