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Magnetism in thin films of CaB ¢ and SrB 4
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Thin films of disordered hexaborides Ca&nd SrB deposited by pulsed-laser deposition on MgO
(100) or Al,O5 (001) substrates are ferromagnetic. A typical room-temperature moment per unit area
of substrate is 35@z NM2, with the largest values being found for Ga@h Al,O;. Lattice defects

are the likely origin of the exotic, high-temperature magnetism. The moment, which is present in
films as thin as 12 nm, appears to reside in an interface layer whose polarization is approximately
0.4 Tesla. ©2004 American Institute of PhysidDOI: 10.1063/1.1840113

The alkaline—earth hexaboride#\Bs, A=Ca, Sr, Ba defect-related” Defects tend to enhance the magnetization
crystallize in the cubic CsCl structure where thgrBolecule  and increasdc.
forms a large divalent anio@Fig. 1). At first, CaB; was Here we try to settle the controversy regarding the origin
thought to be a semimetal, but it was subsequently estal®nd significance of the ferromagnetism observed in alkaline—
lished that the stoichiometric compound is actually a semiearth hexaborides, by means of thin film samples deposited
conductor with a gap of about 1 eV® on different substrates. Thin films have a much greater sur-
The announcement in 1999 of weak, high-temperaturdéace or interface to volume ratio than single crystals or poly-
ferromagnetism in Ga,LaBg with x=0.005 by Younget crystalline ceramics, so the role of defects may be enhanced.
al.® was surprising because the compound contains no ions Targets of CaB and SrB were prepared by sintering
with partially-filled d or f shells, which are normally a pre- 13 mm pressed pellets of commercial hexaboride powders of
requisite for ferromagnetism in ionic solids. The moment99.5% purity in vacuum at 950 °C. Thin films were prepared
was very small, less thand10™* ug/formula(0.08 ug/La),  using a KrF excimer laser operating at 248 nm with an en-
resulting in a magnetization of no more than 45 AlmThis ~ €rgy density of 1 Jcnf on the target. Substrates were 5
was originally attributed to the conduction electrons intro-X 5% 0.5 mn? slices of MgO(100) or Al20; (001), main-
duced by La doping, a manifestation of the spontaneous fef@ined at 550 °C in a vacuum of>610™ Torr. Film thick-

romagnetism of low-density electron gas first proposed by'€SS was determined by small-angle x-ray scatteffig 1).
Bloch in 19297 However, a similar weak ferromagnetism NO Bragg reflections could be detected for films on MgO
was subsequently found in the undoped hexabofd@he substrates, because boride and substrate both have cubic

moment in CaBwas as high as T8u; per formula, depend- crystal structures, with similar lattice parameters. OpQA|

ing on sample stoichiometry. The magnetization, which did’WeVer. any Bragg peaks were very broad, indicating a dis-

not depend on electron doping, was associated with the Sup_rdered Iat_t|ce. The films appeared smooth n the scanning

face regions of the crystal&-*There were also suggestions €/€Ctron microscope, except for droplets of diameternl

by Fisk et al? that the magnetism could be associated with aoroduced by the laser ablation process, which accc_:unted for

small concentration of intrinsic defects no more than 5% of the mass of any film. As-deposited films
Suspicion fell on traces of ferromagnetic contaminahts. Ver€ insulating, butin situ postdeposition annealing at

. 850 °C in the deposition chamber led to film resistivity of
Prime suspects areFeT:.=1044 K), FeB(T;=1015 K), .
and FeBT.=598 K). Traces of iron and nickel recently order 5Q cm for CaR;, and values an order of magnitude

identified he f f | ; lurminium f greater for SrB. Both showed an upturn in resistance at low
dentified on the faces of crystals grown from aluminium flux e 1, herature corresponding to an activation energy of 1 meV.
prompted two of the authors of the original reﬁdﬂ state

that ‘the weak ferromagnetism in electron-doped geBex-

4

trinsic, due to surface contamination by ferromagnetic com-

pounds containing Fe and Ni® However, retraction of the 10 AAS, “Y%
claim of an exotic origin for ferromagnetism in these ; 2 ‘Tﬁi)r’
hexaborides may have been premature. While no single crys- 107t AN G?XS
tals of CaB made by another group from highly-pure 6N " W\"@
boron exhibited any detectable magnetic signal, some mate- = 102

rials made from 3N boron were ferromagnetic with a mo- 2

ment of up to 2 1073 ug per formula, depending on stoichi- O 1

ometry and carrier densi%Defects or impurities form donor 10 r

states in the gap, 0.18 eV below the conduction band. Fur-

thermore, experiments where the stoichiometry of ceramic 10°L . . .
samples was altered by heating in different conditions 04 08 12 16 20
showed variable magnetic moments of up to abouf 1Q

per formula, suggesting that the ferromagnetism is 26 (deg.)
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FIG. 1. (Color onling Small-angle x-ray scattering for a thin film of CaB
on MgO (100). Inset shows the hexaboride crystal structure.

© 2004 American Institute of Physics
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60 - @ TABLE I. Magnetic moments and anisotropy fields of the thin films.
301 \.\\'\\. o Anisotropy field
0 \ Film Substrate (g M) (kKAm™
. CaB; MgO 170 150
-301 CaB, Al,O, 689 370
e SrB, MgO 252 330
« 60 ) SrBs Al,O, 321 180
;% 301
o .
= 0 S both substrates, 6 108 A m2. CaB; on MgO has the small-
g \"‘\.\ ®) est moment 3.& 108 A m?, whereas the greatest moment
g -30 . of 15X 10°® A m? is obtained for Cagon Al,O;. Averaged
= B over the film thickness, the latter corresponds to a moment of
10{ ] 0.5ug per formula unit or a film magnetization of
gl 65 kA m L. However, the moment does not vary in any sys-
/ tematic way with film thickness. For example, the moment of
0 [ a 12 nm film of CaRB on Al,O; exceeds that of a 150 nm
-5 j film. This is why moments are expressed in Bohr magnetons
01— e © per unit area of substrate in Table I.
. . . ; Figure 3 shows the anisotropy of the magnetization of a
3 -2 -1 0 1 2 3 film of SrBg on MgO. Little hysteresis is observed in the
1 H (T) room-temperature magnetization curves. A demagnetizing

effect is evident in the perpendicular direction, which is con-
FIG. 2. Room-temperature magnetization curi@sor a blank ALO; sub-  gjstent with the magnetization of a nonuniform thin film, but
strate(b) for a CaB; film on Al,O5, and(c) for the film after subtracting the not, for example, with spherical clusters. Judging from the
substrate contribution. L ’ . ) ..

initial slope of the perpendicular curve, the demagnetizing

field is at least 0.4 T. Assuming a demagnetizing factor of 1,

No magnetoresistance was observed at room temperature.the magnetic moment is located in a thin layer of thickness
Magnetization measurements were made using a 5 Tes®f 10 nm. In view of the dependence of magnetic moment on
Quantum Design MPMS XL SQUID magnetometer. Sampleéhe substrate, this layer should be at the substrate/hexaboride
were mounted in drinking straws after removing the cornerdnterface rather than at the free surface. The location of the
of the substrates. Mounting was either horizorfaérpen- ~Magnetization in a thin layer is borne out by the absence of
dicular to the applied fie)dor vertical(parallel to the applied any Systematic variation with film thickness.
field). All measurements were made at the maximum gradi-  The observed moments per formula unit of GaB SrB;
ent point of the second derivative curve, with no autotrackin the thinnest films are between two and four orders of
ing. The SQUID is calibrated for a sample occupying a vol-magnitude greater the}n anything .prewously seen in single
ume of diameter 3 mm and height 3 mm at the center of th@rystals or polycrystalline hexaborllde ceramics. The hypoth-
pickup coils; since the substrates exceed this volume, th@SiS that extraneous ferromagnetic phases are the source of
sensitivity of the instrument depends on sample orientatiortn€ ferromagnetism can be excluded on the basis of the data

It was calibrated by measuring a film of magnetite in bothat hand: (?1 Jron is the most likely ferromagnetic
orientations. contaminant; =~ but an Fe/Ca atomic ratio exceeding 100%

The first curve in Fig. 2 shows the diamagnetism of awould be needed to explain the magnetization of the thinnest

blank ALO; substrate subjected to the same thermal cycle if-@Bs films on AlLOs, for example. No such impurities were
the deposition chamber as one with a thin film deposited oifétected by EDAX analysis which showed an Fe/Ca ratio of
it. The susceptibility, -4.& 10° m3kg™, is in agreement

with the handbook value for AD;, —4.6x 10°° m®kg™™. It 10
is practically independent of temperature; the amount of
paramagnetic @ ions present is less than 2 ppm, judging
from the weakness of the Curie-law upturn in susceptibility
at low temperature, and assumifig5/2. Neutron activation
analyses of the substrates indicated that Fe and Ni were be-
low the detection limit of 1 ppm; Mn and Co were 2—3 ppm.
For some of the MgO substrates, however, there was a clear
Curie—Weiss upturn of the susceptibility below 50 K. Attrib-
uting this to Fé* impurities, their concentration in the sub-
strate is estimated as 100 ppm. The room-temperature mag- cooooeet®
netization curve of the thin film shown in Fig(Q was e
obtained after subtracting off the diamagnetic background
due to the substrate. This measurement was made with the
field applied perpendicular to the substrate plane. Moments

are quite variable, depending on the film—substrate pair agig. 3. magnetization curves for SgBon MgO, with the field applied

shown in Table I; SrB has roughly the same moment on perpendicular or parallel to the substrate.
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less than 3%fii) much smaller moments are observed forferromagnetism. Thin film devices, if they are to be made,
CaB; films on MgO which proves that no extraneous ferro-will need to use layers about 10 nm thick. Theory will have
magnetism arises from the substrate or deposition procest) address the issue of the anisotropy of the saturation mag-
and (iii) an anisotropy of the ferromagnetism found in somenetization and the nature of the strong ferromagnetic cou-
of the films is quite unlike that of any known ferromagnetic pling.

phase, although it is similar to that discovered in thin films of ) ) )
HfO, (Ref. 15 and also in films of ZnQRef. 16 or SnO, This work was supported by Science Foundation Ireland.
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