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Spin glass behavior in rhombohedral B12 cluster compounds

Takao Mori1,2,* and Andreas Leithe-Jasper1,†

1National Institute for Materials Science, Advanced Materials Laboratory, Namiki 1-1, Tsukuba, 305-0044, Japan
2PRESTO, Japan Science and Technology Agency (JST), Kawaguchi, 332-0012, Japan

~Received 23 September 2002; published 31 December 2002!

Magnetic properties of rhombohedral B12 cluster compoundsRB22C2N (R5Er, Ho! were investigated. The
rare earth atoms are uniquely configured in corner-sharing deformed tetrahedra along the nearest-neighbor rare
earth direction, with rare earth and B6 octahedral layers separated by B12 icosahedral and C-B-C chain layers.
A drop in the zero-field-cooled magnetic susceptibility is observed at 5 K and 22.5 K for ErB22C2N and
HoB22C2N, respectively. The magnetic susceptibility shows divergences for zero-field-cooled and field-cooled
measurements, while the isothermal remanent magnetization decays as a stretched exponential of time
s IRM(t)5s I0exp@2C(vt)2(12n)/(12n)#. Wait time effects on the thermal remanent magnetization are also
observed. The measurements point to spin glass behavior in this system. The magnetic field dependence of the
susceptibility peak temperatureTf is consistent with the well-known de Almeida–Thouless line, whereH
}@12Tf(H)/T0#1.5. The spin glass behavior is thought to be caused by disorder from partial occupancy of the
rare earth atomic sites and also possible frustration of magnetic interactions. This is the first instance of a
compound composed of rare earth atoms configured in a boron framework exhibiting glassiness and is also of
interest in the context of recent new magnetism discovered in B12 icosahedral compounds. The low-
temperature specific heat of ErB22C2N shows only a broad hump around the magnetic anomaly temperature
and supports the absence of long-range order in this system.
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I. INTRODUCTION

The magnetic properties of frustrated systems exhibit
glassiness are a topic of longtime interest, and a search
such compounds has been actively carried out. Research
been done on a variety of compounds such as triangular
tice compounds,1 kagomécompounds,2 garnets,3,4 olivines,5

and the spin ice pyrochlores on which recent intriguing wo
has been done.6–8 On the other hand, the magnetic propert
of B12 icosahedral cluster compounds have also attracted
terest following the discovery of an antiferromagnetic tra
sition at relatively high temperatures in the magnetically
lute RB50 compounds which are nonmetallic.9–11

In this work, we report on the magnetic properties of t
rhombohedral B12 cluster compounds ErB22C2N and
HoB22C2N. Spin glass behavior is observed, with this syst
being the first higher boride compound where rare earth
oms reside in boron frameworks, in which such phenom
have been found.

II. EXPERIMENT

The synthesis and structure determination ofRB22C2N
have been described previously.12 The synthesis of the
single-phase polycrystalline samples of ErB22C2N and
HoB22C2N measured in this work was carried out in the fo
lowing way. First of all, powders ofRBm (m:12–16, R
5Er, Ho! were synthesized by the borothermal reduction
rare earth oxide under vacuum:

R2O31~2m13!B→2RB(m)13BO. ~1!

Then the desired amounts of boron, carbon, and hexag
BN were added and fired again at a reaction temperatur
0163-1829/2002/66~21!/214419~6!/$20.00 66 2144
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around 1700 °C. It is difficult to synthesizeRB22C2N
samples without impurity phases such asRB6 and RB12.
However, improved washing techniques of the sample w
developed, such as boiling powdered samples for short ti
with nitric acid, and we found we could completely remo
any traces of these impurity phases. The samples were c
acterized by using a high-resolution powder x-ray diffrac
meter ~Rigaku Co., RINT2000! with Cu Ka radiation.
RB22C2N is rhombohedral~space groupR23m) with lattice
constants of a5b55.624 Å, c544.681 Å and a5b
55.614 Å, c544.625 Å for ErB22C2N and HoB22C2N, re-
spectively. The structure is depicted in Figs. 1~a! and 1~b!.
The compound has a layered structure along thec axis with
B12 icosahedral and C-B-C chain layers residing in betwe
B6 octahedral and rare earth atomic layers. Figure 1~b! de-
picts the configuration of only the rare earth atoms and w
be discussed later.

Magnetization was measured by using a Quantum Des
superconducting quantum interference device~SQUID! mag-
netometer MPMS-XL from 1.8 K to 300 K and fields up t
5.5 T. For the time decay measurements of remanent ma
tization, the starting point of time was determined by mo
toring the voltage of the low-resolution current of th
MPMS-XL magnet power supply and defining the effecti
zero field as when the voltage hovers at less than 1
which is typically around 40–50 s earlier than the field sta
message is displayed. Specific heat measurements were
on a piece cut off from a successfully sintered single-ph
pellet of ErB22C2N using a transient heat pulse method w
a small temperature increase of 2% relative to the sys
temperature.

III. RESULTS AND DISCUSSION

The zero-field-cooled~ZFC! and field-cooled~FC! mag-
netic susceptibilitiesx of ErB22C2N are shown in Fig. 2~a!.
©2002 The American Physical Society19-1
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A drop in the ZFC susceptibility is observed at around 5
indicating that some kind of transition has occurred. Str
ingly, a large difference is observed for the ZFC and
susceptibility curves, which indicates a magnetic grou
state with high degeneracy. The temperature of the dro
susceptibility is similar to the antiferromagnetic transiti
temperature of ErB12 @TN56.6 K ~Ref. 13!#, but due to our
improved washing techniques used in preparation of
single-phase sample and, above of all, the fact that Er12

FIG. 1. Crystal structure ofRB22C2N, ~a! a view perpendicular
to the c axis and~b! a view of the configuration of the rare ear
atoms only. The large polyhedrons are B12 icosahedra, smaller poly
hedrons indicate B6 octahedra, small circles indicate nitrogen a
oms, the three bonded atoms along@0 0 1# are C-B-C chains, and
the large circles indicate rare earth atoms.
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does not exhibit such a hysteresis in the magnetic susc
bility, we can conclude that this is an intrinsic property
ErB22C2N. The temperature of the peak which we label asTf
is determined from the derivative of the susceptibility~the
temperature wheredx/dT50) to be 5 K.

From the Curie-Weiss fitting

x5C/~T2u! ~2!

of the susceptibility curve at temperatures sufficiently abo
the magnetic anomaly (T>40 K), we obtain parameters o
u527.0 K and an effective magnetic momentmeff of 9.0mB
which is slightly smaller than the value of 9.58mB for a free
trivalent Er ion.

HoB22C2N shows similar behavior with the peak in th
ZFC susceptibility occurring atTf522.5 K @Fig. 2~b!#. The
high-temperature fit (T>200 K) yields u5216.9 K and
meff510.1mB .

It is of note that the FC susceptibility ofRB22C2N shows
a continued upturn at low temperatures belowTf . However,
this behavior can be attributed to the existence of a low te
perature Curie tail which is clearly apparent as the upturn
the ZFC curve of HoB22C2N @Fig. 2~b!#. The Curie tails are
judged to not be an intrinsic feature of the magnetic anom
observed inRB22C2N since they have also been observed
the RB50-type compounds9–11 and have been attributed t

FIG. 2. Temperature dependence of the magnetic susceptib
of ~a! ErB22C2N and~b! HoB22C2N. The insets are enlarged view
of the low-temperature region. The magnetic field is 50 G. T
crosses in the inset of~b! depict the susceptibility after the low
temperature Curie tail~see text! was subtracted. Arrows indicate th
cusp temperature of the susceptibilityTf .
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paramagnetic impurities such asRB66 or RB25 (RÞTb),
which are stable in acid, existing below the x-ray detect
level, or to have some intrinsic origin the exact nature
which is not clear yet.11 The magnitude of the low-
temperature tail of HoB22C2N, for example, is approximately
estimated by fitting the low-temperature region of the
susceptibility as x5C/T1C0 . C51.131023 emu K/g,
which is 4.0% of the Curie constant at high temperatur
The ZFC and FC susceptibility curves of HoB22C2N after the
Curie component was subtracted are shown in the inse
Fig. 2~b!. The slight downturn of the curves at the lowe
temperatures might indicate that there is also a small Cu
Weiss component with low Weiss temperature~such as
HoB25, HoB66) of which the contribution at low tempera
tures was overestimated by assuming only aC/T form. In
any case, it appears that the pronounced upturn of thx
curves can be generally explained by such a Curie tail.
did not attempt this procedure for ErB22C2N as the tempera
ture of the magnetic anomaly is low.

The specific heat measurements discussed later exclu
low-magnetic-field-induced transition from an antiferroma
netic state to a partly paramagnetic or ferromagnetic st
for example, as a possible explanation of the divergenc
the ZFC and FC susceptibility curves.

Strikingly, the isothermal remanent magnetizations IRM of
RB22C2N at low temperatures shows a gradual decay o
several decades of time. The time evolution ofs IRM is plot-
ted in Fig. 3. The samples were cooled to 2 K and 5 K for
ErB22C2N and HoB22C2N, respectively. A field of 10 kG was
applied for 5 min after which the field was charged to ze
ands IRM measured. The time dependence can be descr
by a stretched exponential

s IRM~ t!5s I0exp@2Cvt2(12n)/~12n!#, ~3!

the dependence of which has been typically observed
some spin glasses.14,15 s I050.61 emu/g,Cv2(12n)/(12n)
50.12 s1/(12n), 12n50.18 and s I050.53 emu/g,
Cv2(12n)/(12n)51.2 s1/(12n), 12n50.10 for ErB22C2N

FIG. 3. Time evolution of the isothermal remanent magneti
tion s IRM of ErB22C2N at 2 K ~solid circles! and HoB22C2N
at 5 K ~open squares!. The lines depict the fit tos IRM(t)
5s IRM(0)exp@2Cvt2(12n)#.
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and HoB22C2N, respectively. The reduced temperatureTr
5T/Tf is 0.40 and 0.22 while 12n take values of 0.18 and
0.10 for the Er and Ho phases, respectively. The rela
magnitudes agree with the empiricalTr dependence of 1
2n determined by Hoogerbeetset al. for some typical spin
glass systems.16 As a physical picture, the stretched expone
tial relaxation in spin glasses has been explained by var
models such as the fractal cluster model of Continentino
Malozemoff,17 although absolute values of experimenta
determined parameters have not always been satisfact
explained.

The divergence of the ZFC and FC susceptibility curv
~we note that the low-temperature upturn in the FC susc
tibility can generally be attributed to a low-temperature C
rie tail! and the gradual relaxation of the isothermal reman
magnetization over several decades of time is indicative
spin glass behavior.14

Wait time effects are a distinctive signature of spin gla
systems. To further investigate the magnetic behavior of
system, wait time effects on the thermal remanent magn
zation sTRM of HoB22C2N were investigated.sTRM was
measured by applying a low magnetic field of 10 G at 30
and then field cooling down belowTf to 10 K. After waiting
for variable times the field is charged to 0 G. The wait tim
tw is calculated as the time since the sample passes thro
Tf522.5 K until the field is switched to zero.s TRM for tw
5150 s, 455 s, 765 s, and 1355 s are plotted in Fig. 4.
can be seen, wait time effects are indeed observed, with
decay ofsTRM appearing to be more gradual for longertw .
Fits to Eq. ~3! yielded parameters which are analyzed
follows. 12n versus the logarithmic ofCv2(12n) is plotted
in Fig. 5~a!. A straight line extrapolation of the plot yield
C50.033.v can then be determined and logv is plotted in
Fig. 5~b! versustw . The data approximately follow a straigh
line and can be fitted satisfactorily by

v5v0exp@2tw /t0#, ~4!

-
FIG. 4. Time evolution of the thermal remanent magnetizat

sTRM of HoB22C2N at 10 K for different wait times oftw of 150 s
~solid circles!, 455 s~crosses!, 765 s~solid triangles!, and 1355 s
~open squares!. The measurements were carried out by 10 G fi
cooling from 30 K to 10 K, withtw defined as the time from when
the sample passes throughTf522.5 K until the field is charged to 0
G at 10 K. The lines depict the stretched exponential fits.
9-3
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wherev051.031023 s21 andt058.93102 s. This behav-
ior is similar to the wait time effects first described by Cha
berlin for a typical spin glass.18

The magnetization curves ofRB22C2N measured at thes
temperatures showed hysteresis as expected from the r
nent magnetization measurements, and a lack of satura
indicated the absence of long-range order in this sys
which is also consistent with a spin glass compound.

The magnetic field dependence of the magnetic susce
bility was also investigated. The susceptibility curves at s
eral varying fields are shown in Fig. 6.Tf shifts to lower
temperature at higher fields. It can also be clearly obser
by comparing the 50 G and 5 kG curves that the peak st
ture of the susceptibility broadens at the higher field. As w
seen in Fig. 2, there appears to be a wide weak irreversib
region aboveTf . It was not easy to objectively define thres
olds and definitely determine border temperatures for the
set of weak and also strong irreversibility. Therefore, we c
siderTf as a measure of the onset of strong irreversibility
our system and plot the magnetic field dependence ofTf(H)
in Fig. 7. It has been observed in many spin glasses tha
boundary of strong irreversibility can be well described
the de Almeida–Thouless~AT! line.19 The best fit of our data
to the equation

H5H0@12Tf~H !/T0#1.5, ~5!

FIG. 5. The ~a! logarithmic of Cv2(12n) as a function of 1
2n determined from the measurements plotted in Fig. 4 and the~b!
logarithmic ofv plotted vs the wait timetw . The lines depict the
respective fits to exponentials.
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whereH051.83105 G andT0523 K, is shown by the line
in Fig. 7 and found to not be a bad representation.

The measurements discussed above are all indicativ
spin glass behavior. It has generally been pointed out tha
addition to disorder some frustration of the magnetic int
actions are typically necessary ingredients of spin gl
states.14 In some systems such as the pyrochlore Tb2Mo2O7
which have strong magnetic frustration that is geometric
origin, it has been demonstrated that even with the abse
of disorder, the manifestation of a spin glass state
possible.20 However, in our system the frustration index
f frus5uuu/Tf50.75 for HoB22C2N and f frus51.4 for
ErB22C2N are not very large and so, therefore, such a stro
frustration as would solely cause a spin glass state is
indicated. InRB22C2N, the partial occupancy of 0.74 of th
rare earth atomic sites can be considered to be a sourc
disorder. We have previously observed a long-range-or
AF transition for another rare earth B12 cluster compound
GdB18Si5 .21 The rare earth atomic sites of GdB18Si5 are also

FIG. 6. Temperature dependence of the zero-field-cooled
ceptibility of HoB22C2N for varying magnetic fields 50 G~solid
circles!, 5 kG ~crosses!, 10 kG ~solid squares!, 15 kG ~open tri-
angles!, and 20 kG~open diamonds!. The data for the 50 G curve
are the same as that shown in Fig. 2~b!.

FIG. 7. Magnetic field dependence ofTf for HoB22C2N. The
line describes the best fit of the data to Eq.~5!.
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SPIN GLASS BEHAVIOR IN RHOMBOHEDRAL B12 . . . PHYSICAL REVIEW B66, 214419 ~2002!
partially occupied with an even lower occupancy of 0.68,
of course although the systems have different structures
are inclined to think that such disorder by itself is solely n
sufficient to cause the spin glass behavior in this system
that it is likely that there is also some frustration of magne
interactions inRB22C2N.

We examine the configuration of the rare earth atoms
this compound which has been depicted in Fig. 1~b! and is
unique. The rare earth atomic layers are separated by
proximately 15 Å along thec axis, and therefore it is indi-
cated that any sizable magnetic interaction will be amo
rare earth atoms within the layers. Within the layers the r
earth atoms form two regular triangular layers closely laid
top of one another. In the nearest-neighbor rare earth di
tion @indicated by the thick bonds in Fig. 1~b!, with a sepa-
ration of 3.54 Å# a rare earth atom in one layer is connect
to three rare earth atoms in the adjacent layer, form
corner-sharing deformed tetrahedra. The separation of
rare earth atoms in the regular triangular layer which is p
allel to the basala-b plane @indicated by the thin bonds in
Fig. 1~b!# is 5.62 Å.

The high-temperature susceptibility data with negat
Curie-Weiss temperatureu indicate an antiferromagnetic AF
interaction. In our system, if an AF interaction along t
nearest-neighbor direction~thick bonds!, which we label as
J0 , were dominant, then there would be no frustration, sin
a minimization of energy would be satisfied with a config
ration where the spins are ferromagnetically aligned wit
the triangular layers and the layers themselves are antife
magnetically ordered. However, since it is likely that som
degree of magnetic frustration exists, it is indicated that
interaction within the triangular layers~thin bonds!, which
we label asJ1 , is antiferromagnetic and of comparable ma
nitude or larger thanJ0 .

The explicit mechanism of the magnetic interaction in t
system is not clear at present. The Curie-Weiss temperatuu
determined at high temperatures should be an indicatio
the magnitude of the antiferromagnetic interaction betw
the rare earth atoms.u is 27.0 K and 216.9 K for
ErB22C2N and HoB22C2N, respectively. The relative magn
tude ofu does not match either the de Gennes factor dep
dence of a simple RKKY-mediated interaction22 or that of a
dipole-dipole interaction which would approximately be pr
portional togJ

2mB
2J(J11) ~wheregJ is the Lande factor and

J the total angular momentum!. It has previously been indi
cated for some B12 icosahedral compounds such asRB50,
that a sizable magnetic interaction is mediated by the12
icosahedra.9–11,21,23From the structure ofRB22C2N, such an
interaction could be effective between the rare earth ato
within the triangular layers adjacent to the B12 clusters and
be the origin ofJ1 . The B6 octahedra situated among the ra
earth layers could be playing a role in mediating the m
netic interactionJ0 . Theoretical work is presently bein
done on solving the explicit mechanism in such systems
any case, the likely existence of magnetic frustration
RB22C2N indicates that despite the considerably shorter r
earth separation, the interaction of rare earth atoms betw
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adjacent triangular layersJ0 is comparable or smaller tha
the interaction within the basal plane rare earth triangu
layersJ1 .

The specific heat of ErB22C2N at low temperatures wa
measured and is shown in Fig. 8. Only a broad hump in
specific heat is observed around the temperature of the
in the zero-field-cooled magnetic susceptibilityTf55 K with
a peak at a higher temperatures around 1.3Tf . This behavior
is consistent with a spin glass state14 and points to the ab-
sence of long-range ordering of the magnetic moments.
specific heat of ErB22C2N measured under a magnetic fie
of 100 G is also plotted. No sizable difference is observ
between the specific heat measured at 0 G and at 100 G.
excludes the possibility of a low-field-induced transitio
from an antiferromagnetic state to a partly paramagnetic
ferromagnetic state to alternately possibly explain the lo
temperature behavior of the 50 G ZFC and FC susceptib
ties observed in Fig. 2 which we have mainly attributed to
Curie tail.

IV. CONCLUSIONS

The magnetism of rhombohedral B12 cluster compounds
ErB22C2N and HoB22C2N was investigated. The compound
have a layered structure along thec axis with B12 icosahedral
and C-B-C chain layers residing in between B6 octahedral
and rare earth atomic layers. A drop in the zero-field-coo
magnetic susceptibility is observed around 5 K and 22 K for
ErB22C2N and HoB22C2N, respectively.~1! Divergences of
the ZFC and FC susceptibility curves,~2! relaxation of the
isothermal remanent magnetization, and~3! existence of wait
time effects were observed, which are all indicative of sp
glass behavior. The spin glass behavior in this system
thought to be caused by disorder from partial occupancy
the rare earth atomic sites and also likely frustration of m
netic interactions. Frustration would indicate that the ma
netic interaction between the rare earth atoms along the s

FIG. 8. Temperature dependence of the low-temperature spe
heat of ErB22C2N under 0 G~solid circles! and under a magnetic
field of 100 G~crosses!. The solid arrow indicates the temperatu
of the cusp in the ZFC magnetic susceptibilityTf55 K, while the
dotted arrow indicates 1.3Tf .
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bonds of the corner-sharing deformed tetrahedra is com
rable or smaller than the interaction within the basal pla
rare earth triangular layers. This is the first report of ra
earth atoms configured in a boron framework exhibiti
glassiness. New developments based on this work can
expected, since the framework accommodating the rare e
atoms in boron cluster compounds has been known to ta
myriad variety of structures, and modifications are also p
sible with additional doping of such elements as silicon a
carbon. This finding is also interesting in the context of t
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