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Spin glass behavior in rhombohedral B, cluster compounds
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Magnetic properties of rhombohedral Bluster compoundBB,,C,N (R=Er, 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 ang Bctahedral layers separated by, BRosahedral and C-B-C chain layers.
A drop in the zero-field-cooled magnetic susceptibility is observed at 5 K and 22.5 K fo, &M and
HoB,,C,N, 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
orm(t) = 008X — C(wt) "~"/(1—n)]. 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 temperatufg is consistent with the well-known de Almeida—Thouless line, where
«[1—T¢(H)/To]*® 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 4 i@®sahedral compounds. The low-
temperature specific heat of E&8,N shows only a broad hump around the magnetic anomaly temperature
and supports the absence of long-range order in this system.

DOI: 10.1103/PhysRevB.66.214419 PACS nuntder75.50.Lk, 81.05.Je

. INTRODUCTION around 1700°C. It is difficult to synthesiz&B,,C,N
samples without impurity phases such RBg and RB;,.

The magnetic properties of frustrated systems exhibitingHowever, improved washing techniques of the sample were
glassiness are a topic of longtime interest, and a search fatleveloped, such as boiling powdered samples for short times
such compounds has been actively carried out. Research hagh nitric acid, and we found we could completely remove
been done on a variety of compounds such as triangular lagny traces of these impurity phases. The samples were char-
tice compound$,kagomecompound$, garnets olivines®  acterized by using a high-resolution powder x-ray diffracto-
and the spin ice pyrochlores on which recent intriguing workmeter (Rigaku Co., RINT200D with Cu Ka radiation.
has been don&:®On the other hand, the magnetic propertiesRB22C;N is rhombohedra{space groufir—3m) with lattice
of By, icosahedral cluster compounds have also attracted irffonstants of a=b=5.624 A, c=44.681 A and a=b
terest following the discovery of an antiferromagnetic tran-=5-614 A, c=44.625 A for Er,C,N and HoB,C;N, re-

sition at relatively high temperatures in the magnetically di-SPectively. The structure is depicted in Figsa)land 1b).
lute RBy, compounds which are nonmetalfict The compound has a layered structure alongcthgis with

: . : B, icosahedral and C-B-C chain layers residing in between
In this work, we report on the magnetic properties of the 12 . X
thombohedral B, clﬂster compougnds E"z%gzN and Bg octahedral and rare earth atomic layers. Figut® tle-

HOB,,C,N. Spin glass behavior is observed, with this systerrﬁ'CtS the configuration of only the rare earth atoms and will

being the first higher boride compound where rare earth at—e discussed later.

o : . Magnetization was measured by using a Quantum Design
oms reside in boron frameworks, in which such phenomenguperconducting quantum interference devBOUID) mag-

have been found. netometer MPMS-XL from 1.8 K to 300 K and fields up to
5.5 T. For the time decay measurements of remanent magne-
Il. EXPERIMENT tization, the starting point of time was determined by moni-
toring the voltage of the low-resolution current of the
The synthesis and structure determinationRB,,C,N  MPMS-XL magnet power supply and defining the effective
have been described previousfy.The synthesis of the zero field as when the voltage hovers at less than 1 mV,
single-phase polycrystalline samples of BG&N and  which is typically around 40-50 s earlier than the field stable
HoB,,C,N measured in this work was carried out in the fol- message is displayed. Specific heat measurements were made
lowing way. First of all, powders oRB,, (m:12—-16, R on a piece cut off from a successfully sintered single-phase
=Er, Ho) were synthesized by the borothermal reduction ofpellet of ErB,;C,N using a transient heat pulse method with
rare earth oxide under vacuum: a small temperature increase of 2% relative to the system
temperature.
Rp03+(2m+3)B—2RB(m +3BO. @ lll. RESULTS AND DISCUSSION
Then the desired amounts of boron, carbon, and hexagonal The zero-field-cooledZFC) and field-cooled FC) mag-
BN were added and fired again at a reaction temperature afetic susceptibilitiegy of ErB,,C,N are shown in Fig. @).
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FIG. 2. Temperature dependence of the magnetic susceptibility
of (a) ErB,,C,N and(b) HoB,,C,N. The insets are enlarged views
of the low-temperature region. The magnetic field is 50 G. The
crosses in the inset db) depict the susceptibility after the low-
temperature Curie tajsee textwas subtracted. Arrows indicate the
cusp temperature of the susceptibiliy.

does not exhibit such a hysteresis in the magnetic suscepti-
bility, we can conclude that this is an intrinsic property of
ErB,,C,N. The temperature of the peak which we labeTas
is determined from the derivative of the susceptibilitiie
temperature wherdy/dT=0) to be 5 K.

From the Curie-Weiss fitting

x=C/I(T—0) (2

of the susceptibility curve at temperatures sufficiently above
FIG. 1. Crystal structure dRB,,C,N, (a) a view perpendicular the magnetic anomalyT&40 K), we obtain parameters of
to the c axis and(b) a view of the configuration of the rare earth #=—7.0 K and an effective magnetic momeu; of 9.0ug
atoms only. The large polyhedrons arg, Rosahedra, smaller poly- which is slightly smaller than the value of 9,68 for a free
hedrons indicate 8octahedra, small circles indicate nitrogen at- trivalent Er ion.
oms, the three bonded atoms aldi®g0 1] are C-B-C chains, and HoB,,C,N shows similar behavior with the peak in the
the large circles indicate rare earth atoms. ZFC susceptibility occurring af¢=22.5 K [Fig. 2(b)]. The
high-temperature fit T=200 K) vyields #=—-16.9 K and
A drop in the ZFC susceptibility is observed at around 5 K, pe=10.1up.
indicating that some kind of transition has occurred. Strik- It is of note that the FC susceptibility &B,,C,N shows
ingly, a large difference is observed for the ZFC and FCa continued upturn at low temperatures beldyw However,
susceptibility curves, which indicates a magnetic groundhis behavior can be attributed to the existence of a low tem-
state with high degeneracy. The temperature of the drop iperature Curie tail which is clearly apparent as the upturn in
susceptibility is similar to the antiferromagnetic transitionthe ZFC curve of HoB,C,N [Fig. 2(b)]. The Curie tails are
temperature of ErR [Ty=6.6 K (Ref. 13], but due to our judged to not be an intrinsic feature of the magnetic anomaly
improved washing techniques used in preparation of th@bserved irRB,,C,N since they have also been observed for
single-phase sample and, above of all, the fact that; ErB the RBsytype compounds'! and have been attributed to
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FIG. 4. Time evolution of the thermal remanent magnetization
o1rm Of HOB,,C,N at 10 K for different wait times of,, of 150 s
(solid circles, 455 s(crossel 765 s(solid triangle$, and 1355 s
(open squargs The measurements were carried out by 10 G field
cooling from 30 K to 10 K, witht,, defined as the time from when

o . the sample passes throu§ii=22.5 K until the field is charged to 0
paramagnetic impurities such d&Bgs or RBys (R#Th), G at 10 K. The lines depict the stretched exponential fits.
which are stable in acid, existing below the x-ray detection

level, or to have some intrinsic origin the exact nature ofand HoB,C,N, respectively. The reduced temperatire
which is not clear yet' The magnitude of the low- =T/T;is 0.40 and 0.22 while +n take values of 0.18 and
temperature tail of HOBC,N, for example, is approximately 0.10 for the Er and Ho phases, respectively. The relative
estimated by fitting the low-temperature region of the FCmagnitudes agree with the empiric} dependence of 1
susceptibility as y=C/T+C,. C=1.1x10 3emuK/g, —n determined by Hoogerbeett al. for some typical spin
which is 4.0% of the Curie constant at high temperaturesglass system¥ As a physical picture, the stretched exponen-
The ZFC and FC susceptibility curves of HgB,N after the tial relaxation in spin glasses has been explained by various
Curie component was subtracted are shown in the inset ahodels such as the fractal cluster model of Continentino and
Fig. 2(b). The slight downturn of the curves at the lowest Malozemoff!’ although absolute values of experimentally
temperatures might indicate that there is also a small Curiedetermined parameters have not always been satisfactorily
Weiss component with low Weiss temperatuigich as explained.
HoB,5, HoBgg) of which the contribution at low tempera- The divergence of the ZFC and FC susceptibility curves
tures was overestimated by assuming onlZ/a form. In  (we note that the low-temperature upturn in the FC suscep-
any case, it appears that the pronounced upturn ofythe tibility can generally be attributed to a low-temperature Cu-
curves can be generally explained by such a Curie tail. Waie tail) and the gradual relaxation of the isothermal remanent
did not attempt this procedure for EffE,N as the tempera- magnetization over several decades of time is indicative of
ture of the magnetic anomaly is low. spin glass behavidf

The specific heat measurements discussed later exclude aWait time effects are a distinctive signature of spin glass
low-magnetic-field-induced transition from an antiferromag-systems. To further investigate the magnetic behavior of this
netic state to a partly paramagnetic or ferromagnetic statesystem, wait time effects on the thermal remanent magneti-
for example, as a possible explanation of the divergence ofation orgy of HoB,,C,N were investigatedorgy was
the ZFC and FC susceptibility curves. measured by applying a low magnetic field of 10 G at 30 K

Strikingly, the isothermal remanent magnetizatigg,, of ~ and then field cooling down beloW; to 10 K. After waiting
RB,,C,N at low temperatures shows a gradual decay ovefor variable times the field is charged to 0 G. The wait time
several decades of time. The time evolutionogf,, is plot-  t,, is calculated as the time since the sample passes through
ted in Fig. 3. The samples were cooled2 K and 5 K for  T{=22.5 K until the field is switched to zere: gy for t,,
ErB,,C,N and HoB,,C,N, respectively. A field of 10 kG was =150s, 455 s, 765 s, and 1355 s are plotted in Fig. 4. As
applied for 5 min after which the field was charged to zerocan be seen, wait time effects are indeed observed, with the
and ogy measured. The time dependence can be describetecay oforgy appearing to be more gradual for londgr.

FIG. 3. Time evolution of the isothermal remanent magnetiza-
tion o gy Of ErB,,CoN at 2 K (solid circles and HoB,C,N
at 5 K (open squargs The lines depict the fit toogu(t)
=orm(0)exd — Cowt~¢"M7,

by a stretched exponential Fits to Eq. (3) yielded parameters which are analyzed as
follows. 1—n versus the logarithmic c€w~*~" is plotted
orm(t) =0o0exd — Cot~ " "/(1—n)], (3 in Fig. 5a). A straight line extrapolation of the plot yields

=0.033. w can then be determined and logs plotted in
hg 5(b) versust,,. The data approximately follow a straight
line and can be fltted satisfactorily by

the dependence of which has been typically observed fo
some spin glassé§® ¢,=0.61 emu/g,Cw~ ¢~ M/(1—n)
=0.1281" MW 1-n=018 and o0,,=0.53 emulg,
Co "M/(1-n)=1.2 =" 1-n=0.10 for ErB,C,N o= weexf —ty/to], (4)
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FIG. 5. The(a) logarithmic of Co~*~™ as a function of 1
—n determined from the measurements plotted in Fig. 4 andkthe
logarithmic of w plotted vs the wait time,,. The lines depict the

respective fits to exponentials.

wherewy=1.0x103 s—1 andt,=8.9x 10 s. This behav-

spin glass behavior. It has generally been pointed out that in
addition to disorder some frustration of the magnetic inter-
actions are typically necessary ingredients of spin glass
statest? In some systems such as the pyrochlorgMa,O,
which have strong magnetic frustration that is geometric in
origin, it has been demonstrated that even with the absence
of disorder, the manifestation of a spin glass state is
possible?® However, in our system the frustration indexes
frus=|0//T;=0.75 for HoB,C,N and fq,=1.4 for

ior is similar to the wait time effects first described by Cham'ErBzzczN are not very |arge and so, therefore, such a strong

berlin for a typical spin glas¥

frustration as would solely cause a spin glass state is not

The magnetization curves &B,,C,N measured at these indicated. InRB,,C,N, the partial occupancy of 0.74 of the
temperatures showed hysteresis as expected from the remare earth atomic sites can be considered to be a source for
nent magnetization measurements, and a lack of saturatiofisorder. We have previously observed a long-range-order

indicated the absence of long-range order in this systemr transition for another rare earth,Bcluster compound
which is also consistent with a spin glass compound.

The magnetic field dependence of the magnetic suscepti-

GdB,gSis. 2! The rare earth atomic sites of GgBis are also

bility was also investigated. The susceptibility curves at sev-
eral varying fields are shown in Fig. @; shifts to lower
temperature at higher fields. It can also be clearly observec
by comparing the 50 G and 5 kG curves that the peak struc
ture of the susceptibility broadens at the higher field. As was___
seen in Fig. 2, there appears to be a wide weak irreversibility®,
region abovel;. It was not easy to objectively define thresh-
olds and definitely determine border temperatures for the on-
set of weak and also strong irreversibility. Therefore, we con-
siderT; as a measure of the onset of strong irreversibility in
our system and plot the magnetic field dependencg;@fl)

in Fig. 7. It has been observed in many spin glasses that th
boundary of strong irreversibility can be well described by
the de Almeida—Thouleg&T) line.X® The best fit of our data

to the equation
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FIG. 7. Magnetic field dependence ®f for HoB,,C,N. The
line describes the best fit of the data to E5).
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partially occupied with an even lower occupancy of 0.68, so 12 [~
of course although the systems have different structures, wi

are inclined to think that such disorder by itself is solely not 10
sufficient to cause the spin glass behavior in this system anc

that it is likely that there is also some frustration of magnetic 5 8
interactions inRB,,C,N.

We examine the configuration of the rare earth atoms in’a 6 |
this compound which has been depicted in Fip)land is  ~ I
unique. The rare earth atomic layers are separated by apo 4L
proximately 15 A along the axis, and therefore it is indi- i
cated that any sizable magnetic interaction will be among 5 L
rare earth atoms within the layers. Within the layers the rare [
earth atoms form two regular triangular layers closely laid on S T S R BRI PR S
top of one another. In the nearest-neighbor rare earth direc 0 2 4 6 8 10 12 14
tion [indicated by the thick bonds in Fig(l), with a sepa- T (K)
ration of 3.54 A a rare earth atom in one layer is connected
to three rare earth atoms in the adjacent layer, formin FIG. 8. Temperature dependgncg of the low-temperature spgcific
corner-sharing deformed tetrahedra. The separation of tHeat of ErB,C,N under 0 G(solid circles and under a magnetic
rare earth atoms in the regular triangular layer which is par1‘|eld of 100 G(crosseys The solid arrow indicates the temperature

allel to the basah-b plane[indicated by the thin bonds in gf ttthed cusp in tg.e Zthlmagnet'C susceptibifily=>5 K, while the
Fig. 1(b)] is 5.62 A otted arrow indicates 1T3.

The high-temperature susceptibility data with negativeygiacent triangular layerd, is comparable or smaller than
Curie-Weiss temperatur indicate an antiferromagnetic AF e interaction within the basal plane rare earth triangular
interaction. In our system, if an AF interaction along the|gyersy, .
nearest-neighbor directiofthick bonds, which we label as The specific heat of EfBC,N at low temperatures was
Jo, were dominant, then there would be no frustration, sincgneasured and is shown in Fig. 8. Only a broad hump in the
a minimization of energy would be satisfied with a configu-specific heat is observed around the temperature of the cusp
ration where the spins are ferromagnetically aligned withinin the zero-field-cooled magnetic susceptibillty=5 K with
the triangular layers and the layers themselves are antiferra peak at a higher temperatures around 1.3rhis behavior
magnetically ordered. However, since it is likely that someis consistent with a spin glass stdtend points to the ab-
degree of magnetic frustration exists, it is indicated that thesence of long-range ordering of the magnetic moments. The
interaction within the triangular layerghin bonds, which  specific heat of ErBC,N measured under a magnetic field
we label asl,, is antiferromagnetic and of comparable mag-of 100 G is also plotted. No sizable difference is observed
nitude or larger thad,. between the specific heat measured at 0 G and at 100 G. This

The explicit mechanism of the magnetic interaction in thisexcludes the possibility of a low-field-induced transition
system is not clear at present. The Curie-Weiss temperature/rom an antiferromagnetic state to a partly paramagnetic or
determined at high temperatures should be an indication dffromagnetic state to alternately possibly explain the low-

the magnitude of the antiferromagnetic interaction betweef€MPerature behavior of the 50 G ZFC and FC susceptibili-
the rare earth atomsd is —7.0 K and —16.9 K for Ues observed in Fig. 2 which we have mainly attributed to a

ErB,,C,N and HoB,C,N, respectively. The relative magni- Curie tail.
tude of # does not match either the de Gennes factor depen-
dence of a simple RKKY-mediated interactfror that of a

dipole-dipole interaction which would approximately be pro-  The magnetism of rhombohedral Bcluster compounds
portional tog3ugJ(J+ 1) (whereg, is the Lande factor and  ErB,,C,N and HoB,C,N was investigated. The compounds
J the total angular momentumit has previously been indi- have a layered structure along thaxis with B, icosahedral
cated for some B icosahedral compounds such B8s,,  and C-B-C chain layers residing in betweep &ctahedral
that a sizable magnetic interaction is mediated by the B and rare earth atomic layers. A drop in the zero-field-cooled
icosahedrd 1121 %From the structure oRB,,C,N, such an magnetic susceptibility is observed arduf K and 22 K for
interaction could be effective between the rare earth atomgrB,,C,N and HoB,,C,N, respectively.(1) Divergences of
within the triangular layers adjacent to the,Rlusters and the ZFC and FC susceptibility curve®) relaxation of the

be the origin of]; . The B; octahedra situated among the rare isothermal remanent magnetization, dB8dexistence of wait
earth layers could be playing a role in mediating the magtime effects were observed, which are all indicative of spin
netic interactionJy. Theoretical work is presently being glass behavior. The spin glass behavior in this system is
done on solving the explicit mechanism in such systems. Ithought to be caused by disorder from partial occupancy of
any case, the likely existence of magnetic frustration inthe rare earth atomic sites and also likely frustration of mag-
RB,,C,N indicates that despite the considerably shorter raraetic interactions. Frustration would indicate that the mag-
earth separation, the interaction of rare earth atoms betweeretic interaction between the rare earth atoms along the short

IV. CONCLUSIONS

214419-5
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bonds of the corner-sharing deformed tetrahedra is compangoing investigation into boron clusters as new agents of
rable or smaller than the interaction within the basal planenediating magnetic interaction.

rare earth triangular layers. This is the first report of rare
earth atoms configured in a boron framework exhibiting
glassiness. New developments based on this work can be
expected, since the framework accommodating the rare earth
atoms in boron cluster compounds has been known to take a The authors are greatly indebted to E. Takayama-
myriad variety of structures, and modifications are also posMuromachi for discussions and help with the measurements.
sible with additional doping of such elements as silicon and~. Zhang is also thanked for assistance. This work was par-
carbon. This finding is also interesting in the context of thetially supported by Special Coordination Funds.
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