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Dynamical properties of a crystalline rare-earth boron cluster spin-glass system

Takao Mort®* and Hiroaki Mamiyd
INational Institute for Materials Science, Advanced Materials Laboratory, Namiki 1-1, Tsukuba 305-0044, Japan
2PRESTO, Japan Science and Technology Agency 4-1-8 Honcho Kawaguchi, Saitama, Japan
SNational Institute for Materials Science, Nanomaterials Laboratory, Sakura 3-13, Tsukuba 305-0003, Japan
(Received 26 March 2003; revised manuscript received 22 August 2003; published 18 December 2003

Dynamical properties of the magnetig Bcluster compound HoBC,N were investigated. HOBC,N is
taken to be representative of the class of trigonal and rhombohegraluBter compounds which were found
to exhibit spin-glass behavior as measured by dc superconducting quantum interference device magnetometer
and specific-heat measurements. These are examples of magnetic glassiness being observed in rare earth
boron-rich crystalline cluster compounds. Well defined maxima in the in-phase linear ac susceptibility
curves were observed, indicative of the spin-glass transition. Strong frequency dependence of the cusp tem-
peratureT; was found. The dependence Bf could not be analyzed satisfactorily by the dynamical scaling
theory of a three-dimensional spin glass. A more detailed investigation of the behavior of relaxation times by
Cole-Cole analysis showed that the behavior in HEBN is different from the simple blocking of a super-
paramagnetic system, because of the temperature dependence of the patam@etesenting the width of the
relaxation-time distribution functiog(7). The median relaxation time was also determined and the data were
found to be described well in terms of a generalized Arrhenius law<Th 25 These results indicate that
HoB,,C,N is a two-dimensional spin-glass system, which supports what has been speculated previously.
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[. INTRODUCTION two flat triangular rare-earth atom layers closely stacked on
top one another irAB configuration. In this configuration,
The study of spin-glass systems has been a fascinatingach rare earth metal atom has as nearest neighbors three

topic in magnetism for many yedrs with recent exciting rare-earth metal atoms forming a triangle in the adjacent
discoveries in the “spin ice” compounds. The magnetic layer. However, it has been indicated that the interaction in
properties of rare earth B icosahedral cluster compounds the two-dimensional flat triangular planes is domindrif
have also attracted growing interest because a number of In this work, the dynamical properties of HofE,N as
magnetic transitions have been discovered at moderate terrepresentative of this series of compounds was investigated
peratures despite the nonmetallic and magnetically dilute naising ac susceptibility as a probe over five decades of fre-
ture of the compounds. Antiferromagnetic transitions haveguency.
been found for the RBg,®’ ThB,s,® RB,Sirtype

compounds".,‘.ll and Gdl?188i5.12: An interesting feature of L. EXPERIMENT
these transitions is that the, Bicosahedra are indicated to _ _ _
mediate the magnetic interactfor® which is a new phe- Synthesis of the single phase polycrystalline samples of

nomenon in the boride compounds. It has also been reportgdoB,,C,N, was carried out as described previoddiyThe
that La doped CaB(Ref. 13 and CaBC, (Ref. 14 exhibit samples were characterized by a high resolution powder
high temperature ferromagnetism. However, we have demx-ray diffractometer(Rigaku Co.; RINT200p with Cu Ka
onstrated that the observed ferromagnetism in the two borideadiation and chemical analysis. HgB,N is rhombohedral
systems are indicated to be of nonintrinsic orifif® with (space group R-3m) with lattice constants ofa=b

the magnetism in the former case indicated to be due to iror=5.614 A, c=44.625 A. The nearest-neighbor distances for
impurities electrochemically plated onto the GaBrystal HoB,,C,N are around 3.54 A while the second-nearest-

surface during the flux removal procedure. nearest-neighbor distance is the separation within the trian-
Quite recently it was discovered that a series of @us-  gular layers, 5.62 A,
ter compoundsRB;,CN, RB,,C,N, and RB,g L, exhibit ac susceptibility measurements were made using a super-

spin-glass behavidf™*° These are examples of magnetic conducting quantum interference devi@QUID) magneto-
glassiness being observed in a boron-rich crystalline clusteneter in which the residual field was reduced below 1.0 Oe
compound, where rare-earth atoms reside in boron framedy resetting the magnet. Both the in-phase compongnt
works. It has been observed that since the configuration aiind out-of-phase componegt were measured. The ampli-
the rare-earth atoms in the basal planes of the three contude of applied ac field was 3.0 Oe while frequencies were
pounds is similar, they display basically the same spin-glasgaried from 0.08 to 801 Hz.

behavior with some minor variations attributed to the differ-

ences in basal plane lattice constafitshe _stru_cture of Il RESULTS AND DISCUSSION
RB,,C,N has a layered structure along tbaxis with rare-
earth and B octahedral layers separated by, Bcosahedral High temperature Curie Weiss fit of the dc susceptibility

and C-B-C chain layers. The unit cell contains three sets ofields a Curie-Weiss temperature 6f=—16.9 K and an
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4.5x10° K is estimated to be around>@l0 2 for HoB,,C,N
4.0x10° L which is an insulator. This is close to the valle=38
S f X 102 found for (Fe,Mg)CJ, for example, which is an in-
3.5x107 | sulating spin glaséMetallic spin glasses have typically been
&6 3.0x10° | ] found to take smaller values such as 102 or less. In the
é 5L case of typical superparamagnets larger values of K such as
g 20y ] K=0.28 for holmium borate glasa-{ Ho,0O5(B,03)] have
2 2.0x10° | E been observetiAlthough this is not a rigid criteria and the
- i ] difference is not large, it points to our system being an insu-
1.5x10 ] e lating (or clustej spin glass versus a superparamagnet. The
1.0x10” F 3 fact that interactions observed in thg,Bluster compounds
S0x10% v, up to now, including this compouhl have been
sx10 [ antiferromagnetit12is another point against this compound
3 i being a superparamagnetic system. And yet another argu-
4x10™ ] ment against what we are observing being simple blocking
N phenomena of a superparamagnet is that we have observed
T 0T 7 wait time effects in the remnant magnetizatidn.
E Wb We note that on attempting a fit of our data to an Arrhen-
3 ot ius law
=oaxot ] f="foexd —Ea/ksTi], )
0x10° A 1 which has been used to describe blocking phenomena in
r ] typical non-interacting superparamagnets, a passable fit was
10 Tt e obtained. Parameters such fs=4.0x 10'* Hz and E, /kg
0 10 20 30 40 50 60 70 80 =820 K are obtained,, is on the large side for an insulating
- Temperature (K) superparamagnet since it corresponds to a microscopic lim-

iting relaxation time of only 2.510 2 s but it is not un-

FIG. 1. Temperature dependence of @ in-phasex’, (b)  physical.E, represents an energy barrier which depends on
out-of-phasex”, linear ac magnetic susceptibility of HofE,N.  the magnetic anisotropy energy constant and particle
The amplitude of the ac magnetic field is 3 Oe, while the ac meay,o|yme20 pyt it is not simple to estimate whether this value
suring frequencies are 0.08 Hosed circlej 0.30 Hz (<), 0.80 y41d be appropriate or not for our particular system. How-
Hz (closed squargs 3.0 Hz (open circles 8.0 Hz (closed dia- oo ¢ system is not considered likely to be a superpara-
{Egzg?e’ ssgn'_ézég‘l)egzgsgglzﬁu? G)';Z (crossek 299 Hz (closed magnet for reasons listed above, and further strong proof of

’ this is obtained later from the Cole-Cole analysis.

Now we attempt to analyze our results in terms of the
effective moment ofuer=10.1ug/f.ul’ The effective mo-  dynamical slowing down of the spin fluctuations above the
ment is close to the value expected for trivalent Ho ions angjlass transition temperatui®, in a three-dimensional spin
indicates that the moments in this system are located on thglass?>?* The well known result of dynamical scaling gives
holmium sites. the relationt~ &%, wherer is the measured relaxation time,

Measured values of the in-phagé, and out-of-phasg” , ¢ the correlation length, anzithe dynamic exponeft?* The
linear ac susceptibilities are plotted in Figsa)land 1b) for  correlation length¢ diverges ag~[T/(T—T,)]” with v the

a frequency range of 0.08 to 801 HgZ. shows a well defined  critical exponent. From this we can obtain the relation
peak as is expected for a spin glass or superparamagnet,

while the absorptiory” shows a rise from zero as tempera- Tl 7o=[(T=To)/T]"*, (©)]
ture is lowered, with maximum slope occurring around th
peak temperature ig’ indicating that the existence of relax-
ation processes in this magnetic system.

The x' curves exhibit frequency dependence which is Ti=To[ 1+ (7of)¥2]. (4)
also a characteristic shared by the two systems. As frequencg o o )
is increased, the cusp temperatiieincreases. We can ap- Because the least squares fitting to our data in this case is

proximately estimate the relative variation ® per fre- largely dependent on the starting values assigned to the three
quency decade parameters and therefore not completely satisfactory, we as-

sume To=22.5 K assigned from the dc measureméfts.
Then we obtain a fit withry=2.5x10"%s, zv=8.3. The
K=AT¢/[TeAIn(f)], D) value ofzv agrees with the range afiv~7.9+1 determined
by the simulations of Ogielsk for three-dimensional spin
where T; is determined from the derivative of' (where glasses with short-range magnetic interactions. However, the
dy'/dT=0), f is the frequency, and points to the differ- obtained value of,=2.5X 10 * s as the shortest relaxation
ence between measurements at different frequencies. time is too long to be satisfactory, since typically, values in

Cwhere 7o IS the shortest relaxation time of the system. This
can be written as
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FIG. 2. Argand diagrams of HgBC,N for 32 K (closed o o
circles, 28 K (x), 26 K (closed squares24 K (open circle 23 FIG. 3. Distribution of relaxation timeg(r) for several selected

K (closed diamonds 22.5 K (open trianglel 22 K (crossey 21.5  temperatures from 24.5 to 20 K.

K (closed triangles and 20 K(open squargsThe lines are fits to ) )
Eq. (6). where they’ and y” from Fig. 1 are plotted in the complex

plane. The maxima of the diagrams giwe-=1, while the

the range of 1011_10_ 13 s have been obtained for canonical flatness of the arcs are a measure of the width of the distri-
spin glasses such as CuMimwhile Bontempset al. have de-  bution of relaxation times. We determine the actual values of
terminedry~2x 107 s for Ey, ¢Sly4S Which is an insulat-  7c at each temperature by using the refined valuegofys,
ing system similar to ours a in the relation

We note that although the criteria of using the cusp tem- _ /2
peratureT; of x’ has been widely used to analyze the dy- y'= XX cog mal2) _ .
namics of spin-glass systems, it has been pointed out that this 2 cosh(1-a)In(wrc)]+sin(mal2)
may not be the best criteria for analy$is2®We have used _ _ . o
the above general analysis method to make a comparison From this analysis we can determine the distribution func-

with contemporary results in other systems, but for examplelion Of relaxation timesy(r) at each temperaturéFig. 3).

even using the criteria proposed by Bontengisal,2® we We observe that as temperature is lowered, the distribution of

find that the dynamical scaling theory for three-dimensionaf€'@xation timesg(7) becomes broad while the median re-
systems does not describe our results well. laxation time is shifted to very long times below 22 K, indi-

To further investigate the behavior of relaxation times in€ating that the spin glass transition has occurred and the

this system in more detail, we attempt a Cole-Cole plotSPINS are frozen into “macroscopic” time scales. The quali-
analysi§7 such as has been carried out by Huseal28 and  tative behavior is similar to what has been observed for other

Dekkeret al2® for spin glass systems. The complex suscepSPin glasseS~*°and is obviously different from a superpara-
tibility can be phenomenologically expressed as [Eflgr&(zt in whichy 8has been observed to have little tempera-
pendence?

The distribution width parameter and the extracted me-
— (5) dian relaxation timer¢ are plotted in Figs. @) and 4b) as a
1+(lwre)™ function of temperaturd and T~2°, respectively. Sandlund
where x, and . are the isothermald=0) and adiabatic gt al. have previous'ly systematically inve_stigated Cu—Mn
(w— ) susceptibilities, respectivelyc is the median relax-  films a_mdlfound a dimensional crossover in the dynamical
ation time around which a distribution of relaxation times Pehavior’! The relaxation times for two-dimensional films
(symmetric on the logarithmic scalés assumed, whilex ~ SNOWed large frequency dependefice., largeK) similar to

(0<a<1) is representative of the width of the distribution. ©Ur System, and were successfully analyzed in terms of a
a=1 for a distribution of infinite width, whilex=0 for the =~ 9eneralized Arrhenius law

Debye form of a single relaxation time. This equation can be — AT— (Lt )

decomposed intgy’ and x” to obtain the relation In(r/7o)=AT ' ®)

)

Y= xet X0~ Xs
=Xs

with 1+ ¢v=2.63! The generalized Arrhenius dependence

v X0~ Xs is derived from the droplet scaling theory of Fisher and
X 2taf(1-a)wi2] Husé? and Monte Carlo simulations on 2D systems have
given values of # yv~2.3334 Anderico et al. has done

(Xo— Xs)? ) work on diluted triangular antiferromagnetic lattices, which
_ ' is very similar to the system considered here, and has also
4 tarf[(1-a)m/2] found a generalized Arrhenius dependence with an exponent
We use this equation to fit the Argand diagrams in Fig. 2,0f 2.3° Dekker et al. has also obtainegr=1.9 for a 2D

+ \/(Xo—x’)(x’—st
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FIG. 4. Temperature dependence(af the parametew plotted
versusT and(b) the median relaxation time plotted versud 25,

The bold line in(b) represents a fit to Eq8) with parameters of
1+ ¢v=2.5 andry=5.3Xx10"% s,

spin-glass system RBBu;_,CoF,.2° As we noted above,

analysis of our data has not been successful in terms of the

PHYSICAL REVIEW B 68, 214422 (2003

earth layers dictate the physics of this systerfitting our
relaxation time data with Eq8), we obtain a good fit with
1+ ¢v=2.5 andry=5.3x 10 ¢ s as is indicated by the bold
line in Fig. 4b). Our value of I+ v is in accordance with
that previously obtained for 2D systems and we are satisfac-
torily able to obtain a shorter, which is close to that deter-
mined for the insulating EuSr, .S system, for exampfé.

From the Cole-Cole analysis we are able to definitely con-
clude that the dynamical behavior of HgB,N is not that of
a typical superparamagnet and we have also been able to
extract reasonable parameters of the behavior of the deter-
mined relaxation time in terms of the generalized Arrhenius
law used for two-dimensional systems. This is consistent
with the previous results which indicate that the magnetism
in HoB,,C,N and related homologous compounds is gov-
erned in the rare earth basal triangular planes.

IV. CONCLUSIONS

The dynamical properties of the rare earthy Bompound
HoB,,C,N were investigated. Strong frequency dependence
is observed and various typical methods were used to ana-
lyze the behavior. Applying the dynamical scaling theory for
three dimensional systems to our data did not give a satis-
factory description. From Cole-Cole analysis we were able to
determine the relaxation time distribution and find qualitative
behavior similar to some previously studied typical spin
glass systems. From the temperature dependence of the
width parameterx it can be concluded that the dynamical
behavior of HoB,C,N is different from the blocking of a
typical superparamagnetic system despite the strong fre-
quency dependence. It was found that the median relaxation
time could be satisfactorily analyzed in terms of the gener-
alized Arrhenius law with ¥ v=2.5. Together with previ-
ous results, this indicates that HgB,N is a two dimen-
sional spin-glass system.
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