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ABSTRACT

Rare earth borides containing the B icosahedron
display surprisingly strong magnetic interactions although
they are magnetically dilute insulating materials with lo-
calized f-electrons. A microscopic local probe, ESR, was
utilized to investigate the mechanism of the interaction.
From detailed analysis of the spectra of a ladder-like
Gd borosilicide, it was indicated that the Gd atoms are
coupled along the 1D infinite chain of the atomic lad-
der rather than between the rungs which is actually the
shorter metal-metal spacing. The 1D atomic chain is
along an infinite chain of B, icosahedra and this result
is consistent with the idea that the boron icosahedra
clusters are functioning as a new mediator of magnetic
interaction.
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1 Introduction

Intensive research is being carried out on carbon nanos-
tructures. The neighbor to carbon in the elemental ta-
ble, boron, has also been known to form nanostructures
of atomic clusters, but due to the electron deficiency
they are usually found as structural units of strongly
covalent compounds. We have been able to find striking
phenomena in which it is indicated that the boron clus-
ter as a nanostructural unit is supplying a novel function
to the compound as a whole.

As background, we have previously discovered un-
usual magnetic behavior in rare earth boron compounds
containing the Bjs boron icosahedron  [1]-[7]. Al-
though they are magnetically dilute insulating materi-
als with localized f-electrons, they display surprisingly
strong magnetic interactions. A wide range of magnetic
behavior ranging from dimer-like magnetic behavior in
REB5¢-type compounds [1], [2], 2D spin glasses in a ho-
mologous series of compounds REB;7CN, REBo;CoN,
REB3s 5C4 [3]-[6], and 3D long range order in GdB;5Sis
[7] have been observed for rare earth Bjs icosahedral
compounds. Despite these systems being magnetically
dilute insulating systems, surprisingly strong magnetic
interactions (e.g. Ty = 29 K for HoB;7CN) have been
observed [1]-]7].

Figure 1: View of the crystal structure of GdBy4Sis.
The polyhedra indicate By icosahedra and the large
dark circles indicate Gd. For visual clarity, among the
five structurally independent Bjs icosahedra, only the
two nearest to the RE atoms are plotted.

Regarding a related topic of novel magnetism in borides,

the high temperature ferromagnetism reported in Na-
ture and Science for semiconducting CaBg and CaB,Cs
systems has attracted great interest. We have clearly
demonstrated that they are indicated to be non-intrinsic
phenomena originating from iron impurities [8], [9].

In this work, a microscopic local probe, ESR, was
utilized to investigate the mechanism of the interac-
tion in these novel systems. ESR was performed on a
Gd borosilicide compound, the REB5o-type GdB44Sis in
which the rare earth atoms are arranged in a ladder-like
array (Fig. 1).

2 Experimental

In order to perform ESR measurements we tried to
prepare a Gd phase compound of the REB5qg phase be-
cause it is Sy, and convenient for ESR analysis. As has
been pointed out previously [10], the GdB5y compound
will not form because of the large size of the gadolinium
atoms. However, the addition of a small amount of sil-
icon was found to increase the lattice constants and an
isotypic gadolinium borosilicide was formed [10].

ESR measurements at the X band were performed
using a JEOL JES-TE100 spectrometer with an ES-
CT470 helium liquid transfer refrigerator for 4 - 300 K.
As a standard we used Mn?* in MgO.

The structure of GdB44Sis is orthorhombic (space
group Pbam). The lattice constants of GdB44Siz are a
= 16.746 A, b = 17.731A, and ¢ = 9.565 A. The rare
earth atoms form infinite ladders in the direction of the
c-axis. Within the ladder the chains have alternating
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Figure 2: Typical ESR absorption line of GdB44Sis at
100 K. The line depicts the fit as 2 Lorentzian curves
which are described by Eq. 1. Astericks indicate the
standard MgO:Mn?* signals.

bonds, with separation of 4.39 A and 5.18 A. These
chains are separated from one another in the a-b plane
by 3.98 A to form the ladder.

3 Results and Discussion

First of all, we review the basic magnetic properties
of GdB44Siz. From the magnetic susceptibility a Curie-
Weiss temperature of § =-7.2 K was determined, but
due to a large low temperature tail a drop in the sus-
ceptibility was not clearly observed [10]. The magnetic
specific heat Cy, exhibits a broad peak at T ~4 K.

A typical ESR line obtained for GdB44Sis is shown
in Fig. 2. Since modulation field is applied, we obtain
a derivative of the absorption. It is obvious that there
appear to be two signals comprising the ESR absorption
line, a narrow signal and broad one. The signals were
analyzed by fitting with two Lorentzian curves, broad
and narrow, which gave a relatively good fit.

The Lorentzian lineshape is given by the form

Io/((B — Bo)* + BY), (1)

where Iy is proportional to the intensity, B is the mag-
netic field, By is the resonance field proportional to the
g factor, and B; is proportional to the peak to peak
linewidth. The signals we obtain here are the derivative
of the above equation. We do not observe any fine struc-
ture such as has been observed for Gd3* doped CaBg,
for example [11]. This can be attributed to the higher
concentration of Gd and relatively strong coupling in
GdB44Si2 which apparently results in exchange narrow-
ing of the ESR spectra. This agrees with the Lorentzian
shape observed.

The origin of two signals, narrow and broad, appear-
ing in this Gd3* 8S;/, system is not so clear. Because
of the distinctness of the narrow signal compared to the
broad signal, we discuss in detail the temperature de-
pendence of the parameters determined for the narrow
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Figure 3: Temperature dependence of the ESR spin sus-
ceptibility (closed circles) of the distinctive narrow com-
ponent of GdBy4Sis determined as o IOBf.

signal. The broad signal parameters had more error but
a simulation showed that such variations do not largely
affect the parameters of the distinct narrow signal. As
will be seen later, the temperature dependence definitely
indicates that our ESR spectra originating from Gd3*
rather than coming from the low temperature tail ob-
served in the static susceptibility, for example. Further-
more, crystal field effects are not large in our system
based on pier/Gd atom = 7.87 pup [10] which agrees well
with free Gd®* values, and therefore the g factors of ~2
that we obtain for our signals are reasonable for Gd3™.
Regarding the origin of 2 signals appearing, we note that
Zorko et. al similarly observed 2 signals, narrow and
broad, for a low dimensional dimer system [12]. From
input from inelastic neutron scattering measurements
they were able to assign the 2 signals as isolated and
correlated triplet excitations. We are unable to carry
out such an analysis at present, but in any case, the
following parameters obtained from our spectra will be
seen to give important information on the intrinsic mag-
netism of the system.

From the ESR absorption resonance intensity areas
we can determine the temperature dependence of the
spin susceptibility. We note that for the area to be ac-
tually proportional to the susceptibility, either linewidth
should be much narrower than the center field of the res-
onance line or the response of the spin system should be
described by Bloch’s equation. Our X band ESR mea-
surements satisfy the former condition and furthermore,
the signals could be fit well with Lorentzian shapes which
are characteristic of solutions to Bloch’s equation.

In Fig. 3 is plotted the temperature dependence of
the spin susceptibility determined for the narrow signal.
We calculate the spin susceptibility as o & IpBf. The
striking feature of the data is the drop below 7 K. As
noted, we were previously unable to discern clearly a
transition from the magnetic susceptibility results [10]
but the microscopic ESR results indicate a transition
occurring at Ty = 7 K. The peak in C,,, at T is sizably
lower than Tyx (Ts ~ 0.67y) and a model to analyze
the specific heat should be formulated next. Another
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Figure 4: Temperature dependence of the ESR
linewidth AH of the distinctive narrow component of
GdB44Sis. The solid line describes the fit to AH =
aT~ P+ AHy, with a =1.2 p =0.72 and AH,=0.34 mT.
The insets show an enlarged view and also the temper-
ature dependence of the g factors of the narrow (circles)
and broad (crosses) signals.

important point is that we can see that the susceptibility
appears to go to 0 as T — 0. The spin susceptibility for
an S=1/2 antiferromagnetically coupled dimer can be
given by [13]

X = Ng?uis/ksT1/(3 + exp[-2J/ksT]),  (2)

which does not fit our data well but unfortunately we
were unable to obtain an expression for an S=7/2 sys-
tem.

The g factors of the narrow and also the broad signal
are plotted in the inset of Fig. 4. At room temperature
the g factors are 2.0057 and 2.0064, respectively. At high
temperatures there is a small temperature dependence,
but strikingly, a large decrease in the g factors of both
signals are observed below ~30 K. This points to the
growth of short range correlations and supports the fact
of a magnetic transition occurring in this system.

The temperature dependence of the linewidth de-
fined as the width between the derivative peaks (in the
case of a Lorentzian; 1.15B;) is shown in Fig. 4. The
linewidth increases monotonically with increasing tem-
perature and shows a peak at T = 7 K. In 3D antifer-
romagnets the ESR linewidth diverges critically as the
temperature is lowered toward the transition tempera-
ture Ty. Behavior of the linewidth near the transition
has been calculated theoretically by Kawasaki [14], to
be

AH « (T —1Tn)7P. (3)

This divergent behavior has been qualitatively observed
for other gadolinium borides like GdBg and GdB4 which
have 3D antiferromagnetic transitions [15]. We note
the behavior of the linewidth in GdB44Sis in Fig. 4
is strikingly different from a 3D antiferromagnetic sys-
tem. There is no divergence as the transition tempera-
ture is approached but rather a drop in the magnitude
of linewidth. We first consider theoretical aspects of the

linewidth of ESR. In general, many contributions to the
linewidth should be taken into account, such as inhomo-
geneous broadening, broadening due to spin-phonon re-
laxation, dipole-dipole interaction, hyperfine interaction
etc., and motional exchange narrowing of these effects.
Kubo [16] has shown that if relaxation is governed by a
random process the Fourier transform of the lineshape,
namely the relaxation function, has the form

Z ¢
(t —7)p(r)dr (4)

0

B(t) = eap' —u3

where w3 = ( w(0)?) is the second moment of the reso-
nance line and () is the spin correlation function.

Kubo and Tomita [17] originally derived that the ex-
change narrowing of the dipolar linewidth due to exchange-
induced fluctuations rapidly averaging the dipolar field
(motional narrowing) is given by

Aw ~ wa/we» (5)

where Aw is the observed linewidth and w, is the ex-
change frequency with we > wq, with the spin correla-
tion function falling off exponentially as exp(—w?2t2/2).
Later it was realized that at times long compared to
1/we, the spin correlation function is governed by spin
diffusion. The diffusive process gives a decrease of the
spin correlation function as t~4/2 [18], where d is the
dimensionality of the system. Therefore, the Fourier
transform of the correlation function, which defines the
spectral density ¢(w) (contributing to the linewidth),
diverges as w~ 2 in 1 dimensional and as -lnw in 2 di-
mensional systems, with no frequency dependence for 3
dimensional system. Using this theoretical framework
Cheung et. al has calculated the temperature depen-
dence of exchange narrowing in a 1D antiferromagnet
with classical spins [19]. Since it is a numerical study it
is difficult to directly compare our results but we observe
a similar increase toward T=0 (nondivergent for T+#0)
and a sharp drop at low temperatures near #. This 1D
model can explain the unusual characteristic features of
AH(T) of GdB44Siz which is obviously also a classical
spin system.

Previously, we have found upon non-magnetically di-
luting TbB44Sis samples that the critical field H¢ of the
metamagnetic transition does not vary even up to a di-
lution of 50 % [2]. The critical field H¢ is a measure
of the strength of the magnetic coupling. The doping
has also been observed to result in a correlated increase
of free Tb spins. These results indicate the antiferro-
magnetic transition in ThB44Sis is of dimer-like nature,
where non-magnetic substitution leads to broken pairs
resulting in free spins.

There are two possible configurations for the mag-
netic pairs to be formed. Looking at close metal-metal
separation, pairs are likely to be formed (a) between the
rungs of the rare earth ladder (3.98 A separation) or (b)
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Figure 5: Arrangement of only RE atoms of the homol-
ogous RE-B-C(N) compounds [3]-[6].

along the ladder and the c-axis (an alternating 4.39 A
and 5.18 A separation). We disregard other possible
pairings since the distances are sizably larger. The for-
mer situation is persuasive due to the short separation,
but the latter is also likely since the rare earths form an
alternating-bond chain along the c-axis which is favor-
able for forming dimers. The present ESR results are
compatible with the 1D model which indicates that the
magnetic ions are forming pairs along the c-axis in a one
dimensional arrangement.

In a phenomenological treatment of the linewidth,
Ajiro et. al observed for a 1D S=1/2 system the line
width increases with decreasing temperature in the form;
AH o« T712%02 a¢ low temperatures [20]. For our
GdBy44Si2 compound we can empirically obtain the power
law as AH = 1.2T779%72 4 0.34 as is described by the
solid line in Fig. 4. The exponent of our S=7/2 GdBy4Si,
is lower than the S=1/2 system, but we note that for a
more classical spin of S=5/2, Fernandes et. al has ob-
served AH oc T~946 for the 1D MnMgBs5 system [21]
and the agreement is better. It would be of worth to
systematically compare 1D systems with different spin
value to see whether this simple empiric relation has
intrinsic meaning.

Regarding the mechanism of interaction we consider
the following. From our recent work on the homologous
RE-B-C(N) 2D spin glasses [3]-[6], it has been indicated
that the B1s icosahedra are mediating the magnetic in-
teraction between the rare earth ions. This is because
the strongest interaction is indicated to occur along a
metal-metal separation (5.62 A, e.g. HoBy3CoN) which
is in proximity to Bis icosahedra. A shorter metal-metal
separation (3.54 A, e.g. HoB32C3N) which is not along
B icosahedra is indicated to give much weaker coupling
(as normally expected for a dilute insulating f-electron
system) despite the much shorter distance (Fig. 5).

The idea that the boron icosahedra clusters are me-
diating the magnetic interaction is further supported by
the present results. The interaction has been indicated
to be dominant along the infinite rare earth atomic chain
along the c-axis. This rare earth chain is adjacent to B1s
icosahedral infinite chains and therefore, it is indicated
that the By icosahedra play a role to mediate the in-
teraction.

The author is grateful to Mr. Y. Yajima for perform-

ing chemical analyses on the samples.
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