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Abstract

The cluster-spin dynamics of the tetrahedral Moy cluster, involved in AIMo,4Sg
with a cubic GaMo4Sg type structure, was investigated by NMR of the
nonmagnetic >’Al site located outside the cluster. The nuclear spin-lattice
relaxation is described well by the conventional local moment model assuming
the presence of § = % at each cluster, indicating that each Moy cluster behaves
like a local spin with rigid magnitude. This behaviour is in contrast to the in-
cluster relaxation, which reflects the spin-density fluctuations inside the cluster
as a small unit of metal.

1. Introduction

A magnetic metal cluster implanted in a crystalline lattice is of interest as a subject of research
which links the magnetism of insulating, metallic and molecular magnets. Here, a metal
cluster means the assembly of a small number of transition-metal atoms in which in-cluster
atoms share common d electrons to form a molecular-orbital-like cluster-orbital state. The
magnetic cluster involves at least one unpaired spin in the cluster, implying that each cluster is
expected to behave like a localized moment. AB4Xg compounds with a cubic GaMo,4Sg-type
crystal structure (space group F43m) are known as a series of materials with magnetic metal
clusters [1]. AB4Xg is recognized as an NaCl-type network of cubane-type ions (B4X4)"" and
tetrahedral ions (AX4)"~. AB4Xg is also of interest as a related system to the spinel phase
with a pyrochlore-type sublattice. The magnetism of AB4Xs lies between itinerant-electron
and local-moment magnetism, or incorporates both characters.

Nuclear magnetic resonance (NMR) experiments, especially the measurement of
relaxation, offer a powerful probe for directly investigating the dynamic aspect of electron
spin interaction in magnetic materials. NMR measurements of metal clusters are seen in many
papers [2], but few studies are found for magnetic metal clusters. In a previous paper [3], one of
the present authors reported results of NMR experiments measured for the >'V site in GaV,4Sg,
namely the on-site NMR of the magnetic atom in the cluster. In particular, the relaxation
typical of a metallic magnet was observed, i.e. the nuclear spin—lattice relaxation rate 1/7; is
in proportion to the d-spin susceptibility at high temperatures and decreases markedly below
the structural transition associated with the reduction of the density of states at the Fermi level;
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Table 1. Basic properties of AIMo4Sg and GaV4Sg.

AlMo4Sg GaVySg
Magnetic cluster ion (MoyS4)5t (V4S4)5t
Outermost d electron configuration (4d)ll 3d)?
Expected spin per cluster 1/2 1/2

Crystal structure above Tg
Lattice constant at RT (A)

Cubic GaMoy4Sg type
9.7289 [9]

Cubic GaMoy4Sg type
9.661 [4]

In-cluster atomic distance at RT (A) 2.829 [9] 2.896 [4]
Intercluster distance at RT (A) 4.051 [9] 3.936 [4]
Structural transition temperature Ts (K) 45 44 [3]

Crystal symmetry below Tg Rhombohedral Rhombohedral
Rhombohedral angle oy, (deg) 60.374 [9] 59.66 [4]
Magnetic ground state Ferromagnetic® Ferromagnetic®
Effective moment pi.fr above Tg 1.75 up /Moy [8] 1.45 ug/Va [3]
Weiss temperature 6 above Ts (K) 6 [8] —15.2 [3]

Weiss temperature 6 below Tg (K) 18 [8] 12.6 [3]

Curie temperature Tc (K) 12b 13 [3]

Saturation magnetization 0.717 ug /Moy [8] 0.80 g /Va [4]

2 Probably canted.
b Present work.

the transition to rhombohedral R3m [4] was ascribed to the Jahn—Teller type instability due
to cluster orbital degeneracies. The >'V NMR experiment probed the spin dynamics at the
in-cluster nuclear site, while the cluster-spin dynamics seen from outside appeared to be of
interest. Hence, we tried to measure the relaxation at the nonmagnetic site. In experiments
with GaV,Sg powder, however, °Ga and 7'Ga nuclear resonances are overlapped with the
wide 3!V resonance in a certain temperature range, which makes the precise estimation for the
relaxation time at the Ga sites difficult. Here, we select another material, AIMo4Sg, to avoid
such a problem; both the compounds involve metal-cluster ions with § = % The basic magnetic
and structural properties of AIMo4Sg [5-9] are summarized in table 1 together with those of
GaV,4Sg [3, 4]. Note that most of them are quite similar. In this paper, we first characterize the
magnetism of AIMo,Sg and then discuss >’ Al NMR results to reveal the cluster-spin dynamics
observed outside the cluster.

2. Experimental procedures

The powder sample of AlMo4Sg was prepared from pure elements by the solid state reaction
in an evacuated quartz tube [5]. A single phase was confirmed by a conventional x-ray
diffraction experiment. The susceptibility and magnetization were measured using a SQUID
magnetometer (Quantum Design, MPMS-5). NMR was measured by the spin-echo method
using a phase-coherent-type pulsed spectrometer. The nuclear spin—lattice relaxation time T
was measured by the saturation recovery method. For 2’Al (nuclear spin I = %), we used
y /27w = 1.1094 MHz kOe ™! as the gyromagnetic ratio.

3. Experimental results

3.1. Basic magnetic properties

Basic properties of AIMo4Sg have been reported by several authors [5-9]. Here we characterize
our own sample and compare it with literature data.
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Figure 1. (a) Temperature dependences of the magnetization measured for AIMo4Sg at fields of
10 kOe and 100 Oe. (b) A low field part of the magnetization curve and its field derivative measured
at2 K.

The structural transition temperature of our sample is estimated from an anomaly in the
temperature dependence of the susceptibility as Ts ~ 45 K, which is comparable to those
estimated by Brasen er al [5] (46 K) and by Rastogi [8] (50 K) but a little higher than that by
Francois et al [9] (24 K). From the analysis of the susceptibility, we obtained values of the
Weiss temperature 6 and the effective paramagnetic moment . close to those reported in the
literature [8].

Figure 1(a) shows the temperature dependence of the magnetization measured at fields of
10 kOe and 100 Oe. At 10 kOe, the magnetization increases monotonically with decreasing
temperature like a simple ferromagnet, while it shows a complicated temperature dependence
at the low field; two peaks at 10 and 5 K and a reduction at the lower temperatures. This
fact indicates that the magnetic structure in the ground state is not of the simple ferromagnet
type but has antiferromagnetic components. It is highly probable for the tetrahedral cluster
to have a noncollinear structure due to the anisotropy; the four atomic sites have different
local symmetry axes. In AIMo4Ss it is likely that the spin direction under zero field is canted.
Due to the complex behaviour at low fields, the Arrott plot did not work to determine T¢; we
estimated 7¢c =~ 12 K as the temperature where the low-field magnetization increases sharply.
This transition temperature is comparable to 9.5 K reported by Brasen et al [5] as T¢ at zero
external field.

The value of saturation magnetization, estimated from the magnetization measurement up
to 50 kOe at 2 K, is close to that reported by Rastogi [8]. A low-field part of the magnetization
curve and its field derivative dM/dH are shown in figure 1(b). The field derivative exhibits
a broad maximum at 2.5 kOe, suggesting the presence of a spin flip transition. This feature
seems to be related to the complex temperature dependence of the magnetization at 100 Oe. A
similar anomaly in dM /dH has been observed for powder and single-crystalline GaV4Sg [10].

Properties of AIMo4Sg and GaV4Sg are summarized in table 1. It is found that although
AlMo4Sg and GaV,4Sg have different numbers of outermost d electrons, the clusters in both
the compounds have the same spin S = % with nearly the same characteristic energy. (The
direction of deformation at Ts is opposite, i.e. the rhombohedral angle o, > 60° for AlMo4Sg
and oy, < 60° for GaV,4Sg, but can be explained as being due to the difference in the number
of d electrons in the clusters [4].)

3.2. Spectrum

Field-swept 27 AINMR spectra were measured at the operating frequency of 65 MHz. Examples
below Ts are shown in figure 2. The spectrum, centred near the zero shift position 2’K = 0,
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Figure 2. Examples of field-swept 2’ Al NMR spectra of AIMo,Sg at 65 MHz and at several

temperatures.
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Figure 3. (a) The temperature dependence of the 27A1 Knight shift for AIMo4Sg. (b) The K—x plot
at T > Ts.

is broadened gradually with decreasing temperature. Above Tg, a strong free-induction-decay
signal was observed in the same experimental conditions, indicating a sharper line width, which
is in accordance with the cubic local symmetry at the Al site above Ts. Although the site
symmetry is lowered below T, the lineshape is nearly symmetric with negligible quadrupolar
structure.

Figure 3(a) shows the temperature dependence of the Knight shift K, where we call
all paramagnetic shifts the Knight shift regardless of their origin, estimated from the peak
position of the field-swept spectra; the Al site is, in fact, not unique below 75, hence a
kind of averaged value of K is roughly estimated from the peak position due to the lack of
crystallographic information and experimental resolution. The Knight shift, which is positive
and small in magnitude, shows a monotonic temperature dependence above 10 K without
remarkable anomaly at 7s. The Knight shift above Ts is plotted against the susceptibility
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Figure 4. The temperature dependence of 1/T; at the 2’Al site in AIMo4Sg. Solid and broken
curves indicates fits to the local moment model.

with the temperature as an implicit parameter in figure 3(b) (the so-called K—x plot). The
hyperfine coupling constant Ay, defined as K = (Ans/Nug)x with N the Avogadro number
and estimated from the slope of the linear relation, is 590 Oe/ug. Note that, under zero
field, dipolar fields coming from Mo clusters cancel out at the Al site, since Mo clusters are
arranged in the cubic symmetry with respect to the Al site. The weak but finite coupling
between Mo clusters and Al nuclei is probably due to the field-induced dipolar field, which
is, for example, associated with the spatial asymmetry of the spin-density distribution in the
Mo clusters. Although T cannot be defined rigorously in the external field, the 2’ Al resonance
does not shift markedly below ~20 K where the magnetization starts to increase rapidly. The
small internal field even below T¢ is in accordance with the small hyperfine coupling estimated
in the paramagnetic state.

3.3. Nuclear spin-lattice relaxation

The recovery curve of the >’ Al nuclear magnetization was reproduced by a single exponential
function. Figure 4 shows the nuclear spin-lattice relaxation rate 1/7; plotted against the
temperature, which shows a weak dependence in the paramagnetic state and no discontinuous
change at Ts. This is in contrast to the case of SIV-T, in GaV,4Ss; a discontinuous change at
Ts. The ” Al result suggests that the magnitude of the cluster spin and the exchange interaction
between clusters are not modified markedly at 7.

Since paramagnetic local moments fluctuating at random generally give the temperature-
independent Tj, the behaviour of 2’Al-T| at high temperatures indicates the presence of
weakly correlated paramagnetic local moments. We tentatively fit the result of 1/7; in the
paramagnetic regionto 1/7T; = a /(T — To) 41 / Tioo, With @ and T fitting parameters. The
first term on the right-hand side corresponds to the critical behaviour for the ferromagnetically
coupled local moments [11]. We tentatively applied this relation as one of the asymptotic
forms to the critical point only to estimate 1/ 7T}~o; this relation is, in fact, valid only in specific
conditions, i.e. under zero field and at low temperature [11], but works well qualitatively. The
best fit result, shown by the broken curve in figure 4, gives 1/Tjc = 5.9 s™'. When the
nuclear magnetic relaxation is dominated by fluctuations of the hyperfine field coming from
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exchange-coupled local spins, by defining the hyperfine interaction as AS-T , 1/ T is given by
1 V27S8(S + 1)A?

1
T 3% ey M
at T > T¢, where we is the exchange frequency given by
2J?
2 _
W = WZS(S + 1), (2)

with z the number of neighbouring spins coupled with a local spin and J the exchange
integral for neighbouring spins [12]. Here we try to calculate the value assuming that the
nuclear magnetization at the >’Al site relaxes to thermally fluctuating Mo clusters with the
rigid magnitude of spin, S = 1. We replace (A/h)* by (2yupAnt/z)*z with ' the
number of neighbouring Mo clusters coupled with an Al nucleus. The exchange frequency
is estimated to be wex = 1.28 THz from z = 12 and Tc = 12 K by using a relation
Tc = zJS(S + 1)/3kg. With 7/ = 6, y/27r = 1109.4 HzOe™! and Ap; = 590 Oe/ g,
we obtain 1/T; = 5.5 s™!, which is in reasonable agreement with the experimental value of
1/ Tico-

The ferromagnetic ordering suppresses spin excitations. As an effect of the external field,
1/ T, starts to decrease from a temperature a little higher than 7¢ at zero field. Generally the
nuclear magnetic relaxation in the magnetically ordered local spin system is determined more
or less by spin wave excitations. When the dipolar field Hg;, is induced by an external field, the

relaxation rate at the nonmagnetic site is given by

1 2(yHap)? [ kT \> ks T
1_ (y Haip) B In B ’ 3)
T] 1571a)ex ha)ex 2/1,]3 HA

with Hy the anisotropic field [13]. Note that this anisotropy is of the cluster spin, not within
the cluster discussed in section 3.1. The fitting of the low-temperature part to this type of
equation, 1/7; = bT? In(T /c) with b and c the fitting parameters, is shown by the solid curve
in figure 4. The best fit result gives b = 0.0058 s~! K™2 and ¢ = 3.9 K. By replacing (y Haip)*
with (2y g Ant/z')?7’, the value of b is tentatively calculated from experimental values of Ay
and wey to be 0.0039 s~! K2, which is in reasonable agreement with the experimental value.
As above, the relaxation of the nonmagnetic >’Al site in AIMo4Sy is reasonably explained by

the relaxation to thermally fluctuating Mo clusters with § = %

4. Conclusion

We have measured the nuclear spin—lattice relaxation at the 2’ Al site in AIMo4Sg to probe the
cluster-spin dynamics of the magnetic Moy cluster. The relaxation is well explained by the
conventional local moment model, indicating that each Moy cluster looks like a local spin
with rigid magnitude when seen from the nonmagnetic site outside the cluster. This is in
contrast to the NMR result obtained for 'V in GaV4Sg [3]; the in-cluster relaxation reflects
spin-density fluctuations in the cluster as a small unit of metal. In other words, we have seen
two different types of relaxation, i.e. both metallic and insulating behaviours in the same kind
of material.
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