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We report on the study of unusual spin glass properties in the geometrically frustrated pyrochlore
Tb,Mo0,07, T, = 24 K. The analysis of the nonlinear part of dc and complex susceptibilities, near the
glass transition regime, suggests the existence of a statistical distribution of relaxation times in short-range
ordered ferromagnetic clusters. In addition, the magnetic spins are not sufficiently frozen below the glass
transition temperature, which is apparently responsible for the nonequilibrium scaling behavior of the
static critical exponents of nonlinear susceptibilities. Our report is expected to shed new light in
understanding the freezing properties of frustrated pyrochlores with short-range ferromagnetic

interactions.
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Geometrically frustrated magnets have attracted signifi-
cant attention in recent years because of their intriguing
physical and magnetic properties that are often associated
to the novel phenomena of spin liquid, spin ice, or the spin
glass transition at low temperatures [1-3]. The spin glass
state in geometrically frustrated compounds of stoichio-
metric composition, such as Tb,Mo,0;, Y,Mo0,0;,
Gd3G35012 (GGG) and SrCrgGa4019 (SCGO) [4—7], is
of particular interest. The absence of apparent chemical
disorder in the underlying lattice does not fit congruently
with a conventional understanding of the spin glass phe-
nomenon, which requires the presence of chemical disor-
der to create a randomly frustrated system [8]. Recent
research on understanding the spin glass properties in
geometrically frustrated compounds with antiferromag-
netic ground states, such as Y,Mo,05, has suggested the
presence of uncompensating magnetic interactions coupled
with random strains in the compound as the possible cause
of this unusual behavior [9]. However, the proposed
theoretical interpretation does not explain the spin glass
properties in geometrically frustrated compounds with
short-range ferromagnetic order, for example, Tb,Mo,0,
(T, =24 K) [4,10-12].

Despite a lot of effort, very little is known about the spin
glass phenomenon in Tb,Mo,O; [11-13]. A thorough
understanding of the spin glass phenomenon in a material
requires an analysis of the thermodynamic properties near
the glass transition. Here we report on a detailed inves-
tigation of the spin glass transition in single crystal
Tb,Mo,0; using the nonlinear part of dc and ac suscepti-
bilities measurements. While the analysis of the nonlinear
dc susceptibilities allows us to understand the static prop-
erties near the spin glass transition, the ac susceptibilities
provide important information about the dynamic proper-
ties in the spin glass state. The pyrochlore Tb,Mo,0,
belongs to the Fd3m cubic space group, where both
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Tb** and Mo** sublattices form three-dimensional inter-
penetrating networks of corner sharing tetrahedra. Neutron
scattering measurements on both powder and the single
crystal identified ferromagnetically correlated short-range
ordered clusters of Tb moments well below the spin glass
transition =1.5 K [11-14]. The static moment associated
with the short-range order of Tb ions at 7 = 1.6 K was
determined to be (M) =~ 4.0(5)wp, significantly smaller
than that expected for a free Tb>" ion ( ~9.5up) [11]. We
show that the spin glass transition in Tb,Mo,0O; is a
nonequilibrium phenomenon, which is driven by the sta-
tistical distribution of relaxation times in weakly interact-
ing or independent magnetic clusters. In addition, spins are
not sufficiently frozen even at the lowest measurement
temperature (2 K), which suggests the presence of active
spin dynamics in the spin glass state. Our findings are in
direct contrast with the observation of a true equilibrium
phase transition in the isostructural pyrochlore compound
Y,Mo,05 [5], and can be attributed to the different nature
of magnetic interactions in these compounds.

First, we determine the nature of the spin glass transition
in Tb,Mo0,0; (also see Supplemental Material [15]). In a
spin glass, the nonlinear parts of dc susceptibilities are of
special importance because of their sensitiveness to the
freezing order parameter. Analysis of the nonlinear sus-
ceptibilities allows us to verify the thermodynamic (or
equilibrium) nature of the spin glass transition. The non-
linear susceptibilities are written as the higher order terms
in the following equations [5,8,10]:

M/H(T) = x\(T) — x3(T)H* + O(H*), (1)
= x1(T) — a5(T) x> H* + O(H*), (2)
an(T,H):l _M(T’H)/XIH’ (3)

where y,(T) is the linear susceptibility at temperature 7,
x3(T) is the nonlinear susceptibility, the coefficient
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ay = x3/(x1)%, and y, 1 is the net nonlinear susceptibility.
Magnetization data on single crystal Tb,Mo,0; were
obtained under conventional field-cooling conditions in
the field range of 10-10* Oe using a commercial magne-
tometer. The magnetic field was never decreased during the
measurement and the sample was slowly cooled from 70 to
10 K at a rate of 0.01 K/ min. We followed the measure-
ment procedure described in Ref. [5] of slow cooling under
constant field, as it reduces the possible artifacts in the
measurements due to magnetic hysteresis in the supercon-
ducting magnet of the magnetometer. It also allows a direct
comparison of the static properties between Tb,Mo,0- and
the isostructural spin glass Y,Mo0,0,. The y,(T) at differ-
ent temperatures were determined by fitting the M versus
H curves at low fields. Because of the slow freezing
mechanism of the spin glass compared to the experimental
observation time, it was not viable to analyze more than the
second order term in the magnetization data. Therefore,
Eq. (1) reduces to y3(T,H) H>=1—M(T,H)/x,H.
Hence, x,1(T, H) becomes y;(T, H)H?. In Fig. 1(a), we
have plotted the net nonlinear susceptibilities, y,,; (T, H) at
various temperatures as a function of H>. Since we are
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FIG. 1 (color online). (a) Net nonlinear susceptibilities at
different temperatures, x,;(T), as function of H?. (b) The tem-
perature dependencies of asz(= x3/x,;?) on log-log axes for a
few different selections of glass transition temperatures. Red
curves are the best fits to a subset of the experimental data using
Eq. (5) (see text for details). (c) Extracted critical exponent vy
and the least square measure of the fitting parameter X? are
plotted as a function of T,. A reasonably good fit is obtained at
T, ~24 K. (d) Plot of y,,; versus H at T = T,. Red curve is the
asymptotic fit to determine another critical exponent &.

interested in understanding the thermodynamic behavior
near the spin freezing transition, only experimental
data from 40 to =24 K are shown in this figure. The
maximum value of the field up to which y,,(T) is linear
in H? decreases rapidly as T approaches T,. This possibly
arises due to the higher order corrections in the net sus-
ceptibility [16]. The linear portions of y,;(7) at different
temperatures were fitted with Eq. (2) to extract the
coefficient a3(T).

In a conventional spin glass, where the transition is an
equilibrium phenomenon, the nonlinear susceptibilities
exhibit a scaling behavior according to the single parame-
ter, given by [5,8,10]

Xn1(T, H) = H?P (P2 [ |), 4)

where 7= (T/T,) — 1, v is the static critical exponent
describing the divergent nature of the magnetic suscepti-
bility as a function of temperature and S is the spin glass
order parameter critical exponent. Determination of these
critical exponents depends on the asymptotic nature of the
arbitrary scaling function f(x), with the boundary condi-
tions f(x) = const as x — 0 and f(x) = x 2/ TA) g
x— oo, The nonlinear susceptibility, x,; (T, H), is
expected to follow a power-law dependence in both T
and H with two independent static critical exponents y
and o, respectively. The power law dependencies are
described by the following expressions [8,10]:

X (T) <777, &)

X (T = T,, H) o« HY/%. (6)

Typically, the nonlinear susceptibilities diverge as T — T,
in a conventional spin glass. The two independent expo-
nents, vy and 8, are related to the spin glass order parameter
critical exponent S via the following scaling relation:

=1+ (y/p). (7

The above scaling relation represents a subtle test, argu-
ably, of the true equilibrium phase transition in a spin glass
system.

We use the above formalism to explore the static nature
of the spin glass transition in Tb,Mo,0;. In Fig. 1(b), we
plot as versus 7 for a few different choices of glass tran-
sition temperatures 7, € [22, 25] K. For the fitting purpose
of Eq. (5), a fixed number of data points on each curve
in the divergence regime were selected. As we see in
Fig. 1(c), y is found to vary in the range of [1.1, 2.4].
The best fit is obtained for 7, = 24 K with the correspond-
ing value of y = 1.6. While the estimated T, is consistent
with the previous dc susceptibility measurements [4,11],
the static critical exponent vy is relatively smaller compared
to the value (y = 2.25) in a conventional spin glass, which
exhibits a truly thermodynamic phase transition [5,8,17].

247201-2



PRL 109, 247201 (2012)

PHYSICAL REVIEW LETTERS

week ending
14 DECEMBER 2012

Next, we determine another critical exponent & by plot-
ting In(y,,;, T = T,) versus In(H) in Fig. 1(d). The best fit
of the data using the asymptotic expression of Eq. (6) gives
6 = 3.67. If the spin glass transition in Tb,Mo,0; is
indeed a true equilibrium phase transition at 7, = 24 K,
the nonlinear susceptibilities should follow the critical
scaling behavior described by Eq. (4). Keeping the value
of y constant, we vary the other critical exponents 6 and 8
systematically to explore the scaling behavior. As shown in
Fig. 2, the nonlinear susceptibilities at different tempera-
tures indeed exhibit the scaling collapse on one curve for a
set of static critical exponents: y = 1.6, 6 = 4.75 and
B = 1. At large x values, corresponding to higher tempera-
tures and smaller fields, some data scatter from the scaling
curve due to the large errors associated with the smaller
nonlinear susceptibilities. Although asymptotic behavior is
observed in the scaling plot of Fig. 2, the scaling relation in
Eq. (7) is not fulfilled with that set of critical exponents.
This suggests the absence of static critical behavior in this
compound. This fact, together with the weak divergence of
the a3 coefficient as T, is approached from above, indi-
cates an unconventional spin glass transition in Tb,Mo,0;.
The discrepancies in the static critical exponents (between
the estimated and the scaling values) leading to the uncon-
ventional spin glass behavior can be attributed, arguably, to
the formation of small ferromagnetic clusters with short-
range order, which ultimately enhances the y,; consider-
ably and leads to a strong but noncritical background
temperature dependence. Similar behavior has been
observed in some canonical spin glass systems, which
exhibit nonequilibrium transitions [18]. We would like to
point out that the spin glass state in Tb,Mo,05 is clearly
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FIG. 2 (color online). Scaling behavior of net nonlinear sus-

ceptibilities for a set of critical exponents: y = 1.6, 8 = 1, and
6 =4.75.

different from a regular ferromagnet with disorder, as no
chemical disorder is found in this compound. Also, the
small amount of disorder in an ordered system (a regular
ferromagnet) should not affect the phase transition and the
associated static critical behavior [19].

The spin glass transitions in short-range ordered ferro-
magnetic clusters are often accompanied by a statistical
distribution of relaxation times, as each cluster acts as an
independent unit [20]. The distribution of spin relaxation
times can be extracted from the analysis of the complex
(ac) susceptibilities. We have performed complex suscep-
tibility measurements on Th,Mo,0; using a superconduct-
ing quantum interference device in the frequency range of
10-10* Hz. The real and imaginary parts of y at few a
characteristic frequencies are plotted in Figs. 3(a) and 3(b).
The x'(T) curves show typical cusps whose maxima shift
to higher temperatures with increasing frequencies, as
expected for a spin glass [21]. In addition, " clearly shows
a steep rise above zero below T = 26 K, indicating the
existence of a relaxation process in this system. The
distribution of spin relaxation times in magnetic clusters
is extracted by plotting the real and imaginary parts
of the complex susceptibilities in an Argand diagram,
as described by the Cole-Cole formalism [22,23].
Accordingly, the complex susceptibility can be phenom-
enologically expressed as
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FIG. 3 (color online). (a) and (b) Real and imaginary parts of
ac susceptibilities at a few characteristic frequencies. Sharp
cusps, indicating the freezing transition, can clearly be seen at
all measured frequencies in (a). (c)—(g) Cole-cole diagrams at a
few different temperatures across 7. Solid lines are fit to Eq. (9).
The cusp in the real susceptibility moves to higher temperature
as the measurement frequency increases.
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X0~ Xs

T+ (7)™ ®

X=Xt

where y( and y; are the isothermal (w = 0) and adiabatic
(o — 0) susceptibilities, respectively, and 7, is the median
relaxation time around which a distribution of relaxation
times is assumed. The parameter « determines the width of
the distribution, such that & = 1 corresponds to an infi-
nitely wide distribution and o = O returns the Debye equa-
tion of a single relaxation time. In the Argand diagram, a
single relaxation time is manifested by a perfectly sym-
metrical full half circle, whereas a distribution of relaxa-
tion times in magnetic clusters at temperature 7 is usually
exhibited by a flattened semicircular arc [23]. Equation (8)
can be further decomposed into y’ and y” to obtain the
relations [21]

" _ X0 — Xs
X 2tan[(1 — a)7/2]
— N\ — (X0 — Xs)z
+ \/I:(Xo X = XD+ s = a)w/z)]’
¥ = - Xo — Xs cos(ma/2)

2 cosh[(1 — a)ln(w7,.)] + sin(wa/2)
)]

Argand diagrams of x” versus x’ at various tempera-
tures are illustrated in Figs. 3(c)-3(g). We use the first line
of Eq. (9) to fit the Argand diagrams in Figs. 3(c)-3(g) with
three adjustable parameters, yg, Xy, and a. The maxima of
the diagrams give w7, = 1, while the flatness of the arcis a
measure of the width of the distribution of relaxation times.
The data points at different frequencies, in these figures,
fall on semicircular arcs of varying diameters that tend to
flatten as the temperature is reduced. This behavior indi-
cates a distribution of relaxation times in this system.
However, unlike some other spin glass systems, the data
points at different frequencies do not shift significantly
across the maxima in " as the system passes through
the spin glass transition. This indicates an unusual spin
dynamics feature in Tb,Mo,0,, which qualitatively sug-
gests the insufficient freezing of spins well below the glass
transition temperature. We determine the actual value of 7,
at each temperature by separately fitting " versus In(v), as
shown in Fig. 4(a)), using the refined values of y,, x,, and
« in the second line of Eq. (9). In the Cole-Cole plots of
Figs. 3(c)-3(g), the shape of the arc changes as the tem-
perature is reduced. This clearly indicates that the distri-
bution of relaxation times in magnetic clusters changes
with temperature. Similar behavior is observed in the y”
versus In(») plots, where we see an increase in the width of
the curves in the vicinity of 7, = 24 K. The quantitative
measure of the median relaxation time 7, and its distribu-
tion representative, «, are presented in Fig. 4(b) as a
function of temperature. Both In(7,) and « increase as
the temperature is reduced. At T = Tg, they saturate
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FIG. 4 (color online). (a) x" as a function of frequency at
several temperatures. The solid lines are fit to the data using
Eq. (9) (see text). (b) Temperature dependence of the median
relaxation time 7. and parameter «, reflecting the probability
distribution of relaxation times.

around =~ —6 and 0.55, respectively. These analyses indi-
cate that the system is not sufficiently frozen below T, and
significant spin dynamics is still present. It also explains
why the spin glass transition in Tb,Mo0,05 is a nonequi-
librium phenomenon, as depicted earlier by the noncom-
pliance of the scaling law by the static critical exponents
deduced from the nonlinear susceptibilities.

In general, a spin glass state arises in a material where
the combination of randomness and frustration prevents
the development of long-range magnetic order. However,
in some materials, such as Tb,Mo,0;, Y,Mo0,0;, or
Gd;Gas0,,, no evidence of chemical disorder is found.
We compare our results with some of these unconventional
as well as conventional or random spin glasses. The power
law divergence coefficient, y, of the nonlinear susceptibil-
ity is found to vary in the range of [2.0, 4.0] in a spin glass
compound. Many of them exhibit a thermodynamic tran-
sition to the spin glass state; random spin glasses and
Y,Mo,0; are notable examples [5,8,17]. However, GGG
or SCGO do not exhibit the equilibrium spin glass behavior
[6,10]. In these materials, the divergence of y,; or the
scaling behavior were not found to be physically mean-
ingful. The random spin glasses also tends to exhibit
complete freezing (i.e., « — 1) as T — 0 K. Our investi-
gation of the spin glass properties in Tb,Mo,0O; reveals the
nonconventional nature of transition, as manifested by a
smaller y = 1.6 compared to both conventional and some
of the unconventional spin glass systems, a temperature
dependent distribution of relaxation times in magnetic
clusters and finite spin dynamics below the glass transition.
Our results are also consistent with a previous ©SR mea-
surement [24], where a significantly smaller relaxation
time in the spin glass state, indicating the active presence
of spin dynamics, was reported. This behavior is in strong
contrast to the conventional spin glass transition in
Y,Mo,0;, where the magnetic properties are dominated
by the antiferromagnetically coupled Mo sublattice only
[25]. Because of the small Mo*" moment compared to the
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Tb** moment, the Tb-Tb correlation is the predominant
contributor in the magnetic measurements. Recent reports
on the study of various possible interactions in this com-
pound suggest that the competition of ferromagnetic or
antiferromagnetic interactions (between Tb-Tb and Tb-
Mo correlations, or Tb-Tb and Mo-Mo correlations) could
be playing a crucial role in the formation of the dynamic
spin glass state in Tb,Mo,05 [12,13]. Our results can be
useful in understanding the anomalous spin glass transition
in other geometrically frustrated pyrochlores with short-
range ferromagnetic order, such as Tb,Sn,O; [26] or
Y2Mn207 [27]
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