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Abstract

We found two distinct maxima in the ac magnetic susceptibility x,.
of dysprosium titanate pyrochlore Dy,Ti,O;. Their different frequency
dependence of y,. suggest the existence of two different types of dynamical
behaviour. One of them, observed below 2 K is the relaxation becoming very
slow at lower temperature T, possibly related to a highly degenerate ground state
(‘spinice’ state). Another slowing down phenomenon is evident above ~10 K.
Surprisingly, however, there is no anomaly in the dc magnetic susceptibility
at this temperature range. Analysing the frequency dependence of x,., we
found that in spite of a structurally ordered system the magnetic relaxation is
well expressed by a Davidson—Cole formula, which is characterized by a wide
distribution of the relaxation time t to the short-t region and a temperature
dependent cut-off, 7., in the slow relaxations. The magnetic relaxation of the
spinice compound Dy, Ti, 07 is uniquely in contrast with known slow dynamics.

Recently, pyrochlore oxides have attracted much interest because their crystal structures include
the corner-sharing tetrahedra whose vertices are occupied by spins [1-4]. When there is a strong
single-site anisotropy along the (111) axes in this pyrochlore lattice, even the ferromagnetic
interaction can lead to frustration. In the ferromagnetic case, the stable state of a single
tetrahedron is given by the configuration of two spins pointing outward and two spins inwards;
this problem is topologically equivalent to proton ordering in common water ice [5]. For every
tetrahedron there are six ways this spin can configure. Because the ground state is highly
degenerate for short range interactions, a static disordered state (so-called ‘spin ice’ state)
is expected down to 0 K without indicating any long-range magnetic ordering in spite of a
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structurally ordered system. Ho,Ti;O7 and Dy, Ti,O7 are known as spin ice compounds [4, 6].
A new spin ice compound Ho,Sn, 07 has recently been reported [7].

Ramirez et al [6] found that Dy,Ti,O; has residual ground-state entropy which is
numerically in agreement with the Pauling entropy for water ice [8]. The spin ice state is
surely realized in Dy,Ti,O5, although the spin configuration has not yet been examined by
neutron scattering experiment. The temperature dependence of specific heat indicates a broad
peak at around 1 K, which is due to the short-range ordering characterized by the spin ice
configuration. Recent numerical simulations quite well reproduce the experimental result of
the specific heat of Dy,Ti,O; [9]. From the result of the simulation, it is suggested that the
actual spin ice behaviours of Dy, Ti,O7 stems from long-range dipolar interactions as well as
nearest-neighbour antiferromagnetic exchange interactions. However, there still remains the
question of why long-range dipolar interactions do not actually cause a long-range ordering.
It is important to understand how the process spin ice state is formed and stabilized. In an
experimental approach for this issue, a study of the dynamical magnetic properties would be
important. Since the dynamical magnetic properties of Dy, Ti,O7 are, so far, experimentally
unclear, as a first step we measured yx,. of Dy, Ti;O; down to 0.1 K with detailed study of the
frequency dependence.

Polycrystalline samples were prepared by a standard solid-state reaction. Stoichiometric
mixtures of Dy,O3; and TiO, were heated in air at 1200-1350°C for three days with
intermediate regrinding to ensure complete reaction. By analysing the powder x-ray diffraction
patterns, it was confirmed that the reaction products are a single phase with the cubic pyrochlore
structure. Ac and dc magnetic susceptibility of the powder samples were measured by a
commercial susceptometer (PPMS with ACMS option, Quantum Design Inc.) at temperatures
of 1.8-300 K in an ac frequency range of 10 Hz-10 kHz. x,. down to 0.1 K was measured
by a standard Hartshorn-bridge method in an ac field of 5 Oe, using a dilution refrigerator.
To facilitate thermal equilibration in the measurement at low temperature 7', we prepared a
thin plate of a sintered sample. The magnetic field was applied parallel to the plate surface.
As will be shown later, demagnetization becomes non-negligible. The data points shown in
figures 1-4 are those before the correction.

Figure 1 shows temperature dependence of the ac magnetic susceptibility, x’ (real part)
and x” (imaginary part) of Dy, Ti,O; below 2.5 K. In this figure, x’ and x” are normalized
by the maximum. x’ at 10 Hz dramatically drops at 1.2 K and becomes almost zero below
0.5 K. x” shows a maximum at 1 K where the decreasing rate of x’ is largest. The behaviour
of x,. depends on the frequency. As the frequency is lower, the peak positions in x’ and x”
shift toward the lower temperature side, implying that magnetic relaxation becomes very slow
atlow T. A similar slow dynamics is observed in Ho pyrochlore oxides [7]. In the previous
magnetic susceptibility data of Dy,Ti,O7 at low T, a discrepancy of the peak temperature can
be seen between the ac and dc measurements [10, 11]. This discrepancy can be attributed to
the frequency dependent susceptibility (slow magnetic dynamics).

The temperature dependence of x’ and x” of Dy, Ti,O; above 1.8 K are shown in figure 2.
At 10 kHz, x’ exhibits two maxima, at 2.5 K and 19 K. Two maxima also appear in x”, at
2.4 K and 17 K. The maximum on the lower T side is the same as the one shown in figure 1,
which is probably related to the formation of the spin ice state. The maximum on the higher T
side shifts toward lower T as the frequency decreases. Although this suggests a slowing down
of the characteristic relaxation time, there is no anomaly in the dc magnetic susceptibility at
this 7 range. In addition, x’ at high frequency still remains finite. These facts imply a very
unique distribution of the relaxation time in this system.

For studying the slow dynamics it is important to examine the temperature dependence of
the relaxation time (7). In the case of Debye relaxation with a single dispersion, x” at fixed
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Figure 1. Temperature dependence of x’ and x” of Dy,TiO7 below 2.5 K. x’ and x” are
normalized by the maximum.

temperature becomes a symmetric function of log f, and exhibits a maximum at the frequency
defined by 1/2m 1y where 1 is a characteristic relaxation time. The frequency dependence
of x” at various T are shown in figure 3. In this figure, x” is normalized by the isothermal
susceptibility xo which is estimated by the dc susceptibility measured at 1 kOe. x”/ xo indicates
a single broad peak in the whole T range. The peak position shifts toward the lower frequency
side on cooling. As x”/xo is a nearly symmetric function of log f, 1/2n f,, where f,, is
the position of the maximum in x”/xg is considered to well represent the mean relaxation
time. Therefore, 7(T') is obtained from the temperature dependence of f,,. However, careful
inspection of the data shows that the x”/xo curve is not perfectly symmetric against log f;
it cannot be described by a simple Debye relaxation. We will discuss the asymmetry in the
x"/xo curve later on.

7(T) may also be estimated from the peak position of the x” against T plots. We
define the position of the maximum of x” on the lower T side as T,-. On the other hand
we define T by the position of maximum of d(7 x’)/dT on the higher T side because of
the ambiguous maximum of x”. Frequency dependence of 7.\ and T/ and temperature
dependence of f,, are summarized in figure 4. Frequency dependence of 7/ above ~2 kHz
is consistent with f,,. 7(T) in this temperature range is almost expressed by the Arrhenius
formula t(T) = toexp(E,/T), where E;, is the energy barrier and 7y is the characteristic
relaxation time, estimated to be 220 K and 5 x 117! s, respectively. If 7(T) obeys this
Arrhenius law down to lower T, t(7T") will then be beyond the characteristic time scale in
the dc measurement (~10? s) below ~8 K. In reality, however, there is no anomaly in DC
measurements around 8 K. From the behaviour of f,,(T), it seems that a crossover of the
dominant relaxation mechanism from the high-frequency region (7,7) to the low-frequency
region (7F) has occurred at around 10 K. On the other hand, the frequency dependence of
TL is not so well expressed by the Arrhenius formula. If the Arrhenius law is applied in the
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Figure 2. Temperature dependence of x’ and x” of Dy, Ti,O7 above 1.8 K.

low-frequency region, Ej, is estimated to be of the order of 10 K. To say the very least, t
tends to rapidly increase with decreasing 7. When 7 is beyond the characteristic time scale in
the dc measurement, we would observe the magnetic moment frozen in, possibly, the spin ice
configuration below 1 K*.

4 We have measured the dc magnetization of Dy, TiyO7 down to 0.4 K. The temperature dependence of the dc
magnetization under low field shows irreversibility between zero field cooling (ZFC) and field cooling below 0.7 K.
The ZFC curve indicates a sharp peak at 0.7 K [12].
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Figure 3. Frequency dependence of x” at various 7. x” is normalized by the isothermal
susceptibility xo. The value of xo is estimated by dc susceptibility measured at 1 kOe.

Before the analysis of y,., we should make a correction of the demagnetization effect in
order to obtain more precise behaviour. In the present compound, this effect is not negligible
because of the large magnetic moment. The measured susceptibility xmeas = Xpeas — Lmeas 1S
converted to the intrinsic susceptibility x;,, = x/,, —ix/,, by correcting for the demagnetization
as x;,1 = XL, — 4w N, where N is the demagnetization factor [13]. Thus, x/ , and x/, are
expressed as

XI;maS — 47TN(Xr;was *+ X:;;eas 2)
(1 =4 N X} 0s)? + AN YL 0s)?

meas

Xint = ey

Xr/l;eus . (2)
(1 =47 N X p0s)? + AN Y0 )?

meas

”
KXint =

We carried out the demagnetization correction using N = 0.3 for powder sample data.

We show the loci of x;/,, — x/», in the complex plane at various T in figure 5. A deviation
from a semi-circle expected in a Debye relaxation is already evident at 15 K (figure 5(c)). The
deviation becomes large with decreasing 7. This fact suggests a distribution in t(7). The
slope in the loci of x/,—x;, makes an angle of 90° against the y/,, axis at the low-frequency
limit for all 7. On the other hand, it does not seem to intersect the x;,, axis at a right-angle in
the high-frequency limit. These features are observed down to 1.8 K. It should be noted that
these features are quite different from the slow dynamics seen in systems such as the spin glass
[13, 14], critical behaviour in quasi 2D ferromagnets [15] and randomly diluted ferromagnets
[16]. In such systems, the magnetic relaxation is described by the well known Cole—Cole
formula where the slope angle of the locus of the x'—x” plot becomes less than 90° against
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Figure 4. Frequency dependence of T,ﬁ, T,,If and temperature dependence of f,,. The full curves
represent the Arrhenius law.

the x’ axis at both ends. Instead, we found that the present loci of x'—x” is very similar to the
shape of the dielectric relaxation in glycerine, which is well described by the Davidson—Cole
formula [17]. In the following, we will attempt to analyse y,. of Dy,Ti;O7 in terms of this
expression.

We apply the Davidson—Cole formalism [17] to the magnetic relaxation:

X /x0= O +ix")/x0 = 1/ +iwt)? 3
x'/x0 = (cos ¢)F cos B¢ )
x"/x0 = (cos @) sin B¢ 5)

where 7, is the relaxation time and tan ¢ = wt.. As will be shown later, the physical meaning
of 7. is a cut off in the distribution of the relaxation time. § is assumed to be a value between
zero and one; the case of 8 = 1 corresponds to the Debye relaxation with a single dispersion.
In the high-frequency limit (w — 00), the locus of equation (3) in the complex plane becomes
a straight line with an angle B /2 against the x’ axis. On the other hand, in the low-frequency
limit (w — 0), the locus makes an angle /2 against the x’ axis. x” becomes an asymmetric
function of log w, pushed up on the high-frequency side; the feature is consistent with the
present results in figures 3 and 5. The peak position slightly shifts to a higher frequency side
than that expected in Debye relaxation (8 = 1).

We found that the experimental results above 14 K are well fitted by equation (3). The
result is shown by full curves in figure 5(c). The best fit at 17 K was obtained with 8 = 0.544
and 7, = 2.99 x 107> 5. On cooling, 7. increases and f tends to decrease. The temperature
dependence of t. is almost expressed by the Arrhenius formula 7,.(7) = 7.0 exp(E,/ T), where
790 = 5.47x 107 1%s and E, = 186 K. Below 14 K, the loci start to deviate from Davidson—Cole
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Figure 5. (a) The loci of x/,,—x/, for Dy>Ti>O7 in a frequency range of 10 Hz-10 kHz. (b) The
loci of x/ —x/, around the origin. (c) x/,,—x/, fitted by the Davidson—Cole formula. The full
curves show the fitting.

behaviour. However, we should note that the locus of x'—x” still maintains the characteristic
feature of the Davidson—Cole formula in the low- and high-frequency limits (figure 5(a)).
The Davidson—Cole formula can be described in terms of a distribution of simple relaxation
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processes [17]. Defining a distribution function of the relaxation time F(t/t.) in the interval
dIn(tr/7.), the expression becomes

o0 F ”
X x0 = / /7 §n(e /). ©)

oo 1 +iwT
Then, the distribution function F for the x* of equation (3) is given by
; B
sin 81 T
Ft/tydn(t/t) =1 7 (TC - T) din(r/ze) 7<% O
0 T > T (8)
The feature is characterized by the existence of a cut-off time 7, and a long-tail distribution to

the very-short-t region. The fraction f(7/t.) of processes with relaxation times less than t
is obtained by integrating F'(t/t.) dIn(z/1.) as follows:

/T o ’ B
s = [ <f. - T,) dIn(e'/z.) ©)
B s SRR R (10)
1 T>T1 (11

where B is the incomplete beta function. Because of the long-tail distribution, there is
significant weight in the short-t region.

In figure 6, we show the plots of F(t/t.)dIn(t/t.) and f(tr/t.) for the parameters
fitted to the experiment. The existence of a broad distribution of t with a tail to the very
short time is remarkable, in spite of a structurally ordered system. Although the distribution
around the cut-off time 7, is surely significant, F(7/7.) d In(t/7.) has a long tail to the short-t
side (figure 6(a)). Therefore, the short-t components also make a significant contribution
(figure 6(b)). These two features of F(r) give rise to the two distinct anomalies (7, and T%)
observed in x,.. The anomaly at T/ is caused by the sharp structure and a slowing down of
7., whereas the anomaly at 7% comes from the long-tail part of F which rapidly decreases
in magnitude on cooling. We should pay attention to the slope against the x’ axis in the loci
of x'—x” at the high-frequency limit (figure 5(b)). Although the angle decreases on cooling
to 10 K, it begins to increase again below 10 K. This suggests that the weight of F' in the
short-t side has shifted to the long-t side; the distribution of t becomes narrower as the mean
relaxation time becomes longer. The locus of x'—x” seems to restore the semi-circle with a
single dispersion at lower T'. This change begins to occur in the crossover region around 10 K,
leading to the anomaly around T}F.

The low-frequency feature of x,. atlow T is very similar to that of Ho spin ice compounds
[7]. Ttis natural to consider that the very slow dynamics below 10 K comes from the same origin.
Therefore, the dominant magnetic relaxation below 10 K will probably be characterized by
small ferromagnetic clusters (short-range ordering) formed in the spin ice configuration that is
the stable state of a single tetrahedron. The correlation length is expected to be a few tetrahedra
by analogy with Ho spin ice compounds [4, 7]. Itis reasonable in a structurally ordered system
to consider that the distribution for T become narrow at low 7. The origin of the magnetic
relaxation dominating above 10 K is, however, unclear. Microscopic measurements will be
needed to examine how short-range ordering is realized above 10 K.

In summary, we have reported the dynamical magnetic properties of spin ice compound
Dy, Ti, 07, We found the crossover of magnetic relaxation occurred around 10 K. Above 10 K,
the magnetic relaxation is is characterized by the Davidson—Cole formula. Although the origin
of crossover is still unclear, the magnetic relaxation is uniquely in contrast with known slow
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Figure 6. (a) The distribution function of the relaxation time F(t/7.)dIn(r/7.) and (b) the
fraction f(t/7.) of processes with relaxation time less than 7, which are obtained by using the
fitting parameters.

dynamics, and probably related to the formation of the spin ice state and to the lack of long-
range ordering in Dy, Ti,O7.
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