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The anomalous frequency dependence observed for the magneto-electric effect in the Bose glass state of dichloro-
tetrakis-thoiurea-nickel doped with bromine is analyzed in terms of the hierarchical droplet model of spin
glasses. In this model low energy barriers must be overcome before accessing higher energy states leading to
scaling laws for the spin correlation functions and an associated frequency dependence for transition rates.

1. Introduction

There is considerable interest in exploring molecule-based magnets
[1-4] for which polarizable components can lead to new
magneto-electric effects. In addition to their fundamental interest these
systems have potential for the development of new high sensitivity de-
tectors and for the manipulation of spin states that could lead to new
candidates for qubits in quantum information. We have been particu-
larly interested in systems for which an applied magnetic field can
modify the lattice structure, and because of the presence of polarizable
components lead to the generation of a macroscopic electric
polarization.

The quantum magnet dichloro-tetrakis thiourea-nickel, generally
referred to as DTN, is a particularly clean example of this class of ma-
terials as the electrically polarizable thiourea molecular groups have
been shown to have significant magneto-electric responses [5,6]. While
the phase diagram for the magnetically ordered states of DTN is well
known [7-9] the effect of the addition of disorder to this system for
which the interactions have high anisotropy is less well understood. Ru
et al. [10] have shown that a Bose-glass glass state is introduced if the Cl
linkers are replaced at random with larger Br atoms. For Br concentra-
tions of 8%, there are critical magnetic fields at 1.2 T and 12 T for
transitions to and from the antiferromagnetic state with the Bose glass
featuring before and after those transitions, respectively. The phase di-
agram is shown in Fig. 1.

One of the striking anomalies is the observation of a strong magnetic
field induced dielectric susceptibility near the transitions, as illustrated
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by the broken lines A and B in Fig. 2 [11,12]. As shown in Fig. 2 there is a
quadratic dependence for the magnetic field induced change in polari-
zation for fields 0.9 < B < 11.3 T (consistent with Zapf et al. [5]) fol-
lowed by an appreciable drop at the transition to the Bose glass state
(dashed line in Fig. 2). The second peak (line B) in the change in po-
larization of Fig. 2 is attributed to a transition to a Mott state [10].

One of the most remarkable features of the measurements is the
unusual frequency dependence of the change in the peak of the induced
dielectric susceptibilities shown by line A in Fig. 2 at the transition to the
Bose glass state. The purpose of this report is to compare that frequency
dependence in disordered DTN with the dependence calculated using
the droplet model for spin glasses.

2. Results

In view of the disorder introduced in the spin-spin interactions and
the consequent frustration that results, the first attempt to understand
the frequency dependence is to invoke the dynamics of spin glass
models, in particular those of Fisher and Huse [14] who realized that
because of the hierarchical nature of the dynamics in spin-glasses, you
need to overcome low energy barriers before reaching the high energy
barriers. As the thermal excitations allow new energy barriers in
configuration space to be overcome, the previous induced polarizations
or memory of the low temperature state is erased for the barriers that are
traversed. In a time t the energy barriers crossed will be those satisfying
0 < E < Epgx(t) where Epg,(t) = kpT In Tot. T is an attempt rate deter-
mined by the coupling between spins. Any barriers crossed result in a
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Fig. 1. Phase Diagram of Br-doped (8%) DTN as determined from magnetic
susceptibility measurements [10]. At the extremes of magnetic field MI and MG
refer to a Mott insulator and Mott glass, respectively.
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Fig. 2. Observed field induced change in the impedance of the capacitance cell
for Br-doped DTN (8%) sample [13]. The broken line at A corresponds to the
transition to the Bose glass state. The line at B is attributed to a higher field
transition to a Mott insulator.
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where p(E) is the density of states for the spin system, and A is a constant
that depends on the cell geometry and the magneto-electric component
of the sample’s susceptibility. Assuming a constant density of states, po,
as often observed in spin glass systems, we find

AC = kyTpin L. @
Iy

The experiments measured the change in impedance of the capacitive
cell and the overall frequency dependence of the detected signal is
therefore

24 T |

AS = — — |(In= 3
C f Iy )

where Cj is the capacitance of the empty cell.

Physica B: Physics of Condensed Matter 608 (2021) 412875
3. Discussion

The first attempt to analyze the observed data provided only a poor
approximation to the observed frequency dependence and it was real-
ized that the scaling arguments postulated by Thill et al. [15] should be
used to calculate the dynamics of anisotropic spin glasses. This would
lead to a change given by

a

2Ap, ksT 1 f

AS:7C0 7 nr—o ()]

where the exponent « is small in the case of spin glasses. In order to
explore this possibility the frequency dependence AS was calculated for
a = 0.5, 0.65 and 1.0. The results are shown in Fig. 3.

The remarkable peak observed for f = 207 + 25 Hz or 1300 rad/s is at
first sight surprisingly low. This low value is due to the fact that of all the
possible transitions only a few conserve energy. This is discussed in the
next section.

4. Transition rates

In order to understand the low value of I’y we need to estimate the
rate at which one cluster of frustrated Ni spins in disordered DTN can
transition to another state. This rate involves transitions over potential
energy barriers in a complex distribution of spin states such as one en-
counters in spin glasses. The assumption is that these transitions are
driven by the magnetic dipole-dipole interactions between Ni spins near
the Br impurity atoms.

We first need to consider the crystal field due to the distortion around
the Br impurity. Following the technique of Margenau [16] and Land-
esman and Winter [17,18] used for calculating the dynamics around SHe
impurities in solid “He we express the crystal field as

Hg = ZKU (1 —3cos’0) r]fr;-‘rk 5)
<k

where TJ' creates a spin up state for a neighboring Ni spin. The amplitude

is

Ko mc? /4x 190K, (6)

where m is the Br mass and ¢; ~ 5 10% m s? is an estimated velocity of
sound in the crystal. 6; is the azimuthal angle specifying the orientation
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Fig. 3. Comparison of the calculated change in dielectric cell impedance with
the experimental observations [11,13] (solid squares) for @ = 0.5 (broken green
line), 0.65 (solid green line), and 0.75 (dashed green line). The dotted red line is
just a guide to the eye for the experimental points. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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of the vector rj; with respect to the c-axis of the crystal. In the following
we will neglect this angular factor as it contributes only a term of order
unity.

The transition rate I'y for spin-spin transitions induced by the mag-
netic dipole-dipole interactions is determined by the dipolar correlation
functions for spins in the neighborhood of the impurities. The dipolar
interactions between spins at sites i and j can be written as

.u() Tm (7)

uo is the Bohr magneton, y is magnetogyric ratio, Y7 are the spherical
harmonics with Q; giving the polar angles for the orientation of ry; with
respect the reference axis, the c-axis of the crystal. The T} are the ten-
sorial equivalents of the spherical harmonics, Y73, in the space S = 1.

Ty = $;-8; — 388 (€]

o [ (88" +5,57) ©
i\ g \PEY y°i

T2 = 3 StSt (10)
[/ 5( i9j )

The dipolar correlation function can then be written as

4r (g 2h% Y7 (0;) Y2 (64)
Gulr) = 27 (o) M7 5o YO V0

33
4/ N oy iy

Ly (1) 1)

where (ij) and (kI) are distinct neighbors. The spin correlation tensor is
given by the average

Tyu(t) = (T5(0) T(1)) (12

The characteristic relaxation time, 7., can now be determined using
Kubo theory [19,20]. We consider the time derivative fij,ij, and assuming
an exponential decay deduce the characteristic rate from

o= %/f(z) dt. 13)

The details are given in the Appendix. We find
G(1) = (Hpp) F(1) as)

where Hpp is the strength of the dipole-dipole interaction, and the
relaxation function is

3 3/a
F(t) = exp [ — 27xg A (EKOt) } (15)

A. Appendix

From the expression for the autocorrelation function we find

fij.kl = ([Ty, Hpp) e MK [Ty, Hpp) €™'x")

and the fast time dependence can be expressed as

iy (Kip—Kjp)t
G(t)= <H[)D (e; )
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With A = 1.555, using Hpp = 1.5 10%s7 and Ko = 4.2 10'2 s! we obtain
a calculated relaxation rate of

(2

Hpp)* <3>

! :<L7:8.8103 s, (16)
¢ Ko (2mxp )Y

which is to be compared with an observed rate of 1.3 10% s~ L. The dif-
ference between the calculated value and the observed transition rate is
not surprising given the approximations made, especially that for the
estimation of K.

5. Conclusion

A reasonable quantitative fit to the anomalous frequency depen-
dence of the magneto-electric effect in Br-doped DTN was obtained
using the hierarchical droplet model of Fisher and Huse that was orig-
inally invoked for spin glasses. The common feature of the current Bose
glass system and the spin glass system being the influence of disorder on
a frustrated spin system. The best fit for the droplet scaling parameter
(determined by quantum fluctuations) is a« = 0.65. Estimates of the
magnetic spin-spin interactions lead to a characteristic frequency I'y =
8.8 10% 57! compared to an experimental value of T, = 1.3 10> s L. The
low value of I'y (compared to Hpp) results from the reduced number of
available states for magnetic transitions in the frustrated spin system.
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where (H2) is the mean square of the dipole-dipole interaction and (ip) and (jp) are neighbors. The average over the exponential terms is only
significant for small differences in Kj, and Kj, and therefore to a good approximation we can write

G(0)™ (Hpp) F(1)

19
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where

F(1)

igSK i/t
o(p)
=e

= Hcos W, = H[l + (cos w,t —1)]

P
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(20)

with wp, = 3(ag /r)*Ko. By expanding the product and re-arranging, and using the fact that wpt is very small, we have

F(r)

= exp Z[cos ,t — 1] = exp[N{cos w,t —1)].
P

The integral is

(1)

with

A=

2 Vv

4
= (cos w,t — 1) = —2 (sin® (w”t>) = 7E/d3rsin2 B <a_r0) KOZ} _2

sin’x
/x7/4 dx = 1.555.

The relaxation function is then found to be

F(1)

3 3/4
=exp| — 2mxp A (EKM)

and from equation (13) the relaxation rate is given by

T

Te

o TC)

K, (271)cB,A)4/3
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