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We report a magnetic field-pulse memory effect in the temperature-dependent magnetization of

Tb30Ru6.0Sn29.5, a spin-glass material having a newly identified structure type. Tb30Ru6.0Sn29.5 exhibits

a glassy magnetization component of �2290 emu/mol-Tb, which represents over 84% of its total

saturation magnetization. We show that when a magnetic field pulse of a few hundred gauss is applied

to the sample as it is cooling, the system retains a memory of the temperature at which the pulse was

applied. Upon warming, the imprinted memory is observed as a precipitous drop in magnetization at

the pulse temperature. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818262]

An intense effort has been devoted to the classification

and understanding of spin-glass materials over the past sev-

eral decades.1–15 Spin-glasses behave as non-equilibrium

systems below the glassy transition temperature, leading to

exotic magnetic properties including isothermal stretched-

exponential relaxation16 and frequency-dependent spin dy-

namics.17 These slow dynamics have precluded their use as

functional materials since spin-glass memory effects typi-

cally require hours of waiting time to achieve a measureable

partial equilibrium state.14,18,19 Here, we present nonequili-

brium magnetization data on the newly discovered spin

glass20 Tb30Ru6.0Sn29.5. We show that this material, which

has a complex crystal structure containing many inequivalent

magnetic sites, exhibits a non-equilibrium magnetic field

pulse memory effect that is analogous to the memory-dip

effect observed in other spin glass systems. We demonstrate

that the low temperature metastability of the pulse memory

is sufficient to store information that can be read upon

warming.

X-ray diffraction data were collected on a single crystal

of Tb30Ru6.0Sn29.5 at 90 K using monochromatic Mo Ka
radiation. See supplementary material for crystallographic

and atomic parameters.28 Crystal growth and structural

details can be found in Ref. 20. Magnetization measurements

were performed with H applied parallel to the crystallo-

graphic a-direction. Temperature- and field-dependent DC

magnetization data were collected using a Quantum Design

Magnetic Property Measurement System (MPMS) in fields

up to 500 Oe. Temperature-dependent alternating current

(AC) magnetization data were collected using a Quantum

Design Physical Property Measurement System (PPMS) with

an AC field of 10 Oe.

We have grown high quality single crystals of

Tb30Ru6.0Sn29.5 which exhibit a spin-glass transition at

Tg¼ 15 K. Figure 1(a) shows a typical thermoremanent mag-

netization (TRM) measurement conducted at a temperature

below Tg. A single crystal of Tb30Ru6.0Sn29.5 was field-

cooled at 500 Oe to 12 K at a rate of 0.3 K/min and held at

that temperature for 1 h. The field was then reduced to zero,

and the magnetization was measured as a function of time.

As can be seen in Fig. 1(a), a sizable fraction of the magnet-

ization evolved slowly with time. This time dependent

fraction was well fit by the stretched exponential form given

in the caption of Fig. 1. We estimate the maximum glassy

component of the magnetization to be �2290 emu/mol-Tb.

The baseline magnetization immediately prior to field re-

moval in the TRM measurement was 2715 emu/mol-Tb;

thus, the time-dependent component of the magnetization

accounts for over 84% of the total field-induced magnetiza-

tion at 12 K. Figure 1(b) displays AC susceptibility measure-

ments of Tb30Ru6.0Sn29.5 which show a frequency

dependence of the spin dynamics, indicated by a shift in the

maximum of the data to higher temperatures with increasing

frequency. These data represent definitive evidence that

Tb30Ru6.0Sn29.5 is a spin-glass system with a large glassy

component.

Glassy magnetic behavior is typically attributed to mag-

netic frustration, either due to the disorder related to random

couplings in a dilute magnetic system, such as described by

the Heisenberg model,21 or from the degeneracy caused by a

geometrically frustrated antiferromagnetic ground state.

These latter systems lack the ability to align antiferromag-

netically with all nearest neighbors (Ising model).21–23

Interestingly, Tb30Ru6.0Sn29.5 does not possess any obvious

structural source of geometric frustration nor is the level of

disorder of our samples, as determined by x-ray analysis,

sufficient to account for the glassy behavior. Alternatively,

we speculate that the glassy behavior may be a result of the

highly complex unit cell, shown in Fig. 2, which contains 11

inequivalent magnetic Tb sites.

In a canonical spin-glass, an interesting memory effect

can be observed by taking advantage of non-equilibrium spin

dynamics.24 In a typical memory-dip experiment, a reference

measurement is obtained by zero-field cooling (ZFC) a sam-

ple to a temperature below Tg. The sample is then warmed in

a 10 Oe field, and the temperature-dependent magnetization

is measured. The procedure is then repeated except that the

sample is held for a period of time at a specific waiting tem-

perature (Tw) before continuing down to the base tempera-

ture. Upon warming, a memory dip forms at Tw, graphically

depicted in Fig. 3(a), in the temperature-dependent magnet-

ization. This memory dip occurs due to the formation of

local ordering (during the wait time) with energy-specific

correlation lengths.5,19 Multiple dips can be “written” upon
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cooling, as wait times at successively colder temperatures do

not affect the previous wait times at higher temperature. It is

possible to store and read several memory dips by exploiting

this phenomenon.18 In fact, a thermal memory cell was

designed which is capable of imprinting and recovering 8-

bits of data;14 however, the necessary long wait times pro-

hibit the use of this effect as a viable memory storage

technology.

Miyashita and Vincent describe the memory of previous

(higher temperature) length correlations as “frozen

impurities,” which melt at temperatures above Tw.19 Mathieu

et al. found that applying a small magnetic field (H¼ 0.5 Oe)

during the wait time of a memory dip experiment causes a

significant drop in the measured DC magnetization at Tw

during the warming process.15 Combining these findings, we

surmised that temperature-specific magnetization drops can

be rapidly frozen-in through a field pulse without waiting

(i.e., a constant cooling rate) during an uninterrupted initial

cooling cycle. Upon warming from low temperature, the

magnetization should begin at a maximized value and, as the

frozen components approach the temperature of the corre-

sponding field-pulse(s), a melting should occur, causing an

effective magnetization reduction. This scenario is graphi-

cally depicted in Fig. 3(b).

Figure 4 shows the results of the field-pulse experiment

with magnetic field pulses applied parallel to the crystallo-

graphic a-direction at 11, 9, 7, 5, and 3 K and field pulse

magnitudes of 50, 100, 150, 250, and 400 Oe, respectively.

All data are collected while warming at 0.3 K/min with a

10 Oe positive field bias. Figure 4(a) shows the background

data set (Mb), measured without field pulses, the field-pulse

data set (Mp), and Mp � Mb. Remarkably, the spin distribu-

tion perturbations shown in Fig. 4(b) (blue curve) as d(Mp �
Mb)/dT versus temperature, are preserved for all field pulses.

The widths of the peaks in Fig. 4(b) broaden with increasing

pulse duration and the temperature at which the pulse was

FIG. 1. (a) Thermoremanent magnetization (time-dependent magnetization) of Tb30Ru6.0Sn29.5 collected at T¼ 12 K with tw¼ 3600 s under field-cooled condi-

tions of H¼ 500 Oe. Data are fit to the equation M(t)¼M0þMtrm*e [�(t/s) (1� n)], where M0 is the time-independent remanent magnetic contribution, Mtrm is

the glassy component of the magnetization, t is time, s is the characteristic time constant, and n is the characteristic stretching-exponent. (b) Temperature-

dependent AC susceptibility of Tb30Ru6.0Sn29.5 at 11 Hz (black) and 9311 Hz (purple) normalized to 11 Hz. The inset shows temperature-dependent AC sus-

ceptibility collected at frequencies, from left to right, of 11, 57, 579, 2311, and 9311 Hz.

FIG. 2. Crystal structure of Tb30Ru6.0Sn29.5 with individual Tb (Tb1–Tb11)

sites highlighted as different colored spheres. Sn and Ru sites are shown as

large and small white spheres, respectively, with polyhedra representing po-

lar Sn-centered sites surrounded by Tb atoms.

FIG. 3. A graphical depiction of the temperature-dependent magnetization

of (a) a typical memory-dip experiment and (b) the proposed field-pulse

experiment. The red lines represent the background magnetization profile of

the spin glass sample. The background is obtained by cooling in a small

applied field and then measuring magnetization as the sample is warmed.

The dashed lines represent the corresponding magnetization profiles when a

wait time or field pulse is applied at temperature TW during the cool-down.
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applied, while at lower temperatures, higher pulse magni-

tudes are necessary, as expected, to achieve comparable DM
values.

Figure 5 gives an indication of the degree of volatility of

the pulse memory. The data in this figure were obtained by

imprinting the sample with two field pulses, one applied at

9 K and the other at 5 K. The sample was then cooled to

1.8 K, where it was held for a specified time before executing

a read cycle. The figure shows the resulting magnetization

traces after being held at 1.8 K for wait times of 120 s (red),

28 800 s (black), and 86 400 s (blue). The traces are nearly

identical, indicating that very little relaxation occurred at

this low temperature. These data suggest that the non-

equilibrium dynamics of this system make long-term data

storage a feasible possibility. Once the data are written to a

sample, it can be recovered via a once-only read cycle.

One can envision a data storage device capable of sur-

passing the superparamagnetic limitations25–27 of widely

used magnetic film media. The strategy would be to write

data via localized heat pulses rather than field pulses. For

example, one could design a spin-glass platter that is ZFC to

well below the glass transition temperature. Then with a

modest bias field applied to the rotating platter, a laser could

write bits of data by simply locally heating parcels of the

platter surface. Because the spin-glass response is not limited

by a minimum magnetic domain size, one, in principle, could

realize an extremely high bit-density. The resulting bits

could then be read using standard magnetic read head

technologies

Although it is apparent that spin-glasses with an appro-

priate set of glass dynamics can be technologically useful, to

date there have not been any particular applications of these

unusual systems. Two important factors in determining their

viability as an information storage medium are, first, the

degree to which a quasi-static and controllable spin state can

be realized in a particular system and, second, the practical-

ity of actually reading such a state. Clearly, increasing the

magnitude of the glassy component of a system and maxi-

mizing the system’s glass transition temperature are obvious

long-term goals. In addition to Tb30Ru6.0Sn29.5,20 we have

found spin-glass behavior in other analogs of the same struc-

ture type, such as Dy30Ru4.57Sn30.72. Indeed, this structure

type may have many more undiscovered spin-glass analogs.

We believe that spin-glass behavior arises in these com-

pounds as a result of competing interactions between the

many non-equivalent magnetic sites in their structure.

Unlike more traditional spin-glasses, the dynamics do not

appear to be related to geometric frustration and/or structural

disorder.
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