
Evidence for two distinct spin relaxation mechanisms in 'hot' spin ice Ho2Ti2O7

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2004 J. Phys.: Condens. Matter 16 S635

(http://iopscience.iop.org/0953-8984/16/11/010)

Download details:

IP Address: 129.252.86.83

The article was downloaded on 27/05/2010 at 12:52

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/16/11
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 16 (2004) S635–S642 PII: S0953-8984(04)74220-4

Evidence for two distinct spin relaxation mechanisms
in ‘hot’ spin ice Ho2Ti2O7

G Ehlers1,8, A L Cornelius2, T Fennell3, M Koza4, S T Bramwell5 and
J S Gardner6,7

1 SNS Project, Oak Ridge National Laboratory, 701 Scarboro Road, Oak Ridge, TN 37830, USA
2 Physics Department, University of Nevada Las Vegas, Las Vegas, NV 89154-4002, USA
3 The Royal Institution of Great Britain, 21 Abermarle Street, London W1X 4BS, UK
4 TOF/HR Group Institute Laue-Langevin, 6 rue Jules Horowitz, 38042 Grenoble, France
5 Department of Chemistry, University College London, 20 Gordon Street,
London WC1H 0AJ, UK
6 Physics Department, Brookhaven National Laboratory, Upton, NY 11973-5000, USA
7 NIST Center for Neutron Research, NIST, Gaithersburg, MD 20899-8562, USA

E-mail: ehlersg@ornl.gov

Received 7 January 2004
Published 4 March 2004
Online at stacks.iop.org/JPhysCM/16/S635 (DOI: 10.1088/0953-8984/16/11/010)

Abstract
Neutron scattering and ac-susceptibility techniques have been performed on the
spin ice material Ho2Ti2O7 to study the spin relaxation processes in the ‘hot’
paramagnetic phase (T > 1 K). Neutron spin echo (NSE) proves that above
T � 15 K the spin dynamics are governed by a thermally activated single-ion
process. At lower temperatures (T < 15 K) this cannot account for the spin
dynamics found in ac-susceptibility measurements. It is inferred that a second,
slower process, with a different thermal signature dominates. We suggest that
this is a quantum-mechanical tunnelling process between different spin states
separated by a large energy barrier.

1. Introduction

Ever since the discovery of holmium titanate, Ho2Ti2O7 (HTO), as a topologically frustrated
ferromagnet, it has fascinated researchers who appreciate the beauty of frustrated magnets
[1–3]. It was later shown that the compounds dysprosium titanate, Dy2Ti2O7 (DTO) [4, 5],
and holmium stannate, Ho2Sn2O7 (HSO) [6, 7], have similar low-temperature properties. The
analogy between the low-temperature spin pattern in these substances and the proton disorder
in water ice gave them the name ‘spin ice’.

Geometrical frustration occurs in a magnet when the spatial arrangement of spins,
combined with their specific near-neighbour interactions J , inhibits the formation of a ‘simple’
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ordered collinear ground state at low temperature, T � J (for reviews, see [8–10]). Spins
with antiferromagnetic coupling to near neighbours, residing in building units of triangles or
tetrahedra, are well known examples. As a result of the frustration, there is a lack of long
range order and the spins may show glass-like freezing, for example in Y2Mo2O7 [11–13]
(attributed in this case to weak structural disorder), or may even stay dynamic down to the
lowest accessible temperatures, for example in Tb2Ti2O7 [14]. Some systems nevertheless
order, but often at a temperature considerably lower than the intrinsic energy scale (indicated
by the paramagnetic Curie–Weiss temperature). The ordering pattern often shows signs of
the frustration. For example, in Gd2Ti2O7 [15], TbNiAl [16] and CsCoBr3 [17–19] dynamic
(paramagnetic) spins coexist with ordered spins.

It had long been thought that antiferromagnetic couplings between nearest neighbours
are a necessity for frustration in magnets. The discovery of a frustrated ferromagnet thus
came somewhat as a surprise. In HTO, where the Ho3+ ions occupy a lattice of corner-sharing
tetrahedra, frustration is created by the splitting of the ionic states in the crystalline electric
field (CEF). The single-ion ground state is an almost pure |J, MJ 〉 = |8,±8〉 doublet which is
separated by 20.4 meV ∼ 240 K from the first excited state [20]. The strong Ising anisotropy
forces each spin to point to the centre of one of the two tetrahedra it belongs to. The energy
that a pair of spins can gain by mutual alignment is two orders of magnitude smaller than
the crystal field splitting: the dipolar energy is Dnn = +2.4 K [3], while the near-neighbour
exchange was estimated to be Jnn = −0.5 K [21]. A macroscopic ground state degeneracy
results, as any state which obeys the ice rule ‘two in–two out’ for all tetrahedra is a ground
state and the spins freeze below T � 1 K in a non-collinear disordered pattern. Absence of
long range order has been confirmed down to T = 50 mK [22].

In this paper we mainly report on the spin dynamics of HTO at temperatures above
the freezing point. It significantly extends an earlier letter [23], showing new neutron
and susceptibility data in a much larger temperature range and including recently gained
information in the discussion. The frequency-dependent susceptibility investigations of
Matsuhira et al [6, 24] and Snyder et al [25, 26] revealed a rich spectrum of dynamics in
the spin ice materials, which all show a susceptibility peak at T � 1 K with a frequency
shift consistent with an activation energy of �20 K. For DTO [24, 25] another peak in the ac
susceptibility at T � 15 K is consistent with a thermally activated (Ea � 210 K) relaxation
process. The 15 K peak was initially claimed to be absent in HTO [26]. However, in [23]
we showed that the same peak does exist in HTO, but is masked by the response of the low
temperature process.

2. Experimental details

To study the dynamics of spin ice by neutron scattering, one has to resort to high energy
resolution, because in the temperature range of interest (T � 15 K and below) the spin
dynamics is very slow. This calls for the neutron spin echo (NSE) technique, which offers
by far the highest energy resolution. NSE is an advanced technique to study spatial and
temporal correlation functions in matter. The quantity one measures is the intermediate
scattering function S(q, t). An experiment involves a polarized neutron beam, with the neutron
polarization perpendicular to the magnetic guide field. The neutron spins precess in two
identical fields placed before and after the sample. In the case of strictly elastic scattering the
original neutron beam polarization is restored at the end, because all neutrons will end up with
a net zero difference in the number of precessions (before and after the sample). The actual
number of precessions performed by an individual neutron is proportional to the wavelength,
which is typically spread by 16% FWHM around the mean value. Generally, a small inelasticity
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in the scattering will therefore be detected by a loss in the final neutron beam polarization.
References to the method and its applications to spin glasses, magnetic nanoparticles and other
frustrated magnets are available [27–29].

In this experiment, the NSE spectrometer IN11 at ILL, Grenoble, was used in its
multidetector configuration. The wavelength was λ = 5.5 Å and a q range of 0.5 Å−1 �
q � 1.6 Å−1 was covered by two positions of the detector bank. Instrumental resolution was
measured using a magnetic sample whose spins are known to be frozen at the cryostat base
temperature (TbNiAl [16]). In order to get the normalized intermediate scattering function
S(q, t)/S(q, 0), the spin echo experiment includes xyz-polarization analysis [30]. This allows
separation of magnetic scattering from spin incoherent and nuclear scattering. Thus, the elastic
magnetic scattering intensity is obtained as a side benefit (with bad q resolution, because of
the 16% λ distribution of the incident beam).

To extend the study to higher temperatures, neutron time-of-flight (TOF) spectra were
collected at IN6 at the standard wavelength λ = 5.9 Å, which gives a width of the quasielastic
line of � = 50 µeV. The q range of the quasielastic scattering was 0.2 Å−1 � q � 2.1 Å−1.
A vanadium sample was used as a reference. Standard data corrections for resolution and
background were applied. To obtain the relaxation time from the TOF data, the resolution was
deconvoluted and a fit to a Lorentzian lineshape was performed. The relaxation time is then
given by τ (ns) = 1.317/FWHM (µeV).

To complement the NSE studies, ac-susceptibility measurements have been performed on
a single-crystal sample of HTO in an external field of up to 1 T applied along a cubic 〈111〉
direction.

3. Results

3.1. Neutron scattering

Figure 1 (top panel) shows the normalized intermediate scattering function S(q, t)/S(q, 0) at
different temperatures as obtained from the NSE experiment. The spin relaxation was found
to be q-independent (lower panels in figure 1). At all temperatures between 0.3 and 200 K the
intermediate scattering function can be fitted with excellent precision to a simple exponential

S(q, t)

S(q, 0)
= A exp(−t/τ(T )), (1)

where A = 0.91 ± 0.01 in the temperature range between �2 and �50 K. The fact that A < 1
is discussed further below.

Figure 2 extends the quasielastic scattering to higher temperature, showing that it can be
described equally well with the corresponding model in ω space (Lorentzian convoluted with
resolution). The right panel of figure 2 shows the temperature dependence of the resulting
relaxation time τ (T ) in an Arrhenius plot. A line fit yields τ0 = (4.5 ± 0.7) × 10−3 ns,
corresponding to an attempt frequency �0 = 1/2τ0 = (1.1 ± 0.2) × 1011 Hz and an activation
energy of Ea = 293 ± 12 K. Note that the Arrhenius law (which would give a straight line in
the figure) does not describe the data exactly. Deviations at low temperature could be due to
a systematic error: here the relaxation clearly goes out of the spin echo time window. At high
temperature deviations may be due to the fact that spin ice is not an ideal two-level system;
rather, there are more crystal field levels close to the first excited level [20].

Figure 3 shows the temperature dependence of the diffuse elastic magnetic scattering
obtained by xyz-polarization analysis from the NSE experiment. It shows that, at low
temperature, most of the intensity increase takes place at low q . There are two remarkable
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Figure 1. Top panel: the normalized intermediate scattering function S(q, t)/S(q, 0) as measured
at IN11, integrated in the range 0.5 Å−1 � q � 1.0 Å−1. Bottom panels: as a function of q,
showing negligible q dependence.
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Figure 2. Left panel: the quasielastic scattering obtained at IN6. The bar represents the
instrumental resolution (50 µeV FWHM). Right panel: the relaxation times measured on IN11
and IN6, revealing the Arrhenius nature. Error bars are smaller than point sizes. Also marked is
the relaxation time corresponding to the IN6 instrumental resolution after Fourier transform.

‘kinks’ in the curves. The one at T � 1 K is clearly linked to the spin ice freezing. The second
one at T � 50 K marks the onset of spatial correlations, giving a significant intensity increase
at low q . Surprisingly, magnetic scattering is very intense up to T � 800 K.
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Figure 3. The temperature-dependent magnetic scattering at different values of q. Curves are
guides to the eye. The four vertical bars mark the temperatures at which the elastic scattering is
shown as a function of q in the inset.
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Figure 4. The t = 0 limit (parameter A) of the fit to the normalized intermediate scattering function
S(q, t)/S(q, 0) and the measured value at t = 1 ns. Curves are guides to the eye. The broken
curve shows what the correlation at t = 1 ns would be if only the Arrhenius process was present.
Given the temperature dependence of its relaxation time, the inset shows the extrapolation into the
ac-susceptibility window (see the text).

Figure 4 shows the parameter A and the value of S(q, t)/S(q, 0) measured by NSE at
t = 1 ns. Both curves have a plateau between �2 and �30 K, which means that the relaxation in
this range is independent of temperature and not Arrhenius-like. The Arrhenius process, whose
parameters were fitted at higher temperatures, would rather give a level of spin correlation at
t = 1 ns as shown by the broken curve. The clear deviation below �40 K has two different
origins. Firstly, the fact that A < 1, even at T < 1 K, proves the existence of a rapid process
outside the NSE time window which cannot fully relax the spins. We suggest that this may
be indicating small incoherent oscillations of the spins about their 〈111〉 easy axes. These,
however, freeze towards very low temperature as well (A = 0.95 ± 0.01 at 0.3 K). At higher
temperature A slowly decreases, simply because the increasing weight of inelastic crystal field
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Figure 5. Ac susceptibility data taken on a single crystal of Ho2Ti2O7. Left panel: frequency
dependence of the ac susceptibility (imaginary part) measured in an applied dc field, B = 1 T,
parallel to the 〈111〉 axis. Right panel: the high temperature peak position as a function of log f
at different fields. Inset: Arrhenius behaviour of the low temperature feature in the same field.

transitions in the scattering (A = 0.60 ± 0.03 at 200 K) is not accounted for by a quasielastic
scattering law. Secondly, and more important, another 10% loss of spin correlation at t = 1 ns
indicates the existence of a different, slower relaxation process.

3.2. Ac susceptibility

We now compare the spin echo results to ac-susceptibility measurements. The generalized
dynamic susceptibility corresponding to the measured exponential scattering function is

χ(q, ω) = χ(q)

{
ν2(T )

ν2(T ) + ω2
+

iων(T )

ν2(T ) + ω2

}
, (2)

which allows an extrapolation into the ac-susceptibility window. In a good approximation
one can set χ(q) ∝ 1/T at low temperature. Inserting ν(T ) = 1/2τ (T ) from the NSE
measurement one finds that a peak in the ac susceptibility should appear around T � 15 K.
This is shown in the inset of figure 4.

Figure 5 shows the ac-susceptibility data on a single crystal of Ho2Ti2O7 in an applied
field of B = 1 T. The expected peak at �15 K is indeed observable but is not clearly seen in low
fields. Its frequency shift is consistent with the expected activation barrier of �250 K. Thus
it is straightforward to conclude that this peak corresponds to the process that is related to the
rapid increase of S(q, t = 1 ns) at T ∼ 70 K. The frequency shift of the peak corresponding
to the spin ice freezing at T � 1 K (shown in the inset of figure 5) indicates an energy barrier
of Ea = 24 ± 1 K and a characteristic time τ0 = 22 ± 5 ns (�0 � 2 × 107 Hz) at B = 1 T.

3.3. Discussion

The process seen in NSE is characterized by (i) the absence of q dependence of the scattering,
suggesting a single-spin process, (ii) a spin autocorrelation function which is exponential in
time and (iii) it is thermally activated with an activation energy close to the first group of
CEF levels. On the basis of these experimental observations we conclude that this process
corresponds to thermally activated spin flips between the two states of the ground state doublet,
mediated by excited crystal field states. This process freezes out around �15 K. Since the ac
susceptibility continues to increase below that temperature, there must be a second, different
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process, present at lower temperature. From the available data we conclude that this process
is only weakly temperature-dependent. Below T � 4 K it becomes thermally activated with
an attempt frequency of �1010 Hz and activation barrier of �30 K [6] in low field. The latter
value is closer to the other energy scale in the system, the dipolar interaction (although it is
rather difficult to justify its precise value) [3]. We note that the observed attempt frequency of
�1010 Hz closely corresponds to (Dnn + Jnn)kB/h̄.

We suggest that this second, slower process is due to quantum tunnelling of the spin
between the two states of the ground state doublet, through the energy barrier. We identify
the slowly fluctuating dipolar field at the rare earth site, created by the neighbouring spins,
as the most likely origin of the quantum fluctuations. The transverse component of this field
will create a finite rate of spin inversion, as long as the mean field is still zero (we note
that some excited state configurations of spin ice put the near-neighbour dipolar field exactly
perpendicular to a given spin [31]). The gradual spin ice freezing below 4 K then corresponds to
the development of a mean field, which splits the Ho3+ ground state doublet, thus extinguishing
the relaxation channel.

In this picture it can be understood why the 15 K peak is visible in DTO but much less
apparent in HTO. Two different processes on different time and energy scales are revealed
by two peaks in the ac susceptibility, provided the respective rates are not too similar. The
latter is the case in HTO in low field, which is why the 15 K is not really visible. The effect
of an externally applied magnetic field is that it slows down the slower process in HTO, thus
revealing the 15 K peak (at B = 1 T, the attempt frequency is lowered to �107 Hz, see figure 5).
Assuming that our picture essentially holds for DTO as well, it is the slower intrinsic rate of
the slow (quantum) process in that compound that makes the 15 K peak of the susceptibility
more pronounced. This is consistent with the smaller value of Dnn + Jnn in DTO reducing
both the attempt frequency and activation barrier of the slow process. Similarly, the effect of
dilution on the spin ice dynamics [25] can be qualitatively understood. Dilution apparently
speeds up the slow process, so that already at 15 K all relaxation is due to the slow process and
the susceptibility peak naturally disappears. This is also consistent with a new result [32] that
at very low concentration of the magnetic ions the 15 K reappears in DTO. At an increasing
level of dilution, the slow quantum process will eventually go away when there are too few
magnetic ions, because the dipolar field will become too low. The fast process, on the other
hand, resulting from the crystal field, is unaffected by dilution and should still be present even
in the extreme case of a single magnetic ion in a crystal of Y2Ti2O7.
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