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Neutron scattering studies of the spin ices Ho,Ti,O; and Dy, Ti,O, in applied magnetic field
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Neutron diffraction has been used to investigate the magnetic correlations in single crystals of the spin ice

materials Ho,Ti,O, and Dy,Ti,O; in an external magnetic field applied along either the [001] or [110]
crystallographic directions. With the field applied along [001] a long range ordered ground state is selected

from the spin ice manifold. With the field applied along [110] the spin system is separated into parallel () and
perpendicular (B) chains with respect to the field. This leads to partial ordering and the appearance of quasi-
one-dimensional magnetic structures. In both field orientations this frustrated spin system is defined by the
appearance of metastable states, magnetization plateaus and unusually slow, field regulated dynamics.

DOLI: 10.1103/PhysRevB.72.224411

I. INTRODUCTION

The spin ices"?, such as Ho,Ti,0,,"3 Dy,Ti,0,,* and
Ho,Sn,0; (Ref. 5) are frustrated Ising-like magnets. The rare
earth atoms are located on a pyrochlore lattice, a face cen-
tered cubic (fcc) lattice with tetrahedral basis, constituting a
network of corner-linked tetrahedra. In these systems the
crystal field creates a very strong single-ion anisotropy esti-
mated at ~300 K (Ref. 6) which constrains the spins to the
local trigonal axes (members of the (111) direction set). The
spins are, therefore, Ising-like but noncollinear: they point
either in or out of the elementary tetrahedra of the pyrochlore
structure.'?> The dominant interaction is the dipolar interac-
tion, the nearest neighbor part of which favors a local ar-
rangement of spins on a tetrahedron in which two spins point
in and two spins point out.” This is analogous to the Bernal-
Fowler “ice rule” for proton location in water ice and means
that the spin ice has the same configurational entropy as wa-
ter ice.>* The anisotropy is so strong that the fully saturated
ferromagnetic state can be reached only in principle, requir-
ing magnetic fields well outside the range of conventional
measurements.®’ Most of the interesting physics happens in
much lower fields, where the Zeeman energy, which com-
petes with the relatively weak exchange and dipolar interac-
tions, is dominated by the (111) anisotropy. For instance, in
polycrystalline Dy,Ti,0O, about half of the zero-point en-
tropy missing in zero field, (%)R ln(%), is recovered already in
a field of 0.5 T.*

In general, the spin ices have strongly anisotropic bulk
properties,® !0 another manifestation of the strongly aniso-
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tropic nature of the rare earth moments. The application of
magnetic fields at low temperature can be used to investigate
the removal of the degeneracy of the spin ice state. As a
result of the anisotropy, different degeneracy removal
schemes are expected depending on the direction in which
the field is applied.!! Several scenarios have been investi-
gated by experimental*8-10:12-20 and theoretical'!'2'-2" meth-
ods but there have so far been few neutron scattering
investigations.!?8-32

The basic behavior of the system in an applied magnetic
field can be understood in terms of the near neighbor spin ice
model, which considers only near-neighbor ferromagnetic
coupling between the spins.!! If the field is applied along the
[001] direction all the spins on a tetrahedron make an angle
of 54° to it (see Fig. 1). Fields up to 2 T along [001] are
insufficient to fully align the spins by overcoming the aniso-
tropy. However, the field does completely remove the degen-
eracy by stabilizing a ground state in which the same mem-
ber of the set of six “two-spins-in-two-spins-out” local
ground states is selected on every tetrahedron.!! This ground
state is known as the Q=0 state since magnetic Bragg scat-
tering will occur only at the zone center or Q=0 positions. In
bulk measurements at 1.6 K.®° the Q=0 ordering is mani-
fested by a simple magnetization curve and a saturation mag-
netization of 5.78ug atom™!. The saturation magnetization is
reduced from 10.0up atom™', as expected for the noncol-
linear structure.

The near neighbor spin ice model predicts an interesting
phase transition when the field is applied along [001].!" The
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FIG. 1. Spin ice properties with the field applied along [001]:
Expected “Q=0" ordered structure parallel to the applied field (top)
and projected along the field direction (bottom). Each tetrahedron is
in the same ice rule obeying local ground state. The field is indi-
cated by the arrow, canting of spins above and below the plane
indicated by + and —, and the numbers give the coordinate along the
projection axis. Only four tetrahedra of the pyrochlore unit cell are
shown so each axis runs 0-0.75.

field-temperature phase diagram (see Fig. 2) has a line of
symmetry-sustaining first order phase transitions, terminated
by a critical end point. This is analogous to the density varia-
tion seen in a pressure-temperature phase diagram of a
liquid-gas system. The “liquid” and “gas” phases of the mag-
netic system are distinguished thermodynamically by their
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FIG. 2. The phase diagram of the near neighbor spin ice model
with the field applied along [001] (Ref. 11). With the field applied
in this direction the model shows unusual liquid-gas-type behavior.
A line of first order phase transitions from the gaslike region (G) to
the liquidlike region (L) is terminated by a critical point where the
transition becomes continuous.
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FIG. 3. Spin ice properties with the field applied along [110]:
The field separates the spin system into two sets of chains, parallel
to the field (dark spins, « chains) and perpendicular to the field
(light spins, B chains). Two ordered structures are illustrated de-
pending on the relative orientation of the 8 chains. The Q=0 struc-
ture (B chains parallel) is shown with vertical field (top) and pro-
jected along the field (second from top). The same views of the Q
=X structure (B chains antiparallel) are shown beneath. Again the
Q=0 structure has the same spin configuration on each tetrahedron
but the ferromagnetic component is now at 45° to the field. The
antiparallel B chains of the Q=X structure lower the symmetry and
this allows magnetic Bragg scattering at both Q=0 and Q=X
positions.

degree of magnetization, which plays a role analogous to the
fluid density. A triple point occurs at H=7=0. One aim of the
work described in this paper is to search for the critical point
in Ho,Ti,05. This is described in Sec. III B.

When the field is applied along the [110] direction, two
spins per tetrahedron have a component in the field direction,
while two are precisely perpendicular to the field (see Fig. 3).
Of the two which have a component along the field, one is
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pinned pointing “in” and one pointing “out” of the tetrahe-
dron. Although the perpendicular spins are decoupled from
the field, the ground state of the tetrahedron can still be de-
scribed by the ice rule. Therefore, the unpinned spins are also
constrained to form an in-out pair.""> The two groups form
in-out spin chains, running either parallel or perpendicular to
the field. Each chain has a magnetic moment in the sense of
the chain. In the near neighbor model there is no coupling
between the perpendicular chains. We will use the terminol-
ogy of Hiroi,'® who named the chains parallel (perpendicu-
lar) to the field a (B) chains.

In the neutron scattering study of Harris et al.! a single
crystal of Ho,Ti,O; was aligned with the field applied along

[110]. In zero field Ho,Ti,O, has a disordered icelike state
with zero point entropy.>!? In Ref. 1 it was shown that the

application of the field along [110] restores order, with two
coexisting magnetic structures, denoted Q=0 and Q=X (see
Fig. 3). The structures are named because Q=0 gives rise
only to magnetic Bragg scattering at Q=0 positions, whereas
Q=X gives rise to Bragg-like scattering at both the zone
centers and the X points on the zone boundaries (see Fig. 4).
The Q=0 structure was suggested to have all the chains, both
a and B, aligned parallel with their neighbors. This produces
a spin configuration identical to that of the Q=0 structure
expected for the [001] field direction but the moment of the
structure is at 45° to the applied field. The Q=X structure
was suggested to have alternate B chains antiparallel, with
the net moment in the direction of the applied field. It was
found that the Q=0 structure was formed at 0.3 K when a
field was applied and the Q=X structure appeared as a high
temperature (=1 K) modification. The Ho** moment is se-
verely reduced in the Q=X phase.! One of the results of the
current work is to show that the Q=0 and Q=X structures
are, in fact, associated with different sets of spins: the « and
B chains, respectively, and that the formation of Q=X corre-
lations is controlled by the very slow dynamics in the T
< 0.5 K regime (see Secs. V A and V B).

In addition to making the first determination of the re-
sidual entropy in a spin ice,* Ramirez and co-workers mea-
sured the heat capacity of a Dy, Ti,O; powder in fields up to
6 T. Three small, sharp, field independent peaks were ob-
served in finite fields. These peaks at 7,=0.34, 0.47, and
1.12 K were attributed to the ordering of spins not pinned by
the field. More recently, single crystal samples of Dy,Ti,O,
have been studied by bulk methods in fields applied along
[110].'® The experimental results of Ref. 18 suggest the for-
mation of the B chains, but do not infer any correlation be-
tween the chains. It was concluded that the B chains behave
as one-dimensional Ising ferromagnets. Most recently, simu-
lations of the dipolar spin ice model (that goes beyond the
near neighbor model by considering further range dipolar
couplings) have predicted that in strong fields there are two
transitions.”*?” At high temperature the field induces order in
the a chains and at a lower temperature the 8 chains undergo
a phase transition into the Q=X phase.

Dy,Ti,05 has been studied less by neutron scattering than
Ho,Ti,0; due to significant neutron absorption.> However,
it has been shown that at high temperatures (7>4 K)
Dy,Ti,O; is paramagnetic with fluctuations dominated by
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FIG. 4. The reciprocal space of Dy,Ti,O in the &,k,0 (top) and
h,h,l (bottom) planes as studied on PRISMA. The Q=0 and Q
=X positions are indicated by o and x, respectively. In both dia-
grams the area of the scattering plane that lies within the first alu-
minum powder line and was included in a mapping is indicated by
the curving shells. With the field along [001] (k,k,0 scattering
plane), single setting scans were measured at intermediate field
points. In this case 16 detectors cover the region between the two
radial detector trajectories enclosing the /,0,0 axis. With the field
along [110] (h,h,1I scattering plane), rocking scans were measured.
In this case 80 detector trajectories cover the region between the
two radial detector trajectories enclosing the 0,0,/ axis. This gives
vastly improved reciprocal space coverage compared to a single
setting scan such as that indicated about the %,/ ,0 axis, where only
16 detector trajectories cover the same area of reciprocal space.

single ion effects.”® The diffuse magnetic scattering in zero
field due to the short range ordered spin ice state has also
been investigated.’

It is now generally accepted that the spin ice materials
Ho,Ti,O, and Dy,Ti,O5 only differ in detail; a comparison
of the two should identify generic behavior and reveal the
importance of minor terms in the spin Hamiltonian. In this
work Ho,Ti,0; and Dy,Ti,O; have been studied by single
crystal neutron scattering with an external magnetic field ap-

plied along the [001] or [110] axis. These measurements, to
the best of our knowledge, are the first detailed microscopic
investigation of the field dependent properties of Dy,Ti,O5
at low temperature, and an extension of the investigation
already performed on Ho,Ti,O,.! A preliminary report of
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some of the results detailed below has also been made.?!
The rest of the paper is organized as follows. Following

an experimental Sec. II, results are given for the application

of the field along [001] in Sec. IIT and discussed in Sec. IV.

Then the results for the [110] orientation are given and dis-
cussed in sections V and VI. There is no detailed theory with
which to analyze these results, so we restrict ourselves to
largely qualitative discussion and conclusions (Sec. VII).

II. EXPERIMENTAL

The experiments on Ho,Ti,O; and Dy,Ti,O; were con-
ducted on different instruments at two neutron sources:
Ho,Ti,0; on D10 at the ILL reactor source, and Dy,Ti,O,
on PRISMA at the ISIS spallation source.

All the measurements reported in this paper used a single

crystal aligned with either the [001] or [110] axis parallel to
the applied field (vertical). This allowed us to access the
scattering plane with wave vectors of the type h,k,0 or
h,h,l, respectively (see Fig. 4 for an illustration of these
planes).

A. Dy,Ti,O; on PRISMA

Two experiments were carried out on the PRISMA spec-
trometer at ISIS under the same conditions. To minimize
neutron absorption, the isotopically enriched single crystal of
'62Dy2TiZO7, described in detail in Ref. 32, was used. The
crystal was varnished into a large copper support to ensure
good thermal contact and mounted on a dilution refrigerator
insert in a 7 T cryomagnet.

The 16 detectors of PRISMA make radial trajectories
across the scattering plane.®* In order to map the scattering
plane, the crystal is rotated about the vertical axis and the
scattering from adjacent sectors of the scattering plane is
collected in successive settings. To cover a small area of the
scattering plane two different types of scan can be used:
either a single setting of the crystal providing relatively
coarse coverage of reciprocal space, or for better resolution a
rocking scan. In this case the 16 detector trajectories of suc-
cessive points in the rocking scan are interleaved, consider-
ably improving the definition of features in reciprocal space.
The scattering planes used in this study are illustrated in Fig.
4.

Where nonresolution limited features were observed they
were used to extract correlation lengths. The resolution func-
tion as a function of time of flight (parallel to the detector
trajectory) is a bilateral exponential function describing the
pulse shape from the moderator.3* Perpendicular to the de-
tector trajectory the resolution function is Gaussian. The
resolution functions were parametrized and interpolated by
fitting to Bragg peaks in the high field data and convolved
with a Lorentizian to fit the experimental data.

B. HOzTi207 on D10

Ho,Ti,O; was measured on the single crystal diffracto-
meter D10 at the ILL. Two single crystals grown from a flux
of lead fluoride were used,* one for each field direction. For
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the [001] orientation the crystal was ~3 X3 X3 mm and for

the [110] orientation the crystal was ~2 X 2 X2 mm. They
were of identical quality if the widths of Bragg peaks were
compared. To simplify corrections for effects such as demag-
netization and extinction, the crystals were sphericalized.3¢

Appropriately aligned crystals were fixed to oxygen free
copper pins using stycast resin and attached to a dilution
refrigerator insert in a 2.5 T vertical field cryomagnet,
mounted on D10 using a tilt stage. D10 was configured with
a graphite monochromator and a small area detector. The
wavelength was 2.36 A and a pyrolitic graphite filter in the
incident beam was used to suppress any \/2 contamination.
w scans (in which the crystal is rotated about the vertical
axis) were measured at all positions.

The integrated intensities of nuclear and magnetic Bragg
peaks were extracted in the usual manner.>” However, the
diffuse scattering was often too broad for the w scan per-
formed. This resulted in the appearance of a flat intensity
profile, albeit elevated from the expected background, whose
intensity and width were strongly field or temperature depen-
dent. It was therefore attributed to a magnetic scattering fea-
ture broader than the width of the scan. It proved impractical
to extract widths from these features so the peak intensity
was obtained to give a measure of xq, the wave vector de-
pendent susceptibility, throughout the experiment. The am-
plitude was extracted by fitting to a functional form appro-
priate to the peak shape: straight lines, single Gaussians, or
triangular functions.

The Bragg scattering data were treated by refining model
magnetic structures using the CCSL (Ref. 38) program MA-
GLSQ. During the data analysis it became apparent that
there was a significant extinction problem. In a subsequent
experiment the larger crystal was measured at room tempera-
ture using four circle geometry and two wavelengths (1.26
and 2.36 A, copper and graphite monochromators, respec-
tively). These data were used for the refinement of extinction
parameters using the Becker and Coppens model as imple-
mented in the CCSL program SFLSQ.3*3° Thermal param-
eters derived from a Rietveld refinement against powder dif-
fraction data were used to avoid correlation between the
extinction and thermal parameters.*® The powder data were
recorded at 1.8 K on the POLARIS medium resolution dif-
fractometer at ISIS. The difference in temperature of the
single crystal and powder data sets was assumed to be ab-
sorbed by the extinction parameters as the final fit was good
(R3=4%).*° The extinction parameters allow the reproduc-
tion of nuclear intensities so that the magnetic structure can
be fitted by adjusting only the size of the magnetic moment.

The quality of the fit of the magnetic structures decreases
as the field increases (for example, in Fig. 7 it can be seen
that as the field increases, the uncertainty of the fitted mo-
ment becomes much greater). This is attributed to a field-
dependent extinction effect. It is possible for nuclear and
magnetic scattering to be affected differently by extinction.*!
Since the magnetic structures in this work are field depen-
dent, it is likely that the extinction is also field dependent. As
the field and magnetic intensity increases, the extinction cor-
rection becomes less and less applicable. It proved impos-
sible to overcome the problem with the available data.
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FIG. 5. Dy,Ti,O7 (BI[001]): scattering intensity in the h,k,0
plane recorded on PRISMA at 0.05 K in zero field (top), and in 1 T
(bottom). In zero field there is strong diffuse scattering characteris-
tic of the short range ordered spin ice state [e.g., at (3,0,0) and
(3,3,0)]. In 1 T the diffuse scattering disappears entirely, giving
way to magnetic Bragg scattering at Q=0 positions. Note that the
intensity scale is cut off at 2 to reveal the presence and/or absence
of diffuse scattering; the maximum intensity of a Bragg peak is
much greater.

III. RESULTS FOR APPLICATION OF FIELD ALONG
[001]

A. Dy,Ti,0,

The sample was cooled to 0.05 K and the /,k,0 scattering
plane was mapped. Then the first quadrant of a hysteresis
loop was measured (up to 2 T), during which the scattering
plane was mapped at 1 and 2 T. At intermediate fields, a
single setting was measured giving access to a small area of
reciprocal space surrounding the £,0,0 axis out to the
(8,0,0) reflection. After returning to zero field the crystal

was rotated to access the (4,2,0) peak and its field depen-
dence was measured.

Figure 5 compares the scattering in 0 and 1 T from the
h,k,0 plane. In zero field no magnetic Bragg scattering was
observed (the Bragg spots in Fig. 5 are nuclear scattering),
but strong diffuse scattering characteristic of the short range
ordered spin ice state was observed. The diffuse scattering
occurs at positions such as 3,0,0 and 3,3,0 but is absent at
2,0,0 and 4,2,0. It was shown in Ref. 32 that this pattern of
diffuse scattering is consistent with the formation of a short
range ordered state in which the correlations are described by
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; J
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s = 0 .5 1 1.5
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FIG. 6. Dy,Ti,O; (BII[001], T=0.05 K): Integrated intensity of
the (2,0,0) peak on the first field cycle and the (4,2,0) on the
second cycle (inset) with the field applied along [001] [the intensity
of (2,0,0) has been divided by 2]. Both peaks are purely magnetic
scattering. The history dependence and existence of metastable
states during the magnetization process is clearly seen by the dif-
ferent hysteresis in the two cycles and the plateaus. Lines are to
guide the eye only; filled symbols indicate the falling field leg.

the dipolar spin ice model. In a field of 1 T the diffuse scat-
tering entirely disappears and is replaced by magnetic Bragg
scattering at Q=0 positions. Note that there was previously
no diffuse scattering at these positions. Figure 6 shows the
integrated intensity of two purely magnetic Bragg peaks in
the successive hysteresis loops. This magnetic intensity
grows in a series of steps. These two measurements produce
similar, but not identical, order parameter curves.

B. HOzTi207

In order to search for the anticipated liquid-gas critical
point!! a detailed survey of B/T space was performed. Field
cycles up to 2.5 T were performed at 0.05, 0.15, 0.3, 0.5, 0.7,
and 1.2 K. Each was separated by warming to 1.2 K and
cooling in zero field. For this study four reciprocal lattice
positions were measured, two Q=0 positions [(2,0,0) and
(4,2,0)] and two Q=X positions [(3,0,0) and (1,0,0)].

While cycling the field, magnetic Bragg scattering was
found to develop only on the Q=0 Bragg positions. The
loops at all temperatures (Fig. 7) are consistent with the de-
velopment and saturation of the Q=0 structure described in
Sec. I for application of a field along [001] (Fig. 1). In all
cases R3<10%.%° The value of the ordered moment obtained
(10.3+0.4up atom™") agrees well with that expected for
Ho* (10.0up atom™"). Increasing hysteresis was observed as
the temperature was decreased below 0.5 K. At 0.05 K a
remnant magnetization is frozen into the sample on return to
zero field.

Although no Bragg scattering was observed at the O=X
positions, strong diffuse scattering associated with the short
range ordered spin ice state was observed in zero field (as
described above for Dy,Ti,O- and discussed in Refs. 3 and
32). The intensity of this scattering during the field cycle at
0.05 K is compared to that of the (2,0,0) in Fig. 8. The
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FIG. 7. Ho,Ti,O5 (BII[001]): development of Q=0 magnetiza-
tion at different temperatures, with the field applied along [001]. As
the temperature decreases increasing hysteresis and metastable
states appear in the magnetization, although the final ordered state
is always the same. Lines are to guide the eye only, filled symbols
indicate the falling field leg, and successive higher temperature
loops are shifted by —1 T and +0.5up atom™'.

diffuse scattering persists in finite field and shows a steplike
decrease commensurate with the steplike increase in the
(2,0,0) scattering. The spin ice diffuse scattering disappears
as the Bragg scattering saturates in the fully ordered state.
This relationship between Q=0 Bragg and Q=X diffuse scat-
tering exists at all temperatures measured, but at elevated
temperatures (7>0.5 K) there is no hysteresis.

After the hysteresis loop at 0.05 K was completed, the
temperature was raised in zero field. As observed above and
shown in Fig. 7, there is a remnant magnetization at the point
where the hysteresis loop returns to zero field. As the tem-
perature rose, the Bragg scattering disappeared and the dif-
fuse scattering was re-established at 7=0.5 K (see Fig. 8).

IV. DISCUSSION OF RESULTS WITH FIELD APPLIED
ALONG [001]

Both materials show similar behavior: they are driven into
the Q=0 structure by the application of the field, with asso-
ciated complete removal of degeneracy. At low temperatures
this process is strongly hysteretic.

The postulated liquid-gas critical point was not irrefutably
absent. The prediction of Harris ef al. can be cast as a first
order phase transition in finite field.!" In both materials this is
observed at 0.05 K, where the fact that the transition is first
order is clearly indicated by the hysteresis and absence of
diffuse or critical scattering at the incipient ordering wave
vectors. In Ho,Ti,O; the transition becomes continuous
above 0.5 K, where there is no hysteresis. The critical point
must lie in this temperature range, if it does exist. Using the
effective nearest neighbor coupling strength [J.z=1.8 K
(Ref. 42)] and expected rare earth moment sizes
(10.0up atom™") the critical point is expected at 7,=0.29 K
and B.=0.27 T for Ho,Ti,0,. The development of the hys-
teresis in Ho,Ti,0; occurs in the right temperature and field
regime but does not agree in detail with these predictions.
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FIG. 8. Ho,Ti,O7 (BII[001]): the intensity of the diffuse scatter-
ing, at the (1,0,0) position as a function of rising (top) and falling
(middle) field, at 0.05 K. The (2,0,0) peak intensity is shown as a
comparison (it has been divided by 100). As the fully ordered struc-
ture develops the sample passes through a partially ordered regime
in which both Bragg scattering and diffuse scattering from the short
range ordered spin ice state are observed (between 0.3 and 0.7 T).
At the end of the field cycle the sample is frozen in a partially
ordered state with a remnant magnetization. As the temperature is
raised above 0.5 K, the remnant magnetization decays and the dif-
fuse scattering characteristic of the zero field spin ice state is re-
established (bottom). Lines are to guide the eye only; filled symbols
indicate the falling field leg.

The behavior of the dipolar spin ice model in applied field is
largely unknown: it is possible that the critical point may
appear elsewhere in (B,T) space for this model.

An alternative explanation of the observations is a cross-
over from an intermediate temperature regime (7<1 K) in
which ice rules correlations are established but exploration
of the ground state manifold is still possible, to a frozen low
temperature regime (7<<0.5 K), where spin relaxation be-
comes extremely slow. This was clearly demonstrated in
Ho,Ti,0; by the decay of the remnant magnetization into the
disordered spin ice state as the sample was heated from
0.05 K above 0.5 K (see Fig. 8). In zero field the disordered
spin ice state is favored, but the system is unable to relax
from the partially magnetized state until dynamics are re-
stored at 7=0.5 K.

Accordingly the magnetization plateaus in the hysteresis
loops at 0.05 K must be due to metastable states produced by
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the lack of relaxation. This is also suggested by the tempera-
ture (in Ho,Ti,O5) and history (in Dy,Ti,0,) dependence of
the hysteresis. In Ho,Ti,O; there is a plateau at
~6ug atom~!. We propose that because the system has
crossed into a frozen state at 7=0.5 K, it is barely able to
relax. Therefore, the plateau does not represent a structure of
partially ordered sublattices with a magnetization of 6/10, or
fluctuating moments contributing an average of 6/10 of the
saturated magnetization. Instead, it represents a partially or-
dered spin ice, in which 6/10 of the moments have been
driven into their ordered orientation by the field and pinned.
The remaining 4/10 require higher fields to reorient them.
The neutron scattering results from Ho,Ti,O; (Fig. 8) sup-
port this hypothesis. The system begins in a disordered spin
ice state, with diffuse scattering and no magnetic Bragg
peaks. Applying an external field results in magnetic Bragg
scattering from an ordered structure. Simultaneously the dif-
fuse scattering from short range correlations decreases. How-
ever, in the intermediate plateau region both Bragg and dif-
fuse scattering are present, indicating that the system has
regions of both long and short range order.

The suggestion of a crossover at 0.5 K, from a regime in
which the spin interactions maintain the system in a spin ice
state but there are sufficient dynamics to allow relaxation, to
one which is completely frozen (as regards spin flips), is in
accord with other related measurements. When measuring
Ho,GaSbO,, Blote et al. noted that below T=0.3 K it ap-
peared that the spin system was apparently no longer in good
thermal contact with the thermometer.** Similar effects were
observed by Orend4¢ in more recent heat capacity measure-
ments on Ho,Ti,O;: below a temperature of 7=0.6 K the
heat capacity became time dependent.** Matsuhira et al.
found that the susceptibility of Ho,Ti,O; was virtually zero
below 0.5 K.*3 No dynamics have been detected by inelastic
neutron scattering.** However, neutron spin echo*’ and muon
spin relaxation*® measurements have observed some residual
spin dynamics at these temperatures. The same is also true of
Dy, Ti,0,.24% Our neutron scattering data are consistent
with this as the hysteresis develops in field scans at 0.5 K
and below (see Fig. 7) and freezing is also evident below
0.5 K (see Fig. 8).

V. RESULTS FOR APPLICATION OF FIELD ALONG [110]
A. DyZTi207

Because two experiments were performed and the path
through (B, T) space became quite complex, we discuss the
experiments in terms of similar field and/or temperature con-
ditions.

1. Hysteresis loops at 0.05, 0.3, and 1.9 K

Two hysteresis loops were measured at both 0.05 K (one
in each of the two experiments) and two further hysteresis
loops were measured at 0.3 K (both in the second experi-
ment), and one at 1.9 K (second experiment). Information
about the development of spin correlations can be extracted
from the behavior of both Bragg and diffuse scattering. In
zero field at 0.05 and 0.3 K there is diffuse magnetic scatter-
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0,01

0,0,

h,h0

FIG. 9. Dy,Ti,0; (BI[110]): Scattering intensity in the /,k,1
plane recorded on PRISMA at 0.05 K in zero field (top), and in
1.5 T (bottom). In zero field the diffuse scattering is characteristic
of the short range ordered spin ice state (Ref. 32). In 1.5 T both
Bragg [at Q=0 positions such as (0,0,2)] and diffuse [at Q=X
positions such as (0,0,3)] magnetic scattering is observed indicat-
ing the coexistence of long and short range magnetic order. Note
that the intensity scale is cut off at 2 to reveal the presence and/or
absence of diffuse scattering; the maximum intensity of a Bragg
peak is much greater.

ing typical of the spin ice ground state’? [see Fig. 9, the
diffuse scattering appears at positions such as (0,0,3) and
(1.5,1.5,1.5)]. On applying a magnetic field, magnetic
Bragg scattering appears at Q=0 positions like (0,0,2).
Concomitantly the broad diffuse scattering of the spin ice
state disappears and is replaced by diffuse scattering of a
new form centered around antiferromagnetic Q=X positions
such as (0,0,2n+1) (see Fig. 9).

The new diffuse scattering is sharper than that observed in
the spin ice state and it is distinctively distributed. To distin-
guish it from the Bragg peaks and spin ice diffuse scattering
it will be referred to as a Q=X feature. The Q=X features are
relatively narrow parallel to the /,h,0 direction, but remain
quite wide along 0,0,/. The distinctive distribution of scat-
tering in the Q=X features is clearly seen in the mapping of
the scattering plane in 1.5 T during the first hysteresis loop at
0.05 K (see Fig. 9). Even in a field of 1.5 T the Q=X fea-
tures are not resolution limited.
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FIG. 10. Dy,Ti,O; (BI[110]): the amplitude of the Q=X fea-
ture at (0,0,3) during hysteresis loops at 0.05 and 0.3 K in the
second experiment. The degree of correlation in the B chains is
temperature dependent. At 0.3 K they become more strongly corre-
lated. Lines are to guide the eye only; filled symbols indicate the
falling field leg.

At 0.3 K the disappearance of the spin ice diffuse scatter-
ing and development of the Q=X features is similar to that
described for 0.05 K. The form of the hysteresis loops differ
in detail, but both Bragg scattering and Q=X features were
observed. The Q=X features become more intense at 0.3 K
than at 0.05 K (see Fig. 10). At 1.9 K only Q=0 Bragg scat-
tering was observed; the Q=X features did not appear.

Comparison of the development of the Bragg scattering
during hysteresis loops measured at the same temperature
reveals that the form of the curve depends on the field incre-
ments, or ramp rate, used to measure the loop. At both 0.05
and 0.3 K, two different hysteresis loops have been mea-
sured and shown in Fig. 11. At each temperature one loop
was recorded with coarse field increments, corresponding to
to sweep rates in the initial parts of the hysteresis loops
(where the separation of the field points was equal) of
0.074 T h™! at 0.05 K and 0.09 T h™! at 0.3 K. These loops
contain steps or discontinuities in the development of the
order parameter. Subsequent investigations, using finer field
increments with sweep rates of 0.02 T h™' at 0.05 K and
0.045 T h™! at 0.3 K generally reduced the number of steps
in the loop but those that remained were more clearly re-
solved. Also, with fine field increments, there is a clear dif-
ference between 0.05 and 0.3 K. With fine field increments at
0.3 K the steps disappeared and a very smooth increase in
intensity was observed. At 1.9 K no hysteresis was observed.

2. Temperature scans in applied field

At 1.5 T, after the first field cycle at 0.05 K, the tempera-
ture was raised to ~1 K. In this temperature range, the QO
=0 Bragg peaks were found to be temperature independent.
However the intensity of the Q=X features passes through a
maximum at 0.7 K. Another temperature scan was performed
after the second hysteresis loop at 0.05 K. This was done in
0.4 T, to begin in the partially ordered plateau phase. A more
pronounced maximum in the intensity of the Q=X features
was observed at 0.6 K, above which both 0=0 and Q=X
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002(Q=0),T=005K
—o— Coarse field steps (field rising) ||
—o— Coarse field steps (field falling)

0,02(0=0),T=0.05K
—~— Fine field steps (field rising) ||
—— Fine field steps (field falling)

—— 0.05 K (field rising)
—e— 0.05 K (field falling) ||
—7— 0.3 K (field rising)

0 05 1 15
B[T]

Integrated Intensity [Arbitrary Units]

7 0,02(0=0),
| fine field steps

FIG. 11. Dy,Ti,O; (BII[110]): Integrated intensity of (0,0,2)
with the field applied along [110] and the coarse field stepping at
0.05 K (top), fine field stepping at 0.05 K (middle), and fine field
stepping at 0.05 and 0.3 K (the loops at 0.05 K were recorded in
separate experiments and the intensities from the first are scaled to
compare with the second). At the same temperature, slower sweep
rates smooth the magnetization process (top and middle). At similar
sweep rates there is a change in the dynamical regime between 0.3
and 0.05 K as shown by the presence and/or absence of steps at
0.05-0.3 K (bottom). Lines are to guide the eye only; filled sym-
bols indicate the falling field leg.

scattering decreased. (These results are not shown in a fig-
ure.)

B. HOzTi207

The sample was cooled to 0.05 K in zero field and a full,
five quadrant, hysteresis loop was measured (up to 2.5, down
to —2.5, then back up to 2.5 T). The temperature was then
raised to 1.2 K and then cooled to 0.05 K while maintaining
a field of 2.5 T. At each field and/or temperature point at
least five reflection positions were measured using w scans,

these being (1,1,0), (0,0,1), (1,1,1), (1,1,3), and (0,0,2).

1. Hysteresis loop at 0.05 K

The hysteresis loop commences in the zero field cooled,
short range ordered spin ice state, with no magnetic Bragg
scattering and diffuse scattering at (0,0, 1) and (1,1,0). This
state persists in small fields. At 0.1 T there is a sudden in-
crease in intensity at both Q=0 and Q=X positions. The
integrated intensity of the (0,0,2) Bragg peak during the
entire hysteresis loop is shown in Fig. 12. The (0,0,2) in-
tensity evolves through a series of discontinuities at 0.5 and
0.75 T and saturates in ~1.25 T. In subsequent field cycles
the saturation intensity is identical, as is the evolution of
intensity during equivalent sections of the cycle (e.g., field
falling to zero from 2.5 and —2.5 T). The pristine curve lies
outside the subsequent field cycles.

The scattering at the Q=X positions (1,1,0) and (0,0,1)
is diffuse and these features never evolved into a clearly
defined peak shape within the bounds of the w scan during
the field cycle. The intensity at the (0,0,1) position is also
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FIG. 12. Ho,Ti,O, (BI[110]): Hysteresis loop at 0.05 K. The
amplitude of the diffuse feature at (0,0, 1) relates to the degree of
correlation in the B chains (top). The (0,0,2) peak (bottom) is
directly related to the order in the « chains. As the a chains are
ordered by the field, correlations are produced in the £ chains. The
B chains evolve toward an increasingly correlated state but are only
able to do so when the field produces dynamics in the « chains.
Only the central region of the hysteresis loop is shown; there are no
intensity changes in the sections between 1.5 and 2.5 T or —1.5 and
—2.5 T. Lines are to guide the eye only; filled symbols indicate the
falling field leg.

shown in Fig. 12. The evolution of the Q=X features
throughout the hysteresis loop is striking. In general, the in-
tensity increases from the beginning to the end of the field
cycling (the full five quadrants). However, it does so discon-
tinuously. When the intensity of the Q=0 peaks is saturated,
there is no change of intensity at the Q=X positions. Only
when the hysteresis loop passes through a region where there
are field induced changes in the Q=0 intensity, do changes
occur in the Q=X features.

Although the detailed shape of the peak is not accessible
in a single w scan, some further details about their form were
established. It is possible that the features could be part of
sheets of scattering extending along 0,0,/. Our collection of
peaks allows us to check this possibility. w scans at an
(0,0,1) position scan across this sheet. First, the fact that the
(0,0,1) feature is flat, or outside the width of the w scan,
means that any such sheet is also rather broad perpendicular
to 0,0,7. It would be expected as a flat background contri-
bution at (0,0,2) as well. Likewise, the presence of (1,1,0)
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as a flat feature would imply another sheet extending along

1,1, which would be visible in the background of (1,1, 1).
However, the backgrounds of both Bragg peaks are field in-
dependent. This rules out the possibility of extended sheets
of scattering parallel to either 0,0,/ or #,h,0 and suggests
that the Q=X features are localized, as in Dy,Ti,O,.

Two possible magnetic structures, with Q=0 and Q=X,
were discussed in the earlier work of Harris et al.! These
structures were assumed to be fully ordered which in light of
the present results is not appropriate. The presence of both
magnetic Bragg scattering and the Q=X features implies that
there must be a population of ordered and disordered spins.
To fit the Bragg scattering we used a magnetic structure with
zero moments on the B sites and the ferromagnetic « chain
configuration depicted in Fig. 3 to fit the magnetic Bragg
peaks. This is equivalent to assuming that the S spins are
completely disordered and the Q=X features were ignored.
The moment, fitted with 20 Q=0 reflections,
(6.5+£0.3ug atom™')  was less than the expected
10.0u5 atom™" for Ho** and less than that observed with the
field applied along the [001] direction (10.3up atom™), con-
sistent with the findings of Harris et al.! We believe the
observed reduced moment is an artifact of the poor extinc-
tion correction due to the use of extinction parameters re-
fined for the crystal used in the other orientation.

2. Temperature scans in applied field

After the hysteresis cycle had returned to 2.5 T the system
was warmed to 1.2 K and then cooled back to 0.05 K in a
field of 2.5 T. An enormous gain in intensity is seen at the
Q=X positions, in particular (0,0,1), above 0.3 K. The
broad feature outside the width of the w scan at low tempera-
ture develops into a quite sharp peak. The correlations be-
tween the S chains are definitely three dimensional at this
stage. However, these features are not resolution limited and
do not have the form of a Bragg peak in the detector volume.
The temperature dependence is shown in Fig. 13. There is
only a tiny increase in the Q=0 Bragg peak intensity during
the temperature cycle.

VI. DISCUSSION OF RESULTS WITH FIELD APPLIED
ALONG [110]

The field-dependent of Dy,Ti,0O; and

Ho,Ti,0, with field applied along [110] show many generic
features. In this section we discuss these and the conclusions
which can generally be drawn for spin ice materials with a
field along [110].

The spin system is separated into two subsystems, the «
and B chains. This is inferred from the coexistence of long
and short range order, the field induced short range order,
and the contrasting temperature behavior of the =0 and
Q=X scattering. Although the evolution of the ordered Q
=0 phase is not identical in all hysteresis loops, the « chains
always reach the same fully polarized state, independent of
the state of the B chains. This is shown by the identical
saturation intensity of the Q=0 peaks in hysteresis loops at
different temperatures in Dy,Ti,O; (Fig. 11, bottom) and in

properties
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FIG. 13. Ho,Ti,O; (BI[110]): temperature scan in a field of
2.5 T. The amplitude of the diffuse feature at (0,0, 1) was fitted as
a flat line (0.05-0.3 K), single Gaussian (0.3—0.6 K), or triangular
peak (0.6—1.2 K and all points on the falling 7" scan). For T<J
increasing the temperature activates the dynamics of the 8 chains
and also causes their level of correlation to increase. As T ap-
proaches Jg the activated dynamics begins to destroy the correla-
tions; this is evident in the down turn of (0,0, 1) intensity at 1.1 K.
Lines are to guide the eye only; filled symbols indicate the falling
temperature leg.

subsequent field cycles in Ho,Ti,O; (Fig. 12, bottom). This
structure is the ferromagnetic arrangement of « chains illus-
trated in Fig. 3.

When the magnetic Bragg scattering appears, the form of
the diffuse scattering changes considerably. The broad dif-
fuse scattering of the spin ice state is replaced by the O=X
features. This is clearly seen in Dy,Ti,O;, where the O=X
features can be seen to have the same form as in Fig. 9,
throughout the hysteresis loop. It is also inferred in
Ho,Ti,O; from the observation of low, field independent
backgrounds at the Bragg peaks adjacent to the Q=X posi-
tions, which rules out the presence of extended scattering
features. The position of the features (i.e. at Q=X) and the
fact that they are discrete in reciprocal space shows that there
must be antiferromagnetic correlations between [3 chains.
The anisotropic shape of the features in Dy, Ti,O, shows that
the order is longer ranged parallel to /,/,0 (intrachain cor-
relation length) than parallel to 0,0,/ (interchain correlation
length). A single correlated region in Dy, Ti,05 is therefore a
collection of a few chains [with an interchain correlation
length {=14+1 A this is 1.13 unit cells (in the 1,1,0 direc-
tion) and so 4-5 chains], each extending 129+3 A (intra-
chain correlation length) and ordered antiparallel. The actual
correlation lengths measured depend on the history of the
sample (the above estimates were obtained at 0.05 K and
1.5 T), but in the most correlated states observed they are
always of this order. We do not know what happens out of
the scattering plane: the Q=X features could be rods or el-
lipsoidal features intersecting the scattering plane. Rods
would indicate a two-dimensional ordering of B chains in
planes parallel to the scattering plane. Three-dimensional el-
lipsoids would indicate three dimensional domains.

In both Dy,Ti,0, and Ho,Ti,0, the Q=X features appear
as localized features which then sharpen, i.e., no extended
sheets of scattering were detected. This means that the inter-
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chain correlations begin to form at the same time as the
chains form. This observation may be compared to those of
Hiroi et al. who made a calorimetric study of Dy,Ti,O in a
field applied along [110].'® On the basis of these results they
argued that the S chains behaved effectively as an assembly
of one-dimensional ferromagnetic Ising chains. The long but
finite intrachain correlation length is indeed a characteristic
property of the one-dimensional Ising ferromagnet. Our re-
sults clearly show that there are also correlations between the
chains.

Hiroi et al. pointed out that these chains are arranged in a
triangular array, which frustrates the coupling between them,
preventing the development of true long range order.'® The
triangular arrangement is not perfectly equilateral, so that in
theory a transition to Q=X order is observed in the 3 chains.
Our results also show clearly that the spin system does not
achieve the long range order theoretically predicted at this
point in (B,T) space.>*?

Indirectly these experiments have probed the dynamical
processes operating in the spin ice materials in this very low
temperature regime. The unusual situation of having the B
chains perpendicular to the field and yet coupled to it by their
interaction with the « chains gives particular insight into the
dynamical regimes.

At 0.05 K, for both materials the correlations in the S
chains only evolve when dynamics are restored by the field,
via the a chains. This shows that at 0.05 K the chains are
frozen, regardless of whether they are directly coupled to the
field. In all the experiments the histories followed placed the
magnet in a strong field at a very low temperature, with
relatively disordered B chains (i.e., there was considerable
potential for further order to develop in the B chains). In both
materials this led to the observation that the 8 chains can be
freed from the « chains and exhibit their own independent
behavior. This was most clearly shown in Ho,Ti,O; where
the rising temperature led to a startling increase in sharpness
and intensity of the Q=X features. For Dy,Ti,O; the degree
of correlation achieved in the B chains was greater in a hys-
teresis loop at 0.3 K than at 0.05 K. At 1.9 K the Q=X fea-
tures do not form. This shows that for 7>/ (1.1 K for
Dy,Ti,05) the formation of the « chains does not require the
formation of the B chains.

In a field applied along [110] the spin ices appear to seek
a fully long range ordered ground state, but never realize
one. This is shown by the ever increasing degree of correla-
tion in the B chains when dynamics are restored and the «
chains are controlled by the field. The increasing correlations
are characteristic of the formation of the Q=X structure. The
transverse ordering must be controlled by long range inter-
actions, as the chains are not coupled by nearest neighbor
interactions. It remains unclear whether the equilibrium state
is the predicted fully ordered Q=X structure>*?’ rather than
the extended-range correlated state actually observed. The
work of Harris et al. also should be examined.! They con-
cluded that the Q=X structure was a high temperature modi-
fication of the Q=0 structure. Here it is shown that because
of the nonequilibrium nature of the low temperature regime,
the magnetic structure observed is controlled by the dynam-
ics and history of the system. The question of the existence
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and spontaneous selection of a ground state in spin ice re-
mains open. It is surprising that after these extensive travels
in (B, T) space, the materials seem to be arrested on the brink
of order. Even at T=1 K where the susceptibility is large
and there are considerable dynamics available in Ho,Ti,0; it
is unable to locate an ordered ground state.

At low temperatures (7<<0.5 K) the magnetization of the
a chains depends on the rate of sweeping the field (Fig. 11).
In most of the hysteresis loops observed in this regime the «
chain magnetization develops discontinuously through a se-
ries of jumps. In Ho,Ti,O,, where repeated cycles were
made, the pristine order parameter curve lies outside of the
main hysteresis loop which shows that the zero field cooled
spin ice state is harder to magnetize than the field-cycled
state (Fig. 12).

Similar magnetization jumps (like a giant Bark-
hausen noise) are observed in the random anisotropy
Ising magnets such as amorphous Dyg4Cugso.>! Field-
induced magnetization steps with sweep rate dependence
have also been observed in the systems GdsGe, and
Lay ¢Cag 4Mng 0sGag 405.°> Both those systems have a field-
induced crossover from an antiferromagnetic to a ferromag-
netic ground state, accompanied by a martensitic structural
transition. The steps were attributed to the burstlike growth
of ferromagnetic regions in an antiferromagnetic matrix. The
sweep rate dependence is believed to be due to the difficulty
of accommodating the structural intergrowths at faster field
sweep rates. Such behavior can also be attributed to the ex-
istence of two competing ground states. Here we have no
structural phase transition but there are two distinctive states
at either end of the field sweep, the entropically favored spin
ice state in zero field and the energetically favored Q=X
state in high field. The situation with the field applied along
[001] is analogous but with a different field-induced ground
state. We suggest that these transitions might be viewed in
the same way. Long range order grows in bursts out of the
disordered spin system. In the martensitic transitions the
bursts are due to the fact that system is well below the energy
scale of the electrostatic interactions which maintain the
structure and so the dynamics of the structural rearrangement
are extremely slow. Here the system is well below the energy
scale of spin-spin interactions and the establishment of the
ice rules regime severely restricts dynamics by preventing
simple spin flips. Consequently all the transitions are being
controlled by the balance of spin-spin interactions and mag-
netic field, with the small effective temperature promoting
metastability.
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VII. CONCLUSIONS

We have investigated the field-induced order in the spin
ices Ho,Ti,O; and Dy,Ti,O;. The degeneracy removal
scheme depends upon the direction along which the field is
applied. As expected, the application of a field along [001]
leads to the selection of a long range ordered state of the

0=0 type. Application of the field along [110] leads to the
separation of the system into « and B chains. It has been
shown that the B chains have a long but finite intrachain
correlation length and a short interchain correlation length,
and that the degree of correlation is history-dependent. A
pathway to a spontaneous selection of a long range ordered
ground state was not found, despite partial constraint of the
system by the field.

A prevalent feature of the experiments was the strong his-
tory dependence, usually manifested as hysteresis on cycling
the field. It is concluded that as the experiments operate on
such a long timescale, the dynamics of a spin ice are ex-
tremely slow in this temperature range. These slow dynamics
mean that metastable states and coexisting long and short
range order could be observed in both orientations. It was
also shown that there is a change of dynamical regime from
one in which the spin ice correlations are established but
dynamical processes operate, to one in which the spin ice is
much more strongly frozen. For measurements such as these
this occurs at 7=0.5 K for Ho,Ti,O; and 7=~0.3 K for
Dy,Ti,O,. The determination of the microscopic details of
these dynamics remains a difficult problem.
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