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Abstract

We present a novel field-induced phase transition in the spin ice compound
Dy, TipO7 that is investigated by means of angle-resolved DC magnetization
measurements.  In the near [112] field, the magnetization component
perpendicular to the Kagomé plane shows a first-order phase transition below
0.27 K. This transition is driven by a ferromagnetic ordering in the field-
decoupled spins on the triangular lattice. Furthermore, we revealed another
first-order phase transition below 0.52 K in a magnetic field between the
[110] and [111] directions. This phase transition is related to a breakdown of
ferromagnetic Ising spin chains along [1 TO] or [TIO].

1. Introduction

Recently, pyrochlore compounds have been attracting a great deal of interest because spins
reside on the vertices of corner-shared tetrahedra [1-6]. In the pyrochlore lattice, a
ferromagnetic coupling between the spins leads to full frustration in the case of a strong single-
ion Ising anisotropy along the (111) axes [4, 7]. Consequently, stable spin configurations for
each tetrahedron obey the ice rule, i.e., two spins pointing outward and two spins pointing
inward (the 2-in 2-out state) in a basic tetrahedron are stabilized [4]. As a result, the ground
state of the entire spin system is highly degenerate and a static disordered (spin ice) state is
formed at low temperature, in spite of the structural order of the lattice. In the typical spin ice
compound Dy, Ti,O7 (the effective ferromagnetic coupling Jor = 1.1 K), a macroscopically
degenerate ground state analogous to water ice is realized in zero magnetic field below
~0.5 K [8]. An interesting aspect of the spin ice system is that the ground state degeneracy can
be removed by applying a magnetic field [4]. Ramirez et al studied the effect of a magnetic field
on the powdered specimen of Dy,Ti,O; by calorimetric measurements [8]. Interestingly, for
fields higher than 1 T, the specific heat data revealed three sharp peaks at 0.34,0.47 and 1.12 K,
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suggesting new phase transitions in magnetic fields. Furthermore, their critical temperatures
were insensitive to the field strength.

Since then, the field-induced phase transition in the pyrochlore spin ice has been
progressively investigated in several studies. The anomaly at 1.12 K is ascribed to an ordering
in a field applied along the [110] direction of the cubic unit cell [9—14]. Under the [110] field,
half of the spins have their Ising axes oriented perpendicular to the field and are decoupled from
the field. These spins behave as unique ferromagnetic Ising spin chains, weakly interacting with
each other through a long-range dipolar interaction. An intra-chain spin freezing is expected
with a rather sharp feature in the specific heat at ~1.1 K [11]. Another sharp feature at 0.47 K
is ascribed to a novel first-order phase transition associated with the collapse of a Kagomé ice
state in a [111] field [15-18]. The pyrochlore lattice consists of Kagomé and triangular planes
stacked alternately along the [111] direction. When a magnetic field is applied along the [111]
direction, spins on the triangular planes first align along the field direction because they have
their Ising axes parallel to [111]. However, spin configurations on the Kagomé planes still have
a macroscopic degeneracy under the 2-in 2-out ice rule. This intermediate state with a finite
residual entropy is called Kagomé ice [15]. When the applied field increases further, the spin
configuration of 2-in 2-out turns into a fully polarized state (1-in 3-out or 3-in 1-out) through a
first-order transition of liquid—gas-type at ~0.9 T with the critical point T, ~ 0.4 K [17].

Furthermore, recently, the origin of the 0.34 K anomaly has been theoretically proposed
by Ruff ez al [14]. The new phase transition is ascribed to the ordering in the triangular lattice
near the [112] field, which is slightly canted toward [111] to cancel internal nearest-neighbour
exchange plus the dipolar local field. Considering that a strong field is applied along the [112]
direction parallel to the (111) Kagomé plane, the spins on Kagomé planes are aligned toward
the field direction. On the other hand, the spins on triangular planes do not couple to the field
and are free. Interestingly, Ruff er al pointed out that a ferromagnetic coupling arising from
a long-range dipolar interaction as well as a weak antiferromagnetic third-nearest-neighbour
interaction leads to a ferromagnetic ordering of the field-decoupled spins at 7, ~ 0.35 K [14].
The predicted phase transition near the [112] field has been studied by Higashinaka et al by
AC magnetic susceptibility measurements on a single crystal of Dy,Ti,O7 [19]. They obtained
a signature of the predicted phase transition. However, the observed [111] susceptibility did
not show a clear divergence at the critical temperature. Based on their experiment, we cannot
conclude that the anomaly is a ferromagnetic ordering, as theoretically predicted.

As mentioned above, some unsolved problems on the field-induced phase transition
remain. We have researched the field-induced phase transition by means of field-angle
dependent DC magnetization measurement. The field-angle dependent DC magnetization
measurement is very useful in revealing a new field-induced phase transition. In the present
paper, we report the results obtained for two field-induced phase transitions of Dy, Ti,O7.
One transition is a ferromagnetic ordering in the triangular lattice, as theoretically predicted.
Another is a first-order phase transition below 0.5 K in a magnetic field between the [110] and
[111] directions. This phase transition is related to a breakdown of ferromagnetic Ising spin
chains along [1 iO] or [i 10]. To our knowledge, this is the first investigation of this transition.

2. Experimental details

A single crystal of Dy,Ti;O; was grown by the floating-zone method as described
previously [15]. A thin plate-like crystal of size 0.25 x 2 x 2 mm> and having a weight of
6.99 mg was prepared for magnetization measurements. The largest face was the (110) plane.
To minimize the demagnetization field effect, the field direction was applied along the (110)
plane. Angle-resolved magnetization measurements were performed by the Faraday method
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Figure 1. (a) Field-angle variation of the magnetization for Dy, Ti,O7 obtained at 0.3 K in a
field of 2 T rotated in the (110) plane. The broken and dash—dotted lines show the calculated
angular dependence of the saturation magnetization for 1-in 3-out and 2-in 2-out states, respectively.
(b) Field applied in the (110) plane.

using a 3He cryostat, as described previously [20]. Rotating the cryostat using a stepper motor
controlled by a computer, the magnetization was measured as a function of the field angle with
aresolution of 0.01°. The accuracy of the crystal orientation was within 0.5°. Demagnetization
field correction was performed using a demagnetization factor of N ~ 0.08 [20]. Here, H*
denotes the field after the demagnetization field corrections.

3. Results and discussion

Figure 1(a) shows the field-angle variation of the magnetization My (M «(H /H)) for Dy,Ti, O
obtained at 0.3 K in a field of 2 T rotated in the (110) plane, where M is the magnetization
and H is the applied magnetic field. The broken and dash—dotted lines show the calculated
saturation magnetization for 1-in 3-out and 2-in 2-out states, respectively. As shown in
figure 1(b), the main directions, such as [110], [111], [112] and [001], are included in the (1 10)
plane. At 0.3 K in a field of 2 T, the magnetizations along the [110], [112] and [001] directions
saturate to the calculated saturation magnetization for the 2-in 2-out state. On the other hand,
the magnetization along the [111] direction saturates to the calculated saturation magnetization
for the 1-in 3-out state. Interestingly, we observed a discontinuous change from the 2-in 2-out
state to the 1-in 3-out state around field angles of —19.6° and 12.4°. The discontinuous change
of spin configuration suggests a phase transition.

First, we focus on the discontinuous change of My between the [111] and [112] directions.
Recently, we have obtained the first thermodynamic evidence for a ferromagnetic transition of
the field-decoupled spins on the triangular lattice in a field near the [112] direction [14, 20]. In
figure 2(a), we show the field-angle variation of the magnetization My obtained at temperatures
above 0.29 K in a field of 2 T rotated in the (110) plane, where 6 is the angle between H and
the [112] direction (figure 2(b)). The data in figure 2 were obtained by rotating the field from
0 = 5° to —25°, passing through the [111] direction (§ = —19.4°). In the field reverse rotation
from 6 = —25° to 5°, we detected no difference in the magnetization behaviour. The broken
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Figure 2. (a) Field-angle variation of the magnetization for Dy,Ti,O7 obtained at various
temperatures in a field of 2 T rotated in the (110) plane. The broken and dash—dotted lines represent
the field-angle variation of the calculated saturation magnetizations for the 2-in 2-out and 1-in 3-out
states, respectively. The field-angle 6 is measured with respect to the [112] direction (reproduced
from [20]). (b) 1-in 3-out (or 3-in 1-out) state in the [111] field. The spins denoted by B, C and D
in the Kagomé plane then align along the [111], [111] and [111] directions, respectively, so as to
maximize the Zeeman energy gain. (c) 2-in 2-out state in the [112] field.

and dash—dotted lines show the calculated angular dependence of the saturation magnetization
for 1-in 3-out (or 3-in 1-out) and 2-in 2-out states, respectively. Near the [112] direction, the
measured magnetization My (0) agrees closely with the angular variation expected for the 2-in
2-out state. Considering that a strong field is applied along the [112] direction parallel to the
(11D Kagomé plane, as shown in figures 2(b) and (c), the Kagomé and triangular planes are
stacked alternately along the [111] direction. For the [112] direction, the spins denoted B, C
and D in the Kagomé plane align along the [111], [1 1 1] and [I 11] directions in the field of 2 T,
respectively. On the other hand, for the [112] direction, the spins denoted by A in the triangular
plane are decoupled from the field because its Ising axis is normal to the field. In this situation,
an internal field H; that occurs as a result of the nearest neighbour interaction with spins B ~ D
forces all of the spins on the A sublattice to point along [111] in order to maintain the 2-in 2-out
state on each tetrahedron, as shown in figure 2(c).

When the magnetic field is slightly tilted from the [112] direction toward the [111]
direction, a field component antiparallel to [111] appears and couples to spin A. At critical
angle 6., this field component compensates the internal field H; acting on spin A. A flipping of
the spins on the A sublattice toward the [11 1] direction occurs as the field is further tilted across
0.. In figure 2(a), we have observed that My () exhibits an abrupt jump to the value expected
for the 1-in 3-out state at 6 = 6. ~ —8°. This discontinuous change indicates that spin flip
occurs in the triangular lattices. Note that this magnetization jump at 6, becomes shaper with
decreasing temperature.

In figure 3(a), we show M, as a function of H* at various temperatures above 0.29 K,
where M, is the magnetization component along the [111] direction and H, is the magnetic
field component along the [111] direction, i.e., H, = H sin@. Figure 3(b) shows the angular
relation of the magnetization of the system. Near the [112] direction, M for the 2-in 2-out
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Figure 3. (a) Transverse magnetization M, versus H;* for Dy, Ti,O7 with a strong field (1o Hy112] ~
2 T) applied along the [112] direction. Demagnetization field correction has been performed for
the transverse field H,, as described in the text. The in-plane field component Hjj12) (=H cosé)
is in the range 1.8-2.0 T in this plot. The broken and dash—dotted lines represent the calculated
saturation magnetizations for the 2-in 2-out and 1-in 3-out spin states, respectively. The inset shows
the reciprocal of the peak value (dM;/d H*)peax as a function of temperature, where (dM/dH /") peak
tends to diverge just below 0.29 K, indicating the existence of a phase transition (reproduced
from [20]). (b) Definition of the magnetization and the magnetic field along the [111] direction,
where M and My denote the magnetization of the triangular and Kagomé lattices, respectively.

state has a component along the [001] direction. Near the [111] direction, M for the 1-in 3-out
state has a component along the [111] direction. Next, M can be expressed as the sum of the
Kagomé lattice (M) and the triangular lattice (M) magnetizations, as M = My + M.
Remember that the measured magnetization My (0) is a component of M parallel to H. Thus,
My = M-(H/H) = M;sin0+ M2 cos 6, where M1, is the component of M along [112].
Atlow T in a sufficiently high field, M is almost saturated and fixed (||[113]). Assuming that
M;12) is independent of 8 and Mj;12; = My (0), we obtain My = (My(6) —Mwu(0) cosf)/ sinb,
where M; can be expressed as a function of H;. The broken and dash—dotted lines indicate the
expected M, for the 2-in 2-out (3.26 up/Dy) and 1-in 3-out (—1.63 g /Dy) states, respectively.
This result clearly indicates a spin-flip from the 2-in 2-out state to the 1-in 3-out state at the
critical field of —0.28 T. We obtained the internal field o H; of 0.28 T from the Kagomé lattice.
This value is in relatively good agreement with the estimate of 0.25 T by Higashinaka et al [19].
Next, M; has a constant offset of 0.82 up /Dy, which comes from the component of My along
the [001] direction. Apart from the offsets in M; and H*, it should be noted that the behaviour
of M, closely resembles that of ferromagnetic systems.

The spin-flip becomes sharp on cooling. The differential susceptibility dM,/dH,* has
a sharp peak at the spin-flip field. The reciprocal of the peak value (dM;/dH)peax as a
function of T is shown in the inset of figure 3(a). Here, (dM;/dH)peax tends to diverge
at 7 = 0.27 £ 0.02 K. Our estimation of the critical point 7t is in good agreement with
that of Higashinaka er al [19]. Our results reveal that this phase transition is driven by the
ferromagnetic ordering in the spins on the triangular lattice. This spin-flip becomes a first-order
transition below 7¢. It is important to compare the first-order transition of liquid—gas type for
the [111] direction, which is driven by a spin-flip on the Kagomé lattice. The ice-rule breaking
first-order transition in the [111] field lifts the macroscopic degeneracy on the Kagomé plane.
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Figure 4. (a) Field-angle variation of the magnetization (M) for Dy, TioO7 obtained at various
temperatures in a field of 3 T rotated in the (1 10) plane. The field direction is rotated from [110]
to [111]. The broken and dashed—dotted lines represent the field-angle variation of the calculated
saturation magnetizations for the 2-in 2-out and 1-in 3-out states, respectively. The field angle is
measured with respect to the [111] direction. (b) 2-in 2-out state in the [110] direction. The spins
denoted by the « chain have a component along [110]. The B chains behave as unique ferromagnetic
Ising spin chains. The $ chain (4) and B chain(—) have components along the [110] and [110]
directions, respectively. The spins on the $ chain are decoupled from the [110] field. (c) 1-in
3-out state.

In contrast, this first-order spin-flip transition near the [112] direction is merely an inversion
of the spins on the triangular lattice, and there is no macroscopic degeneracy in the 2-in 2-out
state. Note that no entropy change is involved in the spin-flip transition.

Next, we focus on the discontinuous change of My between the [110] and [111] directions
(see figure 1(a)). In figure 4(a), we show the field-angle variation of My obtained in a field of
3 T rotated from [110] to [111] in the (110) plane. The broken and dash—dotted lines represent
the field-angle variation of the calculated saturation magnetizations for 2-in 2-out and 1-in 3-
out states, respectively. The field angle is measured with respect to the [111] direction. With
the field applied along the [110] direction, the spin system is separated into parallel («) and
perpendicular (8) chains (figure 4(b)). The magnetic field along [110] easily aligns the spins
on the o chain owing to the large Zeeman energy, while the spins on the 8 chain are decoupled
from the field. However, according to the ice rule, the spins on the B chain are ferromagnetically
aligned below 1.1 K ~ J.. Note that there are still two possibilities for each 8 chain to align
along the [110] or [110] directions. These B chains weakly interact with each other by a long-
range dipolar interaction. In the [110] field, since the magnetic moment from B chains is
cancelled out, the magnetic moment from « chains has a component along [110]. Rotating the
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Figure 5. (a) M versus H} for Dy,Ti>O7 under a magnetic field of 3 T rotated from [110] to
[111]. Here, M, is the magnetization component along the [001] direction, and H;‘ denotes the
magnetic field component along the [001] direction for which a demagnetization field correction
is performed. The dotted lines represent the calculated M, for the 1-in 3-out state, and M for
the 2-in 2-out state is zero. The inset shows the reciprocal of the peak value (dM,/dH)peax as a
function of temperature, and (dM, /dH)peax tends to diverge at T, = 0.52 K. (b) For the [110] field
direction, the magnetization for the 2-in 2-out state is equal to the magnetization for the « chain.
The magnetizations for the B chains (+) and the 8 chains (—) cancel each other out.

field from the [110] direction toward the [111] direction, the magnetic field component along
the [001] direction H, increases. When the gain of the Zeeman energy due to H, becomes
larger than ~ Jeg, the ferromagnetic ordering in B chains finally collapses (figure 4(c)). The
half-spins on the B chain (one spin in the tetrahedron) with an antiparallel component to the
H7 show a spin-flip. The magnetization component along the [001] direction M, is induced by
the breakdown of ferromagnetic 8 chains. Since a magnetic field of 3 T is rotated from [110]
toward [111], the breakdown of ferromagnetic spin chains is observed at —26°, and in a field
of 2 T, it is observed at —19.6° (see figure 1(a)). It should be noticed that the magnetization
jump at —26° becomes sharper with decreasing temperature. A new phase transition at finite
temperature is suggested.

In order to clearly observe the spin-flip behaviour, M, versus H is plotted in figure 5(a) for
various temperatures above 0.30 K. Figure 5(b) shows the angular relation of the magnetization
of the system. In a similar manner to that described for the case of the near [112] direction, we
obtain My = M - (H/H) = M;sin¢ + M 0) cos ¢, where Mo is the component of M
along the [110] direction and ¢ is the angle between H and the [110] direction. Assuming that
the magnetic moment of the o« chains is independent of ¢ and M[;109) = Mu(¢ = 0), we obtain

. = (Mu(¢) — My(¢p = 0)cos¢)/sin¢. Here, M, can be expressed as a function of H.,.
Near the [110] direction, M, for the 2-in 2-out state is zero, and M, for the 1-in 3-out state is
expected to be 2.83 g /Dy, as shown by the dotted line. The behaviour of M, clearly shows the
spin-flip from the 2-in 2-out state for uoH} < 0.4 T to the 1-in 3-out state for uoH; > 0.55T.
The critical field of the spin-flip H, is obtained as 0.46 T. Calculating H. on the basis of the
nearest-neighbour spin ice model with Jer = 1.1 K i.e. that the spins undergoing the flip do
not interact with each other, H, is estimated to be 0.57 T. The calculated value is slightly
larger, suggesting a long-range interaction. The spin-flip becomes sharper upon cooling, and
the differential susceptibility dM, /dH results in a sharp peak at H.. The inset of figure 5(a)
shows the reciprocal of the peak value (dM, /dH})peax plotted as a function of T'. As shown in
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the inset, (dM_/dH)peax tends to clearly diverge at a finite temperature 7 ~ 0.5 K, which is
the critical point 7. A simple linear extrapolation of the plot gives the onset of the transition
as Ty ~ 0.52 K.

Next, we will discuss this spin-flip transition between the [110] and [111] directions. First,
it is important to understand the arrangement of spins undergoing the flip. In the [110] field,
the experimental results show that the ferromagnetic 8 chains have a long but finite intrachain
correlation length and a short interchain correlation, although the 8 chains theoretically show
antiferromagnetic ordering (Q = X structure) [12, 13]. These chains are interpreted as being
arranged in a triangular array, which frustrates the coupling between them. More precisely,
the triangular arrangement is not perfectly equilateral [11]. When the applied field is rotated
slightly from the [110] direction toward the [111] direction, a ferromagnetic & chain remains to
be formed. Consequently, the in-out state on the 8 chain in the (111) Kagomé plane is selected
in accordance with the ice rule. The spins undergoing the flip only exist on the B chains in the
(111) Kagomé plane (see figure 4(b)), and the spins on the (111) triangular plane are aligned
along the [111] direction and lie on the « chain. Therefore, the arrangement of spins undergoing
the flip is disordered (or short-ranged ordered) and has no translational symmetry.

Note that this spin-flip transition between the [110] and [111] directions is similar to the
ice rule breaking the first-order transition of a liquid—gas type for the [111] direction. In the
Kagomé ice state in the [111] field, the spins undergoing the flip exist in the Kagomé planes
without translational symmetry in accordance with the ice rule [17]. We speculate that the
transition between the [110] and [111] directions continuously connects to the transition in the
[111] field from the field-angle dependence of H, [21]. However, the macroscopic degeneracy
in Kagomé ice is removed when the applied field is rotated from the [111] direction toward
the [110] direction. In a field near the [110] direction, it is expected that the macroscopic
degeneracy direction almost disappears because the intrachain correlation length on the 8 chain
becomes larger in the [110] field. It is speculated that a slight entropy change is involved in the
spin-flip transition. Further experiments and theoretical research are needed in order to clarify
this spin-flip transition between the [110] and [111] directions.

In summary, we have measured the angle variation of the magnetization in the (110)
plane by means of angle-resolved DC magnetization measurements in order to study the field-
induced phase transition in the pyrochlore spin ice compound Dy, Ti,O7. Two phase transitions
caused by ice-rule breaking spin-flip are observed in a field of 2 or 3 T. One of these is a
ferromagnetic ordering in the triangular lattice near the [112] direction, 7, = 0.27 K at 2 T, as
predicted theoretically, and the other is a first-order phase transition related to the breakdown
of ferromagnetic Ising spin chains along [110] or [110] in the magnetic field direction between
[110] and [111], Ty = 0.52 K at 3 T. The arrangement of spins undergoing the flip has no
translational symmetry. This transition is expected to be a liquid—gas type, which is similar
to the a liquid—gas-type transition in the [111] field. The present result reveals the origin of
the peaks at ~0.3 K and ~0.5 K for fields higher than 1 T, which are observed in powder
samples.
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