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Abstract
Ice-rule breaking spin-flip in a pyrochlore spin ice compound Dy2Ti2O7

has been studied in a field applied near the [112] direction, by means of
angle-resolved magnetization measurements. We obtained strong evidence
that the magnetization component perpendicular to the (1̄1̄1) kagomé plane
undergoes a first-order transition below ∼0.26 K. This transition is driven by a
ferromagnetic ordering in the field-decoupled spins on the triangular lattice in
Dy2Ti2O7, as predicted theoretically.

Frustration among localized spins on some geometrical units such as triangles and tetrahedra
can induce novel phenomena. Recently, rare-earth pyrochlore compounds have attracted much
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 strong
single-ion Ising anisotropy along the 〈111〉 axes [4, 7]. Consequently, stable spin configurations
for each tetrahedron obey the ice rule: two spins point outward and two spins inward (the so-
called ‘two-in, two-out’ state) in a basic tetrahedron [4]. This is exactly the same rule as the
one which hydrogen bonding in water ice obeys, where the two stable positions of a hydrogen
atom on each bond correspond to the two states of the Ising spin. As a result, the ground state
of the whole spin system is highly degenerate and a static disordered state is formed at low
temperature in spite of the structural order of the lattice.

In the typical spin ice compound Dy2Ti2O7, a macroscopically degenerate ground state
analogous to water ice is realized in zero 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 magnetic field on a powdered specimen
of Dy2Ti2O7 by calorimetric measurements [8]. Interestingly, for fields higher than 1 T, the
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Figure 1. Spin configuration of Dy2Ti2O7 in a strong external field H slightly canted away from
[112] towards [1̄1̄1] directions at an angle θ . Spins on the triangular planes (open arrows), denoted
as A, have the Ising axis parallel to the [1̄1̄1] direction which is perpendicular to the kagomé and
triangular planes. Thick arrows show the spins on the kagomé planes, denoted as B, C and D, which
are fully aligned by the field H and induce an internal field Hi on the A sublattice.

(This figure is in colour only in the electronic version)

specific heat data revealed three sharp features at 0.34, 0.47 and 1.12 K, suggesting new phase
transitions in magnetic fields.

Later on, field-induced phase transitions in the pyrochlore spin ice were investigated on
single crystals by several groups. The anomaly at 1.12 K was ascribed to an ordering in a field
applied along the [110] direction of the cubic unit cell [9–11]. Under the [110] field, half of
the spins have their Ising axes oriented perpendicular to [110] and are decoupled from the field.
These spins behave as unique ferromagnetic Ising spin chains weakly interacting with each
other by the 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]. A long-range ordering is also predicted
at ∼1.3 K by recent Monte Carlo simulations [12, 13]. In a [111] field, a new first-order phase
transition associated with a collapse of the ‘kagomé ice’ state has been observed [14–17]. The
pyrochlore lattice consists of kagomé and triangular planes stacked alternately along a [111]
direction. When a [111] magnetic field is applied, spins on the triangular planes first align along
the field direction because they have their Ising axes parallel to [111]. Spin configurations on
the kagomé planes are, however, still macroscopically degenerate under the two-in, two-out ice
rule. This intermediate state with a finite residual entropy is called ‘kagomé ice’ [14]. As the
field increases further, a first-order transition of liquid-gas type to a fully polarized three-in,
one-out state has been observed at ∼0.9 T with the critical end point at ∼0.4 K [16].

Recently, a new phase transition in the triangular lattice has been theoretically discussed
by Ruff et al [13]. Figure 1 shows the pyrochlore lattice consisting of kagomé and triangular
planes stacking along the [1̄1̄1] direction. Consider that a strong field (H) is applied along
the [112] direction within the (1̄1̄1) kagomé plane: θ = 0, where θ is the angle between H

and the [112] direction. The spins denoted by B, C and D in the kagomé plane then align
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along the [11̄1], [1̄11] and [111] directions, respectively, so as to maximize the Zeeman energy
gain. The spin denoted by A on the triangular plane, however, is decoupled from the field
because its Ising axis is normal to the field. In this situation, an internal field Hi due to the
nearest-neighbour interaction with spins B–D forces all the spins on the A sublattice to point
along [1̄1̄1] to maintain the two-in, two-out spin configuration on each tetrahedron, as shown
in the figure. When the magnetic field is slightly tilted from [112] towards the [111] direction
(θ < 0), a field component antiparallel to [1̄1̄1] appears and couples to the spin A. This field
component compensates the internal field Hi acting on the spin A. If the applied field is strong
enough, the complete cancellation of Hi can occur at a relatively small critical angle θc of the
field, and the spins on the triangular lattice are decoupled from spins on the kagomé lattice. One
can then except that while the spin configurations in the kagomé planes remain unchanged, a
flipping of the spins on the A sublattice towards the [111̄] direction occurs as the field is further
tilted across θc. Within the nearest-neighbour spin ice model, the field-decoupled spins are not
interacting with each other, and the spin-flip at θc is not a phase transition. Ruff et al [13]
pointed out that a ferromagnetic coupling arising from a long-range dipolar interaction, in the
presence of a weak antiferromagnetic third nearest-neighbour interaction J3 ∼ −0.022 K, led
to a ferromagnetic ordering of the field-decoupled spins (θ = θc) at Tc ∼ 0.35 K. Below Tc,
the spin-flip at θc then becomes a first-order transition.

Very recently, the predicted phase transition near the [112] field has been studied
by Higashinaka et al by means of ac susceptibility measurements on single crystals of
Dy2Ti2O7 [18]. They detected the [111̄] component of the susceptibility by applying ac
fields along the [111̄] direction, under the static fields applied along the [112] and the [111̄]
directions controlled independently by using a vector type magnet. With the [111̄] field of
0.25 T which just cancelled the internal field from the adjacent kagomé lattice, they obtained
a signature of a phase transition in the triangular lattice spins at ∼0.28 K. The observed [111̄]
susceptibility, however, did not show a clear divergence at the critical temperature; they could
not conclude solely from their experiment that the phase transition is a ferromagnetic ordering
as theoretically predicted. In order to further explore the predicted ferromagnetic transition,
we have performed angle-resolved dc magnetization measurements on a single crystal of
Dy2Ti2O7, and obtained the first thermodynamic evidence for a ferromagnetic transition of
field-decoupled spins on the triangular lattice in a field near the [112] direction.

A single crystal of Dy2Ti2O7 was grown by the floating-zone method using an infrared
furnace. The crystal was cut into a thin plate of 0.25 × 2 × 2 mm3 (mass of 6.9 mg). The
largest face was the (11̄0) plane, along which a magnetic field was applied in order to minimize
the demagnetization effect. Angle-resolved magnetization measurements were done by the
Faraday method. A sample with a magnetization M was placed at a vertically off-centred
position of a split-pair superconducting magnet that produced a horizontal field H ‖ x̂ . Since
there is a finite field gradient ∂ Hx/∂z at the sample position, the sample feels a magnetic force
(M · Ĥ)∂ Hx/∂z along the vertical (z) direction, where Ĥ is a unit vector parallel to H . This
force, which is proportional to the magnetization component parallel to H , was detected using
a force-sensing parallel-plate capacitor. The capacitor, on which the sample was mounted,
was cooled by a 3He cryostat down to 0.28 K. Rotating the cryostat using a stepper motor
controlled by a computer, the magnetization was measured as a function of the field angle with
a resolution of 0.01◦. The accuracy of the crystal orientation was within ±0.5◦. The details of
the experimental set-up will be published elsewhere.

In figure 2, we show the field-angle dependence of the magnetization MH (=M · Ĥ)

obtained at temperatures above 0.29 K in a field of 2 T rotated in the (11̄0) plane. The
field strength of 2 T is found to be enough to saturate the spins on the kagomé lattice in
the temperature range investigated. The data in figure 2 were obtained by rotating the field
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Figure 2. Field-angle variation of the magnetization (MH ) for Dy2Ti2O7 obtained at temperatures
of 0.29 K, 0.41 K, 0.70 K and 1.08 K in a field of 2 T rotated in the (11̄0) plane. The dotted and
the dot–dashed lines represent the field-angle variation of the calculated saturation magnetizations
for two-in, two-out and three-in, one-out spin configurations, respectively. The field angle θ is
measured with respect to the [112] direction (inset).

from θ = 5◦ to −25◦, passing through the [111] direction (θ = −19.4◦). We have also
measured by reversing the field rotation from θ = −25◦ to 5◦, but no appreciable difference
was observed in the magnetization behaviour. The dotted and the dot–dashed lines represent
the calculated angular dependence of the saturation magnetization for the two-in, two-out and
three-in, one-out spin configurations, respectively. Near the [112] direction, the measured
magnetization MH (θ) follows the angular variation expected for the two-in, two-out structure
well. At θ = θc ∼ −8◦, MH (θ) exhibits an abrupt jump to the value expected for the three-in,
one-out state, indicating that spin-flip occurs in the triangular lattices as described above. It
should be noticed that this magnetization jump at θc rapidly becomes sharper with decreasing
temperature.

This spin-flip behaviour can be shown more clearly by extracting the magnetization
component along the [1̄1̄1] direction, parallel to the Ising axis of the triangular lattice. The
inset of figure 3 shows the angular relation of the magnetization of the system. M can be
expressed as a sum of the kagomé lattice (Mk) and the triangular lattice (M�) magnetizations:
M = Mk + M�. At low T in a sufficiently high field (>1.5 T) near the [112] direction, Mk

is almost saturated and fixed (‖[113]). Let us recall that the measured magnetization MH (θ) in
figure 2 is a component of M parallel to H . Thus, MH = M · Ĥ = Mt sin θ + M[112] cos θ ,
where Mt and M[112] are the transverse ([1̄1̄1]) and the in-plane ([112]) components of M ,
respectively, and Ĥ = (cos θ, sin θ). Note that only Mk contributes to M[112]. Thus, we may
assume that M[112] is independent of θ within the present conditions, and M[112] = MH (0). We
thus obtain: Mt = (MH (θ) − MH (0) cos θ)/ sin θ . Introducing a transverse component of the
field, Ht = H sin θ , Mt can be expressed as a function of Ht.

In figure 3, we show Mt as a function of H ∗
t at various temperatures above 0.29 K. Here

H ∗
t denotes the transverse field for which a demagnetization field correction is made using

a demagnetization factor N = 0.085 expected for an oblate ellipsoid with an aspect ratio
of ∼8: H ∗

t = Ht − N Mt (Mt is in units of A m−1). The dotted and the dot–dashed lines
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Figure 3. Transverse magnetization Mt versus H ∗
t for Dy2Ti2O7 with a strong in-plane field along

the [112] direction. A demagnetization field correction has been done for the transverse field H ∗
t , as

described in the text. The in-plane field component µ0 H[112] (=µ0 H cos θ) is in the range 1.8–2.0 T
in these data (µ0 H = 2 T). The dotted and the dot–dashed lines represent the calculated saturation
magnetizations for two-in, two-out and three-in, one-out spin configurations, respectively. The
inset shows the definition of the transverse components of the magnetization and the magnetic field,
where M� and Mk denote the magnetization of the triangular and the kagomé lattices, respectively.

indicate the expected transverse magnetizations for the two-in, two-out and three-in, one-out
states, respectively. The data points clearly show a spin-flip from the two-in, two-out state near
µ0 H ∗

t ∼ 0 to the three-in, one-out state for µ0 H ∗
t < −0.4 T. It should be noticed that Mt has

a constant offset of 0.82 µB/Dy which comes from the transverse component of the kagomé
lattice magnetization Mk. The critical field of the spin-flip is obtained as −0.28 ± 0.02 T. This
value is in fair agreement with the estimate of −0.25 T by Higashinaka et al [18]. Apart from
the offsets in Mt and H ∗

t , the behaviour of Mt strongly resembles that of ferromagnetic systems;
the spin-flip becomes sharper on cooling, suggesting the divergence of the susceptibility.

In order to examine the critical behaviour of Mt in more detail, we plot in figure 4
the differential susceptibility dMt/dH ∗

t near the spin-flip field. dMt/dH ∗
t exhibits a peak

at the spin-flip field. The peak height dramatically increases at low T , implying a rapid
narrowing of the spin-flip. The inset shows the reciprocal of the peak height, (dMt/dH ∗

t )−1
peak,

plotted as a function of T . As can be seen from the inset, dMt/dH ∗
t tends to diverge below

T = 0.3 K. Since no symmetry change is expected (the Ising symmetry is always broken)
for spins on the triangular lattice when H ∗

t �= −Hi, the spin-flip must turn into a first-order
phase transition of liquid-gas type below a critical point Tc. This first-order transition is driven
by the ferromagnetic dipolar interaction between the spins on the triangular lattice [13]. Just
at H ∗

t = −Hi, the Ising symmetry is recovered for those spins and a symmetry breaking
second-order ferromagnetic ordering occurs at Tc. Since levelling behaviour of dMt/dH ∗

t ,
which is expected in a ferromagnet for T < Tc, has not been observed in this experiment, we
expect Tc to be slightly below the present base temperature of 0.29 K. Power-law behaviour
(dMt/dH ∗

t )peak ∝ (T − Tc)
−γ was best reproduced in the temperature range 0.31–0.45 K with

Tc = 0.26 ± 0.01 K, giving the critical exponent γ = 1.30 ± 0.05. Our estimate of Tc is
in good agreement with that of Higashinaka et al [18], requiring a weak antiferromagnetic
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Figure 4. Differential susceptibility dMt/dH ∗
t of Dy2Ti2O7 near the spin-flip field. The inset shows

the reciprocal of the peak value (dMt/dH ∗
t )peak as a function of temperature. (dMt/dH ∗

t )peak tends
to diverge at ∼0.26 K, indicating the existence of a phase transition.

exchange J3 ∼ −0.028 K between the spins on the triangular lattice to reduce the transition
temperature [13]. It should be noticed that the peak position of dMt/dH ∗

t in figure 4, which
corresponds to the compensating field, slightly decreases in magnitude with increasing T . This
can be ascribed to a decrease in the internal field Hi due to the thermal excitations of spins in
the kagomé lattice, as also pointed out in [13].

It would be of interest to compare the present results with the first-order transition observed
in a [111] field for Dy2Ti2O7 [16]. There are obvious similarities between these two transitions;
both of these are ice-rule breaking, symmetry-sustaining first-order transitions. A careful
comparison of these two phenomena, however, reveals some important differences. The first-
order spin-flip transition for T < Tc discussed here is merely inversion of spins on the
triangular lattice. Thus, no entropy change is involved in the transition, if we forget the
minor effect of the thermal excitations of spins in the kagomé lattice. By contrast, the ice-
rule breaking first-order transition in a [111] field lifts the macroscopic degeneracy of the
kagomé ice state [15, 16] accompanying a substantial decrease of the entropy, as directly
confirmed by the magnetocaloric effect measurements [17]. The difference in nature between
these transitions is reflected in the thermal variation of the critical fields, as expected from
the Clausius–Clapeyron equation; the critical field for the [111] transition shows a rather large
positive shift of 0.08 T K−1 in accordance with the large entropy release [16], whereas that of
the transition discussed here seems to show a weak decrease in amplitude as described above.
It is also noteworthy that the shape of the magnetization curves across the transition in figure 3
is also largely different from that for the [111] transition. The former has a symmetric S-shape
as expected for a ferromagnet, whereas the latter is highly asymmetric with a sharp onset and a
gradual settling even at temperatures slightly above the critical point, as can be seen in figure 1
of [14]. This observation also indicates a non-trivial change in the spin configuration associated
with the [111] transition.

In conclusion, we have studied a theoretically predicted ferromagnetic transition in the
spin ice compound Dy2Ti2O7 in an external magnetic field near the [112] direction by means
of field-angle dependent magnetization measurement. We observed strong evidence of a long-
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range ferromagnetic ordering of field-decoupled spins on the triangular planes, confirming the
importance of long-range interactions in this compound.

This work has partly been supported by a Grant-in-Aid for Scientific Research (No. 16340099)
from JSPS. HS was supported by the 21st Century COE ‘Quantum Extreme Systems and Their
Symmetries’ from MEXT of Japan.

References

[1] Subramanian M A, Aravamudan G and Subba Rao G V 1983 Prog. Solid State Chem. 15 55
[2] Gaulin B D, Reimers J N, Mason T E, Greedan J E and Tun Z 1992 Phys. Rev. Lett. 69 3244
[3] Gingras M J P, Stager C V, Raju N P, Gaulin B D and Greedan J E 1997 Phys. Rev. Lett. 78 947
[4] Harris M J, Bramwell S T, McMorrow D F, Zeiske T and Godfrey K W 1997 Phys. Rev. Lett. 79 2554
[5] Gardner J S, Dunsiger S R, Gaulin B D, Gingras M J P, Greedan J E, Kiefl R F, Lumsden M D, MacFarlane W A,

Raju N P, Sonier J E, Swainson I and Tun Z 1999 Phys. Rev. Lett. 82 1012
[6] Raju N P, Dion M, Gingras M J P, Mason T E and Greedan J E 1999 Phys. Rev. B 59 14489
[7] Bramwell S T and Gingras M J P 2001 Science 294 1495
[8] Ramirez A P, Hayashi A, Cava R J, Siddharthan R and Shastry B S 1999 Nature 399 333
[9] Higashinaka R, Fukazawa H and Maeno Y 2003 Phys. Rev. B 68 014415

[10] Fennell T, Petrenko O A, Balakrishnan G, Bramwell S T, Champion J D M, Fak B, Harris M J and Paul D M 2002
Appl. Phys. A 77 S889

[11] Hiroi Z, Matsuhira K and Ogata M 2003 J. Phys. Soc. Japan 72 3045
[12] Yoshida S, Nemoto K and Wada K 2004 J. Phys. Soc. Japan 73 1619
[13] Ruff J P C, Melko R G and Gingras M J P 2005 Phys. Rev. Lett. 95 097202
[14] Matsuhira K, Hiroi Z, Tayama T, Takagi S and Sakakibara T 2002 J. Phys.: Condens. Matter 14 L559
[15] Hiroi Z, Matsuhira K, Takagi S, Tayama T and Sakakibara T 2003 J. Phys. Soc. Japan 72 411
[16] Sakakibara T, Tayama T, Hiroi Z, Matsuhira K and Takagi S 2004 Phys. Rev. Lett. 90 207205
[17] Aoki H, Sakakibara T, Matsuhira K and Hiroi Z 2004 J. Phys. Soc. Japan 73 2851
[18] Higashinaka R and Maeno Y 2005 Phys. Rev. Lett. 95 237208

http://dx.doi.org/10.1016/0079-6786(83)90001-8
http://dx.doi.org/10.1103/PhysRevLett.69.3244
http://dx.doi.org/10.1103/PhysRevLett.78.947
http://dx.doi.org/10.1103/PhysRevLett.79.2554
http://dx.doi.org/10.1103/PhysRevLett.82.1012
http://dx.doi.org/10.1103/PhysRevB.59.14489
http://dx.doi.org/10.1126/science.1064761
http://dx.doi.org/10.1038/20619
http://dx.doi.org/10.1103/PhysRevB.68.014415
http://dx.doi.org/10.1007/s003390201638
http://dx.doi.org/10.1143/JPSJ.72.3045
http://dx.doi.org/10.1143/JPSJ.73.1619
http://dx.doi.org/10.1103/PhysRevLett.95.097202
http://dx.doi.org/10.1088/0953-8984/14/29/101
http://dx.doi.org/10.1143/JPSJ.72.411
http://dx.doi.org/10.1103/PhysRevLett.90.207205
http://dx.doi.org/10.1143/JPSJ.73.2851
http://dx.doi.org/10.1103/PhysRevLett.95.237208

	References

