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Anisotropic release of the residual zero-point entropy in the spin ice compound DByi,05:
Kagome ice behavior
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We report the specific heat and entropy of single crystals of the spin ice compoyiiOyat temperatures
down to 0.35 K. We apply magnetic fields along the four characteristic diredti®@s, [110], [111], and[112].
Because of Ising anisotropy, we observe anisotropic release of the residual zero-point entropy, attributable to
the difference in frustration dimensionality. In the high magnetic field along these four directions, the residual
entropy is almost fully released and the activation entropy reaBHe2. However, in the intermediate-field
region, the entropy in the fields along th&ll] direction is different from those for the other three field
directions. For thé111] direction, the frustration structure changes from that of the three-dimensional pyro-
chlore to that of a two-dimensional Kagome-like lattice with constraint due to the ice rule, leading to different
values of the zero-point entropy.
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Recently, there has been increasing attention in the physured the specific heat between 0.35 and 40 K and in fields
ics of geometrical frustration in pyrochlore oxidasB,O;. up to 5 T by a relaxation method using a commercial calo-
The spin ice behavidrhas been observed in HE,0,,2®  rimeter (quantum design, model PPMSTo obtain reliable
Dy, Ti,O,," *and HaSNn,0,.12 Since there is no long-range €ntropy values, it was essential to measure the specific heat
magnetic ordering of the rare-earth moments in these matéf the sample holdefaddendgat each corresponding mag-
rials at least down to 50 mR® the ground state is believed Netic field. In this way, our data presented here does not
to be macroscopically degenerate. In fact, the observed rddvolve data manipulation to compensate for the field depen-

sidual entrop*3shows an excellent agreement with the ex-dence of the background. _ "
pected zero-point entropy of (LR)Jn(3/2). The sample size was approximately 2.2.0xX0.06 m

In these materials, thé\-site ions constitute a three- and the mass was about 1.7 mg. In order to avoid field inho-

dimensional(3D) network of corner-shared tetrahedithe mogeneity due to the demagnetization effect, we cut the

pyrochlore lattice Because of the crystal-field effect, the ¢Tystal along the (TQ) plane. All the four characteristic di-
magnetic moments of thé-site ions, such as By and rections of the cubic lattice[100] (equivalent to[001]),

Ho®", have Ising anisotropy along the loddl11) direction, [110], [111], and[112] [Fig. 4a)], lie in the surface plane of

which points to the center of the tetrahedron from a vertexthe plqtellke sample. This configuration allows us to examine
Owing to this Ising anisotropy, the spin responses to magthe anisotropy bgsed'on th? data taken from the same crystal.
! Because DyTi,O; is an insulator, the total specific heat

netic flglds are very anisotropic. In r.n.easurements on pply— o CAN be expressed as

crystalline samples, there are specific-heat peaks at field-

independent temperatures of 0.34 K, 0.47 K, and 1.12 K: it Crota™= Cspint Cphonon (1)

was speculated that these peaks may be due to ordering of ) )

spins with their Ising axes perpendicular to the fieMore- ~ Where Cgyi and Cpnonon represent  electronic-spin - and
over, owing to the difference in the spin configurations in-Phonon contributions, respectively. The nuclear Schottky
fields along different directions, the process of releasing th&erm is negligible in this compound. In order to estimate the
residual zero-point entropy should be qualitatively differentPhonon contribution, we also measured the specific heat of

reflecting the structure of frustration. However, to date therd=L, Ti-O;. Because of the similarities of the lattice param-
are few studies of the entropy release using singleeters and the atomic mass of tAssite ions, and of the non-

crystalst31516 magnetic ground state and insulating property o5 ExO;,

In this paper, we report the specific heat and entropy of
single crystalline DyTi,O; in magnetic fields along four
characteristic directions.00], [110], [111], and[112]. To the
best of our knowledge, relevant data for {i40] and[112]
directions have not been published previously. We indeed
observed an anisotropic process of releasing residual entropy
for fields along different directions. We will discuss this an-
isotropic behavior in terms of a qualitative difference in the
dimensionality of frustration structures. FIG. 1. (a) Four characteristic directions in which the magnetic

The single crystals of Dyfi,0; and EyTi,O; used in field is applied.(b) 1D chain of spins perpendicular to the field on
this work were grown by a floating-zone methfb&e mea-  a pyrochlore lattice in thg110] field direction.
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35, for a field of uH=0.5 T along the Ising axis is 6.8 K. In a
= 3¢ pyrochlore lattice, the four spins in each tetrahedron have
B 55t Ising axes along the loc&ll11) directions and thus point to
o [ . . .

E of different directions; hence the average value of the Zeeman
4 15 . energy is smaller than this value. In fact at 0.5 T, the Zeeman
'::, e energy for one of the four spins exceeds the internal field
\§ T governing the ice rule, 3L, . It should be noted that Fig(l2)

0 05 clearly shows that only for thiel11] field direction, there still

remains residual entropy &,~0.44 J/K mol Dy.
, Let us first examine the origins of the specific-heat peaks
. ) i based on the spin ice modélin fields along thg100] di-
| Kagome Ice ‘ rection, the stable spin configuration is uniquely determined
o 2 : as two spins in and two spins o{&-in—2-ou}, satisfying the
4 [R(IN2-(112)in(3/2)) B =" ] ice rule. Moreover, all the spin components parallel to the
[ [110] field are equivalent. Therefore there should be only one peak
] in Cgi(T)/T associated with the thermal excitation across
single crystal | the energy gap determined byJ.« + AE|. Since cod is
(4H=0T) 1//3, the additional Zeeman energy term at 0.5 T is 3.9 K.
This quantitatively explains the observed linear increase of
the peak temperature with the field strength in a high-field
region?? In fields lower than 2 T, a changeover to behavior
] with a nearly field-independent specific-heat peak attribut-
03 1 10 a0 able toJ. is observed.

T(K) In the [110] field direction, two of the four spins in each
tetrahedron is determined as 1-in—1-out with @&os
=\2/\/3, giving the expected additional Zeeman energy
term of 5.4 K. The other two spins are perpendicular to the
applied field; their directions are not determined by the ex-
ternal field. Thus the former spins should give rise to a
Schottky peak with a peak temperature increasing with the
we approximateC of Dy,Ti,0, with the total specific field, whereas the Iatte( spins may Ifaad to the specific—h_eat
heat of EyTi,O V\’/Jirt]ﬁng]smallzcorzreétion for the difference in anomaly associated with the ordering of these sublattice

: 2~ , : - " spins due to their interactions. Since the peak position shown
A-site mass, Moy/Med Cioa(EWTioO7). Thus the spin -, rio 54 is unchanged with the field strength i [110],
contribution is approxmate,d as Cepi(Dy2Ti207) e attribute the field-independent peak at(1)XK observed
= Ciotal DY2Ti207) = (Mpy /M) Crora EWTi2O7). - Here iy nolyerystalline sampléd? to the ordering of these two
Mp, and Mg, represent molar mass of Bl,O; and  fee spins.

EW,Ti207, feSP69t|V9|Y- We estimate the activation entropy |n the[111] field direction, one of the four spins is parallel
S,(T) by integratingCqpin/ T from 0.35 KtoTof upto 40 K: tg the field and most effectively stabilized by the external
field. However for the other three spins, the nearest-neighbor

S.(T)= JT @dT @) interaction dictating the ice rule competes with the Zeeman

a 035K T ' energy of the external field, because the latter demands the
1-in—3-out configuration. Therefore the energy to flip one of
We deduce the residual entro®y asRIn2—S,(T,), using these three spins is tlthfferencebetween those two interac-
the activation entropy at a high temperatdig>J.z where  tions. The energy gap becomé4l.s—AE,| with cosd
Jeit, 1S the effective interaction between the nearest-neighbo+=1/3, which reaches zero at 1.0 T. In lower fields, the stable
spins. In DyTi,O, the main contribution td.=1.11 Kis  spin configuration is the ice-rule 2-in—2-out state because it
the dipolar interaction and is ferromagnetfeM) 81718 is dominated by the spin-spin interaction. However, in higher

In Fig. 2@), we show the spin component of the specificfields the ice rule breaks down and the stable configura-
heat measured after field-cooling at 0.5 T along the foution changes to 1-in—3-out. This crossover process has
characteristic directions. It is estimated that the first excitedeen quantitatively confirmed in the magnetization
level under the crystal field is nearly 150K so that the measurements.
total spin entropy involved at a low temperaturd&ig2. The In another characteristic field directiofl12], the con-
Zeeman energy of the applied field for flipping a spin isfiguration of three of the four spins are specified as 1-in—2-
expressed asf\E,=2g;Jug(uoH)cosd, where g; is the  out. The value of cogis 2+/2/3 for the first andy/2/3 for the
Landeg factor, J is the total angular moment of By ion’®  other two, giving the expected additional Zeeman energy at
g is the Bohr magneton, antlis the relative angle between 0.5 T of 6.4 K and 3.2 K, respectively. The other spin in a
the local(111) and the field direction. The Zeeman energy tetrahedron is perpendicular to the field. Because of the in-

S_(J/K mol Dy)
w

FIG. 2. The spin contributions t@) specific heat angb) acti-
vation entropy of single-crystalline BYi,O; at 0.5 T along the
four characteristic directio400], [110], [111], and[112], and at O
T(entropy only. The dotted line for the Kagome ice is based on the
Pauling’s approximation.
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S_(J/mol Dy K)

a

T(K)

FIG. 3. The Kagome lattice in a pyrochlore lattice. Plus and FIG. 4. The spin contribution to the activation entropy of single-
minus signs indicate that along the field direction the net moment o€rystalline DyTi,O; in the field along the three characteristic di-
the three spins constituting a triangle is positive and negative, rerections at 1 T. The dotted line, for the Kagome ice, is based on the
spectively, by the ice rule. Pauling’s approximation.

ternal interaction, however, this spin points outward to sat- hi h h 5 latii h
isfy the ice rule. Therefore the energy difference between uByroc ore changes to that on a 2D Kagome lattice. The

and down states for this spin depends not on the externdround state of an ordinary Kagome lattice has greater re-

A p 1
field strength but only on the internal field. There is a possi-Sidual entropy than that of pyrochlore lattiEe" However,

bility that this field-perpendicular spin is the origin of some IN the present case the residual entropy of this Kagome lat-

of the other field-independent peaks observed in polycrystafice iS smaller than that of a pyrochlore lattice because spins
line specific heat. However, for tHa12] field direction we on this Kagome lattice have the Kagome ice-rule constraint

observed only one peak which depends ldn(data not th_at the “up triangle” satisfies 2-in—1-out and the “down
shown. triangle” satisfies 1-in—2-oufFig. 3). Thus, this state may be

Let us now compare in Fig.(B) the spin contribution to called as “Kagome ice? Its residual entropy is estimated

the entropyS, at 0.5 T along the four characteristic direc- as §RIN3V¥(5)"3=0.598 J/K mol Dy by the Pauling's
tions and that of a single crystal at O T. Let us first examinemethod?® Udagawaet al. calculated the exact value for the
the observed entropy release at low temperatures. In the lovikagome ice model to be 0.672 J/K mol Bf.
temperature region, the entropy is most actively released for As shown in Fig. 20), in fields along the other three
the[111] field direction because the energy gap is reduced bylirection the residual entropy is fully release8,€5.78
the external field as explained above. In the other charactert 0.08 J/K mol Dy, but along[111] direction S,=5.35 J/K
istic field directions, external fields do not compete with themol Dy. Thus in this study the residual entropy is evaluated
ice rule; they stabilize some particular spin configurationsas Sy=0.44+0.12 J/K mol Dy. This value is somewhat
within the spin ice manifold. It is thus the number of field- smaller than the theoretical expectations. At 1 T along the
perpendicular spins which mainly determine the activatior{111] direction, the effective Zeeman energy overcomes the
entropy at low temperatures, since these spins are not furthenergy scale of the nearest-neighbor FM interaction and spin
stabilized by the magnetic field. The numbers of such spinsonfiguration becomes the ice-rule breaking 1-in—3-out.
are 2, 1, and 0 foH| [110], [112], and[100], respectively. ~Therefore the residual entropy should vanish and this expec-
The activation entropy at low temperatures indeed decreaséation agrees with our experimental resifgy. 4). Note that
in this order as shown in Fig.(B). in Refs. 15 and 16, they reported for the Kagome ice residual
Next, we focus on the values of the activation entropy inentropy of 0.8 J/K mol Dy and 0.65 J/K mol Dy after sub-
the high-temperature region. The difference fr&m2 rep-  tracting the extrinsic background estimated by a quadratic
resents the residual entropy, which is not released by thtting.
external field, and are intimately related to the frustration In zero field, the role of the long-range dipolar interaction
structure. In thg111] field direction, the nearest-neighbor is known to be quite important for the quantitative descrip-
interaction governing the ice rule is stronger than the extertion of the spin icé’ For the Kagome ice realized in the
nal field for three of the four spins up to the field of 1.0 T.[111] field direction, its lower dimensionality should make
Thus at 0.5 T the frustration still remains. These three frustess important the long-range dipolar interaction within the
trated spins constitute a Kagome latti€Big. 3. When Kagome lattice, since the increase in the number of lattice
viewed from the[111] direction, the pyrochlore lattice con- sites with the distance is not as rapid as to compensate for the
sists of a layered stacking of a triangular lattice and adecay in the dipolar interaction. We note, however, that the
Kagome lattice(a pyrochlore slap The frustration on a 3D dipolar field from the ordered moment of the triangular lat-
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tice provides an additional molecular field not included in thethe process of entropy release. Such a difference between the
“Kagome ice rule.” Such a dipolar field at a lattice-lattice Kagome ice behavior and the “dipolar Kagome ice” behav-
site amounts to a correction of 19% to the nearest- ior is worth further attention in the future studies.
neighbor contribution if the contribution from up to the  We observed a nearly field-independent peak in the spe-
fourth-nearest-neighbor sites on the triangular lattice is incific heat in fields along th¢110] direction. This is most
cluded. probably the origin of one of the field-independent peaks
In the characteristic field directions other theii1], the ~ observed in polycrystalline samples at 1.7K.In the[112]
zero-point entropy is more readily released. In {th@0] and field direction, one of the four spins is perpendicular to the
[112] field directions, the spins are uniquely determined inex.ter“nal f,l,eld..AIt.hough there is a possibility that ordering of
the 2-in—2-out configuration without degeneracy. In thethis “free” spin is the origin of another field-independent

[110] field direction, the structure of frustration changes to apeak observed in polycrystals, we did not observe any sign

S : - . of such a peak in the present measurements down to 0.35 K.
1D chain without macroscopic degeneracy as shown in Fig. Note added in proofvery recently a paper on the magne-

i(li)'Kln tLiag%etr?];)lvf?erﬁiogs éhle TS ?énngggzlg%Osgglnfvgfﬁwtization in the Kagome-ice state was publisH&d Sakak-
' X ibara, T. Tayama, Z. Hiroi, K. Matsuhira, and S. Takagi,

spin ice residual entropy even in the field-cooling process . . .

Figure 2(b) indicates that 0.5 T is indeed sufficient to re- Plhys.l Re‘(‘ Lgtt.QOI,:_201205f(2R0?3]1.6T3\? " rlnaln resu:']t IS h

move the residual entropy closely related to Fig. of Ref. 16. We also note that the
X term “Kagome spin ice” was also used by A. S. Wills, R.

In conclusion, we presented anisotropic release of th(nBallou and C. Lacroix, Phys. Rev. 86, 144407(2002 in
zero-point entropy of single crystalline Bi,07, ascribable the co’ntext of'a purely,two-di.mens.ion:all Kagome lattice
to the qualitative difference in the structure of frustration. In '

the[111] field direction, we consider this system as a dipolar We acknowledge helpful discussion with M.J.P. Gingras,
Kagome ice, in which the spins frustrate on a 2D KagomeR.G. Melko, H. Yaguchi, S. Fujimoto, D. Yanagishima, and
lattice with ice-rule constraifitin the presence of additional M. Udagawa. We would also like to thank T. Ishiguro for his
dipolar field from the ordered moments on the triangularsupport in many aspects. H.F. is grateful for the financial
lattice. We estimate the residual entropy by considering theupport from JSPS. This work has been supported by Grants-
frustration only on the Kagome lattice, but the role of thein-Aid for Scientific Research from the Japan Society for
dipolar field from the triangular-lattice slab is expected to bePromotion of Science and from the Ministry of Education,
important in the value of the residual entropy, as well as inCulture, Sports, Science and Technology.
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