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Thermodynamic study of excitations in a three-dimensional spin liquid

Y. K. Tsui, J. Snyder, and P. Schiffer
Department of Physics and Materials Research Institute, Pennsylvania State University, University Park, Pennsylvania 16802
(Received 29 January 2001; published 14 June 2001

In order to characterize thermal excitations in a frustrated spin liquid, we have examined the magnetother-
modynamics of a model geometrically frustrated magnet. Our data demonstrate a crossover in the nature of the
spin excitations between the spin-liquid phase and the high-temperature paramagnetic state. The temperature
dependence of both the specific heat and magnetization in the spin-liquid phase can be fit within a simple
model which assumes that the spin excitations have a gapped quadratic dispersion relation.
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In recent years, there has been increasing interest in theGG is a spin glass Wit ~0.13 K. At fields between 0.7
properties of spin-liquid states in which the spins are highlyand 1.4 T the ground state is a field-induced long-range-
correlated but have strong fluctuations in the low-ordered antiferromagnetic state withTy (max)
temperature limit. These states are an important component0.35K.”*1® The ground state at intermediate fields,
of the physics in a variety of systems including low- 0.08<H=0.7 T, shows no evidence of any sort of spin or-
dimensional magnetscuprate superconductotsand geo-  dering upon cooling from the high-temperature paramagnetic
metrically frustrated antiferromagnetic materials in whichstate down to the lowest temperatures which have been stud-
the topology of the lattice leads to frustration of the antifer-ied (T<|®y|/40), and is apparently a homogeneous three-
romagnetic exchange interactiohsn these geometrically dimensional spin-liquid phase in which the spins are strongly
frustrated magnets, the spins do not order except at temperfiuctuating even at the lowest temperatutés?*
tures well below the Curie-Weiss temperatu@(,), and in We measured/ andC on samples of GGG cut from the
the low-temperature limit they can exhibit a variety of novel same single crystal grown by the Czochralski method. Mag-
correlated spin states including the spin liquids in which thenetization measurements were performed by mounting a
spins fluctuate within low-moment locally correlated spin GGG sample on a flexible silicon paddle and applying a
clusters’ These frustrated spin liquids have been the subjecmagnetic field gradient<1 T/m) in addition to a spatially
of extensive theoretical workand their existence has been homogeneous magnetic field parallel to fi€0] direction.
confirmed experimentally in several materials of differentThe resulting force on the magnetized sample was propor-
frustrated topologie%:'® The basic thermodynamic proper- tional to the magnetizatiof =M ¢H/3z and was measured
ties of frustrated spin liquids are, however, only beginning tofrom the deflection of the paddle by a capacitive
be explored,;}%1213and there is neither a clear understand-techniquée’*® The sample, magnetometer, and sample ther-
ing of the nature of the thermal excitations at low temperaimometers were immersed with liquid helium and thermally
tures nor a clear distinction between the expected excitationiked to the mixing chamber of a dilution refrigerator. As a
in spin liquids and those in paramagnetic states at highetresult, we could ensure the sample was in thermal equilib-
temperatures. rium with the refrigerator during the measurements. Details

In this paper we examine the excitations in a three-of the experimental setup and techniques for heat capacity
dimensional frustrated spin liquid through measurements ofmeasurements can be found in Ref. 11.
the specific heatC) and static magnetizatiaiM) in a model In Figs. 1 and 2 we ploM(H) and C(H), and in both
geometrically frustrated magnet. The field dependence oflata sets there are features for the boundaries of the antifer-
C(T) suggests a crossover in the nature of spin excitationsomagnetic phaséclearly visible as sharp peaks #M/dH
between the spin-liquid phase and the high-temperature para: agreement with previous ac susceptibility datad recent
magnetic phase. Moreover, ba®{T) andM(T) at low tem-  Monte Carlo results’ Both M and C change monotonically
peratures can be quantitatively described by a spin-wave-likeith field in the spin-liquid phase (0.68H4=<0.7T), with
model of excitations with a gapped quadratic dispersion reM (H) increasing almost linearly with field at low tempera-
lation. The gap grows linearly with magnetic field, but ap-tures. We note that(H) is only weakly field dependent in
pears to have a finite value even in the extrapolation to zerthe spin-liquid phase at low temperatures, changing in mag-
field. nitude by only~30% when the applied field is doubled from

We studied the model geometrically frustrated magneD.3 to 0.6 T atT=0.065K. Taking the spir§ of the Gd&*
GdyGa;0;, (gadolinium gallium garnet or GOG*111416-18 igns to set the energy scale, théd of 0.3 T is quite large,
in which the magnetic Gd ions are located on two interpenequivalent toAT~0.3ugq/kg~1.4 K, which is comparable
etrating corner-sharing triangular sublattices within the garto the exchange energy between spif®@dy|~2 K). This
net structure. This geometry frustrates the antiferromagnetigeak field dependence Gf(H) is similar to that of another
nearest neighbor exchange interactidng (|®cyl~2 K) geometrically frustrated magnet with a spin-liquid state
and yields a highly unusual low-temperature phase diagrarBrCrgpc_;aiz,gpolg,20 and is theoretically expected for a spin
as shown in the inset to Fig. ‘£ At low fields (H  liquid in which the excitations are among correlated spin-
=<0.08T) previous studies show that the ground state otluster singlets:*®
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FIG. 1. The field dependence of static magnetization and the

magnetic susceptibilitgM/dH at 0.1 K. The inset shows the low- FIG. 3. The temperature dependenceQyf and C,/T in the
temperature phase diagram of GGG including the spin glass, spispin-liquid regime in different applied fields. Note that all the
liquid, and antiferromagnetic long-range ordered phafesfs. 7,  curves cross af =T~ 0.235 K. The inset shows the energy gap
11). (A) obtained from fits to the low temperatu@{T) data.

An unresolved issue in the study of geometrically frus'ourM(T) data(Fi s ; ;
LT LI g. 4 which is thermodynamically equiva-
trated spin liquids is whether the spin-liquid phases can b ent to a zero iIIC(H)/aH [see Eq.(2) below].

d_ifferentiated from the high-tempera_\ture paramagnetic states This crossover temperature suggests that we might draw a
since there are no sharp features in the temperature depe(lﬂ

. . . " _distinction between the nature of spin excitations in the spin-
dence of physical properties to indicate a transition to a d'fl#'quid state and those in the paramagnetic state at higher

ferent phase. This is the case for the spin-liquid phase o : . L
o o emperatures. The change in the signg@{(H)/oH implies
G%Gh bu_t thet_ﬁpecﬁlg gggthataLdo sfhowlflfQ|isdtln(|:t crciisov%at the excitations are more ferromagneticlike in the low-
I(;]T?' ?k:”(():r 'Ia' cross ":.W Ser?l'h(')r all fields .ej_s tan temperature limit in that they are suppressed by a field, and
A1, e (T) curves crosgFig. 3. | IS CrossIng INGICALES 4t the excitations are more antiferromagneticlike at higher
thqt al[ field d.er|vz.;1t|ves of the specific heat Van'ShT%SS' temperatures in that they are enhanced by a field. In other
which in turn implies thatC(H)/dH changes sign aloss words, at high temperatures the thermal fluctuations prima-

Th% fielc_i in(_jeperjderr]]ce t?f the heat_caphacit)]'_@gss is also ¢ rily dissociate the antiferromagnetic correlations between the
evident in '.:'g' 2 In that the 24.0 ”.‘K Isotherm is constant prspins, while at low temperatures, the antiferromagnetic cor-
magnetic fields within the spin-liquid phase. The intrinsic

fthi . firmed b - flect .~ ~relations are unaffected by thermal fluctuations so the fluc-
hature of this crossover is confirmed by an inflection point ing,a4ions primarily reduce the alignment of the spins with the

magnetic field. This crossover may actually be a generic fea-

LT T T ture of spin-liquid states, since the same feature was recently
—o— 350 mK| : : 13
8 240 mK] observed by Ramireet al. in SrCry,Gaj, ;0107 These
N 150 mK] two cases suggest that a generic distinction can be drawn
——65mK
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FIG. 4. The temperature dependenceMbfnormalized to 0.06
FIG. 2. Specific heafC) of GGG versus applied field at several K) in the spin-liquid regime. The inset show$1/dT versus tem-
temperaturegnote 9C,/dT changes sign at0.235 K). perature, notice the minimum at0.3 K corresponding td ¢oss-
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2 in the temperature range where we f&(T) (60T
= 0995| N =200 mK). As shown in Fig. 5, Eq4) does fit the mea-
X S .
E o suredM(T) very well at low temperatures, lending further
e 0 = credence to the model.
= = 3 05T 00«9‘9 Since the model apparently describes the measured values
g 09%| o 06T % ) of C(T) andM(T) quite well, we can examine the obtained
O 04T Té fit parameters to obtain some understanding of the nature of
g 1 the excitations. The fitted values of the spin stiffness param-
= eter, D, vary by less than 10% in our range of fields. If we
$) .
098805 T 0 take the usual assumption for a ferromagnet that the ferro-
) . ) 0.0 0.1 0.2 - 7
magnetic exchange energy=D/2S& where S=Z% for the
Temperature (K) Temperature (K)

Gd ions anda=3 A is the nearest neighbor Gd separation,

FIG. 5. Left: Low-temperaturd versus temperature at 0.4 and W€ obtain J~0.02K which corresponds to the expected
0.6 T. The solid lines are fits to the data as described in the textveak ferromagnetic correlation in the canted spin liquid.
Right: Low-temperatureC,, versus temperature at 0.4 and 0.5 T, One of the most striking features of the results is the
respectively. The solid lines are fits to the data as described in thpresence of a gap in the spin excitations, without which the
text. data could not be fit with an integer power law dispersion

relation. Corroborating evidence for the existence of such a
between the low temperature spin liquid and the high-gap can be found in the earlier ac susceptibility data which
temperature paramagnetic states in these systems, at leasisibwed thay . decreases with decreasing temperature in the

the nature of the spin excitations in the presence of a Madspin-liquid phasé:22 Further physical justification for the ex-

netic field. _ istence of the gap can be seen in the inset to Fig. 3, which
To further investigate the nature of the low temperature

- - A : shows that the fitting parametér(H) is linear in field as
excitations in the spin-liquid phase, we closely examined Ouluould be expected for an energy gap. We find thét) can

C(T) data forT<T,,ssWithin the spin-liquid regime. Since be fi _ . _

- . e fit well by A(H)=A,— , and we associatg q,=
C(H) ShO.WS ferromagneticlike behavidr.e., &C(.H)/‘?H —0.16ug wit);] a(nt)agatiS/e gﬁ)g:tive moment of theﬂggcin ex-
<0], we fit the low-temperatur€(T) data to a spin-wave- citations which is much smaller than the moment of e

. . . . . _ 2
:'Dk? ThOdel ywtht.t%Pe dlspers?n trelzgdm- A+ DK, wh;ret =1 Gd spins. This finding is consistent with the fundamental
IS the spin SUTiness constant ands an energy gap. Note agnetic unit of the spin liquid being a low-moment corre-

;gftf:rlglriatlglr?e?ilc?g%riil?/\r/]a:/ilg“?nn fgitsvtvzeas;zrgilg/oggsiinti:a ted cluster of spins in the spin liquid as has been suggested
1 1 ,5 _fi
that the excitations are noninteracting bosons with a gappe(gl]eoretlca”y‘} The extrapolated - zero-field gapo/ke

uadratic dispersion relation. In this model, we calculate th .-0.03K, could be attributable an intrinsic gap in the spin
gpecific heat%s : ' eﬁquid or the anisotropy associated with the relatively large

dipole interactions between the Gd spins. Our value of

52032 .2 [0 o Ag/kg~Bcw/70 is somewhat smaller than that predicted
Cirogel T) = szT 3/2f XX Xo exr(zx) , (1) theoretically for the intrinsic gap in kagomesystent, but it
4m°D¥ Jy, [expx)—1] is of the same order. If we attribute, instead to a finite-size

wherexo—A/kyT. As shown in Fig. 5, Eq(1) fits the mea effect, we can estimate the correlation length of the excita-
o_A~/%sl O - " tions Lo~ V4m°D/Ay,~40A. This length scale is compa-
sured C(T) data well?* and we obtainD~2x10"**Jn?  pie 16 the~100 A correlation length observed in recent
which is almost independent of field addwhich is linearin ;o4 field neutron scattering studfesnterestingly, despite
field as shown in the inset to Fig. 3. Moreover, since the first order transition between the spin liquid and the long-
range-ordered antiferromagnetic phase at higher fields, the
= (ﬂ) 2) same functional form can fit(T) in the long-range-ordered
), phase at low temperatures with a somewhat larger value of
D, andA,~0. This suggests both that, originates from a
we can get the temperature dependenc®dfy integrating finite-size effect in the spin-liquid phase and that the short-

)
oH

T

the expression for the specific he@t range antiferromagnetic order in the spin-liquid phase is of
the same sort as that in the long-range-ordered phase.

M(T)~deT’fT’ C(T")d_l_,, 3 In summary, we have investigated the low-temperature

0 o T ' excitations of a three-dimensional spin liquid through its

thermodynamic properties. We find that there is a crossover
We perform this integral numerically, substituting Efj) in ~ temperature below which the thermal fluctuations change
Eq. (3), and we find that the numerical form for the magne-character, which is apparently a generic feature of geometri-
tization can be described by cally frustrated spin-liquid states. We also find that we can

012412-3



BRIEF REPORTS PHYSICAL REVIEW B 64 012412

describe the magnetization and heat capacity data by a The authors acknowledge the financial support of the NSF
simple model in which the excitations have a gapped quaGrant No. DMR97-01548, ARO Grant No. DAAG55-98-1-
dratic dispersion relation analogous to ferromagnetic spi®032, and the Alfred P. Sloan Foundation. We are grateful
waves. These data provide thermodynamic evidence for thior the helpful discussion with A. P. Ramirez and D. A.
nature of the excitation spectrum in a three-dimensionaHuse. We thank V. Fratello and A. J. Valentino at Bell Labo-
spin-liquid phasé® and they indicate the need for new ratories for sample preparation, and N. Kalechofkyw at
single-crystal inelastic neutron scattering investigations ofOxford Instruments for assistance in the early stages of
these systems. these experiments.

13ee, for example, G. Y. Xu, G. Aeppli, M. E. Bisher, C. Broholm, 11y, K. Tsui, N. Kalechofsky, C. A. Burns, and P. Schiffer, J. Appl.
J. F. DiTusa, C. D. Frost, T. Ito, K. Oka, R. L. Paul, H. Takagi, Phys.85, 4512(1999; Y. K. Tsui, C. A. Burns, and P. Schiffer,
and M. M. J. Treacy, Scienc289 419 (2000, and references Phys. Rev. Lett82, 3532(1999; Y. K. Tsui, C. A. Burns, J.

therein. Snyder, and P. Schiffer, PhysicaZB0, 296 (2000; Y. K. Tsui,
2See, for example, W. J. Zheng, Phys. Rev. L&%.3534(1999, PhD. thesis, University of Notre Dame.

and references therein. 123, s. Gardner, S. R. Dunsigner, B. D. Gaulin, M. J. P. Gingras, J.
SA. P. Ramirez, Annu. Rev. Mater. S&4, 453(1994; P. Schiffer E. Greedan, R. F. Kiefl, M. D. Lumsden, W. A. MacFarlane, N.

and A. P. Ramirez, Comments Condens. Matter Phigs.21 P. Raju, J. E. Sonier, I. Swainson, and Z. Tun, Phys. Rev. Lett.

(1996; M. J. Harris and M. P. Zinkin, Mod. Phys. Lett. B, 82, 1012(1999.

417 (1996. 3A. P. Ramirez, B. Hessen, and M. Winklemann, Phys. Rev. Lett.

4E. F. Shender, V. B. Cherepanov, P. C. W. Holdsworth, and A. J. 84, 2957(2000.
Berlinsky, Phys. Rev. Let{70, 3812(1993; P. Schiffer and I. s R, Dunsiger, J. S. Gardner, J. A. Chakhalian, A. L. Cornelius,

Daruka, Phys. Rev. B6, 13 712(1997; R. Moessner and A. J. M. Jaime, R. F. Kiefl, R. Movshovich, W. A. MacFarlane, R. I.
Berlinsky, Phys. Rev. Lett83, 3293 (1999; P. Mendels, A. Miller, J. E. Sonier, and B. D. Gaulin, Phys. Rev. L&5, 3504
Keren, L. Limot, M. Mekata, G. Collin, and M. Horvatidyid. (2000.

85, 3496(2000. 15M. Shiga and H. Nakamura, J. Phys. Soc. J@@. 147 (2000,

5See, for example, R. Moessner and J. T. Chalker, Phys. Rev. Lett. and references therein.
80, 2929 (1998; B. Canals and C. Lacroixipid. 80, 2933  6S. Hov, H. Bratsberg, and A. T. Skjeltorp, J. Magn. Magn. Mater.
(1998; Phys. Rev. B61, 1149(2000; P. Sindzingre, G. Mis- 15-18, 455 (1980; S. Hov, Ph.D. thesis, University of Oslo,
guich, C. Lhuillier, B. Bernu, L. Pierre, Ch. Waldtmann, and  1979; A. P. Ramirez and R. N. Kleiman, J. Appl. Ph§8. 5252
H.-U. Everts, Phys. Rev. Let84, 2953(2000, and references (1991.
therein. "W, 1. Kinney and W. P. Wolf, J. Appl. Phy&0, 2115(1979; W.

6A. P. Ramirez, G. P. Espinosa, and A. S. Cooper, Phys. Rev. Lett. |. Kinney, Ph.D. thesis, Yale University, 1979.
64, 2070(1990; Phys. Rev. B45, 2505(1992; Y. J. Uemura, 8W. P. Wolf, M. Ball, M. T. Hutchings, M. J. M. Leask, and A. F.

A. Keren, K. Kojima, L. P. Le, G. M. Luke, W. D. Wu, Y. Ajiro, G. Wyatt, J. Phys. Soc. Jpt7, Suppl. B-l, 443(1962; D. G.
T. Asano, Y. Kuriyama, M. Mekata, H. Kikuchi, and K. Kaku- Onn, H. Meyer, and J. P. Remeika, Phys. REA6, 663(1967);
rai, Phys. Rev. Lett73, 3306(1994); C. Broholm, G. Appli, G. R. A. Fisher, G. E. Brodale, E. W. Hornung, and W. F. Giangue,
P. Espinosa, and A. S. Coopdrjd. 65, 3173(1990. J. Chem. Physh9, 4652(1973.
p. Schiffer, A. P. Ramirez, D. A. Huse, and A. J. Valentino, Phys.'®Toshiro Sakakibara, H. Mitamura, T. Tayama, and H. Amitsuka,
Rev. Lett. 73, 2500(19949; P. Schiffer, A. P. Ramirez, D. A. Jpn. J. Appl. Phys33, 5067(1994).
Huse, P. L. Gammel, U. Yaron, D. J. Bishop, and A. J. Valen-2°Because of the lower-energy scale of the interactions, the field
tino, ibid. 74, 2379(1995. dependence is, in fact, comparatively much weaker in GGG than
8M. J. Harris, M. P. Zinkin, Z. Tun, B. M. Wanklyn, and I. P. in SrCiypGays— 9pO1g.

Swainson, Phys. Rev. Lett.3, 189 (1994); Phys. Rev. B52, 2lwe find that the spin wave form only fits the data for fiefd6.3
R707(1995. T in the spin-liquid regime. This is probably attributable to the
90. A. Petrenko, C. Ritter, M. Yethiraj, and D. McK Paul, Physica  smaller magnetization at lower fields which would not support a

B 241-243 727 (1997); Phys. Rev. Lett80, 4570(1998. propagating spin wave.
10R. Ballou, E. Leliare-Berna, and B. Ha Phys. Rev. Lett76,  2?P. Schiffer(unpublishedl
2125(1996. 23B. D. Gaulin(private communication

012412-4



