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Gadolinium gallium garnet, G&6a0,,, has an extraordinary low temperature phase diagram
including a spin glass phase ne&f = 0 T, an antiferromagnetic (AFM) phase f@.7 = H =
1.4 T, and, at intermediate fields, an apparent spin-liquid state without long range order. We
have characterized the intermediate field (IF) state through heat capacity, thermal conductivity, and
magnetocaloric measurements. Our results indicate that the IF phase is distinct from the spin glass, and
that the phase boundary between the AFM and IF phases has a distinct mininfurm éti8 K, in
analogy to the minimum in the melting curve tfle. [S0031-9007(99)08981-4]

PACS numbers: 75.30.Kz, 75.50.Ee

There has been much recent interest in the study ainalogous to thatin the melting curve'éfe and represents
geometrically frustrated antiferromagnets [1], in which thea novel transition between a spin liquid at intermediate
geometry of the lattice results in frustration of the antiferro-fields and a long range ordered spin solid in the AFM state.
magnetic exchange interaction. Such materials are charac-In order to characterize the IF phase, we measured
terized by the absence of long range order at temperaturéise thermal conductivityx(H, T), and the heat capacity,
well below the Curie-Weiss temperatur@®¢wl|), and C(H,T) [9]. Our heat capacity data (see Ref. [9] for a
have highly unusual low temperature properties [1-9]complete data set) agree well with previous less detailed
One such frustrated magnet is{&h;0;, (gadolinium gal- measurements [3]. There are no ordering features in
lium garnet or GGG), in which the magnetic Gd ions areC(T) for H < 0.7 T, down to the lowest temperature of
on three dimensional corner-sharing triangular sublatticeghis experiment 65 mK). At fields close to zero, the
which results in geometrical frustration of the antiferro- quotientC(T)/T (representative of the density of states)
magnetic (AFM) nearest neighbor exchange interactiondrops rapidly below~90 mK. This decline inC(T)/T,
[10,11] ®cw ~ —2 K) and an unusual phase diagramis reminiscent of the low temperature behavior of the
(Fig. 1 inset). At low fields, previous thermodynamic
studies indicate that the ground state of GGG is a spin
glass {, ~ 150 mK) [7], although recent neutron scat-
tering data suggest that the spin glass state does not in-
volve all of the spins [4]. At fields between 0.7 and 1.4 T
the ground state is a long range order AFM state with
Ty(max ~ 350 mK [3,5-7]. The nature of the ground
state at intermediate fields shows no evidence of any sort of
spin ordering upon cooling from the high temperature para-
magnetic state. This state is apparently a homogeneous

C (J/K/Mole-Gd)

three dimensional spin liquid in which the spin interactions . o E,/”
are much stronger than the ambient thermal energies, and M gl g”’ ARM |
yet the spins remain fluctuating at low temperatures with- E 2 05/ I se 1) b)
out long range correlations [12]. = a4l Spin Glass

In this Letter we characterize the low temperature spin = 6o Tempasature (&)
state of GGG in the intermediate field (IF) regime through T; 35?%%-.:\ 70mK |
the thermal properties of a high-quality single crystal of ‘ . ] ,
GGG. Our data show a clear upper field boundary of the 0.0 0.5 1.0 1.5 2.0

spin glass phase of GGG, demonstrating that the IF phase Field (Tesla)

is distinct from the spin glass phase. We also find a

minimum in the IF/AFM phase boundary, indicating that FIG. 1. The (a) specific heaC§ and (b) thermal conductivity
the “disordered” IF state close to the phase boundary hd&) of GGG vs applied field at low temperatures and low

. elds. The inset shows the low temperature phase diagram of
lower magnetic entropy than the ordered AFM state, an; including the spin glass, IF, and AFM long range ordered

this finding is confirmed by measurements of the latent hegdhases [3]. The solid down triangles correspondid4) data,
at the transition. The minimum in the phase boundary isand open squares correspond to peaks in G¢é#i) data.
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frustrated kagomé compound S§0Ba;>-9, 019, in Which

the low temperature state is spin liquid-like [8]. QLT o >
data do display sharp long range order (LRO) peaks at & Down
the AFM phase high-field boundary, in agreement with % O o
previous results [3,6]. In order to study how the applied =

o

field affects the thermodynamics, we plotH) at several 120mK
temperatures as shown in Fig. 1a. Inthe low field and low 0.2 ¢ = ——

temperature regime;(H) decreases witl, suggesting g 0.0l b) e

that the density of states of the spin fluctuations is also %’

decreasing withi/. The C(H) curves show features at the 2 02 91mK

transitions to and from the AFM state at 0.7 and 1.4 T, & 0.4 . 6.0

respectively. The asymmetry of the features reflects the ) o W(HD) 8t 90K ) z

rather different natures of the two phase boundaries since 3 12f¢) S

the upper boundary is second order with a relatively large £ 59 g

|dH./dT| [3], while the lower boundary is first order and 2o C(H)m/s;nK ;

almost flat as discussed below. o . . , g 2
The thermal conductivity data compare well to the pre- 0.00 0.05 0.10 0.15 02

vious zero-field measurements of Daueinal. [13]. We Field (Tesla)

find thatx (H) displays features corresponding to the AFM 1 > The field dependence of several properties of GGG in
phase boundaries and then rises and saturates at higfe low field region. (a) The sweeping up dataddf,/dH at

fields, with k(H = 5 T)/k(0) ~ 2.5 for T = 300 mK different temperatures. The 94 and 120 mK curves have been
[9]. Since the magnetization is saturated fér= 3 T, off set for clarity. The inset shows the typical field dependence

spins excitations should not affect thermal conduction aff 7s(F) for both the sweeping up and down data. (b) Typical

high fields, and we thus conclude that phonons are thgﬁgrg?;')n gtféesldmmzasurementsdafs/ dH. (c) k(H) at 90 mK
predominant heat carriers despite the heat capacity being
primarily due to spin fluctuations [14]. Confirming this
conclusion, we findk(T) ~ T3 as expected for phonons H = 0.08 T we observe an increasiffg(H) when the ap-
[9], and the magnitude ok(T') is consistent with Debye plied field iseither increased or decreasddee inset to
model predictions. Since thermal conduction is throughFig. 2a). To illustrate the heating process more clearly, we
phonons, the features at low fields must be due to scatterirgot dT,/dH in Fig. 2a. On both increasing and decreas-
of the phonons by spin excitations. Fbt < H < 0.7 T, ing field,dT;/dH drops sharply at-0.08 T, indicating an
the IF phasex(H) decreases with fields at low tempera- upper bound to the heating, and this feature is unchanged
tures, implying an increase in spin-phonon scattering. Thisvhen the rate of the field sweep is varied by a factor of
is surprising sinc& (H) in this region shows a decrease in 4. Since the heating occurs on both raising and lower-
the density of state of the spin excitations—suggesting thahg the field, it is not due to the demagnetization effect.
the cross section for spin excitation scattering increase@/e therefore attribute it to glassy irreversibility associated
strongly with field. with the spin glass state of the sort observed in studies of
An unanswered question from previous low temperaturghe metallic spin glas8uFe [16], in which the rate of heat
studies of GGG is whether the IF spin stafel(= H =  flowing to or from the sample due to a change of the exter-
0.7 T) is in fact distinct from the spin glass state. Thenal field was measured. This irreversible heating may be
previously observed maximum ig,.(H = 0) [7] corre-  pictured as an alteration of the spin glass energy landscape
sponding to the spin glass transition was suppressed fday the field during field sweeps. The continuous alteration
H = 0.05 T [7], indicating an approximate upper field of the landscape causes the system to irreversibly relax to-
bound of the spin glass phase; however, no feature wasards new equilibrium states, and energy is consequently
observed iny(H) [15]. In Fig. 2c we showC(H) and released.
k(H) at low fields. ForT < T, we find thatC(H) is al- The feature indT,/dH at 0.08 T persists tdl' ~
most constant whe#/ = 0.02 T, then it decreases with 800 mK, well above7, ~ 150 mK determined from ac
field almost linearly, whilex(H) shows a broad peak at susceptibility and magnetization data. The persistence
~0.1 T—both suggestive of a boundary between the spirof glassiness to high temperatures is, however, consistent
glass and IF phases. with the nonlinear susceptibilityy; and the out-of-phase
To further characterize the evolution of the spin statesusceptibility y” data which show broad features at
with field, we performed magnetocaloric measurements-0.5 K [7]. Taking the spin 72 of the Gd?3 ions to
using our calorimeter to measure the temperature of theet the energy scale, 0.08 T is equivalenutgyH /kp ~
sample,T,(H), during quasiadiabatic field sweeps. We 380 mK, suggesting a correspondence with the features in
zero-field cooled the sample and then measufgdi)  x; andy”. In addition to the cutoff of heating at 0.08 T,
while sweeping the field slowlyp — 02 T — 0. For dT,/dH displays a peak at-0.033 T when T = T,.
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Since 0.033 T corresponds ta;qH /kg ~ 160 mK ~ T,,  dicated a transition to long range order at critical figid,
this peak may correspond to the bulk spin glass transitionwhich is plotted vs temperature in Fig. 4a. At high tem-
The upper field boundary to the heating at 0.08 T sugperatures T > 180 mK) the transition is indicated by a
gests an upper field boundary for the spin glass phasehange in slope iffy(H) (see the inset to Fig. 3), which is
which in principle could be associated with either anconsistent with a second order transition and previous criti-
Almeida-Thouless (AT) line or a Gabay-Toulouse (GT)cal behavior analysis of the boundary at higher tempera-
line. However, as shown in Fig. 2a, the field wheretures [3]. Atlower temperature8{ < T < 180 mK) we
the irreversibility ends is almost temperature independentbserve thaf',(H) displays nonmonotonic behavior, with
whereas AT and GT lines move to higher field as the tema drop of magnitud&\T at H. (see inset to Fig. 3). We
perature is reduced [17]. On the other hand, this featursee an equivalent rise ifi(H) on decreasing the field, and
allows us to define an upper boundary of the spin glassve associate the feature with a latent heat at the transition,
phase of GGG, which demonstrates that the intermediimplying that the transition is first order at the lowest tem-
ate field phase is a distinct spin state without glassy irperatures. We plot the heat associated With, CAT, at
reversibility and not simply a continuous extension of thethe transition field &.) in Fig. 4b.
spin glass state [15]. We observe that, beloW,;, ~ 180 mK, H, increases
Perhaps one of the most intriguing results of earliems temperature decreases, thus demonstrating that the phase
xac(H) measurements was that the two lowest temperaboundary does indeed have a minimum. We find that
ture points on the low-field phase boundary of the AFMthe phase boundary taken frofy(H) is in quantitative
phase suggested that the boundary had a minimum agreement with the previous estimate [3] and with our heat
Tmin ~ 200 mK [3]. Such a minimum in the AFM/IF capacity data, and, except for the lowest temperatures, we
phase boundary would be highly unusual, indicating thdind excellent agreement between data taken on raising and
disordered IF state fof < T,;, was reentrant and pos- lowering the field, which implies that the existence of a
sessed a higher degree of magnetic order than the lomginimum is not due to nonequilibrium effects. The slope
range ordered AFM phase. Our measurementd®f ata  of the low temperature phase boundary, and therefore the
field just below the AFM phase (0.66 T), however, did notexistence of a minimum, is confirmed by the Clausius-
indicate reentrance, perhaps due to the long relaxation tim€lapeyron equation, since the sign of the latent heat implies
in this system. We then examined quasiadiabatic sweep#H /dT is negative along the phase boundary. The sign
of T;(H) (see Fig. 3) across the boundary. These data in-
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FIG. 3. The sample temperaturd,, during field sweeps
across the boundary between the IF and AFM phases. (a) AEIG. 4. (a) The phase boundary between the AFM and IF
~100 mK where the system shows a latent heat being absorbeghases in the low and intermediate field regime. The solid
and released af{. during raising and lowering the field, diamonds are ouC(T) data. The open squares are the pre-
respectively. (b) At~60 mK where the system enters a vious y,. data [3]. The up and down solid triangles are the
metastable state before the transition is nucleated so that heBf(H) data for increasing and decreasing field, respectively,
is released on either raising or lowering the field. The insetsand the solid line is to guide the eye. The inset shows the
show howT,(H) changes neaH, at ~100 mK (left) where  melting curve of‘He [19] for comparison. (b) The temperature
the transition is first order and at200 mK (right) where the change AT) at the IF/AFM transition multiplied by the heat
transition is second order. capacity,C(T).
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