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Magnetocaloric effect in pyrochlore antiferromagnet Gd,Ti,O-
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An adiabatic demagnetization process is studied inTMD,, a geometrically frustrated antiferromagnet on
a pyrochlore lattice. In contrast to conventional paramagnetic salts, this compound can exhibit a temperature
decrease by a factor of 10 in the temperature range below the Curie-Weiss constant. The most efficient cooling
is observed in the field interval between 120 and 60 kOe corresponding to a crossover between saturated and
spin-liquid phases. This phenomenon indicates that a considerable part of the magnetic entropy survives in the
strongly correlated state. According to the theoretical model, this entropy is associated with a macroscopic
number of local modes remaining gapless until the saturation field. Monte Carlo simulations on a classical spin
model demonstrate good agreement with the experiment. The cooling power of the process is experimentally
estimated with a view to possible technical applications. The results fgFigal, are compared to those for
GdGa045, a well-known material for low temperature magnetic refrigeration.
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[. INTRODUCTION lattice), these groups of spins are hexagons formed by the
The distinct feature of highly frustrated magnetic materi-€d9€s of neighboring tetrahedra, which lie in the kagome
als is a peculiar spatial arrangement of the magnetic iong!anesl(11) and equivalent plangssee, e.g., Ref.)9 In

Antiferromagnets on typical geometrically frustrated struc-2€"0 @pplied field, if the six spins are arranged antiferromag-

tures, such as, for instance, kagome, garnet, and pyrochlo tically around one hexagon, they effective]y decouple from
lattices, have an infinite number of classical ground state 'oe other spins and can rotate by an arbitrary angle. The

. . ow-energy hexagon modes have been observed in quasielas-
This macroscopic degeneracy precludes any type of conve tic neutron scattering studies on spinel compound Z0gr

tion_al_magn.etic ordering. As a_result, frustrateq magnets ey pich is a spin-3/2 Heisenberg antiferromagnet on a pyro-
main in a disordered cooperative paramagne‘qc grognd St.a{'%lore lattice® The thermodynamic consequence of these lo-
at temperatures well below the paramagnetic Curie-WeiSgy)| excitations is that a considerable fraction of the magnetic
constantfc,.'~* Weak residual interactions or quantum and entropy is not frozen down to temperatures much less than
thermal fluctuations usually induce some kind of ordered org_
spin-glass state &t < 6. A number of geometrically frus-  ~An interesting effect related to a field evolution of the
trated magnets have been experimentally studied in the pagéro-energy local modes is an enhanced magnetocaloric ef-
decadé. Magnetic pyrochlore compound GH,0; is one of  fect near the saturation fields, predicted in Ref. 10. Trans-
the prototype examples. The &dons have spir5=7/2 and  formation between a nondegenerate fully polarized spin state
zero orbital momentum, which yields a good realization of aaboveH,;and an infinitely degenerate magnetic state below
nearest-neighbor Heisenberg exchange antiferromagnet onHy,; occurs via condensation of a macroscopic number of
pyrochlore lattice. Recent specific heat, susceptibility, andocal modes and produces large changes of entropy in mag-
neutron scattering measureménfs have shown that netic field. Quantum fluctuations do not destroy such an
Gd,Ti,O; remains disordered over a wide temperature intereffect’ In particular, atH=H, geometrically frustrated
val below itsc=10 K. The transition to an ordered phase magnets on pyrochlore and kagome lattices have a finite
is presumably driven by weak dipole-dipole interactions andnacroscopic entropy, which does not depend on the value of
occurs only afly; =1 K. the spin of the magnetic ions. The finite entropy of the
Infinite degeneracy of the magnetic ground state of a fruskagome antiferromagnet has been calculated exHctly,
trated magnet implies the presence of a macroscopic numberhereas the corresponding quantity for a pyrochlore lattice
of local zero-energy modes. Such soft modes correspond t@mains unknown. Therefore an experimental observation of
rotational degrees of freedom of a finite number of spinghe magnetocaloric effect in Gti,O, should be important
with no change in the total exchange energy. In a pyrochloréoth from a fundamental point of view, as a physical probe
structure(a matrix of corner-sharing tetrahedra on the fccof the local zero-energy excitations in the frustrated ground
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corresponding to the ordering phase transitions, the high field
curve demonstrates a broad maximum around 5 to 6 K. The
lattice contribution to the specific heat extracted by fitting the
zero field data at temperatures 30—70 K in the Debye ap-
proximation is shown in the figure by a dashed line. The
temperature dependence of the magnetic entiomal en-
tropy with the phonon part subtracjedbtained by integrat-
ing C/T curves is presented in the lower panel of Fig. 1.
They give a general overview of the magnetocaloric effect in
this compound. An adiabatic demagnetization of the system
down to zero field starting aH=90 kOe andT=10 K
(aroundé.y) results in decreasing temperature to 2 K, while
the isothermal process at=2 K is accompanied by an en-
tropy increase by approximately one-half of the total mag-
netic entropy.

B. Adiabatic demagnetization

In the main part of the experiment, the magnetocaloric
effect in GgTi,O; is studied in detail by measuring the tem-
perature of the sample in a quasiadiabatic regime as a func-

tion of time and magnetic field. For this purpose, a commer-
FIG. 1. Temperature dependence of the specific liepper  cially available thin-film RuQ resistor with the resistance
pane) and the entropylower panel of the GgTi,Oy single crystal  calibrated down to 100 mK in fields up to 120 kOe was
sample:O: zero field and®: H=90 kOe; solid lines are the results glued onto the sample. It was also used as a heater to regu-
of C/T integration and dashed lines represent the phonorate the starting temperature of the experiment. The sample
contribution. was suspended on four thin constantan wi@&&um in di-
ameter and 5 cm in lengktsoldered to the thermometer to

state belowH., and because of the possible technologicalmake a 4-wire resistance measurement. The experimental
applications. The enhanced magnetic cooling power of gadd:€ll was put in a vacuum can immersed in & helium bath held
linium gallium garnet GgGa,0;, has been known for a long at 1.8—4.2 K. The heat exchange gas inside the can was ab-

time 1214 although without reference to the frustrated natureS°"Ped by a charcoal cryopump to a pressure of Torr.

of a garnet(hyperkagomg lattice. Experiments have been '€ Cryopump was equipped with a heater to desorb some
also performed on other garndfsThus a comparison be- exchange gas when necessary to cool the sample during the

) e . experiment. Magnetic fields up to 120 kOe were generated
tween the two typ|cal frustrated magnets is important since %y a superconducting magnet. The fiéldwas applied per-

. . .ependicular to th€111) axis. No correction for the demagne-
maximal cooling rate among all known types of geometri-tj, ation factor was made. The measurements were done at a
cally frustrated magnef$.In the present work we study ex- sweep rate of 10 kOe/min.
perimentally and theoretically the magnetocaloric effect in - The temperature versus magnetic field curves for different
G, Ti;O;. Demagnetization of a G#li,O; sample under  starting temperatures are shown in Fig. 2. The temperature
quaSiadiabatiC conditions is performed and Compared to arop on demagnetizatio’ﬁi/Tf depends on the Starting tem-
similar study of GgGa;04,. Classical Monte Carlo simula- perature. It has a maximum aroufig= 10 K where the tem-
tions of an ideal adiabatic demagnetization process are peperature drops by a factor of 10. A characteristic feature for
formed for both materials. Entropy variations and the coolingall the Tg(H) curves starting below 10 K is that a great deal
power of G@Ti,O; in an applied magnetic field are calcu- of cooling occurs in the field range from 120 to 60 kOe,
lated from a combination of the adiabatic demagnetizatiorwhich contrasts sharply with a continuous adiabatic cooling
results and specific heat measurements. (T/H=consj of an ideal paramagnet.

Additionally, a parasitic temperature drift, (due to ra-
diation, wiring, and the measuring currgmias investigated
at several fixed values of the field for temperatures along
each curvelg(H). The values ofl, have a smooth tempera-
ture dependence within £2 mK/s changing sign at about
10 K. The experimental data were corrected at each moment
of time t; (corresponding to each value of the magnetic field
Ef) using a set of measurél, values by formula
t

Il. EXPERIMENT
A. Specific heat measurements

A single-crystal sample of Gdli,O; was grown by the
method described in Ref. 16 and is approximately>3155
X 1 mn? in size(32.5 mg by mass For preliminary estima-
tion, we present the results of specific heat measurements
Gd,Ti,O; performed in a Quantum Design PPMS calorim-
eter at zero field and &1=90 kOe(see Fig. 1, upper panel
The curve aH=0 was taken from our previous work in Ref.
18 while the high field data were measured in the tempera-
ture range from 1.5 to 20 K. Instead of two sharp peaks on ahere Te,, is the raw experimental value, arid,, is the
zero field C(T) dependence afy;=1 K and T\,=0.75 K  corrected temperature. One should mention that the above

Tcor(HvtO) :Texp(Hvto) - f OTpdtr (1)

0
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FIG. 3. Comparison of adiabatic demagnetization i, TGsD-
0 (raw data and GdGa;0O;, on a field scale normalized tbig,,
Monte Carlo simulations are shown by the solid lines; the dashed
H (kOe) line is an overcorrection to the experimental data made using for-
mula (1).

FIG. 2. Temperature variations of the adiabatic demagnetization
of Gd,Ti,O for various starting temperatures; dotted lines repre-
sent the corrections for the lattice heat capa¢#ge Discussion  technique similar to that described above. Due to the large
Solid lines are obtained by Monte Carlo simulations with the ex-nheat capacity of the sample, no correction for parasitic heat
change constari=0.3 K. leaks is required in this case. The measured adiabatic demag-

netization curves for Gga0,, are very similar to the pre-

correction procedure is applicable only if the parasitic heatviously published results for oriented single crystala the
ing does not strongly affect the whole demagnetization protemperature range of overlap. Our results are compared to
cess. In this case, after the correction is applied to the rawdd,Ti,O; data in Fig. 3 on a field scale normalized to the
data, the process appeared to be fully reversible by the sweeprresponding values dfl;;; 15 and 70 kOe, respectively.
direction, so that the curves obtained on increasing the magrhe magnetocaloric effect in the g8la;0,, sample is quali-
netic field do not differ from those shown in Fig. 2. A more tatively similar to what is observed in GH,0-, but occurs

general heat-balance equation in a different temperature range due to a smaller exchange
constant. In a demagnetization process of@&#O,, start-
W,ydt=CdT+ T(4S/dH)dH (2)  ing fromH=2H, (28 kOg at T=0.5 K the temperature de-

_ creases by a factor of 5 reaching its minimum value of 0.1 K
[W, is a parasitic heat lealr,=W,/C), C is the specific heat in the vicinity of the saturation field after which it remains
at a constant fieldleads to formula(l) if the function  practically constant.
T(9S/oH)+/ C=—-(dT/dH)5 does not change significantly be-
tweenTe,, and T, Such an assumption is valid for all the
scans shown in Fig. 2 except the one startin@;a2 K and . DISCUSSION
the corresponding<(H) curves are given with the appropri-
ate subtraction. For the lowest scan, the correction appears to Our experimental results demonstrate the decisive role of
be of the same order of magnitude with the experimentathe frustration in producing large adiabatic temperature
temperature. In addition, the derivativeT/JdH)s strongly  changes in the two materials. In typical nonfrustrated antifer-
decreases in the vicinity of the ordering transition whichromagnets, magnetocaloric effect in the vicinity of field in-
leads to an overcorrection of the experimental data. Thigluced transitions is very small. For example, adiabAfig
overcorrection is illustrated in Fig. 3 by the dashed line. Thuddoes not exceed 0.05 K in Cg)NFe, Clsi for a similar
an ideal adiabatic dependentgH) should lie between the range of fields and temperatufédzor a quantitative descrip-
raw experimental data and the corrected curve. The minition of the above data we have performed a series of Monte
mum temperature reached experimentally on demagnetiz&arlo (MC) simulations on classical antiferromagnetic mod-
tion from T,=2 K atH;=62 kOe isT;;;;=0.48 K. This cool- els with only nearest-neighbor exchange. A detailed account
ing limit is associated with the magnetic entropy freezing atof the application of the MC technique to model adiabatic
the transition into an ordered state. When the field is furtheprocesses is given in Ref. 10. Quantum sp8¥s7/2 are
decreased, a weak temperature increase is observed. Tweplaced by classicah-vectors (|n|=1), an approximation
temperature plateaushown by the arrows in Fig.)3are  which is valid for high enough temperaturés JS The only
clearly seen in this part of the curve corresponding to thgparameter required to compare the MC simulations to the
phase transitions &fy; =1 K andTy,=0.75 K&17.18 experimental data is the exchange consthrwhich is esti-

It is interesting to compare the above measurements to thmated from values of the saturation field or the Curie-Weiss
magnetocaloric effect in another frustrated spin systentemperature. Expressions for these quantities for nearest-
Gd;Ga;04,. The data on G504, have been obtained on a neighbor antiferromagnets on pyrochlore and garnet lattices
sintered powder samplenass 4.05 gusing an experimental are
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TABLE I|. Experimental valuesig,;and 6 and the estimations ol
of the exchange constants for §@,0; and GdGa;0;-. AS/2RIn8)
O Z | ocdmio,
Hsat bcw J(Hsa) J(bcw) = ‘\‘\'-‘ 240
(kOe) (K) (K) (K) Vet T O/O// PM
G, Ti,O 70 9.5 0.33 0.30 ;7\/:\‘,,\ ’ 0 P 3
GGa0;, 15 2.3 0.1 0.11 SN T (K)
IR 0
= = + 2
gueHsar= 8IS kgfew=2J9S+1), , o 3 T
——— 10
4 0 40 80
gugHsa= 63S Kgbow= 5\]38*' 1), (3 H, (kOe)

. . FIG. 4. The molar entropy change of gd,0; under isother-
respectively(see, e.g., Ref. 30 Corresponding values for mal demagnetization froril;=90 kOe toH; at different tempera-

i 20
both compounds have been taken from previous WirkS tures. Entropy variations of an ide8k7/2 paramagnet under the

and are summarized i_n Table I. For both mat_erials, the €X5ame conditions are shown by the dashed lines. The inset represents
change constants derived froby, and fcy (taking 9=2.0 e critical intersection line of the two surfaces.

for Gd ion9 agree to within an accuracy of10%. The
remaining difference may be attributed to weaker dipolar and

other interactions, which are responsible for the eventual o'glong the curvel's(H) remains constant, so we can relate the

dering in G@Ti,O; below Ty; and aboveH=5 kOe in entropy variations at constant temperature and in constant
The results of the MC simulations for GH,0O; with J

=0.3 K are indicated by the solid lines in Figs. 2 and 3. For T

the scans starting at temperatures above 10 K one cannot AS(TH)|Rf = ASH))|T :f C(T)/T dT. (5)

neglect the phonon contribution to the total heat capacity of ' HA

the_ sample. The influence of lattice heat on the demagnetl- The entropy changeas of Gd,Ti,O; under the isother-
zation process can be taken into account using Bgwhich e . -
mal demagnetization at various temperatures from the initial

yields the following relationship between the ideal tempera-. _ ; X : i
ture variationATs and its observed valu&T o field H;=90 kOe as a function of the final field; are pre

sented by closed circles in Fig. 4. The valuesA$ are
ATg= ATea(1 +Cp/C), (4) calculated from our experimental data using the above equa-
. » o tion, while the real entropy of the system remains undefined.
whereCg is the phonon part of the specific heat, @ its 1o features should be underling about one-half of the
magnetic part. Using the results shown in Fig. 1, one cafyia| magnetic entropyRIn 8 remains in the system even at
approximately correct th&s(H) curves for the temperature- emperatures very close to the transition into an ordered state
dependent phonon contributiqgee dotted lines in Fig.)2 gt Tni=1 K; and(ii) the largest entropy changeS and con-
With this correction, the MC ca[culatio_ns demonstrate Velysequently a heat absorptidrQ occurs in a high field region
good agreement with the experiment in the whole temperagpoveH,,, This differs significantly from the behavior of an
ture range at fields abovels,, Since a nearest-neighbor jgeg] paramagnet at low temperaturehown by the gray
Heisenberg pyrochlore antiferromagnet does not order, thg,rface in Fig. % which releases a significant part of its
MC simulations cannot describe satisfactorily the observetémropy only if demagnetized td; <H;. This figure demon-
behavior belowHs, at T<<1 K. Besides, this is also the limit  strates that Gd'i,0, has a considerable advantage below
of the validity of the classical approximatiodS=1 K. The 5 K in the high fieldcooling power over conventional para-
temperature increase Bit<Hg, observed in Gglli,O; (Fig.  magnets. The boundary of the field-temperature area where
3) may be attributed to the reopening of a gap in the excitaihe pyrochlore is advantageous over an idgal7/2 para-
tion spectrum belovHs, caused by anisotropic interactions. magnet obtained as an intersection of the two shéets
The theoretical dependence obtained for;GalO,, (lower  pojd line) is shown in the inset to Fig. 4. For comparison, we
solid line in Fig. 3 with the exchange constad&0.11 K performed similar MC simulations of a nearest-neighbor an-
curve very well. - _ _cannot give correct values for the total entropy of a quantum
Finally, we estimate the cooling power of the demagneti-spin system. Nevertheless, the variation of entropy is repro-
zation process using the measured adiabag¢l) curves  gyced with remarkable accuracy. For example, the calculated
along with the specific heat da@(T) obtained at high fields. values of AS at T=4.2 K for demagnetization fronH;
The amount of heat absorbed by a magnetic material during90 kOe to zero field and tbl;=40 kOe are 0.52 and 0.40
isothermal demagnetization is related to the entropy changgf the total magnetic entropy, respectively. The difference
AQ= TASH{- Consider an adiabatic demagnetization curvefrom the experiment does not exceed 20%, which is due to
which starts at(H;,T,) and ends aiH;,T;). The entropy the largeS=7/2 spin of the Gd* ions.
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The cooling powerAQ has a maximum around 4 K can be directly probed in quasielastic neutron scattering mea-
reaching 30 J/mol Gd. Such an amount of heat correspondsurements analogously to the experiment on Z0GP
for comparison, to the evaporation heat of approximatelyThese excitations may also be responsible for the nonfrozen
1 mol of liquid ®He at T=3 K. The garnet compound spin dynamics belowl,,; observed in GTi,O; by muon
Gd;Ga0,, is also advantageous as a refrigerant materiabpin relaxation measuremenrtsA comparison between our
over paramagnetic salts, but at lower fields and temperaturesxperimental data and classical MC simulations shows that
We suggest that a combination of the two compounds mighthis numerical technique can semiquantitatively predict the
become the basis for an inexpensive two-stage adiabatic desaagnetocaloric properties of real rare-earth materials with
magnetization refrigerator suitable for effective cooling fromlarge (semiclassical magnetic moments, which have been
T~10 K down to 100 mK range in a single field sweep. described so far only in the molecular field approximation.
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