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Magnetic phase diagram of the antiferromagnetic pyrochlore GdTi,O-
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Gd,Ti,O5 is a highly frustrated antiferromagnet on a pyrochlore lattice, where apart from the Heisenberg
exchange the spins also interact via dipole-dipole forces. We report on low-temperature specific heat measure-
ments performed on single crystals of F&,0; for three different directions of an applied magnetic field. The
measurements reveal the strongly anisotropic behavior eTiGd; in a magnetic field despite the apparent
absence of a significant single-ion anisotropy foPGd@heH-T phase diagrams are constructed Kg{111],

H|[[110], andH||[112]. The results indicate that further theoretical work beyond a simple mean-field model is
required.
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Amongst the members of the titanium pyrochlore oxide In this Brief Report, we present the results of specific heat
family with the general formula R'i,0O,, the magnetic prop- measurements on GH,0 in an applied magnetic field. By
erties of which are all presently the subject of intense invesusing single crystal samples we have been able to prove that
tigations, gadolinium titanium oxidéGTO) holds a unique there is an unusually high degree of anisotropy built into the
position. In contrast to the other members of this series ofjround state and to construct theT phase diagrams for
compounds, where magnetic anisotropy plays a crucial roléhree different directions of magnetic fieldH||[111],
and results in the appearance of some most unusual groumdl|[110] andH||[112].
state configurations, including the “spi_n—ice” stétG,T_O is The single crystals of Gdi,0O; were grown by the float-
the only compound where the magnetic rare earth ions haviag zone technique, using an infrared image furnidcehe
a negligible single-ion anisotropy. This is because inprincipal axes of the samples were determined using x-ray
GQ,TiO, the Gd* ions are in a state witl$=7/2 andL iffraction Laue photographs; the crystals were aligned to
=0. The magnetic ions are antiferromagnetically coupledyyithin an accuracy of 2—4°. The specific heat measurements
Therefore, apart from the ever present dipole-dipole interaGyere performed in the temperature range 0.39 to 5.0 K in a
tions, GTO may be regarded as a realization of an IdeZ';{iveld of up to 9 T using a Quantum Design PPMS calorim-
Eceelsenberg antiferromagnet on a frustrated pyrochlore Iatéte.r equipp.ed yvith 3He OptiC_JIj. In order to estimate the

The considerable theoretical interest in thgrochlore lattice contribution to the specific heat we have measured the

model and its @ analog(a checkerboard lattigeis mostly specific heat of a single crystal of,¥i,0;, a nonmagnetic

due to the fact that these models, both in classical and qua§@MmPound isostructural to GTO. For all the low-temperature

tum descriptions, do not develop conventional magnetic ormeasurements reported in this Brief RepOFt<S K) the

der down toT=0 K.2 Their ground state is instead described lattice contribution was found to be insignificant.
as a degenerate spin-liquidiVhether the weaker perturba- ~ We have measured the specific heat both as a function of
tions such as a single-ion anisotropy, dipolar interactfohs, temperature in a constant magnetic field and as a function of
small lattice distortion§,further-neighbor interactionsor a  the applied field at a constant temperature. Because of the
magnetic field break the degeneracy and force the system tdelatively high values of the specific heat of GTO and its
adopt a particular ground state configuration is the subject gpoor thermal conductivity at low temperatures, the measure-
current investigations. In this context it is extremely impor-ments were restricted to smélkl mg platelike samples
tant to identify different magnetic phases in real magnetiawith a typical thickness of 0.1 mm. For some orientations of
materials and to establish the phase diagrams. the applied field, the demagnetizing factors were significant
Another unusual aspect of the thermodynamics of frusand had to be taken into accodftThis has been done by
trated magnets, which may have direct consequences faneasuring the magnetization of the same or similarly shaped
GTO, has been pointed out recently by Zhitomir8kge-  samples with either a vibrating sample or a SQUID magne-
cause a significant enhancement of the magnetocaloric effetemeter.
is expected for frustrated magnets near the saturation field, The temperature dependence of the heat capacity divided
GTO may have potential as an adiabatic demagnetizatiohy temperatureC(T)/T, measured in zero field is shown in
refrigerator. An enhancement of the magnetocaloric effect irfFig. 1. Two sharp peaks of nearly the same amplitude ob-
model systems is attributed to the presence of a significargerved afTy;=1.022) K and Ty,=0.742) K mark the tem-
number of so-called “soft mode8.The existence of such perature of two consecutive phase transitions. In Fig. 1 two
soft (and zerp modes in a magnetic material such asdata sets are shown in order to demonstrate the high degree
Gd,Ti,O still needs to be established. To date, the only di-of reproducibility in these measurements. These data should
rect experimental observation of soft modes has been made compared with the results of previous measurements per-
with inelastic neutron scattering in another frustrated comformed on powder samplé$1*Rajuet al13 reported a broad
pound ZnCs0,.1° peak centered around 2 bsent in our dajaand a sharp
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temperature,C(T)/T, measured on the single crystal of the
Gd,Ti,O; in a zero applied field. The inset shows the temperature

dependence of the magnetic entropy. FIG. 2. Temperature dependence of the specific He@), of

Gd,Ti,O; at various values of an external magnetic field applied

. . . along the three different crystallographic directiorts||[111],
peak just below 1 K, which were attributed to the presencgy|112) andH|[110].
g

of short range correlations and the development of lon

range magnetic order, respectively. More recently, howevestitial sites carrying a zero magnetic moment; GTO has been
Ramirezet al14 have reported the presence of another sharguggested to be only partially ordered even at 50 fhKhe

peak at around 0.7 K. While our data are similar to thoseobserved recovery of the full magnetic entropy conflicts with
presented in Ref. 14, they differ significantly in the absolutethis suggestion. On the other hand, mean-field theprg-
values ofC(T) from the values reported in Ref. 13. For ex- dicts tha}t an ordered four sublattice structdrestatg¢ com-
ample, at the temperature of the upper phase transifign, Petes with the P state and becomes more stable as the tem-
=1.02 K in our data, the specific heat reaches a value oferature is reduced. Therefore we suggest thahalGTO

22 Jmot! K_l, while the values reported in Ref. 13 are ap- undergoes a transition from a paramagnetic to the P state,

proximately half this quantity. Moreover, Bonvillet al15 ~ While atTy, the transition is to the F state.
have very recently repeated the measurements of specific OUr lowest experimentally accessible temperature of

heat on a powder sample of GTO and reported values whicf-39 K is about 50% offy,. We cannot therefore reliably
are in a good agreement with our data. extrapolate th€(T) dependence down to 0 K. From the data

In terms of the overall magnetic entropy, Ragtial. ob- shown in Fig. 1, however, it is quit_e clear .that betvyeen
served a significant magnetic specific heat up to about 30 K9-39 K andTy,, C(T)/T grows approximately linearly with
while Ramirezet al. have recovered 92% of the expected temperature, which implies @* dependence for the low-
entropy, R In(25+1)=34.6 Jmol* K1, between 0 and temperature part oE(T). A similar T ? dependence has been
5 K. The differences in the specific heat data, as well as i®bserved in another magnetically frustrated system,
the ac magnetic susceptibility behavior, have been suggesté& ClopGai2-gf010 (SCGO with a kagome latticé!
to arise from the extreme sensitivity of the low-temperature The temperature and field dependencies of the specific
properties to the sample preparation technitfuEhe insetin ~ heat, measured on the single crystals of GTO for the three
Fig. 1 shows the temperature dependence of the magnetfifferent directions of applied magnetic fieldd[111],
entropy, obtained by extrapolating tt@&T)/T to 0 K and  H|[[112] andH||[110] are shown in Figs. 2 and 3. The ap-
numerically integrating it versus temperature. Approximatelyplication of a small external field causes the convergence of
90% of the expected value is recovered when the temperdhe transition temperatureSy; and Ty, regardless of the
ture reaches 5 K. Additional high temperature measuremenféeld orientation. In a field of about 1.5 T, the two transitions
have shown that the entropy is almost fully recovered bymerge’® as seen on the left-hand panels of Fig. 2. In a small
10 K, a temperature which corresponds to the reportedield and lowT, C(T) still follows a T dependence; above
Curie-Weiss temperature of GT®At that point the mag- 1.5 T, however, there is ib? dependence i€(T). This is in
netic contribution to the specific heat becomes negligiblecontrast with SCGO, whose specific heat shows almost no
when compared to the lattice contribution. The fact that dield dependenc¥. For fields above 1.5 T, significant differ-
majority of entropy is recovered only @t> Ty, signifies the ences in the positions of the peaks in 8€T) curves for
importance of short-range correlations in GTO. GTO are clearly visiblgsee the right-hand panels of Fig. 2

Powder neutron diffraction measurements performed on a The field dependence of the specific heat shown in Fig. 3
GTO sample by Champioat al. in a zero field® have re- has been measured in order to determine precisely the posi-
vealed a complex noncollinear structure with a magnetidions of the phase transitions lines at IGw where in high
propagation vector dt=(%%%). According to these measure- fields the specific heat is nearly temperature independent.
ments, the GTO magnetic structufthe so-called P state The higher-field peaks observed in theGeH) curves at
consists of kagome planes witli=0"-type order with inter- around 5 to 6 T, mark a transition to a saturatpdramag-
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uH (T) at about 5.7 T. Whehl||[112], an external field inhibits the

onset of long range magnetic order: at 4 T the transition is
reduced to 0.82 K and the saturation field at 0.57 K does not
exceed 5.2 T. The application of the field along fH4.0]
direction has an intermediate effect.

netic) phase. The loviF peaks found at approximately half Even more remarkabl_y, an additional phase transition.in—
the saturation field correspond to an additional field-inducediuced by the external field at about half of the saturation
transition discussed below. The most intense peaka(k)  feld is clearly present at low temperatures Fof[111], but
are found in the higheT-low-field region. They reach values is absent forH|[[112]. For H|[[110], this phase transition is
above 70 J mol K1 and correspond to a transition into an present, but it becomes less and less pronounced as the tem-
intermediate temperature phase. It is interesting to compargerature decreasg¢see the bottom panel of Fig).3rhe ori-
this C(H) data with the results of Monte Carlo simulations gin of this phase transition is not clear at present, although
for classical spins on the pyrochlore lattice near the saturathe fact that it happens at half bif, Strongly suggests that it
tion field,? where the presence of a macroscopic number ofs likely to be related to a colinear spin state, where three
soft modes has been predicted. This comparison is napins on each tetrahedra are aligned with the field and the
straightforward, as in the simulations only the exchange infourth is pointing in the opposite direction. A stabilization of
teractions have been included, which precludes the systethe collinear phase by quantum and thermal fluctuations has
from entering a state with long range magnetic ofdéigure  been predicted to take place Bt=H,/2 for Heisenberg
3 shows that foH >Hg, the measured field dependence of antiferromagnets on pyrochlore and frustrated square lattices,
the specific heat does not follow a simple exponential decags well as atH=H,/3 for kagome and garnet latticks.
expected for a nonfrustrated antiferromagnet. Instead it rewhether or not GTO, whose magnetic interactions are more
mains almost field-independent fét<7 T and then falls complex than a simple Heisenberg model, does indeed adopt
rapidly at higher fields. This observation may suggest a large collinear order in a magnetic field remains to be established
influence of the soft modes on the specific heat of GTOwith more direct probes of the magnetic structure, such as
around the saturation field. neutron diffraction measurements.

No signs of history dependence have been detected When compared to the phase diagram obtained from the
throughout the course of our measurements, e.g., the valu€&H,T) measurements on a powder samilEjgure 4 dem-
of the measured specific heat were identical for increasingdnstrates the advantages of using single crystals. While it has
decreasing field and temperature. This suggests a second @een claimed that there are as many as four different ordered
der nature for all the phase transitions in GTO in contrasphases in GTG? our measurements show that for any given
with the observations of Bonvillet al,*> which imply the  direction of magnetic field there are at most three ordered
upper phase transition @f;; has a weak first order character. phases. The phase diagram reported by Ramiteall4

The magnetidH-T phase diagrams for GTO obtained by seems to consist of a superposition of the single crystal phase
plotting the temperature of various phase transitions obdiagrams.
served in both theC vsH and C vs T measurements are When compared to the theoretical predictions based on a
shown in Fig. 4. By analyzing these phase diagrams, theimple mean-field modéf, our phase diagrams reveal sig-
highly anisotropic nature of the magnetic behavior of GTOnificant discrepancies. For example, for the field alphtyl],
becomes more apparent. To start with, whef{111], the  theory predicts only one transition, while our measurements
magnetic field favors the onset of magnetic order in GTOclearly show two. These observations strongly suggest the
For example, in a field of about 4 T the transition tempera-need for further development of the theoretical model, which
ture is 1.142) K compared to 1.02) K in zero field, while  most likely should include some degree of magnetic aniso-
the transition to a saturated phase measured at 0.57 K occurspy.

FIG. 3. Field dependence of the Jd,O specific heat divided
by temperatureC(T)/T, for three different directions of an applied
magnetic field.
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Recently Hassaet al!® have reported the presence of a velopment of macroscopic anisotropy below 80 K.
surprisingly large anisotropy in GTO below a temperature of Motivated by these results, we have measured the tem-
80 K, which they observed by measuring the ESR spectrgerature dependence of the magnetic susceptibility of a GTO
The anisotropy reveals itself as a well pronounced shift incrystal forH||[111] andH L [111] using a SQUID magneto-
the position of one of the resonance lines from its maximummeter. No significant anisotropy in the susceptibility has
value forH||[111] to its minimum forH L [111]. The shift  been detectet At present, neither the origin of the aniso-
amounts to 3.6 T when measured at a frequency of 54 GHzropy observed in the ESR measureméftsor its presence
No change in the position of the resonance lines was obat a relatively high temperature have a satisfactory explana-
served when the field was rotated in a plane perpendicular tlon. Any explanation should obviously take into consider-
the [111] direction!® The same authors have also reportedation more than a simple Heisenberg exchange interaction
dc-torque measuremerfswhich have shown a gradual de- between the nearest neighbor spins.
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