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Magnetization process in the spin-ice compound Hdi,0,
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We report the results of magnetization measurements performed on single crystals of the pyrochlore com-
pound H@Ti,O;. The low-temperature magnetization curves for the three principal directions of an applied
magnetic field are found to be in nearly perfect agreement with the predictions for a nearest-neighbor spin-ice

model, contrary to previous reports.
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The pyrochlore compound H®i,O;, is considered to be

PACS nuntder75.50-y, 75.60.Ej

ropy and the large magnetic moments involved in the system,

a good realization of the spin-ice model, where the magnetidt is extremely difficult to keep thél|[[ 110] orientation for a
Ho®" ions possess a strong Ising anisotropy and are corsample in a high applied field. For a crystal in an unfavorable

strained to point along the loc&l11) direction! This asser-

tion is most vividly corroborated by the elastic neutron-

scattering patterns obtained in H®,0, at sufficiently low
temperaturé.In the spin-ice model, the following values of
saturation magnetization are predicfe@:M it o6= /3,
Mty = m/2, andM it o= w/\6, wherey is a full mag-
netic moment of a Hb' ion (the corresponding spin con-
figurations are shown in Fig. 1 of Ref).5

Cornelius and Gardnhave reported the results of mag-

orientation, even in a moderate field of 3—4 T the magnetic
forces involved are strong enough to break the crystal. Spe-
cial precautions needed to be taken to ensure that the crystal
does not move in an applied field.

The results of the measurements are summarized in Figs.
1 and 2. In Fig. 1 the observed magnetization is plotted
against the effective magnetic field,=H.,,—nM, n being
the demagnetization factdt. The field dependence of the
magnetic susceptibility at various temperatures obtained by
differentiation of theM,,; data is shown in Fig. 2. For the

netization and susceptibility studies on single crystals of thenagnetic field applied along the easy-axis direction,

pyrochlore H@Ti,O,. The authors claimed that the ob-

H||[100], the magnetization curves look rather similar to

served magnetization isotherms are qualitatively similar t@hose reported previoustyThe only small difference is in
that predicted by the spin-ice model. Two major contradicthe value of saturation magnetization: (6:22.19)ug/Ho

tions of their results with the theoretical predictions are,

compared to 5,8g/Ho in Ref. 6, which could be attributed

however, obvious. The first discrepancy is that the saturatioro the limited experimental accuracy. Fbr-2 K, Cornelius

magnetic momeritof 5.9ug per Ho atom is reported to be

nearly independent of the orientation of magnetic field, while 6]

in the spin-ice modeM 11, M1, and Moo must differ.
The second discrepancy is that fdii[ 110] the magnetiza-

tion is claimed to be almost temperature independent below 3]l

T=4 K. In addition, the reported low-field susceptibility for
H|[[110] is very different from the other two directions,
which contradicts the cubic symmetry of the crystal.

These are rather surprising results, given that the magne-

tization curves of a similar spin-ice compound, JDi,0-,
do follow the theoretical predictions quite precisefyin an

attempt to clarify the situation we have remeasured the mag-

netization curves of H@i,0, for the three principal direc-

tions of an applied magnetic fielf100], [ 110], and[111].
Single crystals of Hgli,O; have been grown by the

floating-zone technique using an infrared image furriage.
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measuring the x-ray-diffraction patterns on powder samples
prepared from single crystals, we confirmed the high purity
of the crystals, since no impurity peaks were found. The
magnetization versus field data were collected using an Ox-
ford Instruments vibrating sample magnetom&i¢sM) be-
tween 1.6 and 18 K in applied fields of up to 12 T. We have
used small(5 to 25 mg samples of various shap&sThe
absolute accuracy of the magnetization measurements was of
the order of 394! The principal axes were determined using

Magnetization (uB per Ho atom)

#,H (1)

x-ray-diffraction Laue photographs; the crystals were aligned FIG. 1. Field dependence of the magnetization of

to within an accuracy of 1-2°. Due to a significant anisot-

Ho,Ti,O, single crystals at different temperatures.
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Our results for a hard-axis magnetizatidhy o, are in the
sharpest contrast with the data reported by Cornelius and
Gardnef The low-field magnetizationH{<0.3 T) is found
to be temperature dependent and similar to that for the other
two orientations of magnetic field. With increasing field, the
magnetization grows rapidly and reaches a saturation in a
field of about 1.5 T. The value of the saturation magnetiza-
tion for H||[110] is (4.43+ 0.13)ug per Ho atom. Again, the
observed ratiM it 161/ Mfi10= 0.73+ 0.04 complies with
the spin-ice theory that predicts\@~0.707.

From the values of the saturation magnetization for all

#H (T) three orientations and from the valueMf;;; on its plateau,

FIG. 2. Temperature evolution of the field dependence of theti]e full mag_netlc mpment _on the_ Ho site p—(lO.Q
magnetic susceptibility forH||[111] in a single crystal of _0'3)'u55' This value ISJrconEIStent with the. free ion moment
HO,Ti,O,. for the °lg state of H3", x=10.6ug, but is also close to

the value expected for am;= +8 doublet ground statey
and Gardnérobtained identical results fdvi;;; andM 1o, =10.0up (Ref. 12.
while our measurements revealed Significantly different val- The lowest temperature available for our measurements,
ues for different orientations at all temperatures. At suffi-T=1 6 K, is still relatively high on the scale of the exchange
ciently low temperatureT<2 K, we observed a plateau in jnteractions in HgTi,O,. As a result, the magnetic suscepti-
My at 3.6ug/Ho in agreement with Ref. 6. The obtained pjlity remains positive on the plateau in tMvs H data and
value of saturation magnetizatioM ;. is, however, does not drop to zerésee Fig. 2 Perhaps for the same
rather different: (5.54 0.17)ug per Ho atom. The saturation reason, we were unable to see the multiple plateaus in mag-
is reached in a field of about 3 to 4 T compared to 7 to 8 Thetization predicted by the Monte Carlo calculatibhsand
reported previousl§.Despite the metastable character of theobserved in the spin-ice compound, 1,0, (Ref. 14.
plateau, no significant hysteresis in the magnetization was To conclude, the observed field dependence of magneti-
detected at any temperature. Note that the observed ratigation for a single crystal of Hd@i,O, matches well the

dM/dH (arb. units)

M3 111/ M it100)= 0-89+ 0.05 agrees well with the theoret- predictions for the spin-ice nearest-neighbor model contrary
ical ratio 3/2~0.866. to an earlier repott.
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