
Specific-heat study of the spin-structural change in pyrochlore Nd2Mo2O7

Y. Onose,1 Y. Taguchi,2,* T. Ito,3 and Y. Tokura1,2,3

1Spin Superstructure Project, ERATO, Japan Science and Technology Agency (JST), Tsukuba 305-8562, Japan
2Department of Applied Physics, University of Tokyo, Tokyo 113-8656, Japan

3Correlated Electron Research Center (CERC), National Institute of Advanced Industrial Science and Technology (AIST),
Tsukuba 305-8562, Japan

(Received 9 February 2004; revised manuscript received 22 April 2004; published 3 August 2004)

By measurements of specific heat, we have investigated the magnetic fieldsHd induced spin-structural
change in Nd2Mo2O7 that shows intriguing spin-chirality-related magnetotransport phenomena. With increas-
ing H, a broad peak around 2 K caused by the ordering of 2-in 2-out structure of the Nd moments shifts to the
lower temperaturesTd up to around 3 T and then to the higherT above around 3 T irrespective of the
H-direction. This is due to the crossover from antiferromagnetic to ferromagnetic arrangement between the Nd
and Mo moments. While the peakT increases monotonically above 3 T forH i f100g, another peak emerges
around 0.9 K at 12 T forH i f111g, which is ascribed to the emergence of 3-in 1-out structure. ForH i f110g, a
spikelike peak is observed at around 3 T, which is caused perhaps by some spin flip transition.
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Interesting magnetic phenomena are frequently observed
due to geometrical frustration in pyrochlore oxides where the
magnetic ions reside on the vertices of linked tetrahedra. One
such example is the so-called “spin ice” state inR2Ti2O7
sR=Ho,Dyd.1 In Dy2Ti2O7, for example, the dipolar interac-
tion among Ising-like Dy moments induces the 2-in 2-out
structure, in which the two Dy moments in a tetrahedron
point inward and the other two moments point outward.
However, there are macroscopically large numbers of spin
structures satisfying the 2-in 2-out rule. Consequently, the
macroscopically degenerate ground state is realized in this
material as shown by Ramirezet al.2 The spin state under
magnetic field is selected from the degenerate states at zero
field except in the high field region ofH i f111g. When a
small field is applied, finite magnetization parallel to the
magnetic field is induced while the 2-in 2-out structure re-
mains intact.3–5 For H i f111g, the spin-structural transition
from 2-in 2-out to 3-in 1-out structure is observed around
1 T.3,4,6

In Nd2Mo2O7, the Nd moments show the 2-in 2-out struc-
ture similarly to the spin ice materials, as revealed by neu-
tron diffraction measurements.7,8 In this material, however,
the 2-in 2-out structure is long-range ordered in such a way
that the net moment of the Nd is antiparallel to that of the
spin-polarized itinerant Mo 4d electrons. The Mo and Nd
sublattices have the same structure, but are displaced from
each other by half a unit cell. The antiferromagneticf-d cou-
pling makes the Heisenberg-like Mo moments tilted slightly
(at most by several degrees7,8) from the direction of the net
magnetization. Hence, the spin chirality in the 2-in 2-out
structure of Nd moments is transmitted to the Mo spin sys-
tem. Recently, an unusual behavior of anomalous Hall effect
was observed in Nd2Mo2O7 and the origin was proposed to
be the spin chirality in the Mo spin system.7 In this paper, we
have investigated the spin-structural change in Nd2Mo2O7 by
means of specific heat measurements. Most of the arguments
are concerning the Ising-like Nd moments, which is closely
linked with the spin chirality in Mo spin system. While the

ground state degeneracy has not been observed, the variation
of the spin structure under magnetic field is quite similar to
that in spin ice materials, including the spin state transition
from 2-in 2-out to 3-in 1-out structure forH i f111g. Some of
these results provide a supporting evidence of the spin chiral-
ity scenario for the unusual anomalous Hall effect.

A single crystal of Nd2Mo2O7 was grown by floating zone
method. The details of the sample growth are reported
elsewhere.7,9 We reproduce the results of the magnetization
and the resistivity for the Nd2Mo2O7 crystal atH=0.5 T ap-
plied parallel to the[100] direction7 in Fig. 1(d). The resis-
tivity shows a metallic behavior in the whole temperaturesTd
region s2 KøTø150 Kd. The magnetization begins to in-

FIG. 1. (a)–(c) Magnetization curves at 1.7 K with magnetic
field sHd along (a) [100], (b) [111], and (c) [110] axes. Insets in
(a)–(c) show spin structures realized in the high field region of the
respective configuration.(d) TemperaturesTd dependence of mag-
netization and resistivity at 0.5 TsH i f100gd. (e) T-variation of spe-
cific heat and entropy at 0 T. Closed triangle indicates the ferro-
magnetic transitionT of Mo spin. The magnetization and resistivity
data in(a)–(d) are taken from Refs. 3 and 5.
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crease rapidly with decreasingT below around 100 K, re-
flecting the ferromagnetic transition of the Mo spin
sTC<90 Kd. At around 30 K, the magnetization shows
the down-turn due to the ferrimagnetic ordering of Nd
moments. We reproduce the magnetization curves at 1.7 K
for the H i f100g, [111], and [110] axes in Figs. 1(a)–1(c),
respectively.9 For all the field directions, enough high-H
reverses the Nd moments, resulting in the saturated moments
that are much larger than the Mo spin moment
s<1.4mB/Mod. For H i f100g and [110], the saturated
moments are in accord with those expected for the
2-in 2-out structure(=1.4mB+1/Î3geff

NdJNdmB and 1.4mB
+1/Î6geff

NdJNdmB for H i f100g and [110], respectively) with
the magnitude beinggeff

NdJNdmB<2.3mB. These expected val-
ues are indicated by the dashed arrows. On the other hand, in
the case ofH i f111g, the saturated moment is larger than that
expected by the 2-in 2-out structure, but coincides with that
expected for the 3-in 1-out structures=1.4mB+ 1

2geff
NdJNdmBd.

This is also indicated by the dashed arrow. In the canonical
case of Dy2Ti2O7, the metamagnetic transition from the 2-in
2-out to 3-in 1-out structure is observed as a steplike increase
in the magnetization curve forH i f111g.3,6 However, any
trace of such a step is hardly observed in Nd2Mo2O7 down to
70 mK.9

We measured the specific heat by the conventional relax-
ation method. The specific heat of Nd2Mo2O7 at zeroH is
shown in Fig. 1(e). A small peak is discerned around 90 K as
indicated by the closed triangle. This is owing to the ferro-
magnetic transition of the Mo spin. In the low-T region
sø15 Kd, the specific heat is dominated by an intense peak,
which is caused by the ordering of the 2-in 2-out structure in
the Nd sublattice. These features observed at zeroH have
already been reported in literature.10 We also plot the
T-dependence of the entropyS deduced from the
T-integration ofCsTd /T. For the analysis, we assumed the
linear relation inC/T below the lowestT s<0.4 Kd. TheSat
15 K is almost in accord with the value ofR ln 2, which is
expected as from the degree of freedom of Ising moments.
Therefore, the entropy of Ising-like Nd moments is mostly
released in the low-T sø15 Kd region.

In Figs. 2(a) and 2(b), we show theT- andH-variation of
specific heat of the Nd2Mo2O7 crystal below 15 K for
H i f100g, in which all of the four Nd moments in a tetrahe-
dron make the same angle with theH [see the inset of Fig.
1(a)]. Whereas the peak due to the ordering of the 2-in 2-out
structure becomes sharper with increasingH below 3 T, it
becomes broader and the peakT increases asH is increased
from 3 T. We plot theH-variation of theS at 4 K and the
peak T in Figs. 2(c) and 2(d), respectively. Reflecting the
crossover around 3 T in the specific heat, theSat 4 K shows
down-turn and the peakT shows up-turn around3 T. In the
canonical case of Dy2Ti2O7, the orderingT of the 2-in 2-out
structure increases with increasingH along the [100]
direction.4 In the present case, the effective field for the Nd
moments, that is the sum of the appliedH and thenegative
molecular field from Mo spins, changes its sign from nega-
tive to positive at around 3 T. This is the reason for the
nonmonotonicH-dependence ofSat 4 K and peakT. There-
fore, the crossover around 3 T can be ascribed to the reversal

of the Nd moments, which is consistent with the results of
recent neutron measurements.11,12

We plot theS at 28 K for H i f100g in Fig. 2(c). The en-
tropy originating from the Nd moments is almost completely
released below 28 K. NearlyH-independentS at 28 K indi-
cates the absence of zero point entropy even at zero effective
field for Nd moments, namely, at aroundH=3 T, where the
decrease ofS would otherwise be observed.(The slight de-
crease of the entropy in the high-H region corresponds to its
transfer to the higher-T region above 28 K.) Thus, the
ground state degeneracy seems to be lifted by the interaction
with the itinerant Mo 4d electrons even around 3 T. TheSat
28 K shows a similar behavior in the cases ofH i f111g and
H i f110g [see Figs. 3(d) and 4(c)], suggesting that zero point
entropy has not been observed in any configuration for
Nd2Mo2O7.

We show theT- and H-variation of specific heat of the
Nd2Mo2O7 crystal for H i f111g in Figs. 3(a)–3(c). In this
configuration, one out of four Nd moments in a tetrahedron
is parallel to theH as shown in the inset of Fig. 1(b). Similar
to the case ofH i f100g, the peak due to the ordering of the
2-in 2-out structure becomes sharper with increasingH up to
3 T owing to the decrease of the total effective field. The
crossover around 3T is also discerned in theS at 4 K as
shown in Fig. 3(d). Above 3T, the peak becomes broader
with increasingH while the shift of the peak is less signifi-
cant compared with the case ofH i f100g. Above around 9 T,
the specific heat in the low-T regionsT,1.3 Kd is gradually
enhanced with increasingH. At 11 T, the specific heat shows
a much broader peak, which may be viewed as composed of
several peaks. Then, at 12 T, another clear peak emerges at
low T s<0.9 Kd. A kneelike structure is also observed around
4 K in the 12 T data. These low-T peak and kneelike struc-
ture can be ascribed to the emergence of the 3-in 1-out struc-

FIG. 2. (a),(b) TemperaturesTd and magnetic fieldsHd variation
of specific heat forH i f100g. (c) H-dependence of entropysSd at 4
and 28 K forH i f100g. (d) H-variation of the peakT in the specific
heat data shown in(a) and (b).The vertical dot-dashed line in(c)
and (d) indicates the crossoverH from the antiferromagnetic to
ferromagnetic arrangement between Nd and Mo moments. Solid
lines in (c) and (d) are merely the guide for the eyes.
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ture [the inset of Fig. 1(b)] and the ordering of the apical Nd
moments whose Ising-axis is parallel toH, respectively,13 in
analogy to the typical spin ice material Dy2Ti2O7, where two
peaks of specific heat are discerned in the high-H region
above around 1 T.4,13 This assignment is also supported by
the fact that the saturated moment forH i f111g almost coin-
cides with that expected by the 3-in 1-out structure above
12 T.

We plot the peakT due to the ordering of the 2-in 2-out
structure forH i f111g with closed circles in Fig. 3(e). An
upward shift of the peakT is observed around 3 T similar to
the case ofH i f100g. The peakT shows a kink at 6 T, above
which the peakT slightly decreases withH. We also plot in
Fig. 3(e) the T positions of the peak due to the ordering of
the 3-in 1-out structure and the kneelike structure in the 12 T
data with an open circle and triangle, respectively. The
T-position of the broad peak at 11 T is also shown as an
open square. The orderingT of the 3-in 1-out structure at
12 T [an open circle in Fig. 3(e)] is lower than that of the
2-in 2-out structure in the lower-H region. The broad
specific-heat peak at 11 T ranging over the wide temperature
region s1.0 KøTø2.7 Kd, as indicated by the open square
with a long vertical bar, can be ascribed to heavily mixed
state of the 2-in 2-out and 3-in 1-out configuration in theseT-
and H-regions. The correlation of the 3-in 1-out structure
starts to grow at lower-H than 11 T because the magnetiza-
tion for H i f111g exceeds the value expected for the 2-in
2-out structure already around 8 T. The gradual enhance-
ment of low-T sø1.3 Kd specific heat above around 9 T may
correspond to the evolution of such correlation. We plot the
H-dependence of theS at 1.3 K in Fig. 3(d). The quantity

shows a minimum at aroundH=8 T, which is thought to be
the onsetH of the correlation of the 3-in 1-out structure. This
coincides with the field where the sign change of the Hall
resistivity has been observed9 in H i f111g configuration.
These observations are in accord with the spin chirality sce-
nario for the anomalous Hall effect that predicts the sign
reversal of Hall resistivity upon the sign change of the spin
chirality in the course of the spin-structural change from the
2-in 2-out to 3-in 1-out structure.

We show theT- andH-variation of the specific heat of the
Nd2Mo2O7 crystal forH i f110g in Figs. 4(a) and 4(b). In this
configuration, two out of four Nd moments in a tetrahedron
are perpendicular to theH [see the inset of Fig. 1(c)]. Similar
to the cases ofH i f100g andH i f111g, the peak around 2 K
becomes sharper withH up to 3 T and then broader above
3 T. TheH-variation ofSat 4 K and the peakT are shown in
Figs. 4(c) and 4(d), respectively. Corresponding to the cross-
over around 3 T, theSat 4 K shows the maximum. The peak
T shows a local minimum around 3 T and then a kink around
6 T.14 Because the Nd moments perpendicular to theH are
hardly affected by theH, the peakT is kept almost constant
in the high-H region above 8 T, which is similar to the
Dy2Ti2O7 case.5

An unique feature toH i f110g is a spikelike peak ob-
served only between 2.5 and 4.0 T, as exemplified in the
inset of Fig. 4(a). The peak becomes sharper and the peakT
increases from 1.2 to 2.7 K withH in this H-region. In Fig.
4(d), we plot with open circles theT of the spikelike peak.
The spikelike peak mainly exists below the peakT associated
with the ordering of the 2-in 2-out structure. Such a spikelike
peak as releasing minimal entropy is expected in the case of
a spin-flip transition. Then, the question is what kind of spin-
flip transition occurs. One possibility is the aforementioned
transition around 3 T from the antiferromagnetic to ferro-

FIG. 4. (a),(b) TemperaturesTd and magnetic fieldsHd variation
of specific heat forH i f110g. Inset in (a) shows the detailed
specific-heat data in theT- andH-region where the spikelike peak is
observed.(c) H-dependence of entropysSd at 4 and 28 K for
H i f110g. (d) T-positions of the broad peak around 2 K and the
spikelike peak(closed and open circles, respectively). Solid and
dashed lines in(c) and (d) are merely guides for the eyes.

FIG. 3. (a)–(c) TemperaturesTd and magnetic fieldsHd variation
of specific heat forH i f111g. (d) H-dependence of entropysSd at
1.3, 4, and 28 K forH i f111g. (e) CharacteristicT obtained by the
specific heat data forH i f111g. Closed and open circles show the
peakT due to the ordering of the 2-in 2-out and 3-in 1-out structure,
respectively. An open triangle shows theT-position of the kneelike
structure in the 12 T data. An open square shows theT-position of
the broader peak in the 11 T data. The vertical dot-dashed line in
(d) and(e) represents the crossoverH at low T from the 2-in 2-out
to the 3-in 1-out structure. Solid, dashed, and hatched lines in(d)
and (e) are merely guides for the eyes.
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magnetic arrangement between Nd and Mo moments. If this
were the case, the spikelike peak would be observed also for
the other configurations since the transition is not specific for
H i f110g. Another possibility is the spin-flip transition con-
cerning the Nd moments perpendicular toH. Even if the 2-in
2-out structure is assumed, there are two possible arrange-
ments of the Nd moments perpendicular toH, namely, “in-
out” and “out-in,” in every tetrahedron forH i f110g [see the
inset of Fig. 1(c)]. There might be the spin-flip transition
between nearly degenerate two spin-structural phases where
the arrangements of the perpendicular moments are different
from each other. However, the recent neutron measurement
suggests that the net perpendicular moments does not change
up to 5 T.11 At present, we cannot draw a definite conclusion
about the microscopic detail of the spin-flip transition. More
detailed investigations in terms of diffraction measurements
would be needed.

In summary, we have investigated the specific heat in
Nd2Mo2O7 as functions of direction and magnitude ofH as
well as T. A broad peak is observed around 2 K at zeroH,

which is owing to the ordering of the 2-in 2-out structure of
the Nd moments. The peakT decreases withH up to around
3 T and then increases above around 3 T irrespective of the
direction ofH. This is due to the crossover from antiparallel
to parallel arrangement between the net magnetizations of
the Nd and Mo moments. The peakT increases monotoni-
cally above 3 T forH i f100g. On the other hand, in the case
of H i f111g, another peak emerges at around 0.9 K at 12 T,
owing to the ordering of the 3-in 1-out structure of the Nd
moments. This is consistent with the sign reversal of the Hall
resistivity reported by a previous study.9 For H i f110g, a
spikelike peak with minimal entropy release is observed at
around 3 T, which is ascribed to some spin flip transition.
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