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By measurements of specific heat, we have investigated the magnetidHiglthduced spin-structural
change in NdMo,0; 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 temperaturgT) up to around 3 T and then to the high&rabove 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 pedkincreases monotonically above 3 T fidt|[100], another peak emerges
around 0.9 K at 12 T foH|I[111], which is ascribed to the emergence of 3-in 1-out structure Hi¢L10], 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 observeground state degeneracy has not been observed, the variation
due to geometrical frustration in pyrochlore oxides where theof the spin structure under magnetic field is quite similar to
magnetic ions reside on the vertices of linked tetrahedra. Onghat in spin ice materials, including the spin state transition
such example is the so-called “spin ice” stateRgili,O;  from 2-in 2-out to 3-in 1-out structure fad(I[111]. Some of
(R=Ho, Dy).! In Dy,Ti,0O,, for example, the dipolar interac- these results provide a supporting evidence of the spin chiral-
tion among Ising-like Dy moments induces the 2-in 2-outity scenario for the unusual anomalous Hall effect.
structure, in which the two Dy moments in a tetrahedron A single crystal of NdMo,O; was grown by floating zone
point inward and the other two moments point outward.method. The details of the sample growth are reported
However, there are macroscopically large numbers of spielsewhere:® We reproduce the results of the magnetization
structures satisfying the 2-in 2-out rule. Consequently, theand the resistivity for the N#10,0; crystal atH=0.5 T ap-
macroscopically degenerate ground state is realized in thislied parallel to thg100] directior’ in Fig. 1(d). The resis-
material as shown by Ramiregt al? The spin state under tivity shows a metallic behavior in the whole temperat(ig
magnetic field is selected from the degenerate states at zefegion (2 K<T=150 K). The magnetization begins to in-
field except in the high field region dfili[111]. When a
small field is applied, finite magnetization parallel to the 3, Taguchi et al. 15
magnetic field is induced while the 2-in 2-out structure re-
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(at most by several degréés from the direction of the net 0 fild T
magnetization. Hence, the spin chirality in the 2-in 2-out

structure of Nd moments is transmitted to the Mo spin sys- £ 1. (a«c) Magnetization curves at 1.7 K with magnetic
tem. Recently, an unusual behavior o_f gnomalous Hall effecfieiq (H) along (a) [100], (b) [111], and (c) [110] axes. Insets in
was observed in N#Mo,0; and the origin was proposed to (a)(c) show spin structures realized in the high field region of the
be the spin chirality in the Mo spin systehin this paper, we  respective configuratiorid) TemperaturgT) dependence of mag-
have investigated the spin-structural change igNm,O; by netization and resistivity at 0.5 (H[[100]). (e) T-variation of spe-
means of specific heat measurements. Most of the argumendgic heat and entropy at 0 T. Closed triangle indicates the ferro-
are concerning the Ising-like Nd moments, which is closelymagnetic transitiofm of Mo spin. The magnetization and resistivity
linked with the spin chirality in Mo spin system. While the data in(a)«(d) are taken from Refs. 3 and 5.
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crease rapidly with decreasing below around 100 K, re- L5 T o] 50—

flecting the ferromagnetic transition of the Mo spin i zTH//“OO]; e ¢
(Tc=90 K). At around 30 K, the magnetization shows e T 15 Lo T=28K]
the down-turn due to the ferrimagnetic ordering of Nd i 1T { E3¥ (xX172)]
moments. We reproduce the magnetization curves at 1.7 K i M oL 1
for the HII[100], [111], and [11Q] axes in Figs. (a)-1(c), =05 <l

respectively. For all the field directions, enough hidt- g “ |
reverses the Nd moments, resulting in the saturated moments Ol 1
that are much larger than the Mo spin moment = 2t

(=1.4ug/Mo). For HII[100] and [110Q], the saturated ) 5T

moments are in accord with those expected for the © %4_-

2-in 2-out structure(=1.4ug+1/V3ggNug and 1.4 2 3F

+1/1/6g59aNd g for HI[100] and [110], respectively with EQ‘;\NJ

the magnitude beinng?JNdMBzZ.S,uB. These expected val- ; 1L ]
ues are indicated by the dashed arrows. On the other hand, in L === e L
the case oH|I[111], the saturated moment is larger than that ST — T 5 10
expected by the 2-in 2-out structure, but coincides with that Temperature (K) Magnetic Field (T)

expected for the 3-in 1-out structufel.4ug+3ghedNdug).

This is also indicated by the dashed arrow. In the canonical FIG. 2. (8),(b) TemperatureT) and magnetic fieldH) variation

. . " .~ ~of specific heat foHI[100]. (c) H-dependence of entrofyp) at 4
case of DyTi,Oy, the metamagnetic transition from the 2-in and 28 K forHII[100]. (d) H-variation of the peal in the specific

2-out to 3-in 1-out structure is observed3a65 a steplike increasg, .+ gata shown ie) and (b). The vertical dot-dashed line ifc)
in the magnet'zat'on curve fOH”[lll]'_' However, any and (d) indicates the crossoved from the antiferromagnetic to
trace of such a step is hardly observed in,Md,0; downto  ferromagnetic arrangement between Nd and Mo moments. Solid
70 mK? lines in(c) and(d) are merely the guide for the eyes.

We measured the specific heat by the conventional relax-
ation method. The specific heat of Mdo,O, at zeroH is  of the Nd moments, which is consistent with the results of
shown in Fig. 1e). A small peak is discerned around 90 K as recent neutron measuremefits?
indicated by the closed triangle. This is owing to the ferro- We plot theS at 28 K for HII[100] in Fig. Zc). The en-
magnetic transition of the Mo spin. In the loW-region tropy originating from the Nd moments is almost completely
(<15 K), the specific heat is dominated by an intense peakieleased below 28 K. Nearly-independent at 28 K indi-
which is caused by the ordering of the 2-in 2-out structure ircates the absence of zero point entropy even at zero effective
the Nd sublattice. These features observed at terfwave field for Nd moments, namely, at arouirt=3 T, where the
already been reported in literattf®.We also plot the decrease o would otherwise be observe(lhe slight de-
T-dependence of the entropys deduced from the crease of the entropy in the highregion corresponds to its
T-integration of C(T)/T. For the analysis, we assumed the transfer to the highef- region above 28 K. Thus, the
linear relation inC/T below the lowesT (=0.4 K). TheSat  ground state degeneracy seems to be lifted by the interaction
15 K is almost in accord with the value &In 2, which is  With the itinerant Mo 4 electrons even around 3 T. Tkt
expected as from the degree of freedom of Ising moment28 K shows a similar behavior in the casestof{ 111] and
Therefore, the entropy of Ising-like Nd moments is mostlyH1[110] [see Figs. &) and 4c)], suggesting that zero point

released in the lowl- (<15 K) region. entropy has not been observed in any configuration for
In Figs. 2a) and 2b), we show theT- andH-variation of ~ Nd:M0,07. o 3
specific heat of the N#l0,0, crystal below 15K for We show theT- and H-variation of specific heat of the

HII[200], in which all of the four Nd moments in a tetrahe- Nd:M0,O7 crystal for HII[111] in Figs. 3a)-3(c). In this
dron make the same angle with thie[see the inset of Fig. configuration, one out of four Nd moments in a tetrahedron
1(a)]. Whereas the peak due to the ordering of the 2-in 2-outs parallel to theH as shown in the inset of Fig(H). Similar
structure becomes sharper with increaskgelow 3 T, it ~ to the case oH[I[100], the peak due to the ordering of the
becomes broader and the peBlncreases a#l is increased ~ 2-in 2-out structure becomes sharper with increasingp to

from 3 T. We plot theH-variation of theS at 4 K and the 3 T owing to the decrease of the total effective field. The
peak T in Figs. 2c) and 2d), respectively. Reflecting the crossover around 3T is also discerned in Bat 4 K as
crossover around 3 T in the specific heat, et 4 K shows shown in Fig. 8d). Above 3T, the peak becomes broader
down-turn and the peak shows up-turn around T. In the  With increasingH while the shift of the peak is less signifi-
canonical case of Difi,O, the orderingT of the 2-in 2-out ~ cant compared with the case Igfi[100]. Above around 9 T,
structure increases with increasinig along the [100]  the specific heat in the lo-region(T < 1.3 K) is gradually
direction? In the present case, the effective field for the Ndenhanced with increasirg. At 11 T, the specific heat shows
moments, that is the sum of the applieldand thenegative  a much broader peak, which may be viewed as composed of
molecular field from Mo spins, changes its sign from nega-several peaks. Then, at 12 T, another clear peak emerges at
tive to positive at around 3 T. This is the reason for thelow T (=0.9 K). A kneelike structure is also observed around
nonmonotonidH-dependence dbat 4 K and peaki. There- 4 K in the 12 T data. These low-peak and kneelike struc-
fore, the crossover around 3 T can be ascribed to the reverslre can be ascribed to the emergence of the 3-in 1-out struc-
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of specific heat foHlI[111]. (d) H-dependence of entropi) at FIG. 4. (a),(b) TemperaturéT) and magnetic fieldH) variation
1.3, 4, and 28 K foH|I[111]. (e) CharacteristicT obtained by the o gpecific heat forHI[110]. Inset in () shows the detailed

specific heat data foH|[[111]. Closed and open circles show the ghaific-heat data in tHe andH-region where the spikelike peak is

peakT due to the ordering of the 2-in 2-out and 3-in 1-out structure, gpserved.(c) H-dependence of entropy) at 4 and 28 K for
respectively. An open triangle shows thigposition of the kneelike HII[110]. (d) T-positions of the broad peak around 2 K and the

structure in the 12 T data. An open square showsTipesition of  ghikelike peak(closed and open circles, respectivelgolid and
the broader peak in the 11 T data. The vertical dot-dashed line iashed lines iric) and (d) are merely guides for the eyes.

(d) and(e) represents the crossovidrat low T from the 2-in 2-out
to the 3-in 1-out structure. Solid, dashed, and hatched linéd)in

shows a minimum at arountd=8 T, which is thought to be
and(e) are merely guides for the eyes.

the onset 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 obsenfdn HI[111] configuration.
These observations are in accord with the spin chirality sce-
analogy to the typical spin ice material Py,O;, where two  nario for the anomalous Hall effect that predicts the sign
peaks of specific heat are discerned in the Higiegion  reversal of Hall resistivity upon the sign change of the spin
above around 1 113 This assignment is also supported by chirality in the course of the spin-structural change from the
the fact that the saturated moment fé[111] almost coin-  2-in 2-out to 3-in 1-out structure.
cides with that expected by the 3-in 1-out structure above We show thel- andH-variation of the specific heat of the
12 T. Nd,Mo,0; crystal forHII[110] in Figs. 4a) and 4b). In this

We plot the peakl due to the ordering of the 2-in 2-out configuration, two out of four Nd moments in a tetrahedron
structure forHI[111] with closed circles in Fig. @). An  are perpendicular to the [see the inset of Fig.(&)]. Similar
upward shift of the peaK is observed around 3 T similar to to the cases oH[[100] andHII[111], the peak around 2 K
the case oHII[100]. The peaKT shows a kink at 6 T, above pecomes sharper witH up to 3 T and then broader above
which the peakT slightly decreases withi. We also plot in 3 T. TheH-variation ofSat 4 K and the peak are shown in
Fig. 3(e) the T positions of the peak due to the ordering of Figs. 4c) and 4d), respectively. Corresponding to the cross-
the 3-in 1-out structure and the kneelike structure in the 12 Tover around 3 T, th&at 4 K shows the maximum. The peak
data with an open circle and triangle, respectively. TheT shows a local minimum around 3 T and then a kink around
T-position of the broad peak at 11 T is also shown as ars T.4 Because the Nd moments perpendicular to khare
open square. The orderiri of the 3-in 1-out structure at hardly affected by théi, the peakT is kept almost constant
12 T [an open circle in Fig. @)] is lower than that of the in the highH region above 8 T, which is similar to the
2-in 2-out structure in the lowdt region. The broad Dy,Ti,0, case®
specific-heat peak at 11 T ranging over the wide temperature An unique feature taHI[110] is a spikelike peak ob-
region (1.0 K< T=<2.7 K), as indicated by the open square served only between 2.5 and 4.0 T, as exemplified in the
with a long vertical bar, can be ascribed to heavily mixedinset of Fig. 4a). The peak becomes sharper and the peak
state of the 2-in 2-out and 3-in 1-out configuration in th€se increases from 1.2 to 2.7 K witH in this H-region. In Fig.
and H-regions. The correlation of the 3-in 1-out structure 4(d), we plot with open circles th@& of the spikelike peak.
starts to grow at loweH than 11 T because the magnetiza- The spikelike peak mainly exists below the pda&ssociated
tion for HI[111] exceeds the value expected for the 2-inwith the ordering of the 2-in 2-out structure. Such a spikelike
2-out structure already around 8 T. The gradual enhancegseak as releasing minimal entropy is expected in the case of
ment of lowT (<1.3 K) specific heat above around 9 T may a spin-flip transition. Then, the question is what kind of spin-
correspond to the evolution of such correlation. We plot theflip transition occurs. One possibility is the aforementioned
H-dependence of th& at 1.3 K in Fig. 3d). The quantity transition around 3 T from the antiferromagnetic to ferro-

ture [the inset of Fig. {b)] and the ordering of the apical Nd
moments whose Ising-axis is parallelkh respectively? in
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magnetic arrangement between Nd and Mo moments. If thigvhich is owing to the ordering of the 2-in 2-out structure of
were the case, the spikelike peak would be observed also fahe Nd moments. The pedkdecreases witkl up to around

the other configurations since the transition is not specific fog T and then increases above around 3 T irrespective of the
HII[110]. Another possibility is the spin-flip transition con- gjrection ofH. This is due to the crossover from antiparallel
cerning the Nd moments perpendiculatHoEven if the 2-in {5 parallel arrangement between the net magnetizations of
2-out structure is assumed, there are two possible aranggie Nd and Mo moments. The pedkincreases monotoni-
ments of the Nd moments perpendicularHo namely, “in- cally above 3 T forH[I[100]. On the other hand, in the case

out” and “out-in,” in every tetrahedron fd#(/[110] [see the
inset of Fig. 1c)]. There might be the spin-flip transition of HI[111], another peak emerges at around 0.9 K at 12 T,

between nearly degenerate two spin-structural phases whep¥ing to the ordering of the 3-in 1-out structure of the Nd
the arrangements of the perpendicu|ar moments are differeffioments. This is consistent with the sign reversal of the Hall
from each other. However, the recent neutron measuremef@sistivity reported by a previous studlyror HI[110], a
suggests that the net perpendicular moments does not changgikelike peak with minimal entropy release is observed at
up to 5 T At present, we cannot draw a definite conclusionaround 3 T, which is ascribed to some spin flip transition.
about the microscopic detail of the spin-flip transition. More )
detailed investigations in terms of diffraction measurements The authors thank N. Nagaosa, S. Onoda, H. Takagi, T.
would be needed. Arima, Y. Oohara, and H. Yoshizawa for enlightening discus-

In summary, we have investigated the specific heat irfions. The present work was in part supported by Grant-In-
Nd,Mo,0; as functions of direction and magnitudeldfas  Aid for Scientific Research from the MEXT and by the
well asT. A broad peak is observed around 2 K at zetfo  NEDO.
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