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Chemical pressure control of exchange interaction in Mo pyrochlore
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Structural parameters are systematically investigated for Mo pyrochloreR2Mo2O7 (R5Dy, Gd, Sm, and
Nd! by means of synchrotron radiation x-ray powder diffraction. This system shows a crossover from the
spin-glass~SG! state to the ferromagnetic metallic~FM! state as the averaged ionic radiusr R of the rare-earth
ion increases. We have found the Mo-O-Mo bond angle increases withr R from 129.7° for Dy2Mo2O7 ~SG! to
131.5° for Nd2Mo2O7 ~FM!. This behavior is opposite to the so-called Kanamori-Goodenough rule.
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I. INTRODUCTION

Recently, pyrochlore compoundsA2B2O7 attracted great
attention because their unusual structure of the cor
sharing tetrahedra can lead to the geometric frustration
interesting low-temperature properties.1,2 Due to this geo-
metrical frustration, the spin-glass~SG! phase is expected i
the exchange interaction between the neighboring spin
antiferromagnetic. In fact, Dunsigeret al.3 have observed the
SG phase in Y2Mo2O7 and Tb2Mo2O7 by means of the
muon spin resonance (mSR) measurements and Gardn
et al.4 have observed a glassy-spin state in Y2Mo2O7 by the
neutron-scattering measurements. In addition to this
phase, several pyrochlore compounds, e.g., Y2Mn2O7 ~insu-
lator! and Tl2Mn2O7 ~metal!,5 show the ferromagnetic
ground state. Recent theoretical investigation6 suggests tha
the frustration arises even when the interaction between
spins are ferromagnetic provided that there exists four lo
^111& anisotropy axes.

Another ferromagnetic pyrochlore system isR2Mo2O7,7

whereR is a trivalent rare-earth ion: two electrons are a
commodated in thet2g orbits of the Mo 4d level. This sys-
tem undergoes the magnetic transition from the SG insu
ing state to the ferromagnetic metallic~FM! state as the
averaged ionic radiusr R of the rare-earth ion increases7

Taguchi and Tokura8 and Katsufujiet al.9 reported unusua
behavior in the ordinary and anomalous Hall coefficien
Recently, Yoshiiet al.10 have performed neutron-scatterin
investigation on a single crystal of Nd2Mo2O7 and have re-
vealed that the ferromagnetic transition atTC593 K is
mainly due to the ordering of the Mo spins. The ferroma
netic structure is nearly collinear and the tilting angleu of
the Mo spins from the net magnetization is small. With fu
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ther decrease of temperature below;20 K, ordering of the
Nd31 spins takes place.

It is well established that theM -O-M bond angle (M is a
transition metal! governs the magnitude and sign of the s
perexchange interaction between the neighboringM
spins.11,12 Actually, Shimakawaet al.5 have systematically
investigated the Mn-O-Mn bond angleu of the Mn pyro-
chlore R2Mn2O7 (R5In, Lu, Tl, and Y! and have found a
close interrelation betweenu and the Curie temperatureTC.
They concluded that the superexchange interaction gov
the magnetism of the Mn pyrochlore except for the condu
ing Tl2Mn2O7. Thus, the structural investigation is expect
to give us an important clue for understanding of the m
netic interaction of the Mo pyrochlore system.

In this paper, we have systematically investigated str
tural parameters of the Mo pyrochloresR2Mo2O7 (R5Dy,
Gd, Sm, and Nd! by means of synchrotron radiation x-ra
powder diffraction. We have observed systematic variat
of the Mo-O-Mo bond angleu with r R: u increases from
129.7° for Dy2Mo2O7 (r R51.027 Å) to 131.5° for
Nd2Mo2O7 (r R51.109 Å). This trend is opposite to the so
called Kanamori-Goodenough rule in which the larger bo
angle favors the antiferromagnetic-exchange interaction.
have argued the ferromagnetic interaction between the
spins in terms of the double-exchange mechanism.

II. EXPERIMENT

A. Sample preparation and characterization

A series of Mo-based pyrochloreR2Mo2O7 (R5Dy, Gd,
Sm, and Nd! was investigated in this work. We have grow
crystals ofR5Sm and Nd compounds by the floating-zo
©2001 The American Physical Society25-1
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technique. A stoichiometric mixture of commercial Sm2O3,
Nd2O3, and MoO2 was well ground and pressed into a ro
with a size of 5 mmf3100 mm and sintered at 1200 °
for 2 h in a flow of Argas. The crystal is grown at a feedin
speed of;20 mm in an Ar atmosphere. Black and shin
crystals typically 4 –5 mm in diameter and;20 mm in
length were obtained. Unfortunately, crystal growth of t
small-r R compound, e.g., Dy2Mo2O7 and Gd2Mo2O7, is dif-
ficult due to the higher melting temperature. We have p
pared these compounds by solid-state reaction:9 the stoichio-
metric mixture ofR2O3 and MoO2 was reacted in an Ar
atmosphere at 1350 °C.

Synchrotron radiation x-ray powder-diffraction measu
ments indicate that all the samples investigated are si
phase with cubic (Fd3̄m;Z58) symmetry. We further
checked the Mo valence by thermogravimetric analysis
found that the samples are stoichiometric within the reso
tion of 1% in valence.

B. X-ray structural analysis

In order to get the diffraction patterns with good counti
statistics and high angular resolution, synchrotron radia
x-ray powder experiments were carried out at SPrin
BL02B2. The samples were crushed into fine powder of
der of 10 mm and were sealed in a 0.2 mmf quartz capil-
lary. Precipitation method was adopted13 in order to get a
fine powder, which gives a homogeneous intensity distri
tion in a Debye-Scherrer powder ring. The wavelength of
incident x-ray was'0.4 Å and exposure time was fo
5 –10 min. We have analyzed thus obtained x-ray pow
patterns withRIETAN-97b program.14

III. RESULT AND DISCUSSION

A. Magnetization and resistivity

First, let us investigate magnetization and resistivity
the ferromagnetic Mo pyrochlore. Figure 1 shows tempe
ture dependence of~a! magnetizationM and~b! resistivityr
of single crystalline Sm2Mo2O7. M was measured under
field of 0.1 T after cooling down to 2 K in the zero fiel
~ZFC! and in the field~FC!. For four-probe resistivity mea
surements, the sample was cut into a rectangular shape
cally of 33231 mm3 and electrical contacts were mad
with silver paint. With decrease of temperature, theM value
steeply increases@see Fig. 1~a!# at ;70 K. The Curie tem-
peratureTC (568 K) was determined from the inflectio
point of theM -T curve. With further decrease of temperatu
below ;20 K, the magnetization of the ZFC run steep
decreases. A similar behavior is observed also in the fe
magnetic Nd2Mo2O7, consistent with Aliet al.7 This behav-
ior is ascribed to an antiferromagnetic-exchange interac
betweenR31 and Mo41 spins.7,10 As seen in the lower pane
@Fig. 1~b!#, the r-T curve shows metallic behavior in th
temperature range investigated (<300 K). The resistivity
curve well scalesT2 (20 K<T<50 K) in the ferromag-
netic phase perhaps due to the one-magnon-scatte
process.15 Incidentally, the broken curve is ther-T curve
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measured under a field of 5 T. A large magnetoresistanc
observed at aroundTC ~downward arrow!, consistent with
the previous work.8

The inset of Fig. 1~a! shows doping effects on the mag
netization curve: circles and squares are for Sm2Mo2O7 and
for (Sm0.9Sr0.1)2Mo2O7, respectively. The hole-doping pro
cedure into the Mo4d band significantly suppressed the sa
ration momentM s;M s decreases from'1.2mB per Mo for
Sm2Mo2O7 to '1.0mB for (Sm0.9Sr0.1)2Mo2O7. In addition,
the Curie temperature slightly decreases fromTC568 K for
Sm2Mo2O7 to 65 K for (Sm0.9Sr0.1)2Mo2O7. These observa-
tions suggest that the Mo moment dominates ferromagn
transition. This is consistent with the neutron scatter
experiment:10 the ferromagnetic transition is mainly due
the ordering of the Mo spins.

Katsufuji et al.9 have found that the transition temper
tures for different combination ofR merge into a universa
curve againstr R. In the upper panel of Fig. 3, we cited a pa
of the critical temperatures~squares! for the FM and SG
transitions. Open symbols are those for the melt-grown cr
tals, i.e., Sm2Mo2O7 and Nd2Mo2O7. With increase ofr R, a
crossover behavior from the SG state to the FM state is
served at;1.047 Å. This result excludes the possibility th
the rare-earth moment governs the exchange interaction
tween the Mo spins but indicates that the structural para
eters are essential for the interaction.

FIG. 1. Temperature dependence of~a! magnetizationM and~b!
resistivity r of single crystalline Sm2Mo2O7 . M was measured un
der a field of 0.1 T after cooling down to 2 K in thezero field~ZFC!
and in the field~FC!. TC represents the Curie temperature. Inset
the upper panel shows doping effects on the magnetization cu
circles and squares are for Sm2Mo2O7 and for (Sm0.9Sr0.1)2Mo2O7,
respectively. Broken curve in the lower panel is ther-T curve mea-
sured under a field of 5 T.
5-2
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B. Chemical pressure control of structural parameters

Now, let us proceed to the variation of the structural p
rameters with change ofr R. We summarized in Table I the
structural parameters ofR2Mo2O7 derived from the Rietveld
analysis of high-angular resolution x-ray powder patters
Fig. 2 are shown prototypical examples of the Rietveld
finement at 300 K:~a! Sm2Mo2O7 and Nd2Mo2O7. The final
refinements are satisfactory in whichRwp and RI ~reliable
factor based on the integrated intensity! are fairly reduced.
The insets of both the panels are the magnified patte
~crosses! together with the calculated results~curves!. Note
that even small Bragg reflections are quatitatively rep
duced.

TABLE I. Structural parameters ofR2Mo2O7 (R5Dy, Gd, Sm,
Sm0.9Sr0.1, and Nd! at 300 K determined from synchrotron radi
tion x-ray diffraction patterns obtained at SPring-8 BL02B2. T

crystal symmetry is cubic (Fd3̄m;Z58). The atomic sites areR

16d @
1
2 , 1

2 , 1
2 #, Mo 16c @0, 0, 0#, O1 48f @u, 1

8 , 1
8 #, and O2 8b

@
3
8 , 3

8 , 3
8 #.

Compound a(Å) u(Å) Rwp ~%! RI ~%!

Dy2Mo2O7 10.2728(1) 0.3331(6) 3.25 4.08
Gd2Mo2O7 10.3356(1) 0.3315(8) 4.00 4.05
Sm2Mo2O7 10.4196(1) 0.3300(5) 3.29 5.37
(Sm0.9Sr0.1)2Mo2O7 10.4781(2) 0.3270(7) 4.26 5.17
Nd2Mo2O7 10.4836(2) 0.3297(7) 4.16 7.91

FIG. 2. The whole x-ray powder pattern~crosses! at 300 K for
~a! Sm2Mo2O7 and~b! Nd2Mo2O7. Solid curve is the results of the

Rietveld refinement with cubic (Fm3̄m;Z58) symmetry. Insets
show the magnified patterns.
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In Fig. 3~b! are plotted the lattice parameters ofR2Mo2O7
againstr R together with the magnetic phase diagram@Fig.
3~a!; data points indicated by squares are cited from Ref.#.
How does the structure change asr R increases? As seen i
Fig. 3~b!, the u parameter, which specifies the oxygen po

tion (48f @u, 1
8 , 1

8 #) systematically decreases withr R. Note

that the position of theR ~Mo! site is fixed at 16d@ 1
2 , 1

2 , 1
2 #

(16c@0,0.0#) in the cubic (Fd3̄m;Z58) symmetry. Based
on these structural parameters, we have calculated the M
bond lengthsd and the Mo-O-Mo bond anglesu and plotted
them in the bottom panel@Fig. 3~c!#. In the lattice structural
point of view, increase ofr R causes~1! elongation ofd as
well as ~2! widening ofu.

C. Origin for exchange interaction

Presently observed inter-relation between the excha
interaction andu, i.e., ferromagnetic-exchange interactio
for large u, is contrary to the Kanamori-Goodenoug
rule.11,12 Here, recall that the ferromagnetic transition
mainly due to the ordering of the Mo spins.10 According to

FIG. 3. ~a! Critical temperatures for the ferromagnetic~open
symbols! and spin-glass~filled symbols! transitions against the av
eraged ionic radiusr R of rare-earth ion. Data points indicated b
squares are cited from Ref. 9.~b! Lattice constanta ~open circles!
andu parameter~filled circles! of R2Mo2O7 againstr R . SG and FM
represent spin-glass and ferromagnetic metallic phase, respect
~c! Mo-O bond lengthd ~open circles! and Mo-O-Mo bond angleu
~filled circles! againstr R . Vertical broken lines in~b! and ~c! are
the SG-FM phase boundary.
5-3
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this model, the superexchange interaction between the t
sition metalsM via oxygen atoms strongly depends on t
M -O-M bond angle. An antiferromagnetic-exchange inter
tion is expected to occur for a linear bond (u;180°) while
ferromagnetic interaction is often observed for a 90°
rangement.

Another candidate for the origin of the ferromagnet
exchange interaction is the double-exchange mechanis16

because the degeneracy of thet2g orbits of the Mo 4d level
can be lifted due to theC3h symmetry of the@MoO6#7 clus-
ter. Then, the electrons in the higher-lying level can beh
as conducting carriers and mediate the ferromagne
exchange interaction between the local Mo spins in
lower-lying level.17 Within this model, the SG-FM crossove
with increase ofr R is ascribed to the suppressed inhere
antiferromagnetic-superexchange interaction as well as
enhanced ferromagnetic double-exchange interaction. In
dition, the conducting ferromagnetic state~see Fig. 1! and
insulating SG state9 is consistent with the double-exchang
picture.

FIG. 4. Temperature variation of lattice constanta ~open circles!
andu parameter~filled symbols! of Gd2Mo2O7 . TC represents the
Curie temperature. Circles and squares are determined in the d
ent runs.
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One may notice that the metallic behavior, i.e., posit
temperature differential of resistivity remains even in t
high-temperature paramagnetic state. This possibly refl
the fact that the Mo41 (d2) ion is free from the Jahn-Telle
instability. A similar metallic behavior in the paramagnet
state is also observed in the double-exchange ferroma
La12xSrxMnO3 (x50.3–0.4) ~Ref. 18! with the maximal
one-electron bandwidthW.19

D. Temperature variation of structural parameters

Finally, let us investigate the variation of the structur
parameters at the magnetic transition. We observed no va
tion of the Bragg-reflection patterns down to 10 K indicati
that the lattice symmetry remains cubic even belowTC. Fig-
ure 4 shows the temperature dependence of the lattice
stanta ~open circles! and theu parameter~filled symbols! of
ferromagnetic Gd2Mo2O7 (TC566 K). Surprisingly, no de-
tectable anomaly was observed atTC ~downward arrow! both
in a and u. Such a weak coupling between the spin a
lattice degrees of freedom is perhaps due to absence o
Jahn-Teller instability.

IV. SUMMARY

In summary, we have systematically investigated str
tural parameters of the Mo pyrochlores by means of synch
tron radiation x-ray powder diffraction with good countin
statistics and high angular resolution. We have obser
widening of the Mo-O-Mo bond angleu asr R increases. We
have discussed the ferromagnetic-exchange interaction
tween the Mo spins in terms of the double-exchange mec
nism. Thus, x-ray powder measurements combined with s
chrotron radiation is one of the powerful tools for th
investigation of physics of the transition-metal oxides
strongly correlated electron system.
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