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Chemical pressure control of exchange interaction in Mo pyrochlore
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Structural parameters are systematically investigated for Mo pyrocRgn,0,; (R=Dy, Gd, Sm, and
Nd) by means of synchrotron radiation x-ray powder diffraction. This system shows a crossover from the
spin-glasgSG) state to the ferromagnetic metalliEM) state as the averaged ionic radigsof the rare-earth
ion increases. We have found the Mo-O-Mo bond angle increases yitbm 129.7° for DyMo,0; (SG) to
131.5° for NgMo,0; (FM). This behavior is opposite to the so-called Kanamori-Goodenough rule.
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. INTRODUCTION ther decrease of temperature belev20 K, ordering of the
Nd®* spins takes place.

Recently, pyrochlore compounds,B,0; attracted great It is well established that thi#1-O-M bond angle ¢ is a
attention because their unusual structure of the cornettransition metagl governs the magnitude and sign of the su-
sharing tetrahedra can lead to the geometric frustration angerexchange interaction between the neighboriivy
interesting low-temperature properties.Due to this geo- spinst®!? Actually, Shimakawaet al® have systematically
metrical frustration, the spin-glagSG) phase is expected if investigated the Mn-O-Mn bond angk of the Mn pyro-
the exchange interaction between the neighboring spins ishlore R,Mn,0; (R=In, Lu, Tl, and Y) and have found a
antiferromagnetic. In fact, Dunsiget al2 have observed the close interrelation betweefiand the Curie temperatufi: .

SG phase in ¥YMo0,0; and TkMo,0; by means of the They concluded that the superexchange interaction governs
muon spin resonanceuSR) measurements and Gardnerthe magnetism of the Mn pyrochlore except for the conduct-
et al* have observed a glassy-spin state §M6,0, by the  ing TI,Mn,0;. Thus, the structural investigation is expected
neutron-scattering measurements. In addition to this S@o give us an important clue for understanding of the mag-
phase, several pyrochlore compounds, e.gMY,O; (insu-  netic interaction of the Mo pyrochlore system.

laton and ThLMn,O, (meta),® show the ferromagnetic In this paper, we have systematically investigated struc-
ground state. Recent theoretical investigatisnggests that tural parameters of the Mo pyrochlor&Mo,0, (R=Dy,

the frustration arises even when the interaction between thé€d, Sm, and Ngdby means of synchrotron radiation x-ray
spins are ferromagnetic provided that there exists four locgbowder diffraction. We have observed systematic variation
(111) anisotropy axes. of the Mo-O-Mo bond angled with rg: 6 increases from

Another ferromagnetic pyrochlore systemRsMo,0,,"  129.7° for DyMo0,0; (rg=1.027 A) to 131.5° for
whereR is a trivalent rare-earth ion: two electrons are ac-Nd,Mo,0; (rg=1.109 A). This trend is opposite to the so-
commodated in the,y orbits of the Mo 4l level. This sys- called Kanamori-Goodenough rule in which the larger bond
tem undergoes the magnetic transition from the SG insulatangle favors the antiferromagnetic-exchange interaction. We
ing state to the ferromagnetic metalliEM) state as the have argued the ferromagnetic interaction between the Mo
averaged ionic radiusg of the rare-earth ion increasés. spins in terms of the double-exchange mechanism.

Taguchi and Tokufhand Katsufujiet al® reported unusual

behavior in the ordinary and anomalous Hall coefficients.

Recently, Yoshiiet all® have performed neutron-scattering Il. EXPERIMENT

investigation on a single crystal of Bdo,0,; and have re-
vealed that the ferromagnetic transition 8¢=93 K is
mainly due to the ordering of the Mo spins. The ferromag- A series of Mo-based pyrochloi®,Mo,0; (R=Dy, Gd,
netic structure is nearly collinear and the tilting anglef = Sm, and N¢l was investigated in this work. We have grown
the Mo spins from the net magnetization is small. With fur- crystals ofR=Sm and Nd compounds by the floating-zone

A. Sample preparation and characterization
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technique. A stoichiometric mixture of commercial gbg,
Nd,Os, and MoG was well ground and pressed into a rod
with a size of 5 mnpx100 mm and sintered at 1200°C

i (a) Sm2M0207 uOH =01T

for 2 h in a flow of Argas. The crystal is grown at a feeding = 1 Ml 2 F o DMWYl
speed of~20 mm in an Ar atmosphere. Black and shiny % ...................... .
crystals typically 4—5 mm in diameter and20 mm in . (Smg ¢819,1)2M0,07 4
length were obtained. Unfortunately, crystal growth of the = T=10K
small+ g compound, e.g., DMo,0; and GgMo,0-, is dif- ! '05' —= i !
ficult due to the higher melting temperature. We have pre- Magnetic Field (T)
pared these compounds by solid-state reactite stoichio- ; L
metric mixture ofR,O; and MoQ was reacted in an Ar 200 300
atmosphere at 1350 °C. Temperature (K)
Synchrotron radiation x-ray powder-diffraction measure-
ments indicate that all the samples investigated are single 3 ®

phase with cubic Fd3m;Z=8) symmetry. We further
checked the Mo valence by thermogravimetric analysis and
found that the samples are stoichiometric within the resolu-
tion of 1% in valence.

p (mQcm)

B. X-ray structural analysis

In order to get the diffraction patterns with good counting T T T
statistics and high angular resolution, synchrotron radiation 200 300
x-ray powder experiments were carried out at SPring-8 Temperature (K)

BL02B2. The samples were crushed into fine powder of or-

der of 10 um and were sealed in a 0.2 nghguartz capil- g ' :
lary Prec{:)itation method was adopjcédh order to geli a resistivity p of single crystalline SpMo,0;. M was measured un-
fine-powder which gives a homogeneous intensity distribu_der a field of 0.1 T after cooling dow £ K in thezero field(ZFC)

S ; and in the field(FC). T represents the Curie temperature. Inset of
_tlor_1 in a Debye-Scherrer powder ring. The Wayelength of th(?he upper panel shows doping effects on the magnetization curve:
incident x-ray was~0.4 A and exposure time was for

. . circles and squares are for gho,O; and for (Sng ¢Sry 1) ,M0,05,
5-10min. We have analyzed tﬂus obtained x-ray powdefegpectively. Broken curve in the lower panel is tha& curve mea-
patterns withRIETAN-973 program. sured under a field of 5 T.

<
3

FIG. 1. Temperature dependencg@&fmagnetizatiorM and(b)

measured under a field of 5 T. A large magnetoresistance is

[ll. RESULT AND DISCUSSION observed at around: (downward arroy, consistent with
the previous work,

The inset of Fig. (&) shows doping effects on the mag-

First, let us investigate magnetization and resistivity ofnetization curve: circles and squares are for,Bim,0O; and
the ferromagnetic Mo pyrochlore. Figure 1 shows temperafor (Sm, ¢S, ;),M0,0;, respectively. The hole-doping pro-
ture dependence ¢&) magnetizatiorM and (b) resistivityp  cedure into the Mod band significantly suppressed the satu-
of single crystalline SpMo,0,. M was measured under a ration momentM ;M decreases from=1.2ug per Mo for
field of 0.1 T after cooling down to 2 K in the zero field Sm,Mo0,0; to ~1.0ug for (Smy ¢S, 1) ,M0,0-. In addition,
(ZFC) and in the field(FC). For four-probe resistivity mea- the Curie temperature slightly decreases ffog+ 68 K for
surements, the sample was cut into a rectangular shape tygm,Mo,0; to 65 K for (Sm ¢Sty 1) ,M0,0-. These observa-
cally of 3x2x1 mn? and electrical contacts were made tions suggest that the Mo moment dominates ferromagnetic
with silver paint. With decrease of temperature, Mealue  transition. This is consistent with the neutron scattering

steeply increaseisee Fig. )] at ~70 K. The Curie tem-  experiment? the ferromagnetic transition is mainly due to
peratureTc (=68 K) was determined from the inflection the ordering of the Mo spins.

point of theM-T curve. With further decrease of temperature  Katsufuji et al® have found that the transition tempera-
below ~20 K, the magnetization of the ZFC run steeply tures for different combination dR merge into a universal
decreases. A similar behavior is observed also in the ferrocurve againsty. In the upper panel of Fig. 3, we cited a part
magnetic NdMo,O-, consistent with Aliet al.” This behav-  of the critical temperaturegsquares for the FM and SG

ior is ascribed to an antiferromagnetic-exchange interactiofransitions. Open symbols are those for the melt-grown crys-
betweerR®* and Md* spins/*° As seen in the lower panel tals, i.e., SpM0,0, and NgMo,O,. With increase of g, a
[Fig. 1(b)], the p-T curve shows metallic behavior in the crossover behavior from the SG state to the FM state is ob-
temperature range investigateec 800 K). The resistivity served at~1.047 A. This result excludes the possibility that
curve well scalesT? (20 K<T<50 K) in the ferromag- the rare-earth moment governs the exchange interaction be-
netic phase perhaps due to the one-magnon-scatteringieen the Mo spins but indicates that the structural param-
process® Incidentally, the broken curve is the-T curve eters are essential for the interaction.

A. Magnetization and resistivity
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TABLE I. Structural parameters &,Mo0,0, (R=Dy, Gd, Sm,
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Smy.Srh;1, and Nd at 300 K determined from synchrotron radia- o 100 |- @ R2M0x0;  smqoDy, Nd
tion x-ray diffraction patterns obtained at SPring-8 BL02B2. The b GagDy
— = .9 1
crystal symmetry is cubicKd3m;Z=8). The atomic sites arR® § GdosDyos
16d [3,3,3], Mo 16c [0, O, 0, O1 4& [u,3,5], and 02 & & |Gdedr
[3.5.3]- &
ol _]m] Katsufluji etal.
Compound a(A) u(A) Rup (%) R; (%) 1 re (&) 11
Dy,Mo0,04 10.2728(1) 0.3331(6) 3.25 4.08 11 - 0.34
Gd,Mo0,0; 10.3356(1) 0.3315(8)  4.00 4.05 sl ® by i, ]
Sm,Mo,0, 10.4196(1) 0.3300(5)  3.29 5.37 I . I “f Jo33
(SMmy.eStp )2M0,0, 10.4781(2) 0.3270(7)  4.26 5.17 2 106} ; ] <
: o ]
Nd,Mo,0, 10.4836(2) 0.3297(7) 4.16 7.91 S o4l Lo Jos
[——O i ]
102 : ]
B. Chemical pressure control of structural parameters i * .A 1'1 * 0.31
o A) ’
Now, let us proceed to the variation of the structural pa- "
rameters with change ofz. We summarized in Table | the o4 T Nd
structural parameters &,Mo0,0, derived from the Rietveld - © i Sm o
analysis of high-angular resolution x-ray powder patters. In ;b 5 1G5 1% %
Fig. 2 are shown prototypical examples of the Rietveld re- ‘g i Qy i 9 | &
finement at 300 K(a) Sm,M0,0; and NgMo,0-. The final 2| i 5 —] s
refinements are satisfactory in whié®,, and R, (reliable - - | (] J130
factor based on the integrated intensitye fairly reduced. 198 : . 1
The insets of both the panels are the magnified patterns 1 1.1
R &)

(crossep together with the calculated resulfsurves. Note

that even small Bragg reflections are quatitatively repro-

duced.
5 - .
E (2) SmyMo,0,
. 4F |[A=04006A -
4] E R,y=329% & |
S 3F [R'=537% 2 |
© c + - 5
< E <
3 2F S0l _i_ Il ;UU;;
;" 1: S N |
(72} -
g £ 40 26 (degree) 50
AT
0 10 20 30 40 50 60 70
260 (degree)
TE
6?— (b) Nd2MO207 0.3
- SE [2=04006A 5
a 3 Ruyy=416% E
S 4f |R=791% B .
S E <
T 3F 8
) E =
2 2F " :
g 1E 40 26 (degree) 50
= F
OF X 1T s
AT
0 10 20 30 40 50 60 70
260 (degree)

FIG. 2. The whole x-ray powder patteforossesat 300 K for

(8 SmM0,0; and(b) Nd,Mo,0,. Solid curve is the results of the
Rietveld refinement with cubicHKm3m;Z=8) symmetry. Insets

show the magnified patterns.

FIG. 3. (a) Critical temperatures for the ferromagneticpen
symbolg and spin-glasgfilled symbolg transitions against the av-
eraged ionic radiusg of rare-earth ion. Data points indicated by
squares are cited from Ref. @) Lattice constang (open circley

andu parameteffilled circles of R,M0,0; againstr. SG and FM
represent spin-glass and ferromagnetic metallic phase, respectively.
(c) Mo-O bond lengthd (open circles and Mo-O-Mo bond anglé

(filled circles againstrg. Vertical broken lines inb) and(c) are

the SG-FM phase boundary.

In Fig. 3(b) are plotted the lattice parametersRyMo,O,
againstr g together with the magnetic phase diagréifig.
3(a); data points indicated by squares are cited from REf. 9
How does the structure change rgsincreases? As seen in
Fig. 3b), theu parameter, which specifies the oxygen posi-

tion (48f[u,3,5]) Systematically decreases with,. Note

that the position of theR (Mo) site is fixed at 16[3,3,5]
(16c[0,0.0]) in the cubic £d3m;Z=8) symmetry. Based

on these structural parameters, we have calculated the Mo-O
bond lengthgd and the Mo-O-Mo bond angles and plotted
them in the bottom pang¢Fig. 3(c)]. In the lattice structural

point of view, increase of g causeq1) elongation ofd as
well as(2) widening of 6.

C. Origin for exchange interaction

Presently observed inter-relation between the exchange
interaction ande, i.e., ferromagnetic-exchange interaction
for large 6, is contrary to the Kanamori-Goodenough
rule 112 Here, recall that the ferromagnetic transition is
mainly due to the ordering of the Mo spitfsAccording to
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One may notice that the metallic behavior, i.e., positive
10.34 | G92M020; 035 temperature differential of resistivity remains even in the
] high-temperature paramagnetic state. This possibly reflects
- - © 9 the fact that the M&" (d?) ion is free from the Jahn-Teller
instability. A similar metallic behavior in the paramagnetic

o state is also observed in the double-exchange ferromagnet
- i 0O ] La; ,SrMnO; (x=0.3-0.4) (Ref. 18 with the maximal
0© Ho034 = one-electron bandwidti.'°

10.33

T
&
o

T
e}

10.32

aA)

%ii D. Temperature variation of structural parameters

o
1031 wgﬁiiii Finally, let us investigate the variation of the structural
—_— 1 parameters at the magnetic transition. We observed no varia-

[ d0.33 tion of the Bragg-reflection patterns down to 10 K indicating

10.30 - | that the lattice symmetry remains cubic even below Fig-

o ure 4 shows the temperature dependence of the lattice con-

0 100 200 300 stanta (open circley and theu parameteffilled symbolg of

ferromagnetic GgMo0,0; (Tc=66 K). Surprisingly, no de-

Temperature (K) tectable anomaly was observedlat(downward arrowboth

in a and u. Such a weak coupling between the spin and

FIG. 4. Temperature variation of lattice constarfopen circleg latti :
attice degrees of freedom is perhaps due to absence of the
andu paramete(filled symbols of Gd,M0,0;. T represents the Jahn—TeIIgr instability P P

Curie temperature. Circles and squares are determined in the differ-
ent runs.

_ _ _ IV. SUMMARY
this model, the superexchange interaction between the tran-

sition metalsM via oxygen atoms strongly depends on the In summary, we have systematically investigated struc-
M-O-M bond angle. An antiferromagnetic-exchange interaciural parameters of the Mo pyrochlores by means of synchro-
tion is expected to occur for a linear bond~180°) while  tron radiation x-ray powder diffraction with good counting
ferromagnetic interaction is often observed for a 90° ar-Statistics and high angular resolution. We have observed
rangement. widening of the Mo-O-Mo bond anglé asry increases. We
Another candidate for the origin of the ferromagnetic-have discussed _the_ferromagnetic-exchange interaction be-
exchange interaction is the double-exchange mechafismtween the Mo spins in terms of the double-exchange mecha-
because the degeneracy of thg orbits of the Mo 4l level ~ NiSM. Thus, x-ray pqwder measurements combined with syn-
can be lifted due to th€,, symmetry of thg MoOg]; clus- _chrotrpn _radlatlon is one of the po_\/\_/erful tools f_or the
ter. Then, the electrons in the higher-lying level can behavdlvestigation of physics of the transition-metal oxides as
as conducting carriers and mediate the ferromagneticstrongly correlated electron system.
exchange interaction between the local Mo spins in the
lower-lying level!” Within this model, the SG-FM crossover
with increase ofrg is ascribed to the suppressed inherent
antiferromagnetic-superexchange interaction as well as the This work was supported by a Grant-in-Aid for Scientific
enhanced ferromagnetic double-exchange interaction. In adRkesearch from the Ministry of Education, Science, Sports,
dition, the conducting ferromagnetic stafeee Fig. 1 and  and Culture. The synchrotron power experiments were per-
insulating SG stafeis consistent with the double-exchange formed at the SPring-8 BL02B2 with approval of the Japan
picture. Synchrotron Radiation Research Instit¢iASRI).
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