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The temperature dependencies of the background cor-
rected, normalized, and Q-integrated (Q ¼ ½0.5; 2.0# Å−1)
inelastic scattering for the oxide and oxynitride are shown
in the top panels of Figs. 3(a) and 3(b), respectively. The
oxide [Fig. 3(a)] presents a broad spectrum at T > 50 K,
well above the spin freezing transition. Upon cooling, low
energy spin fluctuations develop. The transition is clearly
marked by a collapse of inelastic scattering intensity into
the elastic line as static short range spin correlations build
up. The inelastic scattering data were fitted to the general
form of the scattering function [17],

SðEÞ ¼ 1

π
χ00ðEÞ½1þ nðEÞ#; ð2Þ

where nðEÞ is the Bose-Einstein thermal population factor
and χ00 is the imaginary part of the dynamic susceptibility.
A good description of the data was obtained with

χ00ðEÞ ¼ χ0 arctan
!
E
Γ

"
; ð3Þ

where Γ is related to the energy width of the inelastic
spectrum. Representative fits to the oxynitride data are
shown in Fig. 4. The bottom panel of Fig. 3(a) shows the
temperature dependence of Γ for the oxide, which goes to
zero at or near Tf ∼ 16 K, consistent with spin glass
freezing. The overall dynamic behavior of Lu2Mo2O7 is
thus very similar to that of its sister “disorder free” spin

glass pyrochlore Y2Mo2O7 [17]. Again in rather stark
contrast, the oxynitride displays a temperature-independent
energy width of Γ ∼ 0.08 meV, consistent with that of
Lu2Mo2O7 near 30 K, almost twice Tf [Fig. 3(b)].
Therefore the temperature dependence observed in SðEÞ
for the oxynitride originates entirely from the Bose-
Einstein factor in Eq. (2).
Figure 5 compares the inelastic scattering integrated

over Q ¼ ½0.5; 2.0# Å−1 from both samples at 1.5 K. Given
that the inelastic scattering from Lu2Mo2O7 is strongly
suppressed below Tf, the scattering from the oxide at 1.5 K

FIG. 3 (color online). The temperature dependence of background subtracted, normalized inelastic neutron scattering
(Q ¼ ½0.5; 2.0# Å−1) (top) and the energy width of the inelastic spectra, Γ, (bottom) for the (a) oxide and (b) oxynitride, respectively.

FIG. 4 (color online). Offset E cuts (Q ¼ ½0.5; 2.0# Å−1) for the
oxynitride sample at various temperatures with fits (solid lines) of
Eq. (2) to the data.
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which a shift in Tf from 16.2 K to 20.3 K is observed. Hence the
disorder created by introduction of oxygen vacancies enhances
spin freezing. A Curie–Weiss fit to the inverse susceptibility over
the same temperature range (150–300 K) gives an effective
moment μeff¼2.3 μB, reflecting the partial reduction of S¼1 Mo4+

to S¼3/2 Mo3+. The Weiss constant θ¼−329(1) K shows that that
the strength of superexchange interactions is enhanced, but the
frustration factor of f≈16 reveals that the disorder in Lu2Mo2O7−x

markedly increases the degree of frustration in comparison to
Lu2Mo2O7.

The above results demonstrate that the oxygen content of
Lu2Mo2O7−x has a significant effect on magnetic properties, as
the energy scale of antiferromagnetic exchange, the spin freezing

temperature, and the frustration factor are all increased in the
reduced phase. This highlights the importance of the control of
oxygen content in the R2Mo2O7 series and the need for careful
analysis of samples through diffraction and gravimetric techni-
ques. In the case of Lu2Mo2O7, the spin glass like state at low
temperatures is stable in the absence of any significant site or
bond disorder on a crystallographic length scale. Lu2Mo2O7 may,
therefore, provide an example of a disorder free or topological spin
glass state [34,35]. Although structural disorder may not be a
necessary condition for spin freezing in Lu2Mo2O7, the oxygen-
vacancy disorder in Lu2Mo2O7−x favors the onset of a glassy state at
higher temperatures and enhances the degree of frustration. An
oxygen miscibility gap might also drive electronic phase separation,
as reported in the Y2Ti2O7–x system [36]. Future study of the spin
glass ground states in the Lu2Mo2O7−x system will be of great
importance in order to further understand how they compare to
the canonical spin glasses and to determine the origin of their spin
freezing.

Acknowledgments

The authors acknowledge EPSRC, STFC, Leverhulme Trust, the
Royal Society, and University of Edinburgh for funding and facil-
ities access.

References

[1] J.E. Greedan, J. Mater. Chem. 11 (2001) 37.
[2] S.T. Bramwell, M.J.P. Gingras, Science 29 (2001) 1495.
[3] R. Seshadri, Solid State Sci. 8 (2006) 259.
[4] T. Fennell, P.P. Deen, A.R. Wildes, K. Schmalzl, D. Prabhakaran, A.T. Boothroyd,

R.J. Aldus, D.F. McMorrow, S.T. Bramwell, Science 326 (2009) 415.
[5] N. Hanasaki, K. Watanabe, T. Ohtsuka, I. Kézsmárki, S. Iguchi, S. Miyasaka,

Y. Tokura, Phys. Rev. Lett. 99 (2007) 086401.
[6] J.S. Gardner, B.D. Gaulin, S.-H. Lee, C. Broholm, N.P. Raju, J.E. Greedan, Phys.

Rev. Lett. 83 (1999) 211.

Fig. 3. (a) Magnetic and inverse susceptibilities of Lu2Mo2O7 measured in a 1 T field with Curie–Weiss fit to high temperature inverse susceptibility data. (b) Real part of the
AC susceptibility for Lu2Mo2O7 showing the shift in Tf with measuring frequency. Inset shows Vogel–Fulcher fit of ln(ω/s−1) against temperature. (c) Increase in spin freezing
temperature, Tf, defined by the divergence of FC and ZFC susceptibilities from"16 K in Lu2Mo2O7 (left scale) to"20 K in Lu2Mo2O6.6 (right scale).

Fig. 4. The magnetic phase diagram for the R2Mo2O7 pyrochlores showing the spin
freezing, Tf, and ferromagnetic ordering, TC, temperatures as a function of the rare
earth ionic radii (rR3+, 8-fold coordination).
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Lithium Beryllium Element Name Boron Carbon Nitrogen Oxygen Fluorine Neon
3 4 Atomic number 5 6 7 8 9 10

Li Be Symbol B C N O F Ne
6.94 9.0122 Atomic weight (mean relative mass) 10.81 12.011 14.007 15.999 18.998 20.180

Sodium Magnesium Aluminium Silicon Phosphorus Sulfur Chlorine Argon
11 12 13 14 15 16 17 18

Na Mg Al Si P S Cl Ar
22.990 24.305 26.982 28.085 30.974 32.06 35.45 39.948

Potassium Calcium Scandium Titanium Vanadium Chromium Manganese Iron Cobalt Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
39.098 40.078(4) 44.956 47.867 50.942 51.996 54.938 55.845(2) 58.933 58.693 63.546(3) 65.38(2) 69.723 72.63 74.922 78.96(3) 79.904 83.798(2)

Rubidium Strontium Yttrium Zirconium Niobium Molybdenum Technetium Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium Iodine Xenon
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe
85.468 87.62 88.906 91.224(2) 92.906(2) 95.96(2) [97.91] 101.07(2) 102.91 106.42 107.87 112.41 114.82 118.71 121.76 127.60(3) 126.90 131.29

Caesium Barium Lutetium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
55 56 57-70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

Cs Ba * Lu Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
132.91 137.33 174.97 178.49(2) 180.95 183.84 186.21 190.23(2) 192.22 195.08 196.97 200.59 204.38 207.2 208.98 [208.98] [209.99] [222.02]

Francium Radium Lawrencium Rutherfordium Dubnium Seaborgium Bohrium Hassium Meitnerium Darmstadtium Roentgenium Copernicium Ununtrium Flerovium Ununpentium Livermorium Ununseptium Ununoctium
87 88 89-102 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118

Fr Ra ** Lr Rf Db Sg Bh Hs Mt Ds Rg Cn Uut Fl Uup Lv Uus Uuo
[223.02] [226.03] [262.11] [265.12] [268.13] [271.13] [270] [277.15] [276.15] [281.16] [280.16] [285.17] [284.18] [289.19] [288.19] [293] [294] [294]

Lanthanum Cerium Praseodymium Neodymium Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium
57 58 59 60 61 62 63 64 65 66 67 68 69 70

*lanthanoids La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb
138.91 140.12 140.91 144.24 [144.91] 150.36(2) 151.96 157.25(3) 158.93 162.50 164.93 167.26 168.93 173.05

Actinium Thorium Protactinium Uranium Neptunium Plutonium Americium Curium Berkelium Californium Einsteinium Fermium Mendelevium Nobelium
89 90 91 92 93 94 95 96 97 98 99 100 101 102

**actinoids Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No
[227.03] 232.04 231.04 238.03 [237.05] [244.06] [243.06] [247.07] [247.07] [251.08] [252.08] [257.10] [258.10] [259.10]
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At higher fields (500 G) the hysteresis dis- 
appears, but we still observe a drop in the 
magnetization below 20 K. Figure 7 shows 
the M vs T data for Sm2Mo207 at 100 G and 
1 kG. Here, too, we observe a ferromag- 
netic transition at -80 K, a hysteresis in 
zero field cooled and field cooled magneti- 
zation at 100 G, a drop in the magnetization 
below 25 K, and the disappearance of the 
hysteresis at high field magnetization. An 
interpretation of the behavior of M vs T 
data of Nd2Mo207 and Sm2Mo207 can be 
put forward as the following. A spontane- 
ous magnetization at T, is primarily due to 
ferromagnetic ordering on the MO (IV) sub- 
lattice. At lower temperature the molecular 
field from the MO (IV) sublattice induces a 
magnetization in the R (III) sublattice. The 
coupling between MO (IV)-R (III) appears 
to be antiferromagnetic, leading to a de- 
crease in the magnetization at low tempera- 
tures. Whether this coupling leads to a long 
range ordered fenimagnetic state is not 

clear. Neutron diffraction data are needed 
here. 

The M vs T data for Gd2Mo207 at 50 G, 
500 G, and 1 kG are presented in Fig. 8. We 
observe a ferromagnetic transition at -56 
K. At low temperatures we do not observe 
any drop in M and the magnetization re- 
mains constant for 50 G. In the case of Gd2 
Mo207 it appears from the data that both 
sublattices, the Gd (III) and the MO (IV), 
order ferromagnetically simultaneously be- 
low T, and the coupling between Gd-Mo is 
ferromagnetic. this interpretation is further 
supported by the saturation magnetization 
data on Gd2M0207 discussed in Section 3.2 

The low field M vs T data for Tb2Mo207 
at 100 G are presented in Fig 9. A knee is 
observed at 25 K as in case of ac suscepti- 
bility data. Below 25 K the magnetization 
increases with decreasing temperature. The 
knee in the M vs T curve at 25 K may be 
due to a weak antiferromagnetic or spin- 
glass transition and at lower temperatures 

which a shift in Tf from 16.2 K to 20.3 K is observed. Hence the
disorder created by introduction of oxygen vacancies enhances
spin freezing. A Curie–Weiss fit to the inverse susceptibility over
the same temperature range (150–300 K) gives an effective
moment μeff¼2.3 μB, reflecting the partial reduction of S¼1 Mo4+

to S¼3/2 Mo3+. The Weiss constant θ¼−329(1) K shows that that
the strength of superexchange interactions is enhanced, but the
frustration factor of f≈16 reveals that the disorder in Lu2Mo2O7−x

markedly increases the degree of frustration in comparison to
Lu2Mo2O7.

The above results demonstrate that the oxygen content of
Lu2Mo2O7−x has a significant effect on magnetic properties, as
the energy scale of antiferromagnetic exchange, the spin freezing

temperature, and the frustration factor are all increased in the
reduced phase. This highlights the importance of the control of
oxygen content in the R2Mo2O7 series and the need for careful
analysis of samples through diffraction and gravimetric techni-
ques. In the case of Lu2Mo2O7, the spin glass like state at low
temperatures is stable in the absence of any significant site or
bond disorder on a crystallographic length scale. Lu2Mo2O7 may,
therefore, provide an example of a disorder free or topological spin
glass state [34,35]. Although structural disorder may not be a
necessary condition for spin freezing in Lu2Mo2O7, the oxygen-
vacancy disorder in Lu2Mo2O7−x favors the onset of a glassy state at
higher temperatures and enhances the degree of frustration. An
oxygen miscibility gap might also drive electronic phase separation,
as reported in the Y2Ti2O7–x system [36]. Future study of the spin
glass ground states in the Lu2Mo2O7−x system will be of great
importance in order to further understand how they compare to
the canonical spin glasses and to determine the origin of their spin
freezing.
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Fig. 4. The magnetic phase diagram for the R2Mo2O7 pyrochlores showing the spin
freezing, Tf, and ferromagnetic ordering, TC, temperatures as a function of the rare
earth ionic radii (rR3+, 8-fold coordination).
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At higher fields (500 G) the hysteresis dis- 
appears, but we still observe a drop in the 
magnetization below 20 K. Figure 7 shows 
the M vs T data for Sm2Mo207 at 100 G and 
1 kG. Here, too, we observe a ferromag- 
netic transition at -80 K, a hysteresis in 
zero field cooled and field cooled magneti- 
zation at 100 G, a drop in the magnetization 
below 25 K, and the disappearance of the 
hysteresis at high field magnetization. An 
interpretation of the behavior of M vs T 
data of Nd2Mo207 and Sm2Mo207 can be 
put forward as the following. A spontane- 
ous magnetization at T, is primarily due to 
ferromagnetic ordering on the MO (IV) sub- 
lattice. At lower temperature the molecular 
field from the MO (IV) sublattice induces a 
magnetization in the R (III) sublattice. The 
coupling between MO (IV)-R (III) appears 
to be antiferromagnetic, leading to a de- 
crease in the magnetization at low tempera- 
tures. Whether this coupling leads to a long 
range ordered fenimagnetic state is not 

clear. Neutron diffraction data are needed 
here. 

The M vs T data for Gd2Mo207 at 50 G, 
500 G, and 1 kG are presented in Fig. 8. We 
observe a ferromagnetic transition at -56 
K. At low temperatures we do not observe 
any drop in M and the magnetization re- 
mains constant for 50 G. In the case of Gd2 
Mo207 it appears from the data that both 
sublattices, the Gd (III) and the MO (IV), 
order ferromagnetically simultaneously be- 
low T, and the coupling between Gd-Mo is 
ferromagnetic. this interpretation is further 
supported by the saturation magnetization 
data on Gd2M0207 discussed in Section 3.2 

The low field M vs T data for Tb2Mo207 
at 100 G are presented in Fig 9. A knee is 
observed at 25 K as in case of ac suscepti- 
bility data. Below 25 K the magnetization 
increases with decreasing temperature. The 
knee in the M vs T curve at 25 K may be 
due to a weak antiferromagnetic or spin- 
glass transition and at lower temperatures 

which a shift in Tf from 16.2 K to 20.3 K is observed. Hence the
disorder created by introduction of oxygen vacancies enhances
spin freezing. A Curie–Weiss fit to the inverse susceptibility over
the same temperature range (150–300 K) gives an effective
moment μeff¼2.3 μB, reflecting the partial reduction of S¼1 Mo4+

to S¼3/2 Mo3+. The Weiss constant θ¼−329(1) K shows that that
the strength of superexchange interactions is enhanced, but the
frustration factor of f≈16 reveals that the disorder in Lu2Mo2O7−x

markedly increases the degree of frustration in comparison to
Lu2Mo2O7.

The above results demonstrate that the oxygen content of
Lu2Mo2O7−x has a significant effect on magnetic properties, as
the energy scale of antiferromagnetic exchange, the spin freezing

temperature, and the frustration factor are all increased in the
reduced phase. This highlights the importance of the control of
oxygen content in the R2Mo2O7 series and the need for careful
analysis of samples through diffraction and gravimetric techni-
ques. In the case of Lu2Mo2O7, the spin glass like state at low
temperatures is stable in the absence of any significant site or
bond disorder on a crystallographic length scale. Lu2Mo2O7 may,
therefore, provide an example of a disorder free or topological spin
glass state [34,35]. Although structural disorder may not be a
necessary condition for spin freezing in Lu2Mo2O7, the oxygen-
vacancy disorder in Lu2Mo2O7−x favors the onset of a glassy state at
higher temperatures and enhances the degree of frustration. An
oxygen miscibility gap might also drive electronic phase separation,
as reported in the Y2Ti2O7–x system [36]. Future study of the spin
glass ground states in the Lu2Mo2O7−x system will be of great
importance in order to further understand how they compare to
the canonical spin glasses and to determine the origin of their spin
freezing.
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• Series of materials shows systematic MITs

• Ir4+ has λ≈0.5eV
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B

A

T -linear contribution in CðT Þ is known to be attributed to
spin wave excitations for one-dimensional antiferromagnets;
it is difficult for the pyrochlore lattice to induce a T -linear
contribution. As another possible origin for T -linear
contribution in CðT Þ in the insulating state, Anderson
localization may be considered.35) Further investigation is
required to reveal the origin of the T -linear contribution.

Now we will discuss the Ln dependence of the entropy
associated with the MIT (!S). To estimate !S, a smooth
polynomial was fitted to the data outside the region of the
anomaly; these fitting lines (broken line) for Ln = Nd, Sm,
and Eu are shown in Figs. 5(a), 6(a), and 6(b), respectively.
The background contribution was subtracted from the raw
data; the electronic portions of the C=T (!C=T ) for
Ln = Sm and Eu are shown in the inset. By integrating
!C=T , we obtained !S ¼ 0:47, 2.0, and 1.4 J/(K$mole) for
Ln = Nd, Sm, and Eu, respectively. !S is much smaller
than 2R ln 2. If we assume that a localized 5d electron from
Ir4þ ions with S ¼ 1=2 causes a conventional magnetic
transition, we can expect a change in entropy of 2R ln 2 ¼
11:5 J/(K$mole). The reduction in the amount of change in
entropy is considered to be caused by a short-range ordering
due to frustration or a reduction in magnetic moment due to
the itinerancy of 5d electrons. Next, recently, the Raman
scattering spectra of Ln2Ir2O7 for Ln = Nd, Sm, and Eu
have been measured.36) Below TMI, new peaks appear for
Ln = Sm and Eu, but no remarkable change is seen for
Ln = Nd. The result indicates that Sm2Ir2O7 and Eu2Ir2O7

accompany a structural change with MIT, but this does not
occur with Nd2Ir2O7. Therefore, the !S for Ln = Sm and
Eu involve the lattice contribution. Indeed, !S for Ln = Nd
is smaller than those for Ln = Sm and Eu. If we consider
this !S in Ln = Nd to be caused by only the electronic
contribution without the lattice contribution, we can estimate
the electronic specific heat coefficient above TMI ! ¼ 14mJ/
(K2$mole) by the relation ! ¼ !S=TMI. As Sm2Ir2O7 and
Eu2Ir2O7 are both semimetallic from the behaviors of their
"ðT Þ and SðT Þ, it is speculated that the ! for Ln = Sm and
Eu are smaller than that for Ln = Nd.

3.5 Phase diagram
Figure 7 shows the phase diagram of Ln2Ir2O7, which is

based on the Ln3þ ionic radius dependence of TMI; the ionic
radius of Ln3þ is for an 8-coordination-number site. TMI

monotonically increases as the ionic radius of Ln3þ

decreases. Obviously, TMI does not depend on the de Gennes
factor ðgJ & 1Þ2JðJ þ 1Þ or the magnetism of Ln3þ. This
MIT is not associated with the magnetic ordering of Ln3þ.
For T > TMI, Ln = Pr and Nd are metallic. Then, Ln = Sm,
Eu and Gd are semimetallic and Ln = Tb, Dy, and Ho are
semiconducting. Ln = Pr is a unique metal located near the
critical point of MIT. In this figure, the extrapolation
between Ln = Nd and Pr is based on a recent result for
resistivity in the solid solution (Pr1&xNdx)2Ir2O7.

37) From
the result, the substitution of Pr by 20% Nd leads to MIT
at around 3K; below TMI, the increasing resistivity in this
sample is suppressed, and resistivity reaches a finite value at
lower temperatures.

Next, we discuss the phase diagram of Ln2Ir2O7 in
comparison with that of other rare-earth pyrochlore oxides.
The phase diagrams of Ln2Mo2O7 [Mo4þ: (4d)2] have

already been reported.38–40) Now, we point out the difference
in the phase diagram between Ir and Mo pyrochlore oxides.
As is described in the introduction, as the ionic radius of
Ln3þ decreases, the electrical conductivity in Ln2Mo2O7

becomes semiconducting. Interestingly, the magnetic transi-
tion of Ln2Mo2O7 goes from the spin glass insulating state
(Ln = Gd, Tb, Dy, and Ho) to the ferromagnetic metallic
state (Ln = Eu, Sm, and Nd) as the ionic radius of Ln3þ

increases; the ferromagnetic transition comes from 4d
electrons. Although the spin glass transition temperature Tg
is independent of Ln (Tg ' 20K), the ferromagnetic
transition temperature increases as the ionic radius of Ln3þ

increases. In addition, semiconducting Ln2Ru2O7 [Ru4þ:
(4d)4] shows the frustrated AFM transition originating from
4d electrons.41) The Néel temperature TN monotonically
increases from TN ¼ 84K for Ln = Yb to TN ¼ 160K for
Ln = Pr as the ionic radius of Ln3þ increases. The present
result shows that the magnetic transition (or MIT) in
Ln2Ir2O7 decreases as the ionic radius of Ln3þ increases.
Then, the opposite dependence of the ionic radius of Ln3þ on
the magnetic transition temperature is realized in Ln2Ir2O7.
It is speculated that the difference in their phase diagrams is
due to the feature of the 5d electron system, which has a
strong spin–orbit interaction and a reduced on-site Coulomb
repulsion in comparison with the 4d electron system.21)

Further theoretical study is needed to understand this phase
diagram in Ln2Ir2O7.

4. Conclusions

We report the physical properties (resistivity, thermo-
electric power, magnetization, and specific heat) of Ln2Ir2O7

for Ln = Nd, Sm, Eu, Gd, Tb, Dy, and Ho. Ln2Ir2O7 for
Ln = Nd, Sm, and Eu show MITs at 33, 117, and 120K,
respectively. In this study, we revealed that Ln2Ir2O7 for
Ln = Gd, Tb, Dy, and Ho exhibit MITs at 127, 132, 134,
and 141K, respectively. These MITs in Ln2Ir2O7 has
some common features: They are second-order transitions
since no thermal hysteresis or no discontinuous change
in their physical properties is observed at TMI. Under
the FC condition, a weak ferromagnetic component
('10&3 #B/f.u.) caused by 5d electrons from Ir is observed
below TMI. The entropy associated with MIT supports the

Fig. 7. (Color online) Phase diagram of Ln2Ir2O7 based on Ln3þ ionic
radius dependence of TMI.
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which a shift in Tf from 16.2 K to 20.3 K is observed. Hence the
disorder created by introduction of oxygen vacancies enhances
spin freezing. A Curie–Weiss fit to the inverse susceptibility over
the same temperature range (150–300 K) gives an effective
moment μeff¼2.3 μB, reflecting the partial reduction of S¼1 Mo4+

to S¼3/2 Mo3+. The Weiss constant θ¼−329(1) K shows that that
the strength of superexchange interactions is enhanced, but the
frustration factor of f≈16 reveals that the disorder in Lu2Mo2O7−x

markedly increases the degree of frustration in comparison to
Lu2Mo2O7.

The above results demonstrate that the oxygen content of
Lu2Mo2O7−x has a significant effect on magnetic properties, as
the energy scale of antiferromagnetic exchange, the spin freezing

temperature, and the frustration factor are all increased in the
reduced phase. This highlights the importance of the control of
oxygen content in the R2Mo2O7 series and the need for careful
analysis of samples through diffraction and gravimetric techni-
ques. In the case of Lu2Mo2O7, the spin glass like state at low
temperatures is stable in the absence of any significant site or
bond disorder on a crystallographic length scale. Lu2Mo2O7 may,
therefore, provide an example of a disorder free or topological spin
glass state [34,35]. Although structural disorder may not be a
necessary condition for spin freezing in Lu2Mo2O7, the oxygen-
vacancy disorder in Lu2Mo2O7−x favors the onset of a glassy state at
higher temperatures and enhances the degree of frustration. An
oxygen miscibility gap might also drive electronic phase separation,
as reported in the Y2Ti2O7–x system [36]. Future study of the spin
glass ground states in the Lu2Mo2O7−x system will be of great
importance in order to further understand how they compare to
the canonical spin glasses and to determine the origin of their spin
freezing.
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freezing, Tf, and ferromagnetic ordering, TC, temperatures as a function of the rare
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T -linear contribution in CðT Þ is known to be attributed to
spin wave excitations for one-dimensional antiferromagnets;
it is difficult for the pyrochlore lattice to induce a T -linear
contribution. As another possible origin for T -linear
contribution in CðT Þ in the insulating state, Anderson
localization may be considered.35) Further investigation is
required to reveal the origin of the T -linear contribution.

Now we will discuss the Ln dependence of the entropy
associated with the MIT (!S). To estimate !S, a smooth
polynomial was fitted to the data outside the region of the
anomaly; these fitting lines (broken line) for Ln = Nd, Sm,
and Eu are shown in Figs. 5(a), 6(a), and 6(b), respectively.
The background contribution was subtracted from the raw
data; the electronic portions of the C=T (!C=T ) for
Ln = Sm and Eu are shown in the inset. By integrating
!C=T , we obtained !S ¼ 0:47, 2.0, and 1.4 J/(K$mole) for
Ln = Nd, Sm, and Eu, respectively. !S is much smaller
than 2R ln 2. If we assume that a localized 5d electron from
Ir4þ ions with S ¼ 1=2 causes a conventional magnetic
transition, we can expect a change in entropy of 2R ln 2 ¼
11:5 J/(K$mole). The reduction in the amount of change in
entropy is considered to be caused by a short-range ordering
due to frustration or a reduction in magnetic moment due to
the itinerancy of 5d electrons. Next, recently, the Raman
scattering spectra of Ln2Ir2O7 for Ln = Nd, Sm, and Eu
have been measured.36) Below TMI, new peaks appear for
Ln = Sm and Eu, but no remarkable change is seen for
Ln = Nd. The result indicates that Sm2Ir2O7 and Eu2Ir2O7

accompany a structural change with MIT, but this does not
occur with Nd2Ir2O7. Therefore, the !S for Ln = Sm and
Eu involve the lattice contribution. Indeed, !S for Ln = Nd
is smaller than those for Ln = Sm and Eu. If we consider
this !S in Ln = Nd to be caused by only the electronic
contribution without the lattice contribution, we can estimate
the electronic specific heat coefficient above TMI ! ¼ 14mJ/
(K2$mole) by the relation ! ¼ !S=TMI. As Sm2Ir2O7 and
Eu2Ir2O7 are both semimetallic from the behaviors of their
"ðT Þ and SðT Þ, it is speculated that the ! for Ln = Sm and
Eu are smaller than that for Ln = Nd.

3.5 Phase diagram
Figure 7 shows the phase diagram of Ln2Ir2O7, which is

based on the Ln3þ ionic radius dependence of TMI; the ionic
radius of Ln3þ is for an 8-coordination-number site. TMI

monotonically increases as the ionic radius of Ln3þ

decreases. Obviously, TMI does not depend on the de Gennes
factor ðgJ & 1Þ2JðJ þ 1Þ or the magnetism of Ln3þ. This
MIT is not associated with the magnetic ordering of Ln3þ.
For T > TMI, Ln = Pr and Nd are metallic. Then, Ln = Sm,
Eu and Gd are semimetallic and Ln = Tb, Dy, and Ho are
semiconducting. Ln = Pr is a unique metal located near the
critical point of MIT. In this figure, the extrapolation
between Ln = Nd and Pr is based on a recent result for
resistivity in the solid solution (Pr1&xNdx)2Ir2O7.

37) From
the result, the substitution of Pr by 20% Nd leads to MIT
at around 3K; below TMI, the increasing resistivity in this
sample is suppressed, and resistivity reaches a finite value at
lower temperatures.

Next, we discuss the phase diagram of Ln2Ir2O7 in
comparison with that of other rare-earth pyrochlore oxides.
The phase diagrams of Ln2Mo2O7 [Mo4þ: (4d)2] have

already been reported.38–40) Now, we point out the difference
in the phase diagram between Ir and Mo pyrochlore oxides.
As is described in the introduction, as the ionic radius of
Ln3þ decreases, the electrical conductivity in Ln2Mo2O7

becomes semiconducting. Interestingly, the magnetic transi-
tion of Ln2Mo2O7 goes from the spin glass insulating state
(Ln = Gd, Tb, Dy, and Ho) to the ferromagnetic metallic
state (Ln = Eu, Sm, and Nd) as the ionic radius of Ln3þ

increases; the ferromagnetic transition comes from 4d
electrons. Although the spin glass transition temperature Tg
is independent of Ln (Tg ' 20K), the ferromagnetic
transition temperature increases as the ionic radius of Ln3þ

increases. In addition, semiconducting Ln2Ru2O7 [Ru4þ:
(4d)4] shows the frustrated AFM transition originating from
4d electrons.41) The Néel temperature TN monotonically
increases from TN ¼ 84K for Ln = Yb to TN ¼ 160K for
Ln = Pr as the ionic radius of Ln3þ increases. The present
result shows that the magnetic transition (or MIT) in
Ln2Ir2O7 decreases as the ionic radius of Ln3þ increases.
Then, the opposite dependence of the ionic radius of Ln3þ on
the magnetic transition temperature is realized in Ln2Ir2O7.
It is speculated that the difference in their phase diagrams is
due to the feature of the 5d electron system, which has a
strong spin–orbit interaction and a reduced on-site Coulomb
repulsion in comparison with the 4d electron system.21)

Further theoretical study is needed to understand this phase
diagram in Ln2Ir2O7.

4. Conclusions

We report the physical properties (resistivity, thermo-
electric power, magnetization, and specific heat) of Ln2Ir2O7

for Ln = Nd, Sm, Eu, Gd, Tb, Dy, and Ho. Ln2Ir2O7 for
Ln = Nd, Sm, and Eu show MITs at 33, 117, and 120K,
respectively. In this study, we revealed that Ln2Ir2O7 for
Ln = Gd, Tb, Dy, and Ho exhibit MITs at 127, 132, 134,
and 141K, respectively. These MITs in Ln2Ir2O7 has
some common features: They are second-order transitions
since no thermal hysteresis or no discontinuous change
in their physical properties is observed at TMI. Under
the FC condition, a weak ferromagnetic component
('10&3 #B/f.u.) caused by 5d electrons from Ir is observed
below TMI. The entropy associated with MIT supports the

Fig. 7. (Color online) Phase diagram of Ln2Ir2O7 based on Ln3þ ionic
radius dependence of TMI.
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which a shift in Tf from 16.2 K to 20.3 K is observed. Hence the
disorder created by introduction of oxygen vacancies enhances
spin freezing. A Curie–Weiss fit to the inverse susceptibility over
the same temperature range (150–300 K) gives an effective
moment μeff¼2.3 μB, reflecting the partial reduction of S¼1 Mo4+

to S¼3/2 Mo3+. The Weiss constant θ¼−329(1) K shows that that
the strength of superexchange interactions is enhanced, but the
frustration factor of f≈16 reveals that the disorder in Lu2Mo2O7−x

markedly increases the degree of frustration in comparison to
Lu2Mo2O7.

The above results demonstrate that the oxygen content of
Lu2Mo2O7−x has a significant effect on magnetic properties, as
the energy scale of antiferromagnetic exchange, the spin freezing

temperature, and the frustration factor are all increased in the
reduced phase. This highlights the importance of the control of
oxygen content in the R2Mo2O7 series and the need for careful
analysis of samples through diffraction and gravimetric techni-
ques. In the case of Lu2Mo2O7, the spin glass like state at low
temperatures is stable in the absence of any significant site or
bond disorder on a crystallographic length scale. Lu2Mo2O7 may,
therefore, provide an example of a disorder free or topological spin
glass state [34,35]. Although structural disorder may not be a
necessary condition for spin freezing in Lu2Mo2O7, the oxygen-
vacancy disorder in Lu2Mo2O7−x favors the onset of a glassy state at
higher temperatures and enhances the degree of frustration. An
oxygen miscibility gap might also drive electronic phase separation,
as reported in the Y2Ti2O7–x system [36]. Future study of the spin
glass ground states in the Lu2Mo2O7−x system will be of great
importance in order to further understand how they compare to
the canonical spin glasses and to determine the origin of their spin
freezing.
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Static Critical Behavior of the Spin-Freezing Transition in the Geometrically Frustrated
Pyrochlore Antiferromagnet Y2Mo2O7
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Some frustrated pyrochlore antiferromagnets, such as Y2Mo2O7, show a spin-freezing transition and
magnetic irreversibilities below a temperature Tf similar to what is observed in randomly frustrated
spin-glasses. We present results of nonlinear dc magnetization measurements on Y2Mo2O7 that provide
strong evidence that there is an underlying thermodynamic phase transition at Tf , which is characterized
by critical exponents g ¯ 2.8 and b ¯ 0.8. These values are typical of those found in random
spin-glasses, despite the fact that the level of random disorder in Y2Mo2O7 is immeasurably small.
[S0031-9007(96)02232-6]

PACS numbers: 75.50.Ee, 75.40.Cx, 75.50.Lk

The past five years have seen a resurgence of signifi-
cant interest devoted to the systematic study of geo-
metrically frustrated antiferromagnets [1,2]. Geometric
frustration arises in materials containing antiferromagneti-
cally coupled magnetic moments which reside on geo-
metrical units, such as triangles and tetrahedra, that
inhibit the formation of a collinear magnetically ordered
state. One of the main motivations for the current interest
in these systems stems from suggestions that the increased
propensity of frustrated antiferromagnets for quantum
zero-temperature spin fluctuations compared to collinear
antiferromagnets might be sufficient to destroy Néel order
and drive these systems into novel quantum disordered
ground states [1,2].
Systems of classical Heisenberg spins residing on lat-

tices of corner-sharing triangles or tetrahedra and anti-
ferromagnetically coupled via nearest-neighbor exchange
constitute particularly interesting cases of highly frus-
trated antiferromagnets. Here, theory [3–5] and numeri-
cal work [4,5] show that these systems do not order and
remain in a “collective paramagnetic state” [3] down to
zero temperature. Since, even for classical spins, these
systems have such a small tendency to order, they are
excellent candidates for displaying exotic quantum disor-
dered ground states [2,6]. However, and perhaps most in-
terestingly, experiments show that some nominally perfect
(i.e., disorder-free) [7] pyrochlore antiferromagnetic lat-
tices of corner-sharing tetrahedra exhibit a spin-freezing
transition at some temperature Tf [8], below which they
develop magnetic irreversibilities (see Fig. 1) and long-
time magnetic relaxation similar to what is found in con-
ventional randomly frustrated spin-glasses such as CuMn,
EuSrS, and CdMnTe [9]. Muon spin relaxation measure-
ments also find a large increase of the 1yT1 muon depolar-
ization rate at T ¯ 20 K, and which indicates a dramatic
critical slowing down of the Mo41 moments [10].
Two important questions arise: Firstly, what is the mi-

croscopic origin of the glassy behavior in pyrochlore anti-

ferromagnets? Is it due to the yet undetected micro-
scopic disorder inherent to any real material, or is it
intrinsic to the idealized perfect material? Secondly, irre-
spective of the origin of the glassy behavior, one would
like to know if the spin freezing is strictly dynamical
(i.e., where the system’s relaxation time exceeds the time
scale set by the experimental probe), or is it due to an
underlying thermodynamic transition characterized by a
truly divergent (spin-glass) correlation length and time
scale as is believed to occur in conventional disordered
spin glasses [9]? To address these two questions, we
have measured the nonlinear magnetic susceptibility, xnl,
of the pyrochlore antiferromagnet Y2Mo2O7. Briefly, we
have found (i) that the freezing at Tf is well character-
ized as a thermodynamic transition displaying a power-
law divergence of the nonlinear susceptibility coefficient
x3sT d , sT 2 Tfd2g with g ¯ 2.8, and that the net non-
linear susceptibility, xnl, exhibits critical behavior and
temperature-field scaling properties close to Tf which
gives a critical exponent, b ¯ 0.8. The values we obtain
for g and b are typical of those found in conventional
disordered spin-glasses, despite any obvious microscopic

FIG. 1. Field-cooled (FC, squares) and zero field-cooled
(ZFC, triangles) susceptibility for Y2Mo2O7 in a magnetic field
100 Oe.
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FIG. 2. Net nonlinear susceptibility, xnl ≠ 1 2 Myx1H vs
H2 for the six temperatures indicated.

curves increases as the chosen value for Tf is decreased.
Choosing Tf . 23.0 would result in a curve with essen-
tially no extended range of power-law behavior s x3yx3

1 ~
t2gd. Also, values of Tf . 23.0 K are definitely above
the FC-ZFC breakaway point where the magnetization
data acquisition runs are reversible at the lowest field
[7,8]. Values of Tf , 21.0 are also not easy to justify
as they are clearly well below the FC-ZFC break-away
point at ¯22 K, Also, one observes an obvious upward
curvature at the far left of the data with the choice
Tf ≠ 21 K. Consequently, the log-log plot of the x3yx3

1
data strongly suggests that Tf is finite and between 21.0 K
and 23.0 K, and the extracted value of g depends on
the choice of Tf . To better quantify this, we have fit-
ted x3yx3

1 ~ s1 2 TyTfd2g for a fixed range of values
x3yx3

1 [ f2 30g (i.e., for a fixed number of data points)
giving the solid line fits in Fig. 3. The goodness of fit,

FIG. 3. Log-log plot showing the temperature dependence of
a3 ≠ x3yx3

1 vs t ; TyTf 2 1 for five different choices of Tf :
Tf ≠ 21.0, 21.5, 22.0, 22.5, and 23.0 K. The inset shows the
goodness of fit parameters, X2 (filled squares), for the solid line
fits in the main panel, and the exponent g (open circles) vs the
chosen value for Tf (see comments in text).

X2 ≠
P

ifa
calc
3 stid 2 ameas

3 stidg2, with a3 ≠ x3yx3
1 and

ti ≠ TiyTf 2 1, versus the choice of Tf is shown in
the inset of Fig. 3, along with the corresponding varia-
tion of the critical exponent g. As can be seen, a pro-
nounced minimum in X2 is seen as a function of Tf ,
and the best fit is obtained for Tf ¯ 22.2 K, which gives
a value g ¯ 2.8. Overall, a conservative estimate gives
Tf [ f21.7 22.7g K, giving g [ f2.4 3.4g.
The power-law divergence of a3 ≠ x3yx3

1 saturates for
t , 0.05 for a choice of Tf [ f22.0 23.0g K. A reason
for this leveling off of a3 is that the range of dominance
of the term x3sT dH2 to xnl falls below the smallest field,
HminsHmin , 100 Oed, for which good quality data were
obtained. The increasingly important diverging higher-
order terms of alternating signs (x5, x7, etc.) contributing
to xnl then cause a3 to be underestimated when H1sT d
becomes less than or equal to ¯Hmin. Also, the slow
but finite cooling rate inhibits the correct equilibrium
value of xnl from being attained, and this effect may be
compounded with the previous one to produce a saturation
of a3 for t , 0.05. Overall, the observed behavior of a3
for Y2Mo2O7 seen in Fig. 3 as well as the uncertainty
on the value of g are typical of what is observed in
conventional, chemically disordered spin-glasses.
We now attempt to verify that the spin freezing in

Y2Mo2O7 is a legitimate critical phenomenon by seeking
a data collapse and scaling behavior of the net nonlinear
susceptibility of the form given in Eq. (3). Choosing
Tf ≠ 22.2 K and g ≠ 2.8, as found in the inset of
Fig. 3, we can find a reasonable data collapse (scaling)
of xnl with a choice of b ≠ 0.75 6 0.10 (see Fig. 4).

FIG. 4. Nonlinear magnetization analyzed according to a
scaling model for a nonzero spin-glass transition temperature
with choices Tf ≠ 22 K, g ≠ 2.8, and b ≠ 0.75. The inset
shows the log-log plot of xnlsT ≠ Tf , Hd ~ H2yd with the
value of d ≠ 4.73 predicted from the scaling relation (4), with
the values of g ≠ 2.8 and b ≠ 0.75.
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a value g ¯ 2.8. Overall, a conservative estimate gives
Tf [ f21.7 22.7g K, giving g [ f2.4 3.4g.
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t , 0.05 for a choice of Tf [ f22.0 23.0g K. A reason
for this leveling off of a3 is that the range of dominance
of the term x3sT dH2 to xnl falls below the smallest field,
HminsHmin , 100 Oed, for which good quality data were
obtained. The increasingly important diverging higher-
order terms of alternating signs (x5, x7, etc.) contributing
to xnl then cause a3 to be underestimated when H1sT d
becomes less than or equal to ¯Hmin. Also, the slow
but finite cooling rate inhibits the correct equilibrium
value of xnl from being attained, and this effect may be
compounded with the previous one to produce a saturation
of a3 for t , 0.05. Overall, the observed behavior of a3
for Y2Mo2O7 seen in Fig. 3 as well as the uncertainty
on the value of g are typical of what is observed in
conventional, chemically disordered spin-glasses.
We now attempt to verify that the spin freezing in

Y2Mo2O7 is a legitimate critical phenomenon by seeking
a data collapse and scaling behavior of the net nonlinear
susceptibility of the form given in Eq. (3). Choosing
Tf ≠ 22.2 K and g ≠ 2.8, as found in the inset of
Fig. 3, we can find a reasonable data collapse (scaling)
of xnl with a choice of b ≠ 0.75 6 0.10 (see Fig. 4).

FIG. 4. Nonlinear magnetization analyzed according to a
scaling model for a nonzero spin-glass transition temperature
with choices Tf ≠ 22 K, g ≠ 2.8, and b ≠ 0.75. The inset
shows the log-log plot of xnlsT ≠ Tf , Hd ~ H2yd with the
value of d ≠ 4.73 predicted from the scaling relation (4), with
the values of g ≠ 2.8 and b ≠ 0.75.
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with choices Tf ≠ 22 K, g ≠ 2.8, and b ≠ 0.75. The inset
shows the log-log plot of xnlsT ≠ Tf , Hd ~ H2yd with the
value of d ≠ 4.73 predicted from the scaling relation (4), with
the values of g ≠ 2.8 and b ≠ 0.75.
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the BT1 diffractometer at the National Institute of Stan-
dards and Technology (NIST). The structural parameters,
extracted using Rietveld refinement, were consistent with
previous work [10]. The data place an upper limit of 4%
on A-B site mixing and 1% on deviations from nominal
oxygen stoichiometry in our sample.
For inelastic scattering we used the SPINS

triple axis spectrometer at NIST. Cold neutrons
reach the instrument through an evacuated 58Ni
coated rectangular guide. A vertically focusing py-
rolytic graphite (PG) (002) monochromator focuses
!6 8.5" 3 106 neutrons cm22 s21 onto the sample for
3.7 , Ei , 7 meV. Scattered neutrons are analyzed
with eleven 2.1 cm 3 15 cm cylindrical 3He proportional
counter located 36 cm from the center of the analyzer.
For measurements requiring good Q resolution, we used
three parallel analyzer blades and a 40′ collimator after
the sample. For measurements with coarse Q resolution,
5-11 blades were arranged to reflect neutrons monochro-
matically onto the detector. We used fixed final energies
of Ef ! 3.7 and Ef ! 5.1 meV yielding elastic energy
resolutions of 0.12 and 0.28 meV, respectively. Cooled
Be and BeO filters were used to suppress higher order
contamination and background. All data were normalized
as described in Ref. [17].
Elastic scattering measurements, using Ef ! 5.1 meV

and a flat analyzer, were performed at 1.8 and 50 K.
The difference between the two data sets shown in
Fig. 1 is a measure of the low temperature elastic mag-
netic structure factor S!Q". The data show a peak for
Q # 0.44 Å21, indicating short range AFM correlations
on a time scale t . h̄$DE ! 3 ps. From the half width
at half maximum (HWHM) we extract a correlation length
j # 1$HWHM # 5 Å, implying correlated domains

FIG. 1(color). The Q dependence of elastic magnetic scatter-
ing in Y2Mo2O7 at T ! 1.4 K. Data taken at 50 K have been
subtracted to account for the nuclear scattering. Inset: A four
sublattice spin arrangement for short range order in Y2Mo2O7
that is consistent with the periodicity derived from the
diffraction.

extending over a single conventional unit cell. The short
range AFM order in Y2Mo2O7 is a longer wavelength
local structure than in Tb2Ti2O7 [18], where Tb spins
are correlated over a single tetrahedron only. In fact,
Tb2Ti2O7 displays no phase transitions of any kind,
remaining a “cooperative paramagnet” down to at least
70 mK. The position of the first peak in the diffuse
magnetic scattering from Tb2Ti2O7 [18] is %1.2 Å21,
close to 4p$d!001", where d!001" % 10.2 Å, and this
implies AFM correlations between pairs of spins making
up a single tetrahedron. For Y2Mo2O7, the peak in the
diffusion scattering occurs for Q # 2p$d!110", where
d!110" #

p
2 3 10.2 Å is the diagonal of a cube face.

Such a local periodicity permits a four sublattice structure
along [110] which is displayed schematically in the inset
of Fig. 1. Each of the four sublattices is indicated by a
different color, and the SiSi ! 0 constraint over a single
tetrahedra which is implied by the vanishing of elastic
scattering for Qa ! 0 can be fulfilled by requiring that
each tetrahedra be color neutral. This local structure is the
tetrahedral analog of that exhibited in SCGO [8,9], where
a three sublattice local structure is relevant, as that struc-
ture is based on triangles. It also implies a large ground
state degeneracy within the pyrochlore structure as neigh-
boring chains along perpendicular [110] directions share
only a single tetrahedron. The magnitude of the frozen
staggered magnetization is derived by integrating the
elastic scattering data: jMj2 # !3$2"

R1 ±A21

0.16 ±A21 Q2 dQ 3
&S!Q"$jF!Q"j2'$

R

Q2 dQ # 1.80!8". Assuming that
g # 2 this implies that j(S)j$S # 0.67 which is an
unusually small number for a three dimensional magnet in
the limit T$QCW ! 0. The temperature dependence of
the elastic diffuse scattering at Q ! 0.44 Å21 is shown
in Fig. 2(a). The nominally elastic scattering within
the DE ! 0.2 meV energy window of the spectrometer
is only weakly temperature dependent above 50 K, but
shows a very pronounced increased below 40 K. The
glass temperature Tg lies roughly in the middle of the
regime which displays strong growth with decreasing T.
Inelastic neutron scattering measurements for Q near

the maximum in the diffuse scattering were performed
at temperatures of 1.5 K and above using the horizon-
tally focusing analyzer. Because inelastic magnetic scat-
tering from Y2Mo2O7 is strongly suppressed below Tg,
the T ! 1.5 K data set was an excellent measure of the
background for jh̄vj , 2.5 meV. An overview of these
data is shown in a color contour map of S!Q, v" vs h̄v
and T in Fig. 3(a). Several features are striking on ex-
amination of the data. Low energy spin fluctuations de-
velop below 45 K and progressively sharpen in frequency
on lowering temperature. The glass temperature Tg mani-
fests itself as the temperature where the low frequency
scattering collapses into the elastic peak. Consequently,
there are three temperature regimes for S!Q, v". For
T . 55 K, S!Q, v" displays a rather broad frequency
spectrum. For Tg , T , 50 K, the inelastic scattering
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remaining a “cooperative paramagnet” down to at least
70 mK. The position of the first peak in the diffuse
magnetic scattering from Tb2Ti2O7 [18] is %1.2 Å21,
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implies AFM correlations between pairs of spins making
up a single tetrahedron. For Y2Mo2O7, the peak in the
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of Fig. 1. Each of the four sublattices is indicated by a
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tetrahedra which is implied by the vanishing of elastic
scattering for Qa ! 0 can be fulfilled by requiring that
each tetrahedra be color neutral. This local structure is the
tetrahedral analog of that exhibited in SCGO [8,9], where
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ture is based on triangles. It also implies a large ground
state degeneracy within the pyrochlore structure as neigh-
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unusually small number for a three dimensional magnet in
the limit T$QCW ! 0. The temperature dependence of
the elastic diffuse scattering at Q ! 0.44 Å21 is shown
in Fig. 2(a). The nominally elastic scattering within
the DE ! 0.2 meV energy window of the spectrometer
is only weakly temperature dependent above 50 K, but
shows a very pronounced increased below 40 K. The
glass temperature Tg lies roughly in the middle of the
regime which displays strong growth with decreasing T.
Inelastic neutron scattering measurements for Q near

the maximum in the diffuse scattering were performed
at temperatures of 1.5 K and above using the horizon-
tally focusing analyzer. Because inelastic magnetic scat-
tering from Y2Mo2O7 is strongly suppressed below Tg,
the T ! 1.5 K data set was an excellent measure of the
background for jh̄vj , 2.5 meV. An overview of these
data is shown in a color contour map of S!Q, v" vs h̄v
and T in Fig. 3(a). Several features are striking on ex-
amination of the data. Low energy spin fluctuations de-
velop below 45 K and progressively sharpen in frequency
on lowering temperature. The glass temperature Tg mani-
fests itself as the temperature where the low frequency
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there are three temperature regimes for S!Q, v". For
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spectrum. For Tg , T , 50 K, the inelastic scattering

212

T=1.4 K - 50 K

Gardner et al., PRL,  83, 211, 1999



VOLUME 83, NUMBER 1 P HY S I CA L REV I EW LE T T ER S 5 JULY 1999

FIG. 2. (a) Temperature dependence of elastic scattering at
the peak in the structure factor, Q ! 0.44 Å21. (b) Tempera-
ture dependence of the energy integral of S!Q, v" which
is a measure of the squared amplitude of spin fluctuations.
(c) Temperature dependence of the characteristic relaxation rate
G derived from the fits shown in Fig. 3(b).

is greatly enhanced at low frequencies in what resem-
bles a critical regime, and finally this inelastic scattering
is strongly suppressed below Tg as the elastic scattering
associated with the spin-glass order parameter develops.
A quantitative analysis of the inelastic scattering was also
carried out. The data were fit to an appropriate resolution
convolution of

S!h̄v" !
1
p

x 00!h̄v" #1 1 n!h̄v"$ , (1)

where n!h̄v" is the Bose thermal population factor, and
the imaginary part of the dynamic susceptibility is given
by

x 00!h̄v" ! x0arctan
µ

v

G

∂

. (2)

The characteristic relaxation rate G corresponds to the
low frequency cutoff of an otherwise frequency indepen-
dent fluctuation spectrum [19]. The comparison of the
model and data in Fig. 3(b) shows that these formulas
yield a good phenomenological description of the energy
scans at all temperatures. The temperature dependence of
the relaxation rate G is shown in Fig. 2(c), and it displays
softening at Tg as for a conventional second order phase
transition. Figure 2(b) shows h̄

R3 meV
23 meV S!h̄v" dv

which is a measure of the squared amplitude of low en-
ergy spin fluctuations. The increase of elastic scattering
below Tg mirrors the decrease in the inelastic scattering

FIG. 3(color). (a) Background-subtracted and normalized in-
elastic scattering data for S!Q, v" at twelve temperatures be-
tween 10 and 80 K. (b) Representative energy scans from
which the color contour map was made, along with fits to the
data as described in the text.

intensity indicating that no modification of the spectrum
beyond 3 meV % kBTg is required to satisfy the total
moment sum rule.
The behavior, near and above Tg, bears some re-

semblance to that displayed by the two dimensional
kagomé-like magnet, SCGO [8] in that the characteristic
relaxation rate G rises approximately linearly with !T 2
Tg" above Tg. There are however important differences
as well. In SCGO strong fluctuations persist below the
freezing temperature, while in Y2Mo2O7 the amplitude
of low energy fluctuations is strongly suppressed below
Tg [see Fig. 2(b)]. Moreover, the fluctuation spectrum
for Y2Mo2O7 does not seem to evolve for T , Tg but
remains featureless for jh̄vj , 1 meV, while in SCGO
G increases to a value of order kBTg as T is reduced
below Tg. Finally, and perhaps most importantly, spin
fluctuations in Y2Mo2O7 are classical for T , 5Tg in the
sense that kBTg ¿ G at all T, while the reverse is true for
SCGO except in the immediate vicinity of Tg. Spin dy-
namics in Y2Mo2O7 is also dissimilar to observations in
isostructural Tb2Ti2O7 [18], wherein a gapped excitation
spectrum incompletely softens at the wave vector charac-
terizing the very short range magnetic order.
Figure 4 shows x 00!Q, h̄v ! 0.5 meV" as a function

of Q which provides information about short range
spatial correlations. At all temperatures probed there is a
low Q maximum. The peak becomes more pronounced
upon cooling until T ! 40 K, at which point the Q
dependence at h̄v ! 0.5 meV is indistinguishable from
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3D Percolation: Just another ordered state?

Site substitution with non-magnetic Ti4+



Structural Disorder in Y2Mo2O7 

definitely low, but is it measurable?

Local and average structures of the spin-glass pyrochlore Y2Mo2O7 from neutron diffraction and
neutron pair distribution function analysis
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The observation of canonical spin-glass behavior in the pyrochlore oxide Y2Mo2O7 has been a subject of
considerable interest as the original structural studies were interpreted in terms of a well-ordered crystallo-
graphic model. It is widely held that the stabilization of the spin-glass state requires some level of positional
disorder along with frustration. Recent reports from local probe measurements, extended x-ray-absorption fine
structure !EXAFS" and 89Y NMR, have been interpreted in terms of disorder involving the Mo-Mo distances
!EXAFS" and multiple Y sites !NMR". This work reports results from temperature-dependent !15–300 K"
neutron diffraction !ND" and neutron pair distribution function studies which can provide from the same data
set information on both the average and local structures. The principal findings are that: !1" there is no
crystallographic phase transition over the temperature region studied within the resolution of the ND data; !2"
the diffraction data are well fitted using a fully ordered model but with large and anisotropic displacement
parameters for three of the four atomic sites; !3" the pairwise real-space correlation function G!r" shows clear
evidence that the principal source of disorder is associated with the Y-O1 atom pairs rather than the Mo-Mo
pairs, in disagreement with the interpretation of the EXAFS results; !4" fits to the G!r" improve significantly
when anisotropic displacements for all sites are included; !5" inclusion of a split-site position parameter for O1
improves, slightly, both the G!r" fits and the Rietveld fits to the ND data; and !6" for all models the fits become
worse as the temperature decreases and as the fitting range decreases. These results are qualitatively consistent
with the 89Y NMR observations and perhaps recent muon-spin-relaxation studies. The issue of static versus
dynamic disorder is not resolved, definitively. An estimate of the distribution of exchange constants due to the
disorder is made using spin-dimer analysis and compared with the Saunders-Chalker model for the generation
of spin-glass behavior from “weak” disorder on geometrically frustrated lattices.

DOI: 10.1103/PhysRevB.79.014427 PACS number!s": 75.50.Lk, 61.05.fm

I. INTRODUCTION

Geometrically frustrated materials with nearest-neighbor
antiferromagnetic !AF" constraints can exhibit a variety of
ground states including long-range but complex-order, spin-
liquid and spin-glass !SG" behaviors. If the constraints are
ferromagnetic and accompanied by strong axial anisotropy,
the spin-ice state may be stabilized. Materials with the pyro-
chlore structure, mostly oxides, have been central to investi-
gations of such phenomena and the voluminous literature has
been reviewed recently.1 Among the known pyrochlore ox-
ides for which there is no obvious compositional disorder,
there are only a few examples of the SG ground state. The
best studied of these is Y2Mo2O7, which was first tentatively
characterized as a spin glass with Tf =22 K on the basis of
low-temperature dc susceptibility results in 1986,2 although
high-temperature data had been reported as early as 1975.3,4

Subsequent work has established that Y2Mo2O7 does indeed
behave as a nearly ideal spin glass from nonlinear suscepti-
bility, heat-capacity, ac susceptibility, elastic and inelastic
neutron-scattering, muon-spin-relaxation, and neutron spin-
echo data, for example.5–11 There appears to be little doubt
that Y2Mo2O7 is a spin glass; indeed the critical exponents

extracted from the analysis of the nonlinear dc susceptibility
agree well with those found in classical disordered spin-glass
systems.5 It is a widely held tenet that in order for the SG
state to be stable, both frustration and positional disorder
must be present, simultaneously. This is certainly the case in
the classical spin glasses such as dilute solid solutions of iron
in gold, FexAu1−x, with x#0.05, where the randomness of
the Fe sites and the Ruderman-Kittel-Kasuya-Yosida
!RKKY" exchange mechanism combine to produce the spin-
glass state. Another class of spin glasses can be obtained by
dilution of the magnetic sites of an antiferromagnetic or a
ferromagnetic insulator with a diamagnetic substituent.
Among many examples are the antiferromagnets FexZn1−xF2
and FexMg1−xTiO3, where a SG state obtains for x values
near the percolation threshold.12,13 In other cases, EuxSr1−xS,
for example, a SG state emerges for x values !x#0.5" well
above the percolation limit !x#0.2".14 Here, competing
nearest-neighbor ferromagnetic and next-nearest-neighbor
antiferromagnetic interactions are key factors. In all of the
above examples, significant levels of positional disorder in-
duce magnetic frustration in the relevant systems. For the
pyrochlore oxides in which dilution effects are clearly not
present, another mechanism must be operable.
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Local lattice disorder in the geometrically frustrated spin-glass pyrochlore Y2Mo2O7
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The geometrically frustrated spin-glass Y2Mo2O7 has been widely considered to be crystallographically
ordered with a unique nearest-neighbor magnetic exchange interaction, J. To test this assertion, we present
x-ray-absorption fine-structure results for the Mo and Y K edges as a function of temperature and compare
them to results from a well-ordered pyrochlore, Tl2Mn2O7. We find that the Mo-Mo pair distances are signifi-
cantly disordered at approximately right angles to the Y-Mo pairs. These results strongly suggest that lattice
disorder nucleates the spin-glass phase in this material.

Materials with magnetic ions that reside on the corners of
triangles or tetrahedra and have a nearest-neighbor antiferro-
magnetic interaction J potentially display phenomena known
broadly as geometrical frustration.1 Such symmetries pre-
clude a simple two-sublattice Néel ordering, as it is not pos-
sible to satisfy all near-neighbor antiferromagnetic interac-
tions. Materials that exhibit frustration can still undergo a
magnetic transition whereby spins freeze into a lattice with-
out long-range order, that is, they form a spin glass !SG".
Theoretical calculations have long asserted that a SG transi-
tion is only possible when both frustration !potentially in-
duced by lattice disorder" and a distribution of effective J’s
exist.2 Many earlier experimental studies bear this assertion
out.3 Recently, there has been great interest in some SG ma-
terials that apparently contradict this assertion.1 Such sys-
tems include the Gd3Ga5O12 !GGG" !Ref. 4" and some py-
rochlores such as Y2Mo2O7.5–10 In the case of GGG, some
off-stoichiometry is known to exist, but is most likely too
little to explain the SG transition using conventional meth-
ods. Y2Mo2O7, on the other hand, is apparently pure,
stoichiometric, and crystallographically well ordered.5 Con-
sequently, it has been studied with a wide range of tech-
niques. This system displays strong indications of a SG tran-
sition at Tg!22.5 K, including irreversible behavior in the
bulk magnetic susceptibility6,7 and a rapid slowing down and
freezing of the magnetic moments with no long-range order
down to #0.1Tg from neutron-scattering and muon spin
rotation/relaxation ($SR) data.8,9 However, some magnetic
properties are anomalous when compared to conventional
SG materials.8,10 Such properties seem to point the way to-
wards some form of a new mechanism for SG formation.
Frustration arises in the Mo sublattice of Y2Mo2O7 be-

cause the Mo atoms occupy a corner-shared tetrahedral net-
work, making this system a three-dimensional analog of the
kagomé lattice of a corner-shared triangular network. Al-
though not generally recognized, Y2Mo2O7 has a substan-
tially enhanced displacement parameter for the transition-
metal site of %u2&'0.0145 Å2 at room temperature5
(compare to 0.0075 Å2 for the Mn site in the well-ordered
pyrochlore Tl2Mn2O7 !Ref. 11"). Such a large displacement
parameter could either be due to an unusually low Debye

temperature !i.e., large dynamic displacements due to ther-
mal phonons" for the Mo site, or to static !positional" dis-
placements that are not described well by the standard
Rietveld refinement. These facts lead us to search for pair-
distance disorder in Y2Mo2O7 using the x-ray-absorption
fine-structure !XAFS" technique as a local probe of the Y
and Mo environments. Using information about both these
environments and comparing to data on Tl2Mn2O7, we show
below that the Mo tetrahedra are, in fact, disordered from
their average, ideal structures. Furthermore, the magnitude of
this disorder is roughly consistent with the SG transition
temperature Tg and mean-field theory !MFT".12
The polycrystalline sample is the same sample used in

Ref. 9, and was prepared and characterized in a similar man-
ner to that reported previously.5–8 In particular, field-cooled
and zero-field-cooled magnetization measurements were per-
formed which displayed the signature irreversible behavior
and a Tg!22.5 K, indistinguishable from that reported
previously.7 A neutron powder diffraction study indicates the
deviation from nominal oxygen stoichiometry is less than
1%,9 and is consistent with previous studies in all respects,
including the %u2& parameters.5 Before collecting x-ray ab-
sorption data, the sample was ground under acetone, sifted
through a 30 $m sieve, and brushed onto scotch tape. Strips
of tape were stacked such that the Mo K !20 keV" and Y K
!17 keV" absorption steps were about one absorption length.
The samples were loaded into a LHe flow cryostat, and ab-
sorption spectra were collected between 15–300 K on BL
4-1 at the Stanford Synchrotron Radiation Laboratory
!SSRL" using Si !220" monochromator crystals.
The XAFS technique involves measuring and analyzing

the absorption spectrum just above an absorption edge. Os-
cillations occur when the outgoing photoelectron !p.e." is
partially backscattered by neighboring atoms, interfering
with the outgoing component. The interference depends on
the p.e. wave vector k, and on the pair-distance distribution
of the various atomic shells. An oscillatory function, *(k), is
extracted and the Fourier transform !FT" of *(k) gives peaks
in r space that correspond to various coordination shells.
FT’s are not exactly radial-distribution functions, however,
and fits need to be performed to extract numerical structural
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We have investigated the 89Y NMR spectrum and spin lattice relaxation, T1, in the magnetically frus-
trated pyrochlore Y2Mo2O7. We find that upon cooling the spectrum shifts, and broadens asymmetrically.
A detailed examination of the low T spectrum reveals that it is constructed from multiple peaks, each
shifted by a different amount. We argue that this spectrum is due to discrete lattice distortions and
speculate that these distortions relieve the frustration and reduce the system’s energy.
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Geometric frustration [1,2] occurs in magnetic systems
where competition between magnetic nearest neighbor
interactions and the local symmetry occurs. Geometrically
frustrated magnets, such as those on a kagomé (2D) or py-
rochlore (3D) lattice, often show signs of spin-glass-like
behavior. Examples are the oxide pyrochlore com-
pounds including Y2Mo2O7 (YMoO) [3–5], Tb2Mo2O7
[3,6], Y2Mn2O7 [7] and the kagomé based systems
SrCr8Ga4O19 [8,9], and Ba2Sn2Ga3ZnCr7O22 [10]. Out of
these, perhaps the best studied example is YMoO where
detailed analysis of susceptibility measurements show
both scaling and irreversibility [4] exactly as expected
in conventional, chemically disordered spin glasses [11].
This is very intriguing since it is well established that
glassiness requires both randomness (disorder) and frus-
tration [12]. In the kagomé case it was recently shown
that the disordered magnetic sublattice is responsible for
the glassiness [8]. However, the pyrochlore compounds
are nominally disorder free. Therefore, the origin of their
glassy behavior is still an open question.

Here we address this question by studying the internal
magnetic field distribution in YMoO using 89Y NMR. Our
major finding is a nonrandom distortion of the Mo sublat-
tice starting at temperatures as high as 200 K. Such a
distortion was previously detected by the extended x-ray-
absorption fine structure measurements of Booth et al. [13]
at T ! 15 K. These distortions produce many nonequiva-
lent 89Y sites and result in well separated, regularly spaced
89Y NMR peaks. We argue that such distortions can relieve
the frustration and lower the systems energy, consequently
resulting in various values of the spin-spin coupling con-
stant, J, and the observed spin-glass-like behavior.

In YMoO, the magnetic Mo ions and the nonmagnetic Y
ions form two sublattices of corner-sharing tetrahedra. The
sublattices interpenetrate in a way in which the Y is in the
center of a Mo hexagon; pairs of Mo ions on this hexagon
form the edges of the corner-sharing tetrahedra. The Y
environment is shown in the inset in Fig. 1. Susceptibil-
ity measurements show that the spin-1, Mo41 ions have an
effective moment of 2.55mB. These moments interact an-
tiferromagnetically, giving rise to a Curie-Weiss tempera-
ture ucw ! 200 K [14]. The transition to the glassy state

occurs at Tg ! 22.5 K, as measured by the irreversibility
in field-cooled and zero-field-cooled magnetization and is
characterized by a strong suppression of spin fluctuations
below this temperature [3,5]. The preparation of YMoO
is described elsewhere [5]. Rietveld refinement of neutron
powder diffraction data displays no sign of site exchange
between Y and Mo or deviation from the nominal oxygen
stoichiometry (an upper limit of 4% and 1% was placed,
respectively).

We obtain the NMR spectrum by sweeping the exter-
nal field Hext in a constant applied rf frequency fapp !
18.13 MHz with a 50 G step size. For each field we ap-
ply a p!2-p pulse sequence and record the entire time-
dependent echo. We Fourier transform the recorded echo
and shift the frequency scale by Df ! "89g!2p# "H0 2
Hext#; H0 is the resonance field at T ! 300 K. We then
add all the Fourier transforms to obtain the distribution of
frequency differences r"Df#. This method, known as the
Fourier step sum (FSS) [15], allows one to construct the
line structures with the frequency resolution of the Fourier
transform (5 kHz in our case) rather than on the larger
FWHM spectrometer bandwidth (60 kHz in our case).

FIG. 1. The spectrum of the 89Y line at two temperatures. The
units of the abscissa are arbitrary (for each T ) and are chosen
for presentation purposes only. The marked area is replotted
in Fig. 2. The inset shows the local environment of the 89Y in
Y2Mo2O7.
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Single Crystal Samples: Real Liquid Correlations!
LIQUIDLIKE CORRELATIONS IN SINGLE-CRYSTALLINE . . . PHYSICAL REVIEW B 89, 054433 (2014)

(a) (b)

(c) (d)

FIG. 6. (Color online) (a) The elastic ring observed using neutron scattering. Data from 100 K was subtracted from data at 1.5 K and
binned over energy E = [–0.12, 0.12] meV. The data has been smoothed in this figure to better show the broad features of the ring. The white
points are calculated for constant Q = 0.44 Å−1. (b) The ring is replicated at the center of the next Brillouin zone. Data has been binned over
L = [–0.1,0.1] r.l.u. (c) Inelastic data integrated over HH0 = [0,1] r.l.u. and 00L = [–1,0] r.l.u. (Error bars are smaller than the symbol size.)
(d) Raw data depicting the evolution of the rings. Peaks at 0.6 and 1.4 r.l.u. are spurious features of the instrument. Note that the data is shown
on a logarithmic scale due to the enormous intensity difference between the (222) Bragg peak and the diffuse scattering. Error bars in the
relevant figure panels represent one standard deviation.

of the DCS and yields a correlation length of 5.3 ± 0.5 Å,
estimated from the inverse half-width at half maximum from a
Gaussian fit that agrees with earlier measurements on powders

FIG. 7. (Color online) Cuts along various directions through the
ring. Data taken at 100 K was subtracted from data at 1.5 K. All
cuts were made integrated over the elastic peak with step size 0.02
r.l.u. The data along [2H ,2H ,–H ] appears to break trend due to a
lack of detector coverage along that cut. Data along [H ,H ,H ] is
only shown up until the appearance of the (222) Bragg peak. (Inset)
Powder-averaged cut of the same data.

[28]. For net antiferromagnetic interactions, we would not
expect this pattern of diffuse scattering. For example, Zinkin
and Harris calculated a distinct Q dependence for three-
dimensional (3D) Heisenberg spins on the pyrochlore lattice
marked by the absence of Q = 0 scattering, which does
not resemble our data at all [90]. Nor does our scattering
resemble that predicted by Moessner and Chalker [91], Conlon
and Chalker [72], or Henley [71] for various states in the
pyrochlore Heisenberg antiferromagnet. Indeed, our “rings”
appear around the origin and other ferromagnetic points such
as {222} in the next Brillouin zone. The ring and (222)
magnetic scattering, observed as peaks along the [HHH]
direction in Fig. 6(b), both appear 0.44 Å−1 away from the
peak center and share a Lorentzian-like tail radiating outward.
Ringlike diffuse scattering in single-crystalline materials has
been observed in fast ion conductors such as α-AgI [92], where
liquidlike correlations are expected due to mobile Ag+ ions
trapped in an I− ion network. There have also been reports
of magnetic rings in MnSi [93,94] due to Skyrmions using
small-angle neutron scattering, as well as due to magnetic
short-range order in Nd3Ga5SiO14 [95] (which was caused
by liquid He leakage from the cryostat and was redacted by
the authors [96]). Rings have also been reported as part of a
larger pattern of excitations in ZnCr2O4 [97] and MgCr2O4
spinels [98], but to our knowledge, elastic magnetic rings
of the sort observed in our study have never been reported.
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[28]. For net antiferromagnetic interactions, we would not
expect this pattern of diffuse scattering. For example, Zinkin
and Harris calculated a distinct Q dependence for three-
dimensional (3D) Heisenberg spins on the pyrochlore lattice
marked by the absence of Q = 0 scattering, which does
not resemble our data at all [90]. Nor does our scattering
resemble that predicted by Moessner and Chalker [91], Conlon
and Chalker [72], or Henley [71] for various states in the
pyrochlore Heisenberg antiferromagnet. Indeed, our “rings”
appear around the origin and other ferromagnetic points such
as {222} in the next Brillouin zone. The ring and (222)
magnetic scattering, observed as peaks along the [HHH]
direction in Fig. 6(b), both appear 0.44 Å−1 away from the
peak center and share a Lorentzian-like tail radiating outward.
Ringlike diffuse scattering in single-crystalline materials has
been observed in fast ion conductors such as α-AgI [92], where
liquidlike correlations are expected due to mobile Ag+ ions
trapped in an I− ion network. There have also been reports
of magnetic rings in MnSi [93,94] due to Skyrmions using
small-angle neutron scattering, as well as due to magnetic
short-range order in Nd3Ga5SiO14 [95] (which was caused
by liquid He leakage from the cryostat and was redacted by
the authors [96]). Rings have also been reported as part of a
larger pattern of excitations in ZnCr2O4 [97] and MgCr2O4
spinels [98], but to our knowledge, elastic magnetic rings
of the sort observed in our study have never been reported.
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Spin Ice Ground State in Ho2Ti2O7 

T. Fennell et al.,  Science, 326 (5951): 415-417 (2009)

incident neutron polarization, the SF and NSF
cross sections yield information on Syy(Q) and
Szz(Q), respectively. We used a single crystal of
Ho2Ti2O7 to map diffuse scattering in the h, h, l
plane. Previous unpolarized experiments (20, 22)
have measured the sum of the SF and NSF
scattering, but in this orientation only the SF
scattering would be expected to contain pinch
points (26).

Our results (Fig. 2A) show that at temperature
(T) = 1.7 K there are pinch points in the SF cross
section at the Brillouin zone centres (0, 0, 2),
(1, 1, 1), and (2, 2, 2) (Fig. 2A) but not in the
NSF channel (Fig. 2B). The total scattering (SF +
NSF) reveals the pinch points only very weakly
(Fig. 2C) because the NSF component dominates
near the zone center. This is explicitly illustrated
with cuts across the zone center showing that the
strong peak at the pinch point in the SF channel is
only weakly visible in the total (Fig. 3B). The
total scattering (Figs. 2C and 3B) can be com-
pared with the previous observations and calcu-
lations (20, 22), in which no pinch points were
detected. The use of polarized neutrons extracts
the pinch-point scattering from the total scattering,
and the previous difficulty in resolving the pinch
point is clearly explained.

The projective equivalence of the dipolar and
near-neighbor spin ice models (10) suggests that
above a temperature scale set by the r−5 cor-
rections, the scattering from Ho2Ti2O7 should

become equivalent to that of the near-neighbor
model. T = 1.7 K should be sufficient to test
this prediction because it is close to the temper-
ature of the peak in the electronic heat capacity
that arises from the spin ice correlations [1.9 K
(20)]. In our simulations of the near-neighbor
spin ice model (Fig. 2, D to F), the experimen-
tal SF scattering (Fig. 2A) appears to be very
well described by the near-neighbor model,
whereas the NSF scattering is not reproduced by
the theory. However, we have discovered that
S(Q)experiment/S(Q)theory is approximately the same
function f (Q) for both channels. Thus, because
the theoretical NSF scattering function is approx-
imately constant, we find f ðQÞ ≈ SðQÞexperiment

NSF .
This function may be described as reaching a
maximum at the zone boundary and a finite
minimum in the zone center. Using the above
estimate of f (Q), the comparison of the quan-
tity SðQÞexperiment

SF =f ðQÞ with SðQÞtheorySF is con-
siderably more successful. Differences are less
than 5% throughout most of the scattering
map (26).

Cuts through the pinch point at (0, 0, 2)
at 1.7 K (Fig. 3, A and B) show that it has the
form of a low sharp saddle in the intensity. In
order to better resolve the line shape of the pinch
point, we performed an analogous polarized
neutron experiment on a higher-resolution spec-
trometer. To compare with theory, we used an
approximation to an analytic expression (13, 27).

In the vicinity of the (0, 0, 2) pinch point, this
becomes

Syyðqh, qk,qlÞº
q2l−2 þ x−2ice

q2l−2 þ q2h þ q2k þ x−2ice
ð1Þ

Here, xice is a correlation length for the ice rules
that removes the singularity at the pinch point
(27). The high-resolution data of Fig. 3C can be
described by this form, with a correlation length
xice ≈ 182 T 65 Å, representing a correlation vol-
ume of about 14,000 spin tetrahedra. The corre-
lation length has a temperature variation that is
consistent with an essential singularity ~exp(B/T),
with B = 1.7 T 0.1 K (Fig. 4C).

The scattering in the NSF channel is con-
centrated around Brillouin zone boundaries, as

Fig. 2. Diffuse scattering maps from spin ice, Ho2Ti2O7. Experiment [(A) to (C)] versus theory [(D) to
(F)]. (A) Experimental SF scattering at T = 1.7 K with pinch points at (0, 0, 2), (1, 1, 1), (2, 2, 2), and so
on. (B) The NSF scattering. (C) The sum, as would be observed in an unpolarized experiment (20, 22).
(D) The SF scattering obtained from Monte Carlo simulations of the near-neighbor model, scaled to
match the experimental data. (E) The calculated NSF scattering. (F) The total scattering of the near-
neighbor spin ice model.
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Fig. 3. Line shape of the pinch point. (A) Radial
scan on D7 through the pinch point at (0, 0, 2)
[s′ is the neutron scattering cross section; see (26)
for its precise definition]. (B) The corresponding
transverse scan. The lines are Lorentzian fits. (C)
Higher-resolution data, in which the line is a
resolution-corrected fit to the pinch point form Eq.
1 (the resolution width of the spectrometer is indi-
cated as the central Gaussian). (D) SF scattering at
increasing temperatures (the lines are Lorentzians
on a background proportional to the Ho3+ form
factor).
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Oxygen miscibility gap in Lu2Mo2O7

1600 1C for 12 h under flowing argon gas with intermediate
regrinding and repelletizing. A molybdenum powder oxygen
getter was employed to prevent the oxidation of the MoO2

precursor to more volatile MoO3. The metal powder getter was
contained in a separate alumina crucible adjacent to the sample
pellet. Powder X-ray diffraction of initial samples revealed that
two pyrochlore phases are present (Fig. 1), suggesting that a
miscibility gap is present in the Lu2Mo2O7−x system at 1600 1C.
The cubic lattice parameters, a, of the two phases consistently
refine to 10.14 Å and 10.17 Å by Rietveld analysis of the X-ray data,
however, the relative amount of each phase appears to depend
upon the separation of the sample and the oxygen getter during
synthesis. A single pyrochlore phase with lattice constant
a¼10.14 Å was prepared by increasing the distance between
sample and getter crucibles to "10 cm. A single phase sample of
the a¼10.17 Å phase was prepared by reducing the a¼10.14 Å
phase in flowing H2 at 600 1C for 2 h. This suggests that the cause
of the phase separation is related to the oxygen content of the
pyrochlore phases. The more reduced sample has the larger lattice
constant, consistent with the larger ionic radius of Mo3+ (0.69 Å)
compared to that of Mo4+ (0.65 Å).

Oxygen contents of the two pyrochlore phases were obtained
from gravimetric analysis. Heating the a¼10.14 Å phase in air at
750 1C for 2 h resulted in complete oxidation of the sample to give
Lu2O3 and MoO3. The weight increase of 4.9(4) % corresponds to a
chemical composition of Lu2Mo2O7.00(1), confirming that this phase
is oxygen-stoichiometric Lu2Mo2O7. A weight loss of 1.03(1)% was
observed upon reduction of this sample to the a¼10.17 Å phase
giving a chemical composition of Lu2Mo2O6.58(1) for the reduced
phase.

Powder neutron diffraction data were collected on the high
resolution powder diffractometer D2B with a neutron wavelength
λ¼1.594 Å at the high flux reactor of the Institut Laue Langevin,
France. Rietveld refinements were performed using the GSAS
program using the cubic Fd-3m pyrochlore model. Magnetic
susceptibilities were measured in a Quantum Design SQUID
magnetometer. DC susceptibilities were measured in an applied
field of 1 T. AC susceptibilities were measured in an oscillating
field of 3.5#10−4 T at measuring frequencies ω from 5 to 1053 Hz.

3. Results and discussion

Fig. 2 displays the Rietveld plots obtained from a joint refine-
ment of the neutron diffraction data collected at 300 K for samples
of Lu2Mo2O7 and Lu2Mo2O7−x. A simultaneous refinement of both
models against both data sets was performed in order to minimize

correlation between atomic occupancies and thermal parameters.
The oxygen site occupancies of the Lu2Mo2O7 phase were fixed
according to the gravimetric analysis, but allowed to refine for
Lu2Mo2O7−x, while isotropic thermal parameters were constrained
to be the same for both phases. The results, summarized in Table 1,
reveal that the O' sites have a high concentration of defects
whereas the O sites are almost fully occupied. The refined oxygen
content of 6.69(6) agrees with the gravimetrically determined
value of 6.58(1); the reduced a¼10.17 Å phase is thus described as
Lu2Mo2O6.6.

Pyrochlores are known to tolerate considerable anion deficien-
cies. In some cases, such as Pb2Ru2O6.5, vacancy ordering on the O'
site results in the lowering of symmetry from Fd-3m to subgroup
F-43m [18]. However, other oxygen-deficient materials including
Bi2Ru2O6.9 and Tl2Ru2O6.7 retain Fd-3m symmetry with statistically
disordered anion vacancies over the O' site [19], and the same
structure is observed here for Lu2Mo2O6.6 with no evidence for a
vacancy-ordered superstructure in the neutron data. Oxygen-
vacancy order is difficult to predict in general and depends on
details of specific systems, for example, vacancies are ordered in
perovskite layers of T'-type Nd4Cu2O7 [20], but are disordered in
T-type La4Li2O7 [21].

Oxygen-content miscibility gaps are observed in some transi-
tion metal oxide systems, for example, between insulating and
superconducting La2CuO4+δ phases [22]. However miscibility gaps
are less common in pyrochlores and have not been reported
previously for R2Mo2O7−x systems, although a gap was found
between Eu2Mo2O7 and the derived Eu2Mo2(O,N)7−x oxynitride
pyrochlore [23]. Phase coexistence driven by cation segregation
has been observed in mixed A-cation pyrochlores such as
(Bi0.6Y1.4)Sn2O7 [24].

Fig. 2(c) shows the difference between neutron diffraction data
at 1.5 K and 50 K in the low 2θ region for Lu2Mo2O7. The absence of
magnetic Bragg scattering demonstrates that there is no long
range spin order down to at least 1.5 K. The DC magnetic suscept-
ibility of Lu2Mo2O7 is shown in Fig. 3(a). The data display a clear
divergence of field cooled (FC) and zero field cooled (ZFC)
susceptibilities at a spin freezing temperature Tf¼16.2 K, charac-
teristic of the onset of an irreversible glass-like state. A Curie–
Weiss fit to high temperature inverse susceptibility over the
temperature range 150–300 K gives a Weiss constant θ¼−158(1)
K, indicating a dominance of antiferromagnetic exchange interac-
tions. A comparison of the energy scales of magnetic interactions
and spin freezing via the frustration index, f¼ |θ|/Tf≈10 implies that
there is a significant frustration of spin order due to the geome-
trically frustrated pyrochlore network of antiferromagnetically
interacting Mo4+ spins in Lu2Mo2O7 [25]. An effective magnetic

Fig. 1. Selected regions of powder X-ray diffraction profiles for Lu2Mo2O7 samples. (a) Patterns for three samples heated at 1600 1C for 12 h under flowing Ar with a
Mo-power oxygen getter. The arrowed components of the peaks evidence the two pyrochlore phases; changing phase proportions illustrate the effect of increasing separation of
sample and getter during synthesis (from top to bottom sample).(b) Profiles for single phase samples at top and bottom, with a two phase pattern shown in the center.

L. Clark et al. / Journal of Solid State Chemistry 203 (2013) 199–203200

moment of μeff¼1.9 μB per Mo cation was obtained from the Curie–
Weiss fit (C¼0.892(3) K emu mol−1 formula unit−1). The reduced
effective moment compared with the expected spin only value for
S¼1 Mo4+ is due to significant spin–orbit coupling in this 4d
transition metal system.

To confirm the spin-glass nature of Lu2Mo2O7, AC magnetic
susceptibilities were measured at frequencies, ω, of 5–1053 Hz. The
data, displayed in Fig. 3(b), show an increase in the spin freezing
temperature with increasing frequency. This behavior is typical for
spin glasses; as frequency is increased the spin directions are less
able to follow the oscillating field and so appear frozen at
progressively higher temperatures. The magnitude of this shift,
given by (ΔTf/Tf)Δ(logω)¼0.008, is of the order observed in many
classical spin-glass systems [26]. The variation of Tf with ω follows
a Vogel–Fulcher law, a modified Arrhenius-type equation com-
monly associated with glassy dynamics [27], given by ω¼ω0 exp
[−Ea/kB(Tf −To)] where ω0 is a characteristic frequency, Ea is an
activation energy and the ideal glass temperature T0 allows for
spin–spin interactions. The fit shown in the inset to Fig. 3(b)
gives ln(ω0/s−1)¼17.0(8), Ea/kB¼8.5(6) K and T0¼15.300(5) K.

The observation that T0≈Tf is considered representative of canoni-
cal spin-glasses.

The spin-glass behavior of Lu2Mo2O7 is similar to that of
Y2Mo2O7, which shows frequency dependent AC magnetic sus-
ceptibility around its spin freezing transition, Tf"22 K.10 Tb2Mo2O7

also displays spin glass characteristics with Tf"25 K but the
situation is complicated by the competition between ferromag-
netic Tb–Tb interactions and antiferromagnetic Tb–Mo exchange
[28] The other insulating R2Mo2O7 analogs are less well studied in
comparison, but Ho2Mo2O7 has a reported freezing temperature of
21 K and Yb2Mo2O7, based on the second smallest rare earth
cation in the series has Tf≈18 K [29,30]. This suggests that there
may be a trend for a decreasing spin glass transition temperature
with decreasing ionic radius of R3+. This is understandable from
the variation of the Mo–O–Mo bond angle, α, that governs the
magnitude and nature of the magnetic exchange between neigh-
boring Mo4+ ions. The fit to the powder neutron diffraction data of
Lu2Mo2O7 gives α¼125.08(9)1, whereas, the angle reported for
Y2Mo2O7 is somewhat larger, α¼126.971 [8]. A systematic study of
R2Mo2O7 (R¼Dy, Gd, Sm and Nd) revealed an increase in α across
the spin glass to ferromagnet transition with α¼127.71 in the spin
glass Dy2Mo2O7 to α¼131.51 in ferromagnetic Nd2Mo2O7 [31].
Fig. 4 shows a complete magnetic phase diagram for the R2Mo2O7

pyrochlores (R¼Nd–Lu) as a function of rare earth ionic radius
[32]. The transition temperatures of other R2Mo2O7 materials are
taken from various reports [8,28–30,33]. The spin freezing and
ferromagnetic transitions show comparable rates of change with
R3+ radius, as both are controlled by the variation of Mo–O–
Mo angle.

Susceptibility data for the reduced Lu2Mo2O6.6 phase are
qualitatively similar to those for Lu2Mo2O7, but with significant
changes in the underlying parameters. Fig. 3(c) shows the suscept-
ibilities of both samples around the spin freezing transition, from

Table 1
Refined atomic coordinates and occupancies for Lu2Mo2O7 (a¼10.1478(1) Å) and
(lower values where different) for Lu2Mo2O6.69(6) (a¼10.1789(1) Å). Isotropic
U-factors were 0.0091(2) Å2 for metal cations and 0.0152(3) Å2 for oxygen sites.
Residuals for the combined refinement were Rwp¼5.83%, and χ2¼6.9.

Atom Site x y z Occupancy

Lu 16d 0.5 0.5 0.5 1.0
Mo 16c 0.0 0.0 0.0 1.0
O 48f 0.3417(1)

0.3477(1)
0.125 0.125 1.0

0.97(1)
O' 8b 0.375 0.375 0.375 1.0

0.87(2)

Fig. 2. (a) Rietveld fits to 300 K powder neutron diffraction data for Lu2Mo2O7. Reflection marks are for the cubic Fd-3m pyrochlore phase (bottom) and MoO2 impurity (top,
4% phase fraction). (b) Rietveld refinement of the reduced Lu2Mo2O6.6 pyrochlore phase. (c) The difference (bottom) between powder neutron data collected at 1.5 K (top)
and 50 K (middle) for Lu2Mo2O7 in the low 2θ region, showing no accumulation of magnetic scattering upon cooling.
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Local environments at the A3+ and B4+ sites:

2

FIG. 1: The stu↵ed pyrochlore structure of Yb2Ti2O7. –
The pyrochlore lattice consists of interpenetrating networks of
corner-sharing tetrahedra which are generated independently
by the Yb3+ (magnetic) and Ti4+ (non-magnetic) cations.
The pyrochlore lattice is said to be stu↵ed wherein a Yb3+

ions, which are normally found on the 16d site (also called
A-site), also occupy the Ti4+ 16c site (B-site).

the sharpest and highest temperature C
p

anomalies,
likely due to the lower temperatures required for their
synthesis, leading to less TiO

2

volatization. Single crys-
tals grown by floating zone image furnace techniques typ-
ically display broad low temperature C

P

anomalies, or no
anomalies, and sometimes show multiple peaks in C

P

at
low temperature. Ross et al.21 undertook a detailed neu-
tron crystallographic study of both powder and crushed
single crystal Yb

2

Ti
2

O
7

samples, representative of those
that displayed sharp and broad low temperature C

P

sig-
natures, respectively, and showed that the crushed sin-
gle crystal sample displayed weak “stu�ng”: a struc-
tural defect in which a slight excess of Yb occupies the
Ti sub-lattice. Stu�ng is illustrated schematically in
Fig. 1, wherein Yb3+ ions occupy both the 16d site of
the Fd3̄m cubic space group, as well as act as impurities
on the 16c site normally occupied by Ti4+. Weak stu↵-
ing was shown to occur at the 2.3% level in the crushed
single crystals with composition Yb

2+x

Ti
2�x

O
7+y

grown
by floating zone image techniques. In contrast the pow-
der sample grown by solid state synthesis was shown to
be stoichiometric.

In this paper we report neutron spectroscopic measure-
ments of the crystalline electric field (CEF) excitations
in the two powder samples, the stoichiometric powder
and the crushed single crystal with 2.3 % “stu�ng” pre-
viously studied by Ross et al. These measurements allow
us to accurately determine the eigenvalues and eigenvec-
tors appropriate to the 4 doublets which make up the
J = 7/2 CEF manifold for Yb3+ in Yb

2

Ti
2

O
7

. Mea-
surements on both stoichiometric and lightly “stu↵ed”
samples allow us to investigate the role of “stu�ng” on
the CEF levels associated with Yb3+ ions properly resid-

ing on the A-site of the pyrochlore structure. With these
benchmark measurements in hand, we calculated CEF
eigenvalues and eigenvectors for the “stu↵ed” Yb3+ ions
residing on the B site, as well as for the A site Yb3+ ions
in the presence of oxygen vacancies 29.

II. CALCULATED CRYSTAL FIELD LEVELS
FOR Yb3+ AT THE A-SITE

Hund’s rules enable the determination of the total an-
gular momentum J of the Yb3+ ion. The electronic con-
figuration of Yb3+ is 4f13, resulting in J = 7

2

which is
2J +1 = 8-fold degenerate. Within the pyrochlore struc-
ture this degeneracy is lifted by the CEFs at the Yb3+

site due largely to the presence of the eight neighbour-
ing O2� ions. As illustrated in Fig. 2 (left panel), the
oxygen environment at the A-site consists of a scaleno-
hedron, which is a cube distorted along one diagonal that
forms the local [111] axis. Six oxygen ions, commonly re-
ferred to as O(2), are located on a plane perpendicular
to this direction, which is a three-fold rotation axis. The
other two oxygen ions, referred to as O(1), are located
along the local [111] axis in the geometric centre of the
tetrahedra defined by the A-site Yb3+ ions. By contrast,
the environment at the B-site is a trigonal anti prism
made of six O(2) oxygen ions surrounding the transition
metal, as shown in the right panel of Fig. 2.

FIG. 2: A comparison between the A-site and B-site oxygen
environment in the pyrochlore structure of Yb2Ti2O7. – The
left panel of the figure shows the scalenohedron environment
generated by the oxygen ions at the A-site where the Yb3+

resides. The symmetry of this structure is similar to that at
the B-site (right panel) where the Ti4+ ions are located.

Following Prather’s convention30, the 3-fold axis
should be placed along ẑ of the reference system in or-
der to minimize the number of CEF parameters in the
Hamiltonian. Therefore the resulting CEF Hamiltonian
for Yb3+ on the A-site can be written as:

Rare earth site Mo site
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should be placed along ẑ of the reference system in or-
der to minimize the number of CEF parameters in the
Hamiltonian. Therefore the resulting CEF Hamiltonian
for Yb3+ on the A-site can be written as:

Lu2Mo2O6.7 oxygen deficiency is primarily at the O’ site 

Rare earth site Mo site



Synthesize either Lu2Mo2O7 or Lu2Mo2O6.7

1600 1C for 12 h under flowing argon gas with intermediate
regrinding and repelletizing. A molybdenum powder oxygen
getter was employed to prevent the oxidation of the MoO2

precursor to more volatile MoO3. The metal powder getter was
contained in a separate alumina crucible adjacent to the sample
pellet. Powder X-ray diffraction of initial samples revealed that
two pyrochlore phases are present (Fig. 1), suggesting that a
miscibility gap is present in the Lu2Mo2O7−x system at 1600 1C.
The cubic lattice parameters, a, of the two phases consistently
refine to 10.14 Å and 10.17 Å by Rietveld analysis of the X-ray data,
however, the relative amount of each phase appears to depend
upon the separation of the sample and the oxygen getter during
synthesis. A single pyrochlore phase with lattice constant
a¼10.14 Å was prepared by increasing the distance between
sample and getter crucibles to "10 cm. A single phase sample of
the a¼10.17 Å phase was prepared by reducing the a¼10.14 Å
phase in flowing H2 at 600 1C for 2 h. This suggests that the cause
of the phase separation is related to the oxygen content of the
pyrochlore phases. The more reduced sample has the larger lattice
constant, consistent with the larger ionic radius of Mo3+ (0.69 Å)
compared to that of Mo4+ (0.65 Å).

Oxygen contents of the two pyrochlore phases were obtained
from gravimetric analysis. Heating the a¼10.14 Å phase in air at
750 1C for 2 h resulted in complete oxidation of the sample to give
Lu2O3 and MoO3. The weight increase of 4.9(4) % corresponds to a
chemical composition of Lu2Mo2O7.00(1), confirming that this phase
is oxygen-stoichiometric Lu2Mo2O7. A weight loss of 1.03(1)% was
observed upon reduction of this sample to the a¼10.17 Å phase
giving a chemical composition of Lu2Mo2O6.58(1) for the reduced
phase.

Powder neutron diffraction data were collected on the high
resolution powder diffractometer D2B with a neutron wavelength
λ¼1.594 Å at the high flux reactor of the Institut Laue Langevin,
France. Rietveld refinements were performed using the GSAS
program using the cubic Fd-3m pyrochlore model. Magnetic
susceptibilities were measured in a Quantum Design SQUID
magnetometer. DC susceptibilities were measured in an applied
field of 1 T. AC susceptibilities were measured in an oscillating
field of 3.5#10−4 T at measuring frequencies ω from 5 to 1053 Hz.

3. Results and discussion

Fig. 2 displays the Rietveld plots obtained from a joint refine-
ment of the neutron diffraction data collected at 300 K for samples
of Lu2Mo2O7 and Lu2Mo2O7−x. A simultaneous refinement of both
models against both data sets was performed in order to minimize

correlation between atomic occupancies and thermal parameters.
The oxygen site occupancies of the Lu2Mo2O7 phase were fixed
according to the gravimetric analysis, but allowed to refine for
Lu2Mo2O7−x, while isotropic thermal parameters were constrained
to be the same for both phases. The results, summarized in Table 1,
reveal that the O' sites have a high concentration of defects
whereas the O sites are almost fully occupied. The refined oxygen
content of 6.69(6) agrees with the gravimetrically determined
value of 6.58(1); the reduced a¼10.17 Å phase is thus described as
Lu2Mo2O6.6.

Pyrochlores are known to tolerate considerable anion deficien-
cies. In some cases, such as Pb2Ru2O6.5, vacancy ordering on the O'
site results in the lowering of symmetry from Fd-3m to subgroup
F-43m [18]. However, other oxygen-deficient materials including
Bi2Ru2O6.9 and Tl2Ru2O6.7 retain Fd-3m symmetry with statistically
disordered anion vacancies over the O' site [19], and the same
structure is observed here for Lu2Mo2O6.6 with no evidence for a
vacancy-ordered superstructure in the neutron data. Oxygen-
vacancy order is difficult to predict in general and depends on
details of specific systems, for example, vacancies are ordered in
perovskite layers of T'-type Nd4Cu2O7 [20], but are disordered in
T-type La4Li2O7 [21].

Oxygen-content miscibility gaps are observed in some transi-
tion metal oxide systems, for example, between insulating and
superconducting La2CuO4+δ phases [22]. However miscibility gaps
are less common in pyrochlores and have not been reported
previously for R2Mo2O7−x systems, although a gap was found
between Eu2Mo2O7 and the derived Eu2Mo2(O,N)7−x oxynitride
pyrochlore [23]. Phase coexistence driven by cation segregation
has been observed in mixed A-cation pyrochlores such as
(Bi0.6Y1.4)Sn2O7 [24].

Fig. 2(c) shows the difference between neutron diffraction data
at 1.5 K and 50 K in the low 2θ region for Lu2Mo2O7. The absence of
magnetic Bragg scattering demonstrates that there is no long
range spin order down to at least 1.5 K. The DC magnetic suscept-
ibility of Lu2Mo2O7 is shown in Fig. 3(a). The data display a clear
divergence of field cooled (FC) and zero field cooled (ZFC)
susceptibilities at a spin freezing temperature Tf¼16.2 K, charac-
teristic of the onset of an irreversible glass-like state. A Curie–
Weiss fit to high temperature inverse susceptibility over the
temperature range 150–300 K gives a Weiss constant θ¼−158(1)
K, indicating a dominance of antiferromagnetic exchange interac-
tions. A comparison of the energy scales of magnetic interactions
and spin freezing via the frustration index, f¼ |θ|/Tf≈10 implies that
there is a significant frustration of spin order due to the geome-
trically frustrated pyrochlore network of antiferromagnetically
interacting Mo4+ spins in Lu2Mo2O7 [25]. An effective magnetic

Fig. 1. Selected regions of powder X-ray diffraction profiles for Lu2Mo2O7 samples. (a) Patterns for three samples heated at 1600 1C for 12 h under flowing Ar with a
Mo-power oxygen getter. The arrowed components of the peaks evidence the two pyrochlore phases; changing phase proportions illustrate the effect of increasing separation of
sample and getter during synthesis (from top to bottom sample).(b) Profiles for single phase samples at top and bottom, with a two phase pattern shown in the center.
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which a shift in Tf from 16.2 K to 20.3 K is observed. Hence the
disorder created by introduction of oxygen vacancies enhances
spin freezing. A Curie–Weiss fit to the inverse susceptibility over
the same temperature range (150–300 K) gives an effective
moment μeff¼2.3 μB, reflecting the partial reduction of S¼1 Mo4+

to S¼3/2 Mo3+. The Weiss constant θ¼−329(1) K shows that that
the strength of superexchange interactions is enhanced, but the
frustration factor of f≈16 reveals that the disorder in Lu2Mo2O7−x

markedly increases the degree of frustration in comparison to
Lu2Mo2O7.

The above results demonstrate that the oxygen content of
Lu2Mo2O7−x has a significant effect on magnetic properties, as
the energy scale of antiferromagnetic exchange, the spin freezing

temperature, and the frustration factor are all increased in the
reduced phase. This highlights the importance of the control of
oxygen content in the R2Mo2O7 series and the need for careful
analysis of samples through diffraction and gravimetric techni-
ques. In the case of Lu2Mo2O7, the spin glass like state at low
temperatures is stable in the absence of any significant site or
bond disorder on a crystallographic length scale. Lu2Mo2O7 may,
therefore, provide an example of a disorder free or topological spin
glass state [34,35]. Although structural disorder may not be a
necessary condition for spin freezing in Lu2Mo2O7, the oxygen-
vacancy disorder in Lu2Mo2O7−x favors the onset of a glassy state at
higher temperatures and enhances the degree of frustration. An
oxygen miscibility gap might also drive electronic phase separation,
as reported in the Y2Ti2O7–x system [36]. Future study of the spin
glass ground states in the Lu2Mo2O7−x system will be of great
importance in order to further understand how they compare to
the canonical spin glasses and to determine the origin of their spin
freezing.
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Fig. 3. (a) Magnetic and inverse susceptibilities of Lu2Mo2O7 measured in a 1 T field with Curie–Weiss fit to high temperature inverse susceptibility data. (b) Real part of the
AC susceptibility for Lu2Mo2O7 showing the shift in Tf with measuring frequency. Inset shows Vogel–Fulcher fit of ln(ω/s−1) against temperature. (c) Increase in spin freezing
temperature, Tf, defined by the divergence of FC and ZFC susceptibilities from"16 K in Lu2Mo2O7 (left scale) to"20 K in Lu2Mo2O6.6 (right scale).

Fig. 4. The magnetic phase diagram for the R2Mo2O7 pyrochlores showing the spin
freezing, Tf, and ferromagnetic ordering, TC, temperatures as a function of the rare
earth ionic radii (rR3+, 8-fold coordination).
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SAMPLE PREPARATION AND
CHARACTERISATION

The oxynitride pyrochlore phase presented here was
prepared by heat treatment of Lu2Mo2O7 in ammonia
gas at 600 �C for 24 hours with a gas flow rate of 250
cm3min�1. 3 g of oxide was nitrided per run spread over
a surface area of 15 cm2 in an alumina crucible to give
a single phase oxynitride product. Thermogravimetric
and elemental analyses gave an estimate of the average
composition of Lu2Mo2O4.8N1.7.

Powder neutron di↵raction data were collected for the
oxynitride sample on the High Resolution Powder Di↵rac-
tometer (HRPD) at the ISIS spallation neutron source,
Rutherford Appleton Laboratory, UK. 3 g of sample was
packed into a 6 mm outer-diameter vanadium can and
loaded into a He cryostat. Di↵raction data were collected
at 4 K with a data collection time of 20 hours. The cubic
Fd3̄m model was refined to the data collected on the
backscattering and 90 � detector banks simultaneously
using the GSAS software package [23]. The total anion
content was constrained to the analytically determined
values whilst allowing the oxide and nitride occupancies
to refine over both anion sites. Isotropic thermal parame-
ters were constrained together for cations and anions in
order to minimise correlation e↵ects. A plot of the fit to
the 90� data set is shown in Fig.1 and the results of the
refinement are summarised in Table I.

TABLE I. Refined atomic coordinates and occupancies for
Lu2Mo2O4.8N1.7 (a = 10.1428(2) Å). Isotropic thermal param-
eters were 0.0337(6) Å2 for metal cations and 0.0398(6) Å2 for
anion sites. Total Rwp = 2.21 %, �2 = 14.58 for 64 variables.

Atom Site x y z Occupancy
Lu 16d 1

2
1
2

1
2 1.0

Mo 16c 0 0 0 1.0
O/N 48f 0.3477(1) 1

8
1
8 0.663(2)/0.257

O
0
/N

0
8b 3

8
3
8

3
8 0.831/0.169

The DC magnetic susceptibility of the oxynitride was
measured in an applied field of 1 T from 2 K to 300 K
in a zero field cooled (ZFC) field cooled (FC) cycle in a
Quantum Design SQUID magnetometer. The magnetic
and inverse susceptibilities of the oxynitride are shown
in Fig.2. The e↵ective magnetic moment and Weiss con-
stant extracted from the Curie Weiss fit depend on the
temperature range over which the fit is applied. A similar
temperature dependence is observed for the Curie Weiss
fit to the inverse magnetic susceptibility of Lu2Mo2O7

FIG. 1. Rietveld refinement of the cubic Fd3̄m model to 4
K HRPD data. Bottom tick marks show the reflections for
the oxynitride pyrochlore phase and top ticks mark a MoO2

impurity phase (⇠4 %) that was present in the oxide precursor.

[20]. These results are summarised in Table II. There is
no evidence of the spin freezing transition in the magnetic
susceptibility that is observed for the oxide precursor at
16 K [20]. The very small magnetic moment extracted
from the magnetic susceptibility data of the oxynitride
points to a larger proportion of S = 1

2 Mo5+ than the
composition estimated by chemical analyses. This is in
keeping with the absence of any spin freezing. Further
investigation by local magnetic probes such as µSR and
NMR will be key in revealing whether there is more than
one source of magnetic spin dynamics arising from a pos-
sible mixed valence state.

TABLE II. Results from the Curie Weiss fit to magnetic sus-
ceptibilities of the oxide and oxynitride pyrochlores.

Sample Fit region / K �✓ / K µeff / µB

150� 300 158(1) 1.89(1)
Lu2Mo2O7 200� 300 171(1) 1.92(1)

250� 300 184(2) 1.85(1)
150� 300 121(1) 1.11(1)

Lu2Mo2O5N2 200� 300 135(1) 1.13(1)
250� 300 152(2) 1.16(1)
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no evidence of the spin freezing transition in the magnetic
susceptibility that is observed for the oxide precursor at
16 K [20]. The very small magnetic moment extracted
from the magnetic susceptibility data of the oxynitride
points to a larger proportion of S = 1

2 Mo5+ than the
composition estimated by chemical analyses. This is in
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investigation by local magnetic probes such as µSR and
NMR will be key in revealing whether there is more than
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2

FIG. 1: The stu↵ed pyrochlore structure of Yb2Ti2O7. –
The pyrochlore lattice consists of interpenetrating networks of
corner-sharing tetrahedra which are generated independently
by the Yb3+ (magnetic) and Ti4+ (non-magnetic) cations.
The pyrochlore lattice is said to be stu↵ed wherein a Yb3+

ions, which are normally found on the 16d site (also called
A-site), also occupy the Ti4+ 16c site (B-site).

the sharpest and highest temperature C
p

anomalies,
likely due to the lower temperatures required for their
synthesis, leading to less TiO

2

volatization. Single crys-
tals grown by floating zone image furnace techniques typ-
ically display broad low temperature C

P

anomalies, or no
anomalies, and sometimes show multiple peaks in C

P

at
low temperature. Ross et al.21 undertook a detailed neu-
tron crystallographic study of both powder and crushed
single crystal Yb

2

Ti
2

O
7

samples, representative of those
that displayed sharp and broad low temperature C

P

sig-
natures, respectively, and showed that the crushed sin-
gle crystal sample displayed weak “stu�ng”: a struc-
tural defect in which a slight excess of Yb occupies the
Ti sub-lattice. Stu�ng is illustrated schematically in
Fig. 1, wherein Yb3+ ions occupy both the 16d site of
the Fd3̄m cubic space group, as well as act as impurities
on the 16c site normally occupied by Ti4+. Weak stu↵-
ing was shown to occur at the 2.3% level in the crushed
single crystals with composition Yb

2+x

Ti
2�x

O
7+y

grown
by floating zone image techniques. In contrast the pow-
der sample grown by solid state synthesis was shown to
be stoichiometric.

In this paper we report neutron spectroscopic measure-
ments of the crystalline electric field (CEF) excitations
in the two powder samples, the stoichiometric powder
and the crushed single crystal with 2.3 % “stu�ng” pre-
viously studied by Ross et al. These measurements allow
us to accurately determine the eigenvalues and eigenvec-
tors appropriate to the 4 doublets which make up the
J = 7/2 CEF manifold for Yb3+ in Yb

2

Ti
2

O
7

. Mea-
surements on both stoichiometric and lightly “stu↵ed”
samples allow us to investigate the role of “stu�ng” on
the CEF levels associated with Yb3+ ions properly resid-

ing on the A-site of the pyrochlore structure. With these
benchmark measurements in hand, we calculated CEF
eigenvalues and eigenvectors for the “stu↵ed” Yb3+ ions
residing on the B site, as well as for the A site Yb3+ ions
in the presence of oxygen vacancies 29.

II. CALCULATED CRYSTAL FIELD LEVELS
FOR Yb3+ AT THE A-SITE

Hund’s rules enable the determination of the total an-
gular momentum J of the Yb3+ ion. The electronic con-
figuration of Yb3+ is 4f13, resulting in J = 7

2

which is
2J +1 = 8-fold degenerate. Within the pyrochlore struc-
ture this degeneracy is lifted by the CEFs at the Yb3+

site due largely to the presence of the eight neighbour-
ing O2� ions. As illustrated in Fig. 2 (left panel), the
oxygen environment at the A-site consists of a scaleno-
hedron, which is a cube distorted along one diagonal that
forms the local [111] axis. Six oxygen ions, commonly re-
ferred to as O(2), are located on a plane perpendicular
to this direction, which is a three-fold rotation axis. The
other two oxygen ions, referred to as O(1), are located
along the local [111] axis in the geometric centre of the
tetrahedra defined by the A-site Yb3+ ions. By contrast,
the environment at the B-site is a trigonal anti prism
made of six O(2) oxygen ions surrounding the transition
metal, as shown in the right panel of Fig. 2.

FIG. 2: A comparison between the A-site and B-site oxygen
environment in the pyrochlore structure of Yb2Ti2O7. – The
left panel of the figure shows the scalenohedron environment
generated by the oxygen ions at the A-site where the Yb3+

resides. The symmetry of this structure is similar to that at
the B-site (right panel) where the Ti4+ ions are located.

Following Prather’s convention30, the 3-fold axis
should be placed along ẑ of the reference system in or-
der to minimize the number of CEF parameters in the
Hamiltonian. Therefore the resulting CEF Hamiltonian
for Yb3+ on the A-site can be written as:
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67% reduction from the expected S ¼ 1 spin-only moment
displayed by Lu2Mo2O7 [20]. This suggests that spin-orbit
coupling is significant in both of these 4d systems.
Heat capacity of Lu2Mo2O7 was measured on a 9.0 mg

pellet in a Quantum Design physical property measurement
system (PPMS). The high temperature data were modeled
by the Debye equation [Fig. 1(a)] which gave a Debye
temperature θD ¼ 540 K. Upon subtraction of this esti-
mated lattice contribution, a broad hump centered ∼50 K is
observed in the magnetic heat capacity Cmag, typical of a
spin glass system. Heat capacity of the oxynitride was
measured on a 8.9 mg sample over 0.5–30 K using a 3He
insert. Given the similar structure and formula weight of the
oxide and oxynitride phases, the lattice contribution esti-
mated for Lu2Mo2O7 was also used to extract the magnetic
heat capacity of the oxynitride. A comparison of the low
temperature magnetic heat capacities of the oxide and
oxynitride are shown in Fig. 1(b). The temperature
dependencies are markedly different with Cmag ∝ T2 for
the oxide and Cmag ∝ T for the oxynitride.
Diffuse magnetic neutron diffraction was measured for

both pyrochlores on the D7 Spectrometer at the Institut
Laue-Langevin [28]. xyz polarization analysis was used
to separate the components of total neutron scattering
[29,30]. Data were collected with an incident wavelength
λ ¼ 4.8 Å, at which final energies are integrated up to
E ∼ 3.5 meV. A detailed experimental account is given in
the Supplemental Material [22]. Figure 2 shows the
magnetic scattering cross sections ðdσ=dΩÞmag of the oxide
and oxynitride at 1.5 K, well below Tf ∼ 16 K. The
magnetic diffuse scattering from the oxide displays a broad
peak centered around 0.6 Å−1 that indicates the presence of
static short ranged molybdenum spin correlations, which
were modeled by [31],
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where hS0 · Sii gives the correlation between a spin and its
Zi nearest neighbors at a distance ri. γn, r0, and g take their
usual definitions and FðQÞ is the molybdenum form factor
[32]. The best fit to the data (Fig. 2) was obtained
by allowing for nearest-(r1 ¼ 3.581 Å, Z1 ¼ 6) and
next-nearest-neighbor (r2 ¼ 6.203 Å, Z2 ¼ 12) correla-
tions hS0 · S1i ¼ −0.029ð6Þ and hS0 · S2i ¼ −0.056ð7Þ,
respectively. In contrast, the magnetic diffuse scattering
of the oxynitride at 1.5 K is much weaker than that of the
oxide and appears to follow FðQÞ2. These data were thus
modeled using Eq. (1) with hS0 · Sii ¼ 0 for all i [33]. The
fit is shown as the solid line against the oxynitride data in
Fig. 2. The effective magnetic moment extracted from
the fit to the data, 0.11ð1ÞμB, corresponds to only 6% of the
expected S ¼ 1

2 spin-only value, suggesting that most of the
scattering from the oxynitride is inelastic and thus outside
the energy range over which D7 integrates energy [34].
To probe their full static and dynamic behavior, both

samples were studied on the Cold Neutron Chopper
Spectrometer (CNCS) [35] at the Spallation Neutron
Source of the Oak Ridge National Laboratory.
Measurements were performed on cooling to 1.5 K with
an incident neutron energy Ei ¼ 3.3 meV. The inset of
Fig. 2 shows the elastic scattering from the oxide and
oxynitride at 1.5 K, obtained by integrating the inelastic
spectra over the energy of the elastic line,
E ¼ ½−0.1; 0.1& meV. A broad peak at low Q is observed
for the oxide, which can again be modeled by Eq. (1). To
confirm the consistency of the analyses of the CNCS and
D7 data sets, a scaled version of the fit to the CNCS data is
plotted with the D7 fit in the main panel of Fig. 2;
agreement is excellent. Remarkably, the scattering col-
lected for the oxynitride at 1.5 K within the narrowly
defined elastic window on the CNCS is consistent with no
elastic magnetic scattering, as shown in the inset to Fig. 2.

FIG. 1 (color online). (a) Total heat capacity C of Lu2Mo2O7

(open circles) with the estimated lattice (dashed line) and
magnetic Cmag (closed circles) contributions. (b) The magnetic
heat capacities of the oxide and oxynitride phases.

FIG. 2 (color online). The magnetic scattering cross sections of
the both samples at 1.5 K. The solid lines are fits to the data. The
inset shows the elastic magnetic scattering measured on CNCS at
1.5 K. A scaled version of the fit of Eq. (1) to the CNCS oxide
data is shown on top of the D7 data (dashed line).
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next-nearest-neighbor (r2 ¼ 6.203 Å, Z2 ¼ 12) correla-
tions hS0 · S1i ¼ −0.029ð6Þ and hS0 · S2i ¼ −0.056ð7Þ,
respectively. In contrast, the magnetic diffuse scattering
of the oxynitride at 1.5 K is much weaker than that of the
oxide and appears to follow FðQÞ2. These data were thus
modeled using Eq. (1) with hS0 · Sii ¼ 0 for all i [33]. The
fit is shown as the solid line against the oxynitride data in
Fig. 2. The effective magnetic moment extracted from
the fit to the data, 0.11ð1ÞμB, corresponds to only 6% of the
expected S ¼ 1

2 spin-only value, suggesting that most of the
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the energy range over which D7 integrates energy [34].
To probe their full static and dynamic behavior, both
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Measurements were performed on cooling to 1.5 K with
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Fig. 2 shows the elastic scattering from the oxide and
oxynitride at 1.5 K, obtained by integrating the inelastic
spectra over the energy of the elastic line,
E ¼ ½−0.1; 0.1& meV. A broad peak at low Q is observed
for the oxide, which can again be modeled by Eq. (1). To
confirm the consistency of the analyses of the CNCS and
D7 data sets, a scaled version of the fit to the CNCS data is
plotted with the D7 fit in the main panel of Fig. 2;
agreement is excellent. Remarkably, the scattering col-
lected for the oxynitride at 1.5 K within the narrowly
defined elastic window on the CNCS is consistent with no
elastic magnetic scattering, as shown in the inset to Fig. 2.
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67% reduction from the expected S ¼ 1 spin-only moment
displayed by Lu2Mo2O7 [20]. This suggests that spin-orbit
coupling is significant in both of these 4d systems.
Heat capacity of Lu2Mo2O7 was measured on a 9.0 mg

pellet in a Quantum Design physical property measurement
system (PPMS). The high temperature data were modeled
by the Debye equation [Fig. 1(a)] which gave a Debye
temperature θD ¼ 540 K. Upon subtraction of this esti-
mated lattice contribution, a broad hump centered ∼50 K is
observed in the magnetic heat capacity Cmag, typical of a
spin glass system. Heat capacity of the oxynitride was
measured on a 8.9 mg sample over 0.5–30 K using a 3He
insert. Given the similar structure and formula weight of the
oxide and oxynitride phases, the lattice contribution esti-
mated for Lu2Mo2O7 was also used to extract the magnetic
heat capacity of the oxynitride. A comparison of the low
temperature magnetic heat capacities of the oxide and
oxynitride are shown in Fig. 1(b). The temperature
dependencies are markedly different with Cmag ∝ T2 for
the oxide and Cmag ∝ T for the oxynitride.
Diffuse magnetic neutron diffraction was measured for

both pyrochlores on the D7 Spectrometer at the Institut
Laue-Langevin [28]. xyz polarization analysis was used
to separate the components of total neutron scattering
[29,30]. Data were collected with an incident wavelength
λ ¼ 4.8 Å, at which final energies are integrated up to
E ∼ 3.5 meV. A detailed experimental account is given in
the Supplemental Material [22]. Figure 2 shows the
magnetic scattering cross sections ðdσ=dΩÞmag of the oxide
and oxynitride at 1.5 K, well below Tf ∼ 16 K. The
magnetic diffuse scattering from the oxide displays a broad
peak centered around 0.6 Å−1 that indicates the presence of
static short ranged molybdenum spin correlations, which
were modeled by [31],
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where hS0 · Sii gives the correlation between a spin and its
Zi nearest neighbors at a distance ri. γn, r0, and g take their
usual definitions and FðQÞ is the molybdenum form factor
[32]. The best fit to the data (Fig. 2) was obtained
by allowing for nearest-(r1 ¼ 3.581 Å, Z1 ¼ 6) and
next-nearest-neighbor (r2 ¼ 6.203 Å, Z2 ¼ 12) correla-
tions hS0 · S1i ¼ −0.029ð6Þ and hS0 · S2i ¼ −0.056ð7Þ,
respectively. In contrast, the magnetic diffuse scattering
of the oxynitride at 1.5 K is much weaker than that of the
oxide and appears to follow FðQÞ2. These data were thus
modeled using Eq. (1) with hS0 · Sii ¼ 0 for all i [33]. The
fit is shown as the solid line against the oxynitride data in
Fig. 2. The effective magnetic moment extracted from
the fit to the data, 0.11ð1ÞμB, corresponds to only 6% of the
expected S ¼ 1

2 spin-only value, suggesting that most of the
scattering from the oxynitride is inelastic and thus outside
the energy range over which D7 integrates energy [34].
To probe their full static and dynamic behavior, both

samples were studied on the Cold Neutron Chopper
Spectrometer (CNCS) [35] at the Spallation Neutron
Source of the Oak Ridge National Laboratory.
Measurements were performed on cooling to 1.5 K with
an incident neutron energy Ei ¼ 3.3 meV. The inset of
Fig. 2 shows the elastic scattering from the oxide and
oxynitride at 1.5 K, obtained by integrating the inelastic
spectra over the energy of the elastic line,
E ¼ ½−0.1; 0.1& meV. A broad peak at low Q is observed
for the oxide, which can again be modeled by Eq. (1). To
confirm the consistency of the analyses of the CNCS and
D7 data sets, a scaled version of the fit to the CNCS data is
plotted with the D7 fit in the main panel of Fig. 2;
agreement is excellent. Remarkably, the scattering col-
lected for the oxynitride at 1.5 K within the narrowly
defined elastic window on the CNCS is consistent with no
elastic magnetic scattering, as shown in the inset to Fig. 2.

FIG. 1 (color online). (a) Total heat capacity C of Lu2Mo2O7

(open circles) with the estimated lattice (dashed line) and
magnetic Cmag (closed circles) contributions. (b) The magnetic
heat capacities of the oxide and oxynitride phases.

FIG. 2 (color online). The magnetic scattering cross sections of
the both samples at 1.5 K. The solid lines are fits to the data. The
inset shows the elastic magnetic scattering measured on CNCS at
1.5 K. A scaled version of the fit of Eq. (1) to the CNCS oxide
data is shown on top of the D7 data (dashed line).
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the BT1 diffractometer at the National Institute of Stan-
dards and Technology (NIST). The structural parameters,
extracted using Rietveld refinement, were consistent with
previous work [10]. The data place an upper limit of 4%
on A-B site mixing and 1% on deviations from nominal
oxygen stoichiometry in our sample.
For inelastic scattering we used the SPINS

triple axis spectrometer at NIST. Cold neutrons
reach the instrument through an evacuated 58Ni
coated rectangular guide. A vertically focusing py-
rolytic graphite (PG) (002) monochromator focuses
!6 8.5" 3 106 neutrons cm22 s21 onto the sample for
3.7 , Ei , 7 meV. Scattered neutrons are analyzed
with eleven 2.1 cm 3 15 cm cylindrical 3He proportional
counter located 36 cm from the center of the analyzer.
For measurements requiring good Q resolution, we used
three parallel analyzer blades and a 40′ collimator after
the sample. For measurements with coarse Q resolution,
5-11 blades were arranged to reflect neutrons monochro-
matically onto the detector. We used fixed final energies
of Ef ! 3.7 and Ef ! 5.1 meV yielding elastic energy
resolutions of 0.12 and 0.28 meV, respectively. Cooled
Be and BeO filters were used to suppress higher order
contamination and background. All data were normalized
as described in Ref. [17].
Elastic scattering measurements, using Ef ! 5.1 meV

and a flat analyzer, were performed at 1.8 and 50 K.
The difference between the two data sets shown in
Fig. 1 is a measure of the low temperature elastic mag-
netic structure factor S!Q". The data show a peak for
Q # 0.44 Å21, indicating short range AFM correlations
on a time scale t . h̄$DE ! 3 ps. From the half width
at half maximum (HWHM) we extract a correlation length
j # 1$HWHM # 5 Å, implying correlated domains

FIG. 1(color). The Q dependence of elastic magnetic scatter-
ing in Y2Mo2O7 at T ! 1.4 K. Data taken at 50 K have been
subtracted to account for the nuclear scattering. Inset: A four
sublattice spin arrangement for short range order in Y2Mo2O7
that is consistent with the periodicity derived from the
diffraction.

extending over a single conventional unit cell. The short
range AFM order in Y2Mo2O7 is a longer wavelength
local structure than in Tb2Ti2O7 [18], where Tb spins
are correlated over a single tetrahedron only. In fact,
Tb2Ti2O7 displays no phase transitions of any kind,
remaining a “cooperative paramagnet” down to at least
70 mK. The position of the first peak in the diffuse
magnetic scattering from Tb2Ti2O7 [18] is %1.2 Å21,
close to 4p$d!001", where d!001" % 10.2 Å, and this
implies AFM correlations between pairs of spins making
up a single tetrahedron. For Y2Mo2O7, the peak in the
diffusion scattering occurs for Q # 2p$d!110", where
d!110" #

p
2 3 10.2 Å is the diagonal of a cube face.

Such a local periodicity permits a four sublattice structure
along [110] which is displayed schematically in the inset
of Fig. 1. Each of the four sublattices is indicated by a
different color, and the SiSi ! 0 constraint over a single
tetrahedra which is implied by the vanishing of elastic
scattering for Qa ! 0 can be fulfilled by requiring that
each tetrahedra be color neutral. This local structure is the
tetrahedral analog of that exhibited in SCGO [8,9], where
a three sublattice local structure is relevant, as that struc-
ture is based on triangles. It also implies a large ground
state degeneracy within the pyrochlore structure as neigh-
boring chains along perpendicular [110] directions share
only a single tetrahedron. The magnitude of the frozen
staggered magnetization is derived by integrating the
elastic scattering data: jMj2 # !3$2"

R1 ±A21

0.16 ±A21 Q2 dQ 3
&S!Q"$jF!Q"j2'$

R

Q2 dQ # 1.80!8". Assuming that
g # 2 this implies that j(S)j$S # 0.67 which is an
unusually small number for a three dimensional magnet in
the limit T$QCW ! 0. The temperature dependence of
the elastic diffuse scattering at Q ! 0.44 Å21 is shown
in Fig. 2(a). The nominally elastic scattering within
the DE ! 0.2 meV energy window of the spectrometer
is only weakly temperature dependent above 50 K, but
shows a very pronounced increased below 40 K. The
glass temperature Tg lies roughly in the middle of the
regime which displays strong growth with decreasing T.
Inelastic neutron scattering measurements for Q near

the maximum in the diffuse scattering were performed
at temperatures of 1.5 K and above using the horizon-
tally focusing analyzer. Because inelastic magnetic scat-
tering from Y2Mo2O7 is strongly suppressed below Tg,
the T ! 1.5 K data set was an excellent measure of the
background for jh̄vj , 2.5 meV. An overview of these
data is shown in a color contour map of S!Q, v" vs h̄v
and T in Fig. 3(a). Several features are striking on ex-
amination of the data. Low energy spin fluctuations de-
velop below 45 K and progressively sharpen in frequency
on lowering temperature. The glass temperature Tg mani-
fests itself as the temperature where the low frequency
scattering collapses into the elastic peak. Consequently,
there are three temperature regimes for S!Q, v". For
T . 55 K, S!Q, v" displays a rather broad frequency
spectrum. For Tg , T , 50 K, the inelastic scattering
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Modeling the inelastic scattering

The temperature dependencies of the background cor-
rected, normalized, and Q-integrated (Q ¼ ½0.5; 2.0# Å−1)
inelastic scattering for the oxide and oxynitride are shown
in the top panels of Figs. 3(a) and 3(b), respectively. The
oxide [Fig. 3(a)] presents a broad spectrum at T > 50 K,
well above the spin freezing transition. Upon cooling, low
energy spin fluctuations develop. The transition is clearly
marked by a collapse of inelastic scattering intensity into
the elastic line as static short range spin correlations build
up. The inelastic scattering data were fitted to the general
form of the scattering function [17],

SðEÞ ¼ 1

π
χ00ðEÞ½1þ nðEÞ#; ð2Þ

where nðEÞ is the Bose-Einstein thermal population factor
and χ00 is the imaginary part of the dynamic susceptibility.
A good description of the data was obtained with

χ00ðEÞ ¼ χ0 arctan
!
E
Γ

"
; ð3Þ

where Γ is related to the energy width of the inelastic
spectrum. Representative fits to the oxynitride data are
shown in Fig. 4. The bottom panel of Fig. 3(a) shows the
temperature dependence of Γ for the oxide, which goes to
zero at or near Tf ∼ 16 K, consistent with spin glass
freezing. The overall dynamic behavior of Lu2Mo2O7 is
thus very similar to that of its sister “disorder free” spin

glass pyrochlore Y2Mo2O7 [17]. Again in rather stark
contrast, the oxynitride displays a temperature-independent
energy width of Γ ∼ 0.08 meV, consistent with that of
Lu2Mo2O7 near 30 K, almost twice Tf [Fig. 3(b)].
Therefore the temperature dependence observed in SðEÞ
for the oxynitride originates entirely from the Bose-
Einstein factor in Eq. (2).
Figure 5 compares the inelastic scattering integrated

over Q ¼ ½0.5; 2.0# Å−1 from both samples at 1.5 K. Given
that the inelastic scattering from Lu2Mo2O7 is strongly
suppressed below Tf, the scattering from the oxide at 1.5 K

FIG. 3 (color online). The temperature dependence of background subtracted, normalized inelastic neutron scattering
(Q ¼ ½0.5; 2.0# Å−1) (top) and the energy width of the inelastic spectra, Γ, (bottom) for the (a) oxide and (b) oxynitride, respectively.

FIG. 4 (color online). Offset E cuts (Q ¼ ½0.5; 2.0# Å−1) for the
oxynitride sample at various temperatures with fits (solid lines) of
Eq. (2) to the data.
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The temperature dependencies of the background cor-
rected, normalized, and Q-integrated (Q ¼ ½0.5; 2.0# Å−1)
inelastic scattering for the oxide and oxynitride are shown
in the top panels of Figs. 3(a) and 3(b), respectively. The
oxide [Fig. 3(a)] presents a broad spectrum at T > 50 K,
well above the spin freezing transition. Upon cooling, low
energy spin fluctuations develop. The transition is clearly
marked by a collapse of inelastic scattering intensity into
the elastic line as static short range spin correlations build
up. The inelastic scattering data were fitted to the general
form of the scattering function [17],

SðEÞ ¼ 1

π
χ00ðEÞ½1þ nðEÞ#; ð2Þ

where nðEÞ is the Bose-Einstein thermal population factor
and χ00 is the imaginary part of the dynamic susceptibility.
A good description of the data was obtained with

χ00ðEÞ ¼ χ0 arctan
!
E
Γ

"
; ð3Þ

where Γ is related to the energy width of the inelastic
spectrum. Representative fits to the oxynitride data are
shown in Fig. 4. The bottom panel of Fig. 3(a) shows the
temperature dependence of Γ for the oxide, which goes to
zero at or near Tf ∼ 16 K, consistent with spin glass
freezing. The overall dynamic behavior of Lu2Mo2O7 is
thus very similar to that of its sister “disorder free” spin

glass pyrochlore Y2Mo2O7 [17]. Again in rather stark
contrast, the oxynitride displays a temperature-independent
energy width of Γ ∼ 0.08 meV, consistent with that of
Lu2Mo2O7 near 30 K, almost twice Tf [Fig. 3(b)].
Therefore the temperature dependence observed in SðEÞ
for the oxynitride originates entirely from the Bose-
Einstein factor in Eq. (2).
Figure 5 compares the inelastic scattering integrated

over Q ¼ ½0.5; 2.0# Å−1 from both samples at 1.5 K. Given
that the inelastic scattering from Lu2Mo2O7 is strongly
suppressed below Tf, the scattering from the oxide at 1.5 K

FIG. 3 (color online). The temperature dependence of background subtracted, normalized inelastic neutron scattering
(Q ¼ ½0.5; 2.0# Å−1) (top) and the energy width of the inelastic spectra, Γ, (bottom) for the (a) oxide and (b) oxynitride, respectively.

FIG. 4 (color online). Offset E cuts (Q ¼ ½0.5; 2.0# Å−1) for the
oxynitride sample at various temperatures with fits (solid lines) of
Eq. (2) to the data.
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The temperature dependencies of the background cor-
rected, normalized, and Q-integrated (Q ¼ ½0.5; 2.0# Å−1)
inelastic scattering for the oxide and oxynitride are shown
in the top panels of Figs. 3(a) and 3(b), respectively. The
oxide [Fig. 3(a)] presents a broad spectrum at T > 50 K,
well above the spin freezing transition. Upon cooling, low
energy spin fluctuations develop. The transition is clearly
marked by a collapse of inelastic scattering intensity into
the elastic line as static short range spin correlations build
up. The inelastic scattering data were fitted to the general
form of the scattering function [17],

SðEÞ ¼ 1

π
χ00ðEÞ½1þ nðEÞ#; ð2Þ

where nðEÞ is the Bose-Einstein thermal population factor
and χ00 is the imaginary part of the dynamic susceptibility.
A good description of the data was obtained with

χ00ðEÞ ¼ χ0 arctan
!
E
Γ

"
; ð3Þ

where Γ is related to the energy width of the inelastic
spectrum. Representative fits to the oxynitride data are
shown in Fig. 4. The bottom panel of Fig. 3(a) shows the
temperature dependence of Γ for the oxide, which goes to
zero at or near Tf ∼ 16 K, consistent with spin glass
freezing. The overall dynamic behavior of Lu2Mo2O7 is
thus very similar to that of its sister “disorder free” spin

glass pyrochlore Y2Mo2O7 [17]. Again in rather stark
contrast, the oxynitride displays a temperature-independent
energy width of Γ ∼ 0.08 meV, consistent with that of
Lu2Mo2O7 near 30 K, almost twice Tf [Fig. 3(b)].
Therefore the temperature dependence observed in SðEÞ
for the oxynitride originates entirely from the Bose-
Einstein factor in Eq. (2).
Figure 5 compares the inelastic scattering integrated

over Q ¼ ½0.5; 2.0# Å−1 from both samples at 1.5 K. Given
that the inelastic scattering from Lu2Mo2O7 is strongly
suppressed below Tf, the scattering from the oxide at 1.5 K

FIG. 3 (color online). The temperature dependence of background subtracted, normalized inelastic neutron scattering
(Q ¼ ½0.5; 2.0# Å−1) (top) and the energy width of the inelastic spectra, Γ, (bottom) for the (a) oxide and (b) oxynitride, respectively.

FIG. 4 (color online). Offset E cuts (Q ¼ ½0.5; 2.0# Å−1) for the
oxynitride sample at various temperatures with fits (solid lines) of
Eq. (2) to the data.

PRL 113, 117201 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

12 SEPTEMBER 2014

117201-3

Lu2Mo2O5N2



The temperature dependencies of the background cor-
rected, normalized, and Q-integrated (Q ¼ ½0.5; 2.0# Å−1)
inelastic scattering for the oxide and oxynitride are shown
in the top panels of Figs. 3(a) and 3(b), respectively. The
oxide [Fig. 3(a)] presents a broad spectrum at T > 50 K,
well above the spin freezing transition. Upon cooling, low
energy spin fluctuations develop. The transition is clearly
marked by a collapse of inelastic scattering intensity into
the elastic line as static short range spin correlations build
up. The inelastic scattering data were fitted to the general
form of the scattering function [17],

SðEÞ ¼ 1

π
χ00ðEÞ½1þ nðEÞ#; ð2Þ

where nðEÞ is the Bose-Einstein thermal population factor
and χ00 is the imaginary part of the dynamic susceptibility.
A good description of the data was obtained with

χ00ðEÞ ¼ χ0 arctan
!
E
Γ

"
; ð3Þ

where Γ is related to the energy width of the inelastic
spectrum. Representative fits to the oxynitride data are
shown in Fig. 4. The bottom panel of Fig. 3(a) shows the
temperature dependence of Γ for the oxide, which goes to
zero at or near Tf ∼ 16 K, consistent with spin glass
freezing. The overall dynamic behavior of Lu2Mo2O7 is
thus very similar to that of its sister “disorder free” spin

glass pyrochlore Y2Mo2O7 [17]. Again in rather stark
contrast, the oxynitride displays a temperature-independent
energy width of Γ ∼ 0.08 meV, consistent with that of
Lu2Mo2O7 near 30 K, almost twice Tf [Fig. 3(b)].
Therefore the temperature dependence observed in SðEÞ
for the oxynitride originates entirely from the Bose-
Einstein factor in Eq. (2).
Figure 5 compares the inelastic scattering integrated

over Q ¼ ½0.5; 2.0# Å−1 from both samples at 1.5 K. Given
that the inelastic scattering from Lu2Mo2O7 is strongly
suppressed below Tf, the scattering from the oxide at 1.5 K

FIG. 3 (color online). The temperature dependence of background subtracted, normalized inelastic neutron scattering
(Q ¼ ½0.5; 2.0# Å−1) (top) and the energy width of the inelastic spectra, Γ, (bottom) for the (a) oxide and (b) oxynitride, respectively.

FIG. 4 (color online). Offset E cuts (Q ¼ ½0.5; 2.0# Å−1) for the
oxynitride sample at various temperatures with fits (solid lines) of
Eq. (2) to the data.
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The temperature dependencies of the background cor-
rected, normalized, and Q-integrated (Q ¼ ½0.5; 2.0# Å−1)
inelastic scattering for the oxide and oxynitride are shown
in the top panels of Figs. 3(a) and 3(b), respectively. The
oxide [Fig. 3(a)] presents a broad spectrum at T > 50 K,
well above the spin freezing transition. Upon cooling, low
energy spin fluctuations develop. The transition is clearly
marked by a collapse of inelastic scattering intensity into
the elastic line as static short range spin correlations build
up. The inelastic scattering data were fitted to the general
form of the scattering function [17],

SðEÞ ¼ 1

π
χ00ðEÞ½1þ nðEÞ#; ð2Þ

where nðEÞ is the Bose-Einstein thermal population factor
and χ00 is the imaginary part of the dynamic susceptibility.
A good description of the data was obtained with

χ00ðEÞ ¼ χ0 arctan
!
E
Γ

"
; ð3Þ

where Γ is related to the energy width of the inelastic
spectrum. Representative fits to the oxynitride data are
shown in Fig. 4. The bottom panel of Fig. 3(a) shows the
temperature dependence of Γ for the oxide, which goes to
zero at or near Tf ∼ 16 K, consistent with spin glass
freezing. The overall dynamic behavior of Lu2Mo2O7 is
thus very similar to that of its sister “disorder free” spin

glass pyrochlore Y2Mo2O7 [17]. Again in rather stark
contrast, the oxynitride displays a temperature-independent
energy width of Γ ∼ 0.08 meV, consistent with that of
Lu2Mo2O7 near 30 K, almost twice Tf [Fig. 3(b)].
Therefore the temperature dependence observed in SðEÞ
for the oxynitride originates entirely from the Bose-
Einstein factor in Eq. (2).
Figure 5 compares the inelastic scattering integrated

over Q ¼ ½0.5; 2.0# Å−1 from both samples at 1.5 K. Given
that the inelastic scattering from Lu2Mo2O7 is strongly
suppressed below Tf, the scattering from the oxide at 1.5 K

FIG. 3 (color online). The temperature dependence of background subtracted, normalized inelastic neutron scattering
(Q ¼ ½0.5; 2.0# Å−1) (top) and the energy width of the inelastic spectra, Γ, (bottom) for the (a) oxide and (b) oxynitride, respectively.

FIG. 4 (color online). Offset E cuts (Q ¼ ½0.5; 2.0# Å−1) for the
oxynitride sample at various temperatures with fits (solid lines) of
Eq. (2) to the data.
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is a good measure of the background. The oxynitride
sample clearly shows an enhanced inelastic signal on either
side of the elastic line. The persistence of inelastic scatter-
ing, particularly on the neutron energy gain side where the
incident neutron destroys a spin fluctuation, directly
demonstrates that the oxynitride remains strongly fluctuat-
ing at 1.5 ∼ jθj=100 K. By subtracting the 1.5 K oxide data
from the oxynitride data and integrating in energy
(E ¼ ½0.2; 1.5# meV) the Q dependence of the inelastic
scattering from the oxynitride is obtained (see Fig. 5, inset).
The form of this inelastic scattering reveals the nature of
dynamical spin correlations within the oxynitride. The Q
dependence is well described by the magnetic form
factor, FðQÞ2. The inelastic magnetic scattering from
Lu2Mo2O5N2 strongly suggests a gapless QSL state at
1.5 K, with few or no structured spatial correlations
between the S ¼ 1

2 spins.
Our study of Lu2Mo2O7 and Lu2Mo2O5N2 presents both

interesting similarities and contrasts. They share the same
structure and their magnetic interactions are antiferromag-
netic and of similar strength. Yet the S ¼ 1 Lu2Mo2O7

undergoes a freezing transition at Tf ∼ 16 K, while the S ¼
1
2 Lu2Mo2O5N2 remains in a dynamic state to temperatures
∼jθj=100. Even though structural disorder and magnetic
frustration often lead to spin freezing, Lu2Mo2O5N2 does
not find a frozen ground state despite O=N disorder, unlike
both Lu2Mo2O7 and Y2Mo2O7. These contrasts are clearly
expressed in the low temperature magnetic heat capacities,
where Cmag ∝ T2 for the oxides and Cmag ∝ T for the
oxynitride. The T2 dependence may arise from the coupling
between spin and orbital degrees of freedom in Y2Mo2O7

[19] and this spin-orbital frustration was also shown to be
an important parameter in the spin glass ground state of
R2Mo2O7 in recent density functional theory calculations
[36]. Linear temperature dependencies have been observed

in a number of QSL candidate materials [7,37,38]. The
pronounced Cmag ¼ γT form, where γ is the Sommerfield
coefficient, in spite of insulating behavior is argued to arise
from the presence of a spinon Fermi surface [39]. There are
examples of frustrated systems in which doping results in a
significant enhancement of the linear γT term of heat
capacity, such as Yb4As3−xPx [40] and Y1−xScxMn2 [41].
In the latter, Sc doping of only x ¼ 0.03 is sufficient to
break the antiferromagnetic order observed in the parent
YnMn2 and induces a tenfold increase in the magnitude of γ
[42]. For Yb4As3−xPx, doping with phosphorous increases
γ by a factor of two (for x ¼ 0.3), heightening quantum
mechanical effects that disrupt long range order in the
process. A similar mechanism of the enhancement of
quantum fluctuations upon doping with N3− is likely to
be responsible for the pronounced linear term in the heat
capacity of Lu2Mo2O5N2 in comparison to Lu2Mo2O7.
The low temperature heat capacity of Lu2Mo2O5N2 also
provides an upper limit for any gap in the spin excitation
spectrum, Δ ∼ 0.5 K ∼0.05 meV. Neutron spectroscopic
data [Figs. 3(b) and 5] set the upper limit for a gap
at ∼0.1 meV.
We finally turn to the relationship between the ground

states of Lu2Mo2O7 and Y2Mo2O7. The ionic radius of
Lu3þ is ∼4% smaller than that of Y3þ [43], yet both oxides
are “disorder free” spin glasses with similar Tf. It is
intriguing that a second pyrochlore antiferromagnet with
a single magnetic site displays such similar behavior. If
weak disorder is responsible for this state, it would imply
that this disorder is very similar in the two materials, which
is not obvious based on their ionic radii. Short range spin
correlations within these two spin glass ground states are
similar but distinct. Y2Mo2O7 [17] displays a broad elastic
magnetic peak centered at 0.4 Å−1, as compared with the
peak at 0.6 Å−1 reported here for Lu2Mo2O7. The lower Q
position of the peak of Y2Mo2O7 indicates that its magnetic
correlations have a longer ranged spatial extent. Indeed,
those in Y2Mo2O7 were found to form domains extending
over an entire unit cell, whereas those in Lu2Mo2O7 are
confined to a next-nearest-neighbor length scale, roughly
half a unit cell.
To conclude, the unconventional spin glass state

observed in Lu2Mo2O7 is similar to that shown by
Y2Mo2O7, but with shorter range static correlations peaked
at Q ¼ 0.6 Å−1. In contrast to the oxide, Lu2Mo2O5N2

shows no evidence for any transition to a frozen or ordered
state to 0.5 K. The strength of the quantum fluctuations
induced by the the reduction of S in the oxynitride over-
comes any competition with disorder in the selection of a
ground state and gives rise to a QSL, with an upper bound
on a gap in the spin excitation spectrum of Δ ∼ 0.05 meV
∼0.5 K or Δ=jθj ∼ 0.004. This study demonstrates the
potential of nitriding oxide precursors as a means of tuning
the oxidation state on magnetic ions, and therefore the spin
degree of freedom and strength of quantum fluctuations.

FIG. 5 (color online). E cuts of the oxide and oxynitride
neutron scattering spectra at 1.5 K (Q ¼ ½0.5; 2.0# Å−1). Inset:
Q dependence of the background subtracted inelastic scattering
from the oxynitride sample at the same temperature, to which an
FðQÞ2 form was fitted (solid line).
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We present new magnetic heat capacity and neutron scattering results for two magnetically frustrated
molybdate pyrochlores: S ¼ 1 oxide Lu2Mo2O7 and S ¼ 1

2 oxynitride Lu2Mo2O5N2. Lu2Mo2O7 under-
goes a transition to an unconventional spin glass ground state at Tf ∼ 16 K. However, the preparation
of the corresponding oxynitride tunes the nature of the ground state from spin glass to quantum spin liquid.
The comparison of the static and dynamic spin correlations within the oxide and oxynitride phases
presented here reveals the crucial role played by quantum fluctuations in the selection of a ground state.
Furthermore, we estimate an upper limit for a gap in the spin excitation spectrum of the quantum spin liquid
state of the oxynitride of Δ ∼ 0.05 meV or Δ=jθj ∼ 0.004, in units of its antiferromagnetic Weiss constant
θ ∼ −121 K.
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Geometric magnetic frustration results when the arrange-
ment of magnetic moments on an ordered lattice prevents
the satisfaction of magnetic exchange interactions [1]. This
can generate a macroscopic ground state degeneracy,
whereby spins on the vertices of the frustrated lattice
fluctuate within a manifold of nonordered states. In
materials with both strong geometric frustration and small
(S ¼ 1

2) magnetic moments, quantum fluctuations can
induce a quantum spin liquid (QSL) ground state [2,3].
There are now several promising materials that host this
state in two-dimensional frustrated lattices [4–8]. However,
examples of three-dimensional QSL candidates, such as a
S ¼ 1

2 pyrochlore antiferromagnet that possesses a frus-
trated magnetic lattice of corner sharing tetrahedra, remain
scarce [9]. There is some uncertainty regarding the exact
nature of the ground state of a S ¼ 1

2 pyrochlore antiferro-
magnet [10–12] and the synthesis and study of such
materials remain important tasks [13].
Frustration in rare earth molybdate pyrochlores,

R2Mo2O7, arises from exchange interactions between
Mo4þ 4d2 S ¼ 1 spins residing on a network of vertex
sharing tetrahedra. Among the phenomena observed in
these materials [14], the spin glass state in the apparently
disorder-free Y2Mo2O7 is of particular interest [15–19]. As
this state—a spin glass in the absence of any significant
chemical or bond disorder—is very unusual, its realization
in a similarly simple material may be revealing. Lu2Mo2O7

is a sister compound to Y2Mo2O7 and exhibits strong
antiferromagnetic exchange, with the Weiss constant
θ ¼ −160 K, as well as a spin freezing transition at

Tf ∼ 16 K [20]. These parameters are remarkably close
to Y2Mo2O7 with θ ∼ −200 K and Tf ∼ 22 K.
A group of materials related to the R2Mo2O7 pyrochlores

are the corresponding oxynitride phases. Oxynitrides are
mixed anion materials that are often prepared by top-
ochemical nitridation of an oxide precursor. As such,
oxynitrides of R2Mo2O7 retain the cubic pyrochlore struc-
ture. The incorporation of the nitride (N3−) anion into the
oxide (O2−) framework is accompanied by oxidation of
the molybdenum cations to maintain charge neutrality.
Oxynitrides of composition R2Mo2O5N2 possess S ¼ 1

2
spins from Mo5þ 4d1. Therefore, they are the first potential
realization of a d1 Heisenberg pyrochlore antiferromagnet
and are excellent candidates for the study of QSL phenom-
ena [21]. Here we present a comparison of low temperature
heat capacity and neutron scattering studies of Lu2Mo2O7

and Lu2Mo2O5N2.
Polycrystalline Lu2Mo2O7 was synthesized as described

elsewhere [20]. An oxynitride phase with a composition
close to the ideal S ¼ 1

2 stoichiometry was prepared by
thermal ammonolysis of a Lu2Mo2O7 precursor [22]. The
oxynitride system adopts the Fd3̄m pyrochlore structure
with oxide and nitride anions disordered over the two
available anion sites (see Fig. S1 in the Supplemental
Material [22]). Magnetic susceptibility of the oxynitride
(see Fig. S2 [22]) reveals an absence of long range order or
spin freezing down to 2 K despite θ ¼ −121ð1Þ K. μeff ¼
1.11ð1ÞμB per Mo cation reflects the oxidation of Mo4þ to
Mo5þ. The 64% reduction of the observed μeff from the
expected spin-only value for S ¼ 1

2 is consistent with the
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Conclusions:
• TOF neutron techniques have made great recent advances,  

and are well suited to exotic magnetism as  
they measure very effectively across wide dynamic range  

in Q and energy 

• R2Mo2O7 with heavy R3+ displays robust spin glass phase  
below ~ 20 K  

Disorder-free glassiness or role of weak disorder? 
Isotropic static, short range correlations at low T - why? 

• Topochemical nitration of Lu2Mo2O7  yields Lu2Mo2O5N2  
Variation of S=1/2 pyrochlore antiferromagnet? 

Gapless, strongly fluctuating ground state - no freezing! 
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