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Na(Ca/Sr)Co2F7?

Outline
• Geometric Frustration 
• General anisotropic exchange 

phase diagram for pyrochlores 
• Phase competition in real 

pyrochlores: quantitative 
understanding using 
neutrons 
• Yb2Ti2O7, Er2Ti2O7, and 

NaCaCo2F7
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??

Overchoice
• Wikipedia:“Overchoice 

or choice overload is a 
cognitive process in 
which people have a 
difficult time making a 
decision when faced 
with many options.” 

??

??

??



Overchoice = Frustration
• Frustration from 

overchoice leads to 
interesting excited 
states



prefer ↑↓ alignment,  
but choice of 3rd spin 

direction is unclear

Triangular

Kagome

Geometric Frustration in 2D magnets



freedom of choice for each tetrahedron leads to a 
macroscopic degeneracy: NO Long Range Order

Pyrochlore

Geometric Frustration in 3D magnets



Local Anisotropy on the Pyrochlore Lattice

Ising XY Heisenberg

Ising XY Heisenberg

• crystal symmetry requires 
local axes for each sublattice 

• “z” (Ising) is along local 
<111> (“In-to” or “out-of” 
tetrahedron)

Types of Anisotropy

Some anisotropic AFM configurations 



H = J
X

hiji

~Szi · ~Szj

ferromagnetic Ising exchange

Ferromagnetic Ising exchange 
gives “Ice Rules”:  Two-in Two-out

=zz

Example: Ising Ferromagnetic Pyrochlore 
Classical Spin Ice

• “Spin ice” chooses between many 
disordered states obeying 2-in-2-out 
rules 

• Excitations: deconfined emergent 
magnetic monopoles 

• Quantum spin ice: tunneling between 
ice like ground states, produces 
additional emergent excitationsCastelnovo, Moessner, Sondhi. Nature, 451 (2008)



Magnetic Ground States in Pyrochlores 
(incomplete list!)

AFM S=1/2 Heisenberg

Spin Ice

Quantum Spin Liquids

FM Ising

FM Ising XY

+ Or

T. Fennell, Collection  
SFN 13, 04001 (2014)

T. Fennell, Collection  
SFN 13, 04001 (2014)

“Quantum  
Spin Ice”

O. Benton et al, Phys. Rev. B 86, 2002

=

Castelnovo, Moessner, Sondhi. Nature, 451 (2008)

Coulomb phase

Emergent magnetic monopole excitations



R2Ti2O7 “Rare earth titanates”
R3+

Differences in single ion anisotropy is very important

Single Ion Anisotropy Interactions Ground state

Ho, Dy Ising FM spin ice

Tb Ising AFM spin liquid

Gd Heisenberg AFM partial order

Er XY AFM “order by disorder”

Yb XY FM “quantum spin ice”?  
Phase competition

Real Pyrochlores: playgrounds for frustration

Ising XY Heisenberg



(Na/A’)2M2O7 M2+

In 3d transition metals, usually Heisenberg — except Co2+

M2+ Single Ion Anisotropy Interactions Ground state

Co XY, Seff=1/2 AFM spin frozen only 
at low effective T

Mn Heisenberg? S=5/2 AFM spin frozen

Ni Heisenberg? S=1 AFM spin frozen

Fe Heisenberg? S=5/2 AFM spin frozen

Real Pyrochlores: playgrounds for frustration

Ising XY Heisenberg
A’ = Ca2+ or Sr2+



• Spin orbit coupling plus crystal 
field in both Co2+ and R3+ : J 
instead of S and L 

• Effective S=1/2 doublets 

• g-tensor: describes size of single-
ion magnetic moment in various 
directions 

• anisotropic exchange 
couplings: Distinct from g-tensor 
anisotropy! 

Origin of anisotropy in Pyrochlores

XY

R2B2O7 (R3+ = rare earth, B4+ = Ti, Sn, Pt, Ge), 
NaCaCo2F7, NaSrCo2F7

Yb2Ti2O7
Gaudet et al, PRB 92, 
134420 (2015)

889K

gz = 1.85
gxy = 3.62

0K

NaCaCo2F7

E

327K

Ross et al, PRB 95, 
144414 (2017)

gz = 1.87
gxy = 6.08
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General Anisotropic Exchange
Tensor with 4 unique elements:

Yan et al, “General theory of anisotropic exchange on the 
pyrochlore lattice”, PRB 95, 094422 (2017) 

\] 

Classical phase diagram:
Types of Long Range 

Order (for J4 = 0)
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J1/|J3|
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0

2
1

3

General Anisotropic Exchange
Tensor with 4 unique elements: White regions:

quantum fluctuations 
destroy conventional 

LRO

Yan et al, “General theory of anisotropic exchange on the 
pyrochlore lattice”, PRB 95, 094422 (2017) 

\] 
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Field polarized 
(Semi-Classical)

Unusual ground 
state  
(Quantum effects  
from effective S=1/2)

H

T

Paramagnetic 

H || [110]

H = 0 

Determining exchange interactions 
from field polarized states

Can extract quantitative values for J1-J4 
Linear Spin Wave Theory + Neutron Scattering

Leon Balents

Lucile SavaryBruce Gaulin



“Disk Chopper 
Spectrometer”
(DCS)

@ NIST Center for 
Neutron Research

Single Crystal 
Yb2Ti2O7

7.5 cm

“Time of Flight” Inelastic Neutron Scattering



“Disk Chopper 
Spectrometer”
(DCS)

@ NIST Center for 
Neutron Research

Single Crystal 
Yb2Ti2O7

7.5 cm

“Time of Flight” Inelastic Neutron Scattering



Can slice through this volume in several directions 

Volume of “Time of Flight” Data



Can slice through this volume in several directions 

Volume of “Time of Flight” Data



Can slice through this volume in several directions 

Volume of “Time of Flight” Data



Determining exchange interactions with spin 
waves from field polarized state

fit

data, 
H=5T

Yb2Ti2O7

H || to [1-10] H || to [111]

fit

data,
H=3T

3T

(HHH) (00L) (22L) (HH2) (-H+1, -H+1, H+2) (H-1, 2, -H-1)

E
 (m

eV
)

E
 (m

eV
)

(-2H, H+1, H-1)

Er2Ti2O7

Yb2Ti2O7 Er2Ti2O7

J1 -0.09 0.11

J2 -0.22 -0.06

J3 -0.29 -0.10

J4 0.01 0.00

L. Savary, et al., Phys. Rev. Lett. 109 167201 (2012)

K.A. Ross, et al., Phys. Rev. X 1, 021002 (2011)



Determining exchange interactions with spin 
waves from field polarized state

fit

data, 
H=5T

Yb2Ti2O7

H || to [1-10] H || to [111]

fit

data,
H=3T

3T

(HHH) (00L) (22L) (HH2) (-H+1, -H+1, H+2) (H-1, 2, -H-1)

E
 (m

eV
)

E
 (m

eV
)

(-2H, H+1, H-1)

Er2Ti2O7

Yb2Ti2O7 Er2Ti2O7

J1 -0.09 0.11

J2 -0.22 -0.06

J3 -0.29 -0.10

J4 0.01 0.00

L. Savary, et al., Phys. Rev. Lett. 109 167201 (2012)

K.A. Ross, et al., Phys. Rev. X 1, 021002 (2011)

Params lead to phase 
competition, and possible 

Quantum Spin Ice



Yb2Ti2O7: splayed ferromagnet with 
gapless “continuum” excitations

“Spin Ice-Like”  
(2-in 2-out) Splaying
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• Heat capacity anomaly at low 
temperatures, with some sample 
dependence 

• “Best” samples (usually powders) 
show Ice-like splayed ferromagnetic 
order at 265 mK 

• Despite this, excitations are relatively 
unstructured below Tc  - unlike 
conventional magnons

powder: inelastic
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powder: elastic 
J. Gaudet, et al PRB 93, 064406 (2015)
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Compare zero field spin waves to Linear Spin 
Wave Theory

|Q| (Å-1)

Using Exchange parameters from  
Ross et al, Phys. Rev. X 1, 021002 (2011) 

Measured 
Yb2Ti2O7 100 mK

Calculated zero-field  
spin waves

Time-of-Flight Spectrometer 
(DCS)



Yb2Ti2O7 on phase diagram

J2
/|J

3|
J1/|J3|

Yan et al, arXiv:1603.09466 (2016)

All proposed parameters put Yb2Ti2O7 close to a classical 
phase boundary with AFM order

J1 = -0.09, J2 = -0.22, J3 = -0.29, J4 = 0.01
K.A. Ross, et al., Phys. Rev. X 1, 021002 (2011)

• Modified parameters from other 
groups[1,2] suggest Yb2Ti2O7 is 
right on the edge of AFM order

• Do quantum fluctuations arise 
from proximity to AFM state, i.e. 
competing orders? 

• What role does the known 
sample dependence play? 

[1] J. Robert, Phys. Rev. B 92, 064425 (2015)
[2] J. Thompson et al, arXiv:1703.04506 [cond-mat.str-el]

J1 = -0.03, J2 = -0.32, J3 = -0.28, J4 = 0.02

http://arxiv.org/abs/1603.09466
https://arxiv.org/abs/1703.04506


Determining exchange interactions with spin 
waves from field polarized state

fit

data, 
H=5T

Yb2Ti2O7

H || to [1-10] H || to [111]

fit

data,
H=3T

3T

(HHH) (00L) (22L) (HH2) (-H+1, -H+1, H+2) (H-1, 2, -H-1)

E
 (m

eV
)

E
 (m

eV
)

(-2H, H+1, H-1)

Yb2Ti2O7 Er2Ti2O7

J1 -0.09 0.11

J2 -0.22 -0.06

J3 -0.29 -0.10

J4 0.01 0.00

L. Savary, K.A. Ross et al., Phys. Rev. Lett. 109 167201 (2012)

K.A. Ross, et al., Phys. Rev. X 1, 021002 (2011)

Er2Ti2O7



Determining exchange interactions with spin 
waves from field polarized state

fit

data, 
H=5T

Yb2Ti2O7

H || to [1-10] H || to [111]

fit

data,
H=3T

3T

(HHH) (00L) (22L) (HH2) (-H+1, -H+1, H+2) (H-1, 2, -H-1)

E
 (m

eV
)

E
 (m

eV
)

(-2H, H+1, H-1)

Yb2Ti2O7 Er2Ti2O7

J1 -0.09 0.11

J2 -0.22 -0.06

J3 -0.29 -0.10

J4 0.01 0.00
Params lead 

to “Order 
by Disorder”L. Savary, K.A. Ross et al., Phys. Rev. Lett. 109 167201 (2012)

K.A. Ross, et al., Phys. Rev. X 1, 021002 (2011)

Er2Ti2O7



Determining exchange interactions with spin 
waves from field polarized state

fit

data, 
H=5T

Yb2Ti2O7

H || to [1-10] H || to [111]

fit

data,
H=3T

3T

(HHH) (00L) (22L) (HH2) (-H+1, -H+1, H+2) (H-1, 2, -H-1)

E
 (m

eV
)

E
 (m

eV
)

(-2H, H+1, H-1)

Yb2Ti2O7 Er2Ti2O7

J1 -0.09 0.11

J2 -0.22 -0.06

J3 -0.29 -0.10

J4 0.01 0.00
Params lead 

to “Order 
by Disorder”L. Savary, K.A. Ross et al., Phys. Rev. Lett. 109 167201 (2012)

K.A. Ross, et al., Phys. Rev. X 1, 021002 (2011)

Er2Ti2O7



Determining exchange interactions with spin 
waves from field polarized state

fit

data, 
H=5T

Yb2Ti2O7

H || to [1-10] H || to [111]

fit

data,
H=3T

3T

(HHH) (00L) (22L) (HH2) (-H+1, -H+1, H+2) (H-1, 2, -H-1)

E
 (m

eV
)

E
 (m

eV
)

(-2H, H+1, H-1)

Yb2Ti2O7 Er2Ti2O7

J1 -0.09 0.11

J2 -0.22 -0.06

J3 -0.29 -0.10

J4 0.01 0.00
Params lead 

to “Order 
by Disorder”L. Savary, K.A. Ross et al., Phys. Rev. Lett. 109 167201 (2012)

K.A. Ross, et al., Phys. Rev. X 1, 021002 (2011)
!5 manifold: 
Accidentally Degenerate

"2 basis state selected by  
thermal and  

quantum fluctuations

Er2Ti2O7



Er2Ti2O7 on phase diagram

J2
/|J

3|
J1/|J3|

Yan et al, arXiv:1603.09466 (2016)• Classical Monte Carlo agrees 
and puts Er2Ti2O7 squarely inside 
"2 

• Not as close to the phase 
boundary  

• But remember, thermal (and 
quantum) fluctuations put it 
there 

• Helps to explain why no sample 
dependence has been 
observed over the 12 years it’s 
been studied! (despite similar 
synthesis as Yb2Ti2O7) 

http://arxiv.org/abs/1603.09466


Co2+  

high spin S=3/2, L=3 
Na+/Ca2+ or Sr2+ 

non-magnetic, disordered site

Seff = 1/2

CEF + SOC

J.W. Krizan, R.J. Cava, PRB 89, 214401 (2014)

[111]

NaCaCo2F7 and NaSrCo2F7
A2B2X7:  A = Na/(Ca,Sr), B = Co, X = F



NaCaCo2F7: A SINGLE-CRYSTAL HIGH- . . . PHYSICAL REVIEW B 89, 214401 (2014)

Ea = 1.0x10-3 eV
T0 = 2.17 Kτ0 = 1x10-12 s

-1/ln(τ0f)
T f (

K
)

H = 20 Oe
    || [111]

H= 200 Oe

FIG. 3. (Color online) Top panel: Temperature dependence of the
real part of the ac susceptibility in an applied field of 20 Oe parallel
to the [111] direction as a function of frequency. The behavior is
parameterized in the fit to the Volger-Fulcher law in the bottom panel.
Middle panel: Bifurcation of the field cooled and zero field cooled dc
susceptibility with an applied field of 200 Oe applied parallel to the
[110] direction.

peak in the ac susceptibility is seen as a function of frequency,
indicative of glassiness in the spin freezing transition. The
shift of the peak temperature as a function of frequency can
be described by the expression !Tf

Tf ! log ω
, which is used to

characterize spin glass and spin glasslike materials [12–14].
The value obtained for NaCaCo2F7 is 0.029, which is slightly
higher than expected for a canonical spin glass and in the range
of what is expected for an insulating spin glass [12,13]; it is
an order of magnitude lower than that expected for a super
paramagnet and an order of magnitude greater than that of
cluster-glasses [12,14]. To further characterize the glassiness
of the transition, the Volger-Fulcher law can be applied. This

law takes into account that interactions between clusters of
spins complicate a spin glass transition and make it more than
just a simple thermally activated process. The Volger-Fulcher
law gives a relation between the freezing temperature (Tf ) and
the frequency (f ): Tf = T0 − Ea

kb

1
ln(τ0f ) ; the intrinsic relaxation

time (τ0), the activation energy of the process (Ea), and “the
ideal glass temperature” (T0) [12,14] can be extracted. Due to
having only five data points and limited temperature resolution
(the total observed temperature shift of the peak is only 0.16 K),
no physical result could be obtained by fitting all parameters
simultaneously; however, good fits could be achieved by fixing
τ0 to a physically realistic value. The intrinsic relaxation
time (τ0) usually falls between 1 × 10−13 (conventional spin
glasses) and 1 × 10−7 (super-paramagnets, cluster glasses).
As such, fits with τ0 = 1 × 10−13, 1 × 10−12, and 1 × 10−11,
respectively, gave Ea = 1.3 × 10−3, 1.0 × 10−3, and 7.9 ×
10−4 eV and T0 = 2.10, 2.17, and 2.24 K. The fit where τ0
= 1 × 10−12, a midrange value of the same order as that
found (τ0 = 2.5 × 10−12) in the insulating spin glass Fe2TiO5
is presented in the bottom panel of Fig. 3 [15]. The “ideal
glass temperature” can be interpreted as either relating to the
cluster interaction strength in a spin glass or relating to the
critical temperature of the underlying phase transition that
is dynamically manifesting at Tf [12]. The middle panel of
Fig. 3 shows the zero field cooled (ZFC) and field cooled (FC)
dc susceptibility in a field of 200 Oe applied parallel to the
[110] direction of NaCaCo2F7 in the range of 2–3.5 K. Similar
behavior is seen for the [100] and [111] directions (not shown).
The small difference in the ZFC vs FC susceptibilities are
as expected for a magnetic freezing transition that has glassy
character. This bifurcation at approximately 2.4 K is very close
to the T0 indicated by the Volger-Fulcher fits and is suppressed
with field; it is not detectable with an applied field of 500 Oe or
greater. We take the maximum in the dc susceptibility at 2.4 K
as an estimate of the spin freezing temperature (Tf ). This data
can be used to parameterize the behavior of the material at the
spin freezing point; the frustration index [1] f = −θCW/Tf

can be determined as !56, indicating that NaCaCo2F7 is highly
magnetically frustrated.

Further characterization of the freezing of the frustrated
spins can be seen in the heat capacity of NaCaCo2F7 and its
comparison to that of the nonmagnetic analogue NaCaZn2F7
shown in the upper panel and inset of Fig. 4. No scaling
of the NaCaZn2F7 data was employed. The low-temperature
comparison of the two data sets is shown in the middle panel
and inset, which shows a much higher heat capacity for the
Co compound vs the Zn compound, which is a reflection of
the entropy loss from the freezing of the magnetic system. The
magnetic heat capacity given in these panels is obtained from
the subtraction of the data for Zn from the data for Co. A broad
transition can be observed in the low-temperature magnetic
heat capacity at approximately the same temperature that is
seen for the transition observed in the ac susceptibility. The
inset to the bottom panel gives a close-up view of the magnetic
heat capacity below the transition. It is sometimes possible to
learn about the elementary excitations and infer the ground
state by looking at the heat capacity below the transition [1].
Curvature is evident in the current data plotted as Cmag/T
vs T , and it is also not linear on T 2 or T 3/2 scales, thus
we cannot come to any conclusion about the low-temperature

214401-3

XY AFM pyrochlores with Seff = 1/2

J.W. Krizan, R.J. Cava, 
 PRB 89, (2014)

Spin freezing at  
TF = 2.4 KReleases Rln(2) entropy

Broad feature in Cp

J. W. KRIZAN AND R. J. CAVA PHYSICAL REVIEW B 89, 214401 (2014)

FIG. 4. (Color online) Upper panel: Raw heat capacity for single
crystals of NaCaCo2F7 and the nonmagnetic analogue NaCaZn2F7.
Upper panel inset: Magnetic heat capacity of NaCaCo2F7 as deter-
mined by the subtraction of the heat capacity of the Zn analogue.
Middle panel and inset: Close-up of the low-temperature data given
in the upper panel. Lower panel inset: Close-up of the magnetic
heat capacity below the transition. Lower panel: Integration of the
magnetic heat capacity yields an entropy that saturates below 50 K
to a value substantially less than the Ising limit of R ln(2) or the
Heisenberg limit of R ln(2S + 1).

spin excitations from the current data. The integration of the
magnetic heat capacity over temperature for the data that is not
affected by the subtle differences in the phonon contributions
of the Zn and Co analogs that occur above 75 K allows for
an estimate of the temperature dependence of the magnetic

entropy loss. This is given in the bottom panel. The magnetic
entropy appears to saturate by 50 K and is compared to the
expected value for S = 3/2 Heisenberg and Ising systems,
R ln(2S + 1) and R ln(2), respectively. A significant amount
of magnetic entropy is frozen out at low temperatures in the
main transition, but neither R ln(2S + 1) nor R ln(2) entropy
is released on heating, implying that there is considerable
residual magnetic entropy in the NaCaCo2F7 system at 0.6 K.
The proximity of the integrated entropy loss to R ln(2) suggests
that the magnetic system may be Ising-like, but further work
will be required to make that determination conclusively.

IV. CONCLUSION

We have observed no long-range magnetic ordering at low
temperatures in NaCaCo2F7 in spite of the large Co2+ moment
and high antiferromagnetic interaction strengths inferred from
the Curie Weiss fits to the magnetic susceptibility data;
the magnetic heat capacity shows only a broad maximum
between 2 and 3 K and what appears to be substantial residual
entropy at 0.6 K. Raman and infrared scattering studies of
the analogous NaCaMg2F7 pyrochlore showed that the Ca-Na
disorder on the pyrochlore A site relaxed the vibrational
selection rules around the pyrochlore B site, showing that
the local B-site electrostatics were affected by the off-site
A-site disorder [16]. The same type of off-site disorder
exists in NaCaCo2F7, which therefore may lead to random
magnetic bonds in the B-site to B-site interactions and, in
turn, to a spin glass ground state. Theoretical studies of the
Heisenberg antiferromagnet on the pyrochlore lattice indicate
that weak randomness in the exchange interactions (i.e.,
magnetic bond disorder) can precipitate a spin glass ground
state, with the spin glass temperature set by the strength of the
bond disorder [5–7]: whether this is the case in NaCaCo2F7
would be of interest for future experimental and theoretical
study. Finally, we observe that fluoride-based pyrochlore and
Kagome systems [17] are promising new avenues for research
in frustrated magnets. These materials accommodate new
ions, in particular, the transition elements with their typically
high magnetic moments and strong magnetic interactions
in classical frustrating geometries. The availability of large,
high-quality single crystals of the fluoride pyrochlores should
facilitate future studies.
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Strong AFM 
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Single ion analysis: 
K.A. Ross, et al, 
 PRB 95 (2017)

µeff= 6.1 µB 
Θcw = -139 K  

Crystal growth and  
thermodynamics: 



Neutron scattering from frozen state
zig-zag pattern persists to finite energies 

It is telling us about the low energy fluctuations in the 
thermal spin liquid state

T = 1.7K

• With MACS, we build up 
S(Q,w) using constant 
energy slices 

• Can we interpret the Q 
dependence of finite energy 
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FIG. 4. (Color online) Upper panel: Raw heat capacity for single
crystals of NaCaCo2F7 and the nonmagnetic analogue NaCaZn2F7.
Upper panel inset: Magnetic heat capacity of NaCaCo2F7 as deter-
mined by the subtraction of the heat capacity of the Zn analogue.
Middle panel and inset: Close-up of the low-temperature data given
in the upper panel. Lower panel inset: Close-up of the magnetic
heat capacity below the transition. Lower panel: Integration of the
magnetic heat capacity yields an entropy that saturates below 50 K
to a value substantially less than the Ising limit of R ln(2) or the
Heisenberg limit of R ln(2S + 1).

spin excitations from the current data. The integration of the
magnetic heat capacity over temperature for the data that is not
affected by the subtle differences in the phonon contributions
of the Zn and Co analogs that occur above 75 K allows for
an estimate of the temperature dependence of the magnetic

entropy loss. This is given in the bottom panel. The magnetic
entropy appears to saturate by 50 K and is compared to the
expected value for S = 3/2 Heisenberg and Ising systems,
R ln(2S + 1) and R ln(2), respectively. A significant amount
of magnetic entropy is frozen out at low temperatures in the
main transition, but neither R ln(2S + 1) nor R ln(2) entropy
is released on heating, implying that there is considerable
residual magnetic entropy in the NaCaCo2F7 system at 0.6 K.
The proximity of the integrated entropy loss to R ln(2) suggests
that the magnetic system may be Ising-like, but further work
will be required to make that determination conclusively.

IV. CONCLUSION

We have observed no long-range magnetic ordering at low
temperatures in NaCaCo2F7 in spite of the large Co2+ moment
and high antiferromagnetic interaction strengths inferred from
the Curie Weiss fits to the magnetic susceptibility data;
the magnetic heat capacity shows only a broad maximum
between 2 and 3 K and what appears to be substantial residual
entropy at 0.6 K. Raman and infrared scattering studies of
the analogous NaCaMg2F7 pyrochlore showed that the Ca-Na
disorder on the pyrochlore A site relaxed the vibrational
selection rules around the pyrochlore B site, showing that
the local B-site electrostatics were affected by the off-site
A-site disorder [16]. The same type of off-site disorder
exists in NaCaCo2F7, which therefore may lead to random
magnetic bonds in the B-site to B-site interactions and, in
turn, to a spin glass ground state. Theoretical studies of the
Heisenberg antiferromagnet on the pyrochlore lattice indicate
that weak randomness in the exchange interactions (i.e.,
magnetic bond disorder) can precipitate a spin glass ground
state, with the spin glass temperature set by the strength of the
bond disorder [5–7]: whether this is the case in NaCaCo2F7
would be of interest for future experimental and theoretical
study. Finally, we observe that fluoride-based pyrochlore and
Kagome systems [17] are promising new avenues for research
in frustrated magnets. These materials accommodate new
ions, in particular, the transition elements with their typically
high magnetic moments and strong magnetic interactions
in classical frustrating geometries. The availability of large,
high-quality single crystals of the fluoride pyrochlores should
facilitate future studies.
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FIG. 4. (Color online) Upper panel: Raw heat capacity for single
crystals of NaCaCo2F7 and the nonmagnetic analogue NaCaZn2F7.
Upper panel inset: Magnetic heat capacity of NaCaCo2F7 as deter-
mined by the subtraction of the heat capacity of the Zn analogue.
Middle panel and inset: Close-up of the low-temperature data given
in the upper panel. Lower panel inset: Close-up of the magnetic
heat capacity below the transition. Lower panel: Integration of the
magnetic heat capacity yields an entropy that saturates below 50 K
to a value substantially less than the Ising limit of R ln(2) or the
Heisenberg limit of R ln(2S + 1).

spin excitations from the current data. The integration of the
magnetic heat capacity over temperature for the data that is not
affected by the subtle differences in the phonon contributions
of the Zn and Co analogs that occur above 75 K allows for
an estimate of the temperature dependence of the magnetic

entropy loss. This is given in the bottom panel. The magnetic
entropy appears to saturate by 50 K and is compared to the
expected value for S = 3/2 Heisenberg and Ising systems,
R ln(2S + 1) and R ln(2), respectively. A significant amount
of magnetic entropy is frozen out at low temperatures in the
main transition, but neither R ln(2S + 1) nor R ln(2) entropy
is released on heating, implying that there is considerable
residual magnetic entropy in the NaCaCo2F7 system at 0.6 K.
The proximity of the integrated entropy loss to R ln(2) suggests
that the magnetic system may be Ising-like, but further work
will be required to make that determination conclusively.

IV. CONCLUSION

We have observed no long-range magnetic ordering at low
temperatures in NaCaCo2F7 in spite of the large Co2+ moment
and high antiferromagnetic interaction strengths inferred from
the Curie Weiss fits to the magnetic susceptibility data;
the magnetic heat capacity shows only a broad maximum
between 2 and 3 K and what appears to be substantial residual
entropy at 0.6 K. Raman and infrared scattering studies of
the analogous NaCaMg2F7 pyrochlore showed that the Ca-Na
disorder on the pyrochlore A site relaxed the vibrational
selection rules around the pyrochlore B site, showing that
the local B-site electrostatics were affected by the off-site
A-site disorder [16]. The same type of off-site disorder
exists in NaCaCo2F7, which therefore may lead to random
magnetic bonds in the B-site to B-site interactions and, in
turn, to a spin glass ground state. Theoretical studies of the
Heisenberg antiferromagnet on the pyrochlore lattice indicate
that weak randomness in the exchange interactions (i.e.,
magnetic bond disorder) can precipitate a spin glass ground
state, with the spin glass temperature set by the strength of the
bond disorder [5–7]: whether this is the case in NaCaCo2F7
would be of interest for future experimental and theoretical
study. Finally, we observe that fluoride-based pyrochlore and
Kagome systems [17] are promising new avenues for research
in frustrated magnets. These materials accommodate new
ions, in particular, the transition elements with their typically
high magnetic moments and strong magnetic interactions
in classical frustrating geometries. The availability of large,
high-quality single crystals of the fluoride pyrochlores should
facilitate future studies.
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Summary
• Frustrated pyrochlore materials based on R3+ earths and Co2+ act as 

effective S=1/2 - the “most quantum” they can be 

• The same spin orbit coupling effects responsible for establishing 
Seff=1/2 also lead to anisotropic exchange  

• A general 4-parameter anisotropic exchange model can be used to 
describe Seff=1/2 pyrochlores 

• Neutron scattering allows us to probe the diffuse magnetic 
scattering and field-polarized spin waves, to extract parameters for 
real pyrochlores, and understand spin correlations 

• Amazing diversity of ground states can be understood from the 
deduced relative positions in the unified phase diagram 

• MACS, DCS, SPINS - cold neutron spectrometers used for these 
studies
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