
Chapter 17
Jahn-Teller Transitions in the Fe(II)Fe(III)
Bimetallic Oxalates

R.S. Fishman

Abstract Because the orbital angular momentum Lc f
z on the Fe(II) sites of the

Fe(II)Fe(III) bimetallic oxalates is incompletely quenched by the crystal field,
the spin-orbit coupling competes with the Jahn-Teller (JT) distortion energy. The
value of Lc f

z depends on the cation between the bimetallic layers. When Lc f
z is

sufficiently small, the open honeycomb lattice of each bimetallic layer is distorted
at all temperatures below the JT transition temperature. But in a range of Lc f

z , the

lattice is only distorted between lower and upper JT transition temperatures, T (l)
JT and

T (u)
JT . For some cations, Lc f

z may exceed the threshold required for the cancellation
of the moments on the Fe(II) and Fe(III) sublattices at a temperature Tcomp below
the transition temperature Tc. Using elastic constants obtained from compounds that

exhibit magnetic compensation, we find that T (l)
JT always lies between Tcomp and Tc

and that T (u)
JT always lies above Tc.

17.1 Introduction

With their low density, multifaceted functionality, and possible biocompatibility,
molecule-based magnets have attracted great attention over the past two decades [1].
Like conventional solid-state magnets, bulk molecule-based magnets are typically
crystalline with an extensive number of magnetic ions. The building blocks of
molecule-based systems are organic molecules but the magnetic species may be
either transition-metal ions or organic radicals. Unlike in conventional magnets,
the competing spin-orbit, crystal-field, and exchange energies in a molecule-based
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Fig. 17.1 (a) A portion of the open honeycomb lattice, displaying the three possible displacements
of an Fe(II) ion into adjacent hexagons. (b) Level-splitting of the 3d6 Fe(II) multiplet in a C3-
symmetric crystal-field

magnet can be tuned by the choice of organic cation or by applying pressure.
These competing energies produce a remarkable interplay between the structural,
chemical, and magnetic properties of molecule-based materials.

In many molecule-based magnets [2], the competing spin-orbit coupling and
Jahn-Teller (JT) distortion energies [3] are both important because the orbital
angular momentum of a transition-metal ion with a singly-occupied doublet orbital
is not quenched by the surrounding crystal field. For a trigonally-distorted crystal
field, the low-energy doublet of an Fe(II) ion with filling 3d6 is occupied by a single
hole, as shown in Fig. 17.1b, and carries an orbital angular momentum Lc f

z [4] that
can take any value between 0 and 2.

Bimetallic oxalates A[M(II)M’(III)(ox)3] are a versatile class of layered
molecule-based magnets with transition metals M(II) and M’(III) arranged in
an open honeycomb lattice (sketched in Fig. 17.1a) and coupled by the oxalate
bridge ox = (C2O4)−2 [5,6]. In Fe(II)Fe(III) bimetallic oxalates, every S = 2 Fe(II)
spin is antiferromagnetically coupled to the three neighboring S′ = 5/2 Fe(III)
spins within each bimetallic layer. While the choice of organic cation A separating
the layers does not affect the sign of this exchange interaction, it does shift the
orbital-angular momentum Lc f

z on the Fe(II) sites. If Lc f
z lies between lc ≈ 0.28 and

1, the magnetic moments of the Fe(II) and Fe(III) sublattices exactly cancel [7] at a
magnetic compensation (MC) temperature Tcomp ≈ 30 K [8, 9] below the transition
temperature Tc ≈ 45 K. When T < Tcomp, these compounds exhibit a metastable
state with negative magnetization in small positive fields.

The competition between the spin-orbit and JT energies can produce [10] both
upper and lower JT transitions with the open honeycomb lattice distorted by Fe(II)

displacements between T (l)
JT and T (u)

JT . This paper studies the general relationship
between the magnetic and JT transitions in the Fe(II)Fe(III) bimetallic oxalates. For

weak enough elastic energies, Tc can lock onto T (l)
JT over a range of Lc f

z . For stronger
elastic energies, Tc may become double valued with magnetic order suppressed

below T (u)
JT . In compounds that exhibit MC, Tcomp < T (l)

JT < Tc and Tc < T (u)
JT .
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17.2 Model

The crystal field at each Fe site is produced by the six surrounding oxygen atoms,
which form two parallel, equilateral triangles rotated by 48◦ with respect to one
another [11]. Because one triangle is bigger than the other, only C3 symmetry is
respected by the trigonally-distorted crystal-field potential. While the L′ = 0 Fe(III)
multiplet is unaffected by the crystal-field potential, the L = 2 Fe(II) multiplet splits
into two doublets and a singlet [7], as shown in Fig. 17.1b, with the doublet ψ1,2

lying an energy Δ below the singlet ψ3.
Ab initio calculations [10] indicate that Δ � JcSS′ and Δ � |λ |S, where

λ ≈−12.65 meV is the spin-orbit coupling constant for Fe(II). Consequently, Fe(II)
ions carry the non-quenched orbital angular momentum Lz =±Lc f

z , where 0≤ Lc f
z ≤

2. The choice of cation can alter Lc f
z by slightly shifting the position of the Fe(II)

atom within the potential landscape produced by the surrounding oxygen atoms.
If the crystal field respected octahedral symmetry, then Lc f

z = 1 and Δ = 0. The
degenerate ψ1,2,3 levels would then form the familiar t2g triplet with Lz = 0 or
±1 and the orbital angular momentum L could be treated as an L = 1 operator.
But restricted to the orbital doublet ψ1,2, the matrix elements 〈ψi|L±|ψ j〉 (i, j = 1
or 2) of the raising and lowering operators L± = Lx ± iLy vanish so that the spin-
orbit coupling λ LzSz =−|λ |LzSz contains no transverse components. Therefore, the
orbital angular momentum of the doublet acts like a spin-1/2 Ising variable.

In the absence of spin-orbit coupling, the S′ = 5/2 Fe(III) moments would always
dominate over the S= 2 Fe(II) moments. But when the spin-orbit coupling−|λ |LzSz

on the Fe(II) sites is sufficiently strong, the Fe(II) moments will order more rapidly
below Tc than the Fe(III) moments. At T = 0, the Fe(III) moment again dominates
if S′ > S+Lc f

z /2 or Lc f
z < 1. So MC occurs in a range of Lc f

z between lc and 1.
The Hamiltonian of a non-distorted bimetallic layer is given by

H = Jc ∑
〈i, j〉

Si ·S′
j −|λ |∑

i
Lz

i S
z
i , (17.1)

where Lz
i =±Lc f

z , the 〈i, j〉 sum runs over all nearest-neighbors, and the i sum runs
over all Fe(II) sites. For antiferromagnetic exchange, Jc > 0. Based on Eq. 17.1,
the appearance of MC in a range of Lc f

z between lc and 1 was verified using
hybrid Monte-Carlo simulations [12] with the spins Si and S′

j treated quantum-
mechanically and the orbital angular momenta Lz

i treated classically.
Within mean-field (MF) theory, the eigenvalues of ψ1,2;σ on the Fe(II) sites are

ε1σ = ε0σ −|λ |Lc f
z σ and ε2σ = ε0σ + |λ |Lc f

z σ , where ε0σ = 3JcMS′σ/2 and M′ =
MS′ = 2〈S′z〉 is the Fe(III) moment with μB set to 1. It is then straighforward to
evaluate the temperature dependence of M′(T ) and of the Fe(II) moment M(T ) =
MS(T )+ML(T ), where MS = 2〈Sz〉 and ML = 〈Lz〉. Since M and M′ always have
opposite signs in the absence of an external field, we shall take M < 0 and M′ > 0.
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Due to the mixing of the eigenstates ψ1σ and ψ2σ , the JT distortion on the Fe(II)
sites is described by the matrix

Hmix
σ =

(
ε1σ ξ
ξ ε2σ

)
, (17.2)

where the distortion energy ξ is proportional to the Fe(II) displacement Q. The
eigenvalues of Hmix

σ are εaσ = ε0σ + tσ and εbσ = ε0σ − tσ where

tσ =−sgn(σ)

√
(λ Lc f

z σ)2 + ξ 2 (17.3)

and we define t0 = ξ . Hence, the doublet splitting 2|tσ | is enhanced by the JT effect
(strictly speaking, the pseudo-JT effect when ε1σ 	= ε2σ ). With the convention that
M′ = MS′ > 0, the lowest eigenvalue of Hmix

σ is εb,−2 with σ =−2.
Including the JT distortion energy ξ , the MF free energy can be written

F
N

= −T log
{

ZIIZIIIe
3JcMSMS′ /4T

}

+α|λ |
{(

ξ
|λ |

)2

+ γ3

(
ξ
|λ |

)3

+ γ4

(
ξ
|λ |

)4}
, (17.4)

where

ZII = 2∑
σ

e−3JcMS′σ/2T cosh
(
tσ/T

)
, (17.5)

ZIII = 2 ∑
σ ′

e−3JcMSσ ′/2T (17.6)

are the partition functions on the Fe(II) and Fe(III) sites, respectively, containing
sums over σ = 0,±1,±2 and σ ′ =±1/2,±3/2,±5/2. The second line in Eq. 17.4
corresponds to the elastic energy proportional to the dimensionless parameter α .

We restrict consideration to displacements Q∼ ξ of the Fe(II) ions either directly
into one of the open hexagons or towards one of the neighboring Fe(III) ions, with
the former displacements sketched in Fig. 17.1a. The different energy costs for
these two types of displacements is reflected in the anharmonic γ3(ξ/|λ |)3 term
in the elastic energy. Fluctuations between the distorted atomic configurations are
assumed to be slow compared with the electronic time scales. The JT distortion is
not washed out by an average over the three possible displacements of the Fe(II)
ion sketched in Fig. 17.1a because the interactions with other Fe(II) ions will break
the threefold symmetry about any site.

It is simple to obtain the equilibrium values for MS, MS′ , and ξ from the extremal
conditions ∂F/∂MS = ∂F/∂MS′ = ∂F/∂ξ = 0. The rather complex expression for
the average orbital angular momentum ML = 〈Lz〉 on the Fe(II) sites was given in
Ref. [10](b).
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17.3 Results

Based on the data plotted in Fig. 17.2, Tang et al. [14] attributed two “compensation”
temperatures to an Fe(II)Fe(III) compound with cation A = N(n-C4H9)4. However,
their experimental data is very well described by our model [10] using the
parameters Jc/|λ | = 0.037, α = 3.7, γ3 = −1.9, γ4 = 1.1, and Lc f

z = 0.3, which
is just above the threshold lc ≈ 0.28 for MC. Clearly, the upper “compensation”
point assigned in Ref.[14] is actually the lower JT transition marked by a jump in
the magnetization. The predicted upper JT transition, not shown in Fig. 17.2, should

occur at T (u)
JT ≈ 0.41|λ | or about 60 K. Due to the anharmonic term ∼ ξ 3 in the

elastic energy, both predicted lower and upper JT transitions are first order with
ξ ≈ 0.8|λ |, corresponding to an atomic displacement of roughly Q ≈ 0.075 Å.

While the lower JT transition at T (l)
JT ≈ 42 K < Tc is easy to observe due to the

jump in the magnetization, the predicted upper JT transition has not yet been seen.
But x-ray measurements [15] on a different sample with the same cation N(n-C4H9)4

indicate that the hexagonal symmetry present at room temperature is absent in the

monoclinic lattice at 60 K, implying that 60 K < T (u)
JT < 290 K.
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Fig. 17.2 The normalized experimental data [14] (circles) for the magnetization of Fe(II)Fe(III)
bimetallic oxalate with cation N(n-C4H9)4 and the theoretical prediction [10] (solid curve) for the
average magnetization with Jc/|λ |= 0.037, α = 3.7, γ3 =−1.9, γ4 = 1.1, and Lc f

z = 0.3
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Fig. 17.3 The JT transition temperature versus Lc f
z for α = 4, γ3 = −1.9, γ4 = 1.1, Jc = 0, and

different values of the spin S. TJT can be double valued for ranges of Lc f
z when S > 1/2

To understand the physical origin of the inverse JT distortion in the Fe(II)Fe(III)
bimetallic oxalates, we consider the general problem of a spin-S ion containing a
singly-occupied doublet orbital with non-quenched orbital angular momentum Lc f

z

in the absence of any magnetic coupling (Jc = 0). In Fig. 17.3, we plot the JT
transition temperature TJT versus Lc f

z for α = 4, γ3 = −1.9, and γ4 = 1.1. Notice
that TJT depends only on the elastic constants and is independent of S as Lc f

z → 0.
Both upper and lower JT transitions are found in narrow ranges of Lc f

z for S > 1/2.
This is easy to understand: at low temperatures, the spin states with larger |Sz| and
stronger spin-orbit coupling −|λ |LzSz dominate the free energy and quench the JT
distortion.

Although magnetic order is not responsible for the inverse JT transition, it
does compete with the JT distortion in interesting ways. Along with the magnetic

temperatures Tc and Tcomp, the JT temperatures T (u)
JT and T (l)

JT are plotted versus Lc f
z

in Fig. 17.4 for four different values of the elastic coefficient α . Of course, Tc does

not depend on α when Tc > T (u)
JT or when the JT transition is absent.

For α = 2 or 3, T (u)
JT always exceeds Tc, which locks onto T (l)

JT over a range

of Lc f
z , as shown in the insets to Fig. 17.4a,b. Over these ranges of Lc f

z , the JT
distortion is quenched with the development of long-range magnetic order below Tc.
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Fig. 17.4 The transition temperature Tc, compensation temperature Tcomp, and upper and lower JT

transition temperatures T (l)
JT and T (u)

JT versus Lc f
z for γ3 =−1.9, γ4 = 1.1, Jc/|λ |= 0.037, and α =

(a) 2, (b) 3, (c) 4, or (d) 5

For α = 4, close to the value of 3.7 used to model the experimental data of Ref.[14],

Tc again locks in with T (l)
JT up to the point where T (u)

JT and T (l)
JT meet. But as shown

in the inset to Fig. 17.4c, Tc is discontinuous and double valued in the range 0.2721
< Lc f

z < 0.2733. Consequently, magnetic order appears just below the dashed line

for the upper Tc, disappears below T (u)
JT , and then reappears again below the solid

curve for the lower Tc, which coincides with T (l)
JT .

The JT distortion energy ξ and the average magnetization per site Mav =
(M +M′)/2 are plotted versus temperature in Fig. 17.5a,b for α = 4. A negative
value for Mav(T ) means that the Fe(II) moment M(T ) < 0 has a larger magnitude
than the Fe(III) moment M′(T ) > 0. As explained above, the JT transition is first
order due to the anharmonic term in the elastic energy. For Lc f

z = 0.273, 0.2726, and
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Fig. 17.5 The JT distortion energy ξ (a, c) and the average magnetic moment Mav (b, d) versus
temperature for α = 4 (a, b) or 5 (c, d) and several values of Lc f

z . Other parameters as in Fig. 17.4

0.2722, the magnetization vanishes when T (l)
JT < T < T (u)

JT and the lower Tc coincides

with T (l)
JT . For Lc f

z = 0.2718, 0.2714, and 0.271, the magnetization is positive just
below Tc because the magnitude |M(T )| of the Fe(II) moment is suppressed by the

JT distortion ξ ≈ 0.81|λ |. Below T (l)
JT , the average moment changes sign due to the

sudden increase in |M(T )|. This sign change explains the higher “compensation”
point assigned by Tang et al. [14] to the data plotted in Fig. 17.2.

Similar features are seen for α = 5 in Fig. 17.4d. Although Tc always exceeds

T (l)
JT , it becomes double valued as it crosses T (u)

JT . For 0.0932 < Lc f
z < 0.0995,

magnetic order appears below the dashed curve for the upper Tc in the inset to

Fig. 17.4d, then disappears below T (u)
JT , and reappears in a first-order transition at the

solid curve for the lower Tc. This series of transitions is exhibited in Fig. 17.5c,d. For
Lc f

z = 0.09 and 0.092, the upper JT transition occurs at a higher temperature than the
magnetic transition. But for Lc f

z = 0.094, 0.096, and 0.098, the magnetization first



17 Jahn-Teller Transitions in the Fe(II)Fe(III) Bimetallic Oxalates 325

develops at the upper Tc, is quenched at T (u)
JT , and then reappears below the lower

Tc. For Lc f
z = 0.1, the average magnetization is suppressed but not quenched at T (u)

JT .

Since the magnetization can change sign but can not vanish at T (l)
JT , there is only

one compensation temperature for most values of Lc f
z . The relation between Tcomp

and T (l)
JT is shown in Fig. 17.4. Generally, Mav < 0 when Tcomp < T < Tc and Mav > 0

when T < Tcomp. For α = 5, MC only occurs when Lc f
z > 0.234 so Tcomp does not

appear in Fig. 17.4d. For α = 4, Tcomp = T (l)
JT at Lc f

z = 0.251 and Tcomp < T (l)
JT for

0.251 < Lc f
z < 0.273, above which the JT transition is absent.

But for α = 2 and 3, Tcomp drops when it crosses T (l)
JT with increasing Lc f

z due
to the jump in the magnitude |M(T )| of the Fe(II) moment. As clearly shown
in Fig. 17.4b for α = 3, two compensation points may lie on either side of an
intervening JT transition. In the range 0.38 < Lc f

z < 0.397, Mav is negative below

Tc, positive between the upper Tcomp and T (l)
JT , negative between T (l)

JT and the lower
Tcomp, and then positive again at low temperatures.

17.4 Conclusion

The remarkable agreement between experiment and theory in Fig. 17.2 suggests that
Fe(II)Fe(III) bimetallic oxalates have an elastic constant α ≈ 3.7, with qualitatively
the same behavior shown in Fig. 17.4c for α = 4. For compounds that exhibit

MC, Fig. 17.4c implies that Tcomp < T (l)
JT < Tc and Tc < T (u)

JT . This prediction is
substantiated by Nuttall and Day [9], who consistently observed a small jump
in the magnetization between Tcomp and Tc for several Fe(II)Fe(III) compounds
with different cations A. The magnetization always jumps to a higher value with
increasing temperature because the JT distortion suppresses the magnitude of the

Fe(II) moment above T (l)
JT . Possibly due to a mixture of different stacking patterns

for the bimetallic layers [16], the magnetization jumps observed by Nuttall and Day
[9] are much smaller than the one observed by Tang et al. [14]. For compounds that

do not exhibit MC, it is likely that Lc f
z is small enough that T (l)

JT = 0 (Lc f
z < 0.222

for α = 4). Based on Fig. 17.4c, however, it is possible that T (l)
JT > 0 even without

MC in a narrow window of Lc f
z (0.222 < Lc f

z < 0.251 for α = 4).
Whether the pattern of JT displacements is short- or long-ranged depends on

the shape and symmetry of the cation that couples the bimetallic layers. Since the
cation N(n-C4H9)4 is not C3 symmetric, it may introduce a permanent distortion
[10] of the hexagonal lattice at all temperatures. But N(n-C4H9)4 is also just small
enough to rotate freely within each unit cell, so it may permit a cooperative, long-

ranged JT distortion between T (l)
JT and T (u)

JT . On the other hand, larger cations like
N(n-C5H11)4 will get stuck in different orientations within different unit cells, so
that the JT distortion is short-ranged.
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To summarize, an inverse JT transition occurs over a narrow range of Lc f
z < 1

for any ion with spin S > 1/2 containing a singly-occupied doublet orbital. In the
Fe(II)Fe(III) bimetallic oxalates, magnetic order suppresses the JT distortion and
enhances the lower JT transition temperature. Conversely, the JT distortion sup-
presses and can quench magnetic order below the upper JT transition temperature.
A similar range of behavior including first and second-order phase transitions was
found by Allen [17] for UO2. We are hopeful that future x-ray measurements will be
able to pinpoint the upper JT transition temperature in the Fe(II)Fe(III) bimetallic
oxalates.
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