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Because of the competition between the spin-orbit coupling and the Jahn-Teller (JT) energies in Fe(II)

Fe(III) bimetallic oxalates, we theoretically predict that an undistorted phase with C3 symmetry about

each Fe site may be recovered at low temperatures. Both lower and upper JT transitions bracketing the

ferrimagnetic transition temperature Tc are predicted for compounds that exhibit magnetic compensation.

Comparisons with recent measurements and first-principles calculations provide strong evidence for the

inverse JT transition below Tc.
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Jahn-Teller (JT) transitions [1] in which an electronic
degeneracy is removed by a crystal distortion have been
observed quite frequently in recent studies of molecule-
based magnets [2]. Because the mixing and splitting of
degenerate levels reduces their orbital angular momenta, a
JT distortion is prevented if the spin-orbit coupling �L � S
is sufficiently strong [3]. In this Letter, we study the JT
transition in the bimetallic oxalates, a class of molecule-
based magnets where the average orbital angular momen-
tum of the degenerate electronic levels is nearly but not
completely quenched by the crystal-field potential and can
be controlled by choosing different organic cations to lie
between the bimetallic layers. Due to the competition
between the spin-orbit and JT energies, the JT distortion
may only appear at intermediate temperatures around the
ferrimagnetic transition temperature Tc. An inverse JT
transition then marks the reentrance of the undistorted
phase at low temperatures.

Bimetallic oxalates A½MðIIÞM0ðIIIÞðoxÞ3� were first syn-
thesized [4] in 1992. On the open honeycomb structure
sketched in the inset to Fig. 1(a), transition-metal ions
MðIIÞ and M0ðIIIÞ are coupled by the oxalate bridge ox ¼
C2O4 [5]. Bimetallic layers are separated by the organic
cation A. Depending on the metal atoms, the interactions
within each bimetallic layer can be either ferromagnetic
(FM) or antiferromagnetic (AFM) (MðIIÞ and M0ðIIIÞ mo-
ments parallel or antiparallel) with moments pointing out
of the plane.

Several Fe(II)Fe(III) bimetallic oxalates exhibit mag-
netic compensation (MC) due to the cancellation of mo-
ments on the Fe(II) and Fe(III) sublattices at the
compensation temperature Tcomp below Tc [6]. Assuming

a heirarchy of three energies, we recently explained why
MC occurs for some organic cations A but not for others
[7]. The dominant energy is the Hund’s coupling that yields
the high-spin states S ¼ 2 and S0 ¼ 5=2 on the Fe(II) and
Fe(III) sites. Next in importance is the C3 symmetric
crystal-field Vc generated by the 6 oxygen atoms around
each of the Fe sites. The weakest energies are the AFM
exchange coupling JcS � S0 between the Fe(II) and Fe(III)
moments within each bimetallic layer, the spin-orbit cou-

pling �L � S on the Fe(II) sites (� � �12:65 meV), and
any non-C3 symmetric contributions of the crystal poten-
tial such as produced by a JT distortion. Because they can
be tuned by the choice of MðIIÞ, M0ðIIIÞ and A, the com-
petition between these three smaller energies leads to a
wide range of behavior in the bimetallic oxalates.
As shown in Ref. [7], Vc splits the Fe(II) multiplet into

two doublets,  1;2;� and  4;5;�, and a singlet  3�, where the

spin � takes integer values between �2 and þ2. The low-
energy doublet  1;2;� carries an average orbital angular

momentum Lcf
z that depends on the organic cation A. Lying

an energy � above the doublet  1;2;�, the singlet  3�

carries no orbital angular momentum. MC with a single
compensation temperature occurs when 1>Lcf

z > lc �
0:237. After comparing the observed values of Tcomp=Tc �
0:62 and Tc � 45 K with the theoretical predictions, we
estimated [7] that in MC compounds, Jc � 0:5 meV and
Lcf
z � 0:28. ‘‘Normal’’ compounds that do not exhibit MC

can fall into two categories. Either the doublet remains
lower than the singlet (�> 0) but withLcf

z < l0c � 0:234 or
the singlet lies below the doublet (�< 0). Our model also
predicted that two compensation temperatures were pos-
sible in the very narrow window l0c < Lcf

z < lc. Recent
measurements [8] on the compound Nðn-C4H9Þ4 �
½FeðIIÞFeðIIIÞox3� (data plotted in Fig. 2) would seem to
confirm that prediction.
Assuming that a doubly degenerate level is occupied by

a single electron in the absence of spin-orbit coupling, then
the local displacement Q of each Fe(II) ion along one of
three equivalent directions [see the inset to Fig. 1(a)] is
always favored by the electronic energy. The mixing of the
Fe(II) eigenstates  1� and  2� by the JT distortion is
described by the Hamiltonian [9]

H mix
� ¼ �1� �

� �2�

� �
; (1)

where the JT distortion energy � is independent of �.
Using first-principles calculations, we shall later estimate
the electron-strain coupling constant Vel-str ¼ �=Q.
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If �1� ¼ �2� are given by the mean-field (MF) result
�0� ¼ 3JcMS0�=2 with the Fe(III) moment MS0 ðTÞ ¼
2hS0zi, then the eigenstates of Hmix

� are  a� ¼ ð 1� þ
 2�Þ=

ffiffiffi
2

p
and  b� ¼ ð 1� �  2�Þ=

ffiffiffi
2

p
with La;b;� ¼

h a;b;�jLzj a;b;�i ¼ 0 and eigenvalues �a;b;� ¼ �0� � �.
So without spin-orbit coupling, the orbital angular momen-
tum is quenched by the JT distortion and the doublet
splitting is � ¼ 2j�j.

With the spin-orbit interaction �L � S treated exactly,
the eigenvalues of Hmix

� are �a� ¼ �0� þ t� and �b� ¼
�0� � t�, where t� ¼ �sgnð�Þfð�Lcf

z �Þ2 þ �2g1=2.
Hence, the doublet splitting 2jt�j is enhanced by the JT
effect (strictly speaking, the pseudo-JT effect when �1� �
�2�). Since there is no spin-orbit coupling when � ¼ 0,
t0 ¼ � and La0 ¼ Lb0 ¼ 0. For � � 0, the spin-orbit cou-

pling maintains a nonzero average orbital angular momen-
tum La� ¼ �Lb� even in the presence of a distortion that
breaks C3 symmetry [7].
Including the orbital contribution, the Fe(II) magnetic

moment is MðTÞ ¼ MSðTÞ þMLðTÞ, where MS ¼ 2hSzi
and ML ¼ hLzi. The MF free energy can then be written

F

N
¼ �T logfZIIZIIIe

3JcMSMS0=4Tg

þ �j�j
��
�

j�j
�
2 þ �3

�
�

j�j
�
3 þ �4

�
�

j�j
�
4
�
; (2)

with ZII ¼ 2
P
� expð�3JcMS0�=2TÞ coshðt�=TÞ and

ZIII ¼ 2
P
�0 expð�3JcMS�

0=2TÞ. Sums are over � ¼ 0,
�1, �2 and �0 ¼ �1=2, �3=2, �5=2. The second line
in Eq. (2) is an elastic restoring potential with �> 0. The
anharmonic term of order �3 / Q3 reflects the different
energy costs for displacing Fe(II) either into one of the
three open hexagons or towards one of the three neighbor-
ing Fe(III) ions. So the anharmonicity and source of the
first-order JT transition arise quite naturally on an open
honeycomb lattice. The sign of �3 is chosen to be negative
so that � � 0.
It is simple to obtain the equilibrium values for MS and

MS0 from the extremal conditions @F=@MS ¼ @F=@MS0 ¼
0. Because the spin-orbit coupling �L � S is treated
exactly, ML is not a variational parameter and must
be determined separately from the condition

FIG. 2 (color online). The average magnetization versus T=j�j
for Lcf

z ¼ 0:30 and the experimental data of Ref. [8] [rescaled so
that Mavgð0Þ ¼ 0:35] using Jc=j�j ¼ 0:037 and the elastic con-
stants given in the text. Inset is the predicted average magneti-
zation versus T=j�j for a mixture of Lcf

z ¼ 0:30 (5%) and
Lcf
z ¼ 0:33 (95%) components, with both magnetizations chosen

to be positive just below Tc.

FIG. 1 (color online). The (a) average magnetization and (b)
JT distortion energy � normalized by j�j versus temperature
T=j�j for a range of Lcf

z in increments of 0.01 using Jc=j�j ¼
0:037 and the elastic constants given in the text. Inset in (a) is a
portion of the open honeycomb lattice, displaying three equiva-
lent displacements Q of the Fe(II) ion into the adjacent hex-
agons.
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ML¼�ð2=ZIIÞ
P
�La� expð�3JcMS0�=2TÞsinhðt�=TÞ. Of

course, the equilibrium value for the JT distortion energy
�ðTÞ is obtained by minimizing F with respect to �. With
MðTÞ< 0 and M0ðTÞ> 0, the average magnetization is
given by MavgðTÞ ¼ ðMðTÞ þM0ðTÞÞ=2.

BothMavgðTÞ and �ðTÞ are plotted versus temperature in
Figs. 1(a) and 1(b) for � ¼ 3:7, �3 ¼ �1:9, and �4 ¼ 1:1.
As expected, the MC threshold lc � 0:282 is enhanced by
the JT distortion. When Lcf

z � 0:260, the JT distortion is
quenched at T ¼ 0 due to the strong orbital orderMLð0Þ ¼
�Lcf

z . The distortion energy �ðTÞ vanishes both below the

inverse, JT transition temperature TðlÞ
JT and above the nor-

mal, JT transition temperature TðuÞ
JT . The temperature range

TðuÞ
JT � TðlÞ

JT decreases as Lcf
z increases and vanishes when

Lcf
z > 0:324. Notice that the first-order JT transitions at

TðuÞ
JT and TðlÞ

JT always lie on either side of Tc.
Because the orbital contribution jMLðTÞj to the Fe(II)

moment drops as �ðTÞ rises at the inverse JT transition, TðlÞ
JT

is marked by a discontinuous jump in MavgðTÞ. With
decreasing Lcf

z , both the orbital contribution jMLðTÞj and
the size of the jump in MavgðTÞ become smaller. For lc <

Lcf
z � 0:324, MavgðTÞ changes sign at TðlÞ

JT , as shown in

Fig. 2 for Lcf
z ¼ 0:30.

At high temperatures, fluctuations of the neighboring
magnetic moments that are neglected within MF theory
will also break the local C3 symmetry and compete with
the spin-orbit interaction. At low temperatures, however,
magnetic fluctuations are suppressed and the spin-orbit
interaction acts to restore C3 symmetry. Therefore, the
predicted inverse JT transition cannot be eliminated by
magnetic fluctuations. A nonmonotonic magnetization
has also been predicted in amorphous metals [10] and
magnetic semiconductors [11].

The quantitative agreement shown in Fig. 2 between the
theoretical predictions for Lcf

z ¼ 0:30 and the measure-
ments of Ref. [8] is striking. Rather than providing evi-
dence for two compensation temperatures, Ref. [8]

indicates that an inverse JT transition occurs at TðlÞ
JT �

42 K. According to Fig. 1(b), a normal JT transition will

be found at TðuÞ
JT � 70 K. Indeed, recent x-ray measure-

ments [12] on the same compound confirm that the hex-
agonal symmetry present at room temperature is absent in
the monoclinic lattice below 60 K.

Measurements on several Fe(II)Fe(III) compounds
[12,13] suggest that most MC compounds exhibit a much
smaller jump in the magnetization between Tcomp and Tc
than predicted by Fig. 1(a). X-ray studies [14] reveal that
due to stacking faults, two phases coexist: one with a six-
layer repeat and the other with a two-layer repeat. As
shown in the inset to Fig. 2, a mixture of two phases,
type 1 with Lcf

z ¼ 0:30 (5% of the sample) and type 2
with Lcf

z ¼ 0:33 (95% of the sample), produces a small
jump that is consistent with the measurements. The much
larger jump in Ref. [8] may be caused by the greater
fraction of type 1 (Lcf

z � 0:30) stacking in their sample.

While there is no JT distortion when �< 0 (with the
singlet lowest in energy), �ðTÞ remains nonzero down to
T ¼ 0 when �> 0 and Lcf

z < 0:260. For small Lcf
z , �ð0Þ �

0:842j�j � 10:5 meV and �ð0Þ � 21 meV is the doublet
splitting. So bimetallic oxalates with Lcf

z < 0:260 will not
exhibit a discontinuity in the magnetization, which may
explain why such a jump has never been observed in a
normal compound [13]. Nevertheless, normal Fe(II)Fe(III)
compounds with �> 0 should manifest a normal JT tran-

sition at TðuÞ
JT � 0:58j�j � 85 K.

But any non-C3-symmetric cation like Nðn-C4H9Þ4 will
also induce a permanent distortion of the hexagonal lattice.
Depending on the size and shape of the cation, this dis-
tortion can be local, weakly correlated, or long-ranged. A
non-C3-symmetric potential can be included within our
model by changing the off-diagonal terms in Hmix

� from �
to �þ �0. In the absence of spin-orbit coupling and a
spontaneous JT distortion �, the doublet splitting is given
by � ¼ 2j�0j.
In order to estimate the orders of magnitude of the

spontaneous and permanent distortions, � and �0, a series
of first-principles calculations within the framework of
density-functional theory (DFT) were performed. We em-
ployed the local spin density approximation in the plane-
wave-pseudopotential approach with the PBE [15] ex-
change correlation functional as implemented in the
Quantum-ESPRESSO package [16]. We used Vanderbilt
ultrasoft pseudopotentials [16–18] including, in the case of
Fe [16,18], d electrons in the valence and nonlinear core
corrections. An energy cut-off of 45 Ry was applied. Since
the orbitals at the Fermi level are very localized in this
ionic solid, we used a single k point. Spin-orbit coupling
was not included. In order to stabilize the electronic den-
sity, the calculations were performed at an electronic tem-
perature of 0.02 Ry or 270 meV.
It is well known that predictions of the experimental

electronic and magnetic structure in highly-localized sys-
tems pose significant challenges for most approximations
of DFT. Indeed, the energy difference between the FM and
AFM configurations lies below the resolution of our theory.
Moreover, possibly due to the presence of strong self-
interaction errors for the localized d orbitals [19] charge
order was stabilized only by forcing the net spin within
each unit cell to equal 1=2.
Calculations were performed for three possible

stackings (ab, aab, abc) of the bimetallic layers with
A ¼ Nðn-C3H7Þ4. The total energy differences between
these stackings were below the accuracy of the theory,
consistent with the high density of stacking faults sug-
gested by experiments [14]. Since the relative energy
difference � between the doublet and singlet is quite
sensitive to the stacking of the bimetallic planes, Lcf

z will
also depend on the stacking pattern.
The orders of magnitude of the JT distortion and doublet

splitting were estimated by focusing on a single bimetallic
layer with different cations A. Within hexagonal super-
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cells, we studied the cations (i) A ¼ NH4 and (ii) A ¼
Nðn-C3H7Þ4. We also considered (iii) A ¼ Nðn-C3H7Þ4 in
a nonhexagonal supercell.

(i) Although NH4 is too small to stabilize an open
honeycomb lattice, calculations with this cation allow the
JT distortion and doublet splitting to be estimated in a C3

symmetric environment. After relaxing the forces on all
atoms while constraining the C3 symmetry, the Fermi level
for the majority band lies at a partially-occupied doublet
localized on the Fe(II) sites. Displacing the Fe(II) ions on a
grid r provides the total energy EðrÞ and doublet splitting
�ðrÞ. Because the electronic temperature (	270 meV) is
much larger than the splittings, both doublet levels are
equally occupied. So the energy is still minimized at the
symmetric point r ¼ 0.

Nevertheless, assuming that the total energy difference
is given by the sum of the occupied eigenvalues and
neglecting a small change in the electronic density [20],
we estimate the energy gain at T ¼ 0 as EðrÞ � �ðrÞ=2. In
the absence of spin-orbit coupling, each Fe(II) ion moves

aboutQ � 0:03 �A [the nearest-neighbor Fe(II)-Fe(III) dis-
tance is 5.4 Å] with an energy gain of 2 meVand a doublet
spitting of 2j�j � 8 meV, corresponding to an electron-

strain coupling constant Vel-str � 130 meV �A�1.
(ii) Moderately-sized cations such as A ¼ Nðn-C3H7Þ4,

which are themselves non-C3 symmetric, produce a per-
manent splitting 2�0 of the doublet. We considered a
hexagonal unit-cell containing a single cation A with peri-
odic boundary conditions where every cation is oriented in
the same way. After relaxing the atomic positions, we
obtained an intrinsic doublet splitting 2�0 of about 10 meV.

(iii) Since Nðn-C3H7Þ4 is just small enough to allow
individual cations to rotate independently, a uniform
distortion of the crystal is possible. By contrast, larger
cations such as A ¼ Nðn-C4H9Þ4 are unable to indepen-
dently rotate within each unit cell. Locked into a highly-
disordered configuration during synthesis, such cations
can only break the local C3 symmetry around each Fe(II)
ion. This leads to an interesting conjecture: due to their
ability to spatially order, smaller cations like Nðn-C3H7Þ4
may be more effective at breaking C3 symmetry and sup-
pressing MC than larger cations likeNðn-C4H9Þ4 studied in
Ref. [8].

With the spin-orbit coupling set to zero (Lcf
z ¼ 0), the

doublet splitting �ð0Þ � 21 meV obtained using the pa-
rameters of Fig. 1(b) is about twice as large as obtained
from first-principles calculations in a C3 symmetric envi-
ronment [see cation (i) above]. Therefore, the cation
Nðn-C4H9Þ4 may play a significant role in breaking the
local C3 symmetry and enhancing the doublet splitting.

To summarize, we have presented strong evidence for
the existence of a JT distortion in Fe(II)Fe(III) bimetallic
oxalates, providing the first example of an inverse JT

transition from an undistorted phase at low temperatures
to a distorted phase at intermediate temperatures [21].
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