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The chromium spinels MgCr2O4 and ZnCr2O4 are prime examples of the highly frustrated py-
rochlore lattice antiferromagnet. Experiment has carefully established that both materials, upon
cooling, distort to lower symmetry and order magnetically. We study the nature of this process by
a combination of density-functional-theory based energy mapping and classical Monte Carlo simu-
lations. We first computationally establish precise Heisenberg Hamiltonian parameters for the high
temperature cubic and the low temperature tetragonal and orthorhombic structures of both spinels.
We then investigate the respective ordering temperatures of high symmetry and low symmetry struc-
tures. We carefully compare our results with experimental facts and find that our simulations are
remarkably consistent with a type of spin-Peierls mechanism, adapted to three dimensions, where
the structural distortion is mediated by a magnetic energy gain due to a lower degree of frustration.

Introduction – The physics of highly frustrated mag-
nets has been a focus of condensed matter theory and ex-
periment for about half a century. The structure with ar-
guably the largest diversity of materials is the pyrochlore
lattice [see Fig. 1]. Chromium spinels, and in particular
ZnCr2O4 and MgCr2O4, have long been studied as some
of the best realizations of the nearest neighbor antifer-
romagnet on the pyrochlore lattice. Among the oxides,
ZnCr2O4 and MgCr2O4 have the smallest lattice param-
eters and thus the smallest Cr-Cr separations [1]. This
leads to large antiferromagnetic nearest neighbor interac-
tions as demonstrated by the large negative Curie-Weiss
temperatures of θCW = −390K and θCW = −400K,
respectively [2]. While the classical Heisenberg antifer-
romagnet on the pyrochlore lattice is theoretically pre-
dicted to realize a classical spin liquid [3], ZnCr2O4 and
MgCr2O4 order magnetically around the same tempera-
ture TN ≈ 12− 13K [4, 5]. The strong magnetic frustra-
tion can be recognized from the fact that the ratio be-
tween Curie-Weiss and Néel temperatures f = |θCW|/TN

is above 30 for both materials. Also, the full entropy of
the spin system Sm = 2R ln(2S+1) is only reached above
room temperature [6]. While the presence of significant
spin-lattice coupling and a structural transition at TN

was realized early on [7], the low temperature structures
were identified only recently [8–13]. The concomitant
magnetic ordering and structural phase transitions have
been interpreted as a spin-Peierls transition [4, 14–17].

In this letter, we develop an original approach to un-
derstand this transition straddling frustrated magnetism
and magneto-elastic distortion, using a combination of
Density Functional Theory (DFT) and Monte Carlo sim-
ulations, based on experimental data. First, we compute
the ab initio spin exchange Hamiltonian of these two
materials for the three distinct crystal structures that
have been found in experiments: cubic (Fd3̄m), tetrago-
nal (I41/amd) and orthorhombic (Fddd). MgCr2O4 and
ZnCr2O4 are known to be proximate of the pyrochlore
antiferromagnetic spin liquid, whose extensive entropy
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FIG. 1. Illustration of the inequivalent exchange couplings
for the orthorhombic space group of the pyrochlore lattice.
The two types of third neighbor bonds Jα

3a,b are orthogonal
to the α ∈ {x, y, z} cubic axis. In the tetragonal structure,
Jx = Jy between first and third neighbors, and J ′

2 = J ′′
2 . In

the cubic structure, the x, y and z axes are equivalent.

strongly hinders any ordering mechanism. Quantitative
results around the transition thus necessarily require
an approach beyond mean field: We simulate these
ab initio Hamiltonians with a Monte Carlo algorithm,
able to properly account for the thermal fluctuations
of this strongly correlated magnetic texture. Our main
results are that, despite an exchange energy scale of
θCW ∼ 400 K, and distinct Hamiltonians derived from
independent experimental data, our simulations remark-
ably fit the experimental transition temperature for both
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FIG. 2. Exchange couplings of ZnCr2O4 and MgCr2O4 extracted with GGA+U at JH = 0.72 eV [18] as function of interaction
strength U . (a) and (b) for cubic, (c) and (d) for tetragonal and (e) and (f) orthorhombic structure. The Curie-Weiss temper-
atures are shown as grey lines (see Eqs. (2,3,4)), and vertical dashed lines indicate the interpolated Heisenberg Hamiltonian
parameters which match the experimental value of θCW.

materials within a few Kelvin only. The models with
cubic (resp. tetragonal and orthorhombic) symmetry
have a transition temperature below (resp. above)
the one found in experiments, TN ≈ 12.5 ± 0.5 K. In
addition, we confirm that the low-symmetry systems
are magnetically more stable at TN. Our results are
consistent with a spin-Peierls scenario where the cubic
symmetry persists down to TN, where the structural
transition into a lattice with lower symmetry is induced
by a gain in magnetic exchange energy and accompanied
by long-range magnetic order at the same temperature
TN.

Determination of the ab-initio Hamiltonians – We
study the following Hamiltonian

H =
∑
i<j

JijSi · Sj , (1)

where the sum runs over first-, second- and third-
neighbour pairs of spins on the pyrochlore lattice. The
large spins S = 3/2 of the Cr3+ magnetic ions are ap-
proximated as classical Heisenberg spins. In order to de-
termine the values of the Jij couplings, we perform elec-
tronic structure calculations for MgCr2O4 and ZnCr2O4

using the following structures: Above the Néel temper-

ature, ZnCr2O4 and MgCr2O4 are known to crystallize
in the cubic Fd3̄m (No. 227) structure. We use lat-
tice constants measured at T = 15 K for both materials
from Ref. 20. Below TN, it remains unclear whether their
structures deform into tetragonal I41/amd (No. 141), or-
thorhombic Fddd (No. 70), or a mixture of both. For
the sake of completeness, we perform DFT calculations
for both structures. We use the tetragonal structures
of ZnCr2O4 measured with powder X-ray diffraction at
T = 5.4 K from Ref. 10, and of MgCr2O4 measured with
neutron diffraction at T = 10 K from Ref. 8. Finally,
we use the orthorhombic Fddd (No. 70) structure of
ZnCr2O4 and MgCr2O4 measured with powder X-ray
diffraction at T = 5.7 K and T = 5.4 K, respectively,
from Ref. 10.

The exchange couplings for cubic, tetragonal and or-
thorhombic space groups of ZnCr2O4 and MgCr2O4 are
illustrated in Fig. 1. The symmetry lowering from cubic
to tetragonal structure leads to the six nearest neighbor
bonds in the Cr tetrahedron splitting into four shorter
and two slightly longer bonds, here called Jxy

1 and Jz
1 .

In our naming scheme, Jz
1 indicates that these bonds

are perpendicular to the z direction, and Jxy
1 bonds

are all perpendicular to either x or y directions. The
twelve next-nearest neigbors of the cubic structure J2
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cubic Fd3̄m
material J1 (K) J2 (K) J3a (K) J3b (K)
ZnCr2O4 47.6(3) 0.2(2) 1.9(2) 2.0(2)
MgCr2O4 51.9(2) -0.4(1) 1.6(2) 0.5(2)

tetragonal I41/amd
material Jxy

1 (K) Jz
1 (K) J2 (K) J ′

2 (K) Jxy
3a (K) Jxy

3b (K) Jz
3a (K) Jz

3b (K)
ZnCr2O4 48.2(2) 46.6(2) 0.3(4) 0.3(1) 2.0(3) 1.9(3) 2.0(3) 1.9(3)
MgCr2O4 51.8(2) 50.0(2) -0.2(4) -0.1(1) 2.0(3) 0.4(3) 2.2(3) 0.6(3)

orthorhombic Fddd
material Jx

1 (K) Jy
1 (K) Jz

1 (K) J2 (K) J ′
2 (K) J ′′

2 (K) Jx
3a (K) Jx

3b (K) Jz
3a (K) Jz

3b (K) Jy
3a (K) Jy

3b (K)
ZnCr2O4 49.9(2) 35.9(2) 58.8(2) 0.0(5) 0.4(2) -0.3(5) 4.1(2) 3.8(2) 2.2(2) 1.9(2) -0.8(2) –
MgCr2O4 50.6(2) 51.0(3) 51.2(3) 0.4(9) -1.0(9) 0.1(3) 2.4(3) 0.6(2) 3.4(5) 0.9(4) 1.0(3) –

TABLE I. Exchange couplings of cubic, tetragonal and orthorhombic ZnCr2O4 and MgCr2O4, calculated within GGA+U. These
sets of couplings correspond to the vertical lines in Fig. 2 and match the experimental Curie-Weiss temperatures θCW = −390K
for ZnCr2O4 [2, 19] and θCW = −400K for MgCr2O4 [2, 5], calculated using Eqs. (2)-(4).

split into four J2 and eight J ′
2 bonds. And as usual on

the pyrochlore lattice, two types of third-neighbor ex-
change paths exist: either the six J3a bonds with a Cr
site in between or the six J3b bonds across hexagons.
Each J3a,b bond belongs to a plane orthogonal to a cubic
axis and can be labeled Jxy

3a,b, J
z
3a,b. Symmetry lowering

to the orthorhombic structure leads to three inequiva-
lent exchange paths for nearest neighbors, three second-
neighbor paths and six third-neighbor paths, differenti-
ating the x and y axes.

We perform DFT energy mapping for the six crys-
tal structures in order to determine the parameters of
the Heisenberg Hamiltonian (1). This approach has
already been successful for other Cr3+ materials with
S = 3/2 [21–23]. All electronic structure calculations
are based on the full potential local orbital (FPLO)
method [24] in combination with a generalized gradi-
ent approximation (GGA) exchange correlation func-
tional [25]. We determine the exchange interactions by
calculating DFT energies for a number of spin configura-
tions that is substantially larger than the number of cou-
plings we want to determine. This requires a 2×1×1 su-
percell with eight symmetry inequivalent Cr moments in
the case of the cubic structure and 2×2×1 supercells with
sixteen symmetry inequivalent Cr moments in the case of
tetragonal and orthorhombic structures. The results are
shown graphically in Fig. 2. In order to determine the
experimentally appropriate value of the U parameter for
Cr 3d in the DFT+U calculations [26], we demand that
the Hamiltonian couplings match the experimentally de-
termined Curie-Weiss temperatures θCW = −390K for
ZnCr2O4 [2, 19] and θCW = −400K for MgCr2O4 [2, 5].
The Curie-Weiss temperatures are estimated for the cu-
bic structure as

θCW = −1

3
S(S + 1)

(
6J1 + 12J2 + 6J3a + 6J3b

)
, (2)

for the tetragonal structure as

θCW = −1

3
S(S + 1)

(
4Jxy

1 + 2Jz
1 + 4J2 + 8J ′

2

+ 4Jxy
3a + 4Jxy

3b + 2Jz
3a + 2Jz

3b + 4J7
)
,

(3)

and for the orthorhombic structure as

θCW = −1

3
S(S + 1)

(
2Jx

1 + 2Jy
1 + 2Jz

1 + 4J2 + 4J ′
2 + 4J ′′

2

+ 2Jx
3a + 2Jx

3b + 2Jz
3a + 2Jz

3b + 2Jy
3a

)
(4)

The selected U values are between 2 and 2.5 eV and
comparable with values found to be relevant for other
chromium spinels [22]. There is a certain variation in the
reported Curie-Weiss temperatures of ZnCr2O4 [19, 27–
29] and MgCr2O4, but as the evolution of exchange
interactions with U is rather smooth and ratios do not
vary much, the results are not very sensitive to the
choice. For the cubic structure, comparable calculations
have been performed before [16, 30, 31]. However, for
ZnCr2O4, Ref. 30 does not separate J3a and J3b, and
Ref. 31 reports identical Hamiltonians for cubic ZnCr2O4

and MgCr2O4. Our results for cubic MgCr2O4 are con-
sistent with ab-initio calculations of Ref. [16] and can be
compared to the determination of the Heisenberg Hamil-
tonian parameters by Bai et al. [13] using fits to inelastic
neutron scattering data; they find the set of couplings
{J1, J2, J3a, J3b} to be {38.05(3), 3.10, 4.00, 0.32}K. We
do not expect to find a perfect match with ab-initio
calculations, but it is particularly encouraging for our
DFT results to recover the same main physics: We
also find a dominant antiferromagnetic J1 coupling, one
order of magnitude larger than the second exchange
path J3a (also antiferromagnetic) and with a small J3b
term. There is a difference though, in that the J2 term
changes sign. This exchange path is, however, known to
be subdominant, with previous studies disagreeing on its
sign [13, 16, 31]. For the sake of completeness, we have
checked that using Bai’s parameters does not affect the
conclusions of our paper [32]. In addition the structure
factor obtained by Monte Carlo simulations at 20K
[see discussion below and Fig. 3(e)] is consistent with
the one measured experimentally in [13]. We are thus
confident that our ab-initio results are set on a sensible
experimental footing. To the best of our knowledge, no
ab-initio estimates of the tetragonal and orthorhombic
Hamiltonian couplings have been published for ZnCr2O4
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FIG. 3. Monte Carlo simulations: Specific heat (a,b) and energy per spin (c,d) for parameters of ZnCr2O4 (a,c) and
MgCr2O4 (b,d) given in Table I and for cubic (blue), tetragonal (red) and orthorhombic (violet) lattice symmetry. The dashed
line is the position of the Néel temperature TN measured experimentally in each material [4, 5]. Ch for the orthorhombic
structure is not plotted because its transition temperature is higher than 20K: 70 K and 25 K for ZnCr2O4 and MgCr2O4

respectively. (e) Structure factor as seen by neutrons for MgCr2O4 at 20 K in the structurally cubic phase (Fd3̄m) in the [hkj]
plane for j = 0 (top) and 1 (bottom).

and MgCr2O4. We chose to use the same value of θCW

for the three lattice structures of each material as it
allows us to impose a constant energy scale of the total
magnetic exchange path across the transition. Our
results are thus a direct consequence of the lower degree
of magnetic frustration in lower-symmetry structures,
and cannot be due to an overall rescaling of the exchange
couplings.

Monte Carlo simulations – Using the parameters of Ta-
ble I, we performed Monte Carlo simulations for ZnCr2O4

and MgCr2O4 in their three distinct lattice structures.
The proximity of spiral phases, a degenerate manifold
with soft-mode excitations and magnetic incommensu-
rability to the model [13, 33] renders the determination
of the low-temperature magnetic order particularly non-
trivial, and it is not the goal of this letter to address this
point. Instead we focus on the transition at finite tem-
perature, and how our results, summarised in Fig. 3, fit
with experiments.

The transition temperatures for cubic simulations are
lower than the one found in experiments TN = 12.5±0.5
K. Simulations thus expect ZnCr2O4 and MgCr2O4 to re-
main magnetically disordered down to TN, as observed in
experiments. On the other hand, the transition temper-
atures for tetragonal and orthorhombic simulations are
higher than TN. It means that a structural transition in
this temperature range is automatically accompanied by
magnetic ordering, as observed in experiments. And at

TN, the magnetic energy of the system is always lower for
the tetragonal and orthorhombic structures than for the
cubic one. This difference in magnetic energy provides
an approximate estimate of the electrostatic energy cost
due to lattice distortions.
Now, keeping in mind that we are simulating systems

whose exchange energy scales are of the order of |θCW | ≈
400 K, and whose coupling parameters have been ob-
tained from unbiased DFT calculations derived from in-
dependent experimental data (X-ray diffraction and mag-
netic susceptibility measurements) for two different ma-
terials, it is truly remarkable that the transition tempera-
tures of the cubic and tetragonal structures occur within
a very small temperature window ∆T ∼ 5K ≪ |θCW |,
with the experimental transition temperature TN sitting
precisely between them. To this day, the literature re-
mains unclear whether both tetragonal and orthorhom-
bic structures really co-exist in ZnCr2O4 and MgCr2O4,
and in which ratio. Our simulations suggest that the
tetragonal distortion might play a key role in the spin-
Peierls mechanism. Indeed, both ZnCr2O4 and MgCr2O4

essentially remain magnetically disordered down to the
necessary temperature for the tetragonal distortion to be
able to bring a net magnetic energy gain [Fig. 3(c,d)]
that nucleates the structural transition. In that sense,
the presence of an orthorhombic distortion in these ma-
terials might be mediated by the tetragonal one.
Another interesting outcome is that the cubic mag-

netic transition is only a few Kelvin below TN, i.e., only
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a few Kelvin below the experimentally accessible regime
with cubic structure. It is thus not unreasonable for
Ref. [34] to have recently observed an onset of magnetic
order above TN in MgCr2O4.
Conclusions–In this work, we elucidate the subtle in-

terplay between structural distortion and magnetic order
in two celebrated pyrochlore antiferromagnets ZnCr2O4

and MgCr2O4, thus answering the riddles surrounding
their transitions upon cooling. We identify a spin-Peierls
mechanism at play which is responsible for the observed
structural transition from the high temperature cubic
to the low temperature tetragonal phase. Employing
ab-initio density functional theory and classical Monte
Carlo simulations, we show that the experimental TN

lies precisely within a remarkably tight window which is
bounded above and below by the TN of the tetragonal and
cubic structures, respectively. It is this very fact which
allows for a magnetic energy gain via a tetragonal distor-
tion thus inducing a structural transition and explains
the concomitant onset of magnetic order. By dissecting
this intertwined nature of structural and magnetic tran-
sitions, our work resolves a long-standing enigma of these
chromium spinels, using an approach that can easily be
applied to other materials with magneto-structural dis-
tortion.
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