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Field-Induced Structural Transition in the Bond Frustrated Spinel ZnCr2Se4
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(Received 22 August 2015)
The effect of an external magnetic field on the structural and magnetic properties of bond frustrated ZnCr2Se4 at
low temperatures is investigated using magnetization, dielectric constants and thermal conductivity experiments.
With an increase in the magnetic field 𝐻, the antiferromagnetic transition temperature 𝑇N is observed to shift
progressively toward lower temperatures. The corresponding high temperature cubic (𝐹𝑑3̄𝑚) to low temperature
tetragonal (𝐼41𝑎𝑚𝑑) structural transition is tuned simultaneously due to the inherent strong spin-lattice coupling.
In the antiferromagnetic phase, an anomaly at 𝐻C2 defined as a steep downward peak in the derivative of the
𝑀–𝐻 curve is clearly drawn. It is found that 𝑇N versus 𝐻 and 𝐻C2 versus 𝑇 exhibit a consistent tendency,
indicative of a field-induced tetragonal (𝐼41𝑎𝑚𝑑) to cubic (𝐹𝑑3̄𝑚) structural transition. The transition is further
substantiated by the field-dependent dielectric constant and thermal conductivity measurements. We modify the
𝑇–𝐻 phase diagram, highlighting the coexistence of the paramagnetic state and ferromagnetic clusters between
100K and 𝑇N.

PACS: 75.80.+q, 75.50.Ee, 75.30.Et DOI: 10.1088/0256-307X/32/12/127501

Chromium spinels with the formula ACr2X4

(where A=Zn, Cd, Hg and X=Se, S or O) host a
chain of corner-sharing tetrahedra known as the py-
rochlore sublattice. This topology features one of
the most highly frustrated networks when the neigh-
boring magnetic Cr3+ ions interact antiferromagnet-
ically since geometric and/or bond frustrations may
become involved. Frustration dependent on the sepa-
ration of Cr3+ ions is the leading driving-force behind
many novel phenomena. For instance, in ZnCr2O4,
a Peierls-like structural transition was unveiled along
with a release of geometric frustration.[1,2] For chalco-
genide spinels, bond frustration related splitting of
phonon modes was clearly observed in the infrared
spectrum.[3,4] These anomalies cast a light on the im-
portance of spin-phonon coupling since the Cr3+ ions
in an octahedral crystal field are Jahn–Teller inactive,
which results in a quenching of the orbit and charge
degrees of freedom.

Application of an external magnetic field favors
the ferromagnetic correlation and thus may lift frus-
tration, at least partially. For example, novel frac-
tional magnetization states were observed universally
for Cr-based oxide spinels.[5−7] However, the physics
behind this phenomenon remains ambiguous since the
required field is very high and is not easily accessible
for experimental investigations. Recently, important
progress was made where researchers used neutron and
x-ray diffraction techniques under high magnetic fields
to study HgCr2O4.[7] Their results showed that spin-

lattice coupling plays a significant role in stabilizing
the field-induced states. Such transitions challenge
the traditional understanding of magnetism because
they refer to not only strong spin correlations but also
associated distortions of lattice symmetries.[8] In par-
ticular, for ZnCr2Se4, the infrared spectrum exhibited
a splitting of the lowest mode accompanied by the
antiferromagnetic transition.[4] A strong spin-lattice
coupling effect was also observed in ultrasound exper-
iments under a magnetic field, where sound velocity
shows a plateau behavior above 7T at 2K, implying a
possible magneto-structural transition.[9] Plumier in-
vestigated the low-field states via neutron diffraction
and observed a reorientation of the magnetic domains
without any change of structural symmetry.[10] Due to
a lack of x-ray and neutron data under a high field,
the question whether there is an existence of a field-
induced structural transition in ZnCr2Se4 remains un-
clear and merits further investigation.

In this Letter, the effects of an external magnetic
field on the structure and magnetic symmetries below
the Néel temperature 𝑇N in bond frustrated ZnCr2Se4
have been studied. The finding that 𝑇N–𝐻 and 𝐻C2–
𝑇 show exactly the same characteristics convinces us
that a field-induced structural transition occurs near
70 kOe starting from 2 K as suggested in Ref. [9]. Di-
electric and thermal conductivity under different fields
further substantiates our conclusions. We construct
the 𝐻–𝑇 phase diagram, with special attention on the
temperature region near 𝑇N.

∗Supported by the National Basic Research Program of China under Grant No 2011CBA00111, and the National Natural Science
Foundation of China under Grant No U1332143.
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Details about the sample preparation procedures
and sample structural and magnetic characterizations
can be found elsewhere.[11] The specific heat and ther-
mal conductivity results were obtained from a quan-
tum design physical property measurement system
(PPMS). Dielectric measurements were performed
by using an LCR meter (TH2828S) integrated to a
SQUID with the electric field applied perpendicular
to the magnetic field direction.

The magnetization 𝑀(𝑇 ) as a function of temper-
ature under different external magnetic fields is pre-
sented in Fig. 1. Here 𝑀(𝑇 ) exhibits a sharp down-
turn followed by a continuous gradual decrease down
to lower temperatures. The downturn marked as 𝑇N

signals the antiferromagnetic transition.[12] This coin-
cides with the fact that the lattice structure is cubic
at high temperature, while then undergoing a phase
transition into the tetragonal structure below 𝑇N at
zero field.[11,13,14] With an increase in the magnetic
field, 𝑇N is shifted systematically to lower tempera-
tures. The magnetic and structural transitions appear
to occur at the same temperature due to the strong
spin-lattice coupling.[11,15] Hence, the antiferromag-
netic order is moved under fields and the correspond-
ing structural transition should be shifted simultane-
ously.
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Fig. 1. (Color online) Low temperature dependence of the
magnetization 𝑀 for a polycrystalline sample ZnCr2Se4 at
different external magnetic fields.

The field dependent magnetization 𝑀(𝐻) at 5 K
is shown in Fig. 2(a). With an increase in the field,
𝑀(𝐻) first increases continuously followed by a kink
at about 𝐻C1 = 15 kOe. Here 𝐻C1 is related to
the reorientation of inequivalent domains due to a
tetragonal structure below 𝑇N.[10] At the same time,
tilting of the spin rotation axes occurs, making the
spins evolve from helical to conical spin configura-
tions. Beyond 𝐻C1, 𝑀(𝐻) increases almost linearly
with a larger slope and the conical angle becomes
continually smaller. Another anomaly is observed at
about 𝐻f = 65 kOe. This should correspond to a
transition related to an unsaturated meta-stable fer-

romagnetic state due to the fact that ZnCr2Se4 re-
sembles to possess a completely ferromagnetic align-
ment until 𝐻S = 100 kOe as indicated by the red
dashed line in Fig. 2(a), in agreement with the pre-
vious investigation.[9]
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Fig. 2. (Color online) (a) The value of 𝑀 versus 𝐻 at
5K with the critical fields 𝐻C1 and 𝐻f marked. (b) The
derivative of 𝑀 with respect to 𝐻 at temperatures below
and above 𝑇N, where the critical field 𝐻C2 is indicated in
red arrow.

Both the present 𝑀–𝐻 curve and the curve in
Ref. [9] exhibit three anomalies up to 120 kOe below
𝑇N. However, we note that the field of the second
anomaly at 𝐻f is somewhat higher than the value at
𝐻C2 in Ref. [9] for the same temperature. As a re-
sult, 𝐻f is not the same anomaly as observed in 𝐻C2

in Ref. [9]. This observation triggered us to process
the data more carefully. Indeed, another anomaly at
𝐻C2 ∼55 kOe at 5 K was found from the derivative
of the 𝑀–𝐻 curve and the values coincide with that
of 𝐻C2 at 5 K in Ref. [9]. This coincidence leads us
to consider that the anomaly at 𝐻C2 is of the same
origin as that in Ref. [9], most likely a field-induced
structural transition.

Upon warming, we find that 𝐻C2 becomes continu-
ally smaller for other selected temperatures below 𝑇N

and vanishes above 𝑇N, as plotted in Fig. 2(b). We
tentatively plot 𝑇N versus 𝐻 (solid squares) and 𝐻C2

versus 𝑇 (solid right-angles) together in Fig. 4 and find
a consistent tendency between them as indicated by
the red line. Therefore, the anomaly at 𝐻C2 should be
assigned to a field-induced structural transition. This
observation is further substantiated by the following
field-related measurements.

Specific heat is displayed in the representation of
𝐶/𝑇 versus 𝑇 in Fig. 3(a). A very sharp peak is ob-
served at 𝑇N, in agreement with the previous result.[15]

The sharp nature of this peak indicates that it is a
first-order type transition. The phonon contribution
to the entropy decreases continuously with temper-
ature and is indicated by the red line in the inset
of Fig. 3(a). The magnetic entropy involved in the
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transition is the area under the peak anomaly and
can be estimated via ∆𝑆 =

∫︀
(𝐶 − 𝐶phonon)/𝑇𝑑𝑇 ,

where 𝐶 and 𝐶phonon denote the total specific heat
and phonon component, respectively. The value of
∆𝑆 is 2.65 J·mol−1K−1, reaching about 11.5% of the
full entropy (2𝑅 ln 4) expected for the well-aligned Cr
spins. This anomaly of low spin entropy suggests that
a large amount of entropy was already released at a
temperature far above 𝑇N since ferromagnetic fluctu-
ations have been reported at a temperature as high as
100 K where ferromagnetic clusters gradually grow in
size upon cooling.[11]
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Fig. 3. (Color online) (a) Temperature dependence of the
specific heat plotted as 𝐶/𝑇 versus 𝑇 . Inset: a polyno-
mial fitting of the phonon specific heat. (b) The relative
dielectric constant 𝜀r versus 𝑇 for 𝑓 = 1000 kHz at 𝐻 = 0
and 40 kOe. (c) Low temperature dependent thermal con-
ductivity 𝜅 at 0 kOe, 40 kOe and 70 kOe. Inset: a detailed
draw in the vicinity of phase transition. For clarity, the
curves are translated vertically and the anomalies are la-
beled by different colored arrows.

The dielectric constants 𝜀r at zero field and 40 kOe
at a frequency of 𝑓 = 1000 kHz are shown in Fig. 3(b).
The magnitude of 𝜀r does not vary much with fre-
quency (not shown here). As the temperature drops,
𝜀r decreases almost linearly. On approaching 𝑇N, a
kink followed by a constant downturn is observed. The
critical temperature at the anomaly coincides with
𝑇N and should be related to the associated structural
transition, as also evidenced by the above specific heat
data. The anomaly can be tuned to ∼14 K under a
field of 40 kOe in addition to an increase of 𝜀r. The
phase line boundary of 𝑇N in the temperature-field
space is shown by a red line in Fig. 4. From this, it can
be seen that the magnetic and lattice degrees of free-
dom are intimately coupled and an external magnetic
field can shift the structural transition to a lower tem-
perature due to its inherent strong spin-lattice cou-
pling, proving a spin origin of the structural transi-
tion. This conclusion also agrees with the following

thermal conductivity measurements.
Thermal conductivity 𝜅 as a function of tem-

perature at 0 kOe, 40 kOe and 70 kOe are shown in
Fig. 3(c). At zero field, 𝜅 decreases constantly as the
temperature drops, until 𝑇N, where a cusp appears
followed by a decrease again down to the lowest tem-
perature. The traditional phonon thermal conductiv-
ity first increases and reaches a broad maximum, then
decreases rapidly upon cooling where it can be mod-
eled as 𝜅 = 1

3𝐶𝜐𝑙𝑣, where 𝐶𝜐 is the specific heat, 𝑙 is
the mean free path, and 𝑣 is the averaged phonon ve-
locity that does not vary much with temperature.[16]

With a decreasing temperature, 𝑙 becomes constantly
larger due to the reduction of the number of short-
wave phonons that scatter the thermal carriers. This
results in the initial increase of 𝜅. When the size of
𝑙 is comparable with the dimension of the sample, 𝜅
reaches a maximum. Upon further cooling, the scat-
tering of the thermal carriers is dominated by impuri-
ties and defects. In this case, 𝜅 is proportional to the
specific heat 𝐶𝜐, resulting in a rapid decrease at low
temperatures.
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Fig. 4. (Color online) The 𝑇–𝐻 phase diagram of
ZnCr2Se4. Here H and S stand for helical and spiral
spin configurations; PM and FM denote paramagnetic and
ferromagnetic states; T and C correspond to tetragonal
(𝐼41𝑎𝑚𝑑) and cubic (𝐹𝑑3̄𝑚) lattice structures, respec-
tively.

As can be seen from Fig. 3(c), 𝜅 did not exhibit
a broad peak at zero field. It has been proven
that phonons can be scattered by spins.[17] Consid-
ering that the spin and lattice degrees of freedom are
coupled to each other, the suppression of the broad
phonon thermal conductivity peak implies that strong
spin fluctuations are present, which is also in accor-
dance with the specific heat data. The observed cusp
should be related to the structural transition as a
sharp peak is also observed in the specific heat data
at the same temperature. When applying a magnetic
field of 40 kOe, the cusp approaches 13.8K. It should
be noted that this characteristic point coincides with
that of the dielectric result, see Fig. 3(b). Under a
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field of 70 kOe, the peak anomaly is suppressed com-
pletely, indicating a disappearance of the structural
transition. Not far above 𝑇N, since the magnetic field
inhibits the spin fluctuations, 𝜅 reveals an enhance-
ment as observed in Fig. 3(c). The characteristic dis-
continuities from the specific heat, dielectric and ther-
mal conductivity curves are all located exactly on the
red line drawn in Fig. 4, which confirms the existence
of the field-induced structural phase transition.

Although an 𝐻–𝑇 phase diagram has been previ-
ously investigated,[9] we revisit it here by emphasizing
the finding of a new magnetic phase between 100K
and 𝑇N. Through a previous study,[11] we identified
a state containing FM clusters and paramagnetism
(PM) coexisting between 100K and 𝑇N. Together
with the results of this work, the magnetic phase di-
agram of ZnCr2Se4 is shown in Fig. 4. Above 100 K
at zero field, the system is paramagnetic with cubic
structure symmetry. Upon cooling, some FM clusters
appear and coexist with the PM state. The lattice
symmetry is still cubic, although NTE arises. Be-
low 𝑇N, an incommensurate helical spin configuration
arises with a tetragonal lattice structure. It is the 𝐻–
𝑇 phase, i.e., phase IV. With the application of a mag-
netic field, two other phases emerge. The transition
from phase III to phase II is bounded by 𝐻C1. In phase
III, the helical spins develop into a conical spiral (𝑆–𝑇
phase). With a further increase in the field, phase III
transitions into phase II and a spin-driven structural
transition occurs, which is traced by the 𝐻C2 anomaly
drawn from the derivative of the 𝑀–𝐻 curve as well as
from the dielectric constant and thermal conductivity
results. Here 𝐻f signals a thermodynamic change of
the ferromagnetic domains without a spin phase tran-
sition. In phase II, an unsaturated state sets in and the
spin configuration may be a mixture of PM and FM
with a cubic lattice symmetry, or ‘spin nematic’[9] as
suggested in the previous study. Finally, a complete
spin-polarized state or FM state reaches above 𝐻S,
that is, phase I.

In summary, we have investigated the evolution of
the magnetic and structural properties with respect
to an applied external magnetic field for ZnCr2Se4.
Three distinct phases are identified in different mag-
netic field regions within the antiferromagnetic phase
starting from below 𝑇N. At low fields, an incommen-

surate phase with helical spin configuration is present.
Starting from 𝐻C1, the ground state spin configura-
tion forms a conical spiral. After 𝐻C2, the system
becomes partially paramagnetic while possibly form-
ing ferromagnetic clusters as it crosses the 𝑇N phase
boundary line which decreases in temperature with an
increase in the field, where a magnetostructural tran-
sition occurs. The transition is further substantiated
by the field dependent dielectric constant and ther-
mal conductivity measurements. Above 𝐻S, a fully
aligned ferromagnetic state sets in. A complete 𝑇–𝐻
phase diagram is constructed, with special attention
paid to the temperature region near 𝑇N where a coex-
isting phase of PM and FM clusters occurs.
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