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A correlation between the magnetic and electrical response of a
material is an essential property in a diverse range of technological
applications, including magnetic sensors such as read head devices
in computer hard disks. Recent advances in the science of modern
materials have identified systems such as the manganate perovskites
and pyrochlores that show potentially useful magnetoresistance
(MR) effects.1,2 Here we report highly unusual magnetotransport
behavior with MR> 80% in the spin glass-like material Zn0.95-
Cu0.05Cr2Se4, which undergoes a field-induced transition to a long-
range ordered ferromagnet. The magnetoresistance changes sign
with temperature, demonstrating a new mechanism for colossal
magnetoresistance (CMR) that is particularly sensitive to low
magnetic fields.

Two series of materials have been shown to possess attractive
magnetoresistance properties. First are the manganate perovskites
of general formula Ln1-xAxMnO3 (Ln ) lanthanide, A) alkaline
earth metal) containing a mixture of Mn3+ and Mn4+ ions whose
partially filled eg orbitals create ferromagnetic coupling mediated
by electrons hopping, the so-called “double exchange” mechanism.3

Second are the pyrochlore manganates, which contains only Mn4+

ions therefore precluding double exchange.2,4,5 The CMR charac-
teristics in this case are thought to derive from field-induced changes
to the indirect scattering of conduction electrons by the distinct
localized Mn4+ t2g levels. Large magnetoresistance effects are also
known in related systems, including the spinel chalcogenide
semiconductors such as HgCr1.9In0.1Se4 (60% MR in 1.2 T field),6

FexCu1-xCr2S4 (20% MR in 6 T field),7 and CuCr2Se4 (up to 4%
MR).8 The series of selenide spinels Zn1-xCuxCr2Se4, though of a
similar crystal structure, are a completely different class of material
as regards electronic properties. The pioneering work of the
Katowice groups,9-15 and that of other groups,16-21 has, over many
years, revealed a rich and complex behavior in this series. This
includes modulated magnetism and semiconducting properties at
low values ofx that transform, via a spin glass and ferromagnetic
spiral structures, to a ferromagnetic metal at higher Cu content.9,10

The observation of Cu in its 1+ oxidation state13,22 means that
substitution of Zn2+ with Cu+ oxidizes the Cr from an average
oxidation state of Cr3+ to Cr3.5+. The ferromagnetism at high Cu
doping levels has been reported to originate from the double-
exchange interaction,10,22,23which is so crucial to the CMR effect
in the manganate perovskites, though the structure is more
analogous to the pyrochlore, particularly with the presence of the
acute Cr-Se-Cr bond angles.

Magnetic magnetization measurements show dramatic transfor-
mations across the Zn1-xCuxCr2Se4 series. For compounds in the
composition range 0e x < 0.07, shown in Figure 1, the field-

cooled magnetization shows a maximum around 25 K, which is
known to be the temperature of a transition to a spiral magnetic
structure in ZnCr2Se4. In this composition range, the doping with
Cu causes a consistent increase in the magnitude of the magnetiza-
tion commencing at temperatures significantly above the maximum
at around 100 K. The divergence between the zero-field-cooled
and field-cooled magnetization in Zn0.95Cu0.05Cr2Se4 (shown as an
inset in Figure 1) is suggestive of a spin glass-like state below 25
K, though one that is heavily affected by cooling the sample in a
magnetic field, revealing potentially interesting field induced
transitions.

To further probe the magnetic ground state of Zn0.95Cu0.05Cr2-
Se4, a series of powder neutron diffraction experiments were
performed on the GEM instrument at ISIS, UK, with and without
an applied magnetic field. Figure 2 shows a section of the diffraction
pattern around the (111) reflection at 2 K. The bottom spectrum
for ZnCr2Se4 shows two satellite reflections associated with the
small nuclear contribution at 6.1 Å, originating from its spiral anti-
ferromagnetic structure. The pattern for Zn0.95Cu0.05Cr2Se4 in zero
field shows no magnetic Bragg scattering at 2 K, confirming the
lack of magnetic order, consistent with a spin glass-like state. This
is understandable: the undoped material already reveals, by its
incommensurate nature, competing ferro- and antiferromagnetic
interactions. Doping adds additional (ferromagnetic) double-
exchange interactions as well as the chemical disorder required for
spin glass behavior. The application of a magnetic field drives the
material into a ferromagnetic state, with magnetic scattering on the
nuclear (111) reflection. A similar transition is known in some
perovskite manganates.24
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Figure 1. Magnetization measurements of Zn1-xCuxCr2Se4 (0 < x < 0.07)
cooled in an applied field of 100 G, showing an increase in magnetization
at around 100 K, while retaining the maximum at around 25 K. The inset
shows the difference between the zero-field and field-cooled magnetization
of Zn0.95Cu0.05Cr2Se4, suggesting the ferromagnetic component transforms
to a spin glass-like state when cooled in zero field.
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Figure 3 (left) shows that the transport measurements of Zn0.95-
Cu0.05Cr2Se4 below 25 K in different applied magnetic fields. The
rapid increase in resistivity on decreasing temperature in zero field
is indicative of thermally activated conduction. The resistivity
decreases in increasing magnetic field but shows broadly similar
temperature dependence. The MR was calculated from the resistivity
(F) with and without a magnetic field and defined as, MR) [F(0)
- F(H)]/F(0). Notably, there is substantial magnetoresistance even
in low magnetic field. This is particularly evident from the inset to
Figure 3, which shows the magnetoresistance atT ) 3.2 K as the
magnetic field is swept fromµ0H ) 0 T to 7 T, to-7 T and back
to 0 T. About 40% magnetoresistance is achieved in fields of around
1.5 T, before reaching the maximum value of over 80% in the
highest fields.

At temperatures above 25 K, where there is a large increase in
the magnetization and deviation from the Curie-Weiss law, an
extremely unusual magnetoresistance is observed. Figure 3 (right)
shows the resistivity of Zn0.95Cu0.05Cr2Se4 between 25 and 100 K
in strong magnetic fields, with the inset showing the overall
magnetoresistance from 3 to 100 K. There is now a significant
increase in resistivity on application of the magnetic field as
opposed to the reduction seen below 25 K. This positive magne-
toresistance shows very different field-dependent magnitudes
compared with the effect below 25 K; much larger magnetic fields
now required to induce CMR, which reaches a maximum of 50%
around 60 K in 7 T. There is further evidence that the change of

sign of magnetoresistance is accompanied by a change in conduc-
tion mechanism. In the low-temperature regime, the temperature
dependence of the resistance,F(T), is much better described by
Mott’s expression for variable-range hopping conduction than it is
by the expression for excitation of carriers across a fixed band gap.25

Hence it seems likely that the low-temperature negative magne-
toresistance is consistent with the variable range hopping of carriers
between double-exchange clusters, which are enhanced in extent
by an applied field. This interpretation is fully consistent with the
reported magnetic behavior of this weakly Cu-doped sample9,15and
with the competition of antiferromagnetism and double-exchange
ferromagnetism envisaged by de Gennes.23 In contrast, in the high-
temperature regime of positive magnetoresistance, the semiconduct-
ing mechanism now provides a much better description ofF(T)
than does Mott’s variable range hopping scheme. This suggests
that the dominant mechanism of conduction is the thermal activation
of carriers across a band gap which swamps any residual double-
exchange conduction. These compounds are unusual in this
temperature regime in showing an enhanced ferromagnetic response
to an applied field (evidenced by a positive Curie-Weiss temper-
ature).26 It is interesting to note potential similarities between the
mechanism for magnetoresistance in Zn0.95Cu0.05Cr2Se4 and the
magnetic polaron explanation in, for example, EuSe.27
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Figure 2. Neutron scattering of ZnCr2Se4 (bottom) showing the magnetic
satellite reflections of the (111) associated with its modulated magnetic
structure and Zn0.95Cu0.05Cr2Se4 in 0, 3, and 5 T which shows no spontaneous
order, but where the application of a magnetic field induces a transition to
a ferromagnetic state.

Figure 3. (Left) Magnetoresistance of Zn0.95Cu0.05Cr2Se4 below 25 K,
showing a negative colossal magnetoresistance effect. The inset shows the
magnetoresistance effect during field cycling (-7 to 7 T) at 3.2 K. (right)
Resistivity of Zn0.95Cu0.05Cr2Se4 between 25 and 100 K with an increase in
resistance on application of different applied magnetic fields. The inset
shows the magnetoresistance both above and below the antiferromagnetic
ordering temperature as a function of different applied magnetic fields.
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