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Abstract. Tunnelling magnetoresistance (TMR) in polycrystalline double perovskites has been
an important research topic for more than a decade now, where the nature of the insulating tunnel
barrier is the core issue of debate. Other than the nonmagnetic grain boundaries as conventional
tunnel barriers, intragrain magnetic antiphase boundaries (APB) as well as magnetically frustrated
grain surfaces have also been proposed to act as tunnel barriers in Sr2 FeMoO6 . In this review, the
present state of the debate has been discussed brieﬂy and how the physical state of the material can
affect the magnetoresistance signal of double perovskites in many different ways has been pointed
out.
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1. Introduction
Magnetoresistance (MR) is the property of a material to change the value of its electrical resistance when an external magnetic ﬁeld is applied. This phenomenon was ﬁrst
observed by Kelvin in 1857 in nickel and iron, and was later termed as anisotropic magnetoresistance [1]. The magnetoresistive effects in materials are classiﬁed into several
categories according to their driving mechanisms, namely, anisotropic magnetoresistance
(AMR) [2–6], giant magnetoresistance (GMR) [7–12], tunnelling magnetoresistance
(TMR) [13–19] and colossal magnetoresistance (CMR) [20–26]. The prolonged interest in MR of various materials has been primarily due to their wide applications in the
electronics industries [27–39]. For better usage of these materials, they should show large
magnetoresistance with low applied ﬁelds even at room temperature. It was observed
that in polycrystalline ceramics of conventional CMR materials, an additional low-ﬁeld
magnetoresistive effect is present due to the presence of grain boundaries, but prominent
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primarily at temperatures much lower than the ferromagnetic Curie temperature (TC ) [40].
Subsequently, about a decade ago, in polycrystalline Sr2 FeMoO6 (SFMO), a double
perovskite (A2 BB O6 ), having high TC (∼ 420 K), a large low-ﬁeld MR response was
reported at room temperature [41]. Signiﬁcant spin polarization of the conduction electrons ensured by the half-metallic ferromagnetic (HMFM) character of SFMO [41–43]
and tunnelling of the same across insulating tunnel barriers contribute to the observed
MR response [44]. Like SFMO, many other polycrystalline HMFM double perovskites
were discovered later showing similar tunnelling magnetoresistive tendencies [45–50].

2. Mechanisms contributing to MR
In TMR compounds, manipulation of the tunnelling of spin-polarized conduction electrons across insulating barriers separating two adjacent metallic regions by the application
of external magnetic ﬁeld is the key point. However, there could be differences in the
nature of the separating barrier and consequent MR behaviour. Most common cases
involve tunnelling of electrons through nonmagnetic insulating physical grain boundaries
in polycrystalline ceramics [51,52]. Naturally, such intergranular tunnelling gives rise
to a magnetoresistance that is extrinsic and is dependent on the number and thickness
of grain boundaries in polycrystalline samples [53]. In double perovskites, an additional tunnelling mechanism could be triggered even within a grain (intragranular) due
to the presence of antiphase boundaries (APB) originating from the characteristic B/B 
cation disorder in double perovskites [54,55]. For example, in an ideal Sr2 FeMoO6 double perovskite structure, Fe and Mo cations are expected to occupy alternate B-sites of
a conventional perovskite lattice which symmetrically doubles the unit cell dimension in
all directions (see ﬁgure 1a) and hence the name double perovskite. However, in reality,
Sr2 FeMoO6 often has large Fe/Mo disorder where several adjacent Fe–Fe (also Mo–
Mo) connectivities occur which can cluster together to form insulating Fe-rich patches
(APB) within a single grain, separating the perfectly ordered half-metallic ferromagnetic
(HMFM) domains. It has been conﬁrmed that the so-called highly disordered SFMO
is just an assembly of closely packed, nanosized, highly ordered domains separated by
antiphase boundaries [56]. Now, such APBs may also act as tunnel barriers with different
kinds of TMR response, called intragranular tunnelling, and it has indeed been observed
that MR and the saturation magnetization of Fe/Mo double perovskites are highly dependent on the amount of this Fe/Mo disorder as seen in ﬁgure 1 [57]. For a large number of
these double perovskites, a gradual decrease in the low-ﬁeld MR and saturation moment
is observed as the Fe/Mo cation disorder increases.
There had been controversies about the importance of these two (inter- and intragranular) mechanisms where in one, the intergrain tunnelling was considered important with
physical grain boundaries acting as tunnel barriers [52], while in the other, the insulating intragrain APBs separating the ordered ferromagnetic domains have been considered
to be the main component controlling the observed TMR [57]. In order to resolve this
issue, we tried to vary the intergrain and intragrain barriers independently and concluded
that the dominant contribution to the observed TMR is from intergrain tunnelling [58].
However, it was not straightforward to manipulate Fe/Mo ordering and density of grain
boundaries separately because any synthesis or thermal treatment tended to affect both
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Figure 1. Panel (a) shows a regular double perovskite structure (A2 BB O6 ), (b) and
(c) show the variation of low-ﬁeld MR with the saturated magnetic moment and degree
of cation order/disorder in the B-site of double perovskites respectively. Inset to panel
(c) shows the (1 1 1) superlattice ordering peak in an ordered sample compared to a
disordered one from X-ray diffraction measurements. Panel (d) shows microscopic
portions of ideal Fe/Mo ordered perovskite with Fe spins. The upper and lower scenarios separately show the effects without and with applied ﬁelds respectively. Panels
c 2001 The
(b), (c) and (d) are reprinted with permission from ref. [57]. Copyright 
American Physical Society.

simultaneously, and therefore serious material engineering was needed. For example,
highly disordered and large grain (low grain boundary density) arc molten SFMO was
prepared and few of them were re-annealed at higher temperatures to manipulate only the
Fe/Mo ordering, without affecting the grain size or grain connectivity [58]. On the other
hand, parts of these samples were crushed and cold-pressed into pellets where the grain
sizes/connectivity were drastically changed but the Fe/Mo order remained identical due
to the absence of any subsequent thermal treatment [58]. The unannealed arc molten sample is highly disordered and thus has a high density of antiferromagnetic insulating APBs
and as a result, it can be seen that its saturation moment is lowest among all (Sample A,
ﬁgure 2a). With the increase in the ordering due to annealing at higher temperatures, the
saturation moments increase (Samples B, D and C, in the order of increasing ordering)
as seen in ﬁgure 2a. The variations of magnetization are found to be similar for the coldpressed counterparts of A, B, D and C named A , B , D and C respectively, conﬁrming
similar degree of APB density between each pair of arc molten and cold-pressed samples.
Pramana – J. Phys., Vol. 84, No. 6, June 2015

969

Abhishek Nag and Sugata Ray
(a)

(b)

(c)
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Figure 2. Panel (a) shows M(H) plots (solid lines: arc molten) and (dashed lines:
cold-pressed pellets), (b) MR(H) for the arc molten (solid circles, left half) and for
cold-pressed samples (lines, right half). Variation of resistivity with temperature for
arc molten and cold-pressed samples with the same level of antisite defect densities.
(c) Variation of the low-ﬁeld MR (LFMR) normalized by squared saturation magnetization with the extent of Fe/Mo ordering. This ﬁgure is republished with permission
c 2007 The American Physical Society. (d) Comparison
from ref. [58]. Copyright 
between the low-ﬁeld variation of the MR and magnetization for a large grain sample.
Inset: Comparison of M(H) for a typical pair of large- and small-grain samples.

On the other hand, the MR of the small-grain samples A , B , D and C are always uniformly several times larger than that of the corresponding large-grain samples A, B, D
and C (ﬁgure 2b), establishing that intergrain rather than intragrain tunnelling process,
which gets strongly enhanced by the presence of large amount of grain boundaries, is
the dominant contributor to the MR in these samples. The relative effectiveness of the
two processes are further seen in ﬁgure 2c showing the low-ﬁeld MR extracted from
magnetoresistance curves [59] normalized by squared saturation magnetization as a function of the ordering peak intensity. However, an unusual magnetoresistive phenomenon
also emerges from the cold-pressed samples. In conventional TMR responses from
well-annealed polycrystalline ceramics, the peak of MR(H) curve coincides with the corresponding magnetic coercive ﬁeld (H c ) in M(H), i.e. maximum resistance is obtained for
a zero net magnetization [60]. Surprisingly, it was observed that the cold-pressed samples A , B , D and C had a coercive ﬁeld (H c ) much smaller than the peak in MR value
obtained for the same samples. Also, for each cold-pressed sample the coercive ﬁeld (H c )
obtained is greater than that of the corresponding molten annealed piece of SFMO from
which it was prepared. This suggested that an additional magnetic layer may be present
at the granular surfaces also contributing to the MR response other than intergranular and
intragranular tunnelling. The characteristic of this signal was an abrupt ‘switching on’ of
the MR after a certain critical magnetic ﬁeld having a clear resemblance with any valvecontrolled mechanism, and thus this was termed as spin-valve-type MR or SVMR. This
SVMR response was not only observed for SFMO but also for cold-pressed samples of
other half-metallic ferromagnetic double perovskites [61]. In order to ﬁnd out the true
mechanism of SVMR, we carried out detailed magnetic measurements on cold-pressed
samples of Sr2 FeMoO6 , revealing the presence of a spin-glass-like hard magnetic phase
970
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at the surface of each isolated ferromagnetic grain [62]. Considering the fact that the
bulk volume of the grains is strongly ferromagnetic, it is nontrivial to isolate a magnetic
signal from small surface volumes. Naturally, the strongest manifestation of the surface
magnetism was captured in the intergrain transport experiments where the role of the surface was most important. It was ﬁnally established that an exchange bias interaction [63]
between the core ferromagnet and the surface glass produced a pinned ferromagnetic layer
at the interface which worked as a valve and controlled the tunnelling mechanism in
SVMR. The basic tunnelling structure in SVMR is shown in the panel (a) of ﬁgure 3. The

(a)

(b)

(c)

Figure 3. In the schematic, (panel (a)) light pink: soft layer (s); purple: pinned layer
(p); white: hard layer (h); vertical/canted arrows symbolize the spins, while horizontal double-headed arrows show the coupling between the different layers:JFM (s-p) is
the ferromagnetic coupling between s and p layers. Some spins of rough interface
between the p and the h layers have ferrocoupling JFM (p-h), while others have antiferrocoupling JA FM (p-h). There is a magnetic interfacial coupling between the hard
spin glass layer h and the surface of the soft ferromagnetic grains. This coupling gives
rise to a pinned layer p at the surface of the soft FM grains, crucial for the exchange
bias effect. Panel (b) shows the temperature variation of Hc(MR) (maximum magnetoresistance ﬁeld) and Hc(M) (magnetic coercivity). The inset to panel (b) shows the
near-linear dependence of MR on M 2 at 250 K within at least the low-ﬁeld region. The
MR vs. M dependence at 5 K and 250 K are shown in (c). This ﬁgure is republished
c EPLA, 2011.
with permission from ref. [62]. Copyright 
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mechanism was conclusively proved when it was experimentally observed that the SVMR
died down at around 230 K (ﬁgures 3b and 3c) which is also the glass transition temperature of the surface layer [62]. Clearly, only below the spin-glass freezing temperature,
the exchange interaction between this and the core ferromagnetism gets switched on and
the pinned ‘valve’-like spin-layer is formed at the interface giving rise to SVMR response.
Consistent with this, it can be seen here that the difference in the maximum magnetoresistance ﬁeld (Hc(MR) ) and magnetic coercivity (Hc(M) ) decreases with increasing annealing
temperatures of the cold-pressed pellets, i.e. the SVMR effect is most severe for the just
cold-pressed samples. Therefore, it was evident that the frustrated surface layer is the most
important ingredient for the SVMR effect to observe. We have also presented consistent
evidences for this mechanism by carrying out similar experiments on SFMO nanoparticles
with larger surface volume [64]. However, as all the MR reports in literature on SFMO are
usually on well-annealed samples, it becomes an important question whether SVMR survives in well-annealed state as well or SVMR gives way to standard intergrain tunnelling
when the surface becomes insigniﬁcant because all the grains become well-connected by
annealing. In order to check this point, we have taken cold-pressed pellets of highlyordered SFMO showing strong SVMR effect and annealed them at 900◦ C (ﬁgure 4). It
has already been discussed above that the presence of uncompensated bonds at the surface
of the grains gives rise to a frustrated spin structure which plays a dominant role in the
MR behaviour of the cold-pressed pellets [62]. Now, it appears that thermal annealing
and the resulting chemical rearrangements at grain boundaries because of enhanced intergrain connectivity drives the randomly oriented anisotropic spins to become magnetically
softer [65]. As a result, SVMR exists only in polycrystalline samples with loosely connected grains having large uncompensated surfaces and its effect becomes insigniﬁcant
in samples annealed at higher temperatures (ﬁgure 4). This indicates that SVMR effect
would be meaningful only in samples having comparatively weaker grain connectivity.

Figure 4. The solid lines represent MR as a function of applied magnetic ﬁeld (H )
for cold-pressed (black) and cold-pressed annealed at 900◦ C (red) samples respectively. The broken lines show M(H) as a function of applied magnetic ﬁeld (H ) for
the corresponding samples. This ﬁgure is taken from ref. [65].
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3. Conclusion
In summary, the tunnelling magnetoresistance behaviour in double perovskites depends
largely on the physical state of the sample. The nature and the degree of TMR response
can differ substantially due to grain size, grain connectivity as well as Fe/Mo cationic
order. Clear understanding of these competing mechanisms and identiﬁcation of their
characteristic signals are necessary to understand the state of the ceramic double perovskite material which reveal the need of material engineering to obtain the best possible
effect suitable for technological applications.
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