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In the family of double perovskites, colossal magnetoresistance (CMR) has been so far observed only in
half-metallic ferrimagnets such as the known case Sr2FeMoO6 where it has been assigned to the tunneling
MR at grain boundaries due to the half-metallic nature. Here we report a new material�Tl2NiMnO6, a
relatively ordered double perovskite stablized by the high pressure and high temperature synthesis�-
showing CMR in the vicinity of its Curie temperature. We explain the origin of such effect with neutron
diffraction experiment and electronic structure calculations that reveal the material is a ferromagnetic
insulator. Hence the ordered Tl2NiMnO6 (~70% of Ni2þ/Mn4þ cation ordering) represents the first reali-
zation of a ferromagnetic insulating double perovskite, showing CMR. The study of the relationship be-
tween structure and magnetic properties allows us to clarify the nature of spin glass behaviour in the
disordered Tl2NiMnO6 (~31% of cation ordering), which is likely related to the clustering of antisite
defects and associated with the short-range spin correlations. Our results highlight the key role of the
cation ordering in establishing the long range magnetic ground state and lay out new avenues to exploit
advanced magnetic materials in double perovskites.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Perovskites, a fertile playground for the study of strong interplay
between spin, orbital and charge degrees of freedom, can accom-
modate a large variety of cation species due to their flexible crystal
structure, giving rise to diverse and fascinating electronic and
magnetic properties [1e7]. In ordered double perovskites, with
chemical formula A2BB'O6 (A¼ rare earth or alkaline, B/B'¼ tran-
sition metal), B and B0 cations generally form either rock-salt or
layered type superstructure. The former, which leads to alternate
stacking of BO6/B'O6 octahedra, is the most common type to
minimize the electrostatic energy arising from the different charges
of the two cations, and/or the elastic energy due to their different
ing), alexei.belik@nims.go.jp
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ionic sizes [8e16].When the radius or the charge of B and B0 cations
is similar, the probability of antisite (AS) defects (partial occupation
of B cations in B0 sites and vice versa) increases up to a fully
disordered state, effectively tuning the macroscopic properties of
the material [11].

One of the most intriguing properties of double perovskites is
the colossal magnetoresistance (CMR), typically arising from the
half-metallic nature of their electronic structures [17e19]. For
example, half-metallic Sr2FeMoO6 shows a CMR in low magnetic
field associated with a ferrimagnetic order above room tempera-
ture, providing a promising system for technological applications
[17]. A rather small MR with a value of 3% associated with a
ferromagnetic (FM) order at 200 K was also identified in semi-
conducting La2NiMnO6 [20,21]. However, no CMR has been found
hitherto, to the best of our knowledge, in insulating FM double
perovskites. In addition, AS disorder has been shown to have a
dramatic influence on the magnetic and magneto-transport prop-
erties, as for example in Sr2FeMoO6 where it affects the half-
metallic character and lowers the tunneling MR effect [22e24].
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Its influence is also pronounced in La2NiMnO6 where the MR effect
is practically destroyed by the presence of just 20% of AS defects
[25]. Therefore, it is critical to understand how synthetic conditions
or post-synthesis treatments can influence the cationic ordering,
and how this, in turn, controls themacroscopic properties of double
perovskite systems. Herein, we present a new double perovskite
Tl2NiMnO6 that contains small A-site cation with different degrees
of Ni2þ/Mn4þ AS disorder, depending on the synthesis procedure.
This provides a case study of the effect of cation ordering on the
magnetic properties of insulating double perovskites. We found
that the nominally ordered sample exhibits a low-field CMR
coupled to a long-range FM ordering, while only short-range spin
correlations are present in the disordered compound.
2. Experimental and theoretical calculations

2.1. Materials synthesis

Two polycrystalline samples of Tl2NiMnO6 with different de-
grees of the B-site cation ordering were prepared under high
pressure and high temperature (HPHT) conditions in a belt-type
apparatus. The stoichiometric mixture of reagent-grade Tl2O3,
NiO andMnO2 was placed in a Au capsule and then treated at 6 GPa
and about 1570 K (ordered sample) or about 1470 K (disordered
sample) for 2 h (the duration of heating to the synthesis tempera-
tures was 10min). After the heat treatment, the samples were
quenched to room temperature, and the pressure was slowly
released. Caution: Due to high toxicity of the Tl-containing com-
pounds a special precaution should be added at preparation and
handling of this double perovskite.
2.2. Magnetic, heat capacity and magneto-transport measurements

Magnetic susceptibilities were measured using SQUID magne-
tometers [Quantum Design, MPMS-7T(XL) and MPMS-1T] between
2 and 350 K under magnetic fields of 3 Oe, 100 Oe and 1 T with both
zero-field-cooled (ZFC) and field-cooled (FC) conditions. Magnetic
hysteresis loops were measured at 2, 10, 20, 50, 60 and 100 K using
MPMS-7T from �7 T to 7 T. Ac susceptibility measurements were
performed using a QuantumDesignMPMS-1T instrument from 2 to
110 K at frequencies of 2, 110, 300 and 500Hz and in an applied
oscillating magnetic field of 5 Oe.

Resistivity and magnetoresistance measurements were per-
formed on the ordered sample using both ac impedance spectros-
copy (in the frequency range of 0.1 Hze2 MHz) and standard four-
probe method. For these measurements, pellets (5.5mm in diam-
eter and 2mm thickness) were cut into squares with the size of
about 4mm� 4mm and polished to the thickness of about 1mm.
Contacts were made as lines on the pellet surface with the 4mm
length. A commercial Physical Property Measurement System
(PPMS) was used for the resistivity measurements. The maximum
current was limited by 1 microA, and the current was automatically
adjusted by the PPMS to make measurements at low temperatures
(at 140 K, themeasurement current was about 0.03microA). For the
disordered sample, in order to produce a dense ceramic suitable for
the heat capacity and magnetic-transport measurements, the as-
prepared disordered sample was pelletized under a high pressure
of 6 GPa at room temperature. The heat capacity measurements
were carried out using a relaxation technique with a Quantum
Design PPMS in the temperature range of 2e200 K on cooling. The
pelletized samples were mounted on a sample platform with
Apiezon N-grease for better thermal contact.
2.3. Neutron powder diffraction and data analysis

Neutron powder diffraction (NPD) experiments were carried out
at the ISIS pulsed neutron and muon facility of the Rutherford
Appleton Laboratory (UK), on the WISH diffractometer [26] located
at the second target station. Powder samples (0.9 g for the ordered
sample and 0.4 g for the disordered sample) were loaded into cy-
lindrical vanadium cans with 3mm in diameter and measured in
the temperature range of 1.5e120 K using an Oxford Instrument
Cryostat. The neutron diffraction data were collected at 1.5 and
120 K each for 30min, and short expositions with 10min at 40, 60,
80 and 100 Kwere recorded. Rietveld refinements of the crystal and
magnetic structures were performed using the Fullprof program
[27] against the data measured in detector banks at average 2q
values of 58�, 90�, 122� and 154�, each covering 32� of the scat-
tering plane. Group theoretical calculations were done using ISO-
DISTORT [28] and Bilbao Crystallographic Server (Magnetic
Symmetry and Applications) software [29].

2.4. Computational method

Spin-polarised s-DFT þ U calculations [30,31], pertaining to
understanding the electronic structure of Tl2NiMnO6 were per-
formed using CASTEP (v17.2) [32] software, which exploits a plane-
wave basis set with ultrasoft-pseudopotentials [33,34] and solves
the Kohn-Sham equations [35,36]. The electronic exchange and
correlation was described using spin-polarised generalised
gradient approximation (s-GGA) expressed by Perdew, Burke and
Ernzerhof [37]. The plane-wave cut-off energy was determined at
800eV within the convergence criterion of 0.01 GPa and CASTEP's
inbuilt on-the-fly generator (C17) constructed the ultrasoft-
pseudopotentials. The Monkhorst-Pack K-point grid for sampling
the Brillouin zone [38] was converged at 11-11-9 with the same
criterion as the cut-off energy. Use of s-DFT þ U, as described by
Cococcioni et al. [30] and implemented in CASTEP was applied to
the 3d orbitals of the Mn and Ni ions. The U values were tested in
the range of 0e5 eV, with steps of 0.25 eV. This was graphically
compared to the stress on the unit cell (GPa). On the U vs stress
graph, a plateau formed (1.25e1.50eV for Mn and 1.00e1.25eV for
Ni) which offered the values that the U parameter takes. Values
from the plateau were tested to see the impact that they had on the
band structure. Through this test, the effective values of U for Mn
and Ni were suggested to be 1.50 eV and 1.25 eV, respectively.

3. Results and discussion

3.1. Crystal structure and cation disorder

The crystal structures of the synthetic samples were determined
by neutron diffraction collected at 120 K. Several structural models
were tested in the refinement procedure, and the best resolution
shows that both Tl2NiMnO6 samples crystallize with monoclinic
P21/n10 space group (No.14, cell choice 2), isostructural to
In2NiMnO6 [39,40]. Rietveld plots of the neutron diffraction pat-
terns for both samples are shown in Fig. 1a and b, and the refined
structural parameters are summarized in Table S1 in the supporting
information. The quantitative refinement yields the occupancy for
Ni/Mn sites to be 0.85(1)/0.15(1) and 0.658(2)/0.342(2), resulting in
70% and 31.6% of cation ordering, in the nominally ordered and
disordered samples, respectively. We quantify the ordering degree
as jPNi-PMnj/(PNi þ PMn)*100%, where PNi and PMn denote the
probabilities of occupying B(B0)-site by Ni and Mn. The concentra-
tion of AS defects in this system appears to be controlled mostly by
the synthesis temperature. Indeed, an increase of the latter by
100 K, leaving all the other synthesis conditions unchanged, gives



Fig. 1. a)-b) Rietveld refinements of the neutron powder diffraction patterns of the
ordered and disordered samples collected at 120 K. The nuclear reflections of
Tl2NiMnO6 are denoted by upper tick marks. The reflections marked in the second,
third and fourth lines correspond to impurity phases NiO (1.81(3) wt% and 1.21(3) wt
%), Tl2O3 (1.8(1) wt % and 3.3(2) wt %) and Tl2CO3 (0.32(7) wt % and 0.4(1) wt %),
respectively. c)-d) The crystal structure of the ordered Tl2NiMnO6 perovskite where the
relevant bond angles Ni-O-Mn and exchange interaction paths are marked.

Fig. 2. Temperature dependence of the dc magnetic susceptibility for the ordered a)
and disordered b) Tl2NiMnO6 samples. Insets show the Curie-Weiss fittings. The
imaginary parts of the ac magnetic susceptibility at various frequencies for the ordered
c) and disordered d) samples under an oscillating magnetic field of 5 Oe. Insets
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sufficient diffusion energy to the B/B’ species to order themselves in
the double perovskite structure (see the experimental section for
detailed description of the sample preparation). The crystal struc-
ture of ordered Tl2NiMnO6 is presented in Fig. 1c. It consists of
corner-sharing MnO6 and NiO6 octahedra arranged in the typical
double perovskite rock-salt structure. The B-O bond distances of the
two octahedral sites as well as bond valence sum calculations are
presented in Table S3. They confirm the Mn4þ and Ni2þ charge
distribution. Due to the small size of the Tl3þ cation, significant in-
phase and out-of-phase octahedral tilting with the a�a�c þ pattern
in the Glazer notation [41] occurs (Fig. 1d). The average Ni-O-Mn
bond angle in the ordered Tl2NiMnO6 is 144.2�, which is larger
than that in In2NiMnO6 (140.4�), where a spiral antiferromagnetic
(AFM) structure has been found [40]. Another double perovskite
Lu2NiMnO6, with the same monoclinic symmetry and an average
bond angle of 143.5�, exhibits a FM transition at 40 K [42]. These
observations highlight a crossover between FM and AFM ground
states around a bond angle of 140�. Generally, based on the
Goodenough-Kanamori rules [43,44], the 180� super-exchange
interaction between half-filled eg orbital of Ni2þ (3d8, t2g6 eg2) and
empty eg orbital of Mn4þ (3d3, t2g3 eg0) is expected to be FM, as
revealed in most A2NiMnO6 systems [11]. The decrease of the bond
angle, however, reduces the strength of this super-exchange and
facilitates the role of AFM 90� and next-nearest-neighbor in-
teractions as indicated by the monotonic suppression of the FM
transition temperature till the crossover to AFM phases takes place
around 140�.

The bond lengths and angles of the disordered sample (Table S3)
are very similar to those of the ordered one. Nevertheless, it is
interesting to point out the presence of nuclear diffuse scattering
around the ½½½-type reflections, referring to the pseudo-cubic
perovskite subcell (d-spacing~4.4 Å) (see Fig. S1 in the supporting
information). These reflections are characteristic of the rock-salt
type of cation ordering in the B-site of perovskite lattice. The
observation of Bragg reflections and diffuse scattering around this
position, therefore, indicates a coexistence of long- and short-range
cation orderings. This, in turn, points to a tendency of the AS defects
to form clusters (regions with high concentration of AS defects).
Such a tendency is also observed in A2FeMoO6 (A¼ Sr2þ, Pb2þ)
compounds in which the clustering of AS defects was proved using
local probes [15,45]. As it will be shown below this in fact has a
significant influence on the magnetic properties of the system.
3.2. Magnetic properties

The temperature-dependent dc magnetic susceptibilities of or-
dered and disordered Tl2NiMnO6 are shown in Fig. 2a and b. A rapid
deviation of the curves from Curie-Weiss behaviour occurs around
TC¼ 80 K for the ordered and 70 K for the disordered sample. The
zero-field cooling (ZFC) and field cooling (FC) curves of the ordered
sample apparently bifurcate at TC followed by a broad maximum
centred at around 60 K in ZFC. This behaviour is absent in the
magnetic susceptibilities measured under a magnetic field of 1T, as
shown in Fig. S2. In order to further characterize the magnetic
phase transition, we measured the specific heat of ordered
Tl2NiMnO6, shown in Fig. S4. A small cusp at 80 K is indicative of the
ferromagnetic transition, in good agreement with our magnetic
susceptibility data.

Similar irreversibility is also present in the disordered sample
under a small magnetic field of 100 Oe; however, a small kink is
observed around 15 K, probably related to the high concentration of
AS defects as recently suggested for partially disordered La2NiMnO6
[25,46]. As shown in Fig. S4, the temperature-dependent specific
heat of disordered Tl2NiMnO6 shows no anomaly in the whole
measured temperature range, indicating the absence of magnetic
phase transition. This also confirms that the small kink shown in
the dc magnetic susceptibility curve does not stem from any phase
transition but the concentration of AS defects. The Curie-Weiss law
has been employed to fit the magnetic susceptibility in the high
temperature range. The fit yields Weiss temperatures q¼ 98 K and
77K, and effective magnetic moments meff.¼ 5.04 mB/f.u. and 5.11
mB/f.u. for the ordered and disordered sample, respectively. The
positive qs are close toTC and indicate an average FM exchangewith
negligible frustration.

To gain a further insight into the nature of the magnetism in
Tl2NiMnO6, frequency-dependent ac magnetic susceptibility was
measured under an oscillating magnetic field of 5 Oe. As shown in
Figs. 2c and S3, in the ordered sample, the real c0 and imaginary c''
parts of the ac susceptibility consistently show a sharp and slightly
frequency-dependent peak at TC. However, around 60 K (glassy
temperature Tg), a broad maximum with substantial frequency
dependence is observed, suggesting the presence of spin-glass like
component. This behaviour is also seen in the disordered sample,
where only a broad, strongly frequency-dependent maximum is
demonstrate the glassy temperature Tg as a function of frequency.
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seen around the same temperature (Fig. 2d and the inset). This
broad feature is thus likely related to the glassy phase, whose
fraction clearly correlates with the concentration of the AS defects
present in both compounds. As shown by the neutron diffraction
data, the AS defects in the nominally disordered sample tend to
aggregate, creating small regions with only short range Ni2þ/Mn4þ

cation ordering. These regions are probably responsible for the
spin-glass like behaviour. For spin glass systems, a quantitative
measure of the frequency shift is given by n¼DTg/(TgDlog(f)) [47],
where Tg denotes the maximum in the ac susceptibility. We ob-
tained n¼ 0.0117 and 0.0066 for the ordered and disordered sam-
ple, respectively. Both values are within the range of 0.0045e0.08
typical for canonical spin glasses [47]. It is interesting to note that
the same frequency-dependent behaviour has also been demon-
strated in partially ordered La2NiMnO6 [25] where it was assigned
to a re-entrant spin glass phase in a homogenous magnetic state.
Instead, our neutron diffraction data and the comparison between
the ordered and disordered samples allow us to conclude that the
spin glass behaviour is likely to be related to the clustering of AS
defects and the associated short range magnetic ordering.

Fig. 3 shows the magnetic hysteresis loops of the ordered and
disordered Tl2NiMnO6 samples at various temperatures. The
former is practically linear above 1 Tat 2 K, yielding the sponta-
neous magnetic moment ~3.0 mB/f.u. and the coercive field about
190 Oe (a soft magnet behaviour, see in Fig. S3c). The moment is
substantially smaller than 5 mB/f.u. expected for a perfectly ordered
sample. The reduction inmagnetic moment can be attributed to the
presence of AS disorder. Indeed, the Ni-O-Ni and Mn-O-Mn mag-
netic paths, generated by the AS defects, are expected to be AFM,
thus acting against the Ni-O-Mn ferromagnetic exchange, thereby
reducing the saturated moment. In fact, a reduced ordered mag-
netic moment has also been found in slightly disordered double
perovskite Lu2NiMnO6 [42] and heavily disordered Sr2FeMoO6 with
only 18% of the cation ordering [24]. The magnetization of the
Fig. 3. Magnetic hysteresis loops of ordered and disordered Tl2NiMnO6 at various
temperatures. The inset in a) shows M-H curve at 50 K in the field range of 0e500 Oe
and MR vs H at 70 K.
nominally disordered Tl2NiMnO6 sample is substantially smaller
than that of the ordered one and does not vary linearly even in high
magnetic fields, which is typical for spin glasses.
3.3. Neutron magnetic diffraction analysis

The neutron powder diffraction (NPD) data collected from 1.5 K
to 120 K on the ordered sample reveal a clear intensity increase of
the 110 and 002 nuclear reflections below TC (Fig. 4a), indicating the
onset of the long range FM ordering. However, NPD data show no
further magnetic phase transition around 60 K, probably implying a
local character for the anomalies observed in the ac susceptibility
data. All the magnetic reflections can be indexed by k¼ 0 propa-
gation vector. It is reasonable to impose that the two sublattices
made up of Ni cations and Mn cations, respectively, order coinci-
dently because of the strong Ni-O-Mn superexchange interactions.
Representation analysis applied to the parent space group P21/n10

and the propagation vector corresponding to the Gamma point of
the Brillouin zone indicates two active irreducible representations
(mGM1þ and mGM2þ) for 2d and 2c magnetic atom positions. The
irreducible representation mGM1þ, allowing ferromagnetic order
along the b-axis, corresponds to P21/n subgroup while themGM2þ,
transforming the two atoms ferromagnetically along the a- and c-
axes, is associated with P21’/n’ subgroup. We have tested these two
magnetic models against neutron diffraction data. Quantitative
Rietveld refinements revealed that the ordered FM moments are
aligned along the b-axis, represented by P21/n magnetic symmetry.
It is worth pointing out that the spin structure transformed by
mGM1þ allows antiferromagnetic components along the a- and c-
axes, but these AFMmodes are secondary order parameters and are
beyond the resolution limit of the present neutron diffraction
experiment. The final refinement of the neutron diffraction pattern
collected at 1.5 K and a schematic representation of the magnetic
structure are shown in Fig. 4b and c, respectively. The refined
magnetic moments at 1.5 K are 1.51(4) mB/Mn4þ and 0.99(5) mB/
Ni2þ, yielding the total ferromagnetic moment of 2.50(5) mB/f.u.

In contrast to the ordered sample, no magnetic Bragg contri-
bution to the scattering can be found for the disordered sample
Fig. 4. a) The 110 and 002 reflections, where the strongest magnetic contribution is
observed, measured at different temperatures. b) Schematic representation of the
magnetic structure for the ordered sample. c) Rietveld refinement of the neutron
powder diffraction pattern of the ordered sample collected at 1.5 K. The nuclear re-
flections of Tl2NiMnO6 are denoted by upper tick marks. The lowest tick marks
represent the magnetic reflections.
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down to the lowest measured temperature 1.5 K, indicating the
absence of a long-range ordered component. This also rules out any
phase transition around 15 K (the anomaly observed in the mag-
netic susceptibility under 100 Oe). A careful analysis of the
diffraction pattern measured at the forward scattering detector
bank disclosed an increase of the low momentum scattering Q/0
below 60 K, as shown in Fig. 5a, suggesting a formation of short
range FM spin correlations. The lack of long range magnetic
ordering in this sample clearly correlates with the high concen-
tration of the AS defects. Moreover, a weak diffuse scattering ap-
pears around the 110 and 002 reflections at low temperatures
(Fig. 5b). This scattering can be attributed to the Mn-O-Mn and Ni-
O-Ni AFM interactions in the AS-rich regions of the sample, where
these interactions dominate.
Fig. 6. Isothermal magnetoresistance curves of ordered Tl2NiMnO6.
3.4. Magnetoresistance

The MR properties of the ordered Tl2NiMnO6 sample were
investigated by measuring its resistivity under various magnetic
fields through both ac impedance spectroscopy and the standard
four-probe method. The latter, however, failed below 140 K due to
the high resistivity of the sample. The former method allowed us to
evaluate the MR properties of the sample down to 70 K as illus-
trated in Fig. 6. It should be pointed out that both methods deliv-
ered quantitatively consistent results in the temperature range
above 140 K (see Figs. S5 and S6 in the supporting information). As
shown in Fig. 4a, ordered Tl2NiMnO6 was found to be insulating
featured by a high resistivity 5� 106U cm at 140 K.

The isothermal MR curves for the ordered Tl2NiMnO6 measured
in the temperature range of 80e100 K reveal a considerable MR
effect. More interestingly, below TC, the field dependence of re-
sistivity exhibits a sharp drop in the low-field regime, being nearly
inversely proportional to temperature. MR reaches its maximum
value of 80% at 70 K. Below this temperature, it was not possible to
measure the resistivity in zero field even with the impedance
method, due to the considerable insulating character of the mate-
rial. In spite of the fact that we do not have MR data below 70K, a
comparison between the variation of MR at 70 K and the field-
dependent magnetization at 50 K (the inset of Fig. 3a) enables us
to gainmore insight into the origin of this interesting phenomenon.
As mentioned above, the FM component practically saturates
around 1 T (Fig. 3a) and the value of MR reaches 45% in this field
(Fig. 6). Thus, the steep drop in resistivity clearly correlates with the
sharp increase in magnetization. This signals that the origin of the
negative CMR might be related to a suppression of spin-dependent
Fig. 5. a) Neutron diffraction data for disordered Tl2NiMnO6 collected at the forward
scattering detector bank at 1.5 and 120 K. b) Reflections 110 and 002 at 1.5 and 120 K,
highlighting the presence of weak diffuse scatting, centred at 3.82(1) Å from a profile
fitting of the diffuse scattering data (inset).
scattering. Such conclusion has a further support from s-DFT þ U
calculations of the electronic structure of Tl2NiMnO6. In contrast to
the ordered sample, disordered Tl2NiMnO6 shows a tiny MR effect
which enhances slightly with increasing magnetic field, as shown
in Fig. S7. At 50 K, the MR reaches its maximum value of 7% under a
magnetic field of 8 T, significantly smaller than that of the ordered
sample. These observations imply that it is the long-range FM
ordering that triggers the CMR effect in the ordered Tl2NiMnO6.
3.5. DFT calculations

The calculations have been done for a hypothetical case of fully
ordered Mn and Ni cations, using generalised gradient approxi-
mation (GGAþU) to account for electronic correlations. A set of test
runs with the coulomb correction U varying in the range of 0e5 eV
have been performed with the final choice of this parameter to be
1.50 and 1.25 eV for Mn and Ni respectively (see supporting infor-
mation for details). The calculations confirm that the magnetic
ground state of Tl2NiMnO6 is FM with the spins polarized along the
b-axis, in agreement with the experimentally foundmagnetic space
group P21/n. The Ni2þ andMn4þ cations possess magnetic moments
of 1.45 mB and 3.24 mB respectively. The corresponding spin-
polarised density of states (s-DOS), projected density of states
(PDOS) [48] and the electronic band structure are shown in Fig. 7
(see also Fig. S8 in the supporting information). The PDOS in-
dicates that there is a complete domination of Ni and Mn a- (spin
up) and b- (spin down) electrons below the Fermi Energy, in favour
of the a-electrons, thus accounting for the FM state. The calcula-
tions also reveal the presence of clear band gaps of magnitude
~0.2 eV and ~0.7 eV for the a- and b-electrons, respectively.
Although, these values cannot be taken as quantitative character-
istics of the material, due to the semi-empirical choice of the U
parameter, qualitatively, the difference in the band gaps for elec-
trons with different spin polarization was reproduced in the cal-
culations using other values of U.

Large MR in low-field has previously been found in several
double perovskites such as Sr2FeMoO6 and Mn2FeReO6 where the
origin of this effect was interpreted in terms of tunneling MR at
grain boundaries due to their half-metallic nature [17e19]. The
electronic structure of Tl2NiMnO6 has a pronounced insulating
character; however, the difference in band-gaps for the spin up and
down channels, implies that at finite temperature there is unbal-
ance between the a- and b-electrons in the conduction band. This
results in the presence of effectively polarized charge carriers and
dependence of the transport properties on applied magnetic field.
The magnetization data presented above reveal that Tl2NiMnO6



Fig. 7. s-DOS and PDOS of Tl2NiMnO6, where the Fermi Energy is the red dashed line
and shifted to zero. Spin-polarisation is represented by a-electrons occupying the
positive region of the PDOS-axis and b-electrons occupying the negative region. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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shows the characteristics of a soft FM. This implies that in the
presence of a low magnetic field, the magnetic domains can be
readily aligned along the field direction, thus effectively decreasing
the spin-dependent scattering between the domains. We therefore
suggest that the CMR in Tl2NiMnO6 is attributed to a suppression of
spin-dependent scattering of the polarized carriers. Formany years,
large MR was considered to be a direct consequence of half-
metallicity in ferrimagnetic double perovskites [11]. The finding of
low-field CMR in a ferromagnetic insulator thus provides new in-
sights into the development and design of novel magnetic func-
tional materials in double perovskites.

4. Conclusions

In conclusion, a new metastable double perovskite Tl2NiMnO6
was preparedwith different degrees of the B-site cation ordering by
varying the high-pressure, high-temperature synthesis conditions.
The cation ordering is the key factor controlling the magnetic
ground state of this material. By changing the cation ordering de-
gree from 70% to 31%, one can suppress the long-range FM order,
resulting in short range spin correlations and glass-like behaviour.
The ordered ferromagnetic Tl2NiMnO6 exhibits a low-field CMR
effect reaching 80% at 70 K, which is ascribed to a suppression of
spin-dependent scattering between ferromagnetic domains. In
contrast to ferrimagnetic half-metallic double perovskites, where
CMR is typically found, ordered Tl2NiMnO6 represents the first
realization of a ferromagnetic insulating double perovskite, showing
CMR. Our results open new avenues for material design for func-
tional magnets in the family of double perovskites.
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