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Abstract

Theoretical calculations have suggested that the TI,Mn,O; pyrochlore,
exhibiting colossal magnetoresistance (CMR) properties, is a half-metal.
However, no direct evidence for the half-metallicity had been described to date.
In this paper we report on the results of an in-depth study of the transport and
magnetotransport properties of this material, revealing that only the minority
band conduction electrons contribute to the charge transport.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In recent years, materials exhibiting colossal magnetoresistance (CMR) properties have
attracted a lot of attention [1], due to their potential use as magnetic sensors. The study
of the CMR oxides was initiated in the hole-doped RMnO3 (R = rare-earth) perovskites,
showing ferromagnetic and metallic behaviour below the Curie temperature (7¢). Then, CMR
properties were also reported in several non-perovskite oxides (Tl,Mn,07, CrO,, Fe;Oy).
Among them, CrO; and T1,Mn, 07 have been much less studied due to the difficulties inherent
to their high-pressure preparation.

T1,Mn,O7 pyrochlore has been studied by several groups [2-8]. Several substituted
families [3, 9-17] have also been described. Previously reported data [2—8] indicate that
TI,Mn;07 is a ferromagnetic (FM) material, with a transition temperature around 120 K. This
magnetic transition is concomitant with a metal-to-insulator (MI) transition, with the metallic
behaviour in the FM region and the insulator behaviour in the paramagnetic (PM) region.
Therefore, for this compound transport and magnetism are strongly correlated.

The mechanism responsible for the magnetism in Tl,Mn,07 and derivative compounds
can be considered to be a superposition of two processes [18]: a conventional Mn—O-Mn
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superexchange (SE) and an indirect exchange (IE) due to the hybridization of the T1-O’
conduction band with the Mn band. These two mechanisms also explain the intimate correlation
observed between magnetism and transport. CMR properties are driven, therefore, by the
suppression of the magnetic fluctuations near 7c when an external magnetic field is applied,
strongly reducing the magnetic scattering [6, 9, 19].

Band structure calculations [20] reveal that Tl,Mn,07 is a half-metallic compound. In
a half-metal (different from a semi-metal) there is a spin-differentiated density of states
(DOS) [21, 22]. That is, there is a difference between the majority (spin up) and the minority
(spin down) DOS. But the essential characteristic of a half-metal is that only one of the channels
contributes to the electronic transport. In the case of Tl,Mn, 07, the only carriers that take part
in the transport are the minority electrons, coming from the hybridization of the T1(6s)/O’(2p)
band with the Mn(ty,) bands. The majority holes, coming from the Mn(t,)/O(2p) bands, are
very heavy and do not participate in the transport process.

However, to date no experimental evidence for the half-metallicity of Tl,Mn, 07 has been
reported. In the present study we report on the analysis of transport data that reveals the
half-metallic character of this pyrochlore.

2. Experimental details

T1,Mn,0O; was prepared as a polycrystalline material by solid-state reaction under high-
pressure and high-temperature conditions, as reported elsewhere [13, 23]. The previously
described structural characterization [23] determined that Tl,Mn,O; crystallizes in a
conventional pyrochlore cubic structure, with a lattice parameter ag = 9.90 A. Neutron powder
diffraction data showed occupation factors for Tl and O’ positions slightly lower than unity,
revealing a small deficiency in the TI and oxygen contents in the present sample. Therefore,
the crystallographic formula can be written as T1j 944(6)Mn2Og 961y [23].

Transport and magnetotransport measurements have been carried out in a Physical
Properties Measurement System (PPMS) cryostat, from Quantum Design, in compact pellets
of dimensions about 5 x 3 x 2 mm?. A conventional four-point arrangement was adopted for
the resistivity measurements, while for the Hall-effect measurements a five-point configuration
was used [24]. Temperatures ranged from 2 to 380 K, and magnetic fields up to 9 T.

3. Results

The variation of the electrical resistivity with temperature is plotted on the right-hand axis
of figure 1(a). We represent the measurement without magnetic field in solid squares, and in
solid circles the measurement under a magnetic field of 9 T. Observe that the MI transition
is concomitant with the magnetic transition: the susceptibility is given on the left-hand axis.
When we apply an external magnetic field, the resistivity drops, and the MI transition shifts
to higher temperatures. This dependence of the resistivity on the magnetic field is known as
magnetoresistance (MR). In figure 1(b) we plot the temperature dependence of the MR ratio,
defined as MR(H )(%) = 100 x [p(H) — p(0)]/p(0). The maximum in the (negative) MR is
displayed slightly above T, at about 130 K.

The dependence of the resistivity on the magnetic field is illustrated in figure 2. The
resistivity for each temperature has been normalized to its value at zero field (pp). It is useful
to compare all the curves in the same graph. This gives an idea of the magnitude of the change
in the resistivity upon the application of a magnetic field. One can distinguish two different
behaviours. For temperatures below and about 7¢ (top panel), the low-field variation is mainly
linear with H; and the variation rate decreases for higher fields, even reaching saturation for
the 5 K resistivity. On the other hand, for temperatures above 7¢ (bottom panel) the variation
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Figure 1. (a) Variation of the resistivity (right axis) and the magnetic susceptibility (left axis)
with temperature. The resistivity was measured under no magnetic field (‘0 T’, squares) or under
a magnetic field of 9 Tesla (‘9 T, circles). A drop in resistivity is observed when reaching the
ferromagnetic phase. (b) Variation with temperature of the magnetoresistance ratio. For a definition
of the magnetoresistance ratio see the text.

is almost quadratic, changing the curvature for very high fields (200 K) or not changing it at
all (250 and 300 K). This indicates that the mechanism of the variation of the resistivity with
the magnetic field is different whether we are in the FM region or in the PM region.

In order to find the density of carriers in the material, we performed a series of Hall
effect measurements. We measured the Hall resistivity versus the magnetic field for different
temperatures, above, below and at the transition. In figure 3 we show the variation of the
transverse (Hall) resistivity with the applied field for the lowest temperatures. The slope is
always negative, indicating that the carriers are, in the whole temperature range, electrons.
The increase in the absolute value of the slope means that the number of carriers is decreasing
as the temperature increases.
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Figure 2. Dependence of the normalized resistivity on the magnetic field, at the indicated
temperatures. Two different curvatures are observed either at low (upper panel) or high (lower
panel) temperatures.

4. Analysis and discussion

4.1. Low-temperature resistivity

For the low-temperature resistivity, we fitted the data to the equation p = pg+AT?e~%¢/T and
we found a very good agreement for temperatures up to 80 K (figure 4). The T2 dependence
could indicate [25] either electron—electron or electron—magnon interactions. For the latter,
the exponential factor would suggest a gap in the dispersion relation for magnons. But, from
neutron scattering data [26] this gap is found to be A < 0.04 meV; that is, Tl,Mn,0O7 has a
gapless dispersion relation. Therefore, the T2 term is not due to electron—magnon interactions,
but to electron—electron ones. In that case, the square dependence on temperature is related to
spin-flip processes. Consequently, the exponential factor is associated with the inaccessibility
of majority spin states for spin-flip scattering processes. This analysis evidences the half-
metallicity of Tl,Mn,0O7. The value found for the gap, A, = 4.3(4) K = 0.37(3) meV, is
smaller than the Fermi energy at low temperatures (er (5 K) = 3.60 meV, see below). This
means that the Fermi level is close to the bottom of the majority conduction band.
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Figure 3. Thermal variation of the transverse resistivity (Hall effect), for temperatures below ¢
(squares, 5 K; circles, 50 K; triangles, 100 K). The lines are fittings considering the anomalous
Hall contribution (equation (3)). Insets: variation with temperature of (a) the density of electrons
per formula unit, and (b) the mobility of those electrons. The curves are guides for the eye.
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Figure 4. Log-log plot of the low-temperature resistivity of the Tl,Mny;O7 pyrochlore.

Experimental data are represented by open squares. The curve corresponds to the fit to the function
p = po+ AT?e=2¢/T Inset: conductivity of the TI,Mn,O7 pyrochlore versus the inverse of
the temperature, for temperatures higher than 215 K. The curves represent the fit to an activated

behaviour, according to equation (2).

4.2. High-temperature resistivity

The electronic transport in the paramagnetic region is expected to have an important
contribution from the polarons present in the material. The contribution to the conductivity

via polaron hopping [16] is given by the equation [27]

5= en()
Opol = —— = Op EXp| —
P Ppol kBT

ey
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Table 1.  Hall coefficients and number of carriers for the Tl,Mn,O7 pyrochlore, at different
temperatures.

T (K) Ry (cm® C1) Rs (cm®> C™1)  n (107%™ /fu)

5 —6.36(7) —2.7(7) 1.193(14)
50 —6.42(6) —3.2(7) 1.181(12)
100 —7.16(7) —4.4(9) 1.060(10)
150 -22(3) - 0.35(5)
250 —723(15) — 0.0105(2)

where oy = gqe?vo8/aksT. The factor g4 is determined by hopping geometry; vy and a are
the attempt frequency and hopping distance, respectively, and § is the carrier concentration per
Mn site. A second contribution to the conductivity (o) arises from the metallic conductivity
of the electrons, interacting with the lattice. Consequently, its form will be oy = Amet/Ts
with Ay, not depending on 7'. The total conductivity can be written as

1 Amet Apol E;
Gz;:Umet+OP01: T + T eXp _kB . (2)

The resistivity data are well described by this equation, as shown in the inset of figure 4.
The goodness of the fit indicates the presence and main role of the polarons in this system.
The parameters of the fit are 4.31(12) and 197(8) K ! cm™! for A, and Apol, respectively;
and E, is 85.0(16) meV. Since Ap = gae’vy8/akg, from the fit parameters we can estimate
the value of the density of carriers, §. For that estimation we took the hopping distance, a, as
1 A = 107" m; the geometric factor, g4, of the order of unity, and for the attempt frequency
a typical value of 10'® s~!. Using those values, the density of carriers is of the order of 10~*
carriers per Mn site. This value is really close to that experimentally found by Hall effect
measurements as described below.

4.3. Hall effect

In an FM metal there are two contributions to the Hall effect: a ‘normal’ one, coming from
the interactions of the conduction electrons with the magnetic field, and an ‘anomalous’ one,
coming from the interaction with the magnetization [28]. Therefore, the transverse (Hall)
resistivity is usually written in the form

Pxy = RoB + oRsM (3)

where Ry and Rg are the ‘normal’ and ‘anomalous’ Hall coefficients, respectively; B is the
magnetic induction and M the (macroscopic) magnetization. Consequently, we fitted the
Hall-effect curves to that equation (figure 3), finding the Hall coefficients given in table 1.
For high temperatures, as both B and M are linear with the field, it is not feasible to separate
both contributions. Besides, as the (longitudinal) resistivity has increased (with respect to the
low-temperature metallic region), it is more difficult to measure the transverse resistivity. For
all these reasons, we take, above Tc, px, = RoB. As for those temperatures uoM < B, the
approximation is widely accepted (see, for instance, [29]).

From the ‘normal’ Hall coefficient, the density of carriers (n) can be calculated, as
Ry = 1/ne, with e the electron charge. The values obtained for n are also givenin table 1. Note
that the number of carriers decreases with increasing temperature. For T < T¢ the decrease is
very small, but for temperatures above 7¢ there is a two-order-of-magnitude decrease (figure 3,
inset (a)), explaining the resistivity peak. This reproduces the variation of the number of carriers
with temperature from [29].
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Figure 5. Magnetoresistance versus the square of the normalized magnetization for three
different temperatures above the transition. See the linear scaling (solid line), and its temperature
independence, in agreement with the Majumdar—Littlewood model.

4.4. Majumdar-Littlewood model

Following the Majumdar—Littlewood model [6, 19], in a FM material with a low density of
carriers the transport in the region above T¢ will be limited by the scattering from magnetic
fluctuations. Then, the magnetoresistance for those temperatures scales with the square of
the magnetization, according to the equation Ap/py = C(m/ms)*. In figure 5 we have
plotted the magnetoresistance as a function of the square of the normalized magnetization. As
predicted by the model, the dependence is linear and the scaling constant (C = 48.62(19)) is
temperature independent.

In the Majumdar-Littlewood model the authors distinguish between two different
situations, depending on the value of the product kg€, where kp is the electron Fermi wavevector
and £ is the magnetic correlation length. From neutron scattering data, Lynn ef al found
& ~ 10 A above T¢ [26]. Besides, we found, for 250 K, kg = 6.35 x 107 m~!. That makes
kpE ~ 6x 1072 « 1. Therefore, as they propose, we are in the region in which the conduction
electrons will be self-trapped in small magnetic polarons. As the Bohr approximation is not
valid in this region, the C ~ n~%/3 relation proposed by Majumdar and Littlewood would not
be valid in T1,Mn,O5.

5. Conclusions

The T1,Mn, 07 pyrochlore has been found to be a ferromagnetic half-metal: in the density
of states a gap between the majority and minority bands has been found by resistivity
measurements, and the comparison of the density of states at the Fermi level obtained from
Hall effect and specific heat reveals a large number of carriers in one of the bands (majority)
not contributing to the transport.

T1,Mn, O presents a very low density of states at the Fermi level, as theoretically predicted.
There is a clear correlation between transport and magnetism: parallel alignment of the
magnetic moments favours the carriers’ mobility. We have found the existence of magnetic
polarons for temperatures above ~1.2 T¢. Activated polaron-hopping plays an important role
in the high temperature transport. Both the reduction in the number of carriers and a decrease
in their mobility are responsible for the metal-insulator transition found around 7¢.
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