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Abstract

Magnetic M(T, H, P) and electrical transport p(T, H, P) measurements in a strong
spin—lattice—charge coupled Laj;Cap3MnO3 system have been conducted. The application of
H and P leads to the formation of different magnetic domain structures in the vicinity and
below the polaronic-to-ferromagnetic transition temperature. The charge mobility is more
sensitive to the variation of the spatial wave function overlap between Mn** ey and 0> 2p
orbitals due to the applied compacting pressure rather than the relative spin orientation
between neighbouring Mn ions when the magnetic field is applied. In spite of the presence of
different magnetic domain structures due to the sample history, the effect of magnetic field and
pressure is less pronounced at lower temperatures on electrical transport properties.

Doped manganese oxides exhibit a strong interplay between
lattice, charge and spin degrees of freedom. As a result
of coupling between them, interesting physical effects take
place when thermodynamic parameters such as pressure (P),
magnetic field (H) and temperature (7') are varied [1]. Indeed,
magnetocaloric (MC), magnetostriction (MS), colossal
magnetoresistivity (MR) and pressure-resistivity (PR) effects
observed in these compounds have been a subject of great
interest in condensed matter physics [2]. These effects
are much more pronounced in the vicinity of the magnetic,
structural and electronic phase transitions where phase
coexistence and the correlation length can be easily altered
depending on their nature. The compound Lag7Cap3MnOj3
exhibits a continuous polaronic-to-ferromagnetic (FM) phase
transition [3] with an unusually large critical exponent
revealing close proximity to the phase boundary where
second order transitions become first order (or nearly first
order). At high temperatures, these polarons behave like
paramagnetic entities with an uncorrelated and complex order
parameter and exhibit a semiconducting like charge mobility.
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A change in the electronic conductivity from polaron gas
(adiabatic) to polaron liquid (nonadiabatic) was found in this
Lagy7Cag3MnO3 compound at a high temperature [4]. Such a
correlated polaronic structure is believed to be a precursor of
the low temperature FM and metallic state where MR and PR
are robust.

The metallic-like electronic conduction in the FM state
at low temperatures is described by the double exchange (DE)
interaction [5]. Accordingly, the strength of the DE interaction
depends on the charge carrier transfer integral ¢ = 9 cos(6/2),
which depends on both the spatial wave function overlap
to and the relative angle between two neighbouring Mn ion
spins 8. The quantity #, is proportional to the bandwidth
(W), which in turn depends on structural parameters W =
cos()/(dwin-0)>°, where ® = (7 — (Mn-O-Mn)) is the
tilt angle in the plane of the bond and dy,_o is the Mn—O
bond length [6]. Both magnetic field and applied pressure
induce qualitatively similar effects stabilizing the FM metallic
phase [7]. The mechanisms through which both P and H
improve charge mobility are different. The magnetic field
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favours the spin alignment, changes the angle between spins,
which increases the electron hopping rate bringing about the
MR effect. On the other hand, the effect of pressure is
to alter the structural parameters by compressing the Mn—-O
distance and increasing the Mn—O-Mn bond angle, leading to
a variation in the spatial function overlap—Mn’* ¢, and O*~
2p orbitals—the bandwidth.

In this work we focus our attention on the electrical
resistivity p(T, H, P) and magnetization M(T, H, P) as a
function of temperature when a magnetic field and hydrostatic
pressure are applied in the vicinity of the polaronic-to-FM
transition in Lagy 7Cap 3MnQO3. We systematically compare and
discuss the MR and PR effects across the phase transition. The
charge mobility below the percolation threshold (in the metallic
state) where DE is operative is much more sensitive to the
variation of the spatial wave function overlap between Mn—-O—
Mn orbitals than the relative spin angle between neighbouring
Mn ions.

Four-probe electrical resistivity po(7, H, P) was mea-
sured in magnetic fields and under hydrostatic pressures. For
pressure measurements, we used a beryllium—copper self-
clamping device with Fluorinert as a pressure transmitting
medium. Magnetization M (T, H, P) measurements [9] were
performed in a commercial superconducting quantum interfer-
ence device (SQUID) magnetometer. A dense polycrystalline
sample of Lag;Cap3MnO;3; was prepared through a sol-gel
method [3, 8]. Based on sintering and annealing temperatures
and compared with a number of previous studies [1,2] that
have looked at grain size dependence on physical properties,
we estimated a grain size of ~15 um for our sample indi-
cating little grain boundary effect. On the other hand, large
grains promote a multidomain regime with the presence of
domain walls which is expected to act strongly as scattering
centres.

Figure 1(a) shows electrical resistivity and magnetization
(inset) as a function of the temperature in the presence of
magnetic fields. An electronic phase transition from insulating
(localized carriers) to metallic (itinerant carriers) takes place
simultaneously to the FM phase transition at Ty = 259.7K,
defined as the temperature where dp/dT = 0. This is actually
confirmed in the inset of figure 1(a) where the temperature
dependence of the magnetization is displayed; an FM transition
takes place at 7. = 250K, defined as the temperature
where dM/dT is minimum. The application of a moderate
magnetic field H reduces the electrical resistivity of the system.
Such a decrease in p is caused by the improvement in the
alignment of spins which, in turn, enhances the bandwidth
and shifts both T; and Ty to higher temperatures [10]. These
results indicate a strong coupling between spin and charge
in Lag7Cag3MnO;. Besides the spin—charge coupling, we
have measured electrical resistivity and magnetization under
pressure in order to probe both the charge—lattice and the
spin—lattice couplings, as shown in figure 1(b). In a very
similar fashion, the application of pressure results in a shift of
both Ty and T to higher temperatures, further demonstrating
the relevance of the charge—lattice and spin-lattice couplings,
respectively. Increasing the applied pressure also reduces the
electrical resistivity of the system. Applying pressure results
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Figure 1. (a) Temperature dependence of the electrical resistivity
under magnetic fields of H = 0, 20, 30 and 50kOe. The inset
displays magnetization measured at H = 1, 5 and 50kOe and at the
ambient pressure. (b) Temperature dependence of the electrical
resistivity under pressures of P = 0, 0.59, 0.91 and 1.18 GPa.

The inset shows some selected magnetization curves measured at

P =0, 0.28 and 0.73 GPa and in the presence of H = 10 Oe.

in a decrease in the unit cell volume and an increase in the
exchange interaction between Mn**/Mn** pairs. The lattice
structural compression in both the Mn—O bond distance and
the Mn—O-Mn bond-angle is believed to change the spatial
wave function overlap. The net result is the strengthening of
the DE interaction and a shift of Ty to higher temperatures.
All the results discussed above are in agreement with the
literature [1, 11-13].

The temperature dependence of both MR and PR effects
for different magnetic fields and applied pressures is displayed
in figure 2. Overall, both effects are stronger close to T; the
PR effect is more symmetric. However, the MR is much more
robust than the PR effect in the high temperature polaronic
state. More interesting is the temperature dependence of
PR shown in figure 2. The dashed line indicates Ty
(dp/dT = 0) of the virgin curve (P = 0 and H = 0)
and the stars Ty in the presence of pressure of P = 0.59,
091 and 1.18 GPa. Note that above Ty the PR effect is
almost temperature independent, increasing smoothly below
the percolation threshold, where polarons coalesce and form
long-range FM domains. An estimation of the polaron energy
just above Ty (marked by stars in figure 2) taking into
account the small polaron mechanism [4, 14] as a function
of pressure yields Ep = 0.117eV, 0.107 eV, 0.095eV and
0.091eV for P = 0GPa, 0.59 GPa, 0.91 GPa and 1.18 GPa,
respectively. Ep is closely related to the DE bandwidth [15]
which depends on both the Mn-O distance and the Mn-O—
Mn bond angle. Therefore, this result further indicates that the
wave function overlap between Mn and O orbitals was changed
in the paramagnetic/semiconducting phase. On the other hand,
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Figure 2. Temperature dependence of the magnetoresistivity,

MR = [p(T,H =0) — p(T, H)]/p(T, H) and pressure-resistivity,
PR = [p(T, P =0) — p(T, P)]/p(T, P) in Lay;Cap3MnOj in the
vicinity of the metal—insulator transition Ty;;. The dashed line
indicates Ty (P = 0, H = 0) = 259.7 K and the stars indicate
Twi(H = 0) =267.6K, 271.5K and 272.9 K under applied pressure
of P = 0.59GPa, 0.91 GPa and 1.18 GPa, respectively.

(This figure is in colour only in the electronic version)

the temperature dependence of the MR effect is less sensitive
to the coalescence of polarons across the percolation threshold.
This resultindicates that the decrease in the electrical resistivity
of the system is caused mainly by the decrease in the magnetic
scattering centres and an application of H favours the short-
range order coalescence of polarons. The net result is a
concomitant suppression of the random spin fluctuations. In
fact, the MR effect occurs in two stages: (i) a rotation of the
polarons in the H direction due to the magnetic energy (uwH)
and (ii) a pronounced increase in M at high H (see inset of
figure 1(a)) due to the growth of polarons through overlap
(magnetic exchange energy), and their eventual formation
into large FM domains at lower temperatures [16]. In the
case of the PR effect, we show here that the first stage is
absent (see figure 2, PR is temperature independent above
the T marked by star)—the polaron overlap is dominant
due to the applied compacting pressure favouring magnetic
exchange.

Overall, the magnitude of MR and PR below 7. (metallic
phase) is comparable. In particular, we have found that PR
at P = 091GPa and MR at H = 50kOe have the same
magnitude below ~257 K, as can be seen in figure 2. Below
~250 K, both curves coincide. This suggests that below 7 the
electrical resistivity has exactly the same magnitude in both
environments: P = 0.91GPaand H = 0 and P = 0 and
H = 50kOe. In a percolative picture, the electrical resistivity
behaviour arises from the magnetic field and temperature
dependent concentration of FM metallic regions within an
insulating background [17]. A paramagnetic and insulating
component coexists with the ordered phase down to 20 K [18].
A higher volume fraction of the metallic phase would result
in a lower electrical resistivity of the system. Since the

Figure 3. Schematic picture illustrating magnetic domains near
and below T, under: (left) P = 0 and H = 50kOe. (right)

P =0.91GPaand H = 0. The distance between the arrows
represents how compact are the domains comprising magnetic ions.

metallic state stems from the FM-ordered spin alignment
through the DE mechanism, the magnitude of the electrical
resistivity is expected to follow the magnitude of the magnetic
moment near and below 7.. Hundley et al [19] proposed that
electrical resistivity and magnetism, near and below T, follow
a phenomenological exponential expression (In(p) o« —M)
in Lag7Cap3MnO;3. Our results point out that this relation is
not straightforward and should be interpreted with care when
different magnetic domain structures are under pressure and/or
magnetic fields.

The insets of figures 1(a) and (b) show that the magnitude
of the magnetic moment at T = 200K reaches 82 emug~!
and 2.1emug! in the presence of H = 50kOe (P = 0)
and P = 0.73GPa (H = 100e), respectively. Bulk
magnetization measurements depend on both the local ordered
moment and the magnetic domain structure. Based on the
above values of the magnetic moment we draw an illustrative
picture of the metallic and FM domains at low temperatures, as
depicted in figure 3. As the configuration under P = 0.73 GPa
(H = 100e) has a smaller magnetic moment (2.1emug™'),
the magnetic domains are expected to be randomly aligned,
a more disordered structure. This value, 2.1 emu g’l, would
have been smaller if we had measured magnetization in zero
magnetic field. On the other hand, when a high magnetic
field is applied, H = 50kOe (P = 0), the magnetic domains
orient to the field growing in size and decreasing in number,
resulting in a higher saturation magnetization (82 emu g~'), as
seen in figure 3. Interestingly, both disordered and ordered
magnetic domains systems have the same magnitude of the
electrical resistivity or the MR/PR effect, as shown in figures 1
and 2. This remarkable result indicates that the magnetic
domains (core) at P = 0.91GPa (H = 0) have a higher
electrical conductivity than those at H = 50kOe (P = 0)
to compensate the scattering of the charge carriers at the
domain walls or disordered interfaces [20,21]. In spite of a
very different domain structure at lower temperatures (below
~140K), all curves in figures 1(a) and (b) have the same
magnitude regardless of the presence of H or P, indicating
mainly that magnetic rotation is negligible. The magnetic
rotation effect starts to be pronounced above ~150K. This
effect becomes very robust as T is approached from below. It
is in line with the model by Zhang and Yang [22] where the
CMR effect is related to the presence of thermally activated
magnetic domains whose average size depends on temperature
and magnetic field.
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Based on these combined results we assert that below and
in the vicinity of T the charge transfer is more sensitive to the
variation of the spatial overlap between Mn—O-Mn orbitals
(pressure effect) than the relative spin orientation. Loa et al
[23] showed that a bandwidth-driven insulator-metal transition
is observed even in the pure LaMnOQOj3 system as the pressure is
increased. More recently, Fuhr e al [24] obtained the evolution
of the electronic structure showing that the gap closes with
pressure in a way similar to that observed by the temperature
dependence of the conductivity. In all the cases, the pressure
strongly influences the overlap between Mn** e, and 0>~ 2p
orbitals—the bandwidth.

In summary, we have studied here the couplings
between spin—charge, spin-lattice and charge—lattice in the
prototype Lag;Cap3MnO3; compound and compared the
magnetoresistivity and pressure-resistivity effects near and
below T.. We have observed that both P = 0.91 GPa (H = 0)
and H = 50kOe (P = 0) environments lead to the same
net change on the electronic transport in the metallic state,
where DE is operative. These environments brings about
different magnetic domain structures. Taking into account
strong scattering at domain walls, we suggest that the charge
mobility is much more sensitive to the variation of the spatial
wave function overlap between Mn—O—Mn orbitals than the
relative spin angle between neighbouring Mn ions. At lower
temperatures, the effect of the magnetic field and pressure on
electrical transport is negligible in spite of the presence of very
different magnetic domain structures.
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