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Abstract

Colossal magneto-resistance (CMR), the dramatic reduction of resistance applying a magnetic
field, is the core phenomenon for developing new electronic and spintronic devices. In rare earth
manganites, this effect has only been observed in doped compounds. The presence of phase
separated phases in manganites is widely accepted, however the role of these inhomogeneities in
the development of the CMR phenomenon still needs to be clarified. We report the realization of
CMR in a pure LaMnO3z manganite. We use pressure to generate a mixed phase constituted by
insulating and metallic regions. The CMR takes place when the competition between the two
phases is at a maximum. Our results demonstrate in a clean way that phase separation is at the
origin of CMR.

Main Text:

In hole-doped rare earth manganite compounds, the CMR peaks at a transition from a high
temperature (T) insulating paramagnetic phase to a low-T conducting ferromagnetic phase. The
presence Mn** and Mn** ions together with the double-exchange (DE) mechanism (1) appear to
capture the essence of this phenomenon. A plethora of experimental and theoretical
investigations have recently suggested that the ground states of manganites are intrinsically
inhomogeneous and are characterized by the presence of competing phases (2-8). High pressure
(P) has a triggering effect for phase separation since either magnetic or structural domains have

been observed in compressed manganites (9-12). However, the role of these nano-clusters in the



CMR phenomenon is still far to be completely understood and designing materials that
incorporate CMR at room temperature (RT) remains a challenge because of the strong interplay
among electronic, structural and magnetic interactions.

As an archetypal cooperative Jahn-Teller (JT) system (13) and the parent compound of
several important mixed-valence CMR manganite families, LaMnOs (LMO) is at the focus of
intense investigations. Up to now, the CMR effect is only been observed in chemically-doped
LMO, but not in pure LMO. At room temperature (RT), LMO enters a high conductive phase
above 32 GPa showing a “bad metal” behavior (14). Previous Raman spectroscopy study (9)
shows the emergence, in compressed LMO, of a phase separated (PS) state consisting of domains
of JT-distorted and undistorted MnOe octahedra. The simultaneous presence of an inherent phase
separation as well as of a metallization process resembles the conditions under which CMR is
observed in doped compounds, and suggests the onset of CMR in compressed LMO. To verify
this hypothesis we have carried out an extensive study of the transport properties of LMO over a
wide P-T region (12<P<54 GPa and 10<T<300 K) and applied magnetic field H, varying from 0
to 8T. Here we report the realization of CMR in a narrow pressure range between 30 and 35 GPa
as the sample transforms from an insulator to a metal. The high pressure insulator to metal
transition is described by a percolation mechanism within the phase separated state. This result
demonstrates that CMR appearance is possible only because of the presence of a phase separated

phase at the percolation threshold.

Electrical resistance, R, data measured in-situ during the warming cycle in quasi-four probe
configuration (Fig. S1) are displayed in Fig.1(a) for H=0 and H=8T. Three regimes can be
identified: a typical semiconductor behavior for P<32 GPa; a metallic character for P>46 GPa;
and an intermediate-P range, 32<P<46 GPa, where the metallization process and CMR are
observed. This peculiar behavior can be explained by the P-tuning of the intra- and inter-domain

interactions.

Lattice compression induces the emergence of small ferromagnetic metallic (FM) domains
(undistorted octahedra) with randomly oriented magnetization within an AFM insulating matrix
(JT-distorted octahedra). For P<32 GPa the large R values and their temperature dependences

(dR/dT<0) are consistent with a PS phase where small FM domains are dispersed in an insulating



matrix (Fig. 1(b)) and do not actually contribute to the system conductivity. The high T data are
well described by the Efros-Shklovskii variable range hopping law (R=Ro exp(To/T)*?), which is
consistent with the presence of intermixed metallic and insulating regions.

In the high-P regime, low R values and positive dR/dT are observed at RT, consistently with
the formation of more homogeneous phase with large, oriented, and highly connected FM
domains (Fig.1(d)). Wide metallic paths are thus available for spin-polarized conduction. The
low-T data suggest the presence of a Kondo-like magnetic scattering mechanism (15, 16) or
grain boundary (GB) effects (17, 18) and are well described by a Kondo model (16) (Fig. S2).
The competition between the AFM and FM phases has been confirmed by ab initio calculations
(19) and support previous Raman results (9). The metallization process is associated with the
closure of the eq band gap and with the crossing of the Fermi level by the unoccupied t>g band
(19).

The intermediate-P region is nevertheless the most intriguing. Here, although LMO still
retains a negative derivative of R dR/dT<0, the transition toward a high conductivity phase can
be clearly identified. R is reduced by more than one order of magnitude on increasing P from 30
GPa to 32 GPa, and by four orders of magnitude on compressing from 32 GPa to 42 GPa.
Moreover, the 0 K extrapolation of the low-T conductivity (inset of Fig.1(a)) displays values
definitively greater than zero above 35 GPa, indicating the crossover from an insulating to a high
conductive phase. The percolation threshold among conductive FM domains can be identified
within the 32-35 GPa range. Further details about compressed LMO in the intermediate pressure
regime can be found in the Fig. S3

The most important result is nevertheless the strong magneto-resistance
MR = R(H = 0) -R(H)/R(H = 0) response at around 32 GPa where more than one order of
magnitude variation of resistance is observed for an 8 T applied magnetic field (Fig.1(a)). In
Fig.2 the MR vs H is displayed. MR is around 20% at 12 GPa and continuously increases with P
until it reaches the maximum value, 80%, at 32 GPa. At 35 GPa, MR drops below 40% and
transport properties do not show any significant field dependence above 38 GPa, with MR being
around 10%.

The appearance of CMR and its P-dependence are consistent with the PS scenario discussed
above. At low-P the charge transport among weakly connected, small FM clusters is further

inhibited by the random orientation of their magnetization (Fig.1(b)). Therefore the applied



magnetic field becomes more and more effective as the volume fraction of the FM domains
grows with P (Fig. 2(a)-(d)). At 32 GPa, LMO is approaching the percolation threshold and the
FM domains come into close contact. The conductivity is thus governed by very close or
connected FM clusters and the competition between metallic and insulating clusters is at a
maximum (Fig.1(c)). In this peculiar configuration, conduction among the metallic domains
depends sensitively on the relative spin orientation of adjacent clusters and remarkable MR
originates from the field-induced alignment of FM domains (Fig.1(c) and Fig. 2(e)). The effect
of magnetic field is finally reduced with increasing P above 35 GPa, where the strong interaction
among connected FM domains allows the self-alignment of their magnetization (Fig.1(d)), and
conductivity shows only a weak field dependence (Fig. 2(f)-(i)).

Further support to this magnetic PS scenario and to the cluster reorientation effect of the
applied field is given by the hysteretic cycles detectable at 32 GPa (Fig. 2(e)). The memory effect
is quite large. The initial R value without field is 40% higher than that one re-obtained at H=0 T
after the application of the magnetic field due to the residual effect of field induced orientation of

the domains (see Fig. 2(e)).

The PS scenario is confirmed by standard percolation theory (21,22). Scaling laws for
resistance are given by Roc(v—v.)”" andRoc(v, —v)* for metallic and insulating regions

respectively. Here, v is the volume fraction of each phase. The values of volume fractions were
estimated solving a model Hamiltonian describing LMO behavior at RT:
H= 3 i Gty e eX s, +0nt )+ 5 KT 04 +03)+ U i,
i), o, i i i

The first term represents the hopping integral and the last three terms incorporate the Jahn-
Teller physics of the Mn eq electrons and the Coulomb interactions (details about the calculation
are in ref (23)). The effect of pressure is accounted by a volume dependent hopping integral (toc
1/r’) and by adding a Madelung term (-A/r) and an ion-ion repulsive term (B/r'?) to the
Hamiltonian. The Hamiltonian is solved using the Gutzwiller variational method. The calculated
total energy shows a double minimum corresponding to the low-P JT distorted insulating phase
and the high-P undistorted metallic phase. The theoretical volume fractions of each phase were

used to fit the R data collected at RT. Fig. 3 shows an excellent agreement between theoretical



and experimental data. The predicted percolation pressure, P. #* 30 GPa, results close to the
pressure range determined experimentally. The obtained critical exponentst =2.1 + 0.2 and s =
1.2+0.2 are consistent with the expected theoretical values for a three dimensional system (21,
22).

The T-P phase diagram presented in Fig. 4 basically summarizes the present results. A PS
phase is found over a wide P-T region. At low-P, LMO remains in an insulating state. The
number and the dimensions of the FM domains as well as the interaction among them
progressively grow with pressure, driving domain alignment over a large scale until an extended,
connected FM phase is finally established at low-T and very high-P. Here, LMO displays a
metallic character (dR/dT>0) and weak field dependence. It is important to point out that the
presence of a PS phase is essential for CMR. Indeed the MR increases as the volume fraction of
FM phase grows with pressure and peaks at the percolation threshold, when applied magnetic
field induces a spin-polarized metallic conduction (orange area in Fig.4). The presence of a FM
phase by itself cannot explain the observed CMR. Indeed, above the percolation threshold, where
the FM phase is dominant, no significant effects are observed applying magnetic field.

This is in agreement with the unified picture, pointing towards a physics of manganites
dominated by coexisting competing phases. However, in typical mixed-valence manganite
compounds, the CMR peaks at the insulator to metal transition whereas in LMO, remarkably
high MR is obtained just below the percolation threshold among FM domains. This suggests a
closer analogy to the negative MR observed in artificial film structures (24) composed of nano-
scale ferromagnetic particles in an insulating nonmagnetic matrix, and thus to giant MR
materials. It is worth noticing that a remarkable difference between these artificial structures and
the naturally PS manganites, is the volume/surface ratio of the domains which can be larger in
the latter. The nature of this PS state in term of morphology and dynamics of the clusters
deserves a deeper and careful investigation. In any case, our discovery has a deep impact on the
physics of CMR since it demonstrates that the presence of mixed valence Mn ions is not an
essential feature of the CMR phenomenon. Lattice compression induces formation of
inhomogeneities driving the system toward a PS state. Nano-scale phase separation by itself is
thus the only needed driving force for generating CMR in LMO. The achievement of CMR in a
pure system is a key discovery providing the fundamental knowledge for producing CMR

compounds by design for practical use under ambient conditions.
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Fig.1. (a): Temperature dependence of the resistance Logio(R/Q2) between 12 and 54 GPa. Solid
lines are the data collected at 0 T and dashed lines are the data collected at 8 T. Inset:
Temperature dependence of electrical conductivity: the dashed lines indicate the 0 K
extrapolation. (b)-(d): schematic sketches of the phase separated state over the three different
pressure regimes. (b) P<32 GPa: the volume fraction of the FM region is too small and LMO is
an insulator. (c) P=32 GPa: LMO is at the percolation threshold and applied magnetic field
induces a spin-polarized metallic conduction and CMR. (d): P>32 GPa: the extended, connected
FM phase is finally established.
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Fig.2. MR percentage as function of pressure. The MR percentage increases from 12 to 32 GPa.
At 32 GPa the CMR effect takes place (MR=80%). MR starts to decrease at 35 GPa and it is less
than 10 % at 46 GPa. This is consistent with a continuous growth of the volume fraction of the

metallic units with pressure. Magnetic field becomes more

and more effective as the volume

fraction of the metallic clusters increases with pressure (0-30 GPa). CMR is observed at 32 GPa

just below the percolation threshold.
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Fig. 3. Natural logarithm of resistance versus pressure at ambient temperature. Red dots
represent the experimental resistance data, and the black continuous line is the theoretical curve
(best fit parameters v,=0.29, t = 2.1+ 0.2, s= 1.2+0.2).
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Fig.4. Temperature vs pressure phase diagram of LMO. White diamonds: pressure dependence
of Tn (28).. The black and white circles delimit the temperature and pressure regions investigated
by Raman spectroscopy® and by transport measurements, respectively. The grey line marks the
area in which domains are present.
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Materials and Methods:

LaMnOs sample was synthesized by solid-state reaction starting from proper amounts of
La,O3 (Aldrich, 99.999%) and Mn,Os (Aldrich, 99.999%). Oxygen stoichiometry was
determined by means of thermo-gravimetric analysis (25) confirming the correct LaMnOs

stoichiometry.



Magneto-transport experiments were performed using the PPMS facility at Geophysical
Laboratory, Carnegie Institution of Washington. A miniature non-magnetic diamond anvil cell
was employed (26). A Re gasket was initially pre-indented using 300 um anvils. The bottom part
of the gasket chamber was then removed by laser drilling and hexagonal BN was pressed inside
the chamber multiple times in order to cover and electrically insulate the edge of the gasket.
Black Stycast epoxy was used to insulate the rest of the gasket. LMO powder was then loaded in
a 70 micron hole and four platinum leads (2 um thick) were placed in electric contact with the
sample (see extended data Fig. 1). The DAC was electrically connected with PPMS resistivity
puck. At each pressure, resistance data were collected over cooling and warming temperature
cycles (10-300K) at first without and successively with an 8 T applied magnetic field.

For each pressure point, magneto-resistance MR=R(H=0)-R(H)/R(H=0) data were collected
at selected temperatures. MR measurements were taken sweeping the magnetic field in the
following way: from H=0 T to H=8 T, from H=8 T to H=-8 T and finally from H=-8 T to H=0
T. A standard symmetric DAC was used as an external press for applying force to PPMS-DAC.
Pressure was measured using the ruby fluorescence technique (27).

Fig. S1. Photomicrograph of the LMO sample loaded in the PPMS-DAC at 54 GPa. In-situ
resistance measurements were performed in quasi-four probe configuration using four platinum
contacts.




Fig. S2. Resistance data collected between 46 and 54 GPa. The low temperature data are well
fitted using a Kondo-like model.
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Fig. S3. Temperature dependence of R data at selected pressures during warming temperature
cycle. Starting from 32 GPa, a small “bump” (black arrow) is observed in the data collected
during the warming cycle. The bump shifts to higher temperatures applying pressure and/or
magnetic field and it is suppressed above 42 GPa. At 38 GPa, the sign in the derivative of the
resistance becomes positive (dR/dT>0) over a narrow temperature range for T<Tpump. The
presence of this bump suggests that itinerant and localized electrons coexist and compete with
each other (29). The large residual resistance observed for T<<Twump can be explained considering
magnetic frustration due to inter-cluster interactions (30), and the freezing of the spin clusters
(32).
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