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ABSTRACT

We investigated the relationship between ferromagnetism and metallicity in strained
Lag.67Cao.33MnOs3 films grown on lattice mismatched NdGaO3(001), by means of spectroscopic
techniques directly sensitive to the ferromagnetic state, to the band structure and to the
chemical state of the atoms. In this system the ferromagnetic-metallic (FMM) phase spatially
coexists with an insulating one in most of the phase diagram. Firstly, the observation of an
almost 100% spin polarization of the photoelectrons at Fermi level in the fundamental state
provides a direct evidence of the half-metallicity of the FMM phase, a result which has been
previously observed through direct probe of the valence band only on unstrained, phase
homogeneous Lag.¢7S1r033MnO3. Secondly, the spin polarization results to be correlated with
the occupancy at the Fermi level for all the investigated temperature regimes. These outcomes
show that the half-metallic behaviour predicted by double-exchange model persists even in
phase-separated manganites. Moreover, the correlation between metallicity and ferromagnetic
alignment is confirmed by X-ray Magnetic Circular Dichroism, a more bulk-sensitive
technique, allowing to explain transport properties in terms of the conduction through aligned

FMM domains.
INTRODUCTION

The electronic, magnetic and transport properties of the mixed-valence manganite oxides
with R1xAxMnOj3 perovskite structure (R = rare earth ion, A = alkaline ion) are mainly
governed by the electron states of the Mn and O ions that are involved into the double exchange
(DE) mechanism.! In this mechanism, the hopping of e, electrons from Mn** to Mn*" via the
O?* p-orbital is favored when the spins of the two Mn ions are parallel, hence resulting in a
metallic and ferromagnetic state with a net separation between the spin-up (egt, f2¢1) and spin-

down (eg), t2¢)) levels originating from the 3d single-ion orbitals.?”> If the Hund splitting energy



between the spin-up and spin-down states is larger than the bandwidth, the material is expected
to be half-metallic, hence providing 100% spin polarized electrons at the Fermi level.>” The
achievement of huge spin polarization in spintronic devices, such as spin-polarized tunnel
junctions and spin valves, has largely stimulated the search for half-metallic materials.®’
However, direct evidence through spin-polarized photoemission spectroscopy of 100% spin
polarization for mixed-valence perovskite manganites was only achieved for “optimally
doped” La;xSrxMnOs (LSMO, x = 0.33),!° and has been highly debated.'""!? In addition, the
propensity of the manganites for exhibiting coexistence of mixed phases involving the
ferromagnetic metallic (FMM) and an insulating phase, the latter often accompanied by
charge/orbital and/or antiferromagnetic order, tends to contrast the attainment of a pure half-
metallic behavior.!*!* The coexistence of phases in manganites has attracted much interest in
connection with the colossal magnetoresistance effect!> and especially because it might open

1617 and to the optical control of the magnetic state.'®"

the way to magneto-caloric applications
20 Given the wide range of potential applications opened by the phase coexistence, it is
important to verify whether the claimed half-metallic behaviour is maintained even in this
context. To our knowledge, half-metallicity in such systems was previously reported only once,

in the case of (Lax3Pri/3)s53Ca3sMnO3 (LPCMO) thin films, through tunnel magnetoresistance

measurements.”!

In this work, we use in-situ spin-resolved photoemission spectroscopy to investigate the
electronic structure of strained LaijxCaxMnOs (LCMO) films epitaxially grown on
/NdGaO3(001) (NGO) and post-annealed in pure Oz atmosphere??. The resistivity of the films
presents a wide temperature-dependent hysteresis accordingly with the occurrence of mixed
phase condition previously reported.>*2> We provide firm experimental evidence of the half-
metallic character for the FMM phase through probing directly the spin polarization of the

electronic states near the Fermi energy. The spin polarization is close to 100% in the



fundamental state, whereas its strong reduction at 150 K is accompanied by the depletion of
the electronic states at Fermi level and by the modification of the whole band structure,
consistently with the transition from a regime dominated by the FMM phase to one dominated
by an insulating phase. The direct link between ferromagnetism and metallicity is also
confirmed by more bulk-sensitive techniques. Indeed, from temperature-dependent X-ray
Magnetic Circular Dichroism (XMCD) measurements at the Mn L»3 absorption edges,
supported by Magneto-Optic Kerr Effect (MOKE) analysis, we infer that the increase of the
electrical resistivity with the temperature can be explained with the misalignment of the FMM
regions (due to thermal fluctuations and/or increase of the relative distance) and that conduction
takes place only through regions magnetically aligned along the same direction, as expected on

the basis of DE mechanism.

METHODS

Sample Growth and Transport Measurements. Thin films of Lags7Cao33MnO3 with
optimal doping x = 0.33 were grown on top of (001) NGO substrates for different thicknesses
ranging from 8 nm to 60 nm. The films were grown by molecular beam epitaxy in the growth
facility of APE beamline®® at the Elettra synchrotron. The substrate temperature during the
growth was kept at 720°C and the O» pressure was kept constant around 10 mbar. The growth
of the films was monitored in operando by RHEED oscillations. Afterwards, as-grown samples
were annealed ex situ in 1 bar of O, atmosphere at 800°C, for different time depending on the
film’s thickness. It has been supposed®? that the post-growth annealing improves the film
morphology and restores the correct stoichiometry by filling the oxygen vacancies formed

during the growth.



Transport measurements were performed with two probes, since resistivity was too high
to use Van Der Pauw method. No magnetic field was applied during the transport

measurements.

Spin-ARPES measurements. The Spin-ARPES measurements were carried at APE-LE
beamline?” with hv = 78 eV in linear polarization and at an incidence angle of 40°, in zero field.
The spin polarization of the photoelectrons was measured by means of V-LEED apparatus.
Before the Spin-ARPES measurements, the films were annealed once again in an ultra-high
vacuum chamber in 10 mbar O, atmosphere at 350°C to remove surface contaminants. This

further step in the sample preparation has negligible effect on the transport properties.

XAS and XMCD measurements. The x-ray absorption spectra were performed at APE-
HE beamline®® in total electron yield (TEY) mode, at an incidence angle of 45°. The XMCD
measurements at Mn L2 3 edge were calculated either from two absorption spectra with different
circular polarization (right and left) without applying any magnetic field (i.e. the same
experimental conditions of the transport and Spin-ARPES measurements), or by keeping fixed
the light circular polarization and measuring the absorption intensity at each spectral point after
application of a magnetic field pulse in the two opposite direction along the easy magnetic axis

(the intensity of the magnetic field was large enough to magnetically saturate the sample).

MOKE measurements. Longitudinal MOKE measurements were performed in a UHV
apparatus.?® The laser wavelength was 405 nm. After defining the easy axis with rotational
longitudinal MOKE at 77 K, hysteresis loops were measured along the easy axis while cooling

and heating the sample.



RESULTS AND DISCUSSION
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Figure 1. a) Schematic view of LCMO and NGO orthorhombic unit cells. (b-d) Transport
measurements in zero-field cooling and warming for 8§ nm (b), 20 nm (c¢) and 60 nm (d) LCMO

films.

The electrical properties of the LCMO thin films with thickness among 8 and 60 nm, shown in
Figure 1, are strictly related to the strain induced by the NGO(001) substrate, provided the
subsequent annealing in O atmosphere (see Figure S6, Supporting Information). The
epitaxial matching with the NGO(001) substrate is sketched in Figure 1a. The NGO (001)
substrate induces -0.44% (compressive) and +0.57% (tensile) strain respectively on the a and
b axis of the LCMO orthorhombic unit cell. The consequent lattice distortion*>** produces
important deviations from the bulk properties of LCMO in the “optimally doping” regime (0.3
< x <0.4), namely a metallic ferromagnet with a well-defined Curie temperature (Tc) around
240 K.2! A large hysteresis between the cooling and warming curves of the resistivity is
observed for all the thicknesses, as displayed in Figures 1b-d. In particular, the temperature at
which the sample makes the transition from insulating to metallic behavior along the
decreasing temperature branch (T1) is lower than the temperature at which the sample makes
the opposite transition from metallic to insulating behavior along the increasing temperature

branch (T>).

The hysteresis in the resistivity was recognized since early works on manganites as a
distinctive signature of a first-order phase transition hosting microscopic coexistence between

metallic and insulating phases, strictly coupled to their respective magnetic/charge



ordering.!*3?737 In the particular case of LCMO thin films grown on NGO(001), the phase
separation (PS) scenario has been observed by magnetic force microscopy
measurements.”**%3 This information helps to identify the PS regime (orange) in the panels of
Figure 1 as the one where cooling and warming curves split, and the occurrence of a
homogeneous insulating phase (yellow) above this point. It is worth to notice that the
appearance of PS regime as inferred by transport curves, at about 160 K, 220 K and 240 K for
the 8, 20 and 60 nm thick films, respectively, is close to the Curie temperature (Tc), as
estimated from the persistence of magnetic hysteresis in MOKE measurements (see below for
8 nm film). The reduction of Tc at low thickness is expected due to the limitation of the spin-

fluctuations.*

In order to investigate the magnetic nature of the FMM phase inside the PS scenario, we
performed temperature-dependent Spin- and Angle-Resolved Photoemission (Spin-ARPES)
measurements for the valence states of the 20 nm thick film. The results are summarized in
Figure 2. The probing depth of these measurements was around 1 nm,*! thus limiting the
sensitivity to the surface region of the LCMO film. The spin- and momentum-integrated
spectrum of the valence states is displayed in Figure 2a, measured first in the metallic regime
at 20 K, then heating up to 150 K, i.e. close to T», and again cooling down to 20 K to verify the
reproducibility. The difference between metallic (orange) and insulating (blue) regimes, as
identified by transport measurement, is mirrored by the spectroscopic results, suggesting a
good agreement between surface and bulk. Indeed, the density of states at the Fermi level (see
the magnified spectra in the panel) shows a clear step edge at 20 K and 80 K, almost vanishing
at 150 K, with a transfer of spectral weight to higher binding energies, and then recovered when
cooling to 20 K again. Together with this, also the most intense peaks of the valence band in
the region 3-7 eV have a reproducible trend with temperature, correlated to the height of the

step edge at Er. In the metallic regime, the two main peaks, attributed to oxygen states



4245 are well separated by a valley, as indicated by an orange

hybridized with manganese ones
arrow. By increasing the temperature, this valley tends to close, almost disappearing at 150 K.
This behaviour is consistent with previous results measured on LSMO, showing a narrowing
of the valence band in correspondence with an increasing insulating behaviour.*> Finally, a
satellite at 9 eV, marked with a blue arrow, appears only at 150 K and is then suppressed again
when cooling to 20 K again. Its origin is difficult to assign, but its absence in DFT calculations*?
points towards a satellite due to many-body effects;* in any case, its intensity seems to be
correlated to the amount of insulating phase. All these evident and reproducible modifications

of the band structure passing from the low-temperature metallic regime to the insulating one

prove that the FMM phase volume is strongly reduced in this transition.
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Figure 2. Angle-resolved photoemission spectra on 20 nm-thick LCMO film, acquired with hv =78 eV
linear polarization. a) Valence band momentum-integrated along ks, axis (at ko = 0 A™") and zoom at
Fermi edge along a thermal cycle (20 K-> 80 K = 150 K & 20 K). The spectra were normalized on
the background at binding energy higher than 10 eV. b) Measured Fermi surface, at 20 K. Black is low
intensity, white is high. c¢) Brillouin zone of a manganite system with orthorhombic unit cell, in light
blue; the pseudo-cubic perovskite unit cell is drawn in gray (not in scale). The k, and k; axis of the light
blue cell corresponds to the reference frame of panel b. d) Spin-resolved energy distribution curve at I'
from the Fermi level to -3 eV binding energy, measured along the same thermal cycle (the light curves
represent majority spin and the darker ones minority spin). The measured intensities of the spin channels
were calibrated by the experimental asymmetry (about 5% as measured from a reference Au surface)
and divided by the Sherman function (0.3). The spin direction is indicated by the black arrow in (b). €)

Spin polarization of the occupied electron states as resulting from the spectra in panel d (difference over

sum).



The Fermi surface of the LCMO thin film (measured at 20 K, Figure 2b) shows an electron
pocket located at the centre of the Brillouin zone, in agreement with previous results for
LSMO.!2474 We also recognize, highlighted by dashed lines, the border of the cuboids along
I'-X direction of the pseudo-cubic unit cell of the perovskite. The latter is indeed rotated by
45° with respect to orthorhombic unit cell along which k. and ks are defined, as depicted in

Figure 2c.

In Figure 2d we report the spin resolved spectra at the investigated temperatures, measured
at the I point, whereas Figure 2e shows the resulting spin polarization. The orientation of the
spin probed in these measurements, indicated with a black arrow in Figure 2b, is along the b
axis of the orthorhombic unit cell, corresponding to the easy magnetization axis according to
MOKE measurements (see Figure S1, Supporting Information). Zero spin polarization was
measured in the orthogonal in-plane direction (see Figure S4, Supporting Information). On
the basis of previous theoretical calculations,>** we identify the spectral terms attributed to f2¢-
and eq- derived states (the latter crossing the Fermi level), the two crystal-field splitted levels
involved in the DE mechanism.? These two features are better distinguished in the difference

spectra between the two spin channels, displayed in Figure S3, Supporting Information.

As highlighted in the inset of Figure 2d, at 20 K the spectrum of the majority states exhibits
a finite intensity with a metallic cut-off at the Fermi energy, while the spectral intensity for the
minority states becomes negligible more rapidly, indicating full depletion of the minority spin
states. The resulting spin polarization at Fermi level is huge (around 90%), suggesting that the
fundamental state is essentially half-metallic, and that both crystal-field split bands are spin
polarized, as expected from DE model. The half-metallic condition in LCMO was previously
reported only for unstrained optimally doped ferromagnetic films by scanning tunnelling

microscopy,’® whereas the only evidence in phase-separated manganites has been reported on
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LPCMO films through tunnelling magnetoresistance.?' More specifically, direct measurements
of 100% valence band spin polarization, to which our data can be straightforwardly compared,
has up to now only been reported in LSMO in homogeneous phase condition,'® whose spin
polarized spectrum lineshape is in striking agreement with our results. Considering this
experimental evidence, we might reasonably argue that any further splitting of the Mn e, and
hyg states promoted by the strain of the LCMO/NGO(001) films does not affect significantly
the hopping of the free electrons in the FMM phase. The claim of half-metallicity is reinforced
by the fact that similar spin polarization values were also obtained in points of the Fermi surface

away from I (see Figure S5, Supporting Information).

The spin-resolved photoemission measurements as a function of the temperature (Figure
2d-e) show that the spin polarization of the FMM domains is correlated with the metallicity of
the whole system. Warming the sample up to 80 K, i.e. still in the metallic regime, the spin
polarization does not change, as well as both the electron occupancy at Fermi level and the
band structure. At 150 K, i.e. close to Tz, the spin polarization on the e, and 72, derived features
is considerably reduced, in combination with the spectral weight transfer to higher binding
energy and the modification of the whole band structure. Assuming the mixed phase condition,
these results suggest that at this temperature only a small part of the volume is still occupied
by FMM domains, although they are still aligned along the same direction, at least partially (as
proved by the residual spin polarization). It is likely that a further reduction of the volume
occupied by this phase and the consequent increase of relative distance between the domains,
along with the increase of thermal fluctuations, would reduce their alignment, thus explaining

the incoming metal-to-insulator transition.

Summarizing the whole Spin-ARPES results, they are consistent with a PS scenario in
which the FMM domains maintain the half-metallic behaviour typical of the bulk LCMO and

explained by DE model, with the e,—derived band crossing the Fermi level magnetically
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coupled to the #2,-derived one. The parallel alignment of the FMM domains and their size and
relative distance as a function of the temperature determine the electron transport across the
whole film.

To verify whether this interpretation can be extended from the surface region to the whole
film, we performed XMCD measurements at Mn L>3 edges. Since the information depth of
absorption spectroscopy in total electron yield is around 5 - 10 nm, we chose to study the 8 nm
thick film, in order to probe most of the film thickness. The site and chemical sensitivity of this
technique yield a measurement proportional to the absolute magnetic momentum of the
elements in the sample, further resolving individual oxidation states. We are therefore able to
exclude the spurious magnetization effects of non-stoichiometric Mn atoms at the surface.
Furthermore, the dichroism measured without applied magnetic field, i.e. by reversing the light
polarization after zero-field cooling the sample, allows to perform this investigation in the same
conditions as transport measurement and Spin-ARPES experiment. We can compare the results
with a second XMCD measurement, performed applying an external magnetic field of 25 mT,
large enough to align all the FMM domains along the field direction, but small enough to avoid
unbalancing the phase separation (see Figure S2, Supporting Information). This allows to

quantify the volume fraction in the FMM phase at a certain temperature.
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Figure 3. a) Absorption spectra at Mn L, 3 edges of 8 nm thick film at 95 K (light blue) and 60 K
(orange) in the cooling branch (sum of spectra acquired with opposite circularly polarized light). b)
XMCD at 95 K, in zero field cooling and after magnetic saturation (magnetic field applied along the b
axis of the sample) c¢) Same as b) at 60 K. d) Temperature-dependence of XCMD at Mn L3 peak along
a thermal cycle, measured in zero-field. The phase assignment is the same as Figure 1b, retrieved from
resistivity measurements. The lines are guides to the eye. To obtain the XMCD peak intensities, the
XAS spectra at opposite circular polarizations or opposite remanence magnetic fields were normalized
to the L3 edge intensity of the sum of the two spectra; then, the difference spectra were divided by
0.75-cos(45°) in order to account for both the 75% degree of circular polarization and the projection of

the photon spin along the sample surface.
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The sum of absorption spectra taken in the two opposite circular polarizations are shown
in Figure 3a, measured at 95 K and 60 K (in both cases cooling from RT), e.g. across the
insulator-to-metal transition temperature Ti. They present the typical lineshape as observed in
mixed Mns:/Mn4+ valence manganites.*>1% The resulting XMCD signals in zero-field,
compared with those measured after magnetic saturation along the b axis, are displayed in
Figure 3b and Figure 3c. At both temperatures, the shape of the dichroic signals is consistent
with those obtained on other manganites,’*>>*>7 including bulk LCMO,>* proving that the
magnetic signal comes from the manganese sites of the film, with valence 4+ and 3+, and not

from any other contribution (for example 2+ valence®>°%%),

At95 K (Figure 3b), i.e. around T1, the temperature of the transition to the metallic regime,
a maximum dichroism of 3% at L3 peak is observed in zero-field, reaching 15% at remanence
after magnetic saturation. This relatively large dichroic signal measured at remanence must be

43,51,54 ll’l’lplyll’lg

compared with 20-25% values observed in phase-homogeneous FMM systems,
the presence of a relevant volume fraction of the FMM phase. The much lower zero-field
dichroism could then be the resulting average of misaligned FMM domains, which hinder
electron transport from one to another and thus explain the high resistance measured in Figure
1b. Instead, at 60 K (Figure 3c), i.e. at T<<T}, inside the metallic regime, the zero-field
dichroism strongly increases, superimposing to the curve measured at remanence, proving an

easier self-alignment of the various FMM domains along the same direction, in agreement with

the strong decrease in resistivity at this temperature.

A general picture is obtained when following the zero-field XMCD temperature trend
along both cooling and heating branches, shown in Figure 3d: along the cooling branch the
dichroism increases when T < Ti, whereas in the warming direction it starts to decrease at
higher temperatures (around 130 K), finally going to zero in correspondence of T>. The XMCD

data clearly evidence the direct link between magnetic and transport properties, suggesting that
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the high resistivity phase arises from a magnetic disorder between FMM domains. However,
this spectroscopic evidence does not allow disentangling the spatial dynamics of the domain
evolution: XMCD results are compatible with a percolation of the FMM (insulating) phase in
the cooling (warming) branch as previously posited through MFM measurement?* (and as
suggested by our Spin-ARPES results), but also with a scenario in which the shape and size of
the two phases remain fixed as a function of temperature, as observed in another work of the
same group.>® Indeed, the conduction between two domains could also take place through thin

insulating walls, provided that the decrease of thermal fluctuations favor their parallel

alignment.>* !
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Figure 4. Selection of some MOKE measurements on 8 nm thick film, as a function of the
magnetic field applied along b axis of sample at various temperatures during the sample cooling
(a) and warming (b). (c) Trend of the coercive field, retrieved from hysteresis loop as half of
the width of the loop taken at the point of intersection with magnetic field axis, as indicated by
the arrows in (a) and (b). The phase assignment is the same as Figure 1b, retrieved from

resistivity measurements.

Finally, the correlation of the metal-insulator transition temperature with the easy
alignment of FMM domains is also confirmed by the temperature-dependence of the magnetic

coercive field as measured by MOKE on the same 8 nm thick sample, shown in Figure 4, with
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Figure 4a along the cooling process and Figure 4b along the warming one. The magnetic field
was applied parallel to the in-plane easy axis (b axis of the orthorhombic unit cell), as verified
by angular MOKE (see Figure S1, Supporting Information). The coercive field trend along
the thermal cycle is displayed in Figure 4c. During the cooling, a local maximum of 20 mT is
found in correspondence with Ti, followed by a decrease down to 12-13 mT in the metallic
regime, similarly to what previously reported on thicker LCMO films*. In the warming
sequence, the coercive field remains almost constant up to 130 K, where it starts again to
increase. This hysteretic behaviour remarkably recalls the trends of both zero-field dichroism

and electrical resistivity.
CONCLUSIONS

We investigated the relationship between ferromagnetism and metallicity on a strained
LCMO film grown on lattice mismatched NGO(001), in which the FMM phase spatially
coexists with an insulating one in most of the phase diagram, by means of spectroscopic
techniques directly sensitive to the ferromagnetic state, the band structure and the chemical

state of the atoms.

The most important outcome is the observation of an almost 100% spin polarization at
Fermi level at 20 K, providing a direct evidence of the half-metallicity of the FMM phase in
the fundamental state. The spin polarization remains constant increasing the temperature to 80
K and it is strongly reduced at 150 K; this drop is accompanied by an almost complete depletion
of the states at Fermi level and a redistribution of spectral weight in the valence band,
suggesting an increase of the volume occupied by the insulating phase at the expense of FMM

regions.
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These results prove that the half-metallic behaviour predicted by DE model and observed
up to now only on unstrained, phase homogeneous LSMO, persists even in PS manganites, as
long as the FMM phase remains dominant.

Moreover, the reduction of spin polarization of the outer electronic states at a temperature
close to the metal-to-insulator transition implies that electrical conduction through the whole
film is favoured until FMM regions are sufficiently close to each other so as to align easily
along the same direction. The latter conclusion is confirmed by techniques able to probe all the
film thickness: the trends both of the zero-field dichroism XMCD and of the value of the
coercive field, which are both sensible to the easiness of alignment of magnetic domains, have

a striking correspondence with the transport curves.
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