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Abstract
The effect of lanthanum deficiency on structural, magnetic, transport, and
electron magnetic resonance (EMR) properties has been studied in a series
of La1−x MnO3 (x = 0.01, 0.05, 0.11, 0.13) single crystals. The x-ray
diffraction study results for the crystals were found to be compatible with a
single phase of orthorhombic symmetry. The magnetization curves exhibit
weak ferromagnetism for all samples below 138 K. It was found that both
the spontaneous magnetization and the coercive field increase linearly with x .
The pressure coefficient dTN/dP decreases linearly with self-doping, from a
value of 0.68 K kbar−1 for La0.99MnO3 to 0.33 K kbar−1 for La0.87MnO3. The
resistivity of low-doped La0.99MnO3 crystal is of semiconducting character,
while that of La0.87MnO3 depends weakly on temperature between 180 and
210 K. It was found that the magnetic and transport properties of the self-
doped compounds may be attributed to a phase separation involving an
antiferromagnetic matrix and ferromagnetic clusters. The latter phases as well
as their paramagnetic precursors have been directly observed by means of EMR.

1. Introduction

The stoichiometric lanthanum manganite LaMnO3 is an A-type antiferromagnetic (AFM)
insulator having a Néel temperature TN ≈ 140 K [1, 2]. Its weak ferromagnetic (FM)
moment may arise due to a Dzyaloshinskii–Moriya (DM) interaction [2]. At room temperature
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this compound has an orthorhombic perovskite structure with space group Pnma and
antiferrodistortive orbital ordering (OO) of the Mn–O bond configuration. Alternating
long and short Mn–O distances in the ac-plane are a hallmark of OO, which results from
cooperative Jahn–Teller (JT) distortions [3]. Doping of the parent LaMnO3 with divalent
ions (A = Ca, Sr, Ba, etc) on La sites results in the appearance of a plethora of magnetic
and crystallographic structures manifesting themselves in the rich phase diagrams of doped
La manganites, La1−x Ax MnO3—see [1]. It is widely accepted nowadays [1] that the current
carriers in La1−x AxMnO3, at least at moderate x , are mobile holes, which appear due to
charge compensation and move from Mn4+ ions to normal-valence Mn3+ ions. These holes
simultaneously dominate the transport and mediate the FM double-exchange (DE) interaction.
On the other hand, the superexchange (SE) interactions may cause FM or AFM insulating
phases. The important role of the JT effect in the conductivity of doped manganites was
pointed out in [4].

In addition to the above-noted doping with divalent ions, the effect of so-called ‘self-
doping’ is also observed for LaMnO3. It demonstrates a wide range of off-stoichiometric
oxidation on the La sites and Mn sites. Although the common formula used for the
off-stoichiometric compound is LaMnO3+δ , the perovskite structure cannot accommodate
the excess of oxygen in interstitial sites and the oxygen excess accounts for the cationic
vacancies [5]. In this case the chemical formula should be rewritten in the form La1−x Mn1−yO3.
The evolution of the crystal structure and magnetic order with progressive self-doping for
the above La1−x Mn1−yO3 compounds was investigated in [6–12]. At room temperature the
orthorhombic O′ phase (c/

√
2 < a < b) persists over the range 0 � δ � 0.06, whereas

the rhombohedral phase is stable for 0.1 � δ � 0.18 [6]. As pointed out by Topfer
and Goodenough [6], orthorhombic samples with small contents of cation vacancies may
contain superparamagnetic clusters distributed in the AFM matrix and exhibit a spin-glass
behaviour below TN . Alternatively, Prado et al [7] proposed that the magnetization of the
orthorhombic phase with cation vacancies results mostly from the increase in the canting of the
spin arrangement. The magnetic and transport properties of La1−x MnO3−δ (0.67 < 1−x < 1)

epitaxial thin films were analysed by Gupta et al [12]. The above films exhibit a FM transition
at temperatures ranging from 115 to 240 K, and the transition temperature increases with
progressive La deficiency. It is important to note here that, according to data from [11], the
limiting value of x which may be accommodated in La sites of La1−x MnO3 compounds is only
0.125.

In general, transport and magnetic properties of doped La manganites are quite sensitive
to magnetic and electric fields, pressure, light, and x-rays [1]. At the same time, the effect
of external perturbations on the physical properties of self-doped La1−x Mn1−yO3 and the
parent undoped LaMnO3 compounds has been considerably less fully investigated. The
following important results may be noted. The effects of applied pressure (P) on the transport
properties of self-doped La0.91Mn0.95O3 ceramics [13] and La0.94Mn0.98O3 crystal [14], with
predominant ferromagnetic metallic (FMM) and ferromagnetic insulating (FMI) ground states,
respectively, resemble the transport behaviour of hole-doped manganites. Measurements
on LaMnO3 under high P were performed recently [15–17]. Neutron diffraction [15] and
combined Raman and x-ray data [16] for LaMnO3 show that applied pressure decreases
the orthorhombic distortions. The Néel temperature of LaMnO3 exhibits under pressure an
intricate behaviour. According to neutron diffraction data [15], dTN/dP = 0.32 K kbar−1,
whereas ac susceptibility measurements show a non-linear behaviour of this parameter below
7 kbar and a higher value of about 0.55 K kbar−1 at P > 7 kbar [17].

To the best of our knowledge no investigations have been carried out on the effect of
current on transport properties of self-doped manganites. On the other hand, it is observed that
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electric field/current causes destabilization of the charge ordering [18] and induces metastable
resistivity [19] in doped manganites. Electron magnetic resonance (EMR), comprising electron
paramagnetic resonance (EPR) and ferromagnetic resonance (FMR), is known to be highly
sensitive to minute magnetic phases. This allows direct observation of such phases even for
self-doped manganites with very small off-stoichiometry.

In this paper we report on measurements of the magnetization (under ambient and
high hydrostatic pressure), resistivity (changes of conductivity under external magnetic and
electric fields), and EMR carried out on the series of self-doped single crystals La1−x MnO3

(x = 0.01–0.13). Systematical studies of variation of the above physical properties with
increasing x and their comparison with the properties of ‘usual’ doped manganites are important
for achieving progress in our understanding of the nature of the magnetic ordering and
conductivity in self-doped La manganites.

2. Experiment

Single crystals of La1−x MnO3 (x = 0.01, 0.05, 0.11, 0.13) were grown by a floating zone
method using radiative heating [20]. The chemical composition of the above samples was
examined by inductively coupled plasma atomic emission spectroscopy. The results obtained
were found to be in agreement with the nominal compositions of the starting materials. Samples
of 7 × 3 × 2 mm3 having their longest dimension along the 〈110〉 direction, were cut out of
the bulk crystal and used for electrical resistance measurements. Cylinder-shaped samples
having a diameter of 1 mm and height of 3.5 mm with a 〈110〉 axis of rotation were used for
the measurements of magnetization under hydrostatic pressure.

Preliminary evaporated silver strips with a separation of about 0.5 mm between the voltage
(V ) contacts were used for the customary four-point resistance measurements. The resistivity
for various temperatures (T) and magnetic fields was measured while a dc current of 50µA was
flowing through the sample. Measurements of the magnetoresistance (MR) were carried out
at magnetic fields H up to 15 kOe, aligned parallel to the current direction. AC measurements
of the differential resistance (Rd = dV/d I ) were performed using a lock-in technique and
a modulation current 5 µA at 390 Hz. For the measurements of Rd versus bias current the
applied current I was limited to prevent heating of the samples. Magnetic measurements under
pressure were performed in the temperature range 4.2–220 K and in H up to 15 kOe using
a PAR (Model 4500) vibrating sample magnetometer. Details of such measurements under
pressure are reported elsewhere [21].

The EMR measurements on polycrystalline loose-packed samples were carried out at
120 K � T � 500 K using a Bruker EMX-220 digital X-band (ν = 9.4 GHz) spectrometer.
Small pieces of La0.99MnO3 and La0.87MnO3 crystals were crushed to fine powder and then
put into the glass capillary tubes and centred in the rectangular cavity. EMR spectra were
recorded at 200 µW incident microwave power and 100 kHz magnetic field modulation of
10 Oe amplitude. The spectra processing was performed using Bruker WIN-EPR Software
and the values of the resonance fields (g-factors) were determined from the second derivative
of the EMR absorption spectra.

3. Results

3.1. X-ray diffraction

The structure and phase purity of the samples were checked by means of x-ray powder diffrac-
tion at room temperature. The x-ray data were found to be compatible with the orthorhombic
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Figure 1. The lattice parameters of the orthorhombic unit cell of La1−x MnO3 single crystals for
various doping levels.

unit cell (Pnma symmetry). Figure 1 shows the cell parameters for various La contents. For
comparison, the lattice parameters of the unit cell for LaMnO3 crystal [22] are also shown in
figure 1. It should be noted that at room temperature all samples fulfil the criterion c/a <

√
2,

typical for cooperative JT deformation superimposed on the orthorhombic structure [7]. Mau-
rin et al [23] have found that the volume of the unit cell varies linearly with the Mn4+ content
up to 30% of Mn4+, which corresponds to a limit of solubility for La and Mn vacancies. The
expression relating the unit-cell volume U per formula unit to the Mn4+ content is given by
Maurin et al [23]:

y = (61.03 − U (Å3))/0.096, (1)

where y is the percentage of Mn4+.
According to equation (1) and the unit-cell volume determined, the total variation of

Mn4+ in our samples does not exceed 3%. Equation (1) is an empirical expression from
experimental results on LaMnO3+δ and La1−x CaxMnO3 ceramic samples [23]. It is supposed
in the following discussion that the above relation (equation (1)) holds also for self-doped
samples of orthorhombic structure and low deficiency of cations.

3.2. Magnetic measurements

Figure 2 presents field-cooled (FC) and zero-field-cooled (ZFC) magnetization curves, for
La0.99MnO3 crystal, for H aligned in the (110) plane. The magnetization curves obtained for
other crystals are similar to those shown in figure 2. It should be noted that the FC magnetization
MFC at low temperatures increases with the self-doping, whereas the ZFC magnetization,
MZ FC is practically unchanged. Moreover, with increasing T , MZ FC exhibits a sharp increase
at T ≈ 133 K and then approaches zero. In the present work, the abrupt change in the
magnetization MFC during cooling is identified as the magnetic transition temperature TN .

The hysteresis loop at T = 5 K for La0.99MnO3 crystal is given in figure 3(a). It exhibits
a weak FM moment, which may result from a DM interaction as well as from FM clusters.
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Figure 2. The FC (MFC ) and ZFC magnetization (MZ FC ) of La0.99MnO3 crystal, measured at an
applied magnetic field H = 100 Oe for P = 0 and 11.8 kbar.

The spontaneous magnetization M0 was obtained by linear extrapolation of the high-field
magnetization to H = 0. Figures 3(b), (c) present the variations of the coercive field HC

and M0 with the level of self-doping. For comparison, the spontaneous magnetization of
La0.9MnO3 crystal [10] is also given in figure 3(b). Measurements of the magnetization at
various temperatures and magnetic fields—see, for example, figures 2 and 3(a)—were carried
out along the direction exhibiting the maximal value of magnetization in the (110) plane. This
direction was determined by rotating of samples around the 〈110〉 axis in H = 10 kOe.

The following features characterize the magnetization of the self-doped samples under
pressure:

(i) TN increases with pressure—see figure 2;
(ii) the values of MFC for each sample at low temperatures practically coincide for all P;

(iii) the hysteresis loops at T = 5 K are almost independent of pressure.

Though the Néel temperature depends only slightly on the level of self-doping, its pressure
coefficient, dTN/dP , depends strongly in an almost linear manner on x ; see figure 4. Such a
coefficient, dTN/dP , for the parent LaMnO3 [17] is added for comparison in figure 4(b), and
this agrees fairly well with the linear dependence obtained for our samples.

3.3. Transport properties

Figure 5 shows the temperature dependence of the resistivity ρ(T)observed for the La1−x MnO3

(x = 0.01, 0.11, 0.13) crystals at current I = 50 µA, upon cooling. For the La0.99MnO3

crystal, the ρ(T ) curve obeys well the exponential dependence ρ(T ) = ρ0 exp(Ea/kT ) with
activation energy Ea = 0.20 eV over a wide temperature range, 190 � T < 300 K (see
figure 5). The resistivities of La0.89MnO3 and La0.87MnO3 also obey the above expression
for ρ(T ) but in narrower temperature ranges. For La0.89MnO3 and La0.87MnO3 we found
Ea = 0.19 eV at temperatures 225 < T < 300 K and Ea = 0.18 eV for 250 < T < 300 K,
respectively. For the parent LaMnO3, the activation energy obtained is Ea = 0.26 eV [24]. In
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Figure 3. The hysteresis loop of La0.99MnO3 crystal (a) taken at T = 5 K; the spontaneous
magnetization (b) and coercive field (c) of La1−x MnO3 single crystals at T = 5 K for various
levels of self-doping.

the case of La0.87MnO3, the ρ versus T dependence is very weak between 180 and 210 K—see
figure 5. A similar reduction of Ea with progressive La deficiency was observed earlier in
La1−x MnO3−δ (0.67 < 1− x < 1) epitaxial thin films, reflecting the enhancement of the Mn4+

content [12].
Measurements of the resistivity ρ(T ) in various external fields H or for various bias

currents I were performed as a part of the transport studies. The effect of magnetic field up to
15 kOe on the resistivity of La0.99MnO3 crystal is practically invisible in the temperature range
180 < T < 295 K. At room temperature the bias current has no effect on the resistivity of this
crystal, while at 200 K a definite increase of ρ with current is observed. A significant difference
between the effects of magnetic field and bias current on the resistivities of La0.87MnO3 crystal
and those on the La0.99MnO3 sample can be seen in figure 6. Figure 6(a) shows MR versus
H at various temperatures. One should note that at room temperature a very small MR
effect is observed. ‘Usual’ optimally doped manganites exhibit colossal MR near their Curie
temperature [1]. In contrast, the negative MR effect observed for the La0.87MnO3 sample is
strongest at T = 200 K > TN —see figure 6(a). Figure 6(b) shows the normalized differential
resistivity Rd(I )/Rd(0) of La0.87MnO3 as a function of current flow at various values of T .
Only a small influence of the current on Rd is observed even at room temperature, whereas
below 220 K the effect of the electrical current on Rd increases with decreasing T .
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Figure 4. (a) The pressure dependence of the magnetic transition temperature of La1−x MnO3
single crystals. The dotted lines show the linear fitting. (b) The pressure coefficient as a function
of the self-doping.

Figure 5. The resistivity ρ of La1−x MnO3 single crystals as a function of temperature. The straight
lines are fits of initial slopes (see the text).
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Figure 6. The magnetic field dependence of the normalized resistivity of La0.87MnO3 single
crystal at various temperatures (a) and the normalized differential resistivity (dV/dI )/(dV/dI )I=0
of La0.87MnO3 crystal versus the current at various temperatures (b).

3.4. Electron magnetic resonance

Temperature dependences of the EMR spectra for La0.99MnO3 and La0.87MnO3 samples are
shown in figures 7(a) and 8, respectively. For each sample two types of EMR signals were
observed:

(1) broad asymmetric lines shifted from g = 2.0 position at temperatures below some T = Tp;
(2) a superposition of two overlapping signals above Tp.

Figure 7(b) shows a decomposition of the experimental spectrum of the La0.99MnO3 sample
at T = 180 K (T > Tp), into two symmetric lines—broad and narrow. The low-temperature
signals obtained are typical for FM ordered phases observed in doped manganites (see [21]
and references therein). The symmetric lines, observed at higher temperatures (T � 180 K,
La0.99MnO3 and T � 235 K, La0.87MnO3), are attributed to the paramagnetic (PM) precursors
of the aforementioned FM phases.

For both La0.99MnO3 and La0.87MnO3 samples the double-integrated intensities (DIN) of
the EMR spectra increase continuously with lowering temperature, reaching a maximum at
T = Tmax and then dropping upon further decrease of T ; see figure 9. However, these samples
differ in the content of the magnetically ordered component—see figure 9,which shows the DIN
values (proportional to microwave magnetic susceptibility) for the two samples, normalized
to their high-temperature PM values at T = 480 K.
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Figure 7. The temperature dependence of EMR spectra for La0.99MnO3, ν = 9.43 GHz: (a) arrows
point to three FMR signals; (b) decomposition of the EMR spectrum at T = 180 K into two
symmetric lines: narrow Lorentzian and broad quasi-Gaussian ones.

The upper spectrum of La0.99MnO3 shown in figure 7(a) displays, as already noted before,
a typical EMR signal at 220 K � T � 500 K, which consists of a broad singlet line
(�Hpp ∼ 2200 kOe at 300 K) of quasi-Gaussian shape, centred at g = 1.91 ± 0.05—see
figure 10(a). When T decreases below 220 K, an additional weak and narrower resonance line
with g = 1.97 ± 0.01 may be revealed by using the second derivative of the EMR absorption
spectra. The latter line becomes more distinguishable below 200 K (see figure 7(a)). This line
has a symmetric Lorentzian-like shape (see the decomposition in figure 7(b)); its �Hpp passes
through a minimum at Tmin = 190 K and then broadens again (figure 11(a)). At T = 190 K,
both lines are well observed, although the intensity of the narrow line does not exceed 10%
of the total DIN, as presented in figure 9. Below Tp1 = 175 K the symmetric line turns into
three asymmetric lines. These lines overlap with the quasi-Gaussian broad line which abruptly
disappears when the temperature drops below Tp2 = 140 K. When the temperature decreases
to T = 120 K, two of those asymmetric lines shift towards low fields and the other one shifts
towards high fields—see figure 7(a) (line positions indicated by arrows).

Figure 8 represents changes in the EMR spectra of La0.87MnO3 within the same
temperature region of 120 K � T � 500 K. Like in the case of La0.99MnO3, the EMR
spectra in the PM region (T � 235 K) consist of two overlapping resonance lines: a broad
one and a narrow Lorentzian-like line—see figure 8(a). The broad line is observed down
to 240 K. At lower temperatures other broad resonance lines, originating from magnetically
ordered phases, appear. The overlap of the lines throughout the whole PM region prevented
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Figure 8. The temperature dependence of the EMR spectra for La0.87MnO3, ν = 9.43 GHz: (a) the
PM region; (b) the FM region: the vertical line indicates the position of the high-temperature PM
signal.

Figure 9. The temperature dependence of DIN of the EMR spectra, normalized to the DIN value
at T = 480 K: circles—La0.99MnO3; stars—La0.87MnO3. Inset—a zoom of the La0.99MnO3
temperature dependence. Lines are guides for the eyes.
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Figure 10. Temperature dependences of the resonance fields: (a) La0.99MnO3: diamonds—broad
PM line; circles—narrow PM line; triangles pointing up and down—two components of the FMI
signal; squares—FMM signal; (b) La0.87MnO3: stars—narrow PM line; circles—one FMM phase;
pentagons—another FMM phase. Lines are guides for the eyes.

a precise determination of the g-value for that broad line. It may just be estimated that, like
in the case of La0.99MnO3, the gbroad-value is lower then the gnarrow-value. The same signal
overlapping prevents measurements of the width of the broad line. The narrow Lorentzian-
like line was observed in all EMR spectra above 125 K. It is compatible with g = 1.97 at
the high-temperature limit and slightly shifts toward low field when approaching temperatures
designated as Tp (figure 10(b)). On decreasing temperature, the width of the narrow line
decreases, passes through a minimum at Tmin1 = 260 K, and then starts to increase, passing
through another local minimum at Tmin2 = 215 K—see figure 11(b). At Tmin1 = 260 K, the
integral intensity of the narrow PM line is about 30% of the total EMR spectrum intensity (DIN).
Below Tp1 = 235 K on the low-field shoulder of the Lorentzian-like line another strong broad
asymmetric line appears and its intensity increases with decreasing temperature. This line
shifts toward zero field, having a discontinuity in its resonance field position at Tp2 = 180 K
(figure 10(b)). Below Tp3 = 125 K the weak narrow line disappears (see, for instance, the
EMR spectrum at T = 122 K in figure 8(b)).

4. Discussion

In the following we will discuss the experimental observations described above. A very small
variation in the lattice constants was found in the self-doped samples in comparison to those
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Figure 11. Temperature dependences of the linewidth: (a) La0.99MnO3: circles—narrow PM line;
triangles—broad PM line; (b) La0.87MnO3: stars—narrow line; two minima are clearly seen.

of LaMnO3. This allows us to suppose that the magnetic and orbital orders of the samples
studied are similar to those of LaMnO3. The increase of the FM moment M0 with self-doping
(see figure 3(b)) may be attributed to the coexistence of an AFM phase and FM clusters at
low temperature [6, 8]. The following scenario was proposed by Topfer and Goodenough [6].
Small-polaron holes become increasingly trapped at cation vacancies when the temperature
decreases. In orthorhombic structures these trapped holes form superparamagnetic clusters
with short-range FM order that become magnetically coupled with the onset of AFM order
to constitute a magnetic glass [6]. A similar model was also considered in [8, 10]. It was
supposed that the self-doped system is separated into two phases at low temperatures, namely
a hole-free AFM insulating phase and hole-rich FM regions with optimal hole concentration
x = 0.25–0.3 [8]. The two phases are coupled through SE at their interface. As a result
of this interaction, the FM cluster cants the surrounding spins in the AFM matrix leading to
weakening of the AFM interactions in hole-free phase [8]. In such a case the FM clusters
may exhibit a high enough Curie temperature, higher than TN for the AFM matrix, and the
decrease of the pressure coefficient of TN may reflect some kind of competition between AFM
SE interactions in the matrix and FM DE inside the FM clusters. In the case of La0.99MnO3

the amount of FM phase is relatively small, and the pressure coefficient of TN is close to that
of LaMnO3; see figure 4(b). As self-doping increases, the volume of FM clusters increases as
well. Then, with increasing volume of FM clusters, an increase of the AFM interaction in the
matrix under pressure may be partly counterbalanced by a bigger increase of the DE interaction
in FM clusters and, as a result, the pressure coefficient of TN decreases with self-doping.
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There was support for the notion that very low-doped manganites have a canted magnetic
structure [2, 4, 7, 8]. An alternative approach explains the experimental MR data at low
doping in terms of coexisting of AFM and FM phases where the AFM phase could be a canted
one [1]. All self-doped samples studied exhibit practically the same temperatures of magnetic
ordering and similar dependences of the magnetization on H and T . This is some indication
that their magnetic structures and magnetic anisotropies are similar to those of pure LaMnO3.
In principle, we do not rule out a difference between the crystallographic structures of AFM
and FM regions, though our x-ray measurements do not show any indication of that within the
accuracy of the data analysis (∼1–2%). Magnetization measurements [22] of LaMnO3 crystal
show a weak moment of 0.18 µB/Mn at T = 4.2 K directed along the c-axis, while other
measurements revealed the existence of small moments along both the a- and b-axes [25].
In a two-sublattice model, the antisymmetric and anisotropic DM interaction between spins
i, j , EDM = ∑

i> j Di j [Si × Sj ], is responsible for the canting of their magnetic moments.
The linear dependence of the spontaneous magnetization M0 versus x (figure 3(b)) allows
us to estimate both the spontaneous magnetic moment and the canting angle in LaMnO3.
Extrapolating M0 to x = 0, we obtain M0 = 2.28 emu g−1, corresponding to a weak FM
moment of 0.09 µB . The canting angle obtained is α = M0/2Ms ≈ 0.7◦. This value is
less than the value obtained from measurements of magnetization [22] (∼1◦) and implanted
muons [26] (∼2◦) in pure LaMnO3 crystal. It should be noted that the value of α obtained
in all the above measurements might be overestimated due to effects of off-stoichiometry in
LaMnO3.

The absence of the MR effect in La0.99MnO3 single crystal may be a result of the very
small volume fraction of FM clusters in the AF matrix. Figure 6(a) shows a set of normalized
resistivity curves ρ(H )/ρ(H = 0) for La0.87MnO3 crystal at different temperatures. One sees
that the largest effect of MR appears at temperatures higher than transition temperature, most
probably due to a contribution from FM clusters near La vacancies at T ∼ 200–220 K. The
eight Mn ions surrounding a La vacancy are crystallographically and electronically equivalent
and this leads to the creation of neighbouring Mn3+–Mn4+ pairs [8] ferromagnetically coupled
through strong DE interaction. The above scenario is supported by the temperature dependence
of the resistivity, which changes from a semiconducting-like one in the interval 240 < T <

295 K to a weakly temperature-dependent resistivity at 180 < T < 210 K; see figure 5.
With temperature decreasing below TN , the MR effect becomes more similar to that of FM
polycrystalline samples, which exhibit a sharp resistivity drop at low magnetic fields [1]. Such
a similarity may stem from a partial resemblance of transport mechanisms. The low-field
MR effect, observed in polycrystalline ceramics of doped manganites, may be attributed to
spin-dependent transport between two grains having almost fully polarized charge carriers
and the alignment of their magnetization by an applied field [1]. An electronic current in self-
doped La0.87MnO3 crystal may be significantly affected by spin-dependent tunnelling between
FM clusters. In contrast to the expected quadratic dependence of the MR on magnetic field
for phase-separated (PS) manganites [27], a rather linear MR effect versus H is observed
for La0.87MnO3 crystal (figure 6(a)). Moreover, the MR effect for La0.87MnO3 crystal at
100 < T < 200 K depends very slightly on temperature, whereas according to [27] the MR
should decrease with temperature as T −n , where n varies from 2 up to 5, depending on the
manganite system.

The non-ohmic effects reflect the nature of the interaction between electric current/field
and local magnetic moments. For La0.99MnO3 a relatively small increase of the differential
resistivity Rd at T = 200 K was observed. At room temperature no visible change in Rd is seen.
Previous measurements [18, 19] of Rd versus applied current have shown that current flowing
across the crystal leads to a decrease in the resistivity and therefore the observed opposite effect
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in La0.99MnO3 is quite unexpected. Similar to current effects in hole-doped La0.82Ca0.18MnO3

crystal [19], a weak decrease in Rd with current was observed in La0.87MnO3 even at room
temperature (see figure 6(b)). The observed bell-shaped form of the Rd(I ) dependences here
may also be attributed to spin-polarized tunnel conduction,which modifies the PS configuration
and percolation path [19]. An electric field may also induce a local electrical moment in MnO6

octahedra by modifying the spatial distribution of their charges and the suppression of the JT
local distortion.

The results of the EMR measurements carried out on La0.99MnO3 and La087MnO3 samples
give direct and unambiguous evidence of a complicated PS state in these self-doped manganites.
As clearly seen from the EMR, both compounds exhibit inhomogeneous magnetic phases at low
temperatures. However, the precursors of such inhomogeneous magnetic states may be easily
observed in the high-temperature PM region. Two PM subsystems were found. The first one is
represented by a narrow Lorentzian-like signal with g = 1.97, which arises for all Mn3+–Mn4+

ions coupled by DE [28]. This signal has the characteristic linewidth dependence: it passes
through a minimum and increases upon raising T [29, 30]. Such a subsystem is a common
precursor of FM ordered phases in doped manganites (see, for instance, [21, 28]). A broad line,
characterizing by �Hpp ∼ 2200 Oe at 300 K, g = 1.91, and the weak temperature dependence
of the linewidth—see figure 11(a)—represents a second subsystem. An analogous broad line
(�Hpp ∼ 2500 Oe at room temperature) was observed in pure LaMnO3 and ascribed to Mn3+

ions within an intermediate octahedral ligand field with a tetragonal JT distortion [31, 32].
Hence, we may suppose that the broad line, observed for the two La-deficient samples, arises
from Mn3+ ions. The g-value observed (g < 2) and weak temperature dependence of the
broad line width just strengthen the support for this supposition.

At low T , both PM subsystems evolve towards ordering, which is responsible for the more
complicated magnetic state. Therefore, the broad line for the La0.99MnO3 sample disappears
exactly below T = 140 K which coincides well with the Néel temperature of this compound
(TN ∼ 139 K). It may be supposed that for La0.99MnO3, most of the Mn3+ subsystem (about
90%, as was determined by integration) remains unperturbed and accounts for the AFM phase
of this compound. On the other hand, the La vacancies create domains of Mn4+ ions coupled
to the surrounding Mn3+ ions by DE. The latter Mn3+–Mn4+ subsystem might be responsible
for the FM phases observed. The same scenario could be used for La0.87MnO3. However, as
was noted previously, here the total weight of the exchange-coupled Mn3+–Mn4+ subsystem
is about three times higher than that for La0.99MnO3. This may lead to enhancement of the
spontaneous magnetization of La0.87MnO3 compared to that for La0.99MnO3 (figure 3(b)).

The magnetically ordered state for both La-deficient compositions was found to be
inhomogeneous and to possess AFM and FM phases. The coexistence of these phases may
be responsible for the sharp drop of the EMR signal intensities from FM phases below Tmax

(figure 9). We observed this effect earlier for several PS manganites [21] and described it
using a FM cluster glass (CG) model. It should also be noted that both samples show quite
complicated FMR signals. Two of the three EMR lines observed in spectra of La0.99MnO3,
which diverge towards high and low fields, could be interpreted as signals from an anisotropic
FMI phase [21]. The third FMR line, shifting towards zero field, is typical for FMM phases.
It is worth mentioning that the intensities of the signals from these two magnetic phases
are approximately the same. Another kind of magnetic inhomogeneity is observed in the
La0.87MnO3 sample. Here at least two typical FMM signals, appearing at Tp1 = 235 K
and Tp2 = 180 K are easily distinguished. In particular, just the transformations of these
EMR signals on crossing the aforementioned transition points lead to a discontinuity in the
temperature dependence of the resonance field (figure 10(b)), as well as to the appearance of
the double minima in the temperature dependence of the linewidth (figure 11(b)). Down to
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125 K these FMM phases coexist with the PM phase, which also orders magnetically below
Tp3 = 125 K. The reason for such a variety of FM phases lies, presumably, in the strong
inhomogeneity of the La vacancy distribution. Thus, domains with higher concentrations of
Mn4+ are responsible for higher transition temperatures. It is worth mentioning here that the
above-noted inhomogeneity in La0.87MnO3 may arise due to the exceeding of the limiting
concentration for uniform accommodation of La vacancies in the La1−x MnO3 structure [11].

In summary, experiments involving measurements of the magnetization under pressure
and resistivity versus temperature, current, and magnetic field, as well as EMR, were employed
in our studies of magnetic and transport properties of La1−x MnO3 (x = 0.01, 0.05, 0.11, 0.13)
single crystals. The results obtained provide further substantiation for the assertion of the
existence of mixed magnetic phases at low temperatures, namely an AFM insulating phase
and FMM clusters. Although the AFM ordering temperatures for all samples are practically
the same, TN = 138–139 K, the spontaneous magnetization and coercive field exhibit a linear
increase with x . To the best of our knowledge this is the first time that the dependence of the
pressure coefficient dTN/dP has been systematically measured for self-doped manganites. It is
supposed that the observed diminution of the pressure coefficient dTN/dP with increasing self-
doping stems from the competition of DE operating in FM clusters and AFM SE in the matrix.
A clear indication of a PS state in the La1−x MnO3 crystals under consideration was obtained
using resistivity measurements. It is found that FM clusters exist in the PM phase above TN .
The relatively large negative MR observed in La0.87MnO3 crystal above TN may be governed
by DE operating within such FM clusters. The dependence on current of the resistivity in
La0.87MnO3 single crystal may be attributed to spin-polarized tunnelling conduction, which
modifies the local phase separation along the percolation path. The temperature-dependent
EMR measurements on La0.99MnO3 and La0.87MnO3 crystals also directly evidenced that the
magnetic ordering in these samples is an inhomogeneous one, comprising AFM and various
FM phases. For the first time, nearly non-interacting Mn3+ and Mn3+–Mn4+ subsystems were
found in the PM region. They are supposed to be responsible for the AFM and FM phases
existing at lower temperatures. It is found that the change of the La vacancy concentration from
0.01 to 0.13 in these crystals increases the volume of the DE-coupled Mn3+–Mn4+ subsystem
by a factor of 3. This effect, in turn, causes the rise in the total amount of FM phase detected
by means of EMR and accounts for the increase of the spontaneous magnetization.
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