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The pressure, magnetic field and excess manganese effects on transport and magnetoresistance
effect (MRE) have been studied in both the epitaxial films and bulk ceramics of manganites
(Lag 7Cag 3) - Mny4,O03-y (x = 0-0.2). A comparison of electrical behavior in both kinds of sam-
ples of similar composition at hydrostatic pressures of up to 1.8 GPa and in a magnetic fields of up
to 8 kOe has been performed. The pressure and magnetic field effects are shown to increase with
increasing manganese content. Experimental data show that the pressure and magnetic field effects
on temperatures of both metal—insulator transition (Ty;p) and MRE peak (T ) are considerably
stronger in the films than in ceramics. The hydrostatic pressure increases T);p and Tpp.
Magnetoresistance effect for both types of samples was shown to be favored by the pressure and
magnetic field in an opposite way. A direct correlation is established between Ty, and conductiv-
ity bandwidth as well as between MRE and concentration of charge carriers at applied pressure.
The differences in the values of pressure effect on resistance, MRE and T, temperature in the
films and ceramics are connected with both granular structure of ceramics and the oxygen
nonstoichiometry in ceramic and film samples of the same content as well as with the film strain
induced by lattice mismatch between the film and the substrate. The origin of pressure—magnetic
field effects is analyzed in the framework of double exchange interaction and small polaron hop-
ping, and variable range hopping models.

PACS: 72.10.Di, 72.15.Gd, 72.60.+g, 73.61.—r, 75.30.Vn, 62.50.+p

Keywords: manganites, resistance, MRE, metal—insulator phase transition, excess manganese, ceramic,
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Introduction compounds containing solely Mn** or Mn?, leading
to antiferromagnetic (AFM) structures. The presence
of Mn™" is recognized as necessary for the metallic
character found in these compounds when ferromag-
netic. The standard methods used to produce a mix-
ture of the Mn>" and Mn"" ionic states involves sub-
stituting La®* by Ca, Sr or creating vacancies in the
La, Mn, or O sites in LaMnO3. As a result, long-range
ferromagnetic order, a metal—insulator transition, and

The hole-doped manganites, owing to the colossal
magnetoresistance effect (MRE) [1,2], are intensively
studied functional materials because of both scientific
interest and their potential application. The properties
of the lanthanum —manganese oxides are controlled
by the superexchange and double-exchange (DE)
mechanism [3,4]. The superexchange dominates in the
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MRE are induced. A search for a new method of
changing Mn** content is of interest. Therefore in this
paper, to change the Mn** / Mn>" ratio while keeping
the La /Ca ratio constant, the method connected with
excess manganese doping was used. Unlike the substi-
tution of Ni, Cr, Fe metal ions for Mn ones, which
weakens the exchange interactions, the excess Mn
doping enhances both magnetic and transport proper-
ties of manganites.

Physical properties of magnetoresistive manganites
are very sensitive to external perturbations. One of
perspective directions for elucidating the nature of the
unique interrelation of electrical and magnetic proper-
ties and MRE in such manganites is the study of these
properties under pressure and in a magnetic field, or
with a combination of both. The applied pressure re-
gulating the number of charge carriers at fixed chemi-
cal composition allows one to control the electrical
and elastic properties of manganites. There are works
devoted to research of influence of both pressure
(pressure effect) and magnetic field (magnetic-field
effect) on magnetic and transport properties of
Lny_,A,MnO3 (where Ln and A are the rare-earth
and alkaline-earth elements, respectively) [5-23]. It
could be seen that the pressure —magnetic-field effects
on these properties depend strongly on sample mor-
phology: powders, films and single crystals, as well as
on grain boundaries, oxygen content, disorder and lat-
tice strain. The literature on pressure and magnetic
field effects in La—Ca deals mostly with ceramics
[5—15]. Information on the pressure- and magnetic-
field-induced changes in the transport properties of
La;_,Ca,MnOj3 single crystals [16—19] and films
[20—-23] is scarce.

A strong influence of manganese excess on mag-
netic properties and resonance has been established
both in La—Ca manganites [24—27] and in self-doping
manganites [28]. The main results of the cited refer-
ences are as follows: using the NMR method it was
shown that the manganese ions with ionization states
both close to (3+) and (4+) and with intermediate va-
lence result from the high-frequency electron ex-
change; FM-to-canted spin state transition in clusters
of multivalent Mn ions by magnetic and neutron mea-
surements was observed; observation of FMR and
spin-wave resonance in the films of manganites with
manganese excess.

This work is a continuation of these earlier studies
of manganites with excess manganese, and it is fo-
cused on the investigation of resistive properties
in La—Ca manganites with the general formula
(La0.7Ca0.3)1_x MD1+x03_y (?C = 0_02) X—ray dif-
fraction and magnetization measurements have been
also performed to characterize the samples.
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Preliminary studies of the pressure and magnetic-
field effects on resistance and magnetoresistance have
been performed on film and ceramic samples of man-
ganite with standard composition Laj ;Cap3MnOg
[23]. However, in Ref. 23, the experimental data on
the p(T,P,H) dependences were presented without
any analysis.

One of the problems studied in this work is the in-
fluence of superstoichiometric manganese on conduc-
tivity and its role in the magnetoresistive effect. The
observed magnetoresistive effect, especially in the
films, is shown to increase strongly with increasing
content of superstoichiometric manganese.

We also investigated pressure and magnetic-field
effects on transport and MRE in the films and ceram-
ics of identical composition varying excess manganese
content. It should be noted that the transport mea-
surements were performed under pressure up to
1.8 GPa. In previous studies of pressure and mag-
netic-field effects in La—Ca manganites [5—22], the
following important results have been obtained. Ap-
plication of pressure was shown to enhance the dou-
ble-exchange interaction and to enlarge the tempera-
ture range of the existence of ferromagnetic phase. A
strong electron —phonon interaction arising from the
Jahn—Teller splitting of the Mn d levels was also
shown to play important role in these materials, since
the e, electrons are involved in the chemical bond for-
mation. The pressure coefficient, dT¢/dP, was ob-
served to depend on hole concentration (or the degree
of band filling) and to decrease significantly with the
hole-doping level. Various structural phases in a num-
ber of manganites were induced by hydrostatic pres-
sure. Magnetic-field-induced insulator-to-metal phase
transition was also observed in perovskite manganites.
The films have shown a more complicated pressure be-
havior related to the epitaxial stress arising from the
lattice mismatch between the film and the substrate,
as well as involving the film thickness. Moreover, in
the cited works, comparison of pressure and mag-
netic-field effects on the transport properties of man-
ganites having identical initial composition but differ-
ent morphology is lacking.

The main result of this paper is the detailed com-
parison of pressure and magnetic-field effects on con-
ductivity and MRE in ceramic and film samples of
manganites with various contents of superstoichio-
metric manganese (single crystals with the studied
compositions were not available) and qualitative anal-
ysis of mechanisms responsible for both effects. The
influence of pressure and magnetic field on both resis-
tance and the metal—insulator transition temperature
in ceramics and the films is similar, but differs in mag-
nitude. The mechanisms responsible for pressure and
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magnetic-field effects are also different. The pressure
and magnetic-field effects on MRE are shown to have
opposite signs. The pressure and magnetic-field effects
are analyzed in the frame of double exchange interac-
tion, as well as using small polaron hopping and vari-
able range hopping models.

The studies carried out simultaneously on the films
and bulk targets used for their deposition under pres-
sure and in a magnetic field allow to obtain additional
information on the transport properties of doped man-
ganites. Among the important new results is the calcu-
lation of both the concentration of free charge carriers
n and the electron conductivity bandwidth W as well
as their changes under pressure in the films with vari-
ous manganese content. A comparison of the calcu-
lated and experimental data shows that there is a di-
rect correlation between Th;p and W as well as
between MRE and n.

2. Samples and experimental

The transport properties of (Lag 7Cag 3)1-,Mny;,03,
manganites with excess manganese were studied in
two kinds of samples: ceramics and films. Since the
properties of sintered perovskites are very sensitive to
preparation conditions, all samples were prepared in
the same manner in order to have comparable proper-
ties. The ceramics was prepared by the double synthe-
sizing annealing (at 900—950 °C) and sintering of the
pressed (P =0.5 MPa) samples in air at 1150 °C with
subsequent slow cooling [29]. The superstoichiometric
(excess) manganese with valencies of Mn* i Mn?" re-
place the cation vacancies in octahedral positions of
the B sublattice formed as a result of cyclic oxida-
tion — reduction processes occuring during at synthesis
and sintering.

Using a ceramic target with diameter of 24 mm, the
films of studied compositions were deposited onto
LaSrGaOQ, substrate having the temperature ~ 800 °C
by pulsed laser deposition. The film thickness was
about 1000 A. To optimize the MnS/Mn4+ ratio, to
saturate by oxygen and to improve the homogeneity of
the films, the latter were additionally annealed at
600 °C in an oxygen atmosphere.

The specific resistance p and magnetoresistance ef-
fect AR/Ry =(Ry - Ry ) /Ry, where Ry and Ry are
the resistance in zero and H magnetic fields, respec-
tively, as a function of both pressure (up to 1.8 GPa)
and magnetic field (H = 0-8 kOe) were measured us-
ing the conventional dc four-probe method in the tem-
perature interval of 4.2—-300 K.

The hydrostatic pressure was produced in a two-la-
yer chamber made from nonmagnetic steel (a channel
is 6.5 mm in diameter and external diameter of cham-
ber is 30 mm). A mixture of mineral oil and kerosene
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was used as a pressure transmitting medium. At high
temperatures, the pressure and temperature were mea-
sured in situ by manganin and copper wire gauges lo-
cated next to the sample. At low temperatures, the
pressure was determined using the pressure depen-
dence of superconducting transition temperature of a
Sn probe.

3. Experimental results

According to room temperature x-ray diffraction
data, the ceramic samples are single-phase with no
other detectable phases and have the perovskite struc-
ture (Pnma). The films are also single-phase, epitaxial
and oriented along the pseudo-cubic axis [100]. Both
in ceramics and films, the Mn doping does not change
the structural symmetry and leads to a decrease of the
cell parameters (Table 1). The decrease of the unit cell
volume can be attributed to both the reduction of
Mn>" to Mn“, with smaller ionic radii and the cre-
ation of vacancies.

As is seen from Table 1, the lattice parameters and
phase transitions temperatures in ceramic and film
samples of the same composition are different. This is
due to the difference in oxygen stoichiometry. The ox-
ygen deficiency (oxygen nonstoichiometry) in the
films is confirmed by both lower phase transitions
temperatures and quasi-cubic structure. It is observed
in the majority of works dealing with the properties of
manganites as a function of oxygen content [30—33].

Table 1. Crystal structure parameters, Curie temperature
Tc, metal=insulator transition Th;p and MRE peak (Tysp)
temperatures (at P= 0 and H = 0) and AR/R value
(H = 8 kOe).

Parameters of cell

Tc, |TMmD, |TMR, |AR/R,

X a, A | b,A | ¢, A K K K o

ceramics
LCMO | 5.505 | 5.552 | 7.796 | 265 277 276 14
LCM10| 5.464 | 5.515 | 7.728 | 267 272 269 20
LCM20| 5.458 | 5.464 | 7.718 | 270 273 270 22

films
LCMO | 3.890 — — 210 238 215 20
LCM10O]| 3.868 — — 222 267 248 33
LCM20 | 3.866 — — 225 270 249 50

The temperature dependences of resistance p
and magnetoresistance AR/R; in manganites with
different manganese content [Lag;Cag3zMnO3_,
(LCMO), (La0.7Ca0.3 )0.9 MD1 .103_y (LCM10), and
(Lag 7Cag3)9gMng 03, (LCM20)] measured at
zero and high pressure, with and without magnetic
field, are illustrated in Fig. 1 (for ceramics) and Fig. 2
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Fig. 1. Temperature dependence of specific resistance p
(curves 71-4) and magnetoresistance effect, AR/Ry,
(curves 5-6) in the ceramic samples

(Lag 7Cag 3)1—Mnq4 O3 at different manganese content,
pressure (GPa) and applied magnetic field (kOe): 7 —
P=0,H=0;2 - P=0,H==80;3—-P=18, H=0;
4 —-P=18 H=80;5 —-P=0,H=80;6 — P=1.8,
H = 8.0.

(for films). The p(T") curves for the intermediate val-
ues of pressure and magnetic field are not shown so as
not to obscure the figures. A characteristic phase tran-
sition temperatures and MRE values in ceramic and
film samples and their changes under pressure are
summarized in Tables 1-3.

From Figs. 1 and 2 it is seen that the maximum of
resistance in both ceramics and the films decreases as a
manganese content increases. The low values of room
temperature and the residual resistances and the sharp
decrease of the p(T, P) peak below T y;p in the films in
comparison with the ceramics indicate the absence of
significant grain boundary contributions to the resisti-
vity. The temperature coefficient of resistance changes
from negative to positive upon cooling through the
peak resistance temperature, Ty, corresponding to a
metal—insulator transition. The Ty, in the films is
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Fig. 2. Thermal dependence of specific resistance p
(curves 1-4) effect, AR/Ry,
(curves 5—6) in the film samples (Lag 7Cagp 3)1_Mnq4 O3
at different manganese content, pressure (GPa) and ap-
plied magnetic field (kOe) : 1 — P=0, H = 0; 2 —
P=0, H=80;,3 — P=18, H=0;,4 — P=18,
H=80;5—P=0,H=80,6 —P=1.8, H=38.0.

and magnetoresistance

appreciably less than in the ceramics and increases
with increasing x. The decrease of maximum resis-
tance and the increase of Ty with increasing manga-
nese content are attributed to the increase of char%e
carriers as a result of the increase of the Mn4+/Mn *
ratio. The difference of both resistance and T, in ce-
ramics as compared to p and Tp;p in the films of the
same composition is assumed to result from both struc-
tural irregularities in ceramics and the film strain in-
duced by lattice mismatch between the film and the
substrate. The resistance is higher in ceramics than in
the films because of the differences in oxygen stoichio-
metry in the two types of samples. The additional
scattering of charge carriers from defects and grain
boundaries in ceramics also leads to a reduction in
intergranular conductivity. These data correlate with
a previous reports [30—33]. Using the data on the in-
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terrelation between the phase transition temperature
and oxygen nonstoichiometry (Ay) [33], the differ-
ence in oxygen nonstoichiometry for the ceramics (¢)
and the films (f) studied was estimated. Knowing
ATvp =Typ ~Typ, we have Ay~16 107" and
31072 in LCMO and LCM2O0, respectively. A de-
crease of Ay in LCM20 correlates with the fact that
the Thsp temperatures for ceramics and the films come
close together as x increases from 0 to 0.2.

Table 2. Curie temperature (T¢), metal-insulator transi-
tion (Tpyp) and MRE peak (Tp;g) temperatures, AR/R
value (in magnetic field of 8 kOe) at pressures mentioned
in text and pressure coefficients dT/dP and dTp;p,/dP.

e, |Tvp | Tvr | FC | MR | AR
ceramics
LCMO 275 | 286 | 285 10.5 5.0 8
LCM10O 279 | 283 | 279 11.5 3.5 16
LCM20 280 | 285 | 281 13.8 6.0 16
films

LCMO — 276 | 256 — 23 16
LCM10 — 286 | 267 — 1 23

LCM20
(P=09GPa)| — 281 262 — 13 42

Table 3. Metal—insulator transition temperature (Tasp)
and values of ATy;p/AH and dTyhsp/dP at pressure (GPa)
in magnetic fields (kOe).

ATyvp ATyvp dTyp
Imp: | TMD: AH AH dp
(P=0, [(P=18,| (P=0) [(P=1.8)|(H=0;8)
Samples
H=28) H=238)
K K K/kOe | K/kOe | K/GPa
ceramics
LCMO 283 285 10.5 5.0 8
LCM10 281 279 11.5 5.5 16
LCM20 281 281 13.8 6.0 16
films
LCMO 243 282 0.6 0.8 21
LCM10 274 294 1.1 1.0 11
LCM20 273 291 1.1 1.1
(P=0.9 (P=0.9) 11

Since the correlation between the temperature-de-
pendent changes of resistance and magnetization near
the phase transition is observed, the semiconducting
character of the conductivity in the paramagnetic
phase can be interpreted being the result of thermal
spin fluctuations and the resultant spatial randomness
of the transfer interaction. At T > T);p one observes
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activated behavior of the resistance, and hopping con-
ductivity is the dominant conduction mechanism. Due
to the closeness of T);p to room temperature there are
not sufficient data to carry out an exact calculation of
the temperature dependence of the resistivity. In an
attempt to find the best theoretical fit to the experi-
ment, we have tested each approximation for the mini-
mal root-mean-square deviation (less 0.5%) of experi-
mental and calculated points. The temperature
variation of the electrical conductivity in ceramic and
film samples above Ty;p, was analyzed using both hop-
ping of small polarons [34—36] and Mott’s variable
range hopping (VRH) [37] models. The model of
small polaron hopping predicts that

E
(T) =poT® exp | 4|, (1)
p Po Xp kT
where o = 1 for an adiabatic small polaron hopping
model [35] or o = 1.5 for nonadiabatic small polaron
hopping model [34,36].
Within an alternative VRH model

p(T) =py exp (Ty /T4 (2)

In these formulas, E 4 is the activation energy, py is
the residual temperature-independent part of the resis-
tance, T, is the Mott temperature, and kg is Boltz-
mann’s constant.

It is important to note that the p(T") dependences in
ceramics are better fitted by Mott’s law (Eq. (2)),
while in the films the root-mean-square fitting using
the nonadiabatic small polaron hopping model with
o = 1.5 gives smaller deviations from the experiment.
Despite the narrow temperature range of fitting, the
data of the analysis correlate with theoretical results
[38,39]. The results of the fitting of experimental data
for the films are presented in Table 4 for various com-
pounds. The E 4 values calculated correlate with ones
obtained in work [36]. It should be noted that the ac-
tivation energy decreases with increasing manganese
content.

At T < Typ, the resistivity curves show me-
tallic-like behavior. In the framework of the double-
exchange model [3,4], where the conduction takes
place via hopping of the e, electrons between two
Mn ions, the transfer integral is expressed as to =
=ty cos (04;,/2), where ¢, depends on both the
Mn—O—-Mn bond angle and the Mn—O bond length.
The relative angle 0;; between two neighbouring Mn
spins in the i and j sites decreases with diminishing
temperature owing to the ferromagnetic alignment of
the Mn spins, and as a result p will decrease.

In low-temperature region (T <0.5T /), the ex-
perimental data were fitted by the following expres-
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Table 4. Resistance (pg, py), activation energy (E4) in the films in magnetic field (kOe) and at pressures (GPa).

High T H=0 Low T High T H=38 Low T
PO » Ea, PO » 1 PO Eq, PO » 1,
me-cm K mQ-cm rnQ~cm/K2‘5 mQ-cm K mQ-cm mQ»cm/Kz'S
Lgl\fg) 9.5-107 1251 0.815 9.96-107° 1.03-107* 1227 0.813 9.75-107°
s 1.04-107" 1089 | 0.555 4107 113107 1061 0.546 41076
LCMIO 104107 1205 0.463 43210 104107 1105 0.402 4.410°6
LeMi9 211107 836 0.508 3.3.10°6 2.25:107 812 0.505 3.2310°
LCM20 7.6:107 1092 0.242 1.92:10° 8.4-107 1059 | 0.203 1.67-10°
LeM20 131107 824 0.224 1.55.107 1.03-107" 894 0.201 1.61-107

sions: a) p(T) = py + p4T? (one-magnon contribution
to resistivity) [40,41] and b) the empirical relation
p(T) = py + pyT?° [6,42].

For ceramics the one-magnon contribution to resis-
tivity is prevalent as shown in Fig. 3 for LCMO,
LCM10, and LCM20.

The law p(T) = py + p{T%> has the smallest rough-
ness and is more suitable for fitting of p(T) in the
films. In Fig. 4, the low-temperature dependence of
the resistance is presented as a function of 7% for the
LCMO, LCM10, and LCM20 films.

The following data demonstrate the high sensitiv-
ity of transport properties of manganites to the exter-
nal pressure (Figs. 1 and 2; Tables 2—4). The p(T, P)
dependences show reversible behavior near the phase
transition. For all samples, the pressure results in in-

energy is lowered by external pressure, that is indica-
tive of reduction in the energy of electron localization.
E , is shown to be also less in the films with a higher
TMD.

At temperatures below Ty, the ferromagnetic do-
mains form percolating conducting paths. The
strength of the percolation increases with increasing
pressure as the volume of FM phase increases. The
low-temperature p(T) dependence in ceramics under
pressure has been well fitted to the expression
po(T) = py(0) + p,T? (Fig. 3). In Fig. 4 the low-tem-
perature resistances as a function of 725 for the film
samples are shown at different pressures. The tangent
of the slope of the curves is shown to decrease under

creasing electrical conductivity in the whole tempera- 240¢ vt Kaﬁiagf\oﬂg”oal_ 20
ture range. Near room temperature p decreases at a 200L 1 “’92: '\ | jg
rate of ~ — (35-48) %/GPa, depending on x. Near Ty, £ 160 S | £
the sensitivity of the resistance to pressure is particu- a r 0 o.g (;F-,i 1.8 35@
larly enhanced, and the maximum derivative dp,/dP is € 120| 2 130E
observed. The pressure dependence of resistance is d e . 125 <
practically linear up to 1.5 GPa for both types of sam- 80¢ 5 Muﬂﬂ*"’“m 120
ples, allowing the use of manganite as a pressure sen- 40t W 15
sor. These d?pendences have a form: p°(P) ~ 490 — 4 110
—134P and p’ (P) ~ 30 = 5.5P for the LCMO ceramics ' ' ' '

and film, respectively, and p“(P) ~67 — 14P and 05 10 1'|:25.104 i-zo - >

pf (P) ~ 15— 4P for the LCM20 ceramics and film, re-
spectively, at room temperature, where p (mQ-cm) and
P (GPa).

At T > Typ, Mott’s law is rather well followed in
ceramics under pressure over a temperature range. The
characteristic Mott’s temperature obtained from fit-
ting procedures is comparable to values reported for
other doped manganites. The value of T} is established
to decrease with increasing pressure. As an illustra-
tion, the Ty (P) dependence for LCM10 is presented
in the inset of Fig. 3. As seen in Table 4, the activation
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Fig. 3. Fits of the low temperature dependence of resis-
tance p(T) in ceramics with different manganese content
to the expression p(T) = py +p1T2 under pressure (GPa)
in magnetic field H = 8 kOe: LCMO (left ordinate axis),
I — P=0, pgp = 59.4 mQcm; 2 — P= 1.8, py =
=59.4 mQ-cm; LCM10O, 3 — P =0, pg = 6.6 mQ-cm; 4 —
P =18, pg = 4.5 mQ-cm and LCM20, 5 — P =0, py =
=11.3 mQ-cm; 6 — P =1.8, pg = 10.2 mQ-cm (right ordi-
nate axis for LCM10 and LCM20). The inset shows the
pressure dependence of Mott temperature in LCM10O ce-
ramics at T > Tpp.
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Fig. 4. Fits of the low temperature dependence of resis-
tance p(T) in the films with different manganese content
to the expression p(T) = pg +p1T2‘5 under pressure (GPA)
in applied magnetic field of 8 kOe: (x = 0), 1 — P =0;
2 - P=18(x=01),3 —P=0;4 — P=18; (x =
=025 — P=0,6 — P=0.9. The py and py values are
shown in Table 4.

pressure in both ceramics and the films. One can see
that the pressure effect on p(T) decreases with increas-
ing x.

The resistance peak temperatures determined on
the basis of spline interpolation of p(T") experimental
points shift towards higher temperatures with increas-
ing pressure. The pressure effect on T);p is stronger in
the films than in ceramics. At a pressure of 1.8 GPa
(H =0), Tpp increases by 9, 11, and 12 K in ceramic
LCMO, LCM10, and LCM20 samples, while in the
films of the same composition it increases by 38, 21,
and 11 K (0.9 GPa), respectively (Tables 2 and 3).

290

2801

A7A/
A/./ /
270r A" a—

X 20
5 260 e Ny
= ./ & 260
- ¥ 14
250 /./ ;/12 O/o/o
210
2401 o ° 1732
x (Mn content)
230 0 0.5 1.0 1.5 2.0

P, GPa
Fig. 5. Pressure dependences of Ty in the films with x =
= 0 (full circle); 0.1 (full square) and 0.2 (full triangle)
as well as in ceramics with x = 0 (open circle). Inset —
dTc/dP and Tc dependences as a function of Mn content
in ceramics.
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The hydrostatic pressure reduces the distinction of
Typ in the films and ceramics. It stems from the fact
that pressure not only affects the unit cell parameters
but also influences the film microstructure due to
epitaxial strain. Owing to this, in the films with low
Trp a pressure moves Ty towards a higher tempera-
ture at a faster rate compared with the films having a
high Thsp. The Th;p(P) dependences for the LCMO,
LCM10, and LCM20 films and LCMO ceramics are
presented in Fig. 5. The pressure effect on Ty;p) is po-
sitive and has close to linear character up to 1.8 GPa
for all samples studied. The pressure coefficient is a
convenient criterion for the sensitivity of Ty;p to pres-
sure. The dTy;p /dP derivatives for ceramics are prac-
tically Mn doping-independent, while in the films
they decrease with Mn content from 21 K/GPa for
LCMO to 11 K/GPa for LCM20O (Table 3). Thus,
the lowest dTysp /dP value is observed for compounds
with the highest Ty (and highest value of x) as well
as with the highest electrical conductivity. A similar
correlation and close values of dTysp,/dP were ob-
tained in other parent oxides La;_,Ca,MnO3. For
comparison, in the inset of Fig. 5 the Curie tempe-
rature, T¢, and pressure coefficient dT-/dP as a
function of Mn concentration obtained as a result of
measurements of magnetization under pressure are
presented for x =0, 0.1, and 0.2.

In parallel with the pressure effect (at H =0), the
magnetic-field effect on magneto-transport properties
has been studied, and the comparison of both effects
was performed. The field effect on the resistance of
both types of samples qualitatively resembles the in-
fluence of pressure on p (Figs. 1 and 2). An applied
magnetic field shifts the p(T) peak towards higher
temperatures. The magnetic field of 8 kOe increases
the conductivity at Th;p by about 12%, resulting in
CMR effect.

Above Typ, the temperature dependence of resis-
tance is fitted to Mott’s law (Eq. (2)). A weak field
dependence of T;; with magnetic field is observed. As
for p(T, P) in zero field below Tysp, the empirical ex-
pression p(T) = pg + p4T* can be used to fit the mag-
netic field dependence of low-temperature resistance.
The best fit was obtained for o« = 2 and 2.5 for cera-
mics and the films, respectively. The tangent of slope
of the curves p(T, P) does not change with magnetic
field. According to the data obtained, a magnetic field
reduces the activation energy, and, as a consequence,
p(T) decreases near the metal—insulator transition.

The maximum change of AR/Ry is observed near
the phase transition. MRE changes stronger in the
film than in ceramics with Mn doping, namely, the
AR /Ry value increases by 14 and 22% in a magnetic
field of 8 kOe for x = 0 and 0.2, respectively, while in
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the films of the same compositions, MRE increases
from 20 to 50% (Table 1). A smaller AR /R, value in
ceramics than in the films is connected with their
granular structure. At low temperatures, MRE in-
creases in ceramics and there is no detectable MRE
change in the films.

An application of pressure results in reduction of
the negative magnetoresistance peak. The MR effect
near Ty is decreased by about 4-10% in samples
with different Mn contents at applied pressure of
1.8 GPa as compared in Tables 1 and 2. The T tem-
perature increases strongly with increasing pressure,
namely, by about 10 K in ceramics and by 41, 19, and
13 K in the film samples with x =0, 0.1, and 0.2, re-
spectively. From Figs. 1 and 2, it is apparent that
above Th;p(H) the p(P = const, H) dependences are
almost independent of magnetic field and are func-
tions of only temperature and pressure.

In comparing the pressure and magnetic-field ef-
fects on the electrical properties of the ceramic and
film manganites studied, one should note the follow-
ing. The pressure and field effects on both the resis-
tance and metal—insulator transition temperature are
qualitatively similar, namely, they decrease the
p(H, P) values and increase Ty;p. As a result, the
ferromagnetic metallic phase is expanded. The
Typ(P), Typ(H), and Thr(H) dependences are
practically linear. The activation energy decreases as a
function of both pressure and magnetic field (Table
4). Assuming the polaronic mechanism of conductivity
in the films in the high-temperature phase, the de-
crease in activation energy can be explained as a
reduced local relaxation around the more quickly hop-
ping electrons. It leads to both a reduced high-tempe-
rature resistance and a lower magnetoresistance peak.
The observed increase in transition temperature is a
consequence of a hoping-induced destabilization of
a polaronic phase.

Note that the magnetic-field effect on resistance de-
creases under pressure. In field H = 8 kOe, the fall in
resistance is by about 11% and ~ 6% at P = 0 and
1.8 GPa, respectively. The change of the T;p tempe-
rature with magnetic field, (ATy;p/(H), is practi-
cally independent of pressure, and (dTy;p /dP) coeffi-
cient is practically independent of magnetic field
(Table 3). Unlike the pressure and magnetic-field ef-
fects on resistance and Ty;p, their influence on MRE
is opposite, namely, a magnetic field increases the
MRE, while pressure decreases it. As a result of simul-
taneous influence of pressure and magnetic field the
MRE decreases in both ceramics and the films (Ta-
ble 2). This manifests itself more strongly in the films
as well as with increasing pressure. However, while
the suppression of spin fluctuations is the origin of the
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negative MRE in the films, the MRE in the ceramics
is dominated by transport across grain boundaries [7].

The Th/r temperature increases with increasing
both pressure and magnetic field. The pressure and
field effect on MRE is practically constant in ceramics
and increases in the films as a manganese content in-
creases.

The main mechanism responsible for the change of
transport properties in manganites studied under pres-
sure and in magnetic field is suggested to be related to
the change of DE interaction between multivalent
ions. The possibility to explain the pressure and field
effects in the framework of DE model is due to the
small residual resistance (of the order of or less than 1
mQ-cm, as shown in Table 4) in the samples studied.

The pressure and magnetic-field effects on the
metal—insulator transition and MRE are caused by an
increase in both the effective electron transfer integral
tofr and the mobility of charge carriers. However, the
mechanisms of increase of ¢, are different.

The pressure-induced reduction of both the unit
cell volume and the lattice distortion results in the in-
crease of the electron conductivity bandwidth, W,
which is controlled by both the Mn—O distance and
Mn—O—-Mn bond angle. The applied pressure causes
the average inclination angle of the MnOg octahedron
to decrease and thus modifies both the length and an-
gle of the bond. Under pressure the Mn—O—Mn angle
opens toward 180°, increasing ¢, and, consequently,
the strength of the DE interaction, which is deter-
mined by the transfer integral ¢.;. The increasing
electronic hopping amplitude favors an increase of
both the conductivity and the phase transition temper-
atures.

The contraction of the unit cell volume at
pressure  increases an  overlapping of  the
3d(Mn>")-2p(0?)-3d(Mn"") electron orbitals that
also improves the effectiveness of the double ex-
change. As a consequence, this provides the shift of
the metal—insulator transition (as well as the Curie
temperature) towards higher temperatures expanding
the ferromagnetic metallic phase in these manganites.
Note, that the samples studied having higher Ty;p,
i.e., broader bandwidth, are less sensitive to pressure
than those with lower Ty;p.

According to the DE model, where a ferromagnetic
interaction manifests itself by electrons transferred in
narrow e, bands, the magnetic-field effect on the
transfer of electrons between neighboring Mn sites is
proportional to cos (0;;,/2). The ferromagnetic spin
arrangement at T < T reduces the randomness of the
transfer. Along with temperature an external mag-
netic field forces the localized ¢5, spins to align paral-

lel and hence reduces e, electrons scattering. A de-
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crease of the angle between the two ionic states 0
favors the charge transfer and enhances the transfer
integral f.. As a result the Ty, temperature in-
creases and the resistance decreases. Thus the magne-
toresistance occurs mainly due to the Mn spins align-
ment by an applied magnetic field.

Based on published theoretical results [25], a quan-
titative estimation of the electron e, bandwidth and
mean concentration n per site of itinerant electrons
was performed. A some modification taking into ac-
count a quantum spin fluctuations of itinerant e, elec-
trons on the Mn*" ions bounded by the strong Hund
interaction was carried out. The detailed analysis of
the results will be published elsewhere.

In brief, the calculation performed is based on the
perturbation method (PM), where the parameter of
smallness is 1 ,/z (z is the nearest neighbour number of
the Mn*" ion). The PM method differs from the coher-
ent potential method (CPA) [38], wherein the contri-
bution of spin fluctuations is overestimated. The spe-
cific resistance p(n) =1/c(n), where o(n) is the
conductivity, was calculated using the Kubo formula
in simplest bubble approximation for pure double ex-
change [38]. Supposing that at T = 0 the contribution
of electron —phonon interaction to the resistance is
very small, one can write the following expression for
the conductivity:

2
G(n) = 2";[;?1 de SDC(S)(P(Syn) ) (3)
where
e = Aq(wnm)?,

Aq(,n) is the electron spectral density, which takes
into account scattering of electrons and corresponds
to noncoherent spectrum of excitations,

_1 CY
D (e) = N;a[g o j

is the electron density of states for the sc lattice, which
does not take into account scattering of electrons
and corresponds to coherent excitations, t(q) =2t x
x (cos (q,a) + cos (q,a) + cos (q,a)) is the Fourier
component of the hopping integral, ¢, with the a is
the lattice constant, 8 is the Dirac delta function, ¢ is
the energy in 2¢ units, N is the number of crystal lat-
tice sites, g, is the projection of wave vector g on the
i direction, e is the electron charge.

The concentration dependence of residual resis-
tance p(n) calculated using the above method for fer-
romagnetic phase is presented in Fig. 6. The striking
peculiarity is that, unlike the CPA where the minimal
p value is of the order of 1 mQ-cm, in our case p(n)
tends to minimal value of order 0.012 mQ-cm at
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Fig. 6. Calculated critical temperature To in W units (left
ordinate axis) and residual specific resistance p (right or-
dinate axis) as a function of electron concentration 7.

charge carriers concentration of n ~ 0.59. The calcu-
lated value corresponds to residual resistance for low
T observed experimentally in manganites studied (Ta-
ble 4). Using the experimental p values and theoreti-
cal p(n) dependence, the electron concentration n for
the film LCMO, LCM10, and LCM20O compounds
was calculated at P =0 and 1.8 GPa.

The temperatures T;pp and T are supposed to coin-
cide. The following expression for critical temperature
Tc in W units is the result of the performed
previouusly analysis [43]:

768(0/ W)2D, (4§“/WJ
et T
(5 =n)3 + 3840/ W) - n)D, (SHJ
—n
(4)

where w is the chemical potential.

Substituting n calculated and experimental values
of Tpyp in Eq. (4), we find the bandwidth values (Ta-
ble 5). The phase transition temperature, T /W, as a
function of n is illustrated in Fig. 6. It should be noted
that the calculated W values (order of 1 eV) agree
with results obtained in other works [2,11]. Experi-
ments under pressure reveal a positive d W /dP in the
films (Table 5). The decreasing d W /dP as x increases
is in agreement with changes of dTy;p /dP (Table 3).

Table 5. Concentration of free charge carriers (n,) and
the electron conductivity bandwidth (W) in the films with
different manganese content as a function of pressure
(GPa).

LCMO LCM10 LCM20
P=0 |P=18 | P=0 |[P=18| P=0 | P=0.9
n 0.90 0.86 0.84 0.82 0.74 0.73

W, eV| 0.83 0.95 0.92 0.98 1.04 1.09
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Note that the weaker superexchange interactions
(responsible for the antiferromagnetism) will also in-
creases with pressure. However, the ferromagnetic DE
interactions are stronger pressure dependent, since a
pressure changes not only the unit cell parameters, but
increases both the effective e, transfer integral and
the charge carriers mobility as well.

4. Conclusions

In this work, a comparison of the transport proper-
ties of ceramic and film samples of manganites having
the general formula (Lag;Cag3)i_,Mny,, O3,
(x = 0-0.2) as a function of pressure, magnetic field,
and manganese content has been performed.

The pressure —magnetic-field effects on resistance
and MRE increase with increasing manganese content
as a result of increase of the charge carriers density
characterized by the Mn*"/Mn?* ratio. According to
the above experimental data, the pressure and mag-
netic field effects on the resistance and metal —insula-
tor transition temperature are qualitatively similar in
the two kind of samples, but differ quantitatively. The
Thip temperatures are established to increase much
stronger in the films than in ceramics with increasing
pressure, magnetic field and manganese content. The
pressure and magnetic-field effects on MRE are oppo-
site: MRE decreases at applied pressure and increases
with magnetic field. As a result of simultaneous influ-
ence of pressure and magnetic field the MR effect de-
creases in both ceramics and the films. MRE is shown
to increase as a manganese content increases. The dif-
ferent pressure effects on resistance, MRE, and Ty
in ceramic and film samples are connected with both
granular structure of ceramics and difference of the
oxygen nonstoichiometry in ceramic and film samples
of the same content as well as with the film strain in-
duced by lattice mismatch between the film and the
substrate.

The main mechanism responsible for pressure and
magnetic-field effects is related to the double ex-
change interaction. A magnetic field aligns the local-
ized ty, spins, decreasing the angle 0;; between the
two ionic states and increases the charge carrier mobil-
ity; that leads to increasing t.4y , which is proportional
to cos(0;;,/2). This effect is responsible for the main
part of the CMR. Unlike the films, where the MR ef-
fect is related to the reduction of spin fluctuations by
an applied magnetic field, a large negative MR in ce-
ramics is associated with magnetic domain rotation at
the grain boundaries as well as with the tunneling ef-
fects. The pressure decreases the unit cell volume
as well as the lattice distortion increasing the
Mn—-O-Mn bond angle (¢). As a consequence, the e,
bandwidth and the transfer integral, proportional to
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cos (m — @), increase; that is favorable to an increase
of the DE interaction in the Mn—O network. The pres-
sure effect can be also interpreted as a result of
an overlapping of the 3d(Mn3+)—2p(027)—3a’(Mn4+)
electron orbitals at the contraction of the unit cell vol-
ume that also improves conditions of the double ex-
change. A various theoretical models (VRH, Mott and
Holstein laws) were used for the analysis of p(T, P, H)
dependences at T > Ty and T < Typ. In an attempt
to find the best theoretical fit to the experiment, we
have tested each approximation for the minimal root-
mean-square deviation of the experimental and calcu-
lated points. A calculation of the residual resistance in
the structure with short-range magnetic order caused
by scattering on spin fluctuations was also performed.
The phase transition temperature was determined tak-
ing into account the quantum fluctuation of electron
spin. The results of calculation were used to determi-
nate both the concentration of free charge carriers and
the electron conductivity bandwidth as well as their
changes under pressure in the films with various man-
ganese content. A comparison of the calculation and
experimental data shows that there is a direct correla-
tion between Ty, and W and between MRE and » at
applied pressure, namely, the increasing metal—insula-
tor temperature follows the increasing electron con-
ductivity bandwidth and the decreasing magneto-
resistance effect correlates with the decreasing
concentration of charge carriers.
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