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Abstract. The influence of hydrostatic pressure on the transport properties of (Lai—»Raz)0.67Ca0.33MnO3
(R = Y,Tb) ferromagnetic manganites is investigated. The enhancement of the Curie temperature T¢
under pressure agrees with previous data. In the paramagnetic range, the resistivity can be represented
by a Mott localisation law, with a characteristic temperature Ty decreasing with pressure. The varia-
tion of Tc with pressure is compared to the effect induced by replacing La by a magnetic rare earth in
(La1—2Raz)0.6751r0.33Mn0O3 manganites (R = Pr, ..., Tm). The main effect is not related to the decrease of
the mean radius of the cation, but to an additional scattering by the magnetic moment of the rare earth.

PACS. 75.50.Dd Nonmetallic ferromagnetic materials —72.20.i Conductivity phenomena in semiconductors
and insulators — 62.20.-x Mechanical properties of solids — 71.30.4+h Metal-insulator transitions and other

electronic transitions

1 Introduction

Recent studies of doped manganites with general formula
Ri1_M,MnOs, where R = La, Pr, Nd, and M = Ca,
Sr, Ba, have revealed a strong coupling between the mag-
netic, transport and structural properties. Doping the
LaMnOg3 antiferromagnetic insulator either by vacancies
[1] or by divalent alkaline-earth cation [2-5] leads to
mixed Mn3*/Mn**t valency, ferromagnetism and metal-
lic conductivity. This was explained within the double-
exchange model [6], where the conductivity occurs by elec-
tron hopping between the neighboring Mn ions through
the oxygen ions. The transfer integral is expressed as
teff = to*cos(©/2), where O is the relative angle of neigh-
bouring Mn spins. The strong local exchange interaction
(Hund’s-rule coupling Jx) between the localized ¢, spins
and itinerant e, electrons leads to a maximum hopping
rate corresponding to ©® = 0 or ferromagnetic ordering.
A semiconductor-to—metal transition is then observed in
the vicinity of the Curie temperature T¢ for a doping rate
close to 0.3 and the huge negative magnetoresistance ob-
served in the vicinity of T can be roughly explained by
the alignment of local spins by the magnetic field and the
resulting reduction of e, electrons scattering.

On the other hand, electron—phonon couplings play
an important role in these materials. As the e, state is
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involved in the chemical bond formation, one can ex-
pect a strong dependence of physical properties on the
Mn-O-Mn bond angles and lengths, for instance with the
change of the average ionic radius (r4) of the rare earth
and alcaline earth metals on the A site (chemical pressure
effect). This has been observed most frequently, for in-
stance in (La;—,Y.)2/3Ca;,3MnO3 manganites [2-4]. In-
creasing the cell distortion lowers T and increases the
resistivity. In addition some evidence has been brought
that the local chemical disorder on the A site also leads
to a decrease of the Curie temperature [7], through the
standard deviation of the ionic radii around its mean
value (r4).

The application of an external pressure is the best way
to modify Mn—O bond lengths and bond angles. External
pressure is a simple perturbation as it does not alter the
periodic nature of the lattice potential; its influence on the
physical properties of doped manganites was reported in
numerous recent publications [8-12]. A very strong pos-
itive shift of the Curie temperature under pressure was
observed for all compounds, the value of the logarithmic
derivative d(In(T¢))/dP = dT¢ /TcdP for various samples
was found to be larger for samples having lower T¢.

Combined studies of both chemical and external
pressure effects can bring important information about
the electronic and magnetic properties of doped man-
ganites. In this paper we report pressure effects on
the transport properties of bulk sintered manganites
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(La;—2Az)2/3Ca;1/3sMnO3 (A = Y, Tb) with x between
0.07 and 0.15. By varying the cation concentration, the
range of mean radius (r4) from 1.176 A to 1.204 A was
investigated. Emphasis is put also on the behaviour of the
resistivity in the paramagnetic range, at variance with pre-
vious studies which were mainly focused on the variation
of Tc.

A second related investigation is that of mag-
netic properties of (Laj_;R.)0.675r0.53MnO3 manganites,
where La is partly replaced by a (smaller) magnetic rare
earth R. It will be seen that the main effect on T does
not arise from the decrease of the mean cation radius.

2 Experiments

Polycrystalline powders of nominal composition
(Lao.67_xYx)Cao.33MnO3, xr = 0, 0.10, 0.15, La0.57
Tbo.o7C&0_33Mn03 and Lao,6R0_07Sr0_33MnOg (R = PI‘,
Nd, Eu, Gd, Tb, Dy, Er, Tm) were prepared by the
co-precipitation technique [13]. In the final stage the
powders were pelletized and annealed in oxygen flow for
12 hours at 1200°C. This process previously gave us
the best samples, i.e. a stoichiometric oxygen content,
values for the magnetisation and the Curie temperature
close to single crystal data. As the magnetic properties
of sintered perovskites are very sensitive to preparation
conditions, all the samples were prepared in the same
manner in order to have comparable properties. The
resistivity of samples was measured by the four-probe
method using dc current, or ac current with frequencies
lower than 80 Hz, within the temperature range 5-300 K.
A magnetic field up to 50 kOe (5 Tesla) may be applied
parallel to the current. Magnetic properties were studied
in an extraction magnetometer with magnetic field values
up to 80 kOe, Curie temperatures were determined from
Arrott-Belov plots. Quasihydrostatic pressures up to
18 kbar (1.8 GPa) were obtained with a piston-cylinder
cell.

3 Pressure dependence of the Curie
temperature

Figure 1 shows the temperature dependence of resistiv-
ity p(0, T') scaled to the room temperature value for our
samples. Well defined peaks are observed at a tempera-
ture Thss, which corresponds to the change of the conduc-
tivity type from metallic-like in the ferromagnetic phase
to semiconductor-like in the paramagnetic phase. Thg is
close to the Curie temperature T¢ obtained by magnetic
measurements; it increases systematically with (r4) as il-
lustrated in Figures 1 and 2. This is in agreement with all
recent publications on the subject ([2,3] for instance). In
a perfect perovskite structure the Mn—O—-Mn bond angle
would be equal to 180°. The substitution of La for Ca or
other cation with smaller ionic radius, leads to the cooper-
ative rotation of the MnOg octahedra, changing the Mn—
O-Mn bond angle from 180° to (180° — ¢). ¢ decreases
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Fig. 1. Normalized resistivity as a function of tempera-
ture for (Lao_67_gngg)Cao,33MnO3, r = 0, 0.10, 0.15, and
Lao.60Tbo.07Cag.33MnOs.
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Fig. 2. Variation of the semiconductor—to—metal transition
temperature Tars (left scale) and of the Mott localisation tem-
perature Tp (right scale) with the average ionic radius of A-site
cation.

with (ra). Thus, enhanced distortions of the perovskite
structure, together with the reduction in the bond length
equivalent to an applied chemical pressure, are lowering
Tc and Thyg, enlarge the magnitude of the resistivity and
magnetoresistance near Thsgs.

The response of a Y-doped perovskite to the applica-
tion of a magnetic field is illustrated by the upper panel
of Figure 3, where the magnetic field dependence of re-
sistivity p(H, T') for the Lag 52Y0.15Cag.33MnO3 sample
is presented. The temperature of metal-to—semiconductor
transition is again close to the Curie temperature.



A. Nossov et al.: Pressure effects and carriers scattering in manganites

15& Ifﬂ.\ i -"7 0 kOe _
f x —o— 10 kOe
) f ¢ —~—20KkOe 1
) ‘ \ 4
= . —&—30k0e |
. 1004 ‘," 390‘33: —v— 40 kOc
T ? ;\\ —v—50kOe 1
o ’
= 50 ,/g .
= .
T /
(o8
—e— 1 kbar
1507 f.*. —o— 6kbar |
X / o« A 12Kbar
2 : ) —2— 15 kbar |
;:4:100‘ /’ & —v— 18kbar
et AN
Q 504 / J
&
a
( -
0 100 T(K 200 300

Fig. 3. Top: magnetoresistance for Lag.52Y0.15Cag.33MnO3
polycrystalline sample. Bottom: pressure dependence of resis-
tivity for the same sample in zero magnetic field.

The application of a magnetic field lowers the resistiv-
ity and shifts Thss to higher temperatures. As one can
see from the lower panel of Figure 3, the application of
hydrostatic pressure is qualitatively analogous to the ac-
tion of a magnetic field as it also lowers the resistivity in
the whole temperature range and increases the ferromag-
netic Curie temperature. The pressure coefficient, defined
as d(InTys)/dP, is positive for all samples. The varia-
tion of T with pressure is linear except perhaps for the
sample with the lowest Curie temperature at highest pres-
sures. No hysteresis was observed for p—T curves after re-
peated pressure cycles. The pressure coeflicient strongly
decreases with the Curie temperature, which in turn is
related to the A cation mean radius (Fig. 4) and to the
degree of structural distortion of the perovskite structure.

Both magnetic field and hydrostatic pressure are shift-
ing Thrs to higher temperatures thus enhance the double
exchange interaction. The result of the magnetic field ac-
tion is to align the localized ty,4 spins, lowering the an-
gle © between Mn moments, thus increasing the effective
transfer integral t.p and decreasing the spin-dependent
scattering of e, electrons. The application of hydrostatic
pressure leads to the reduction of the unit cell volume and
modifies the Mn—O—-Mn bond angle, leading to an increase
in the bandwidth W and in the transfer integral. This ex-
plains the analogous influence of pressure and magnetic
field, that is a weaker localisation of the carriers and an
enhancement of the double exchange interactions.

In general, the response of the perovskite structure to
hydrostatic or chemical pressure is difficult to predict,
as it leads to a complex rotation of MnOg octahedra.
The positive pressure coefficient, which is observed for all
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Fig. 4. Variations of Ths and Tp with the average ionic
radius (ra).

samples, is thought to be mainly related to a reduction of
the distortion which brings the angle of Mn—O—Mn bonds
closer to 180°.

The pressure dependence of T¢, d(In Tx) /d P (or equiv-
alently d(In Thss)/dP) measured for four samples (Fig. 4)
is a decreasing function of (r4). We also plotted it as
function of T¢, in order to compare with previous data.
The rate of decrease of d(InT¢)/dP with T is —0.65 X
10~* kbar~* K1, close to previous results. Laukhin et al.
[11] for instance give —1x 10~ kbar~* K~!. The difference
may arise from the different investigated systems: partic-
ularly the range of (r4) in our case is restricted between
1.18 and 1.204 A, whereas a larger pressure dependence
has been observed for smaller (r4) values.

We also note that one of our samples contains Tb in-
stead of Y, and that Th seems to have a larger effect on the
depression of T than Y for the same concentration. This
will be discussed in Section 6 concerning Sr compounds.

4 Resistivity in the paramagnetic range

A less investigated point is the quantitative influence of
pressure on the resistivity in the paramagnetic range, al-
though all authors quote the reduction in resistivity under
pressure near T¢. Neumeier et al. [12] for instance report
that the resistivity at room temperature is reduced at rate
of about —50% per GPa at room temperature in La-Ca
manganites.

At temperatures above Thsg, the resistivity of these
intermediate-valent manganites is generally considered to
follow a variable range hopping (VRH) model rather that
an activation law. The semiconducting behaviour arises
from hopping between localized states because of the
chemical and magnetic disorder [14] and thus from a re-
duced carrier mobility, rather than from the existence
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of a true (or “hard”) gap, analogous to LaMnOj and
CaMnQOg3 antiferromagnets. The temperature variation
of the resistivity is then described, neglecting electron-
electron interactions, by the Mott law:

p(0, T) = po(T)* exp{To/T}'/* (1)

with kT = 18/N(Ep)&3, where N(Er) is the density of
states at the Fermi level and ¢ the localization length [15].

The exponent s in the above equation was found very
dependent both on investigated systems and on the de-
tailed theoretical model, it is also difficult to extract faith-
ful values from experimental data. Thus the equation is
generally rewritten as:

p(0, T) = Aexp{To/T}/*, (2)

which will be assumed in the following.

It is difficult to distinguish between the activation or
localisation law for the La compound, as our temperature
range of measurements is rather narrow. But the locali-
sation law is much better followed for the Y-substituted
solid solutions. The values of Ty at normal pressure ob-
tained from the high-temperature parts of p(H = 0, T
curves are presented at Figure 2 as a function of (ra).
To decreases with (r4), a similar variation was also ob-
served in [2]. It means that the localisation becomes more
important for a smaller A cation radius, which may be
also interpreted as a reduction in the bandwidth. The
mean hopping distance Rpop(T") and the mean hopping

energy Apop(T) are proportional to TO1 /4 [15], which is
thus the scaling factor to be considered. This scale varies
from about 102 K'/4 to 65 K/* as (r,) varies from 1.18
to 1.204 A.

We now turn to the pressure dependence of resistivity.
A typical fit of p(P, T') curves for T' > Tys to the VRH
law is presented on Figure 5 for Lag.52Y0.15Cag.33MnO3
sample. The Mott law is rather well followed from room
temperature down to the Curie point for all pressures. The
inset shows the pressure dependences for Tj and the pref-
actor A. Both T and A decrease with increasing pressure,
with dIn(Tp)/dP = —2.3x 1072 kbar~! and dIn(A)/dP =
—6.0 x 1073 kbar~!. This indicates that the localisation
energy is reduced by applying pressure. The mean hop-
ping energy and the mean hopping distance should vary
as Ty/*, with dIn(T,’*)/dP = —7.0 x 10~3 kbar~1. For
this composition, Tol/4 varies from 102 to 89 K4 as P
increases up to 18 kbar.

Comparing now different samples, the magnitude of
the logarithmic derivative dIn(Ty)/dP decreases roughly
lineary with (ra) (Fig. 4), although the (La,Tb) com-
pound deviates from the line for (La,Y) solutions. The
sensitivity to pressure is smaller for samples with a higher
Curie temperature, which is similar to the effect observed
on the ferromagnetic Curie temperature itself.

5 Interpretation of pressure experiments

Various interpretations have been proposed in order to
explain the pressure effect on the the Curie temperature,
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Fig. 5. Mott plots of the paramagnetic resistivity for the
Lao.52Y0.15Cao.33MnO3 sample as function of pressure. The
inset displays the pressure dependences of Mott temperature
To and A prefactor (see text) .

which should also explain the reduction of the paramag-
netic resistivity under pressure. We have seen above that
the influence of pressure on transport in the paramag-
netic state is quite important, thus the variation of the
free energy of the paramagnetic phase should be taken
into account in order to describe the variation of the Curie
temperature.

An attempt to analyse theoretically the pressure de-
pendence of T¢ for manganites with varying doping level
and to explain the experimental data [8] was made by
Furukawa [18]. In this work, the pressure dependence of
Tc was attributed to the influence of the bandwidth W
only, while the strength of the Hund’s rule coupling Jg
was held fixed. The bandwidth is in turn a function of the
bond lengths and angles. A positive pressure dependence
was deduced in agreement with experiments, but the pre-
dicted increase of T with increasing doping and the order
of magnitude of the calculated pressure effects were much
smaller than the observed experimental results.

Another interpretation is that lattice distortions and
compression can enhance the N(Ep) value and the lo-
calisation length. The magnetic polaron mechanism was
proposed for the explanation of the transport prop-
erties above the resistivity maximum, the localisation
length £ can be considered as an estimate of the polaron
size. From heat capacity measurements at low temper-
atures [16], N(EF) for manganites was estimated to be
about 4 x 10*2® m™3 eV~!. With this value of N(Er),
calculations of £ according to the classical expression
give a polaron size which is smaller than the Mn—Mn dis-
tance, which is physically unreasonable. It was proposed
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by Viret et al. [17] that an additional mechanism due to
the Hund’s rule coupling Jg between localized and itiner-
ant electrons can give a significant contribution to carriers
localisation (magnetic localisation model). From reference
[17], the Mott temperature is given by kTy = 171xU,,,v/£3,
where U, is the splitting between spin-up and spin-down
ey bands, v the lattice volume per manganese ion. The
estimated ¢ then exceeds the ionic radius of Mn3T and
the hopping distance is 3—4 times larger than the distance
between Mn ions. The fact that a ferromagnetic coupling
can influence the transport properties in the paramagnetic
range can be expected in manganites as soon as ferromag-
netic correlations exist for a range of temperatures as high
as about 3Ths [4].

Summarizing, the application of pressure increases the
localization length and/or decreases the localisation en-
ergy, thus facilitates hopping. This can be interpreted as
well as the increase of the polaron size and of the mobility
for a less distorted structure.

The pressure dependence of the Hund’s rule coupling
Jr was taken into consideration to explain the system-
atic decrease of the pressure coefficient with increasing
doping level [19]. It was proposed that, as in most mag-
netic insulators, Jy(P) = Jg(0) exp(qsP/B), where B is
the bulk modulus, 1/B = —dInV/dP. A positive sign of
qy is required to obtain the correct doping dependence
of dIn(T¢)/dP. It was also assumed that the pressure in-
crease of Jy is more rapid than that of the hopping in-
tegral. Within the double exchange model, T at fixed
doping level increases with the e, bandwidth W, as the
intersite exchange interaction is proportional to W in the
strong-coupling limit (J >> W). The exchange interaction
energy can be estimated as U,, = 3Jg/2 ~ 2 eV. Thus
according to the magnetic localisation model, the decrease
of dInT¢/dP with (r4) can be interpreted as a weakening
of Hund’s rule coupling as function of lattice distortions.
On the other hand, the growth of Tjss with the increase
of (rA) and hence of W, moves the system towards the
weak coupling regime, which is less sensitive to pressure.

An additional effect may be a change in the crystal
field with the variation of bond lengths and angles, which
changes the splitting and the mixing between e, and t34
orbitals.

6 Influence of doping by magnetic rare earths

The lowering of the Curie point by the replacement of La
by another (smaller) rare earth has been so far attributed
to the reduced ionic radius and also to the increased stan-
dard deviation of the cation radii on A site [20]. However,
most measurements were performed on samples where La
is replaced by atoms with no or weak magnetic moments
(for instance Y or Pr). Only one recent experiment seems
to show that the local moment of the rare earth may also
have some effect on T [21].

In order to check these points and to investigate the
magnetic coupling between rare earth and manganese
moments, we have systematically studied ferromag-
netic solid solutions of the type Lag.goRo.075r0.33MnO3.
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Fig. 6. Lowering of the Curie temperature for Lag.eo
Ro0.07S10.33Mn0O3 compounds as compared to that for the La
compound (left scale) and excess magnetic moment at 5 K
(right scale) as function of atomic number of magnetic rare
earth.

With a concentration of 0.07, the interactions between
magnetic rare earth atoms are small and rare earths
should be only weakly polarised by the manganese mag-
netisation near the Curie point T¢. All the samples re-
ceived the same treatment as told before, the sponta-
neous magnetisation and Curie point were obtained by
Arrott-Belov analysis of magnetisation isotherms. The un-
certainty on T¢ is evaluated to about 4 K, that on spon-
taneous magnetisation is 0.05 pp. Experimental results
concerning the Curie point and the spontaneous magneti-
sation at low temperature (5 K) are given in Figure 6.

A first result is that the Curie point is decreased for all
(smaller) rare earths replacing La, but that the variation
of T¢ with the mean radius (r4) is far from linear. Par-
ticularly, there is a much stronger decrease AT for the
heavy rare earths which have a large magnetic moment:
Gd, Tb, Dy. The largest depression (—37 K) is reached for
Dy. For light rare earths, the depression of T¢ is —13 K
and —10 K for Pr and Nd respectively, and is the smallest
for Sm which has a weak paramagnetic moment. Indeed,
there is a strong correlation between the decrease of T
and the value of the effective paramagnetic moment of the
rare earth (Fig. 7). The value AT = —26 K obtained for
Eu is close to that for Gd, and may indicate a divalent
state of Eu. The presence of the large divalent Sr cation
on the same site may favour this divalent state of Eu. This
feature should be checked by other methods, for instance
X-ray absorption or Méssbauer effect. Of course T would
be also modified in this case by the larger divalent cation
concentration.

Regarding now the spontaneous magnetisation at 5 K
(Fig. 6), it appears that there is an excess positive con-
tribution AM for heavy rare earths compared to La com-
pound, that is the moment of the rare earth R is parallel
to that of Mn. The value AM = 0.56 pup obtained for
7% Gd corresponds approximately to the full ferromag-
netic polarisation of Gd (7 up). For heavier rare earths,
the polarisation decreases more rapidly than the free ion
moment gy of the rare earth, which probably indicates
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Fig. 7. Comparison between the depression of the Curie tem-
perature (right scale) with the paramagnetic moment of the
rare earth (left scale). Eu is assumed to be divalent.

that crystal field effects lower R magnetic moments be-
low the free ion values at low temperature. For light rare
earths, the measured contribution is negligible, which may
arise from the low R concentration and from a still weak
paramagnetic polarisation of the rare earth at 5 K. Never-
theless, previous magnetisation experiments with a larger
R concentration have shown an antiparallel coupling be-
tween Mn and light rare earths moments.

These measurements show that the cation size and dis-
tortion are not the only factors in the reduction of T, but
that the presence of disordered magnetic moments at A
site also decreases interactions between Mn atoms. This
may be interpreted in the following way: there are inter-
actions between these moments and the mobile Mn (e4)
electrons, which are revealed through the parallel coupling
of the Mn and rare earth spins at low temperatures. The
scattering of e, electrons by disordered rare earth mo-
ments will modify the spin of itinerant electrons, hence
lower the hopping integral and the double-exchange cou-
pling between Mn atoms. This effect would then be anal-
ogous to the pair-breaking effect of localised magnetic
moments in superconductors.

7 Conclusions

In the first part of this work, the variation of the resistiv-
ity under pressure has been studied for a few substituted
manganites. The decrease of T with pressure was found
in agreement with previous literature data. An important
lowering of the resistivity was also observed in the param-
agnetic range, showing that the localisation is reduced by
the application of pressure. The effect is more important
for compounds with higher localisation energy and lower
Curie temperature.

In the second part, the partial replacement of lan-
thanum by a smaller rare earth showed that there is a
strong correlation between the depression of the Curie
temperature and the value of the paramagnetic moment
of the magnetic rare earth. This was interpreted as a pair-
breaking effect which reduces the double-exchange inter-
action between Mn atoms. These very preliminary results
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must be completed by a more systematic investigation, es-
pecially with different rare earth concentrations, and on
other systems. The magnitude of the coupling between Mn
and R spins should also be determined.

It has been previously shown that an increased atomic
disorder on A site leads to a lowering of the Curie tem-
perature [20]. Thus most probably any kind of disorder
(magnetic as well as chemical disorder) on A site may
affect T through the scattering of e, Mn electrons, the
reduction of the spin diffusion length and carrier mobility.

This work was partially supported by RFFI, grant
no’ 97-02-16008. A.N. acknowledges the “Ministere de
I’Education Nationale de France” for a fellowship.
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