
https://doi.org/10.3367/UFNe.2017.07.038180


magneticdisorder. Themagnetic phasetransition in themcan
benot only of thesecond, but also of thefir storder.Becauseof
the presenceof disorder, it is difficult to distinguish thesetwo
caseswith the use of magnetic data alone; therefore, we
analyze in detail the opportunity to apply the well-known
Banerjeecriterion in inhomogeneousferromagnets. This part
of the review, just as the examination of the magnetocaloric
effect, is, webelieve,of general physical interest.

Since the CMR effect is connected with the transition
between the ferromagnetic and paramagnetic phases, we will
discuss in detail the differencesbetween manganitesexperien-
cing second- and first-order magnetic transitions.

A quantitative analysis of transport phenomena is
possible only on the basis of data obtained on single-
crystalline samples.It is also of fundamental import anceto
utilize the resultsof optical studies:without taking them into
account,in our opinion, it issimply impossibleto discusssuch
key problems of the physicsof manganitesas phasesepara-
tion and the role of polarons.

The main focus of this review is on the lanthanum mang-
anitesLa1ÿ xSrxMnO3, La1ÿ xBaxMnO3, and La1ÿ xCaxMnO3,
sinceonly for thesecompoundsisthereasufficiently complete
setof experimentaldata. We, however,do not doubt that the
basic regularities, especiallyobservedin the vicinity of the
magnetictransition, are identical in all CMR manganites.A
discussionof the resultsof measurementsis conductedon the
phenomenological level, since, in our opinion, at presenta
consistentmicroscopictheory of thepropertiesof manganites
is absent.

The literature on CMR manganitesisextremelylarge,and
there is no opportunity to take into account all published
data.For this reason,thebibliography doesnot pretendto be
complete;in it, only thosestudiesthat weredirectly usedby
the authors in this revieware indicated.

2. Specific featuresof manganitesamples

In experimental work, polycrystalline and single-crystalline
samplesare, as a rule, used equally with thin films. The
properties of thin films strongly depend on the method of
preparation, utiliz ed substrate, and thickness of the film;
therefore, the data obtained on such samples will be
discussed only in certain cases. Polycrystals are most
frequently prepared by the method of solid-phasesynthesis.
The data on the crystal structure and magnetization are
sufficiently reliable, but the temperature dependenceof the
resistivity of polycrystals depends substantially on the
temperatureof annealing[27]and is to a considerabledegree
determined by the size of crystallites [28]; therefore, for a
study(at leastaqualitativ eone)of themechanismsof electron
transfer, suchsamplesare inapplicable.

Reliable data on the nature of transport phenomenain
CMR manganiteswereobtainedafter developingtheproduc-
tion methodsof singlecrystals.Theyareusuallygrown by the
floating-zonemelting methodwith radiation heating, which is
widely usedfor growing single crystals of oxides [29]. Brief
information on the growth method of La1ÿ xSrxMnO 3 single
crystals is given in Ref. [30]; detailed studiesof the specific
featuresof growing the different lanthanum manganitesare
publishedin Refs [31±34]. The singlecrystalsgrown havethe
shapeof cylinders with a length on the order of 60±70mm
with a diameter of about 5 mm. As a rule, they are twinned.

The real composition of samplesof manganitesusually
differs from the nominal composition. In the majority of

cases,the oxygencontent is not equalto 3. Sincethe radiusof
the O2ÿ ion is great (1.40 �A), the excessof oxygendoesnot
meanthepresenceof oxygenin the interstitials, but rather the
appearance of vacanciesin the positions of La and Mn in
approximately equal quantities [35, 36]. For example, the
LaMnO 3‡ d formula in reality implies La1ÿ eMn 1ÿ eO3, where
eˆ d=…3 ‡ d† [36]. Because even the production of
La1ÿ xDxMnO 3‡ d polycrystals with d ˆ 0 presentssignificant
difficulties [37±39]; therefore, in the majority of cases,the
magnitudeof d is in fact not controlled.

The composition of single-crystalline samplesutilized in
different experiments is more poorly controlled than the
composition of polycrystals. First, during growth of single-
crystals, manganeseevaporates intensely; therefore, it is
frequently necessaryto add a small excessof this element to
the charging feed. Second, the distribution coefficient
K ˆ Cs=Cm, whereCs and Cm are the concentrationsof the
bivalent element in the solid and liquid phases at the
solidification front, can be substantially lessthan unity. The
greatest value, K ˆ 0:9, of the distribution coefficient was
found in the caseof the La±Sr manganites,and it weakly
dependson the concentration of Sr and on other parameters.
If D ˆ Baor Ca, thenthedistribution coefficientisnoticeably
less(0.7±0.8if D ˆ Ba, and 0.6±0.7if D ˆ Ca) and substan-
tially depends on the concentration of Ba or Ca in the
polycrystalline feedstock,on the gas pressure in the cham-
ber,andon thecrystalgrowth rate [31±33]. As a consequence,
the distributio n of the elementsover the ingot in the caseof
La1ÿ xBaxMnO 3, and especially in the case of
La1ÿ xCaxMnO 3, is strongly inhomogeneous.An attempt at
a quantitat ive analysis of this distribution was made in
Ref. [40].Data about the oxygencontent in manganitesingle
crystals were not apparently published. There is reason to
believethat the vacanciesof oxygenare presentin all single
crystalsof manganitesstudiedto date.

3. Crystal structure

Thecrystalstructureof CMR manganitesiscalledperovskite,
which is not completely correct. In the true (cubic) perovskite
cell, which containsoneformul a unit, manganeseions would
belocatedin the environment of six oxygenions, which form
a regular octahedron,and the angleof the Mn±O±Mn bond
would be equal to 180� . In the lanthanum manganites,the
perovskitestructureisalwayssomewhatdistorted, since,first,
the oxygenoctahedraare rotated relative to eachother and,
second,the octahedra can undergo distortions asa result of
the Jahn±Tellereffect.An essentialrole is also played by the
presence of vacancies, especially oxygen type ones. As a
result, the lattice can be orthorhombic, can be rhombohe-
dral, or (in rare cases) can belong to some other crystal
system.

To describe the orthorhombic structure of manganites
(Group No. 62 in the International Tables for Crystal-
lography [41]), various settingscan be involved, which differ
in the choice of both the origin of coordinates and of
coordinate axes. A detailed analysis of the symmetry
elementsand different settings that are encountered in the
literature is givenin the surveyby Naish [42].Further, wewill
considerthe Pnmasetting, sinceit is preciselythis setting that
is utilized in the International Tables[41].The orthorhombic
unit cell in this settingcontainsfour formula units.

It was establishedin Ref. [43] that two orthorhombic
phasescanbe realizedin lanthanum manganites.The first of
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them (O0), with the lattice parameters b=
•••
2

p
< c< a< b, is

characterized by strong Jahn±Teller distortions of oxygen
octahedra.The secondphase(O� ) is called pseudocubic.In
this phase, the distortions of octahedra are weaker and
b=

•••
2

p
� c � a; however,the Mn±O±Mn bond angles,just as

in the O0phase,differ noticeably from 180� .
The rhombohedral lattice of manganiteshasthe symme-

try R�3c. The unit cell of this lattice is describedby specifying
the lattice parametera and the anglea (see,e.g.,Ref. [30])or
(morefrequently) asahexagonalunit cell. In thefirst case,the
unit cell contains two formula units; in the second case, six
formula units.

Figures 1±4 demonstrate the phasediagrams of La±Sr,
La±Ba,andLa±Camanganitesfor compositionscorrespond-
ing to the ferromagneticground state, i.e., for x from 0.1 to
0.5.

For La1ÿ xSrxMnO 3, data from Refs[30,38,44]havebeen
borrowed: the filled symbols show the data for polycrystals,
while the opensymbolsshowthe data for singlecrystals.The
regionsof existenceof the phasesareknown sufficiently well;
the transition temperaturesdetermined from the experiments
on polycrystals,which do not contain vacancies,andon single
crystalsbarely differ.

In the caseof La1ÿ xBaxMnO 3, the situation is diff erent.
The line dividing theregionsof existenceof thePnmaandR�3c
phasesisknown only partially , and theboundary betweenthe
rhombohedral R�3c and cubic Pm�3m phases, carried out
according to Ref. [45], is very conditional, sinceit is based on
measurements performed only at room temperature. Accord-
ing to Ref. [37],thelargeJahn±Tellerdistortionsof theoxygen
octahedron at T ˆ 300 K occur in the caseof x ˆ 0:1; at
x ˆ 0:12, thesedistortionsareconsiderably weaker. Whether
it is possiblein this caseto separatethe regionsof existenceof
the O0and O� phasesor not is unknown.

Notice that, according to Ref. [46], a transition from the
rhombohedral to the monoclinic rather than to the orthor-
hombic phaseoccursin asinglecrystalof La0:815Ba0:185MnO 3

at temperature T ˆ 187 K. According to the authors of
Refs [47, 48], in the polycrystalline La0:7Ba0:30MnO 3 the
low-temperature orthorhomb ic phasehas an Imma symme-
try (Group No. 74), in which the distortio nsof octahedraare
absent, and the Imma and R�3c phases coexist in the
temperatureinterval from 0 to at least300K [48].

The polycrystalline sample of La1ÿ xBaxMnO 3 with
x ˆ 0:12 was investigated at T ˆ 300 K in Ref. [37]; it

contains 97% orthorho mbic phaseand 3% rhombohedral
phase, which indicates a noticeable `smearing out' of the
boundary between the Pnma and R�3c phases,evenin high-
quality polycrystals. In Ref. [49], basedon measurementsof
powders prepared by grinding single crystals, it was estab-
lished that this smearing is a characteristic property of
La1ÿ xBaxMnO 3. Figure 3 showsregions in which the Pnma
and R�3c phaseswererevealed.It canbeseenthat the width of
the region of coexistence for La0:75Ba0:25MnO 3 and
La0:80Ba0:20MnO 3 is on the order of 15±20K , whereasat
x ˆ 0:14 and 0.15,the width of this region is on the order of
100K.

Figure 4 depicts the phasediagram of La1ÿ xCaxMnO 3

constructedbasedon the data taken from Refs [50±53].The
rhombohedral phaseexistsat temperaturesthat exceed700K
[50]; this part of the diagram will not beconsidered, sincethe
CMR effectisobservedat lower temperatures.Themain area
is occupied by the pseudocubicO� phase; the Jahn±Teller
phaseO0 existsonly for x < 0:2. Althou gh the symmetry of
the lattice doesnot changeupon a magneticphasetransition,
a significant decrease(of about 0.13%) is observedin the
La0:75Ca0:25MnO 3 volume upon the transition to the ferro-
magnetic phase [54]. According to Ref. [55], the relative
changein the La2=3Ca1=3MnO 3 volume upon the magnetic
transition is about 0.1%.

The physical properties of CMR materials strongly
depend on the synthesis conditions, which determine the
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Figure 1. Phase diagram of the La1ÿ xSrxMnO 3 system. Filled symbols
correspond to the data for polycrystals taken from Ref. [38]. Open
symbolsare the data for singlecrystals from Refs [30,44].
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Figure 2. Phasediagram of the La1ÿ xBaxMnO 3 system. Solid symbols
correspondto thedata for thepolycrystalstakenfrom thework [37].Open
symbolsare the data for singlecrystals from the studies[45,49].
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stoichiometry of the samplesobtained. As has already been
noted, in the majority of casesthe oxygen content differs
from 3. A changein the oxygencontent can lead to a change
in the type of crystal structure. For example, the manganite
of composition La0:9Ca0:1MnO 3‡ d has an O0 structure at
room temperature if d ˆ 0; a pseudocubic O� structure if
d ˆ 0:042, 0.077, or 0.089, and a rhombohedral R�3c
structure if d ˆ 0:126 and 0.159 [39]. Typical dependences
of the parameters of the orthorho mbic lattice on d are
illustrated in Fig. 5, where the data from Refs [39] and [56]
are taken.

Upon substituting part of the lanthanum by strontium,
barium, or calcium, the volume per formula unit decreases,
and the Mn±O±M n bond angleincreases[37±39, 56, 57]. An
increasein the pressurealso leadsto a decreasein the Mn±O
bond lengthsand an increasein the Mn±O±Mn bond angle
[58,59].

4. Thermodynamiccharacteristics
of manganites

4.1 Structural transitions
The temperatureof a first-order phasetransition dependson
external pressureP and magnetic field H. The Clapeyron

equationshavethe follow ing form

qT
qP

ˆ
Dv
DS

ˆ
TDv

q
; H ˆ const; …1†

qT
qH

ˆ
ÿ DM …H †

DS
ˆ

ÿ TDM …H †
q

; P ˆ const; …2†

whereDv and DM …H †are the changesin the volume and in
themagnetizationupon the transition, DS is thechangein the
entropy, and q is the latent heat of the transition. In all
manganites, the temperature of the transition from an
orthorhomb ic (O) to a rhombohedral (R) phasedependson
thepressure in a linear manner:TS…P†ˆ TS…0†‡ A …p†P, from
which it follow sthat DS ˆ q=TS ˆ …vR ÿ vO†=A …p†. The heat
of the transition canalsobedeterminedbasedon the change
in TS in a magneticfield. If TS < TC, then the changein the
magnetization DM ˆ M R ÿ M O can be considered to be
independent of the magnetic f ield strength, so that
TS ˆ TS…0†‡ B1H, where the coefficient B1 is given by the
right-hand sideof Eqn (2). If the structural transition occurs
in theparamagneticregion, thenDM …H †ˆ DwH, whereDwis
thechangein magneticsusceptibility;therefore,theshift of TS

upon changingthe field from 0 to H is equal to B2H 2 , where
B2 ˆ ÿ TS…0†Dw=…2q†.

Let us estimatethe quantity q. Althou gh many authors
havementioned the influenceof pressureand magneticfield
on the Pnma±R�3c transition, the data on Dv and DM are
scarce,to say nothing of Dw. For the La1ÿ xSrxMnO 3 single
crystals, the necessaryinformation is given in Refs [60, 61].
The values of Dv lie between 0.1 and 0:2 �A3=Mn; the
magnitude of A …p† is equal to 5±7 K kbarÿ 1. The obtained
valuesof the heat of the transition are on the order of 0.1±
0.2 kJ molÿ 1. The valuesof q determinedfrom data on the
shift of the transition temperaturein amagneticfield areclose
to thoseobtained from data on the pressure dependences.

In La1ÿ xBaxMnO 3, the changein the volume of the unit
cell upon the Pnma±R�3c transition is on the order of
0:01ÿ 0:02 �A3 [49] and, in fact, lies within the limits of the
experimental error; therefore, for q we can perform only a
plausible estimation. For an La0:8Ba0:2MnO 3 single crystal,
an A ˆ ÿ 3 K barÿ 1 valuewasfound in papers[62,63],sothat
q ˆ 0:04ÿ 0:08 kJ molÿ 1. On the other hand, B1 ˆ ÿ 0:45�
10ÿ 4 K Oeÿ 1, DM ˆ 4 G [62, 64], from which we find
q ˆ 0:06 kJ molÿ 1 that is in agreement with the estimate
obtained from the data on the TS…P†dependence.

The latent heat of the structural transition in the
manganitesin question is very small; moreover, in the case
of lanthanum±barium crystals, the magnitude of q is a
fraction of that in the lanthanum±strontium manganites.
Possibly, it is preciselyfor this reasonthat the width of the
structural transition in La1ÿ xBaxMnO 3 is noticeably greater
than the analoguesmagnitudein La1ÿ xSrxMnO 3.

4.2 Ferromagnetic±paramagnetic transition
TemperatureTC of the transition from the ferromagnetic to
theparamagnetic statein La1ÿ xDxMnO 3 manganitesdepends
nonlinearly on the concentration of the bivalent ion (see
Figs 1, 2, 4). I n the case of La1ÿ xSrxMnO 3, the Curie
temperaturesfound for polycrystalline and single-crystalline
samplespractically coincide.If D ˆ Ba,Ca, thenthevaluesof
TC for singlecrystalslie below the valuesfor the polycrystals,
which, apparently, indicatesa noticeably larger defectiveness
in the La±Ba and La±Ca singlecrystals.
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Figure 4. Phasediagram of the La1ÿ xCaxMnO 3 system.Filled symbols
correspond to the data for polycrystals taken from Ref. [50]. Open
symbolsare the data for singlecrystals taken from Refs[51±53].
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In all lanthanum manganites,the Curie temperaturerises
upon applying pressure(see,e.g.,Refs [65±67]).

In La1ÿ xSrxMnO 3 and La1ÿ xBaxMnO 3 manganites,the
magnetictransition proceedsasa second-order phasetransi-
tion. In La1ÿ xCaxMnO 3, the situation is different: the
transition from the ferromagnetic to paramagneticstate is a
second-orderphasetransition if x < 0:25, whereasat higher
concentrationsof calcium this transition acquiressignsof the
first-order phasetransition. In other words, it is possibleto
consider that in the phasediagram of La1ÿ xCaxMnO 3, the
concentration xtr ˆ 0:25 correspondsto a tri-critical point
(seepaper [53]and referencescited therein).

Since a first-order magnetic transition is observed in
La0:7Ca0:3MnO 3, and a second-ordertransition takes place
in La0:7Sr0:3MnO 3, it can be expected that there is some
La0:7Ca0:3ÿ ySryMnO 3 composition in which a value of y will
correspond to a tri-critical point. It was shown in Ref. [68]
that the valuey ˆ 0:1 correspondsto this point.

As hasalreadybeenindicated,acharacteristic property of
manganite single crystals is a nonuniform distribution of
elementsover the ingot. Sincethe Curie temperaturestrongly
dependson composition, especially at small x, the Curie
temperatureprovesto be a random function of coordinates,
which leadsto `smearingout' the transition. Let us consider
how this smearing can be characterized in the case of a
second-orderphasetransition.

Let us assumethat in the region with a local Curie
temperature t C…r† the local value of the magnetization m…r†
satisfiesthe equation of the Landau theory:

H ˆ Am‡ Bm3 ; …3†

whereH is the magneticfield, A…r†ˆ a‰T ÿ t C…r†Š, and a and
B areconstants.Let m� bea solution to the equation

H ˆ hAi m� ‡ Bm� 3 ; …4†

wherehAi ˆ a…T ÿ TC†. Here,theangularbracketsh:::i mean
averagingover the sample,and TC ˆ ht Ci . In the experiment,
it is in fact TC or a quantity closeto it that is determined.
Expanding m…A† into a series over the powers of
dA ˆ A ÿ hAi , namely

m…A†ˆ m� ‡
dm�

dhAi
dA ‡

1
2!

d2m�

dhAi 2 …dA†2 ‡ . . . ;

after the calculation of derivativesand averaging,we obtain
the following expressionfor the experimental value of the
averagemagnetizationM ˆ hmi :

M ˆ m� ‡
hAi m�



…dA†2�

…A ‡ 3Bm� 2†3 : …5†

Assuming dA to besmall, let usreplacem� by M on the right-
hand part of Eqn (5) and substitutethe result into Eqn (4) to
obtain

H
M

ˆ hAi ‡ BM 2 ÿ
hAi 3

ÿ
hAi ‡ 3BM 2

� 2

s 2
t C

…TC ÿ T†2 : …6†

Here, st C ˆ h…t C ÿ TC†2i is the standard deviation of the
Curie temperature.If the demagnetizingfactor N is different
from zero,the field H in Eqns(3)±(6)canbeconsideredto be
the internal field (H ÿ 4pNM ).

The equation obtained is equivalent to the one that was
derivedmany yearsagoby Shtrikman and Wohlfarth [69]. If
the smearing-out of the transition is absent (st C ˆ 0), then
equation(6) is reducedto theusualequation that isapplied in
the method of thermodynamic coefficients for determining
the Curie temperature (Belov±Arrot t curves).But, if st C 6ˆ 0,
this coincidencetakesplaceonly at T ˆ TC, sincein this case
the last term in equation(6) becomeszero.The conditionsfor
the applicability of formul a (6) are obvious: the magnetiza-
tion M must be small in comparison with the saturation
magnetization, and the last term on the right-hand side of
formula (6) must be lessthan the sumof the first two terms.

Let usexaminewhat the application of equation (6) gives
for the investigation of the inhomogeneousmagneticstateof
manganite single crystals. Figure 6 shows Belov±Arrott
curves for La0:72Ba0:28M nO3 and La0:8Sr0:2M nO3 single crys-
tals, taken from Ref. [40]. In thecaseof La0:72Ba0:28MnO3, the
valueof H=M isdirectly proportion al to M 2 at a temperature
of 311 K; therefore, TC ˆ 311 K. The use of equation (6)
givesst C � 3:2 K. For the lanthanum±strontium manganite,
TC ˆ 306 K, and st C � 0:8 K. As in the caseof the Pnma±
R�3c structural transition, the magneticinhomogeneity of the
lanthanum±strontium crystal proves to be noticeably less
than in the caseof the lanthanum±barium crystal.

If the magnetictransition is referredto a first-order one,a
jump in magnetization must be observed at the Curie
temperature. In a magnetic field, TC is displaced toward
higher temperatures,TC…H †ˆ TC…0†‡ BM H, and the mag-
nitude of the jump decreases.In a certain critical field Hcrit ,
the jump in magnetization becomeszero, and for H > Hcrit

the temperature dependenceof the magnetization becomes
smooth. Consequently, in the (Tÿ H) plane, we have
T ˆ Tcrit � TC…Hcrit † at the critical point and H ˆ Hcrit is
the endpoint of the line of phasetransitions (critical point).
Such a behavior was observed in a study of the
Sm0:55Sr0:45MnO 3 [70] and Sm0:52Sr0:48MnO 3 polycrystals
[71]. For H < 40 kOe, a jump in the magnetization is
observed, and magnetic and temperature hysteresestake
place,whereas for H > 40 kOe the temperature dependence
of the magnetization becomessmooth, similar to the M …T†
dependencein the vicinity of a second-orderphasetransition.
Sinceat H ˆ 40 kOe the maximum of the heat capacity was
revealedat a temperatureof approximately 160K, it can be
concluded that in these manganites Hcrit ˆ 40 kOe and

La0:72Ba0:28MnO 3

La0:8Sr0:2MnO 3
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Figure 6. Belov±Arrott curves for single crystals of La0:72Ba0:28MnO 3

(open circles, T ˆ 315 K; filled circles, T ˆ TC ˆ 311 K) and
La0:8Sr0:2MnO 3 (open triangles, T ˆ 307 K) taken from Ref. [40]. Solid
lines are calculations according to equation (6); dashedline is the linear
approximation.
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Tcrit ˆ 160 K. In other manganites, no such behavior,
apparently, was observed, which can be connected with the
high valueof the critical field.

Becauseof the inhomogeneityof the manganites,a more
or lesssmooth changein the magnetizationis observedin the
M …T; H ˆ const† curve, instead of a jump. The use of the
method of thermodynamic coefficients in this caseleads to
incomprehensible results. For example, the authors of
Ref. [72], who investigated La1ÿ xCaxMnO 3 polycrystals,
plotted a curve of the dependenceof H=M on M 2 and used
the Banerjeecriterion [73], which follows from the Landau
theory: if thesignof thederivativeq…H=M †=q…M 2†ispositive,
the transition isof the secondorder; if the signisnegative, the
transition isof the first order. It turns out that for manganites
with x ˆ 0:25 and 0.275 the slope of thesecurves is always
positive; however,their appearancediffers significantly from
that typical of thesecond-ordertransitions(seeinsetto Fig. 7).
The authors of paper [72] believe that in such casesit is
impossibleto speak at all about the type of phasetransition
(therefore, they designatedthe temperaturethat corresponds
to the point of inflection in the M …T †curveasTf rather than
asTC).

In our opinion, this conclusionis too categorical, and it is
possibleto speakof thetypeof transition, but it isnecessary to
refinetherangeof applicability of theBanerjeecriterion in the
caseof inhomogeneousferromagnets.For our purposes,it is
reasonable to formulate this criterion as follows: if an
inequality

qM
qH

ÿ
M
H

> 0 …7†

is fulfilled , a first-order phasetransition is observed; if the
reverseinequality is fulfilled, the transition is of the second
order.

Let us considera ferromagnetundergoing the first-order
phasetransition. At H ˆ 0, the magnetization experiencesa
jump at the transition point from M ˆ M f to zero. Assume
that the valuesof the local Curie temperaturest C at H ˆ 0 lie
in the range from TC1…0† to TC2…0†. If the width of the
transition region is small, dTC ˆ TC2…0†ÿ TC1…0†5 TC1,
then the application of a magneticfield leadsto shifts of TC1

and TC2 toward larger temperatureswith an identical rate.
Let us assumethat the temperature T of the sample lies
betweenTC1…0†and TC2…0†both in a zeromagneticfield and
for H 6ˆ 0. If the magneticfield is sufficiently weak, it canbe
assumedthat the changein the magnetization at a selected
temperatureis connectedonly with the shift of the transition
region in the magneticfield. In this case,the magnetizationof
thesampleisproportional to thevolumeof the ferromagnetic
phase:

M …T; H †ˆ M f

…TC2…0†

Tÿ BM H
W…t C†dt C ; …8†

where W is the distribution function of the Curie tempera-
tures. L et us assume for simplicity that a uniform
(rectangular) distr ibut ion is realized: W ˆ …dTC†ÿ 1 if
TC1…0†< t C < TC2…0†, and W ˆ 0 outside this interval.
Then, the averagevalue of the Curie temperatureis equal to
TC ˆ …TC2 ‡ TC1†=2, and the magnetization m ˆ M =M f ˆ
‰TC2…0†ÿ T ‡ BM H Š=dTC, so that

qM
qH

ÿ
M
H

ˆ ÿ
…TC2 ÿ T †M f

HdTC
< 0:

We seethat the Banerjeecriterion indicatesthe secondrather
than the first order of the transition, i.e., the application of
this criterion leadsto the incorrect conclusionabout the type
of a phasetransition.

Figure 7 shows the ratio h=m (whereh ˆ BM H=dTC) asa
function of m2 for threevaluesof t ˆ …Tÿ TC†=dTC. It maybe
seenthat the theoretical curveshave the sameshapeas the
experimental curves at small values of magnetization:
M 2 < 2000emu2 gÿ 2 (emuis the electromagneticunit).

A similar result is obtained with the use of a Gaussian
distribution function [74]. Sincein this casethe local Curie
temperaturefalls into the interval ‰TC ÿ st C ; TC ‡ st C Šwith a
probability of 0.68, into the interval with a width of two
standard deviations from TC with a probabil ity of 0.95,and
into the interval with a width of three standard deviations
with a probabil ity of 0.997,it is possible to put TC2 equal to
TC ‡ 2st C or TC ‡ 3st C .

Outside the transition region, the smearing-outeffect of
the transition is weakand is describedby equation (6). It can
turn out, however,that for T > TC2 the magnetizationof the
sample grows almost linearly with an increasein the field
value, which makesit impossibleto determinethe type of a
phasetransition from magnetic data.

Earlier, we assumedthat the shape of the distribut ion
function wasgiven.It follows from formul a (8) that the shape
of W can be found from the temperaturedependenceof the
magnetizationin a weakfield, since

qM …T; H ˆ 0†
qT

ˆ ÿ M fW…T †:

An analysis performed in Ref. [74] showed that for single-
crystalline La0:7Ca0:3MnO3 the coefficient BM ˆ 0:8 K kOeÿ 1,
TC…0†ˆ 227 K, M f ˆ 343 G, andthedistribution function can
be considered to be Gaussian with a standard deviation
st C ˆ 7 K. In the La0:7ÿ xPrxCa0:3MnO 3 single crystals, the
distribution function hasa morecomplex asymmetrical form;
therefore, average Curie temperature TC is not equal to
temperatureTM , which correspondsto the point of inflection
in the curveof the temperaturedependenceof the magnetiza-
tion [74].

The magneticinhomogeneity of singlecrystalsof lantha-
num manganites depends on the type of the bivalent ion. The
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Figure 7. Belov±Arrott curves in the case of smeared-out first-order
magnetic transition (calculation). In the inset: dependenceof H=M on
M 2 for the La0:725Ca0:275MnO 3 polycrystal, taken from Ref. [72].
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smallest standard deviation st C of the Curie temperature was
found in theLa1ÿ xSrxM nO3 singlecrystals; in La1ÿ xCaxM nO3,
thevalueof st C is largest.Many authors interpret thedisorder
in manganitesasa consequenceof the differencebetweenthe
ionic radii of lanthanum and other ions in the A position of
the perovskiteunit cell, using for the quantitative estimation
the quantity s2 ˆ

P
yir 2

i ÿ hrAi 2, whereyi is the fraction of
the ith ion with a radius ri , and hrAi is the averagevalueof the
ionic radius. The ionic radii of lanthanum, calcium, stron-
tium, and barium are equal to 1.36, 1.34, 1.44, and 1.61 �A,
respectively [75]. It can easilybe shown that at a given x the
value of s2 is smallestfor La±Ca crystalsand is greatestfor
La±Ba crystals,which contradicts the aboveestimations.

Thesinglecrystalsof manganitesareusuallygrown by the
floating-zonemelting method.The uniformi ty of the samples
dependsin this caseon thedistribution coefficientK ˆ Cs=Cm,
whereCs and Cm are the concentrationsof the element A in
the solid and liquid phases,respectively.Indeed, the distribu-
tion coefficient for strontium is close to unity (� 0:9); for
barium, it is noticeably less(� 0:7ÿ 0:8), and for calcium,
K � 0:6±0.7(seeRefs [31,33]).

In the caseof polycrystals, the width of the magnetic
transition region substantially depends on the specific
featuresof the synthesis processes.

Since the phase transition from the ferromagnetic to
paramagnetic state in the La0:7Ca0:3MnO 3 manganite is a
first-order one, it is possibleto determinethe latent heat of
transition for it. Taking into account the results of Refs [54,
55], we will assumethat the relative changein the volume in
La±Ca manganites at a calcium content close to 0.3 is
� 0:1%, so that Dv ˆ 0:06 �A3=Mn ˆ 0:036 cm3 molÿ 1. For
the polycrystalline La0:67Ca0:33MnO 3, it was found by
Neumeier et al. [67] that qTC=qP ˆ 16 K GPaÿ 1, from
which we obtain an estimate q ˆ 0:49 kJ molÿ 1. The
magnitude of q can also be calculated from magnetic data.
As noted above, for a singlecrystal of La0:7Ca0:3MnO 3, the
derivative qTC=qH ˆ 0:8 K kOeÿ 1, and the jump in the
magnetization upon transition is M f ˆ 343 G. With the aid
of equation(2),wefind DS ˆ 1:5 Jmol K ÿ 1 ˆ 7:1 Jkgÿ 1 K ÿ 1,
so that q ˆ 0:34 kJ molÿ 1. The latent heat of the magnetic
transition in La1ÿ xCaxMnO 3 at x closeto 0.3 is several times
greater than the value of q for the structural transition
Pnma±R�3c in the La±Sr and La±Ba manganites,although
themagnitudeof Dv isnoticeablyless.It isquite probablethat
the large magnitude of q in La±Ca manganites is due to
magnetostriction.

Both the structural and magnetic transitions manifest
themselves well in the temperature dependence of the
thermal expansionDl=l. In the caseof La2=3Ca1=3MnO 3, a
sharp peak is observed at T ˆ TC, whereas the observed
feature is very weak in the curve for La2=3Sr1=3MnO 3 [76].
This difference is apparently caused by the fact that in
La2=3Ca1=3MnO 3 a magnetic first-order transition occurs,
and in La2=3Sr1=3MnO 3 the transition is of the second order.

In the transition region from the ferromagnetic to the
paramagnetic state, and also in the region of structural
transitions, a strong dependence of Dl=l on the magnetic
field is observed(see,e.g.,Refs [77,78]).

4.3 Magnetocaloric effect
Near a phase transition, the change in the entropy in a
magnetic field, DS ˆ S…H †ÿ S…0†, reacheslarge values[79,
80]. The magnetocaloric effect (MCE) was experimentally
studied mainly in polycrystalline samples of manganites;

work with the involvement of single crystals is scarce.A
surveyof data obtainedbefore2007canbefound in Ref. [81].
Sincethe interestin themagnetocaloric effectismainly dueto
the prospects for its use in magnetic refrigerators, the
connections between the M CE and other properties of
manganitesusually draw little attention. Below, someresults
are given concerned with the inhomogeneities inherent in
lanthanum manganites.

We begin with materials in which the magnetic transition
runs asthe second-order process.In the caseof an inhomoge-
neous ferromagnet, the following expression for DS…H † can
beobtained within the framework of the Landau theory:

DS…H †ˆ ÿ
a
2

�

m2…H †

�
ÿ



m2…0†

��
: …9†

In Ref. [82],it wasnoted that this expressioncanbeemployed
for finding thecharacteristicsof thesmearing-outof thephase
transition. Assumethat T ˆ TC. In this case,in a sufficiently
strongmagneticfield, wehaveM ˆ …Hint =B†1=3, whereHint is
the internal field. In order to calculate hm2…0†i, we should
know the distribution function W. The authors of Ref. [82]
used a uniform distribution; in our opinion, a normal
(Gaussian) distribution is more realistic. After calculating
hm2…0†i, weobtain [83]

DS…H †ˆ ÿ
a
2

��
H
B

� 2=3

ÿ
8pN
3B

ÿ
ast C••••••
2p

p
B

�
: …10†

We retainedhereonly the term that is linear in the standard
deviation st C . It wasshown in Ref. [83] that the value of st C

determined with the aid of expression(10) for singlecrystals
of La0:72Ba0:28MnO 3 (st C ˆ 2:7 K) iscloseto thevalue(st C ˆ
3:2 K) found from the analysisof Belov±Arrot t curves.

If the magnetic transition is of a first order, then the
DS…H † dependenceprovesto be substantially different. Let
us first calculateDS in the vicinity of an ideally sharp first-
order transition, when M ˆ mand TC ˆ t C; in addition, we
assumethat the demagnetizingfactor N is equal to zero.The
changein the entropy is defined by the Clapeyron equation
(2). In weak magnetic fields, the Curie temperature linearly
depends on the magnetic field strength: TC…H †ˆ
TC…0†‡ BM H, and the dependenceof DM ˆ M p ÿ M f on H
canbe ignored (M p is the magnetizationof the paramagnetic
phase). Since in weak fields we have M p 5 M f, it can be
assumedthat M …T; H †ˆ M fy‰TC…0†‡ BM H ÿ T Šand that
…qM =qT†H ˆ ÿ M fd‰TC…0†‡ BM H ÿ T Š. Using the well-
known relationship

DS…H †ˆ
…H

0

�
qM
qT

�

H
dH ; …11†

wefind that DS ˆ 0 for T < TC…0†, and DS ˆ ÿ…M f=BM †for
T > TC…0†and H > …T ÿ TC…0††=BM .

If N 6ˆ 0, thenthesituation becomesmorecomplex.In this
case,the uniform ferromagnetic phaseexists for T < TC…0†‡
BM …H ÿ 4pNM f†, whereasthe uniform paramagnetic phase
exists for T > TC…0†‡ BM H. Inside the interval TC…0†‡
BM …H ÿ 4pNM f†< T < TC…0†‡ BM H, therefore, the uni-
form magnetic state is not realized; the ferromagnetic and
paramagnetic phases coexist in the temperature interval with
the width dN ˆ 4pNM fBM .

Using the data given for a single crystal of
La0:7Ca0:3MnO 3, it can easily be shown that the real width
of the magnetic transition region is an order of magnitude
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greater than dN; therefore, the co-existenceof the ferromag-
netic and paramagnetic phasesrevealedin Refs [12, 13] is
almost completely causedby the distribution of the Curie
temperaturesinside the crystal. Assuming that the distribu-
tion function W is Gaussian,we obtain in this casewith the
aid of relationships(8) and (11) [83]:

DS…T; H †ˆ ÿ
M f

2BM

�
erf

�
x0•••

2
p

�
ÿ erf

�
xH•••

2
p

��
; …12†

where

x0 ˆ
Tÿ TC…0†

st C

; xH ˆ
Tÿ TC…0†ÿ BM …H ÿ 4p �MN †

st C

;

and �M is determined from the equality T ÿ TC…0†ÿ
BM …H ÿ 4pN �M †ˆ 0. A s was shown in Ref. [83], the
DS…T; H ˆ const† curvescalculated via equation (12) agree
well with the experimental data for a single crystal of
La0:7Ca0:3MnO 3.

A simple analysisof Eqn (12) showsthat, if N ˆ 0, the
maximum of the function jDS…T; H ˆ const†j with an
increase in the magnetic field is displaced toward higher
temperaturesat a rate of BM =2, and the maximum value of
this function grows with an increasein the strength of the
magneticfield:

jDSjmax ˆ
M fH••••••
2p

p
st C

:

A shift of the point of the maximum is observedin all known
cases; however, the rate of this displacement is not yet
published. In the La0:7Ca0:3MnO 3 single crystal that was
investigatedin Ref. [83] in the fields from 5 to 15 kOe, the
shift of themaximumoccurswith arateof about 0.4K kOeÿ 1,
which indeedis half the rate of the displacementof the Curie
temperature.The maximum valueof jDS…T†jgrowsapproxi-
mately proportionally to the magnetic field value. Substitut-
ing M f ˆ 343 G, H ˆ 10 kOe, and st C ˆ 7 K , we obtain
jDSjmax ˆ 3:2 J kgÿ 1 K ÿ 1. The experimental value of
jDSjmax ˆ 2:45 J kgÿ 1 K ÿ 1 [83] is somewhat less than the
calculated value,which isnot surprising, sincewedid not take
into account the presenceof a demagnetizingfactor.

In strong magnetic fields, the situation becomesmore
complex, since the difference in the magnetizations of the
ferromagnetic and paramagnetic phases decreaseswith an
increasein H, and at H ˆ Hcrit the jump in the magnetization
disappears.Unfortunate ly, near the critical point the magne-
tocaloric effect hasnot beenstudied experimentally to date.
Sometheoretical results for this casearegiven in Ref. [83].

It follows from the aboveformul as that, in the caseof a
second-order phase transition, the smearing-out of the
transition region leads only to a small decreasein jDSj,
whereasin the caseof a first-order transition the magnitude
of jDSjmax is proportional to H=st C and, therefore,the role of
smearingis considerablymore important. Consequently, in
the latter case it is possible to significantly affect the
magnitude of jDSj by changing st C . Thus, it is noted in
Ref. [84] that the magnitude of the effect substantially
dependson the method of preparing the samples.A study of
speciallypreparedpolycrystals of La±Ca manganitesshowed
that the transition region in a La0:7Ca0:3MnO 3 sample is
considerably narrower than in single crystals of the same
composition, and in the field of 20 kOe the magnitudeof DS
reachesa value of 8 J kgÿ 1 K ÿ 1. We obtained abovea close
value of 7.1 J kgÿ 1 K ÿ 1 with the aid of the Clapeyron
equation.

4.4 Heat capacity
Let us examine, first, the region of low temperatures.At
T ˆ 3ÿ 10 K , the temperature dependence of the heat
capacitycanbepresentedin the following form:

C ˆ gT ‡ bT 3 ‡ BT 3=2 ; …13†

where the first term describesthe electron contribution; the
secondterm, thephonon contribut ion, and the third term, the
magnon contribution. In sufficiently strong magnetic fields,
the magnon contribution becomesnegligible becauseof the
appearanceof a gapin the magnonspectrum,which makesit
possible to simplify the analysisof experimental curves. In
Ref. [85],themeasurementson La1ÿ xSrxMnO 3 singlecrystals
werecarried out in a field H ˆ 90 kOe. It turned out that the
coefficient g substantially dependson the strontium concen-
tration: it is very small for x 4 0:1; with increasingx, this
coefficient grows to � 5 mJ K ÿ 2 molÿ 1 at x ˆ 0:16, while
with a further increasein the strontium concentration the
magnitude of g only weakly dependson x and is approxi-
mately 4 mJ K ÿ 2 molÿ 1.

Given the coefficient b, it is possible to calculate the
Debye temperature yD . According to Ref. [85], the magni-
tudeof yD in La1ÿ xSrxMnO 3 singlecrystalsgrowsfrom 360to
440 K with an increasein x from 0.1 to 0.3, after which it
hardly changes.

The constant of the spin stiffnessD evaluatedunder the
assumption of a gaplessmagnon spectrum rapidly grows
from 50 to 240meV �A2 with an increasein x from 0.1 to 0.2,
after which it is almost independent of the strontium
concentration [86].

A systematicstudy of the heat capacity of lanthanum±
barium manganitesin the low-temperature region has not,
apparently, been conducted. A study of polycrystals of
La0:67Ba0:33MnO 3 [87] showed that in this manganite the
magnitude of g is on the order of 5 mJ K ÿ 2 molÿ 1, and the
Debye temperature is approximately 400K. The constant of
spin stiffnessin Ref. [87]wasnot determined.

The La1ÿ xCaxMnO 3 single crystals were investigatedin
Ref. [86]. In contrast to La1ÿ xSrxMnO 3, the dependenceof g
on x has a stepped character:at x ˆ 0:22, this coefficient is
equal to zero; at x ˆ 0:225, the magnitude of g is equal to
4 mJ K ÿ 2 molÿ 1; at x ˆ 0:25, g reachesa maximum value of
5 mJ K ÿ 2 molÿ 1, after which it somewhatdecreases.With an
increasein thecalciumcontent, theDebyetemperature grows
from 340 to 410 K . The constant of the spin stiffness is
� 50 meV �A2 for x 4 0:22 and experiences a jump at
x ˆ 0:225;for x 5 0:25,D � 140ÿ 150 meV �A2.

Although at x � 1=3 (the so-called optimum doping) the
crystal structuresof the manganitesexamined are different,
and the Curie temperatureof the La±Ca crystal is noticeably
less than that in the La±Sr and La±Ba manganites, the
magnitudesof g and, consequently, the densitiesof statesat
the Fermi level prove to bevery close.

In the region of the magneticsecond-order phasetransi-
tion thereis a peakat T ˆ TC in the temperaturedependence
of heat capacity (see,e.g., the curves for a La0:7Sr0:3MnO 3

single crystal in paper [88]). The application of a magnetic
field leadsto a broadeningof the peakand to a decreasein its
height; however, no noticeable displacement of the peak
under the action of the field is observed.In La0:7Ca0:3MnO 3,
the magnetic transition proceedsas a first-order process;
therefore, the peak is displacedtoward higher temperatures.
It was found in Ref. [88] that in the La0:7Ca0:3MnO 3 single
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crystal this shift is on the order of 40 K in a field of 70 kOe;
measurementson the La0:67Ca0:33MnO 3 polycrystal gave
dTC=dH ˆ 0:8 K kOeÿ 1 [76]. Above, we usedthe last value
for evaluating BM ˆ dTC=dH, since it is in agreement with
our data on the magnetization (seeRef. [53]).

4.5 Magnetic anisotropy
The magnetic anisotropy of the lanthanum manganiteswas
studied mainly in thin-fil m samples,in which a large role is
played by stressesexisting at the interface between the film
and thesubstrate.Thus, it wasestablishedin Ref. [89]that the
anisotropy of the epitaxial films of La0:7A0:3MnO 3, where
A ˆ Ca, Sr, Ba, or a vacancy grown on substrates of
…LaAlO 3†0:3…Sr2TaAl O6†0:7 and SrTiO3, can be described
with the aid of a singleconstant of cubic anisotropy K1…T †.
The majority of data relates to f i lms on the
…LaAlO 3†0:3…Sr2TaAl O6†0:7 substrates. The constant K1 is
positive if A ˆ Ca or a vacancy,and is negativeif A ˆ Sr or
Ba. A t low temperatures, K1 ˆ 13� 104 erg cmÿ 3 for
lanthanum±calcium films; for a film with vacancies, K1 is
somewhat less, and K1 ˆ ÿ 105 erg cmÿ 3 for lanthanum±
barium film. For La0:7Sr0:3MnO 3 fi lms, K1 is negative,
jK1j < 4� 104 erg cmÿ 3; moreover, the value of the aniso-
tropy constant for a f i lm on the SrTiO3 substrate is
approximately two times greater than for a film grown on
…LaAlO 3†0:3…Sr2TaAl O6†0:7 substrates.

The dependenceof the magneticanisotropy of polycrys-
talline La1ÿ xCaxMnO 3 (0:1254 x 4 0:19†on the concentra-
tion of a bivalent ion was investigatedin Ref. [90]. It turned
out that at x ˆ 0:125 and 0.15 the anisotropy is uniaxial,
whereasthe anisotropy of sampleswith x ˆ 0:175and 0.19is
cubic.The anisotropy field HA is on the order of severalkilo-
oersteds;HA > 0 for x ˆ 0:125 and 0.15, and HA < 0 for
x ˆ 0:175and 0.19.The anisotropy constantK1 ˆ HA M s=2,
whereM s is thesaturation magnetization (for theconstantsof
uniaxial and cubic anisotropy, we use one and the same
designation). Sincethe magnitude of M s is on the order of
500 G, for jK1j we obtain an estimate jK1j � 105±
106 erg cmÿ 3. The sameestimateis given in Ref. [91] for a
La0:82Ca0:18MnO 3 singlecrystal.

In singlecrystalsof La0:9Sr0:1MnO 3 and La0:8Sr0:2MnO 3

the anisotropy is closeto cubic in the low-temperatureregion
[92]. For the anisotropy field, the follow ing values were
obtained, respectively:HA � 400 Oe and HA � 100 Oe, so
that for a crystal with 10% Sr we obtain an estimate
jK1j � 105 erg cmÿ 3, and for a crystal with 20% Sr,
jK1j � 2:5 � 104 erg cmÿ 3. It can be seen that for La±Sr
single crystals the anisotropy constants are close to those
obtained with thin films in Ref. [89].

Thus, the lanthanum±strontium manganitesnot only are
characterizedby a largerCurie temperaturethan lanthanum±
calciumand lanthanum±barium compounds,but alsopossess
anisotropy constants that are the smallest among the
manganitesin question,and which decreasewith an increase
in the strontium concentration.

5. Lattice vibrations.Phononsand magnons

5.1 Propagation of ultrasonic waves
Deviations of the structure of manganites from the ideal
perovskitestructure arecomparativelysmall; in addition, the
singlecrystalsof manganitesalmost alwaysconsistof a large
numberof twins. Theanisotropy of thesematerials,therefore,

frequently can be satisfactorily described in the cubic
approximation. I f the propagation of elast ic waves is
examined,this meansthe involvement of elasticmoduli c11,
c12, and c44.

In Refs [93, 94], the velocity of propagation of the pulses
of waves with respective frequenciesof 10±30 and about
800 MHz was measured. The temperature dependencesof
theseelasticmoduli weredetermined only for singlecrystals
of La1ÿ xSrxMnO 3 with a strontium concentrationx 4 0:175.
In should be noted that in Ref. [93] data are given for the
moduli c11, c33, c44, and c66 of the rhombohedral lattice at
x ˆ 0:165and 0.30.All the ci j moduli are characterizedby a
strong nonmonotonic temperature dependence; the struc-
tural transitions, just as the transition from the ferromag-
netic to the paramagnetic state, are revealed from the
presenceof various singularities in appropriate curves.The
magnetic field affects mainly the moduli …c11 ÿ c12†=2
and c44, which describe transverse vibrations; the bulk
modulus cB ˆ …c11 ‡ 2c12†=3 changesonly a little in the
magneticfield.

Studieson the propagation of ultrasonic wavesat high
frequenciesimposestringent requirementson the quality of
samples.As wasnoted above,the manganitesare character-
ized by a significant inhomogeneity; therefore, experiments
with the high-frequency wavesoften prove to be impossible.
In these circumstances, the studies of frequencies of the
mechanicalresonanceseemmore efficient. For example, in
Ref. [95]a single-crystalline samplewith a nominal composi-
tion of La0:83Sr0:17MnO 3 with a known orientation of
crystallographic axes at the frequency of approximately
1 MHz was studied. Sincethe temperatureof the transition
from the rhombohedral to the orthorhomb ic phaseproved
to be higher than the Curie temperature, the strontium
concentration was in reality somewhat less than x ˆ 0:17.
The values of elastic moduli obtained in [95] are close to
thosegiven in Refs [93, 94].

In many studies, the composite oscillator method was
applied, which is basedon the measurementof the resonance
frequency and quality factor of the mechanical system
consisting of a sample in the shapeof a rod and a piezo-
electric converter glued to it. This method is suitable for the
investigation of not only single-crystalline but also polycrys-
talline samples. The frequency of longitudinal vibrations
excited in the rod is usually on the order of 100 kHz. The
velocity of propagation of longitudinal wavesis determined
by Young's modulus E: V1 ˆ

•••••••••
E=r

p
, wherer is the density.

The Young modulusdependson the orientation of the axisof
thecylinderrelativeto thecrystallographic axes.In thecaseof
a cubic crystal [96],wehave

1
E

ˆ
c11 ‡ c12

…c11 ‡ 2c12†…c11 ÿ c12†
‡

�
1

c44
ÿ

2
c11 ÿ c12

�
P…n†;

…14†

where P…n†ˆ n2
x n2

y ‡ n2
x n2

z ‡ n2
y n2

z , and n is the unit vector
alongtheaxisof thecylinder. In Ref. [93],thefollowing values
of elasticmoduli havebeenobtainedfor aLa0:835Sr0:165MnO 3

single crystal at T ˆ 4 K : c11 ˆ 13� 1011 erg cmÿ 3;
…c11ÿ c12†=2ˆ 4:9� 1011 erg cmÿ 3; c44ˆ 5:9� 1011 erg cmÿ 3,
so that E ˆ ‰0:085ÿ 0:035P…n†Šÿ 1 � 1011 erg cmÿ 3. Since
P…n†4 1=3, the second term (depending on n) in formula
(14) is an order of magnitudelessthan the first term. It canbe
assumedthat this isalsocorrect in thecaseof other manganite
singlecrystals.
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La1ÿxBaxMnO3 and La1ÿxCaxMnO3 are noticeably greater
than in La1ÿxSrxMnO3 [86, 138, 139, 45].

In the paramagnetic state, the temperature dependence of
resistivity in themajority of cases has a semiconductor nature.
It is natural to expect that, in the absence of a magnetic field,
r�T � � r0 exp �E0=kBT �. This dependence is indeed observed
if a first-order phase transition occurs at the Curie point (see
Fig. 9). In a La0:7Ca0:3MnO3 single crystal [140], the energy of
activation E0 � 78 meV, and r0�1:7�10ÿ3 O cm.

In manganites with a second-order magnetic transition, a
simple exponential dependence of resistivity is observed only
at a significant distance from TC, which appears to be
connected with an increase in fluctuations of the order
parameter with an approach to the transition point. It is
known [141] that an increase in fluctuations in ferromagnets
with a weak s±d exchange leads to the appearance of
singularities in the derivative dr=dT at T � TC. It can be
expected that the same occurs in the manganites, and in them
the derivative dE0=dT has singularities at the transition point.
It is suitable to analyze the local activation energy
ea � d lnr=d�Tÿ1�, since ea � E0 ÿ T�dE0=dT �. An analysis
of data on the temperature dependence of the resistivity of
different lanthanum manganites in Ref. [138] showed that

ea�T � � e1a ÿ
C

Tÿ Ta
; �16�

where C � const, and Ta is close to the Curie temperature
(more precisely, to its average value). For example, the
following values were obtained for a single crystal of
La0:72Ba0:28MnO3 (TC � 311 K): e1a � 0:072 eV, Ta�304 K,
and C � 2:33 eV K.

The determination of E0�T � from the data for ea is,
generally speaking, impossible, since the pre-exponential
factor r0 is unknown. It is possible, however, to take
advantage of the fact that, upon moving away from the
point of the phase transition, the local activation energy
tends to e1a . Considering the expression for ea through E0 as
the differential equation for E0 with the boundary condition
E0�T!1� � e1a , it can easily be found that

E0 � e1a �
C

Ta

�
1� T

Ta
ln

�
1ÿ Ta

T

��
: �17�

Here, T > Ta. The calculation of E0 by this formula showed
[138] that E0 and ea differ from each other, even at a
noticeable distance from the Curie temperature
�ea�T�400K��0:048 eV, whereas E0�T�400K��0:066 eV�.

The results of evaluations of the resistivity for
La0:85Sr0:15MnO3, La0:7Ca0:3MnO3, La0:72Ba0:28MnO3, and
La0:75Sr0:25MnO3 via the above-given formulas are shown in
Fig. 9 by solid lines. The theoretical curves agree very well
with the data from experiments.

Notice that the use of expression (17) makes it possible to
adequately describe the temperature dependence of resistivity
for La0:75Sr0:25MnO3 as well, although in the paramagnetic
region dr=dT > 0. The value e1a � 0:022 eV proves to be,
however, less than kBT. To speak about the purely exponen-
tial dependence of resistivity on temperature is impossible,
but the metallic conductivity also hardly occurs, the more so
as the conductivity for T > TC is noticeably less than the
minimum metallic conductivity smin, which in manganites is
on the order of 1 mOÿ1 cmÿ1 [14, 15]. The behavior of the
crystals of La±Sr manganites with x5 0:25 resembles the
behavior of gapless or narrow-gap semiconductors rather
than of metals.

Near the Curie temperature, the resistivity of all manga-
nites sharply decreases as the temperature decreases. Figure 11
illustrates the dependence of lnr�T;H � 10 kOe� on the
square of the relative magnetization m 2�T;H � 10 kOe� for
crystals experiencing a magnetic transition of the second
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Figure 9. Temperature dependence of the resistivity of the lanthanum

manganites single crystals [138, 140, 144].
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Figure 10. Magnetoresistance of the lanthanum manganite single crystals

in a magnetic field H � 10 kOe [138, 140, 144]. Solid line corresponds to

the calculated result for the magnetoresistance of the La0:70Ca0:30MnO3

single crystal, obtained by formula (19).
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Figure 11. Dependence of the resistivity r measured in a magnetic field
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same field [138, 144].
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