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Tricritical points in La-based ferromagnetic manganites
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A detailed study of the magnetizationM (H,T) of manganites nearTC is presented. Analysis, in the
framework of Landau theory of phase transitions (G5G011/2AM211/4BM411/6CM62MH)
reveals that for La0.67Ca0.33MnO3 (TC5267 K), La0.8MnO3 (TC5250 K), and
La0.60Y0.07Ca0.33MnO3 (TC5150 K) the phase transition is first-order and theB coefficient is
temperature dependent, negative nearTC . In field (H,HC* ) and temperature (TC,T,TC* ) ranges,
below the critical point of the first-order phase transition, clear features are found, with hysteresis.
For La0.60Y0.07Ca0.33MnO3, HC* ;20 kOe,DT5TC* 2TC;20 K. For La0.67Ca0.33MnO3, on the other
hand,HC* is only 250 Oe andDT,1 K. These effects are related with electronic and elastic energy
contributions coupled to the magnetic order parameter. The analysis of the vanishing ofB aboveTC

suggests that a tricritical point should occur atT;310 K, in agreement with the temperature at
which the magnetic and structural transitions in La0.7(Ca12ySry)0.3MnO3 coincide. © 2003
American Institute of Physics.@DOI: 10.1063/1.1558271#
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One of the most appealing features of colossal mag
toresistance~CMR! manganites are the conspicuous fir
order magnetic phase transitions, accompanied by me
insulator and structural transitions with large discontinuit
in the magnetic, electric, or lattice properties.1 These are
typically found when the low temperature phase is a cha
orbital ordered state~divalent doping;0.5! or when mag-
netic and structural phase transitions are close, leadin
magnetic field-driven structural transitions as
La0.83Sr0.17MnO3 ~Ref. 1! or in the recently studied
La0.7(Ca12ySry)0.3MnO3 for y;0.5.2

The behavior of ferromagnetic manganites in the vicin
of the magnetic transition, particularly in systems w
;33% doping, for which Curie temperaturesTC are usually
highest and no clear discontinuities in properties are
served, has been the subject of several studies. These po
a most likely first-order transition~in zero magnetic field!
when TC is sufficiently low. A change from first to secon
order has been reported to occur from La2/3Ca1/3MnO3 (TC

'265 K) to La2/3Sr1/3MnO3 (TC'360 K) using magnetiza
tion3 and nuclear magnetic resonance studies.4 In the latter
system, the determination of critical exponents was poss
and scaling relations were verified,5 but in the former such
analysis was unsuccessful.6,7 Evidence for the first-orde
character of the transition in La2/3Ca1/3MnO3 was also given

a!Electronic mail: vamaral@fis.ua.pt
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by low field magnetization measurements and a Lan
theory analysis.8,9 However, the nature and microscopic d
tails of the phase transition in ferromagnetic manganites
still a controversial issue even for the most studi
La12xCaxMnO3 system. Recently, Salamonet al.10 brought
this subject back to the center of discussion arguing t
CMR in the optimally dopedx50.33 can be viewed as
Griffiths singularity, driven by intrinsic randomness. W
present a study of the magnetic properties of La-based C
manganites in the vicinity of the ferromagnetic
paramagnetic phase transition, that suggests that it occu
the vicinity of a tricritical point, associated with the couplin
between the magnetic and electronic-structural order par
eters. We use the macroscopic Landau theory of phase
sitions. To describe in a consistent way first- and seco
order transitions an expansion of the energyG(T,M ) up to
sixth power of the magnetization,11 G(T,M )5G01 1

2AM2

1 1
4BM41 1

6CM62MH, with A andC.0. The parameterA
is usually assumed to take the formA5a(T2T0), whereT0

is a characteristic temperature, close to the transition p
~Curie law!. From minimization ofG(T,M ) one obtains the
magnetic equation of stateH/M5A1BM21CM4 and the
condition for a first-order transition isB,0.

In this case, in the presence of the magnetic field,M
presents a discontinuity at the phase transition up to a crit
magnetic fieldHC* and temperatureTC* . This critical point is
determined by the conditionA(TC* )59B2(TC* )/20C(TC* ).
Further analysis of the model forB,0 shows that at
6 © 2003 American Institute of Physics
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higher temperatures and magnetic fields,M (H) still
presents anomalous features with a maximum indM/dH at
a characteristic magnetic fieldHC(T)5(A(T)221B2(T)/
100C(T))A23B(T)/10C(T). Particularly, for constanta, B,
and C, HC(T) increases linearly with temperature,HC(T)
;(T2T0* ), whereT0* .T0 , and corresponds at each tem
perature to the critical value of the magnetizationMC

2 5
23B/10C. In contrast, in the case of a second-order ph
transition,B.0 anddM/dH does not show any maximum

Ferromagnetic ceramic manganites were prepared
standard solid-state methods:9 La0.67Ca0.33MnO3 (LaCaMn)
with TC;267 K, vacancy doped La0.8MnO3 (LaIMn) with
TC;250 K, and La0.60Y0.07Ca0.33MnO3 (LaYCaMn), with
TC;150 K. The magnetizationM (H,T) was measured in
the paramagnetic phase in the vicinity ofTC using a Quan-
tum Design superconducting quantum interference de
magnetometer~55 kOe! and an Oxford Instruments vibratin
sample magnetometer~120 kOe!. The field dependence o
the magnetization for the LaYCaMn sample in the param
netic phase (T.150 K) is presented in Fig. 1~top!. M (H)
presents an anomalous upward inflection with maxima
dM/dH at an almost constant magnetization value~;35
emu/g! and, below about 170 K, large field cycling irrever
ibility is observed, with, however,M (H50)50 andM for
decreasing field is higher than for increasing field. Only
very high temperatures that the magnetization recover
regular behavior. To analyze the magnetic behavior we
Arrott plots of isotherms (H/M versusM2) shown in Fig.
1~bottom!. One can immediately associate this anomalo
behavior with a negativeB coefficient in the equation o
state, as it is given by the initial slope of the Arrott pl
isotherms. Analogous behaviors are found in LaCaMn~Ref.
9! and LaIMn samples, but without any prominent observ
tion of field cycling irreversibility. The characteristic fiel
HC(T) for the maxima indM/dH is shown in Fig. 2. It
presents an almost linear temperature dependence. A
;220 K, dM/dH becomes very shallow and the maximu
is not clearly observed. The irreversibility region at low
temperatures is clearly delimited and one can tentativ
identify the branching point~at TC* ;170 K) as the critical
point for first-order phase transition. To confirm this quali
tive picture, the data were analyzed using the equation
state and the coefficientsA, B, and C were determined. As
expected, theM2 coefficient presents a linear temperatu
dependence~Curie–Weiss! of A;a(T2T0), shown in Fig.
3~bottom!. Shown in Fig. 3~top! is the temperature depen
dence ofB, which is indeed negative in most of the expe
mental range, from 150 up to;260 K, about twiceTC . C is
always positive. In the LaCaMn~Ref. 9! and LaIMn samples
the behavior is analogous, but the temperature range w
B,0 is much shorter, fromTC up to 298 and 290 K, respec
tively. It should be remarked that at lower temperatures
fit may not be so reliable due to the irreversibility effec
and the fit range was restricted to the higher magnetiza
region, from maximumM2 down to the minima of the Arrott
plot isotherms. In Fig. 3~bottom! both sides of the equality
A50.45B2/C that determines the critical point are plotted
a function of temperature. Apparently, both curves do
cross, but the extrapolation of the high temperature dataT
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>175 K) clearly leads toTC* 5166 K, and therefore, from
Fig. 2,HC* 520 kOe, at the limit of the irreversibility region
Figure 4 shows the analogous plot for the LaCaMn sam
In this case, the extrapolation givesTC* 5266 K. To deter-
mine HC* an alternative procedure is shown in the ins
where the linear temperature dependence ofA5a(T2T0),
with constanta and T05265.4 K is used to calculate bot
TC* 2T0 and HC* 5HC(TC* ). For slowly varyingB(T) and
C(T) parameters, as in this sample,9 both quantities are
nearly proportional. From the plateau region between 2
and 285 K, one reliably obtainsTC* 2T0'0.6 K and HC*
'250 Oe. This value agrees with the field below whi
M (T) in the LaCaMn sample showed thermal cycling hy
teresis effects.9 The fact that first-order transition effects a
absent in the ferromagnetic insulator La0.67Cd0.25MnO3 (TC

5148 K)9 suggests that the key point in determining su
behavior is not a lowTC value but instead is the presence
another contribution or competing order parameter in
metallic ferromagnetic samples. Jaimeet al.12 considered the
metallic electron concentration as a magnetically coup
secondary order parameter in anM4 expansion leading to a

FIG. 1. ~Top! M (H) for the LaYCaMn sample (T.150 K). ~Bottom! Arrott
plots of isotherms (H/M vs M 2). M (H) presents an upward inflection and
below about 170 K, large field cycling irreversibility.

FIG. 2. HC(T) for the maxima indM/dH, presenting an almost linea
temperature dependence. The irreversibility region at lower temperatur
clearly delimited.TC* is the critical point for the first-order phase transitio
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reduction of the Landau coefficientB. Novák et al.4 consid-
ered the dependence of the double exchange energy o
interatomic distances and therefore the relevance of ma
toelastic couplings in aM4 expansion of the free energy. Th
competition of magnetic and charge density wave order
rameters in layered manganites leading to first order tra
tion effects was also considered by Bergeret al.13 A micro-
scopic analysis of the double exchange model using
variational mean-field approach by Alonsoet al.14 led to a
Landau-type free energy expansion up to sixth power inM.
This study strongly supports the overall picture that the e
tronic condensation energy and electron–lattice interac
couple to the magnetic degree of freedom to produce ano
lous ~first-order-like! behavior in the presence of a magne
field. In fact, thermal expansion effects nearTC are much
stronger in LaCaMn and LaYCaMn than in LaS
manganites.1,4 On the other hand, ferromagnetic insulat
manganites like the LaCdMn sample usually do not pres
anomalies of thermal expansion nearTC and the magneto
striction is very small.1 The Landau theory with coupled or
der parameters11,15 leads to a rich variety of behaviors, and
most interesting situation occurs whenB50 at the transition,
when the system crosses from first- to second-order ph
transitions, leading to a tricritical point. The fact that in t
samples studied the temperaturesTB at whichB(T) vanishes
are of the same order~260–290 K!, althoughTC varies by
almost a factor of 2~150–267 K!, suggests that the sam
mechanism should drive the tendency ofB to zero. If, as a
function of some parameterY, B(T,Y) would be zero at the
tricritical point (TB5TC), we find that this should occur at
temperatureTC;310 K, from the extrapolation to zero o

FIG. 3. ~Top! Temperature dependence ofB, negative from 150 K up to
;260 K. ~Bottom! Temperature dependence of both sides of the equa
A50.45B2/C that determines the critical point plotted as a function of te
perature. Extrapolation of the high temperature data givesTC* 5166 K, at the
limit of the irreversibility region.
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TC2TB as a function ofTC in our samples. This value curi
ously matches the point in the La0.7(Ca12ySry)0.3MnO3 sys-
tem for which the magnetic and structural transitions
equal (y50.47, TS5TC5310 K). Recent work by Kim
et al.16 showed that another tricritical point exists in the sy
tem La12xCaxMnO3 at doping level x50.40 and TC

5265.5 K.
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FIG. 4. Similar plot as in Fig. 3 for the LaCaMn sample, givingTC*
5266 K. Inset: TC* 2T0 and HC* 5HC(TC* ) determined fromB(T) and
C(T). Data below 285 K giveTC* 2T0'0.6 K andHC* '250 Oe.


