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Ferromagnetic-paramagnetic phase transition in manganite perovskites: Thermal hysteresis

S. W. Biernacki*
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Using a phenomenological model we study the first- and second-order phase transitions in the
A12xMxMnO3 system, withx'1/3. The free energy in the vicinity of transition point is investigated. The
continuous and discontinuous behavior of the order parameter is calculated, depending on the initial values of
two model parameters. The thermal hysteresis is calculated for the order parameter and the entropy. The order
of transition related to the magnetization and specific-heat measurements is discussed. The obtained theoretical
and numerical results are used to consider the controversies on the nature of the phase transition in lanthanum
manganites.
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I. INTRODUCTION

The manganese-based perovskites, such asA12xMxMnO3
(A is a trivalent rare-earth ion,M is divalent alkali-earth ion!,
have recently been the subject of intensive investigation1–3

They exhibit unusual and potentially useful magnetic pro
erties, for example, the colossal magnetoresistance ef
The system with a nominal doping of 0.2<x<0.5 undergoes
a ferromagnetic to paramagnetic~FP! phase transition at the
Curie temperatureTC . Recently, the character of the ma
netic transition in these materials has been examined
number of papers. Despite the efforts made, the natur
magnetic transition in some cases is controversial. In m
cases the magnetic transition is of the second order.
measurements of magnetization in the La0.67Ca0.33MnO3
showed small thermal hysteresis~about 5 K!.4 Ghivelderet
al.5 suggest that sharp peak of the specific heat in this m
rial may indicate the first-order phase transition. Howev
the data on the magnetization in Refs. 4 and 5 appear t
continuous when approaching the transition point. Gordoet
al.6 analyzed similar data for the La0.65Ca0.35MnO3 sample
and they suggested that these data are consistent with
Clausius-Clapeyron equation. This fact points to the fir
order character of transition. On the other hand, Zhaoet al.7

analyzed their data on the expansion coefficient and on
specific heat of La0.67Ca0.33MnO3 crystal together with data
for dTC /dP. They suggested that these data are consis
with the Ehrenfest equation. Hence, they concluded that
phase transition is of the second order. The measuremen
muon spin relaxation in the La0.67Ca0.33MnO3, which probe
the microscopic development of the magnetic order par
eter, point to the second-order transition.8 Recently, the mea-
surements of magnetization6,9,10 were also used to distin
guish between the first-order and the second-order beha
These measurements allow to determine the slope of
therm plots ofH/M vs M2, M being the measured magne
zation andH the magnetic field. A positive slope indicates
second-order transition. However, theH/M graphs do not
necessarly resolve the controversy related to the natur
phase transition in these materials. Therefore, in this pa
the model analysis of the first-order phase transition for
A12xMxMnO3 system is performed. The hysteretic charac
of the first-order magnetic phase transition is described u
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the phenomenological model of the spontaneous phase
sitions presented in Ref. 11. The model of Ref. 11 was
veloped to describe the second-order phase transition
turns out that, if the one of two model parameters is suita
changed, then it is also able to describe the first-order tr
sition. Therefore, in this way, we are able to compare
behavior of various measurable and nonmeasurable phy
quantities in the first- and second-order phase transiti
within one model. The attention will be directed to the sp
cific behavior of theeg electron distribution function, the
order parameter, molecular field, free energy, heat capa
and entropy. Then, we compare the predictions follow
from this model calculations with the available experimen
data.

The rest of the paper is organized as follows. In Sec. II
elucidate the nature of the molecular field, theeg electron
distribution function, and the order parameter in the fir
order and second-order phase transitions. We indicate
this type of phase transition is expressed in terms of t
parameters entering a used model. Then, we explain the
tent to which the model parameters are associated with
first-order or second-order transitions. Section III prese
investigations of the free energy. The entropy and the s
cific heat at the phase transition are calculated and the na
of the thermal hysteresis is explained. In Sec. IV the res
of calculations are discussed in context of the various m
surements. Finally, the controversy related to the order
transition is considered.

II. THE MOLECULAR FIELD

The condition for ferromagnetism is that the Mn momen
become globally ordered. Weiss postulated a molecular fi
which causes this ordering. We will describe short-range
teractions which are constituent elements of the molec
field. The two-level phenomenological model of both abru
and continuous phase transitions was described previous11

A starting point in this model is a single Mn31-Mn41 pair of
neighboring ions entering the Mn31-O22-Mn41 chain. At
T50 K, the eg electron occupies the bonding stateub&. In
this state theeg electron is equally distributed between tw
d3z22r 2 orbitals on both Mn ions. With the increase of tem
perature the ground state admixes the nonbonding~excited!
©2003 The American Physical Society17-1



l
.

t

ta
io
e

un
n

el

e
tr

netic
ase

0.
er

pa-
ase
rom

es
ca-

the

se

is-

the
ra-

we
d
nge
ne.
in

-

lue

e

e
the
ve
in
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statesuc&. This is thedx22y2 state located on any of two Mn
ions. The one-electron free energiesf for the ground and
exited states can be expressed as

f ub&5«n22mH2tR/2,

f uc&5tR/222«n1«n22kBT ln g1mH. ~1!

wherenP@0,1# is the electron distribution function,tR is the
product of the hopping integralt between Mn ions multiplied
by the Huang-Rhys factorR, « is the Jahn-Teller energy,m is
the magnetic moment,g52 accounts for the configurationa
degeneracy of stateuc&, and kB is the Boltzman constant
The origin of energy scale is taken in the middle betweenub&
and uc& levels ~in Ref. 11 it was taken at levelub&). With
such a choice of the energy scale, the molecular field and
external magnetic field enter the free energy~6! in a sym-
metrical way. The Zeeman energy in the excited state
taken with the opposite sign with respect to the ground s
because the electron in this state is bound only to one Mn
~nonbonding state!. When the electron occupies one of th
uc& states, there is no correlation between the backgro
electron (t2) spins on neighboring Mn ions. This situatio
corresponds to the paramagnetic phase.

Using Eq.~1! one obtains the free energyF ~the chemical
potential! calculated per Mn31-Mn41 pair:11

F5«n22mH2kBT lnF11g expS 2
tR22«n12mH

kBT D G .
~2!

In the thermal equilibrium, the electron distributionn is de-
termined by a minimization of the free energyF with respect
to n, which gives

n5
1

1

g
expS tR22«n12mH

kBT D11

. ~3!

Thus, Eq.~3! represents a self-consistent equation forn in
which the partition function is related to a gap which is its
linearly related ton. Equation~3! resembles the form of the
Fermi distribution function. The molecular field can be d
fined using the energy difference between the one-elec
free energies:

f uc&2 f ub&5tR22«n2kBT ln g12mH

52mHmol~T!12mH, ~4!

where

Hmol~T!5
tR22«n2kBT ln g

2m
~5!

is the molecular field. It is seen 2mHmol(0)5tR becausen
50 atT50 K. With this definition ofHmol(T) the chemical
potential is equal to
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F5«n22mHmol2mH2kBT ln

3F11g expS 2
~2mHmol12mH !

kBT D G . ~6!

Similar to known thermodynamical relation (]F/]H)T
52M one has

S ]F

]Hmol
D

T

52m~122n!52M , ~7!

where M is the magnetization.Dn5(12n)2n5122n is
the excess of the ferromagnetic phase over the paramag
one.Dn is the order parameter that distinguishes one ph
from another. In case of the second-order transitionDn.0
below the critical temperatureTC andDn50 aboveTC . Dn
changes continuously with temperature between 1 and
Now, we shall consider the peculiarities of the first-ord
phase transition.

tR and« are two unknown model parameters. These
rameters influence all physical quantities. Practically, in c
of the second-order phase transition, they are derived f
the experimental value ofTC . It was shown11 that «
52kBTC and tR5kBTC(21 ln g)22mH. The relation «
52kBTC follows from the requirementdn/dT→` when T
→TC . This implies that the specific heat infinitely increas
at the transition point. According to the Ehrenfest classifi
tion scheme, this is thel transition. Hwanget al.12 suggest
that an abrupt change of the matrix element describing
electron hopping between Mn sites~in this paper, it corre-
sponds totR) may be responsible for the first-order pha
transition. On the other hand, Nova´k et al.10 showed that
variation of the exchange energy with the interatomic d
tances~it corresponds to«, in this paper! may lead to dis-
continuity in magnetization. Indeed, the parameterstR and«
represent a different interaction but they are bound by
expression for the critical temperature. The critical tempe
ture is itself material dependent. Below, we show that if
select«.2kBTC then discontinuity in the magnetization an
other physical quantities will appear. This leads to the cha
of the second-order phase transition to the first-order o
For the description of the second-order phase transition
La12xCaxMnO3 crystal, we use the values of«5289 cm21

and tR5392 cm21 from Ref. 11. They were adjusted to re
produce the critical temperature'210 K for the
La0.8Ca0.2MnO3 crystal.11 In order to smoothly switch to the
first-order character of the transition we keep the same va
of tR and for the« we take 293 cm21. Figure 1 shows the
electron filling n @Eq. ~3!# of the excited stateuc&. For the
first-order transition this function is ‘‘folded’’ between th
pointsLp andH f . Lp is abbreviation for the ‘‘low’’ tempera-
ture in the ‘‘paramagnetic’’ phase andH f is abbreviation for
the ‘‘high’’ temperature in the ‘‘ferromagnetic’’ phase. Th
values ofn between these points are not accessible for
system. In this rangedn/dT possesses unphysical negati
value. This is due to a failure of thermodynamic stability
the system. The second derivative]2F/]n2 is negative and
the free energy in this range ofn is not at minimum. In the
second-order phase transition, the fillingn is a continuous
7-2
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FERROMAGNETIC-PARAMAGNETIC PHASE TRANSITION . . . PHYSICAL REVIEW B68, 174417 ~2003!
function of temperature andn51/2 corresponds toTC . In
the first-order phase transition usually there are hi
temperature critical pointTH and low-temperature critica
point TL . Hwang et al.12 note @observing
(LaPr)0.7Ca0.3MnO3 and (LaY)0.7Ca0.3MnO3] that for man-
ganites with relatively high critical temperature the transiti
is likely to be of the second order, while in those with low
critical temperature is of the first order. Indeed, Fig. 1 sho
the lowering of the critical temperature for the first ord
transition as compared with the second-order one, i.e.,TL ,
TH,TC . We note that we intentionally adjust such value
« which gives hysteresis of aboutTH2TL'5 K. NearTC ,
the eg electrons strongly absorb the thermal energy and
configuration changeub&→uc&. The derivativedn/dT exhib-
its the resonance peak at this temperature. Figure 2 show
order parameterDn. It is seen that atTH andTL it possesses
different finite values. It exhibits the hysteresis in cooli
and warming cycles. In Fig. 3 we draw the molecular fie
Hmol multiplied by 2m. It exhibits the discontinuity atTH .
The molecular field varies with temperature in a similar w
as an energy gap in the BSC theory of superconductors.
molecular field originates from the covalency and t
electron-phonon interaction taken in the first order of pert
bation theory whereas the BSC gap originates from
electron-phonon interaction taken in the second order of
turbation theory.

III. THE HYSTERESIS

Hysteresis is often caused by phase transitions that
volve abrupt changes in certain parameters of a thermo
namic system. The thermodynamic behavior of the sys
can be described in terms of its free energy. In particular,
Helmholtz free energy describes the energy liberated or

FIG. 1. The electron fillingn of the excited stateuc&. For the
first-order transition this function is ‘‘folded’’ between the pointsLp

andH f . The values ofn between these points are not accessible
the system. The model parameters are«5293 cm21, tR
5392 cm21 for the first-order transition and«5289 cm21, tR
5392 cm21 for the second-order phase transition.
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sorbed during a phase transition at constant volume and
perature. Using expression~2! the mechanics of the phas
transitions, and therefore hysteresis, will be considered. F
ure 4 shows the free energy@Eq. ~2!# vs temperature. Draw-
ing this figure we expressedn as a function ofT using Eq.
~3!. The discontinuity of the free energy atTL andTH can be
observed. The finite differenceDF between the old and new
minima is the latent heat of the phase transition.

The energyF is discontinuous function of fillingn. This is
shown in Fig. 5. The values ofn did not minimizeF, i.e.,
]2F/]n2,0 between the pointsH f and Lp . The last two
graphs explain the nature of hysteresis. Suppose we fo
warming cycle between the pointsL f andH f . According to
Fig. 4 two curves of the free energy cross each other aro
T'205.5 K ~this corresponds to fillingn51/2). A question
arises, why the system passing this crossing point does
follow the lower free energy curve with the temperature
crease? To find the correct explanation one should note

r

FIG. 2. The order parameterDn5122n vs temperature. The
hysteresis is denoted by the arrows in the cooling-warming cyc

FIG. 3. The molecular fieldHmol multiplied by 2m vs tempera-
ture.
7-3
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in such a case there is discontinuous entropy change~the
slope ofF at T'205.5 K in Fig. 4!. Thus, at the crossing
point, an abrupt change of the electronic configurationn, i.
e., some structural change without any energy gain is
quired. As it is seen in Fig. 5, the free energy continuou
decreases between the pointsL f andH f with the increase of
n, or equivalently, with temperature increase. Therefore,
system prefers to continuously decrease its free energy
the temperature increase, instead of undergoing the con
ration change without the energy gain at the crossing po
However, when the system reaches the pointH f there is no
way to decrease its energy without the discontinuous e
tronic configuration change. This causes the discontinuity
the order parameterDn. The similar consideration is als
applied to the cooling cycle between the pointsHp andLp .

Using the expression for the free energyF one finds the
entropyS

FIG. 4. The free energyF @Eq. ~2!# vs temperature. The inse
showsF in the wide temperature range and the place of the fea
shown in the main graph is indicated by arrow. Apart from th
feature the functionF(T) is similar in the first- and second-orde
phase transitions.

FIG. 5. The free energyF vs distributionn.
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S52S ]F

]TD
V

52kB@2n ln g1n ln n1~12n!ln~12n!#.

~8!

In Fig. 6 the thermal hysteresis in the entropy values betw
the critical temperaturesTL and TH is clearly seen. Taking
into account the explicit expression for the entropySone can
calculate the electronic contribution to the heat capacityCV :

CV~T!5TS ]S

]TD
V

5~ tR22«n12mH !
dn

dT
, ~9!

where

dn

dT
5

n~12n!@ tR22«n12mH#

T@kBT22«n~12n!#
. ~10!

Figure 7 shows the calculated specific heat. The peak of
specific heat was intentionally cut. Becausedn/dT behaves

re FIG. 6. The entropyS vs temperature.

FIG. 7. The electronic specific heatCV vs temperature. The
height of the specific heat was intentionally cut. Inset shows
specific heat for the second-order transition.
7-4
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FERROMAGNETIC-PARAMAGNETIC PHASE TRANSITION . . . PHYSICAL REVIEW B68, 174417 ~2003!
as ad function atTH the specific heat is around an order
magnitude larger than it is shown in this figure. Normal
the specific heat calculated for the second-order transitio
broader and smaller becausedn/dT is finite. However, if at
the pointTC , the derivativedn/dT→` the specific heat in
the second-order transition is reminiscent of the one in
first-order transition. In the vicinity ofTC , the heatCVDT
drives electrons strongly from the stateub& to uc& or, equiva-
lently, increases the entropy byDS instead of raising the
crystal temperature.

IV. RESULTS AND DISCUSSION

The hysteresis loops are often seen in experiments at
order phase transformations when the system goes ou
equilibrium. We show that such range of values of the oc
pancyn for which the crystals exhibit hysteresis exist. With
the temperature where the metastable states exist, the
parameterDn, the free energyF, and entropyS depend on
the system history, i.e., whetherT was increasing or decreas
ing when it attained the metastable range betweenTL and
TH . Recall that the order parameter distinguishes one ph
from another; therefore the distinct values ofDn that admit
distinct equilibrium states also distinguish the differe
phases of the system. In the first order whenT decreases the
phenomenon known as supercooling can occur. This is
cause the original minimum represents a metastable equ
rium. As T decreases further, or the crystal is perturbed
either internal or external fluctuations, the system fina
evolves atTL into the global minimum that represents th
true energetically stable state. This liberates the latent
that was stored in the metastable state. Similarly, when
crystal in the ordered state is heated up again to a temp
ture of aroundTH it absorbs this latent heat, a phenomen
called reheating.

In the perovskites, such as La12xCaxMnO3, the ferromag-
netic and paramagnetic phases may exist simultaneously.
ferromagnetic state to paramagnetic state ratio depend
temperature and pressure.13–20The hopping parametertR de-
pends on the distance between neighboring Mn ions and
Jahn-Teller energy« depends on the Mn-O distance. Ther
fore by the application of external pressure it is possible
tune TL and TH . When the hysteresis loop is reduced
single line, i.e., whenTL5TH5TC there is a border betwee
the first- and second-order phase transitions. At this temp
ture dn/dT→`. In the first-order processdn/dT→` at the
critical temperatures~discontinuity in filling n) whereas
dn/dT is positive and finite in the second-order process
TC . The groundub& and exciteduc& states possess the equ
librium at the different displacement coordinates. This is
reason why the Jahn-Teller distortion plays an essential
in the phase transition in the perovskite-type ferromagnet
The adiabatic approximation breaks around the transi
temperature because the electronic configuration is stro
coupled to the vibrations of atoms. As a consequence,
dn/dT exhibits a resonance.

Zhao et al.7 using the experimental data regarding t
specific heat, expansion coefficient, anddTC /dP concluded
that these data satisfy the Ehrenfest equation.21 Thus, they
17441
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concluded that the FP transition is the second-order one.
want only to mention that from the form of Eq.~9! it follows
that the experimental peak positions of the specific heat
slightly below ('1 –1.5 K) theTC point. On other hand,
Gordonet al.6 who analyzed similar data concluded that t
experimental data satisfy rather the Clausius-Clapey
equation.21 Therefore, they concluded that the FP transiti
is the first-order one. Ghivelderet al.5 from the height of
measured specific heat suggest the first-order process
deed, the calculated specific heat for the first- and seco
order transitions ~see Fig. 7! differs remarkably. The
specific-heat peak for the first-order is much higher than t
observed by Ghivelderet al. Additionally, the magnetization
measured there seems to be a continuous function of t
perature. Therefore, we believe that they observed
second-order phase transition.

The measurements of magnetization6,9 are used to inves-
tigate the order of phase transition. Using the results of
general theory for the second-order phase transition given
Landau, the Arrott graph (H/M vs M2) is plotted. If the
slope of this graph is positive the transition is of the seco
order. In this connection we mention that Landau theory
based on the series expansion of the free energy over
order parameterDn5M /m which is valid for a range of
temperature just belowTC . However, as it is seen in Fig. 2
the order parameter is discontinuous atTH ~where phase
transformation occurs!. Therefore, the expansion, similar t
that in the Landau theory, is questionable. Hence, the ap
cation of the Arrott graph for the investigation of the firs
order transition needs to be justified. Additionally, in th
Landau theory, phase transitions correspond to the syst
passing through states of thermodynamic equilibrium, wh
states are nondegenerate on both sides of the transition p
In the present case, there are the configurational degene
in the paramagnetic states. The ground and excited st
have minima at different displacement coordinates. This c
ates the additional feature which distinguishes the Lan
consideration from the present model. The explanation of
magnetization measurements in La0.67Ca0.33MnO3 by Lynn
et al.4 is very controversial. The magnetization loop o
warming and cooling observed there@in Fig. 2~b!# exhibits a
temperature irreversibility of 5 K. But on the other hand th
magnetic loop is very different in shape from that forDn
shown here in Fig. 2. It extends down well below the critic
temperature~to around 100 K!. Similar hysteresis loop was
observed for the electrical resistivity in Ref. 22@Fig. 1~a!
there#. In both works, it was interpreted as sign of the firs
order phase transition. However, the specific heat meas
in Ref. 22~Fig. 2 there! is quite broad and low, pointing to
the second-order character of the transition. Therefore,
problem requires further investigation. We only mention th
from the computational point of view the warming and coo
ing processes do not change the interaction parameters
astR and«. Therefore, the hysteresis loop should be simi
to that in Fig. 2. However, if some magnetic domains a
formed in the material then, due to presence of some kind
‘‘magnetic resistivity,’’ one can expect the loop observed
Refs. 4 and 22.

In conclusion, we described the model~involving two
7-5
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S. W. BIERNACKI PHYSICAL REVIEW B68, 174417 ~2003!
parameters! of the FP phase transition of the first and seco
order. The transition is always accompanied by the elec
configuration change. The configuration change is at the
ergy kBTcritical5(tR22«Dn12mH/ ln g, whereDn should
be taken for the appropriate type of transition. The partit
function n, depending on the model parameterstR and «,
can describe, as a function ofT, the gradual or discontinuou
transition between the ferromagnetic and paramagn
phases. In particular, we explain why the critical temperat
is expected to be lower in the first-order transition as co
pared with the second-order transition. In order to determ
the character of the phase transition, it is necessary to
sider simultaneously the behavior of the different physi
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