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Ferromagnetic-paramagnetic phase transition in manganite perovskites: Thermal hysteresis
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Using a phenomenological model we study the first- and second-order phase transitions in the
A;_,M,MnO; 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.
DOI: 10.1103/PhysRevB.68.174417 PACS nuni®er64.60.Cn, 75.40.Cx, 75.10.Hk, 75.50.Dd
[. INTRODUCTION the phenomenological model of the spontaneous phase tran-

sitions presented in Ref. 11. The model of Ref. 11 was de-

The manganese-based perovskites, sudkasM,MnO;  veloped to describe the second-order phase transition. It
(A is atrivalent rare-earth iol is divalent alkali-earth ion ~ turns out that, if the one of two model parameters is suitably
have recently been the subject of intensive investigdfidn. changed, then it is also able to describe the first-order tran-
They exhibit unusual and potentially useful magnetic prop-sition. Therefore, in this way, we are able to compare the
erties, for example, the colossal magnetoresistance effedeehavior of various measurable and nonmeasurable physical
The system with a nominal doping of 8&X=0.5 undergoes quantities in the first- and second-order phase transitions
a ferromagnetic to paramagnetieP) phase transition at the within one model. The attention will be directed to the spe-
Curie temperaturd . Recently, the character of the mag- cific behavior of thee, electron distribution function, the
netic transition in these materials has been examined in arder parameter, molecular field, free energy, heat capacity,
number of papers. Despite the efforts made, the nature gfnd entropy. Then, we compare the predictions followed
magnetic transition in some cases is controversial. In mogrom this model calculations with the available experimental
cases the magnetic transition is of the second order. Theata.
measurements of magnetization in thegk&a, 3dMnO; The rest of the paper is organized as follows. In Sec. Il we
showed small thermal hysteregbout 5 K.* Ghivelderet  elucidate the nature of the molecular field, tgelectron
al.> suggest that sharp peak of the specific heat in this matelistribution function, and the order parameter in the first-
rial may indicate the first-order phase transition. Howeverorder and second-order phase transitions. We indicate how
the data on the magnetization in Refs. 4 and 5 appear to dbis type of phase transition is expressed in terms of two
continuous when approaching the transition point. Gorglon parameters entering a used model. Then, we explain the ex-
al.® analyzed similar data for the kgCa,3MnO; sample tent to which the model parameters are associated with the
and they suggested that these data are consistent with tfigst-order or second-order transitions. Section Ill presents
Clausius-Clapeyron equation. This fact points to the firstinvestigations of the free energy. The entropy and the spe-
order character of transition. On the other hand, Zéial”  cific heat at the phase transition are calculated and the nature
analyzed their data on the expansion coefficient and on thef the thermal hysteresis is explained. In Sec. IV the results
specific heat of Lgs/Ca, 33MN0O; crystal together with data of calculations are discussed in context of the various mea-
for dTc/dP. They suggested that these data are consistersurements. Finally, the controversy related to the order of
with the Ehrenfest equation. Hence, they concluded that th&Fansition is considered.
phase transition is of the second order. The measurements of

muon spin relaxation in the g/ Ca ;dMNn0O5, which probe Il. THE MOLECULAR FIELD
the microscopic development of the magnetic order param-
eter, point to the second-order transitﬂ)Recently, the mea- The condition for ferromagnetism is that the Mn moments

surements of magnetizati®n'® were also used to distin- become globally ordered. Weiss postulated a molecular field
guish between the first-order and the second-order behaviorhich causes this ordering. We will describe short-range in-
These measurements allow to determine the slope of isderactions which are constituent elements of the molecular
therm plots ofH/M vs M?, M being the measured magneti- field. The two-level phenomenological model of both abrupt
zation andH the magnetic field. A positive slope indicates a and continuous phase transitions was described previbusly.
second-order transition. However, th&M graphs do not A starting point in this model is a single Mh-Mn** pair of
necessarly resolve the controversy related to the nature ofeighboring ions entering the Mn-O?~-Mn** chain. At
phase transition in these materials. Therefore, in this papef,=0 K, the ey electron occupies the bonding stabg. In

the model analysis of the first-order phase transition for thehis state thee, electron is equally distributed between two
A;_M,MnO; system is performed. The hysteretic characterds,2_,2 orbitals on both Mn ions. With the increase of tem-
of the first-order magnetic phase transition is described usingerature the ground state admixes the nonbon¢gngited
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stategc). This is thed,2_,2 state located on any of two Mn
ions. The one-electron free energiesor the ground and
exited states can be expressed as

flpy=en’—uH—tR/2,

flo=tRI2—2en+en’~KgT INg+ uH. (1)
wheren e[ 0,1] is the electron distribution functiotR is the
product of the hopping integrabetween Mn ions multiplied
by the Huang-Rhys factdr, ¢ is the Jahn-Teller energy, is
the magnetic momeng=2 accounts for the configurational
degeneracy of statge), andkg is the Boltzman constant.
The origin of energy scale is taken in the middle betwgsn
and|c) levels (in Ref. 11 it was taken at leveb)). With

such a choice of the energy scale, the molecular field and t

external magnetic field enter the free enef§y in a sym-

metrical way. The Zeeman energy in the excited state i
taken with the opposite sign with respect to the ground stat@
because the electron in this state is bound only to one Mn io
(nonbonding staje When the electron occupies one of the
|c) states, there is no correlation between the backgroun

electron €,) spins on neighboring Mn ions. This situation
corresponds to the paramagnetic phase.

Using Eq.(1) one obtains the free energy(the chemical
potentia) calculated per MA"-Mn** pair:'?

1+g ex;{ -
)

In the thermal equilibrium, the electron distributionis de-
termined by a minimization of the free energywith respect
to n, which gives

oo
—ex
g

Thus, Eq.(3) represents a self-consistent equation rian

tR—2en+2uH

—en?— uH-—
F=en“—uH—-kgTIn KaT

n=

tR—2en+2uH
tR-2en+2uH)

1
: )
O
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F=en?— uHpno— uH—kgTIn

2uH o+ 2uH
1+gex;{—( Mmool ™ £ ))

kgT
Similar to known thermodynamical relationdi/JdH)+
—M one has

X (6)

JF
é’HmoI

)

) =—p(l-2n)=—M,
.

where M is the magnetizationAn=(1-n)—n=1-2nis
the excess of the ferromagnetic phase over the paramagnetic
one.An is the order parameter that distinguishes one phase
from another. In case of the second-order transithor>0

elow the critical temperaturé; andAn=0 aboveT.. An
changes continuously with temperature between 1 and O.

Now, we shall consider the peculiarities of the first-order

hase transition.
n R ande are two unknown model parameters. These pa-
rameters influence all physical quantities. Practically, in case
f the second-order phase transition, they are derived from
the experimental value offc. It was showmh that ¢
=2kgTc and tR=kgTc(2+Ing)—2uH. The relation ¢
=2kgT follows from the requiremendn/dT—o whenT
—Tc. This implies that the specific heat infinitely increases
at the transition point. According to the Ehrenfest classifica-
tion scheme, this is the transition. Hwanget al'? suggest
that an abrupt change of the matrix element describing the
electron hopping between Mn sitéim this paper, it corre-
sponds totR) may be responsible for the first-order phase
transition. On the other hand, Ndvat all® showed that
variation of the exchange energy with the interatomic dis-
tances(it corresponds te, in this paper may lead to dis-
continuity in magnetization. Indeed, the paramet&snde
represent a different interaction but they are bound by the
expression for the critical temperature. The critical tempera-
ture is itself material dependent. Below, we show that if we
selecte >2kgT¢ then discontinuity in the magnetization and
other physical quantities will appear. This leads to the change
of the second-order phase transition to the first-order one.

which the partition function is related to a gap which is itself For the description of the second-order phase transition in

linearly related tan. Equation(3) resembles the form of the

Fermi distribution function. The molecular field can be de-
fined using the energy difference between the one-electroproduce

free energies:

floy— flpy=tR—2en—kgTIng+2uH
=2uHpmo(T)+2uH, (4)

where

tR—2en—kgTIng

HmoI(T): 2#

©)

is the molecular field. It is seenyH ,,(0)=tR becausen
=0 atT=0 K. With this definition ofH ,,,(T) the chemical
potential is equal to

La,; _,CaMnO; crystal, we use the values ef=289 cm?
andtR=392 cm ! from Ref. 11. They were adjusted to re-
the critical temperature~210 K for the

Lag ¢Cay ,MnO; crystal! In order to smoothly switch to the
first-order character of the transition we keep the same value
of tR and for thes we take 293 cm?. Figure 1 shows the
electron filling n [Eq. (3)] of the excited statéc). For the
first-order transition this function is “folded” between the
pointsL, andH; . L is abbreviation for the “low” tempera-
ture in the “paramagnetic” phase amdl; is abbreviation for
the “high” temperature in the “ferromagnetic” phase. The
values ofn between these points are not accessible for the
system. In this rangeln/dT possesses unphysical negative
value. This is due to a failure of thermodynamic stability in
the system. The second derivati¥&/dn? is negative and
the free energy in this range afis not at minimum. In the
second-order phase transition, the fillingis a continuous
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FIG. 1. The electron fillingn of the excited statéc). For the FIG. 2. The order parametéxn=1—2n vs temperature. The

first-order transition this function is “folded” between the poirts hysteresis is denoted by the arrows in the cooling-warming cycles.
andH; . The values of between these points are not accessible for
the system. The model parameters ase=293 cm!, tR  sorbed during a phase transition at constant volume and tem-
=392 cmi'! for the first-order transition and=289 cmi'l, tR  perature. Using expressidi2) the mechanics of the phase
=392 cm ! for the second-order phase transition. transitions, and therefore hysteresis, will be considered. Fig-
ure 4 shows the free enerdlq. (2)] vs temperature. Draw-
function of temperature and=1/2 corresponds td.. In  ing this figure we expressedas a function ofT using Eq.
the first-order phase transition usually there are high{3). The discontinuity of the free energy & andTy can be
temperature critical poinT, and low-temperature critical observed. The finite differenckF between the old and new
point T,. Hwang et al'®> note [observing minimais the latent heat of the phase transition.
(LaPr), Ca sMnO; and (LaY), ,Ca, sMnO;] that for man- The energyF is discontinuous function of filling. This is
ganites with relatively high critical temperature the transitionshown in Fig. 5. The values of did not minimizeF, i.e.,
is likely to be of the second order, while in those with lower 3°F/dn<0 between the pointsi; and L,. The last two
critical temperature is of the first order. Indeed, Fig. 1 showgdraphs explain the nature of hysteresis. Suppose we follow
the lowering of the critical temperature for the first orderwarming cycle between the points andH;. According to
transition as compared with the second-order one, Tg,,  Fig. 4 two curves of the free energy cross each other around
Tu<Tc. We note that we intentionally adjust such value of T~205.5 K (this corresponds to filling=1/2). A question
e which gives hysteresis of aboliy;— T, ~5 K. NearT¢, arises, why the system passing this_crossing point does_ not
the ey electrons strongly absorb the thermal energy and théollow the lower free energy curve with the temperature in-
configuration changb)—|c). The derivativedn/d T exhib- crease? To find the correct explanation one should note that
its the resonance peak at this temperature. Figure 2 shows the
order parameteAn. It is seen that at, andT it possesses
different finite values. It exhibits the hysteresis in cooling
and warming cycles. In Fig. 3 we draw the molecular field ]
H o multiplied by 2u. It exhibits the discontinuity aly . £~ 3004
The molecular field varies with temperature in a similar way § !
as an energy gap in the BSC theory of superconductors. Thig 250
molecular field originates from the covalency and the u":’ 1
electron-phonon interaction taken in the first order of pertur- -8 2004
bation theory whereas the BSC gap originates from the @
electron-phonon interaction taken in the second order of per-§ "

turbation theory. 100_‘ hie panston .
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Hysteresis is often caused by phase transitions that in- 0
volve abrupt changes in certain parameters of a thermody
namic system. The thermodynamic behavior of the system
can be described in terms of its free energy. In particular, the FIG. 3. The molecular fieldH,,,; multiplied by 2u vs tempera-
Helmholtz free energy describes the energy liberated or ahwre.
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FIG. 4. The free energ¥ [Eq. (2)] vs temperature. The inset
showsF in the wide temperature range and the place of the feature FIG. 6. The entropy5 vs temperature.
shown in the main graph is indicated by arrow. Apart from this
feature the functior(T) is similar in the first- and second-order B JF B
phase transitions. ==l o7 =—kg[—nIng+ninn+(1—n)in(1—n)].
Vv
. - . 8
in such a case there is discontinuous entropy chdtige ®

slope of F at T=205.5 K in Fig. 4. Thus, at the crossing In Fig. 6 the thermal hysteresis in the entropy values between
point, an abrupt change of the electronic configuratipn ~ the critical temperature$_ and Ty is clearly seen. Taking

e., some structural change without any energy gain is reinto account the explicit expression for the entr&gyne can
quired. As it is seen in Fig. 5, the free energy continuouslycalculate the electronic contribution to the heat capaCity
decreases between the poihisandH; with the increase of

n, or equivalently, with temperature increase. Therefore, the CV(T)=T(&S> = (tR—2en+2uH) @ 9
system prefers to continuously decrease its free energy with aT/y, daT’
the temperature increase, instead of undergoing the configu-
ration change without the energy gain at the crossing point.
However, when the system reaches the péiptthere is no dn  n(1—n)[tR—2en+2uH]
way to decrease its energy without the discontinuous elec- 9T TrkoT—2en(1= (10
tronic configuration change. This causes the discontinuity of (ke en(1-nj]
the order parameteAn. The similar consideration is also Figure 7 shows the calculated specific heat. The peak of the
applied to the cooling cycle between the poikts andL,.  specific heat was intentionally cut. Becaus@d T behaves
Using the expression for the free eneifgyone finds the
entropy S 800 -
0 —~ 7004 -
Fk 4
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0.0 o1 02 D?;ributigrfn 05 08 07 FIG. 7. The electronic specific he&@, vs temperature. The
height of the specific heat was intentionally cut. Inset shows the
FIG. 5. The free energf vs distributionn. specific heat for the second-order transition.
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as ad function atTy the specific heat is around an order of concluded that the FP transition is the second-order one. We
magnitude larger than it is shown in this figure. Normally, want only to mention that from the form of E(p) it follows

the specific heat calculated for the second-order transition ighat the experimental peak positions of the specific heat are
broader and smaller becaude/dT is finite. However, if at  slightly below (~1-1.5 K) the T point. On other hand,
the pointT¢, the derivativedn/dT—c the specific heat in  Gordonet al® who analyzed similar data concluded that the
the second-order transition is reminiscent of the one in th@xperimental data satisfy rather the Clausius-Clapeyron
first-order transition. In the vicinity offc, the heatCyAT  equatior?® Therefore, they concluded that the FP transition
drives electrons strongly from the stdt® to [c) or, equiva- s the first-order one. Ghiveldest al® from the height of
lently, increases the entropy h¥S instead of raising the measured specific heat suggest the first-order process. In-

crystal temperature. deed, the calculated specific heat for the first- and second-
order transitions(see Fig. 7 differs remarkably. The
IV. RESULTS AND DISCUSSION specific-heat peak for the first-order is much higher than that

observed by Ghiveldest al. Additionally, the magnetization

The hysteresis loops are often seen in experiments at firsimeasured there seems to be a continuous function of tem-
order phase transformations when the system goes out @erature. Therefore, we believe that they observed the
equilibrium. We show that such range of values of the occusecond-order phase transition.
pancyn for which the crystals exhibit hysteresis exist. Within  The measurements of magnetiza‘?i’arare used to inves-
the temperature where the metastable states exist, the ordgjate the order of phase transition. Using the results of the
parameterAn, the free energy, and entropyS depend on  general theory for the second-order phase transition given by
the system history, i.e., wheth&mwas increasing or decreas- Landau, the Arrott graphH/M vs M?) is plotted. If the
ing when it attained the metastable range betw&grand  slope of this graph is positive the transition is of the second
Ty . Recall that the order parameter distinguishes one phasgrder. In this connection we mention that Landau theory is
from another; therefore the distinct valuesfof that admit  based on the series expansion of the free energy over the
distinct equilibrium states also distinguish the differentorder parametean=M/u which is valid for a range of
phases of the system. In the first order wiedecreases the temperature just beloW.. However, as it is seen in Fig. 2
phenomenon known as supercooling can occur. This is bahe order parameter is discontinuous Tt (where phase
cause the original minimum represents a metastable equiliransformation occujs Therefore, the expansion, similar to
rium. As T decreases further, or the crystal is perturbed bythat in the Landau theory, is questionable. Hence, the appli-
either internal or external fluctuations, the system finallycation of the Arrott graph for the investigation of the first-
evolves atT, into the global minimum that represents the order transition needs to be justified. Additionally, in the
true energetically stable state. This liberates the latent heatandau theory, phase transitions correspond to the systems
that was stored in the metastable state. Similarly, when thpassing through states of thermodynamic equilibrium, when
crystal in the ordered state is heated up again to a temperatates are nondegenerate on both sides of the transition point.
ture of aroundT, it absorbs this latent heat, a phenomenonin the present case, there are the configurational degeneracy
called reheating. in the paramagnetic states. The ground and excited states

In the perovskites, such as 13CaMnQ;, the ferromag-  have minima at different displacement coordinates. This cre-
netic and paramagnetic phases may exist simultaneously. Thees the additional feature which distinguishes the Landau
ferromagnetic state to paramagnetic state ratio depends @onsideration from the present model. The explanation of the
temperature and pressure?°The hopping paramet¢R de-  magnetization measurements inglg@Ca, 3sMNO; by Lynn
pends on the distance between neighboring Mn ions and thet al* is very controversial. The magnetization loop on
Jahn-Teller energy depends on the Mn-O distance. There-warming and cooling observed thdia Fig. 2(b)] exhibits a
fore by the application of external pressure it is possible taemperature irreversibility of 5 K. But on the other hand this
tune T, and T;. When the hysteresis loop is reduced tomagnetic loop is very different in shape from that fion
single line, i.e., whe =Ty =T there is a border between shown here in Fig. 2. It extends down well below the critical
the first- and second-order phase transitions. At this temperaemperaturgto around 100 K Similar hysteresis loop was
turedn/dT—oe. In the first-order processn/dT— at the  observed for the electrical resistivity in Ref. 2Big. 1(a)
critical temperaturegdiscontinuity in filling n) whereas therd. In both works, it was interpreted as sign of the first-
dn/dT is positive and finite in the second-order process abrder phase transition. However, the specific heat measured
Tc. The groundb) and excitedc) states possess the equi- in Ref. 22(Fig. 2 therg is quite broad and low, pointing to
librium at the different displacement coordinates. This is thethe second-order character of the transition. Therefore, this
reason why the Jahn-Teller distortion plays an essential rolproblem requires further investigation. We only mention that
in the phase transition in the perovskite-type ferromagnetic§rom the computational point of view the warming and cool-
The adiabatic approximation breaks around the transitiofing processes do not change the interaction parameters such
temperature because the electronic configuration is stronglastR ande. Therefore, the hysteresis loop should be similar
coupled to the vibrations of atoms. As a consequence, th# that in Fig. 2. However, if some magnetic domains are
dn/dT exhibits a resonance. formed in the material then, due to presence of some kinds of

Zhao et al” using the experimental data regarding the“magnetic resistivity,” one can expect the loop observed in
specific heat, expansion coefficient, ah@i-/dP concluded Refs. 4 and 22.
that these data satisfy the Ehrenfest equéttofihus, they In conclusion, we described the modg@hvolving two
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parametensof the FP phase transition of the first and secondquantities near the transition point. However, when the ther-
order. The transition is always accompanied by the electromal hysteresis is negligible, say 1 K, the observed specific
configuration change. The configuration change is at the erikeat, magnetization, and the expansion coefficient will be
ergy kKgTeriticai = (tR—2eAn+2uH/Ing, whereAn should  influenced (broadened due to inhomogeneity of
be taken for the appropriate type of transition. The partitionA; _,M,MnO;3 crystals. In this case, the specific heat and
function n, depending on the model parametéRs and ¢, magnetization associated with the first-order transition can
can describe, as a function ©f the gradual or discontinuous be similar to those in the second-order transition.

transition between the ferromagnetic and paramagnetic
phases. In particular, we explain why the critical temperature
is expected to be lower in the first-order transition as com-
pared with the second-order transition. In order to determine We express our most sincere thanks to Professor A. Su-
the character of the phase transition, it is necessary to corchocki for his many useful suggestions and the constructive
sider simultaneously the behavior of the different physicalcriticism.
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