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Influence of oxygen octahedron distortion on thegy states in manganites: Isotope effect
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A model of the spontaneous ferromagnetic ordering in the L@aMnO; (x~0.2-0.33) crystals is de-
scribed. The partition function of the ferromagnetic to paramagnetic phase transition is determined, and the
Curie temperatur@ is expressed in terms of the two parameters. The parameters describe the binding energy
of the e, electrons between two neighboring Mn ions and the Jahn-Teller energy @ectron. Since at a
temperature close td. the partition function undergoes an abrupt drop, the crystal exhibits unusual changes
in its properties at this temperature. The change of the specific-heat cagagitis calculated. The isotope
shift of the critical temperature upon substitution D by 0 is also calculated. The influence of the
magnetic field on the resistivity is discussed.
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I. INTRODUCTION IIl. MODEL OF PHASE TRANSITION

. L A. General remarks
The perovskites, such as L.3CaMnO;, exhibit unusual

magnetic properties. The system with a nominal doping of 1he CMR phenomenon occurs at a transition from itiner-
0.2<x=<0.5 undergoes a ferromagnetic to paramagr€® ~ ant to localizedd-electron behavior. Therefore, two starting
phase transition at the Curie temperatdfg, Since the FP point can be used for the description of the electronic/

transition is accompanied by a large increase in resistance,zfégg?rﬂ)ﬁgpﬁg'ﬁ)i;t t?(;s ecrrt(i)esssz\;zrr.] gg?atce?jnl\/tljr??cl)?] \ilxltirt]sa
is also referred to as a metal-to-insulator transition. The basi P prop

. . Crystalline surrounding and moves to a description of the
for a the(_)retlcal understanding of thelLQCa(MnO3_ per- system by introducing interaction between Mn ions. The
ovskites is usually the double-exchange mechanism intro

. -other possibility is to ignore, at first, the individuality of the
duced by Zenet.Recently, the double-exchange mechanismy ions and to treat the entire system as a medium charac-

which is the_basis fora dgscription qf the physics .of colossalgrized a common energy spectrum. The parent compound
magnetoresistanc€CMR) in manganites, was reviewed by | aMno, is an insulating antiferromagnet. As the doping
Izymov and Skryablﬁ.ln. particular, they discussed the ap- eve|x is gradually increased from 0 to 0.05, the system does
plication of the dynamical mean-field method to double-not exhibit a significant ferromagnetic ordering and metallic
exchange systenisOn the other hand, Zhdsuggested that conductivity below the critical temperature. This means that
the double exchange mechanism is not the primary source ¢foles introduced by doping and spatially extended over the
the ferromagnetism in doped manganites. The doublesample are not able to mediate magnetic ordering. Therefore,
exchange itself ignores the effect of lattice motion on mag-a band theory of electronic states is not suitable starting point
netic properties. The recent observatidhof the isotope to describe itinerant to localized electronic behavior. A sig-
shift of the critical temperaturé. in the lanthanum manga- nificant ferromagnetic ordering and sharp drop of resistivity
nites demonstrates the importance of the electron-lattice ineccur at a higher doping level Gsx=<0.4. At this doping
teraction. The electron-phonon interaction has been proposdevel the long-range periodicity in the crystal is destroyed
to explain a giant oxygen-isotope shift, an anomalous voland the co_nductivity has a rather pecolatiye nature. Th_ere—
ume change nedfc (Refs. 9 and 10 and the strong pres- fore, there is reason to believe thqt a “localized” deSCI’Ipt.IOI’!
sure dependence of some physical propetfiééSpecific-  of the electrpnlc/struptural properties at the crossover point is
heat measuremenfs'® have revealed that the the appropriate starting place.

La, ,CaMnO; crystals with dopingc~0.2-0.33 exhibit a In the following, we describe a model of the ferromag-
sharp specific heat peak associated with the FP transitiofi€tic ordering among the Mn ions with the electron-phonon

also reported in Refs. 13 and 16. Mn3* (or Mn**) ion in an octahedral oxygen environment.

These observations point to the importance of the Jahnhe 3d orbitals on the Mn site placed in such an octahedral
Teller (JT) distortion on the phase transition. Here we de-coordination are subject to a partial lifting of the degeneracy
scribe a phenomenological statistical model which accountito lower-lying t,4 states and higher-lying, states. The
not only for the purely electronic degrees of freedom but alsdvin®* and Mrf* ions have electronic configurationstdfe;
takes into account the electron-phonon coupling. The modeandtgg, respectively. The localy electrons form the spin
contains two adjustable parameters; it reproduces the abrupackground for theey electrons. Thegy electrons play the
drop of the spin ordering af: and, consequently, the sharp role of conduction electrons, when electron vacancies are
peak of the specific-heat capacity. The large isotope shift ofreated in thegy orbital states. In the following, we only
the phase transition temperature is calculated without emeonsider thee, states denoted bys,2 2 and dy2_y2. Our
ploying additional parameters. The CMR is also discussed.starting point is the magnetic cell with two Mn ions shown in
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distortion of oxygen octahedrons of symme@y,2_,2 is shown. Distortion Q/[Q|

Fig. 1. Thed orbitals of the neighboring Mn ions admix, ~ FIG. 2. The energy diagram ef; states as a function of oxygen
bridged by the oxygep orbitals. atom distortion from equilibrium positions. The statdb)

The d-p transfer integral determines the width of the :[d312—f2(1)+_d_322—f2(2)]/\/E and|c)=d,_z, where 1 and 2 de-
hybridized d bands. The group overlap integrals rlotg the posngon of M/n\/—atoms in Fig. 1. The statés)
(daz2— 2| paz2—2) and(d2—y2|py2—y2) betweend functions =ldszzr2(1) = da22(2))/V2.
and the respective oxygen molecular orbitals are equal to
each other. Therefore, the, states are doubly degenerate. sites are parallel. Thus the hopping of #gelectrons along
The Ca atom doping causes the transition of some Mn ionthe Mr*-0?"-Mn** chain causes a nonzero spontaneous
into the charge state M. If we take into account the in- magnetization. This hopping take place even at the zero tem-
teraction between the second neighbors $#rvin*) then  perature because in the bonding state the electron is equally
(at enough large doping leyethe cubic symmetry around shared between two sites. If the doping level is enough large,
the Mr®* ion is lowered and the degeneracyef states is  theey electrons can migrate among many Mn sites, ensuring
lifted. Consider the single Mfi -O?~-Mn*" chain shown in  the ferromagnetic ordering in the crystal. The excitation to
Fig. 1 along thez axis. The ionic radius of Mt (Mn**) is  the nonbondingd,2_,> states destroys the magnetization.
0.66 (0.60 A whereas the ionic radius of 0 is 1.32 A.  Here we disregard the possible angles between neighboring
Therefore, thes, states on the Mt and Mrf* jons interact ~ Mn total spins, assuming a complete lining up of the spins.
by means of the oxygen bridging them. Ttig2_,> orbital ~However, the effective magnetization can be lower than what
has a nonvanishing overlap with the oxygen orbital IS expected, not only due to the various angles between Mn
whereas the overlap of thigz_,2 orbital with thep orbitals ions, but also due to the formation of local domains with the
is zero. Therefore, thdg,2_,2 orbitals on the Mn neighbor- Opposite magnetization. In our description, we considered
ing sites form the bonding and antibonding states denoted bijie bonding along the axis. The equivalent description can
the |b) and |a), respectively. Similarly, as in Ref. 17, we be, say, along the axis, taking theds,2_2 andd,2_,2 basis
introduce a transfer matrix elemenbetween thed states; ~states. The basis states along thexis areds,2_,2 and
thus the statefb) and|a) are separated by the energy, as  dz2—x2-
shown in Fig. 2. Thal,2_2 states on both Mn sites interact It is well known that the octahedrally coordinatetiions
significantly less than,,2_ 2 states, and they form nonbond- manifest the electron-phonon coupling which originates in
ing states. We stress that the transfer integimbetween the the JT effect. Being a JT active ion, Mh produces a static
second neighbors and it is remarkably smaller thandtpe  distortion of the surrounding oxygen atoms. This is due to
transfer integral which mainly determines the width of thethe coupling of doubly degenerate electrogjcstates with
hybridizedd bands. In our approximation, the width of all tetragonal distortion(the E—e problent®. The covalent
bands is taken as zero and it does not influence the magnetinding of theey electron between Mn ions competes with
properties. In the present model the energy gap betweethe tetragonal distortion. In the upper part of Fig. 1 we show
partly occupied|b) “band” and the nonbondingdy2_ 2 the Q3,22 component of the tetragonal distortion. This dis-
states is important. For the single #n0O?~-Mn** chain  tortion has nonzero diagonal matrix elements within the
the |b) state is occupied by oné electron. This electron Space ofis,2_,2 anddy2_2 bases® The displacement of the
hops spontaneously between the Mn sites, thus participatingfidging oxygen in the Mf" -0~ -Mn** chain has the op-
in the binding between two Mn ions. Since there is an en{osite direction with respect to both Mn ions. The statBs
hanced density of the wave function on the bridging oxygerand|a) are the linear combination af;,2_,2 functions on
site, thee, electron also partly resides on the oxygen. Due taboth Mn ions, i.e.,|b>=[d322_,2(1)+d3zz_r2(2)]/\/§ and
the strong Coulomb correlation on Mn sites such hops area)z[dszz_,z(l)—d3zz_rz(2)]/\/§. If we denote the dis-
possible when the total spins of thg electrons on both Mn  placement of bridging oxygen from the equilibrium
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then, in the first approximation (b|dV..ys/dQlb)  the average bridging oxygen displacement is zero due to the
=(aldV¢ryst/dQlay=0. For this reason the “adiabatic sur- fast tunneling between two Mn sites. The electron is equally
face” of states|b) and|a) shown in Fig. 2 depends 0@?  distributed between two Mn ions. For the optimal concentra-
because it contains only the elastic energy. We assume thton of holes the resistivity of the crystal is metal-like. With
the interactiort is larger than the JT energy. We note that the increase of temperature the ground state admixes the ex-
even if the MrA™ ion is not JT active, the surrounding it cited stategc). At some high enough temperature the admix-
oxygen octahedron is deformed due to the deformation in théure is so large that the, electron spends time mainly
vicinity of JT active Mrf* neighbors. Contrary to the around one of the Mn ions, i.e., it is mainly on thge 2
ds,2_2 functions, thed,2_,2 function on the neighboring orbital and the oxygen displacement shifts towa@s Q.

Mn ions are the nonbonding statés the approximation of For intermediate temperatures the displacement 45Q0

the second neighbor interactioand their diagonal matrix <Qq. We define the distribution functiomasn=Q/Q, and
element depends linearly on the displacem@rif For this ne[0,1]. At the deformationQ, the energy gain is=E;t
reason the nonbonding states have the energy minima at theV2/2k=kQ3/2. Using our notation the free energies can be

displacement coordinatesQ as it is shown in Fig. 2. expressed as
In this paper, we start from the consideration of the indi-
vidual Mr®*-0?~-Mn** chain. We assume that these chains floy=en?—uH,
are distributed randomly in the crystal volume. The succes- ®)
- . . 4+ .
sive electron tunneling between various ¥Ma-Mn** pairs floy=tR—2en+sn2—kgTIng+ pH.

causes that crystal to exhibit a cooperative behavior: a ferro-

magnetic ordering at low temperatures. The thermal agitatiorrhe free energyF of the system for the temperatufieis

of g4 electrons into the excited statg breaks the mutual written as

ordering of individual pairs and transforms the crystal into

the paramagnetic state. —(floy—Fjoy)
F=fn—kgTIn 1+ex%?”

B

B. Mathematical formulation

. o tR—2en+2uH
In the following description, we account only for the =en’—uH—kgTlnl1+gexp — ——————||.
ground bonding statf) and two excited nonbonding states keT
|c). For simplicity, we consider only thie) state with the 3)

minimum at positive displacemef,. The secondc) state - S _
is taken into account by the inclusion of the degeneracy factn the thermal equilibrium, the distribution is determined
tor g=2. The one-electron free energie®r the ground and by a minimization of the free energy with respect ton,

exited states can be written as which gives
¢ _1k 2 H tR—2en+2uH
0y =5 KQ*— uH, ) gexy — g ,
n= tR—2en+2uH)| " @
1 l+gexp ——— = —
flo=tR—VQ+ EkQZ—kBTIn g+uH, (1) BT

The distributionn is the probability of the paramagnetic
whereV is the electron-lattice coupling constant anis the  phase. The distribution
elastic force constant. The hopping integred multiplied by

the Huang-Rhys factoR, w is the magnetic momentl is 1
the external magnetic field, arg is the Boltzman constant. 1-n= tR—2en+2uH ®
The displacement coordinate @= 4/\/3d, whered is the 1+g exr{ - ?)

B

change of the equilibrium Mn-O bond length. The Zeeman
energy in the excited state is taken with the opposite sigis the probability of the ferromagnetic phase. At the critical
with respect to the ground state because the electron in thtemperaturd . the ferromagnetic and paramagnetic fractions
state is bound only to one Mn idimonbonding staje When  are at equilibrium, i.en=1—n=1/2. Using this condition it
the electron occupies one of the) state, there is no corre- follows from Egs.(4) and(5) that
lation between the background spins on neighboring Mn

ions. They can be parallel or antiparallel, and this situation - _IR—8+2,LLH
corresponds to the paramagnetic phase. Since the net spon- € kglng
taneous magnetic moment of the crystal in the paramagnetic

phase is equal to zero, we assume that the background spins The ferromagnetic phase excesa is determined aan

6

have opposite direction in the Mh-O?"-Mn** chain. =(1—n)—n=1-2n. Using Eqgs.(4) and(5) one obtains
Now we shall define they electron distribution function

which depends on the model parameters and the temperature. tR—g+2uH+eAn Ing= In( 1+An) @

At T=0 K, the electron occupies the ground stgig and kgT 9 1-An/’
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At the critical temperaturéwhen An—0) the last equation dn n(1—n)kg IN2[n/g(1—n)]
gives —= .
dT  2en(1—n)In[n/g(1—n)]+(tR—2en+2uH)
& _ . 1 | 1+An o (15
ksTe ooAn M\ T—An/~ ®

The free energy as given by Eq(3) can be transformed
to the form that is typical for the simple Ising model of

By insertinge =2k T into the expression fof -, one finds 50 ,
ferromagnetisn?® The transformed free enerdy; is of the

tR=kgTc(2+Ing)—2uH. (9)  form
Thus the model parametessandtR can be approximately Fi=—en’~MH+(tR—kgTIng)n
determined from the experimental knowledge of the critical
temperature Tc. Assuming H=0, one finds the ratio +kgT[nInn+(1-n)in(1—n)], (16)

tR/kBTC=2frIljg~2.7. The V?Iue of similar ratio for super- where the first term containing=Z2J(S,S,) (Z=6 is the
cond_uc_tors IS In the range 2-7. ) coordination number for the cubic latticé,is the exchange

Itis interesting to know th_e funct!onal dep_endence&of integral, andS is the spin describes the exchange interaction
on T near the phase transition point. To this purpose, W&eyeen neighboring spins, the second is the Zeeman energy,
insert the series expansion the third corresponds to the free energy of excited state, and
the last gives the contribution from the mixing entropy.

3
In(leAn =2| An+ A—n+ , |An|<1 (100 andF, are equivalent in that they have the identical extremal
1-An 3 points, i.e., they lead to the distribution functionas it is
into Eq. (7). After some rearrangements one obtains the exgiven by Egs(4) and(5).
pressions
- ) C. Isotope effect
(?C— 1) (Ing+2An)= §An3, A series of observations® reported on a large mass de-

pendent shift of the critical phase transition temperature.
3 T 3 Zhaoet al® found a giant oxygen-isotope shift of the transi-
“in g(_c _ 1) } , (11)  tion temperature of LgsdCa ,0VinO;. By replacing®O with
2 T 180 a decrease ific~20 K was observed, an unambiguous
where 2An was neglected in the sum dn+ 2An. Equation  €vidence of electron-lattice coupling. The oxygen isotope co-
(11) describes the temperature dependence of the magnetizgtficient is defined as
tion M=(1—2n)u=Anpu just belowT.. This result is in M dT
good agreement with the observations of the spontaneous a=—dInTe/dInMgo=— — _C, (17)
magnetization. In the context of Landau’s theory of the Tc dMo

second-order phase _transiﬁ’-BmheAn plays the role of the \herem,, is the oxygen isotope mass. The critical tempera-
order parameter. Using=(1—An)/2 in Eq. (3) and then e [Eq. (6)] depends on the oxygen mass by means of the
taking the series expansion ovAn one finds that, in the Huang-Rhys factorR=exp(—e/2hw). This factor is the

vicinity of the critical temperature, the free energy dependsyyeriap of the ground-state oscillator functions centered at
on the even powers afn. the average position of oxygen and in the distorted position.

The free energyEq. (3)] can be rewritten in the conven- Taking the derivative o over My, one obtains
tional form F=U — TS that is more convenient for applica-

An=~

tions. Using Eq{(3) one finds the entrop$ 1 t € —¢€
e “=3 |ng(kBTc)<2ﬁw)eXp(2hw
S=—(ﬁ)\f—kB[—nIng+n|nn+(1—n)|n(1—n)]. _1 iR .
(12) _EIR—8+2,LLH<2ﬁw)' (18

Using Eq.(3) again and the expression for the entropy, one

finds the internal energy of systeth In an estimation of the isotope coefficient we use the right

hand of the last equation because we treat the produtt of
U=—en?+ntR— u(1—2n)H. (13) andRas one adjustable parameter. Takidg-0 and using
Egs.(8) and(9) one obtains, from Eq(18),
Taking into account the explicit expression for the internal
energyU one can calculate the electronic contribution to the a:(i T E)( € ) (19)
heat capacityCy,, In2 2/\2hw/’

U dn The last equation shows that depends only on the JT en-
Cv=77 = (= 2en+tR+2uH) 7=, (14)  ergy and the vibration frequency of oxygen in the Mn-O

bond. In Ref. 5 the relatioi c«W exp(— ye/h w) was pos-
where tulated, wheraV is the bare conduction bandwidth and the
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FIG. 4. The peak of the electronic specific heat capa€ity

FIG. 3. The normalized magnetizati/Mo=1-2n calcu- (divided by temperatupeat the critical temperature.

lated for the model parametess=289 cmi ! andtR=392 cnil.

: : O 180 | _ . . .
The shift of T¢ due to isotope substitutioffO—*0 is shown. established by x-ray diffractiotf, the change of electronic

, , , . configuration is associated with the small change of the lat-
dimensionless parameterOy<1. Then the isotope coeffi- {ice yolume. However, this volume change makes a negli-
cient is a= ye/2h . Equation(19) obtained on the basis of ipje contribution to the lattice vibrations because the vibra-
the present model is indeed of the same form as that in Refiona| specific heat can be well approximated by only one
5. However, in contradiction to Ref. 5, our coefficient  yaiue of the Debye temperature. In the opposite case, the
=In""2+0.5=1.94 exceeds the range given in Ref. 5. The|attice contribution before and above the critical point would
isotope coefficient vanish when the JT energy-0. The  pe two different curves because of the volume-dependent
small value ofa was observed in some superconductdrs. frequency change. The experimental specific heat of the

Lay ¢&Ca ;MNnO; crystal shown in Fig. 1 of Ref. 1 does not
IIl. RESULTS AND DISCUSSION exhipi.t any significant volumg change®t . The peak of the
specific heat al ¢ calculated in the present work reproduces
The important result obtained in Sec. Il is the distributionwell the experimental on&:®
functionn of the g4 electrons. This function enters into vari-  The estimation of the isotope coefficieat requires the
ous formulas for the calculation of physical properties. If theknowledge of the oxygen vibration frequency in the Mn-O
saturated magnetization @at=0 K is M, then the sponta- bond. We estimate the vibrational frequency using the Har-
neous magnetization at the temperatifeis given as rison semiempirical theofy for the bond energy. The equi-
M/Mg=1-2n. The magnetization is equal to zero for the librium distanced, at zero temperature is determined from
n=1/2, which corresponds, by definition, to the critical tem-the minimum of the Helmholtz free enerd¥,,nq, for the
perature. In Fig. 3 we plot the-12n function. The param- Mn-O bond,
eterse=289 cm ! andtR=392 cm ! were adjusted so as
to reproduce the critical temperature210 K for the Fbond=ept i w/2, (20

Lag ¢Cay MnO; crystal® At the critical temperature the slope \heree,, is the bond energy antilw/2 is vibration energy at

of 1—2n is a sensitive function of andtR. To determine  the temperature 0 K. Tht, orbital of thed electrons and

these parameters we take into account relatiBpand(9). It thep  p . p, orbitals of oxygen(denoted as, y, z) con-

is seen that the 1 2n curve reproduces well the steep jJump gipyte significantly to the Mn-O bonds in such crystals as

of the magnetization when the critical temperattiteis ap- CaMnQ; and LaMnQ. In the nearest-neighbor approxima-

proached. . 6 tion they form 7-type bonds, i.e.d,,-y andd,,-z bonds
Measurements of the specific heat®is widely used for  a1ongx axes dy,x andd, -z bonds alongy axes, and,,-y

the investigation of the phase transitions. The specific heal,q 4. -x bonds alongZ axes. For ther bond, the bond
capacity, as given by Eq14), depends not only on the dis- energ))(/ng is given by ’

tribution n but also on its temperature derivativa/JdT as

given by Eq.(15). This is the reason why the peak of the (eqtep) , [ea—ep 2 2qV§

specific heat shown in Fig. 4 does not coincide with The 8b=T—q Vo+ 2 ) +k| npaE

_ | P19 & eqt ey

(in the present case it is shifted to lower temperatures by P 1)
about 1.5 K. The calculation of the electronic contribution

to the specific heat is a very strong test of the distributiorwhereV,=17.7287”? is the Coulomb interaction matrix ele-
function. Experimentally, the contribution given by EG4)  ment betweerd-p electronic functionsq=2 is the number
is observed together with the lattice vibration contributidn, of electrons per bond, angy and &, are the free atomic
which is usually well accounted by the Debye theory. Aselectron eigenvalues for thet electrons of Mn ang elec-
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trons of oxygen. Taking into account thatw

= (#%¢,/9d?)/ w, the condition of minimum for th& g 204
is 1

-
oo
1

ﬁSSb

-
o
1

de, h ad3
—t—————=0, (22)

od 4\, [
9d?

whereu, is the reduced mass for the bond. The first term in

Eq. (22) determines the equilibrium distance from the mini- 1,0

mum of the Coulomb interaction energy only. It does not —r

depend on the isotope substitution. The second term in Eq 0 50 100 150 200 250 300

(22) depends on the isotope mass. The third derivative,of Temperature (K)

?n the sepond term accounts for _the anharmonicity of the i 5 Tpe resistivityp<1/1—n below the critical point and

interatomic Coulomb interaction. Itis seen from E2@) that .1/ apove the critical point. The shift of the critical point is due

the interatomic distance depends on the isotope mass. It al$Q the external magnetic field of 1 T.

follows that the harmonic force constant, which is calculated

at the equilibrium distance, depends indirectly on the isotope ) .

mass. Equatior(21) contains one adjustable parameter, €nergy differencéR—z. Because in the statéb) and|c)

which is determined from the condition that the calculatedthe spin ofey electrons has a different orientation, the mag-

bond length of the Mnt®0 is equal to the experimental value netic field increases the energy gap between staesind

1.97 A. Thus we obtainedl=0.24, and with this value the |c) and, thus, according to E) this leads to the increase

Mn- 80 bond length can be estimated. of the critical temperature. The critical temperature is in-
We found that when'®O is replaced by'®0 the Mn-O  creased 6 K because the external field that is added to the

bond length is decreased by 0.0005 A, i.e., 49.025%. Weiss “molecular” field enhances ferromagnetic ordering

Such a replacement increases the harmonic stretching for@gainst the destructive action of temperature. This action of

constantk, = d%e,/3d? from 8.355 to 8.387 eV/A(i.e., by  the magnetic field explains the CMR effect. Due to the pres-

~0.38%) The stretching frequeney,., Of the Mn-O pair  ence of an energy gap between the ground and excited states

decreases from 426 to 408 ci(i.e. by ~—4.2%) mainly  and due to the spin ordering on Mn sites, the conductivity is

due to the increase of the isotope mass. Recently letval.’ large below the critical temperature. These two facts prevent

observed the Raman spectra of & ks£a 3gMNnO; crystal.  the scattering of the, electrons into the excited state),

They observed the high-energy mode at 435 émwhich  and the electrons freely hop among the Mn sites, being in the

was shift to 415 cm* (i.e., decreased by -4.6%ipon sub-  ground statéb). The crystal will exhibit the metal-like con-

stitution of 0 by 80. The agreement of the calculated ductivity in an electric field. The electrons hopping along the

oxygen frequency shift with the experimental one indicatesMn-O-Mn bonds lead not only to spontaneous fluctuations of

that parameters used in the calculation are reliable. Takinghe charge states but also to intrinsic distortions associated

the stretching frequency of th€O fiw=426 cm *and us-  with the charge state—the polaron.

1.4

Resistivity p (arb. units)

-
N
1

ing the valuetR=392 cm'!, £=289 cm ! we obtaina Near and above the critical point the vibrations affect
=0.65. The value determined directly from measurement ofmore effectively the scattering and this results in the large
magnetization isx~0.85> resistivity. The abrupt change of the partition function is not

The other test of the model is the effect of the CMR. Theonly responsible for the CMR. It also influences the large
calculation of the resistivity requires accounts for the elecentropy change of the phase transition, the lattice volume
tron scattering and percolation processes, and is beyond tlehange(not associated with the breathing mode distontion
scope of these calculations. However, the resistivity is inthe sharp thermal expansion coefficient increas€-at and
versely proportional to the distribution function. Below the the Debye-Waller factor change. We reserve the consider-
critical point the number of carries is approximately propor-ation of these effect to the other paper.
tional to 1(1—n), whereas above the critical point tonl/ In conclusion, we described the two-parameter model of
Figure 5 shows the resistivity calculated in this way for mag-the FP phase transition. The parameters characterize the
netic fields equal to zero and to 1 T. In reality, the propor-electron-phonon coupling and the effect of covalent binding.
tionality between resistance andn1/1/(1—n)] includes a  The partition functiom can describe, as a function of the
mobility factor. Drawing the resistivity in Fig. 5, we assumed gradual or abrupt transition between the ferromagnetic and
that the mobility weakly changes with temperature near th@aramagnetic phases depending on the model parameters.
phase transition point. It is seen from E@) that Zeeman The essential condition for the abrupt transition is that the
energy changes the balance betw&Bnand ¢ and, thus, ground and excited electronic states have the minima at dif-
affects the critical temperature. When the external magnetiterent displacement coordinat€s If the minima are at the
field is switched off, the critical temperature depends on thesame displacement coordinate=0), the partition function

094405-6



INFLUENCE OF OXYGEN OCTAHEDRON DISTORTION.. .. PHYSICAL REVIEW B6, 094405 (2002

n of Eq. (4) for the FP phase transition is the Boltzman like sion of the Ising mod€lEqg. (16)], provided we substitute
and the transition is gradual. Not only is the abrupt nature oby ZJ(S,S,); also see Ref. 22.

the phase transition reproduced, but the sharp peak in the

electronic specific heat capacity is also reproduced. Finally, ACKNOWLEDGEMENT
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