RAPID COMMUNICATIONS

PHYSICAL REVIEW B, VOLUME 64, 140404R)

Evidence for polaronic Fermi liquid in manganites

A. S. AlexandroV* Guo-meng Zhad,H. Keller? B. Lorenz® Y. S. Wang® and C. W. Chd*
!Department of Physics, Loughborough University, Loughborough LE11 3TU, United Kingdom
2Physik-Institut der UniverstaZirich, CH-8057 Zuich, Switzerland
Department of Physics and Texas Center for Superconductivity, University of Houston, Houston, Texas 77204
4Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, California 94720
(Received 1 June 2001; published 17 September 2001

The modern multipolaron theory predictspalaronic Fermi-liquid state, but such a state has not been
unambigously confirmed by experiment so far. Here we report theoretical and experimental studies of the
isotope effects on thiow temperature kinetiproperties of the doped ferromagnetic manganites. Our results
provide clear evidence for a polaronic Fermi-liquid state in doped ferromagnetic manganites.
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Over the past decades, very interesting phenomena suchterestingly, the same isotope exponent is predicted for the
as high-temperature superconductivity and colossal magnéntersite bound pairs of polarofise., bipolarons®® The un-
toresistance have been discovered in several doped oxidegerlying assumption used to obtain this equation is the har-
These doped oxides are characterized by significant carrighonic approximation for phonons and the inverse coupling
densities &10** cm™®) and low mobility of the order or perturbation expansion based on the Lang-Firsov canonical
even less than the Mott-loffe-Regel limit e&/4  transformation, which is valid in a wide region of the cou-
~1 cm?/Vs, wherea is the lattice constaptat room tem-  pling with high-frequency optical phonofs.
perature. The very nature of the low-temperature “metallic” A large isotope effect on the effective mass of supercarri-
state of these materials can be hardly understood within thers has been observed in the high-temperature cuprate
framework of the canonical theory of metals. However, it hassuperconductors;® which suggests that polarons and/or bi-
been known for many decades starting from the pioneeringolarons should be involved in high-temperature supercon-
work by Landat that the local lattice deformation can trans- ductivity. Furthermore, in doped manganites, the polaronic
form electrons into “self-trapped” polarons in doped ionic nature of the carriers in the high-temperature paramagnetic
insulators. Further extensive theoretical studfes review, insulating state has been shown by several independent ex-
see Refs. 2 and)3have shown that polarons behave like perimental results such as the sign anomaly of the Hall
heavy particles, and can be mobile with metallic conductioreffect!® the Arrhenius behavior of the drift and Hall
at sufficiently low temperatures. Under certain conditfons mopbilities1” the giant oxygen-isotope shift of the Curie tem-
they form a polaronic Fermi liquid with some properties be-peratureT,** and the electron paramagnetic resonance line-
ing very different from ordinary metals. One of them is the width which is proportional to the conductivity.
effective mass of polarons. It is well known that electrons  On the other hand, the very nature of the charge carriers
can change their mass in solids due to the interactions withh the low-temperature metallic state of doped manganites
ions, spins, and themselves. The renormalizefective  has not been understood. In a theory of colossal magnetore-
mass of electrons is independent of the ion mdss ordi-  sistance for ferromagnetic manganitgsolarons are consid-
nary metals where the Migdal adiabatic approximation is beered as the carriers even in the low-temperature metallic
lieved to be valid. However, if the interactions between elecstate, while othefé believe that polaronic effects are not
trons and nuclear ions are strong and/or the adiabatifmportant at low temperatures. Some experimental stiflies
approximation is not applied electrons form polarégsasi-  concluded that polaronic effects may be involved in the fer-
particles dressed by lattice distortionso their effective  romagnetic metallic state of the loW. compounds, while
massm* will depend onM. This is because the polaron mass many others explained their unusual behavior in terms of a
m* =mexp@/w),® wherem is the band mass in the absence percolative conduction mechanisth.
of the electron-phonon interactioA,is a constant, and is Theoretically it has been demonstrated that the coherent
a characteristic phonon frequency which depends on thgotion of small polarons can lead to metallic conduction at
masses of ions. Hence, there is a large isotope effect on thew temperature$!”*In order to provide decisive evidence
carrier mass in polaronic metals, in contrast to the zero isofor the “metallic” polaronic liquid in doped ferromagnetic
tope effect in ordinary metals. manganites, it is essential to study the isotope effects on the

The total exponent of the isotope effect orf is defined  low-temperature kinetic and thermodynamic properties.
asamx =2 —dInm*/dIn M; (M, is the mass of theth atom  These properties are dominated by the impurity and electron-
in a unit cel). From this definition and the expression for the electron scatterings, so the only source of the isotope effect
polaron massn* mentioned above, one readily finds might be the polaron mass dependence on the ion mass. For

example, replacing®0 with *20 will increase the polaron
mass, leading to the changes in the residual resistivity, and in
o= — }In(m*/m). 1) other kinetic and thermodynamic properties. Here we pro-
m 2 vide clear evidence for the polaronic liquid in doped ferro-

0163-1829/2001/64.4)/1404044)/$20.00 64 140404-1 ©2001 The American Physical Society



RAPID COMMUNICATIONS

ALEXANDROV, ZHAO, KELLER, LORENZ, WANG, AND CHU PHYSICAL REVIEW B64 140404R)
o b ' ' ' Taking the integral in Eq(2) one obtains the algebraic cubic
' equation forX (E) with a solution:
” e e [1-i3Y2[1 ¢ 1 &3\ 12113
€ 12l =—— —F =+ =+ ==
g 12 ole)=3 ( 2 |16 27 (256 216) }
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Gor ) , , Here we introduce the dimensionless energy,E/ ey, and
4 0 1 2 3 the self-energyr(e) =3 (E)/ €, using the scattering rate,
Fermi level E_/e_ =(D?m* /%) as the energy unit. The constabtis the
second moment of the Gaussian white-noise potenial,
FIG. 1. The numerical results for three exponegits; B¢, and =2(nimv?/a?), whereny, is the impurity density, ana is
Bs as a function of the Fermi level= Er/¢,. Inset: The oxygen the coefficient of theS-function impurity potential. This self-
orbitals of the cubic perovskite lattice. energy is almost exact above the mobility edge as shown

with the exact solution for a one-dimensional particle in a

magnetic manganites at low temperatures from theoreticaandom white-noise potentiat.
and experimental studies of the isotope effects on kinetic and The specific heat is proportional to the density of states
thermodynamic properties. (DOY) at the (dimensionlessFermi level, u=Eg /€. As-

We first define and calculate three exponenf:  suming three degenerate spin-polarized oxygen bands, we
=dInCgy/dInm*, B,=dIn py/dInm*, and Bs  find
=dIn SdInm* in the polaronic liquid. Here&,, is the elec-
tronic specific heat at low temperaturgs, is the residual Cel Zwké
resistivity, andS is the low-temperature thermopower. We T~ ha?
assume that the Fermi levathemical potentiallies above
the mobility edge, so polarons propagate in the Bloch statewith g(€) =Im o (). The residual conductivitp, * and the
as heavy fermiorté* scattered by the short-range impurity low-temperature thermopowes are found with the Kubo
potential. The polaronic band structure might be quite comformalisn?? as
plicated in manganites involving a few different orbital states
of oxygen and manganise and electron-electron correlation 1 e?
effects. While our further consideration is largely indepen- Po :W
dent on the band structure details, we choose a simple model
of the polaron spectrum supported by the site selective exand
periments. Several experimefits® have shown that doped oo
holes in manganites mainly reside on the oxygen orbitals for S kgT dInp, ®
the doping level less than 0.4. Within a tight binding ap- 3eeg dup
proximation, the oxygen hole energy spectrum consists o . . .
three bands formed by the overlapmf, p,, andp, orbitals, {f there coexist electronlike and holelike polarons, Eg).

: P - : t be multiplied by a factofg with |fg<1. We would
respectively(see the schematic picture in the inset of Fig. 1 mus . S S i
These bands are quasi-one-dimensiqd@l) due to a large !['r:(e ]Eo rtntehmlotrrz thg\t EE(S) ShOUItd ?? ;Jlnderesctillmated_ duel o d
anisotropy in the hopping integraﬂ'se.,tpW:—(1/4)tpp(,2]. e fact that the bands are not strictly one-dimensional an

The polaronic mass enhancement is normally larger alon at the transport relaxation rate is generally smaller #han

the directions with a much smaller hopping integaThis hile the scattering rate and the transport relaxation rate are
will increase the anisotropy further so that the polaron band qual n t_he noncrossing .apprOX|m§1t|on, they are different
become practically 1D. Three different bands are not mixe or any finite-range scattering potential due to the vertex cor-

because the off-diagonal hopping integréésg.,tpx,%) are rections. Calculating the integral in E¢p) leads to

zero for the nearest neighbors. The random potential does not e2

mix them either if it varies smoothly on the atomic scale. p51= > T

Therefore, there are three degenerate 1D-like polaronic oxy- 2a”m(m* &)

gen hole bands in a cubic perovskite compound. Such @here

model allows us to derive the isotope exponents analytically.

The polaltrpnic pr'opagator, G(k,E)=['E—.k2/2m* ﬁ[ﬁﬂﬁqu)llzﬂgz/z

—2(k,E)] *is found with the self-energy, which is momen- Flpu)=—= = ,
i : | : | o (12 +92) (u+ (2 +g%) ]

tum (k)-independent in the noncrossitadder”) approxi- ~ prip

mation, f=p—Rea(u), andg=g(n).
These expressions allow us to calculate the exponents:
E(E)OCE G(k,E). 2) Bc. B,, andBs. The number of carriers does not depend on
K ’ the isotope substitutioff, so that the chemical potential itself

1/2

9(w), 4

m*

€0
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depends on the polaron mass with the expomnigntd In m* 0.30 T - - -
=—2N/3g, whereN= [*_g(€)de is proportional to the total La, ,.Ca, ,,MnO /LAO
number of states under the Fermi level. Keeping that in mind 0.25 -
we finally obtain
0.20 |
_1( 2Ng’ .
™3 2 | 0.15 1
2 NF’ E , , ' '
Bp=—<1+—), (10 A
3 gF g Nd, ,Sr, MnO_/LAO y,
and a 05¢F . e .
o 180
1/2N(F'IF—=F"IF") 04l
e
The prime and the double primes mean the first and the 03 I oo
second derivative with respect . The numerical results P
for the exponents are shown in Fig. 1 as a function of the 0.2 ' ' ' '

0 20 40 60 80 100

Fermi level Eg/ey. To compare with the experimentally Temperature (K)

measured oxygen-isotope exponents one should multiply
Bc.By:Bs by the oxygen-isotope exponeaag.* . Because of FIG. 2. The low-temperature resistivity of the oxygen-isotope
the logarithmic dependence on the mass rigize Eq.(1)],  exchanged films ofa) Lag75C& 2gMNO; and (b) Ndo 7St MnOs.
the magnitude of the exponeat, is expected to be of the In both cases, the1 residual resistivity, for the 0 samples is
order of unity. At large filling, i.e.u>1, the theory predicts 'arger than for theoeo samples by 15%Ref. 23 The oxygen-
sizable isotope effects on all thermodynamic and kinetidSCtoPe exponent, was calculated from the definition, =
properties with the exponeni8c=1, 8,=2, and Bs=1. ~dInpo/dinMo (Mo is the oxygen mags
This is precisely what one expects from the simple Born . .
approxirﬁation f())/r the impurity spcattering. The ratiopremainsSlngle crystal§7'28 Furthermore, the value of is in good
the same for any dimension of the polaron spectrum in thidgréément with the measured transport relaxation rate
doping regime. Interestingly, if the doping is not so high, (~24 meV) for LQ)O7CaO_3MnO3. This justifies the choice
<1, the exponent for the thermopower is very snakte ©Of ©=0.25 and e, =—1.1 for Nd S5 3MnO;. For
Fig. 1), while the exponent for the residual resistivity re- L8.7sC&.2sMnO3, we calculateCe/T=7.5 omJ/moI K and
mains larger than unity. Fop=0.25 and ao,=am«=  Po=150 wuf)cm by settingu=0.70 ande,, =—0.7. The
—1.1, we obtain8c=0.45, 8,~1.45, andBs=—0.03, and ~ Measureg, for Lag 74Ca gMnO; is 120-150 ul) cm [see

Fig. 2(@) and discussion in Ref. 23From our specific-heat

al=-0.5, a,?z—l.G, a2=0.0, (120 data for La;CagMnO;, we estimate Cg/T
=7 mJ/mol K, which is slightly lower than the one

.e., negligible isotope effect 08, and more than 3 times (—8 mJ/mol k) for LaygCay MnO3.2° With x=0.70 and
lower isotope effect orC, than onp,. Applying the exact ,© _ _ 57 \we have '

density of states in the random potentialve find even a ™
somewhat lower exponemt; for <0 than that in Fig. 1. OL_05 O__19 oL _017 13
All these findings are in sharp contrast with those in ordinary %c = % o s o (13

metals wherexy. =0, and there are no isotope effects on Experimentally, the oxygen-isotope effect on the intrinsic
Cel, po, aNdS o , _ _ low-temperature resistivity has been studfdd high-quality
The chqce ofu=0.25 ande,=—1.1is conS|s'Fent With  thin films of Lay 76Ca ,dMNO5 and Ng -Srp sMnO3. Our thin
the experimental results for NgSr3MnOz. Using the  fiims were thick (2000 A), and were annealed at 940 °C for
measured bare plasma frequene@,~3.3 eV (Ref. 24 10 h, so no strains could remain in the films. We did back-
and the total carrier denSity per cell of 0.33, we obtain th%xchange, and we knew precise|y the Oxygen-isotope enrich-
bare hopping integrai=t,,,=%%/2a’m=0.9 eV, which is  ment(more details can be found in Refs. 23 and.3t Fig.
very close to the valu€0.87 eV} calculated for LaCu0,.*® 2 we plot the low-temperature resistivity of the oxygen-
From Eq.(1) and am*zag*z—l.l, we get the effective isotope exchanged films ofa) Lag7:Ca ,dMnO; and (b)
hopping integral t* =#2%/2a®m* =100 meV. By setting Nd, .Sl sMnO;. In both cases, the residual resistivjty for
w=0.25t*=100 meV, ;=27 meV, we calculat€,/T  the 0 samples is larger than for tH€O samples by about
=26 mJ/molk¥ and p,=185 uQ cm by using Eq.(4) 15%. The observed large oxygen-isotope effecpgis con-
and Eq.(7), respectively. These values are in remarkablysistent with the above theoretical prediction for polaronic
good agreement with the measured value€,/T metals. From the definition of the oxygen-isotope exponent:
=25(3) mJ/molK?® and p,=170 uQcm for the best aJ=—dInp,/dInMo (Mo is the oxygen magswe obtain
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a)=—1.4(2) for Nah-SipaMnO;, and af=—1.2(2) for
Lay 7:Ca »gMN0O;. These values are in excellent agreement
with Eq. (12) and Eq.(13), respectively.

The quantitative agreement between the resistivity data

and the theory indicates that the low-temperature metallic
state in doped manganites is a polaronic Fermi liquid. To
further confirm this, one should experimentally demonstrate
that o is negligible and thaw? is rather small in these
materials. Our preliminary results of the oxygen-isotope ef-
fect on the low-temperature specific heat in Le&CaMnO,
are consistent with Eq.12) within the experimental uncer-
tainty. Here we show the data of the thermopoBeat low
temperatures for the isotope-(_axchangng,(éZa(_MnO3_. The FIG. 3. The temperature dependence of the thermop&@ar
dgtaned measurement technique was described in Ref. 33, 165 5nq180 samples of La_ ,CaMnOs below 60 K.
Figure 3 shows the thermopowsrbelow 60 K for the!f0
and 180 samples of La_,CaMnO; with x=0.20 and 0.25. the low-temperature kinetic and thermodynamic properties
The isotope-exchanged samples are the same as those Psovide strong evidence for the existence of polaronic Fermi
ported in Ref. 31. It is apparent that the oxygen-isotope efliquid in manganites.

fect on S is negligible below 20 K for both compositions We would like to thank K. A. Miller for valuable com-
(ag=0.0). The .negligibleag and the substar}tia.bz[?~ ments. The work at Zich was supported by the Swiss Na-
—1.3 observed in these samples are in quantitative agregonal Science Foundation. The work at Houston was sup-
ment with the theoretical predictidieq. (12) and Eq.(13)]. ported in part by the U.S. National Science Foundation, and

Therefore, the present theoretical and experimental studies @fork at Berkeley by the U.S. Department of Energy.
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