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Electronic Aspects of the Ferromagnetic Transition in Manganese Perovskites
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We have investigated the electronic structure associated with the ferromagnetic transition of
La;-.CaMnO; and Lg-,Pb.MnO; using high resolution photoemission, Mip Zesonant photoemis-
sion, and O & x-ray absorption spectroscopies. The data clearly show that the band gap collapses
below the Curie temperatur@¢) and the density of states at the Fermi level increases with cooling,
providing a conclusive microscopic evidence for an insulator-metal transition. Our results suggest that
strong small polaron effects, which contribute to a charge fluctuation energyl 6feV, are respon-
sible for the insulating behavior abo& which has been enigmatic in the double-exchange model.
[S0031-9007(96)00255-4]

PACS numbers: 71.30.+h, 72.80.Ga, 78.70.Dm, 79.60.Bm

The discovery of colossal magnetoresistance in mixedditional effects, such as the Jahn—Teller-type polaron ef-
valent manganese perovskites, such as-l1@a.MnO; fect, to the double-exchange model are needed to reduce
and La_,Pb.MnO;, has attracted renewed interest inthe carrier hopping substantially [3].
these systems, especially due to their potential technolog- In this Letter, we report high resolution photoemission
ical applications [1-6]. The undoped compoumrd= 0)  spectroscopy (PES), Os x-ray absorption spectroscopy
is an antiferromagnetic insulator, commonly observed inXAS), and Mn2p resonant photoemission spectroscopy
many transition metal oxides, while the system with a(RPES) studies on La,Ca,MnO; and La_,Pb.MnOs.
nominal doping(0.2 < x < 0.5) undergoes a paramag- The data show that the band gap collapses below
netic to ferromagnetic (PF) transition upon cooling [7,8].providing a conclusive microscopic evidence for an Ml
Since the transition is accompanied by a large decrease transition. The detailed studies of L.gCa,MnO; with
resistance, it has often been referred to as a metal to insuarious Ca concentrations show that strong small polaron
lator (MI) transition. This behavior has traditionally been effects, which contribute to a charge fluctuation energy
explained with the double-exchange model proposed inf ~1.5 eV for Mn** + Mn** — Mn** + Mn3*, are
the 1950s [9], and the resistivity decrease has been consitesponsible for the insulating behavior abde
ered as a mobility increase by spin ordering in the ferro- Polycrystalline La_,CaMnO; samples with various
magnetic state. However, the insulatorlike high resistivityCa concentrations and a §-#h3MnO; single crystal
above the transition temperatufe: has been enigmatic were prepared by standard solid-state reaction and the
in the model, and, furthermore, lack of detailed spectroflux method, respectively, and the measurements were
scopic studies limits the microscopic understanding of theperformed at the AT&T Bell Laboratories Dragon beam
PF transition. line at the National Synchrotron Light Source (NSLS)

Doped manganese perovskites are mixed-valent sy$il]. All the samples, except for the LaMnQwere
tems containing Mi™ (3d*) and Mrit* (34%) ions. Un-  oxygen stoichiometric [8] and x-ray powder diffraction
der the circumstance of the octahedral symmetry of theneasurements showed single-phase patterns. The as-
Mn sites, the configurations becom§e1(5E) for the grown LaMrOs;.s (6 = 0.1) sample was annealed in Ar
Mn* andz3,(*A,) for the M. In the double-exchange atmosphere, reducing down to~0.03.
model, thee, electrons are treated as mobile charge car- For a doping-dependent study of LaCa.MnOs, the
riers interacting with the Mt (S = 3/2) background. samples were scraped at 280 K with diamond files in a
The carrier hopping depends on the relative alignmentvacuum better thari.5 X 107!° torr. For temperature-
of the carrier spin to the localized Mn spin. When dependent measurements ofyk#Ca)33MnOs and La ;-
the two spins are aligned, the carrier avoids the stronhy;MnOs, the samples were cleaved situ and the
on-site Hund exchange energy, and thus hops easily [9femperature was controlled within 1 K. The cleaned
Theoretical calculations for the transport properties basedurfaces were found to last for 3 to 5 h, as confirmed by
on this model have shown qualitative agreements withthe absence of Qs satellite and 9 eV binding energy
the experimental data [2,10]. However, due to the parpeaks in PES spectra taken at 700 and 110 eV photon
tially filled e, orbital, the system is expected to blevays  energies, respectively. These two peaks are known to
metallic, and the double-exchange model considering priappear with surface contamination [5]. To keep the
marily the spin-dependent electron hopping mechanisnsleanliness of the surface, the samples were scraped
turns out to be not enough to explain the insulatorlikeor cleaved several times, and all measurements were
behavior abovdc. Thus it was speculated that some ad-repeated to ensure reproducibility of data. The binding
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energies of PES spectra were referred to the chemicéihe O 2p contribution is comparable to the MAd
potential of a clean Pt that is in electrical and thermalone [13]. A significant intensity is observed between
contact with the samples. 0.0 and 1.5eV inx =0 (LaMnO;, Mn**) spectrum.
Figure 1 shows the doping dependent spectra oThe intensity decreases systematically with increasing Ca
La;—,Ca.MnO; in the paramagnetic phase taken atcontent, and vanishes completely in= 1 (CaMnGO;,
280 K. The PES spectra were taken at 500 eV photon erMn**) spectrum. For energies greater than 1.5 eV, both
ergy and with overall experimental resolution of 0.6 eV.the valence band and core-level regions show systematic
The XAS spectra were obtained by using the total electromhange as a function ok. It is intriguing that the
yield method with a photon energy resolution of 0.15 eV.spectrum of a given can be approximated to a weighted
The PES spectra in Fig. 1(a) display the valence band aaverage of therc = 0 and 1 spectra. Figure 1(c) shows
well as Ca3p, O 2s, and La5p shallow core levels as an example for the = 0.48 spectrum, in which the solid
labeled in the figure. These spectra were normalized tourve is the sum of 52% of the = 0 spectrum and 48%
give the same @s peak height. All three core levels of thex = 1 spectrum. The averaged spectrum is almost
were found to shift, by the same amount, toward loweridentical to thex = 0.48 spectrum, except for a small
binding energy with increasing Ca concentration. Thisdifference in the peak width of Cap (nevertheless, the
reflects a monotonic chemical-potential shift with Caarea is conserved).
concentration as summarized in the inset [12]. A systematic spectral change withis also observed in
To investigate the effects on the electronic structurghe O1s XAS spectra as presented in Fig. 1(d). Because
by Ca doping, the valence band spectra are replotted iof core hole effects, some spectral weight transfers to
Fig. 1(b) after the chemical-potential shift is compensatedower energy states, but the spectrum of the doped sample
so that the core levels are aligned. At this photon energycan still be understood as a linear combination of the
x =0 and thex = 1 as discussed in the Qs XAS
= study of Lg_,Sr,MnO; [14]. We note that the shoulder
o of the x = 0 spectrum (indicated by a vertical line) is

=1—~..Ca3p hv=500eV

0 Ny AE=600meV S not intrinsic to LaMnQ but due to excess oxygen which

5 S introduces MA' as Ca dopant does. It is supported by
g 5 the intensity decrease of the shoulder with decreasing
“; = excess oxygen as is clearly seen in the XAS spectra of as-
5 grown(s = 0.1) and Ar-annealedd = 0.03) LaMnO;

g: samples in Fig. 1(e) [15].

Figure 2 shows one electron remov@& — N — 1)
and addition(N — N + 1) spectra of LaMnQ@ and of
CaMnQ;. Although the O 1s XAS spectra are not
ideal for representing th&v + 1 spectra due to core
hole effects, they do provide a reasonable approximation
[16]. The O Is XAS spectra are shifted so that the
main features of the LaMng spectrum are aligned
with its inverse photoemission spectrum [4]. The rather
complicated spectral shape in the valence band can
be understood by the many-body approach using the

Relative Energy (eV) Photon Energy (eV) Anderson impurity Hamiltonian as has been demonstrated
c) ,x=0.48 LaMnO,,; o~ (€) for other transition metal oxides [17]. We will focus
7 Weighted Average §=0.1 here, however, on the lowest energy excitation states,
/ which are most relevant to the electrical and magnetic
properties, also the related model Hamiltonians including

Intensity (Arb. Units)

Intensity (Arb. Unit)

the double-exchange model. The lowest enekgy- 1

\8=0.03 state, the ground state, and the lowest enekgy- 1
T R T E A VI T state of CaMn@ (Mn**) have 13,(°Ty), 13,(*A,), and
Relative Energy (eV) Photon Energy (eV) 15,e}(CE) symmetries, and the corresponding states of

3+ 3 4 3 1(5 37206
FIG. 1. Doping-dependent PES and B XAS spectra of -@MnOs (Mn"") haver,, ("Az), 15,¢,(CE), andry ey (°A)
La,_.CaMnOs as described in the text. (a) Valence band andSymmetries, respectively. The lowest energy- 1 and
shallow core level, Ca8p, O 2s, and La5p, PES spectra. N + 1 states of both systems are indicated in the figure.
The chemical-potential shifts are summarized in the insetThe lowestV + 1 state of CaMnQ appears as a shoulder

(b) Valence band PES after the chemical-potential shifts ar P ;
compensated. (c) The PES spectrum of the 0.48 sample fn the XAS spectra, because it is obscured by a higher

4 3 :
is compared with the weighted average of the= 1 and the ©€Nergy state of &,(°7;) symmetry. As explained above,
x = 0 spectra, i.e., 52%x = 0) + 48% (x = 1). (d),(e) Ols  the 1 eV shoulder in the XAS spectra of LaMg@ not
XAS spectra. intrinsic, and, therefore, the 2 eV peak is its lowest energy
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results from tetragonal distortions of Mp@ctahedra to
lower the Mr* (13,¢}) energy. Considering the disap-
pearing temperaturé~700 K) of the Jahn-Teller-type

t,e(CTy)

.:g lattice distortion in LaMnQ, the Jahn-Teller distortion
3_/ is expected to contribute at most a few tenths of an eV
3 which is much smaller than the observédr. Hence,

> E.. | the charge fluctuation energycr, which is responsible

% LaMnO, - for the low conductivity abovd ¢, should be understood

c

by the strong small polaron effects including a minor
contribution of the Jahn-Teller distortion. The fact,
taesCA) furthermore, that the system with <x <1 can be
e S T T approximated eleptronically to a Iinear superposition of
N = N-1 Excitation Energy (eV) N — N+1 x = 0 and 1 provides the spectroscopic evidence for the
strong small polaron effects in this system.
FIG. 2. One electron removaly — N — 1, and addition, To study the electronic change accompanied by the
N — N + 1, excitation spectra as described in the text. ferromagnetic transitions in kg Cay3MnO; (T¢ =
] 260 K) and in Lg;Phy3;MnO; (T¢ = 330 K), we have
N + 1 state. The energy separations between the lowestaasured their high resolution PES and Mlp RPES
energy N — 1 and N + 1 pea4k+s of CaMn@ and of  gpecira at various temperatures. The high resolution
Lrﬂ/lnog were estimated to b&cy = 3.2 = 0.4 eV and  gng on-resonance spectra were taken at 110 and 642 eV
Egr = 3.4 = 0.4 eV, respectively. According to arecent photon energies with 0.06 and 0.6 eV resolutions, re-
many-body analysis for other transition metal oxidesgpectively. Because of the limitation of our temperature
these energy separations are attributed to the smallgpniroller, we were unable to raise the sample tempera-
energy of the O_2p to Mn 3d charge transfer energy, t,re beyond theT. of Lay;Phy3MnOs. Figure 3(a)
A, and the on-site/-d Coulomb energyU [18]. For  ghows the high resolution wide-scan PES spectra of both
CaMnQ;, A is 3.0 = 0.5 eV as estimated from our O gamples, exhibiting nearly no difference between the
Is RPES data [19] and/ is 5.2 + 0.3 eV as calculated o extreme temperatures, except for a minor chemical-
from the Racha parameters of MnO [20]. Using the sam@ystential shift of~70 meV and an intensity variation near
methods,A and U of LaMnO; were estimated to be the Fermi level. The magnified spectra near the Fermi
45 * 0.5 eV and3.5 + 0.3 eV, respectively, which are |ayel are shown in Fig. 3(b). For bgCa33Mn0O;, no
comparable to those deduced from ln photoemission density of states at the Fermi |8V€'1«§F) is observed in
analysis [4]. Thereforef ¢y of Cal;/l+n03 is associated the 280 K spectrum, buk(er) increases upon cooling
with the smaller energyA, and Ecr of LaMnO; i pelow 7 and a metallic Fermi edge is clearly observed
qssgmateoﬁlpywth the sma3\IJIrer energy consistent with the i, the 80 K spectrum. A similar temperature dependence
findings,Ecr = A andEcr =~ U [21]. _ was also observed in LaPh3MnOs;. These results
For the mixed valent system La,Ca:MnOs with 0 < hrovide conclusively that the ferromagnetic transition
x < 1_, whlch can be described electronically by a Im_eariS accompanied by an MI transition, which causes the
combination of LaMnQ and CaMnQ as demonstrated in |arge resistivity change nedic, and the high resistivity
Fig. 1, Ecris 1.5 = 04 eVas estimated from the energy apove 7 is not due to the mobility reduction by spin
sepagra:t‘lon between the, e (°E) state of CaMnQ and  gjsorder but due to the disappearance of density of
the 15,(*A,) state of LaMnQ. This Ecg corresponds t0  giates atkr. Furthermore, the gradual appearance of
the energy for thes,el(Mn** site) + 13,(Mn** site) —  ,(e;) upon cooling is also consistent with the resistivity
1, (Mn** site) + tgge;(Mn4+ sitey charge fluctuation behavior showing no discontinuity ne@r as well as the
process, which is supposed to vanish in the doubleeonsiderable decrease even well belBw[8].
exchange model. The observed finipr suggests a Although the MI transition aEr was clearly observed
strong polaron effect due to localization ef, elec- in the 110 eV high resolution spectrum, the temperature
trons. The localization, which can be attributed to thedependence of the MBd states is not conclusive due to
random distribution of C& incorporating with the the O2p states which have 2 times larger intensity at
strong correlation effect of Mm3d electrons, causes this photon energy [13]. The obscured Md states can
local lattice distortions, the so called “small polarons,”be explored through the Map RPES process3d” —
and contributes the differencefcg, in potential at ¢3d""! — 3d""! + ¢, wherec is a Mn2p hole. The
Mn3* and Mrt* sites. This small polaron, which has Mn 34 states are enhanced by more than 20 times and
been discussed in the Anderson localization [22], ighus completely dominate the valence band spectrum at
induced from a large differencé~20%) in the ionic the on-resonance. Figure 3(c) shows the on-resonance
size of Mn* and Mrt* (6%—7% difference in Mn-O spectra of both compounds, which exhibit clearly b
distance) [23], and should be distinguished from theremoval states. One locates aR.5 eV binding energy
Jahn-Teller-type polaron, proposed recently [3], whichwith tggei,(“Tz) symmetry and the other at1 eV with
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FIG. 3. Temperature dependent PES spectra ofe¢iCGag sz

MnO; (left panel) and LaPbyaMnO; (right panel). The

hv = 110 eV high resolution spectra for (a) wide scan and for
(b) nearEr region. (c) Mn2ps,, edge on-resonant spectra.

Binding Energy (eV)

tgg(“Az) symmetry. Upon cooling from the high to the
low temperature, the/7, and *A, states shift to low

structure of La_,Ca,MnO3; can be approximated to a lin-
ear superposition of LaMn9 and CaMnQ, supporting
the strong small polaron effects. The high resolution data
demonstrate the insulator-metal transition near the Curie
temperature. The strong small polaron effects, which con-
tribute to the charge fluctuation enerfiyr together with
the Jahn-Teller distortion, need to be incorporated into
the double-exchange model for understanding the fas-
cinating electronic and magnetic transition, i.e., the PI-
FM transition.

We thank B.I. Shraiman for helpful discussions. The
NSLS is supported by the DOE under Contract No. DE-
AC02-76CHO00016.

*Permanent address: Department of Physics, Johns
Hopkins University, Baltimore, MD 21218.

[1] C.W. Searle and S.T. Wang, Can. J. Phys, 2703
(1969); K. Chabareet al., Appl. Phys. Lett.63, 1990
(1993); S. Jiret al., Science264, 413 (1994).

[2] N. Furukawa, J. Phys. Soc. Jpr63, 3214 (1994);
Y. Tokuraet al.,J. Phys. Soc. Jprg3, 3931 (1994).

[3] A.J. Millis et al.,Phys. Rev. Lett74, 5144 (1995).

[4] A. Chainaniet al., Phys. Rev. B47, 15397 (1993).

[5] T. Saitohet al., Phys. Rev. B51, 13942 (1995).

[6] Y. Okimoto et al., Phys. Rev. Lett75, 109 (1995).

[7] G.H. Jonker and J.H. Van Santen, Physica (Utredé)
337 (1950); E.O. Wollan and W.C. Koehler, Phys. Rev.
100, 545 (1955).

[8] P.E. Schifferet al., Phys. Rev. Lett75, 3336 (1995).

[9] C. Zener, Phys. Rev82, 403 (1951); P.W. Anderson
and H. Hasegawa, Phys. Revl00 675 (1955);

J. Goodenough, Phys. Rewl00, 564 (1955); P.-G.
de Gennes, Phys. Re¥18 141 (1960).

binding energy, and the energy shifts were estimategio] K. Kubo and N. Ohata, J. Phys. Soc. JB8, 21 (1972).

~0.1 and ~0.2 eV (~0.15 and ~0.25 eV) from line

shape analysis for Lg/Cag3:MnO3 (LagPbyMnOs3),
respectively [19]. For both samples, tHel, peaks

become more observable at the low temperature, partiall

due to their larger energy shifts as compared to those
4T, states. This energy shift of thed, state indicates
that the Ecg discussed above is reduced upon cooling
consistent with the band gap closing ar(@ ) increasing
observed in the high resolution data.

According to the double-exchange model, the hopping

energy of thee, electron carrier depends significantly on
the relative alignment of the spins of Mn ions. At>

[11] C.T. Chen, Nucl. Instrum. Methods. Phys. Res., Sect. A
256, 595 (1987).

[12] The chemical potential might be affected by defect states
in the insulating phase.

A3] J.J. Yeh and I. Lindau, At. Data Nucl. Data TabR 1
(1985).

[14] M. Abbateet al., Phys. Rev. B46, 4511 (1992).

T15] In the 528-531 eV energy region, only one state, which

corresponds to thtﬁgeg(ﬁAl) state, is also expected in the

corresponding theoretical calculation for the 1® XAS

[16] spectrum.

[16] F.M.F. de Grootet al., Phys. Rev. B40, 5459 (1989);
J. van Elpet al., Phys. Rev. B44, 6090 (1991).

Tc¢, the hopping energy is insufficient to overcome the[17] A.J. Fujimori and F. Minami, Phys. Rev. B0, 957

charge fluctuation energycr) and hence the system is
in the insulating phase. At < T, the spins of Mn ions

(1984); G.A. Sawatzky and J. W. Allen, Phys. Rev. Lett.
53, 2339 (1984).

start to align ferromagnetically, enhancing the hopping18] J. Zaaneret al., Phys. Rev. Lett55, 418 (1985).
energy. This increase in hopping energy may affect thél®] J.-H. Parket al. (unpublished).

small polaron energy and the Jahn-Teller distortion, an
reducesEcr. The reduction inEcg and the increase in
hopping energy lead to the band gap closing afel-)
increasing upon cooling.

In conclusion, we, for the first time, report detailed

0] J. van Elpet al., Phys. Rev. B44, 1530 (1991).

21] The small difference is due to Msd —O 2p hybridiza-
tion, and turns out to be less than a few tenths of an eV in
the cluster model calculations.

[22] N.F. Mott and E.A. DavisElectronic Process in Non-
Crystalline Materials(Clarendon Press, Oxford, 1979).

spectroscopic data of colossal magnetoresistance core3] R.D. Shannon and C. T. Prewitt, Acta Crystallogr. Sect. B
pounds of doped manganese perovskites. The electronic 25, 925 (1969).

4218



