PHYSICAL REVIEW B VOLUME 53, NUMBER 11 15 MARCH 1996-I

Temperature-dependent photoemission spectral weight in LggSr ¢ ,MnO ;
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We report temperature-dependent redistribution of spectral weight in photoemission spectra of
Lag ¢Srp.sMnO3 over a wide energy range of several eV. We attribute this to a change in the electron correla-
tion strength induced by the changing degree of ferromagnetic order with temperature. We discuss the rela-
tionship between the temperature-dependent spectral weight close to the Fermi level and the unusual transport
properties.

Following the discovery of higf-, cuprates, metal- 0.3, and about-10 forx = 0.41% These results suggest that
insulator transitiongMIT) induced by doping of charge car- the mobility of doped holes in these compounds is intimately
riers into a Mott insulator have been extensively studiedconnected with the development of a ferromagnetic correla-
MIT can also be achieved in the absence of any doping byion and indicates an unusually strong coupling between
altering the interaction strengths, namely, the Coulomb intertransport and magnetic properties. This is further evidenced
action strengthJ, the charge-transfer enerdy and the hop- by the observation of giant negative magnetoresistance in
ping interaction strength,4 between the transition metdl  this family of compounds, La ,M,MnO; (M = Ca, Sr, or
and oxygenp states: This can arise from a change in tem- Ba),’? since the application of a magnetic field induces an
perature, pressure, or composition affecting the lattice paincrease in the ferromagnetic order. It is also to be noted that
rameters or distortion. For example, temperature-driven firsthese unusual changes in the transport properties cannot be
order MIT in V,05 (Ref. 2 or composition-driven MIT in  attributed to any changes in the bare electronic interaction
LnNiO3 (Ln = rare earth(Ref. 3 are well known. In these energies, such dd, A andt,q, since the structural param-
cases, changes in crystal structure affect the magnitude of tragers do not change significantly with temperature.

band gap,~U or ~A, or the effectived-band width, W.* In this work, high-resolution temperature-dependent pho-
Unusual spectral weight transfer has been observed by tuleemission experiments probing the high-energy scale show
ing U/W in a series of early transition metal oxide$. an unusual redistribution of spectral weight with temperature

With respect to the above discussion, the family of com-which parallels the unusual low-energy properties of these
pounds La_,Sr,MnO; exhibits very unusual properties and systems. In particular, unique changes in the spectral weight
has attracted considerable attention in recent ye&afs. close to the Fermi levelEg) with T appears to be directly
LaMnOj; is anA-type (layered-typg antiferromagnetic insu-  related to the temperature-dependent transport properties. We
lator. When it is doped with holes as in La,Sr,MnO,, it  interpret our results with the help of spin-polarized band-
exhibits a temperature induced paramagnetic to ferromaggtructure calculations and the Anderson-Hasegawa theory
netic transition with unusual transport properties. For ex-of Zener double-exchange mechant8mnd argue that elec-
ample, the resistivity £) shows an insulating behavior tron correlation strengthJ/W, is a sensitive function of
(dp/dT< 0) for x= 0.2 in the paramagnetic regime, but temperature arising from a simultaneous change of the effec-
becomes metallic with a rapid decrease of resistivity in thdive d-band width @), as well as the effective Coulomb
ferromagnetic regim&!? Magnetization in the ferromagnetic interaction strengthl{).
state is found to increase with decreasifighelow T,,"® Polycrystalline samples of LaSr, ,MnO5 were prepared
indicating an increasing extent of ferromagnetic order with ay solid-state reaction as described elsewféfarhe T, of
concomitant decrease in resistivity. Mn ions are in the highthe sample was- 350 K, so that the present measurements
spin state and are fully spin polarized at the lowest temperahave been made beloW,. The total resolution of photo-
tures. The resistivity ratio between the room and @9 K) emission spectra was35 meV for He | hv = 21.2 eV}
temperatures is about10? for x = 0.2, about~20 for x= spectra and~ 75 meV for He Il hv = 40.8 eV} spectra.
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FIG. 1. Valence-band photoemission spectra of
LageSro.sMnO5. The inset shows raw data without background
subtraction.
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Spectra were recorded after cleaning the sample surface by
in situ scraping with a diamond file. At each temperature, the
scraping was repeated until no feature about 10 eV below
Er, which is well known due to contamination or surface
degradation of oxide samples, was seen. Further, time depen- | ! 1 |
dence of the spectra was monitored after each scrapingand 10 08 06 04 02 00 -02 -04
collected only data taken within 0.5—2 h of scraping depend- Binding Energy (eV)
ing on the temperature. The temperature dependence of the
spectra were fully reproducible for several temperature cy-
cling (lowering and raisingand for different sampleéTsu-
Kyoto and Bangaloneand different instrument§lokyo and
Berlin). The Fermi level has been calibrated by evaporatingndeed an intrinsic property unique to LaSr,MnO3. Al-
Au onto the sample and measuring at each temperature. though the origin of this effect is not clear at the moment and
We show He | spectra recorded at different temperaturefurther theoretical input will be important, it is tempting to
in Fig. 1. The spectra have been normalized to the samassociate the effect with the changing ferromagnetic order as
integrated area after removing an integral background, whicklescribed below.
slightly changed with scraping, temperature and/or sample We have recorded spectra with better signal-to-noise ratio
positioning, but the temperature dependence of the spectaver a narrow energy range closelp, as shown in Fig. 2.
shown here is so substantial that it is free from such backAt the lowest temperature, both He | and He Il spectra ex-
ground subtraction procedure. This is clearly evidenced irhibit clear evidence of a Fermi cutoff. With increasifigthe
the raw data shown in the inset of Fig. 1. From these figuredntensity betweertr and 0.8 eV below decreases systemati-
it is evident that there is a transfer of spectral weight fromcally. This can be seen clearly in the figure where we have
higher (> 4 eV) to lower binding energietbetween 1 and 4 superimposed the spectra at two extreme temperatures for
eV) with increasing temperature. This temperature depeneomparison. In this comparison, we have normalized the en-
dence is indeed opposite to what would be expected for sutire spectral intensity of each spectrum shown in Fig. 1. It is
face degradation; surface degradation increasesp@ed- to be noted that if we adopt an alternate approach and nor-
tures at higher binding energies~6 eV) at higher malize the peak heights to be the same in Fig. 1, the chang-
temperature as has been observed in Aighuprates. There- ing intensity nearEg will be further enhanced. Thus, the
fore, we believe that the observed changes reflect intrinsidecreasing intensity &g with increasingT appears to be a
bulk properties. Such spectral weight transfer as a function oflearly intrinsic effect independent of the normalization pro-
temperature over such a wide energy range has never beeadure. This interesting temperature dependence has not
observed in any other system and suggests an unusual tetmeen observed in any other metallic substance, where apart
perature dependence of the electronic structure. The spectfabm a broadening in the Fermi-Dirac distribution, the Fermi
intensity close toEg in Fig. 1 appears to be very low in edge is not influenced by temperature. Since the M#i®0O
every case. He |l spectra exhibit nearly the same behavior@p relative cross section increases with photon energy, the
in spite of the greater Mnd contribution, because of the higher Fermi edge intensity in the He Il spectra indicates that
strong Mn 3-O 2p mixing. Our recent experiment on Mn 3d contribution to the states & is larger. From the
Lag gSrg,MnO3 also shows similar redistribution of spectral present results, it is natural to assume that the temperature-
weight over the same range of energies with chanding dependent spectral weight Bt is intimately related to the
while La;_,Sr,CoO; spectra do not’ This strongly sug- temperature-dependent magnetic and transport properties.
gests that this unusual redistribution of spectral weight is To understand the interdependence between magnetic

FIG. 2. Photoemission spectra of §.gro ;MnO3 nearEg.
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more realistic limit. In this limit, W was showf® to vary as
cos(6/2), whered is the angle between the spin moments at
the two adjacent sites. Thus, when the system becomes fer-
romagnetic from the antiferromagnetic stateapproaches
zero with a consequent increaseWh This result is clearly
reflected in the band-structure results shown in Fig. 3. These
authors also pointed out that in presence of disordered spin
moments, the bandwidth will again be narrowed in analogy
to the electron motion in a disordered alloy system. It is to be
noted here that the magnetization continuously increases
with lowering of temperature within the ferromagnetic state
in La;_,Sr,MnO3,® indicating an increasing order of the
spin moments with decreasiny This is then expected to

Mn d partial DOS — Mndup - Mn d down

(b) Antiferromagnetic

DOS / formula unit / eV

| A S increase the effective bandwidW with decreasingl, even
| s PN N e, within the ferromagnetic state that we have probed experi-
2 E; 2 4 mentally in this present work.

Interestingly, the effective Coulomb interaction strength
U in the present system is also dependent on the degree of

FIG. 3. Mn 2 partial DOS of cubic LaMn@ calculated using ferromagnetic order "?md hence En_ This C_an_ _be easily un-
the LSDA for (a) ferromagnetic andb) antiferromagnetic states. ~ d€rstood by considering once again the limiting cases of fer-

romagnetic and antiferromagnetic arrangement of the mag-

properties and electronic structure, we determined thedMn netic moments. The energy associated with the nearest
partial density of stateOS) in cubic LaMnO, by ab initio ~ neighbor Mn-Mn charge fluctuation in the ferromagnetic
local-spin-density approximaticil SDA) band-structure cal- State isU-J, due to the exchange stabilization of parallel
culations employing the linearized muffin-tin orbital method SPins, while the same fluctuation in the antiferromagnetic
for ferromagnetic and®-type) antiferromagnetic states, as State costs an enerdy. Thus, we expect the enerdy.
shown in Fig. 3. We believe that band-structure results fossociated with the nearest neighbor charge fluctuation to
the antiferromagnetic state, rather than that for the paramaglécrease continuously frots to U-J with increasing ferro-
netic state, is more relevant for the spectral features abov@agnetic order in the system. Since the transfer of spectral
the transition temperature, due to the existence of local shol¥€ight from the coherent to the incoherent part is controlled
range antiferromagnetic correlations in the paramagneti8Y Uer/W,>® the decrease of the intensity Bt with tem-
state. This may be suggested by the fact thatahenitio ~ Perature(Fig. 2) is a direct consequence of decreasiligas
antiferromagnetic band structure provides a good descriptioWell as of effectively increasiny arising from the decrease
for the spectroscopic featur&Figure 3 shows that Ml in the degree of ferromagnetic order. While it would be most
states are split into low-lying narroweg, and high-lying ~ desirable to have direct evidence of changihgndW from
broadere, subbands, due to the cubic crystal field; each ofthe spectroscopic data, the intrinsic low intensity of the co-
these subbands is further split into up- and down-spin band§ierent feature negg with overlapping spectral intensities
due to exchange splitting. The bandwidths of thg and ~ Of other features at higher binding energiesee Fig. 1
e, bands are found to be 2 and 4 eV, respectively, in thdnakes it impossible to o_btaln an estimate of_these param-
ferromagnetic caséFig. 3@a)], while they are severely re- eters. Thus, we can only infer about the Chz_ingmg strength of
duced in the antiferromagnetic cadey about a factor of g~ U/W based on the transfgr of specfcral we|ght from the co-
This demonstrates that, while the crystal structure governin§€rent features ned to higher binding energies and theo-
the electronic interaction strengths remain unchanged, maggtical considerations presented here.
netic structure has a pronounced effect ondHeand width. In view of the above discussions, this class of compounds
This evidently arises from a variation of the effective charge-Provides a unique opportunity to study MI transitions by a
transfer energy between the nearest neighbor Mn sites in tHgontinuous tuning ofU/W with variation in temperature.
antiferromagnetic case, in presence of a large exchange iflormally, a change ofU/W is introduced by changing
teraction strengthl; this effect is absent in the ferromagnetic Samples or crystal chemistry, which makes it difficult to vary
state, with all Mn sites being equivalent. U/W continuously. The _unamb|guogs descr|_pt|on that

The above result is closely related to the works of Zéfer, €merges from our .results is that the smgle—partlc_le _spectral
as well as Anderson and Hasegawaho addressed the weight at the Fermi energy decreases smoothly with increas-
question of ferromagnetism in doped LaMg®ystem many ing U/W. This means that thie mass,m,, which represents
years ago. First, we note that the band-structure results i€ momentum dependence of the electron self-energy
Fig. 3 suggest a value of more than 2 eV43j, wherej is ~ >(k,@) (M /my=[1+(m,/k)d ReZ (K, )/ K]~ *|k=ip.,
the e4- t,q exchange integral as well as an effective-d ~ wherem, is the bare band magsdecreases since the inten-
hopping strengtht{ of less than 0.2 eV and about 0.3 eV for sity at E¢ is given by A(0) = (m,/mp)N,(0),%8 where
the t,, and ey subbands, respectively, in the ferromagneticNy(0) is the DOS aE given by LSDA band-structure cal-
case, implyingj>t. While Zener had assumed an infinitely culations. The decrease A(0) cannot be due to a decrease
large j, Anderson and Hasegawa worked out the details ofn Ny(0) with changing magnetic correlation, because the
the model with finitej and in two different limits off >>t  exchange splitting of the band would reduc&,(0) in the
and j<<t. Our estimates here establish the former as thderromagnetic state compared to the paramagnetic state. On

Energy (eV)
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the other hand, narrowing of the conduction bandwidthtems do not provide any conclusive support for this theoreti-
(ec1/m*) with temperature has been suggested from a deeal prediction, there is always the possibility that the right
crease of the Drude weight in the optical spectra ofregime ofU/W has not been reached in the experiment. The
Lag goSrp 17gMN03. 11 In photoemission spectra, the present type of experiment circumvents that problem by pro-
coherent-to-incoherent spectral weight ratio is given byviding a continuous tuning dfi/W by changing temperature.
1/(m,/my,—1), wherem,/m,=1—49 Re2(k,w)/dw|,—¢. So far, we have considered that changing temperature in
Since m,, = (m*/my)m,, m* —o and m~0 means that the present system is equivalent to chandinyV. Within
spectral weight transfer from the coherent part rigato the ~ the U/W-8 plane, wheres is the doped hole concentration,

; long thé=0.4 line parallel to théJ/W axis in
incoherent parfapparently located 1-2 eV beloi (Ref. one moves a . ) ) A
10)] is very%ramg%c. Sin)(/:e the massm, . repr(i,Fents the the present experiment. In the “bandwidth-control” system

dynamical contribution to the mass enhancementsrl‘xcaxvo3 with 6=0, as U/W increases Y/W—1),

m,/my,>>1 already at the lowest temperature means that and m,, steeply decreases and increases, respectively,
w! b . y P . while m* inceases only slowl§.Comparison between differ-
the conduction electrons are strongly correlated in the ferro- L
) ; ent routes to a MI transition in the/W-§ parameter space
magnetic metallic state.

At present, there are no available theoretical results tha\{vould require further systematic studies.
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