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Nodal quasiparticle in pseudogapped colossal
magnetoresistive manganites

M. Mannella"’, W. L Yang"’. ¥. 1. Zhou "'\. H. Zhs_-ngaJ LF I'u'IitcheII‘, ). Zaanen"t T. P. Devereamt:',

M. Nngnosnh"-, 7. Hussain® & 7.-X. Shen'

A characteristic feature of the copper oxide high-temperture

h is the dich y hetween the electronic exci-
tations the nodal idiagonal) and antinedal (parallel o the
Cu-0p m directions in mamenium space, gmgllymnacl
te be linked to the ‘d-wave” symmetry of the superconducting
state, Anghe-resohved photoemission measurenents in the super-
conducting state have revealed a quasiparticle spectrum with a
al-veve gap structure that exhibirs a measrwm al ong the antinodal
irection amd vanishes abong the nodal direction'. Subseguent
memsurenents have shown that, st bw doping levels, this gap
struture peralsts even in the high-tempersture netallic state,
althouygh the nodal points of the superconducting state spremd ot
in finite ‘Fermi arcs ™. This is the so-called prewsdogp phase, and i
s heen assumed that it is closely linked to the superconducting
stute, either by assigning it to fluctuating superconductiviny' or by
imvaking mz" nE:‘hEre natural m?fﬂilﬂrs of d-\\u\:ysqm-
conductors'”. Here we report experimental evidence that a very
similar pseudogap state with a nodal-antinedal dichstonons
character exists in a system that is markedby different from a
superconductor: the ferromagnetic metallic groundstate of the
onlossal magnetaresistive bilayer manganite La, »5r, oM, 05, Our
findings therefore cast doubt on the assumption that the pseudo-
gap state in the copper oxides and the nodal-an tinodal dichotong
are hallimarks of the superconductivity state.

La, 5y O (LAMO) i a protatypical bilaver manganite that
echabats the colossal magnetoresstance | CMIR) effect—the extremedy
large drop m reastivity induced by apphication of 2 magretic feld
neear the Curie temperatun:{ Ti- 1, The CMR effect exploats 2 metal
insulator fransition between a low-temperature ferrmmagnetic-met
allic ground staze and a high-temperature paramagnetic-insulating
phase, The nature of the fermmagnetic-metallic ground state in
LEMED remains highly controversizl, O the one hand, the ander-
tying Fermi surface and band structure have dear resemblance o
these of the copper oxides” (Lin, H., Sahrakorpi, 5., Barbiellini, B, &
Barsil, A, personal cormmumication on full potential hand sbructure
and Fermi surface computations for e 041 On the other band,
previous angle-resolved photoemission (ARPES) investigations
revealed o quasiparticle peak, a suppression of spectreal weight at
the Ferrma beved {E¢ ] {the paendogap), and an wnusually bight effectve
mass, a fzctorof twe lighter than the caleulated band strscture valuoe.
Thix last cheervation = puzding given the general expectation of
stremg imieractions m the manganiies. Moreover, the valie for the in-
plane conductivity calculated with the ARPES parameters is neary
ome arder of magnitude higher than that measured b transport™

Ty ARPES .-xp.'rirru'ms resolve the comtroversy of the low
temperature ferromagnetic-metallic groundstate of LSMO by

demonstrating that its electmmne structure 6 grkingly amilar o
that Fourd in the peeudogap phase of the copper oxide high-
temperature superconductors (HTSC) At 20K, well below
T = 15K, our data show a small bat well-defined quasipartide
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Figure 1 | Buata collected along the (8,0)-(r =) nodal direction ot vasious
magnifications. a, d. Imuage plot and EINC of the valence hand arounsd the
[ paint. The 3 ey states shaw o 186V disperslon. —0.8 eV wider than
i ¢ LI calculatimns® (Lis, H., Sahrakorpi, 5. Barbicllisg, B, &
al camasuniciton). B, Magniicaan of the bax in a and
&) ol the i, busd, showing the break-up af the spacteal
weight inén & small quasigarticle peak which crnsses Fy 2t 8 Fermsi
wavevector ky = 037 A, and a rapidly dispersing broad peak (the
hamp, H}. &, Magnification of the box in b and rdlative EDC (F), The daia
have been collected at 20 K with phodon energy ke = 42 ¢V and the Fight
pedarization vedar lving lm the sample plane.
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ekt mear the (0000 ko (w7} nodal dinecton (Fig. 1), with dispersion
vielding an effective mase almost six times heavier than the band
structure value {Fig. 2). The weight of the quasiparticle peak
diminishes rapidly away from the nodal direction while crossing
ower o weell-mested ghost-like Feni-surface segments (Fig. 4). This
redal—antinodal dichotonmy, in tenms of anisotropy, spectral line-
shupes and the nested “ghost-like' Fermi surface away from the node,
i almost identical at & phenomenological level to the one found in
the underdoped Ca, N, Col, 0, HTSC

Figure | shews the data enllectad along the nodal divection at
various magnibeatons. Because we ane not dealing with a d-wave
superannductor, the term ‘ndal direction” does not have any speaal
meaning in the comtext of manganits. Neverthdess, we we thes
terminalogy because it wseful for comparsons with the copper
omides, A striking feature is the particularly ‘clean’ hand seen 1o
terminate at Fp This fnm":pnmk to the BMn . states, with a
bandwideh of 1.8V and 0.4V wider than the band structure
pradiction using a local density approaimation (LTw)® (Lin, H.,
Salwakowpi, 5., Parbiellini, B. & Barsil, A., personal commumication ).
Tov oar krosdedge, such & well-defined and wide dispersion has not
previcneshy bevrn observed inany transition metal ocdde, The darp
encrgy scale pear M0-400meY, ubiguitous in HTSC ewing 1o
antifirremaget , 18 ahsent here

Upon magnification, the image plots (Fg. 1h, cland the “peak-
dip—humg’ structurne i the energy distribution curves (EDC)
(Fig. le, ) shosw some of the canonical agnatuns of 2 stmong
coupling 1o bosanic mode: dose to the polaronse himat, albeat highly
mamentum-dependent'™ ., The spectral weight is split into twn
branches: {11 a small bt well-defined quasiparticle peak with a very
narrmw dispersion below 5 me¥ and 12} a broad “hump’ peak
whose mavimum disperses along & roughly parabolic hand from
3V below B devn o the T point at — L8V
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Figiira 2 | Dispasaion of tha a, busd, Aside fram a rigid shifl, therv secme o
i good carrespondence far ene ighor than = 0= 400 meW batween
the ¢, band disperdens caliuluind with LTA" (Lin, H,, Sahakorpd, 5,
Barbicllini, B. & Bansil. A., persanal communicatian) and extracted with the
MM amalysls of the daia shown in Fig. [b Also chown are the posidons of
thee brad peak (hamp) end the quasiparticle peak determaned fram the B9
shown in Figs Le and I The inset shows the magnificailon of the region dose
s the Fersni level crassing. The solid lises indicite the relts of the ftings.
st shavwn, e ervae hars (=1 sl are snvaller than the spmbol’s siee. The
WD amabysis for enerivs approaching Ey leads 1o an S-shapad dispersion
with twen Kinks mear 80and 10 neeV, This S-shaped disporsiam is an artefac
resubling fram the way the MDC analysis handles the Englesherg—Schricfler
two-pales solution'": numely the distribution af speciral weight fer energies
ranging froan ~50 meY Lo the masimum of the broad humgp peak,
Nevertheless, the energy scale reveabed by the Somet’ kink b cull
meamingiil, s i asarks the asymaplatic cnergy scparating the caherent
qquasiparticle peak frods the bunigy, is alio shown i Fig, 1o
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In Fig. 2w compare the LA results in el 8 and in the work
of H. Lin, 5 Sahrakorpi, B Barhiellini & A, Bansil {personal
communication| with the e, band dispersinn chtained from the
EDCand momentum distribution cures { MDC) analyses of the data
shown in Fig. 1. The high-enengy incolerent branch (the hamgp)
starts mear 3HmeV and tracks the 1T dispersion. This two-
branchad character is reminiscent of the two poles solution for
Bresenie roudes coupling considired invef. 19, but the tiny intensity
af the quasiparticle peak in the FDC indicares that the electron—
phomon interaction 18 so strong bere that the thanry based on the
comventinna] metallic ate fails. In fact, denoting the quasiparide
effective mass by ot oblamed from the lowe-energy EDC dispersion
and the hare band mass obitamned from ftting the 1DA dispersion by
e the value of the coupling comstant Aexpresed aoconding bo the
ashherg texthook definition 25 A = [{m*orn,) — 1] is found to
be 4.6 (Fig, 2}, and according 1o canonical theory, we would have
m'puvh'rl tlw(r}"ml to have mun o a strsctural instahilite

Much as in HTSCs, the Fermi surface maps show wll-nested
straight sections along the antinedal direction (Fig, 3, As for the

Figure 3 | Fermi surface topology. The Fersai surface his beea determisad
by integrating the spectral weiht in & = 50m eV window around Eg of
speitrd cadited with phatods af 55 <V Red the wlegration windaw b
= 10 ma resulis in the sama spectral weight distribwtizn, The monseniwm
distribmtion af spectral weight is sironghy affected by the phatan esergy and
especially the experimental geametry, as a result of thie impact that
symmeiry has on the mairix elements’, According to LT caloulations,
thie Fermi sirface topabogy conclsts of & small doctron pocket derlved from
3z Mike states cemtrod ai the T polnt and x* - v "derived hobe packets
centred at the M paint ead splil inta twa by the hybridization between the
balayers® (L 1. Salrakarpi, 5, Rarbiclini, B, & Basil, A n
commaumicatinnh, We faund thal (data not dhaen | the small dectran pocket
enhanced whin the photan polarization vecar is
perpendicular in the mmple plane, walike in the cases dhawn harr, for which
the light polarieation vector lies in the sanvple plane divected abang the nedal
direcilon (whiic arrens ). This geomeury wis nenctheless weed hecawse ki glves
Eetter exposuse af the spectral welghe a1 Ep To better quantify the Ferml
surlaie, we muade use of the MDC analysis, which deniliics as Fermi
wavevectoes (W) the mmxiniun posi the moasemtsn distrilislban af
speciral weight @l Fg The resubl i shows in the inst, whene the Farmi
surfaoe conbo whrached wilh the M anal,

diffaromt phinton energies is compared (o the [1A oo tinns from ref. &
(black lined and ihe wark of Lin, H.. Sahrakerpi, 5. Bard ini, B, B Bansil,
A (persamal commiumication ) (grey line). Drespite an extensive search
lovelving the use of different photom energy andior experimental
geametries, we shserved ondy the x ' — v band dasest to the T palnl which
tracks the LT prediction extrensely well, giving ws contidence that sur data
are truly representative of e LSMTH canipousd.
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copper oxides, plots like those shown in Fig, 3 cannot discriminate
between the true Fermi surface (sharp quasiparticle) and the ghest
like Fermi surface with no quasipartide peaks. As indicated by
the spectral lineshapes for different cuts through the Brillouin aone
[Fig. 4}, sharp quasiparticle peeks are only found chese b the nodal
points (Fig, 4a—c), while the spectra near the antinodal points
[ Fig. 4f ) lonk quite sirmilar to the spectra for comesponding momenta
in the pretdogap state of underdioped HTSC or ina polason state a
exdhibited] in undoped inslating onpper eides such as uCh(l,
and Lo, Qe (refa 15, 200, As b the copper axides, the tea
from well-defined nodal gquasaparticle 0 the famt features
segments along the antinodal directions takes place vay ry
mamentum space.

T dllustrate the nodel-antinadal dichotomy further, we daow in
Fig. 4h and 4i the MI)C spectra corresponding 1o the nodal and
antimadal cuts denoted in Fig. 43 In contrase 10 the nodal MDC
spectra, which are sharply defined and dispersing, the antinodal
M spectra are dispersicomless for anergies 25 high as 100me\] &
behavieur which is almost identical to that observed in Ca,_ Na,
CulCly, further stressing the similarity to the nodal-antinodal
aichotemy in the copper odes'’. We searched extensivedy for the
presence of quasiparticle peaks with different phaton aergies and
experinental geometries, but did mot find am evidence of 2 quasi-
partiche peak other than along the modal disection within the
resolution of our experiments, lading s 1o conclude that
the quasapartiches along the straight Fermi surface segments m the
antimodal regions are suppresed below the detecton b, with
Ferma ares in the vicinity of the nodal points where discernible and
wdl -defimed quasiparticles exast,

These cheerations provide an interpretation of the transport
measurements. Relevant o il anatysis of the transport parameters
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i the strong mas enhancement of the quasiparticle, whiese fitting
yields a value for the effective mass i = 3,3am, *= Sy, where
e, denotes the free electron mass | Fig, ram the MG peak width
Ak at Ey we estimate the mean free path to be | = 1Ak = 25 Awhich,
when divided by the hare Farmi velocity™, vields a scattering, rate
of == 5.28fk Using these parameters in the Drude formula,
we ohtain an approximate value for the dectrical resistivity
a o'y == ah X 10 Bem, in fairly good agreement with
the in-plane resistivity valoe of ~2 % 10 * (em messured by trars-
port®, This vesult indicates that the tramport properties of this
compound are determined by the nodal quaspartichs and that their
lowee mohility g = ex'rr 15 respemable for the rdatively high value
{ for 2 metal ) of the e . Bxplaining the coexistence of metzlle
trangprt with the ghost-like strmght Ferm surface segments, the
presence of the nodal quasiparticles is thus a ey missing dement that
recomciles the metallic transport ]'unp-n'ri.-s wwith pl\'\'iﬂlli ARPES
mecasuremments in the hilaver manganites.

Chr findings demonstrare that the ferromagretic-metal lic ground
stae im the hiloyer manganites is fr frombeing the highly delocalized
roctl described by the texthook double-cxchange modd™’. Despite
the imimerse difference between their dectiomic structuse both at
lighe erergy (the lagge 18V “dlean’ dispersion in the manganite
wersas the sivall 00004 2% hare’ handwidtl and stong damipang in
copper vocides due to antiferrmmagrietiam | 2nd at low energy (fermo-
mzgnetism versizs superonnductivity), underdoped copper oxides
and layered manganites have a surprsmgly amdar mechamam in
commen that produce: the chamctenste: of 2 nodal-antmodal
dichotomous pseudngap metal. Metallic ferromagnetism and super
conductivity are entively different phenomena, s the characteristics
of the peewdogap metal clearly do not have a direct connection with

thesse proarad-state orders, although the underlying plsice may be
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Figure 4 | Hodal i space. a-f, EIC
correspanding te the cuts chewn in g The specinal welght of the well defined
quasipant de peak rapldly loces intensity while soving away from the sadal
direciizn. b, MIDC specira foe the satiandal; |, nodal cuts shown i |, The
jpresence af guasiparticle peaks abang the nedal dircctios asd their absence

aTe

\Waevecion, k1477

ahong the antinasdal sectinns of the Fermi swrface is mot related vo an
anlsatrapls distributlon of speciral ingensity dwe oo marrix element effecs.
This |z evident fram Flg, 3 which shows that there are reglons bn the parallel
Fermi surface sections that contain sireag speciral iatensiny, bul de noet yich
well-defined quisiparticle peaks such iz thoee dang the sode
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Figure 5 | l of the medal

The diti bive been collecied aloag the (08)-0%,5) nodil direotion with

iy e = 42 W and light polarzstion veotar lying in the semple
ith tesmperature af the hraid peak
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hard o Erack
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& and b—hecom

impartant for beth cases Instead, our Andings mdicate that the
sailutiom of the nodal-antinedal dichotomy paxde lies elsewdiers and
suggest the ocourvence of a phase which is ubiquitous in transition
metal oxides and theoretically poorly understood: the polamnic
rieta] with anisetropic hard strocture.

Althenagly the issue is ot settled for the copper mddes, there is no
doubt that for the manganites the slectron-plonon coupling is an
essential microscopac ingredient. The asence of the CMR effoct B
that at a temperature that is a ting fraction of the Fermi encrgy
the system turmns from o en-degenerate id inite a degenerate
(apparently “nodal’} Femi Lguid®. Scattering messuremients lave
prowided direct evadence that the high-temperature dassical lgquid =
formed from lattice: polarons™. These form in turn a strongly
correlated lauid phase, showing promounced short-range-odered
correlations™, The anset of ferrmmagnetism tips the balanee, via the
double .-xflnnsu machanism, in frour of a quantum coherent,
degenerate metal*, Ourdata suppart the notion that om mirm|1ir
scales this low-temperature metal i pot very differeot from the
high-temperature liquid,

Mdoreoneer, the local charpe-ordered comelatioms oheerved ar T-
seem to have & procussor alveady at remperatures a8 bow as 0K
(TIT == 0, 1i), discernible as the presence of the well-rested stright
sections of the Fermi surface. For this reason, the ferromagnetic-
rietallic grovnd state iy be referred to asan incipient’ precursos o
the charge-orderng date. The intigmng comelation between the
nesting claradenste of the antinedal ghost-like Fermt surface and
the sheerved clarge ordering may not be comeidental. In fact, ARPES
imvestigations of underdoped Ca; - N, CuO Ol for which checker
board charpe ardering has been reported
suasiparticles anly along the nodal direction and the intriguing
conrelation between the charge-ondering periodicity and the anti
noadal parallel segments of the ghest-like Fermi surface'”, To confim
this additiomal commemality with the copper oxides will require a
systematic study of the doping dependence of the Fermil surface and
change cormelations,

Our findings offer some guidanee for the development of a
theoretical uruderstanding of this msterdous metallic state. We

Te= 120K idh, which s concemitant with a meial-lnculaior transiiion
ratiire Terromigrctio-m e tallic grousd @it snd &b
temaperature paramagactic-insaliting phase, To cnoere reproducibilioy
thee dite dsd exclude the occurrence af any serdice dansage during the
myensnrements, the specira have hoan collected by hoth incnasing and
decreasing the lemperatune,

L !

have already emphaszed that the comventional metal theory (that
ir, the Migdal-Fliashberg theomry) has non-physical ramifications
when .|F||1Ii|~d toi the “sod ETETRY kinks' as shown in Fip | amd X
Instead, it makes more sense to imeke recent nesales from polarmm
theory'™"", For a single polaren the spectral function consists of 4
lonw-emergy “sero-phonon’ quasiparticle pezk representing, the centre
of mass of the quantum motion of the polanon, and a high-energy
incolerent resomance. 1t was revently demonstratied that in general
he ek pesition of the incoberent resonance has to track closely the
bare dispersinn® 17, This reflects the metions of the undressed
dectrom confined in the polaron clowd, and a similar picture bas been
suggesied for underdnped copper oxidis™.

In balayer manganites, the temperature-dependent evolution aff
the “peak—dip—humgp’ structure in the EDC (Fig. 5} offers an
apportunity o confinm that this interpretation of the high-cnergy
disparsion shewm in Figs | and 2 is indeed comrect. As expected
within this interpretation, upon increasing temperature the high
energy branch does not undergo dramatic changes, while
the quasiparticle peak disappears becanse the polarons lose the
coherence associated with the polaron centre of mass, The challenge
facing theory is to explain wiy the centre of mass sector (quesi-
partiched rums ivself inte a nodal” Fermi liquid elaracterized by the
Fermi ancs.

cxperimantnwers parformed on b ity xingle crystal of campe
Mg = Q14 LAWY prowen with the Homing: snas methad™. The

were carmed out om beamlims 10000 3% the Berkeky

MR

Aidvanced Light Source (ALS} using a & i Pali electron aealyser in the
angle mode, which allows speara 1o be recosded dmuhansously withis an
o 307 ar 147, We usad the W° : I i Fanfice mags
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LETTERS

Probing carrier dynamics in nanostructures by
picosecond cathodoluminescence

M. Merann S S.ndereg,ger.ﬁ Crnttlm S.Cnllln F. Renur_cl E. Pelucchi ,H Malh. M. H. Baler,E. Kapnn,

B. Deveaud' & 1.-D. Ganigre'

Proosecond and femtosevomnd spectroscopy allow the detailed
study of carrier dymanscs in nanostroctured asterials’. In such
experiments, a lsser pulse normslly exctes several manostructores
al once. However, spectroscopic information meay alu be acquired
using pulses from an electron beam in a modern electron micro-
wnpe, iting a ph called cuthodoluminescence.
This approach odfers several advantages. The multimode i
apﬂhilili:r. of the electron microscope enable the correlation of
propertics (via cathodoluminescence) with sarface mor.
;::;y[mnﬂ:welnﬂnmmld:]nlhemmmsmk The
broad encrgy range of the electrons can excite wide-handgap
materials, such as diamond- or gallionenitride-hased structres
that are not easily excited by conventional optical means, But
perhaps modt intriguingly, the small beam can probe a sdngle
sedected nanostructure, Here we apply an original time-resolved
cathodalwmi set-up o describe carvier d lcs within
single gallium-arsendde-hased pyhnichl matstruciies’ with a
time resolution of 10 picoseconds and a spatial resolution of
50 manometres. The Hlawmn'ufmdl d:uae carriers could be
usefuil for evahsati oom-

puters"’, optical III.I.I.I.I||III|'.| gjlu:“ ar single plmbm aﬂuma:"'" for

CTYpiogra
It is of primary |rn]x1|t.1nc\- in understand as precisely as possible
heowe the charge carriers behave in a single neno-object' ", Standard
optical techmiques, such as Ausrescence microscopy:, provide o spatizl
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resefution that rernains limited te 2 fraction of a micrometre. Meore
sophisticated tedhnigues, like near-fiekd optical microsaopy, can be
s o gain spectroscopic information at the 100-nanometre scale,
but div not moutindy provide adequate time resolution™ whien fant
secnndary signals, such as luminescence, have 1o be measured.
Marerwer, the performmances of ultrmviolet optics lrmit the wse aff
thise techinigues: to materials with a gap lower than 4240

Modern dectron microscopes represent a direct approachs for
d.-minirgmlﬁmmﬂmmnfmhwmirg TETETChUTeS
withi 2 spatial resolution of a fow nanometres. Using the cathodo
luminescence imaging mode, that i an excitation af the lumines-
cene vin the electron beam of the microscope, we gain acces to
spectrescopic information within a single nano-object and comre-
Latiom witl the surface morphology s straiglitfirward" . bMire than
vvers ago, Steckenboirn ef al " propesed a new set-up allowing the
addition of terporal resolution - cathodoluminescence. Beun
bilanking was achioved by deflecting the dlectron beam vy from
the ks of the dectron aptical column, wang 2 set of deflecton plates
Fren ol this expermental technique made 11 possible to obtain
mteresting resulis™ ), ab suffers from some disadvantages: the
bheam alvays sweeps the sample and the minimum puls: length is a
fevr tens of nannseconds. The semiconductor is then excited in steady
state and the temporal information is obéained during the decay of
the lwminescence only, with a temporal resolution not better than 2
few hurdred picoseconds

Figuee 1| Set-up, and spatial Indl.unpu:l
1 a, Schematic i

wmr fime-resnlved cathodalumyines: mece

systemn. b, Sevandary dluctran insages af poli

mausopariicles deposited on an amorphous

carbesn flm. The spatial resslution an such a

specimen is eelimaied (o be beiter than $6mm

The spatial resolution n secomdiry dectran

wnmle is maialy determsined by the siee of the

clatroa probe antn the spedimes. & Time-

I resalved specin ol @ GalN spednies at rones
mae of the signal,

i : temparal widlth of the shectron pulse i

| 1 estimaied b be ahowl 1 ps,

10
Scanning slaciton MCrscons
priragak il L]
Ima deay ipet
It iule al Searlum Hectionce and Fhalanice, Dools Pelplectriges Faceisls de Lavwinne, CH-BO1S Laseanna-EFFL Swilzsdend
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