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Fingerprints of the electron-pocket in cuprates have bégaireed only in numerous magneto-transport mea-
surements, but its absence in spectroscopic observatizes @ long-standing mystery. We develop a theoreti-
cal tool to provide ways to detect electron-pockets via gspecopies including scanning tunneling microscopy
(STM) spectra, inelastic neutron scattering (INS), andiengsolved photoemission spectroscopy (ARPES).
We show that the quasiparticle-interference (QPI) patter@asured by STM, shows additionag #ectors as-
sociated with the scattering on the electron-pocket, thahdn the hole-pocket. Furthermore, the Bogolyubov
quasiparticle scatterings of the electron pocket lead tecarsd magnetic resonance mode in the INS spectra
at a higher resonance energy. Finally, we reanalyze some 88/ and ARPES experimental data of several
cuprates which dictates the direct fingerprints of elecfrockets in these systems.

PACS numbers: 71.18.+y,78.70.Nx,74.55.+v,79.60.-i

INTRODUCTION guasiparticle dispersion.[12] Again in the pre-formed S@p
ing theory of the ‘pseudogap’, one would predict that a gng|
c —oxide hiah-t i duct | large hole-like FS persists at all dopings, with SC fluctuasdi
opper-oxide nhign-temperature superconductors evo Vguppressing spectral weight in the antinodal regions,hgav

from a Mott insulator to the superconducting state througkh Fermi arc.[13] Such a model would predict a hole-like sign

an gnknown ‘p‘seudogap’ ,phase. Many competing orde f the Hall coefficient at all temperatures,[14] incompkib
origins of the ‘pseudogap’ have been proposed, some

hich lead to a Fermi surf FS truction into hol ith the observed sign changing Hall-effect[7, 8] and Nerns
which lead to a Fermi surface (FS) reconstruction into ho €and Seebeck measurements.[4] An alternative approact usin
pocket and electron-pockets.[1-5] Hole-pockets are tkdec

a density wave picture of the pseudogap has been successful

in many experiments. On the other hand the existence of ele(.[:ﬁ explaining many aspects like the behavior of quantum os-

tron pockets has been overlooked for the past twenty year&llations, Hall, Nernst and Seebeck effects,[1, 2, 5, %] a
and only re.cently h_as been pr.op(.)sed by Hall-effect, dUaNARPES, STM and neutron scattering.[16-18] Some charge-
tum oscillation at high magnetic field, Nernst and Seebec'%rdering is observed with applied magnetic field,[19] hoerev
measurements.[4, 6-8] In pqrtlcu_lar, . Hall-effect measurey, associated vector and its stake on the origin of electron
ments have revealed a negative sign in the Iow-temperatur&ocket is vet unk
. L : yet unknown.
Hall coefficients which is taken as a signature of electron-
like quasiparticles on the FS.[6] The Hall-coefficient imtfa ~ To find signatures of electron pockets, we model the
changes sign from negative to positive with increasing emmp pseudogap as a spin-density wave (SDW) state which
ature but belowl™, suggesting the coexistence of both elec-leads to the FS reconstruction into hole and electron
tron and hole-pockets on the FS. Shubnikov-de-Haas (SdH)ockets.[16]. The signature of magnetic order has been
experiments in YBgCu;Og 5 and YBaCu,Og (YBCO) also  recently obtained in the pseudogap region in YBCO via
argue for the presence of closed FS pockets, with slope sugpin-polarized neutron diffraction[20, 21] and muon spin-
gestive of electron-pockets.[7, 8] This observation nemei relaxation measurements.[22] Using this model, we find that
further supports from the Nernst and Seebeck measuremer(i the QP! pattern seen in STM exhibits 7 new-vectors
which have been shown theoretically to be consistent wih thwhich evolve in a qualitatively different way than the ones
coexistence of electron and hole-pockets.[4, 5] The qoiesti expected for a hole-pocket; (ii) similarly, the INS measure
arises,if an electron pocket is present on the FS, are therements also display an additional resonance peak in the spin-
spectroscopic fingerprints that can detect it directly@r ex-  excitation spectrum in the SC state coming from the eleetron
ample, ARPES which directly measures the single-particlgpocket; (iii) furthermore, in some doping regions ARPES FS
spectral weight, has so far been unable to convincingly sepspectral weight data reveal two peaks at the nodal and antin-
arate out the presence of an electron-pocket from a full-parsodal points with a dip between them which suggests recon-
magnetic FS. struction of the FS into hole and electron pockets, respec-

Many theoretical proposals have been put forward to evaely; (iv) we also demonstrate several key propertiebiese

plain the FS topology in cuprates,[1-3, 9—11] however, a Conthree spectroscopies which quantitatively and unambigiyou

sistent picture to describe both the bulk measurementsend ¢can establish the presence of an electron-pocket on the FS.
spectroscopies has yet not been achieved. Within astrangco The development of electron pocket in hole doped cuprates
pling scenario, the holes, doped into the parent Mott irieula  is doping (and material) dependent. In fact, in YBCO theee ar
create in-gap states at the Fermi level without a well define@ther band-structure properties such as CuO chain state tha



can serve as electron-like FS.[23] In the overdoped regfien, (a)
FS consists of a large hole-like FS centeredat= (r, ).
At strong underdoping, a pseudogap opens in the region of

~|Hole (b)
pocket o q"y

] ”
momentum space ne&r= (m,0) and(0, 7), leaving a hole- § § :
pocket or ‘Fermi arc’ at the nodal poit = (m, 7). These & = g g.. oo rei
hole pockets are observed directly by ARPES and are consis-;_]:’ S| ele, ’ ° o '
tent with STM and many other experiments. With increasing o T o

doping, as the pseudogap correlation weakens but remains fi-
nite, the bottom of the conduction bandfat= (r,0) and

05

Electron 3 iq% (c)

(0, ) drops down below the Fermi level producing an elec- o5 ' pocket 1. g &
tron pocket at some critical doping, even without the appli-— (d)_ o (&) "‘;.) q
cation of any external magnetic field (see Appendix for the™ EQ")E E \\ (l“7l } § § . p f‘l":.
details of the evolution of the FS). A small gap persists in .| - : : E - ' - E Q“.'“'i““‘“;"‘e'z‘;“'.'
the regions where the bare FS crosses the magnetic Brilloui’ Do i ; 1 ; Sd 5 | a9 iy
zone [marked by a dashed line in Fig. 1(a)]. As the electron<a ; i : 1) H o« 6 EE
pockets are expected to form in the doping range where the | 1:igi i "-i-"thi q* o o

FS crosses over fro.m.sma}ll pocketto large FS, spectrggopi%,_l) ¢.[2/a] (0,1)(-1-1) 4x=dy (1,1) " 7. T2nla]
need guidance to distinguish a pocket from a full hole-like F
Therefore, we provide a careful analysis of the spectrdscop FIG. 1. (Color online) Schematic QP! pattern for electrortkpo
details to illustrate how to observe the electron-pocket. ets. (a) Sketch of hole-pockets (red lines) and electrarkets (blue

In the superconducting state, the-wave pairing re- lines). The front sides of the two pockets (main bands) assvdr
stricts the coherent Bogoliubov quasiparticles to movenen t here, where the induced shadow bands are not shown. Opéiring o
k—space of the electron and hole pockets, see Fig. 1(a). T%—Wave SC gap on these pockets is shown in color shadings in one

. . L quadrant of the FS. The seven QPI vectors connecting eightiel
scattering process of these particle-hole excitationdslda bright spots on a constant energy surface on the electrdkepace

many observable features, like the elastic scattering&®f t snown by arrows of various colors. The contrast between e Q
Cooper pairs seen as a QPI pattern in STM.[24] Similarly, in-vectors associated with the hole-pocket and the electooke is il-
elastic scattering between particle and hole Bogoliub@sigu lustrated for one vectag.”© only, while the same for other vectors

particles leads to a scattering profile as revealed by IN§.[2 follows similarly. (b) A view of a constant energy QPI map afié
The QPI and INS patterns generated by the hole-pocket a,@clfet. origin is contrasted with the same from. an glectrocr:kpb
well studied in cuprates.[26, 27] Here we study how these pa rigin in (c). Arrows of same color point to the direction b&tmo-

. o ion of eachg—vector with increasing energy. (d)-(e) The dispersive
terns evolve naturally to include contributions of the #iec behavior of the QP! vectors in the — w phase space is schemati-

pocket. cally shown along the high-symmetry lines of (100)-direwtin (d)

The rest of the paper is designed as follows. In Sec. Il, wend along the diagonal direction in (e). The red and blue dracind
give the results of the QPI pattern in the electron pocket reshadings differentiate the hole pocket and electron pomgibns.
gion and contract them with that of the hole pocket regionAll the QPI vectors show kinks in going from the hole pockettte
The corresponding INS result and the development of a sec&lectron pocket energy which is an indicator of the presefdae
ond resonance mode is givenin Sec. . Finally, we re-arely electron pocket on the FS.
some of the ARPES data to point out the experimental evi-
dence of electron pocket in this measurement. Appendix A is
devoted to the SDW model and the calculation details of QPhole-hole scattering” vectors. No elastic scattering features
and INS spectra. In Appendix B, we present more results ofonnect electron and hole pockets as they have differest-qua
QPI pattern for the paramagnetic case (overdoping), and fgparticle energies. The definitive distinction between the t
hope pocket only (underdoping) and electron plus hole pockepockets can be marked by the values of two high symmetry
(optimal doping). vectoquQ’e and q?"e. qg connects equivalent energy points

on two hole-pockets along the diagonal direction. As thehol

pocket terminates at the magnetic zone boundary at which
SCANNING TUNNELING MICROSCOPY qh = (m,m), therefore, ifgh continues to grow abover, ),

it must come from the electron pocket. Similargy [along

Figures. 1(b) and 1(c) contrast the QP! patterns at two repthe (100)-direction] will attain its maximum value equate
resentative quasiparticle energies at which the Coopergai  reciprocal lattice vector of2r, 0) and (0, 27) at the highest
sides on the hole-pocket (lower energy) and electron pockétnergy of the QPI pattern.

(higher energy), respectively. There is a qualitativeatéhce In addition, one requires to pay attention to the energy de-
in the overall QPI pattern at these two energy scales. Firspendence of the QPI vectors as well as their associated in-
since scattering is purely elastic, appearance of an electr tensities. Due to the van-Hove singularity at the antinodal
pocket leads to new features in QPI that correspond to 7 agsoint as well as the discontinuous jump from the hole-pocket
ditional electron-electron scatterig vectors in addition to  to the electron-pocket FS, one expects a ‘kink’ in the energy
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dependence of each QPI vector, see Figs. 1(d) and 1(e). Agvectors are associated with the shadow bands, which are
the ¢ vectors reach the top of the hole-pocket [i.e. whennot relevant for the present study.

gs = (m, )], the Bogoluybov scattering of these vectors van- The most interesting feature of the QPI happens above the
ishes and they become merely FS nesting. Thereforg/all pseudogap energy scale which separates the electron pocket
vectors shoot almost vertically upward but with diminighin from the hole pocket. New—vectors develop due to the Bo-
intensity. Nearly at the same energy, the Bogolyubov seatte goluibov scattering of the electron pocket. TheSevectors

ing on the electron pocket turns on agtivectors appear on are practically the continuation of ths above the magnetic
the QPI pattern. Unlikg"s, g°s disperse slowly with energy zone boundary but with different slope and intensity which a
but the associated intensity begins to rise again. Thezeforrelated to the curvature of the electron pocket and the &ssoc
not only the magnitude of thg® vectors as discussed above, ated van-Hove singularity. The resulting constant energy Q
but also the expected ‘kink’ in their dispersion and their as maps are shown in Figs. 2(e1)-2(e2) with very distinct inter
sociated intensity will serve as quantitative and unamdnigu  ference patterns compared to the hole pocket [compare with
marks for the presence of electron-pockets. Figs. 2(d1) and 2(d2), respectively]. In the electron pocke

To demonstrate how the electron-pocket leads to a differgions, onlyg{ disperses towarg = 0, whereas the others dis-
ent set of QPI patterns, we calculate the QPI spectra in perse away from the magnetic zone boundary to the reciprocal
coexisting uniform phase of SDW induced pseudogap andinit cell boundarygs, ¢<, ¢5. ¢§ approach each other forming
d—wave superconductivity.[16] We concentrate on YBGO a squarish profile centered@t= (7, ) which is present at all
where the band dispersion is obtained by the tight-binding fi energies. Alsog$, ¢¢ approachy = (27, 0) and its equivalent
ting to the first-principle calculations. Based on this grdu k-points. We emphasize that the most robust features signal-
state, the self-energy correction due to spin and charge fluéng the presence of the electron pocket will be the values of
tuations is computed within a self-consistéfi’-model [see ¢35, g5, ¢¢ in thatqS > (w,7) at the beginning of electron
Appendix ].[17] The lifetime broadening due to the imaginar pocket whereags, ¢¢ reach the zone boundarg+, 0) [and
part of the self-energy helps create ‘bright-spots’ on thie-c it equivalent points] at the top of the electron-pocket.
stant energy single-particle spectra. At any energy in ie S The intensity of each” andq® vector follows closely to the
state, we have 8 ‘bright spots’ due #le-wave symmetry as density of states (DOSs) as shown in Fig. 2(c). Both the DOS
shown in Figs. 2(f1), 2(f2), 2(g1), 2(92) at four represéimea. and the QPI intensity grow linearly withF|, demonstrating
energy cuts below the Fermi level. & = 0, the ‘bright-  d-wave pairing symmetry and the particle-hole symmetry in
spots’ are concentrated at the nodal points (not shown) antthe Bogoliubov quasiparticles even in the pseudogap stake a
with increasing energy, they move towards the antinodal dialso under the influence of many-body effects. Above the tip
rection. The locus of the ‘bright-spot’ is always restritte of the hole-pocket, the intensity drops in the pseudogap en-
to move on the normal state FS and takes the form of wellergy region and then it rises again sharply up to the tip of
known ‘banana-shape’ in the low-energy region (on the *hole the electron pocket. Experimentally the first peak in initgns
pocket’); see Figs. 2(f1) and 2(f2). As the ‘bright-spot&’ h is well documented for underdoped samples while some evi-
the magnetic zone boundary [green dashed line], they moveence of the second peak is seen in overdoped Bi2212 [see for
to the electron-pocket region, see Figs. 2(g1l) and 2(g2). example Ref. 29].

We calculate the QPI pattern asB(q,w) ~ We summarize three robust signatures that help unambigu-
> Im[G(k,w)G(k + q,w)], where G is the 4 x 4  ously differentiate the presence of the electron pockenfro
Green'’s function in the SDW-SC state. At= 0, g andg? the hole pocket or paramagnetic full FS (see appendix for
are the same vector connecting the nodal points. As shown idetails). (1) In the dispersion relation of the QPI vect®s a
Fig. 2(a), with increasingE|, g gradually shrinks whereas shown in Figs. 2(a) and 2(b), all thgvectors stop dispersing
q? grows-both very much linearly with energy, coming at the tip of the hole-pocket. Only for the case of an electron
from the linear dispersion of the nodal quasiparticles. Apocket, new QPI vectors appear which extend te (27, 0)
similar linear dispersion is evident in the behaviorgdf, 7 and its equivalent points along the (100)-direction or @&ov
in Fig. 2(b): gl starts fromg=0 at E=0 and increases to a q = (,7) along the diagonal direction. Furthermore, to dif-
maximum value less thafr, ) in all underdoped cuprates ferentiate an electron pocket from a paramagnetic full Fg, o
while g3 starts at a finite vector slightly belogr,7) and needs to pay attention to the break in the slope of the QPI
reaches(w, ) at the edge of the HP. The resulting QPI vectors going from the hole-pocket to the electron pockt. (
pattern at this energy is shown in Figs. 2(d1-d2), and agreeSor constant energy scans, the QPI profile becomes essential
qualitatively with the experimental results of Bi2212]28 energy independent above the tip of the hole-pocket; for ex-
Above this energy, al” vectors become normal-state FS ample, wheng? = (,7) stops dispersing. In contrast, in
nesting, and bend backward with much less dispersion whiléhe present case of an electron-pocket, the new QPI pattern
the associated intensity gradually diminishes. Thereforeforms with two distinguishing marks that; > (v, 7) and
in the absence of an EP, one can expect the QPI pattern gf = (2m,0) at the tip of the electron-pocket. (3) The in-
remain very much same as a function of energy but with muchensity of the QPI vectors as a function of energy shows two
broadened peaks due to the lack of Bogolyubov coherenadistinct peaks in the case when both electron and hole pocket
peaks. The other weak-intensities apart from the leading @re present on the FS. Lower energy peak occurs at the tip of
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FIG. 2. (Color online) Computed QPI pattern due to the etecpocket. (a)-(b) The momentum-energy dispersion miatf the QPI pattern

is drawn along (100)-direction and the diagonal one, rasmdy. In these two high-symmetry directions only four QpPVectors appear as
highlighted by dashed lines. The dots are the experimeatalaf Bi2212 in an overdoped samfle = 75K for the sameg vectors generated
from the hole-pocket, plotted only in one direction for @af28] These experimental data are shifted alonggitérections byAg = 0.08(2)

to reconcile the fact the FS areas for Bi2212 and YBCO (thearg different and the energy axis is scaled®ypco/Apiz2iz = 2.23,
whereA is the SC gap. At the termination of the hole-pocket both #peement and theory consistently reproduce the non-disggenature

of the hole-pocket QPI vectors. The QPI vectors from thetedagpocket appear in this energy region. (c) TheoreticaBDRlack line, and
the intensities of various QPI vectors (see legend) exhibite-to-one correspondence with each other. All the spegtribit linear-in-energy
dependence coming from tlle-wave nature of the SC gap and have two characteristic pedke #p of the hole-pocket (low-energy peak)
and at the tip of the electron-pocket. Computed QPI pattiertise two-dimensional momentum space at four energy valigdg and (d2)
correspond to the hole-pocket while (e1) and (e2) are odbxdkiim the electron-pocket region. (f1)-(f2) and (g1)-(gReTsingle-particle maps

of ‘bright-spots’ in thek—space of the Bogolyubov quasiparticle are plotted at theesamergy values at which the QPI maps are calculated
in the corresponding upper panel.

the hole pocket at an energ/| < |A| while the second peak ubov quasiparticle scattering dominates in the spin-atioit
happens at the tip of the electron pocket exactlyFat= |A|.
In the absence of an electron pocket, only the first peak wilsusceptibility whose non-interacting part ig (q,w,) =
be present whereas in a paramagnetic ground state only t@k,n Im [G(k,iwn)G(k+q,iwn+wP)] , Wheren is the Mat-
second peak will show up.

INELASTIC NEUTRON SCATTERING SPECTROSCOPY

dispersion.[25-27] INS measures the imaginary part of the

subara frequency index, see Ref. 18. In the SC stgterises
from the inelastic scattering of the Cooper pairs (many body
effects which are incorporated in the random-phase approxi
mation shift the energy scale of the spectra to a slightlyelow
energy; nevertheless the overall shape of the spectruntis no

We turn next to the low-energy INS spectra in Fig. 3’greatly changed). Therefore, the spectrum is dominated by
mainly in the region beloww < 2A where Bogoli-

scattering by bright spots, similar to QPI but connectiray fe
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FIG. 3. Magnetic resonance behavior in the electron-podieggtSchematic representation of the inelastic scattgringess of Bogolyubov
quasiparticles on the electron pockets. The out-of-pl@deand blue shadings along the energy axis gives the supkrctimy gaps with

d—wave symmetry. The solid arrows of same colors as in Figuepfiesent the same scattering vectors but here in the pahnité channel.

The dashed lines of same color are the same scattering dednuterom the electron pocket to the hole-pocket and viasaze (b) The

scattering pattern expected at an energy correspondirfgeteléctron-pocket. (c), The computed INS spectrum in tHe-pocket region

is shown below the first resonance in (c1) and at the resonan@?). (d) The spectra at three energy cuts above the fissinence in

the electron-pocket region. (e) The INS data of YBC&ong (100)-direction at the same doping= 6.6 at which quantum oscillation
measurements predict electron pockets. The magenta ad@golvs point to the two resonances coming from the holégtcand electron

pocket, respectively. (f), Computed magnetic resonaneetspalong (100)-direction and diagonal direction in motum space, respectively.
Solid and dashed lines of different colors are guides to yfeefer different scattering branches, coming from scattgbetween electron-
electron pocket and electron-hole pocket respectivelye dbits are the experimental data, extracted by tracing thk pesitions in the

constant energy cuts of Neutron spectra shown in (f1). (@ Mlomentum integrated resonance intensities are showntégration along

(100)-direction (cyan), along the diagonal (gold), andtital (black). The computed results agree well with the expental data for the
same sample.

tures above and below the Fermi level. Among/7 vectors  scattering, the coherence factors of both the supercoinguct

in the QPI pattern discussed above only four vectors particistate and SDW state play a major role here.[18, 25] The sign

pate in the INS spectra, see Fig. 3(a). Furthermore, owing tehange of the superconducting order at the ‘hot-sppft.e.

the selection rule associated with elastic scatteringslid,S A, = —Aj44, is a crucial for finding non-vanishing contri-

q" andq® are always energy resolved. But in the INS spec-butions to the INS spectra. SDW order with a modulation vec-

tra the separation between the two energy scales becomes dbr Q = (7, 7) provides an additional coherence factor which

scured due to the turning on of inter pocket inelastic scatte leads to a gradual increase of intensity of the INS spectea as

ing. We denote the corresponding electron to hole pockét scaapproaches).

tering channel by;*" as shown by dashed lines of the same

color in Fig. 3(a). The resulting constant energy INS profile In the hole pocket region, our calculation correctly repro-

in the SC region is sketched in Fig. 3(b). duces the magnetic resonance peak.dt,, Q) (magenta ar-

rows in Figs. 3(e), 3(f) and 3(g) and both the downward and

In addition to the energy and momentum conservation prinupward dispersions of the ‘hour-glass’ pattern.[18, 23-B&#

ciples associated with the inelastic Bogoliubov quasigiart low the resonance, the magnetic scattering of the Coopes pai



also yields the maximum intensity in the bond direction, see
Fig. 3(cl1). In the absence of the electron-pocket, the INS in
tensity maxima rotate by 4%owards the diagonal direction
above the resonance energy, again consistent with the hour-
glass phenomenology.

In the presence of the electron pocket, the INS pattern ex-
hibits several distinguishing characteristics which carsép-
arated from the usual hourglass pattern of the hole-po¢kket:
The intensity profile in the constant energy surface hostkpe
both along the bond direction as well as along the diagonal di
rection above thér, 7)-resonance, see Figs. 3(d1), 3(d2) and
3(d3). (2) An additional resonance energg,, > w’., is
observed along the bond direction in Fig. 3(f1), and in the in
tegrated INS intensity in Fig. 3(g). The presence of two eso
nances is also theoretically calculated for iron-pnictdper-
conductors, although the the differences in the FS topology
and the pairing symmetry between these two classes of super-
conductors make the details of the resonance spectra logpk ve
different.[30] (3) More resonance branches appear in tf& IN
spectra although weak in intensity, in Figs. 3(f1), 3(f2).

The experimental results of YBGQ shows clear evidence
for the second peak as shown in Figs. 3(e) and 3(g). The en-
ergy scale of both the resonances are set by the SC gap am-
plitude asw,.s = 2|Aggx| Wheregy, = [cos kya — cos kyal/2
is the structure factor of thé,-_,» —wave pairing. We have = )
used the ARPES value of SC gap magnitdsle = 30 meV o= 0.125 i | Overdoping
from Refs. [29, 31]. The two energy scales are determined by 0 k. [2n/a]l 050 k. [27/a]
the position of the corresponding ‘hot-spot’ momentum galu
on the FS. The first resonance occurg§)awhere thegs vec-  FIG. 4. ARPES observation of electron pocket. (a)-(b) Cotegu
tor connects the ‘bright-spots’ at the tip of the hole pocketsingle particle spectral weight in the normal state at thenfr&evel
which givesw, = 40meV. The second resonance occursWhich gives the impression of a FS. In (a), only a hole-podget

- : . present at the nodal point while both the electron and hoteket
W?en_qg touches thehBrll_Ioum zorlle Ibo.undahry which .ylelds are present in (b). All the calculations in the present maripisare
wres = 5MeV. Note that in our calculation, the two spin reS'FE)erformed for the FS in (b). We extract the FS informatiomfro

onance energies have a direct relation to the peaks in the QRhe experimental data of STM and INS presented in FiguresiBan

shown in Fig. 2(c), where the spin resonance peak occurs aéspectively which are plotted as open circles on top of lieery.

twice the energy of the peak in the QPI intensity. (c)-(f) The experimental data of Fermi surface as a funatibnole-
dopings and material. The presence of the electron-ponkel)(f),
at the antinodal point can be identified by comparing the saitre

ANGL E-RESOLVED PHOTOEMISSION SPECTROSCOPY (c) which hosts only a hole-pocket. The data in (c)-(d) isaoted
from LSCO,[32] while (e) is taken from Na-LSCO[33] and (f)fa

) ) an overdoped TBCO sample[34].
The same information on the presence of the electron

pocket can be directly obtained from ARPES. ARPES

measures the single particle spectral weightk,w) = L
—ImG(k,w)/x. In Fig. 4, we provide some evidence for the @S the pseudogap grows along the same direction but spreads

presence of the electron pockets in the ARPES data. over a Iarge_r energy_and momentum region. This result is
In the strongly underdoped cuprates where the pseudogéi?ns'Stent with e>_<per|ment in a deeply underdoped sample of
is large, it gaps out the whole antinodal region above thd->CO as shownin Fig. 4(c).
magnetic zone boundary. Thus electron pockets disappear Therefore, in order to identify the electron pocket at the
from the FS and only the hole-pocket is present, as showantinodal point, one needs to pay attention to the spectral
in Fig. 4(a). It is interesting to notice that even in the tletie ~ weight. In the near-optimal region close to the quantuni-crit
cal spectra, there is a finite incoherent spectral weighgare  cal point, the electron pocket appears at the Fermi levad-le
away from the hole-pocket which traces the underlying uning to coherent spectral weight at the antinodal point asisho
gapped FS. This is the effect of the imaginary part of the selfin Fig. 4(b). Looking at the experimental data for dopings
energy correction which is calculated to be quasi-linedn&é x = 0.07 — 0.125 of LSCO in Figs. 4(d)-4(e) and in an over-
low-energy region. As a result the residual spectral weightloped sample of TBCO in Fig. 4(f), we see that both the hole
gradually decreases from the nodal to the antinodal regionand the electron pockets are present in this doping range. Es

K109y, Juasalg
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pecially, the spectral weight maps of the FS in Figs. 4(d) andspin-density wave model for electron and hole pocket formation

4(f) have peaks of comparable magnitude at both nodal point

and antinodal point while it is suppressed in between these \we use the tight-binding parametrization of our first-

two points. In the case of an ungapped full FS, the spectradrinciples band structure of the antibonding band creaged b

weight is expected to be coherent and similar at each Fernpypridization between Ci,-_,» and Op orbitals as our start-

momentum, whereas as discussed above, when only a halgy point. The FS reconstruction is modelled due to SDW

pocketis present the spectral weight gradually decreases f  which coexists with the,» _,. —wave superconductivity.[16]

the nodal point to the antinodal point. Therefore, the expenynhile we choose aﬁ’w)_r‘nodmaﬂon of the SDW, the re-

imental results in Figs. 4(d)-4(f) convincingly establiste  syits are general and are reproduced by charge density wave,

presence of the electron pocket in the vicinity of optimabdo  4-density wave, or flux phase as long as the modulation vector

ing for these two materials. Q is same, as demonstrated earlier in Ref. 16. Furthermore,
The procedure of inverting the QPI data to reconstruct thex two-dimensional stripe model with incommensurate mod-

single-particle FS is well known[18] and following the con- ulation along the diagonal direction also predicts the @ex

ventional procedure, we find that the FS constructed from théence of electron and hole-pockets in addition to other open

experimental data of QPI maps used in Fig. 2 lies reasonablySs.[2, 5, 15] Our obtained results of the QPI, Neutron and

on top of the theoretical data. Note that the existing experiARPES spectra are equivalent and reproducible as long as an

mental data has not yet been analyzed with the notion to iderelectron pocket is presentft, 0)/(0, 7) —points irrespective

tify the electron pocket. Similarly, we extract the FS from of its microscopic origin.

the INS data of YBCO shown in Fig. 3 and the result agrees The Hubbard-BCS Hamiltonian in momentum space is[16]

well with the picture of coexisting hole and electron posket

as shown in Fig. 4(b). H= ZékCLyaCk,a +U Z CL+q7¢Ck,TCL,,q7¢CkI,¢
Finally we comment on the difficulties of ARPES to ob- ko o.ke!

serve the electron pocket. As mentioned earlier, electron- + Awcl el (1)

pockets are expected near the quantum critical point of the k

pseudogap at which the SC gap still survives. In this dop- n _ . . .
ing region, a typical phase diagram shows that the pseudogéﬂﬁhereck,_o(ckﬂ) is the electronic creation (destrugﬂon) op-
transition temperatur&* < T, for most of the cuprates.[31] ©'ator With momentunk and spinc = =+. & is the
Furthermore, in the SC state, the electron pockets, beisig po f_ree particle dispersion.U is the Hubbard onsite interac-
tioned at the antinodal point are fully gappeddywave su- tion term ch_osen to be 0'86_6\_/‘ The valuelofs much re-
perconductivity and therefore, ARPES can not detect it. WWhe duced from Its value at half-filling due to screening as calcu
temperature is increased abadVgto close the SC gap, the lated earIT|er in Ref. [16, 17], The SDW ‘.’r‘?'er paramﬁ%
small pseudogaps are also nearly closed, so the hole pocketk.o U,Ck+q-,ackv">, ~ (,)'08 is treated within self—coq3|stent .
and electron pocket disappears, and a full metallic FS formsrne‘"‘r"f'eld approximation. The BCS superconducu_ng 9ap 1s
On the other hand, quantum oscillations are performed in hig 2% = Ao[cos (kza) —cos (kya)]/2., whereAo=30meV is the
magnetic fields at which superconductivity is suppressed, a experimental gap parameter for YBg@taken from ARPES
the electron pocket becomes exposed. Additional complicagata'[zg’ 31] ) ) , ,

tions can arise since ARPES and STM are sensitive to the 1€ corresponding single particle x 4 Green's func-
surface states as well as to so-called ‘matrix-elemergos tion is constructed from Eq. 1 which includes Umklapp part

which could also explain failure to see certain portionsheft 1M SPin density wave and anomalous term coming from

FS at particular experimental conditions. thg_SC gap.[16] The QPI maps .and non-lnteractlng.suscep-
tibility are calculated as convolutions of the Green'’s fiimt

B(q,w) = >, Im[G(k,w)G(k + q,w)],, andx(q,w,) =

>k Gk, iw,)G(k + q,iw, + wp).

We calculate the self-energy due to all components of fluc-
tuations along the spin and charge degrees of freedom within
self-consistent GW-approach[17]

In conclusion, we present the detailed spectroscopic analy o
sis of the EP that will allow both single particle (ARPES) and Y(k, 0, iw,) = Z/ %G(k +q, 0w, + wp)
two particle spectroscopies (STM and INS) to detect EPs that q.0 70 2
are pos_lted to be presen_t near optimal doping. The_se simple <T(k, q,w,wp,)W(q,w,). )
qualitative features provide a sharp contrast to a simple HP
models and hence offer a direct test of their presence. Th#@/ is the fluctuation potential obtained within random-phase
simplest model that has EPs is the SDW state with coexistingpproximation (RPA) ad/2nUx"%;p 4, Wherex%p 4 is the
HP order. Even with this simplified model we find significant imaginary part of the RPA susceptibility of transverse spin
spectroscopic features that allow qualitative and quatité  (n = 2), longitudinal spin{ = 1) and chargei{ = 1) correla-
determination of the EPs in cuprates. tions functions. Finally, the vertex correction is approaied

CONCLUSION



o ‘ (a) &>’3 U (b) QPI calculation
3 )
2 =
g ::D OEREEETEEEEPTERE STM measures local density of states which is Fourier
g PG \} s F transformed into momentum space to obtain QPI maps. The
S o E Insulator local density of states in response to a local scalar saadter
X M potential is defined as
Hole doping — r X M I
I 3
Eﬁ © @ p(r,r,w) Z m{ r rl,w)V(rl)G(rl,r,w)} 3)
()
5 U U - Zlm [G(k,w)c(k',w)
2]
ko] F
= ik.(r—r1) ik’.(r1—r)
Z | up _OPT-OD X Z e V(ri)e ]
I X M I' T X M T 1 _
M - Z 1[Gk, )G (k + q,0) 7V (q)|.
) ey

(e) 7 N
d % d % = Z V(q) {Im G(k,w)G(k + q,w)] cos (q.r)
k,q

Q ﬁ ’—|—Re[G(k,w)G(k—|—q, w)] sin (q-r)].
(4)

FIG. 5. Schematic evolution of hole pocket to electron+humleket.

Y : . _
(a) Schematic phase diagram of hole doped cuprates. Thi¢ afeta E.ereilq — kt i : tlf? tk::e Ca_setof anfonSItet_potepttrI]HI(lq) Isiv.
the relative doping dependence of the pseudogap and thecenpe inally, we take the Fourler transformation of the localsign

ducting gap is material specific. (b) SDW induced dispersigmalf-  Of states to obtain

filling. (b)-(c) The dispersions at finite dopings which lead-ermi iqr
surfaces given in (), (f) respectively. (b) Hole pocketrFiesurface Z € r,w ®)
in underdoped cuprates. (c) Hole+electron pockets whicistitote
the Fermi surface near optimal doping. -V Z (cos(q-r)+isin(q-r))

xZ[Im )G(k +q',w)] cos(q’ - r)
within Ward’s identity asl’ = (1 — 9%'/dw),. The calcu- ) o,
lation is performed in real frequency space using analltica + Re[G(k,w)G(k + d',w)] sin (q 'r)] (6)

continuationiw,, — w + 4.
NVZ[Im )G(k + q,w)]

Fig. 5 schematically demonstrates the evolution of the-elec
tron poc_kgt as a function of doping in hole dpped guprates. + iRe[G(kw)G(k + q’w)]}_ @)
At half-filling, strong SDW order opens up an insulating gap
as shown in Fig. 5(b). Doping reduces the strength of then the above equation, we have incorporated the local field
pseudgap interaction, see Fig. 5(a). With hole doping, thepproximation which implies ", o €08 (q-r)cos(q'.r) =
doped holes accumulate at the top of the lower SDW banq o and Zr , cos (q.r) sin (¢’ r) — 0. The summation
[red line in Fig. 5(c)], which give rise to a hole pocket at is carried out over the entire reciprocal space but relaxing
the nodel point as shown in Fig. 5(e). Near optimal dop-the Umklapp scattering condition to mimic the experimental
ing where the pseudogap is very small, the bottom of theyrocedure.[35]
upper SDW band drops below the Fermi level arokne-
(£7/a,0)/(0,£7/a) in Fig. 5(d). Thus an electron pocket
appears as shown in Fig. 5(f). In this doping range the pseusomparing QPI mapsfor paramagnetic state with the only-hole
dogap opening shifts its location to the ‘hot-spot’ regian b pocket and hole+electron pocket states
tween the hole pocket and electron pocket. It should be noted
that the magnitude of the pseudogap can be so small in this In Fig. 6, we compare the evolution of the QPI patterns
region that it may be overlooked due to the large superconin the case of a paramagnetic ground state, hole-pocket, and
ducting gap for materials like Bi2212 or YBCO. With suffi- coexisting electron+hole pockets. As mentioned in the main
ciently large magnetic field when the superconducting gap isext, there are several distinguishing features to unambig
suppressed, the electron pocket becomes visible in quantuausly identify the electron pocket that will show up collec-
oscillation or Hall effect probes. tively in the dispersion, intensity, and constant energfife
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FIG. 6. Comparison between the QPI patterns of paramagh#itieS, hole-pocket FS, and coexisting electron and holekpbFSs. Three
horizontal panels separated by boxes of different coloss thie evolution of QPI patterns at the same energy and memectits but for three
different FS topologies. (al), (b1), and (c1) are plottemhglthe (100) directions of the QPI profile whereas (al), @) (c2) are the same
but along the diagonal directions. The QPI patterns and ehesponding constant energy ‘bright-spot’ profiles amdtptl at two different
energy cuts in the third and fourth columns. The energy wkie = 25meV andE2 = 55meV are kept same for all three cases for ease
in comparison.E1 corresponds to the FS below the magnetic zone boundaryddagken line in the last column) which is the hole pocket
in the pseudogap statdZ2 corresponds to an energy at which the ‘bright-spots’ realua/e the magnetic zone boundary for paramagnetic
FS and electron pocket case and at the tip of the hole pock#tdaniddle panel. In all three cases, the superconductingnpeters are kept
constant while only the pseudogap strength is varied aaifjdo produce different FS topologies at the same doping.

of the QPI pattern. (1) In a paramagnetic state, all QPI vscto less than the SC gap amplitude. The peak extends to the SC
show continuous energy dependence with no ’kink’ or non-gap amplitude in the case of a paramagnetic ground state. For
dispersive pattern. For the case of a hole pocket without anthe electron and hole pocket, both peaks will be present and
electron pocket on the FS, all the dispersion features dtop @an be used to identify the presence of an electron-pocket.
the energy where the ‘bright-spots’ reach to the top of tkse di (3) Finally, the constant energy cuts of the QPI pattern can
persion. No new QPI vector appears above this energy anldelp distinguish the electron pocket from a hole-pocket, bu
along the(100)-direction, the QPI vectors do not extend to the former can not be separated from a paramagnetic ground
(27, 0) while along the diagonal it does not cross ther)-  state. As discussed in point (1) abovegif > (7, 7) as well
boundary. On the other hand, in the case of coexisting ele@asqg; = (27, 7) at some energy, that will be an unambiguous
tron and hole pockets both these features should be presestgnature of the presence of an antinodal FS.

(2) The associated intensity of all QPI vectors also reflects

the presence of an electron pocket. In a hole-pocket, a peak This work was supported, in part, by UCOP-TR27, and by

in the intensity occurs at the tip of the hole-pocket which isLos Alamos National Laboratory, of the U.S. Department of
Energy under contract DE-AC52-06NA25396, and benefited



from the allocation of supercomputer time at NERSC.
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