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Electron momentum distribution in underdoped cuprates
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We investigate the electron momentum distribution functiBMD) in a weakly doped two-dimensional
guantum antiferromagnéAFM) as described by theJ model. Our analytical results for a single hole in an
AFM based on the self-consistent Born approximati®@BA) indicate an anomalous momentum dependence
of EMD showing “hole pockets” coexisting with a signature of an emerging large Fermi surface. The position
of the incipient Fermi surface and the structure of the EMD is determined by the momentum of the ground
state. Our analysis shows that this result remains robust in the presence of next-nearest neighbor hopping terms
in the model. Exact diagonalization results for small clusters are with the SCBA reproduced quantitatively.

One of the most intriguing questions concerning the su- —
perconducting cuprates is the existence and the character of H=- 2 tii’(CiT,(rCi',U+ H.c)
the Fermi surfacé€F9), in particular in their underdoped re- (ii"yo
gime. This problem has been intensively studied experimen- I
tally with the angle-resolved photoemission spectroscopy +‘J<i2].> SSJJFE(SI S +S ). @)
(ARPES.1* There have been also several theoretical inves- . _
tigations of this problem, using the exact diagonalizationCi,» (Ci,;) are electron creatiotannihilatior) operators act-
(ED) of small clusterS;” string calculationg, slave-boson N9 in @ space forbidding double occupancy on the same site.
theory? and the high-temperature expansi8iwhile a con- The effect of double occupantyon n, is not studied in the

sensus has been reached about the existence of a large Fefifsent framework Oft th‘i‘]thmOdgl'St' are spu; operators.
surface in the optimum-doped and overdoped materials, "Eferrc\c,)v?t\ﬁenfgciﬁ mee Irseiﬁ |i%i?n;asnodrozﬁsir?trcgeH%?sreelnm-_
the interpretation of ARPES experiments for tihrederdoped ! Y g : Y

3 . : . berg model. Recent studies of thd model witht’,t” terms
cuprates the issue of the debate (§ why are experiments ,,4ed have shown a very good agreement of the calcu-

more consistent with the existence of parts of large FS, i.ejgted quasiparticléQP) dispersion with experimental results
rather Fermi arcs or Fermi patches than with a “hole  of ARPES (Ref. 12 whereby quantitative differences be-
pocket” type small FS, predicted by several theoreticaliween different Cu compounds have been attributed to dif-
methods based on the existence of antiferomagriié#®)  ferent values of’ andt”.1*
long-range order in cuprate@,) how does a partial FS even-  Qur analytical approach is based on a spinless fermion—
tually evolve with doping into a large closed one. Schwinger boson representation of th& Hamiltoniart® and

The electron momentum distribution functiom,  on the self-consistent Born approximati(8CBA) for calcu-
=<\Ifko|20c;gckyg|\lfko) is the key quantity for resolving the lating both the Green’s functidri 1’ and the corresponding
problem of the Fermi surface. In this paper, we study thewave function'®*®The method is known to be successful in
electronic momentum distributio(EMD) for [W, ), which  determining spectral and other properties of the QP. In con-
represents a weakly doped AFM, i.e., it is the ground stard@st to other methods the SCBA is expected to describe
(GS) wave function of a planar AFM with one hole and the correctl_y thelong-wayelengtrphysws since it is determined
GS wave vectokg. In the present paper, we investigate thePy the I_mear dispersion pf Spin Waves. Thort-wavelength
low-energy physics of the Cu(lanes in cuprates within the properties can be studied W't.h various method§, here we
framework of the standarttd model with nearest-neighbor compare the SCBA results with the corresponding ED, as

; hown further-on.
hoppingt;;»=t and the AFM exchang@. In order to come S . .
closer to the realistic situation in cuprates the model is ex- " the SCBA fermion operators are decoupled into hole

tended with the next-nearest-neighbor hopping=t’ and and pseudospin-local boson operat@is;=h;, ¢; | =h/s’

the third-neighbor hopping termst;,=t", for ii’ ~hla andc; =h', < =h/S ~hla fori belonging toA-
representing next-nearest-neighbors and third-neighborand B-sublattice, respectively. The effective Hamiltonian
respectively:? emerge® 1720
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+N"Y23 (Myght_ghkad+H.c), )
kg

where hl is the creation operator for @pinles$ hole in a
Bloch state with a dispersion eE=4t’ cosk, cosk,
+2t"(cos X,—cos X,). The AFM boson operatoat;‘| creates

an AFM magnon with the energy,, M,q is the fermion-
magnon coupling andll is the number of lattice sites.
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We calculate the Green’s function for a ho®(w) ) () (-mm) (m,~m)
within the SCBA®~'" This approximation amounts to the 1
summation of non-crossing diagrams to all orders and the 4 e
. . . O S = — * 4
corresponding ground state wave function with momentum R = v
ko and energyey (Refs. 18 and 1Pis represented as -t ]
o 27
— .t 2
_ =12 |, T —1/2 — L =3r
Wy )=ZAhi+N qu Mg, Gicy(@1) Py arg + - - !
_ — st 6 b3 ]
+N n/zq > . Miq,Gi(@1) - - Mic ¢ . .
Lo =) (-m,0) (n,0) ©O;m) 0m)
ka—(;n)h% a; . _ag +.--[|0). ®) FIG. 1. én, along selected paths in the BZ foy
" n n =0,0.9,0.999. Full diamonds represent ED rest{:,—1) for
_ — N=32 of Chernysheet al. (Ref. 7). Open circles represent the
Here, kn=Ko=01—  —0m, ©n= €y~ Wq, 7 T Wq SCBA result forénko—%NZkO.

and Z, is the QP spectral weight. The wave function is

properly normalized\[fk0|\1'ko>=1 provided the number of

magnon terms— oo, 1
The wave function Eq(3) corresponds to the projected
space of the model Eql1) and therefore the EMD iy

= (W Ind Wi )= (¥ [N Wy ) with the projectecelectron
number operaton, == ,,c ,Cy ,. Consistent with the SCBA

For the case of Ising limity=0, the Green’s function in
the SCBA is independent &f, G, (w) = Gy(w). Therefore it
is possible to express all required matrix elements,ofna-
lytically and to perform a summation of corresponding non-
crossing contributions to any ordey similar to Ref. 19. The
result forJ/t=0.3 (as relevant to cupratess for some se-
lected directions in the Brillouin zon@Z) presented in Fig.

approach, we decouple the latter into hole and magnon opt- We have also checked the convergencéinf with the

erators,

1

Flk:N

2 e Rnhi{nj[1+ala(1-0)]

+ 7, (a] +a))}, (4)
where 7 = (1xe” @®Ri~R))/2 with Q= (m, 7). Local a
are further expressed with proper magnon opera@rslt
should be noted thanh, should obey the sum rule
=1/NZn,=1-c;, and the constraimy,<1+cy, wherec,
is the concentration of holeés?

In general the expectation valag for a single hole has to
be calculated numerically and has the following structure

1 1
Nke=1= 52k ( Sy S+ @) + 0Nk - ©)
Here, the second term proportional #@functions corre-
sponds to “hole pockets.” Note thain,, for the case of a
single hole fulfills the sum rule ILVEk5nk=ZkO—1 and

number of magnon lines). For J/t=0.3 we find for allk

that the contribution of terms>3 amounts to less than few
percent. This is in agreement with the convergence of the
norm of the wave function, which is even fasteédn Fig.

2(a) we present thign, for the whole BZ. Here, we note one
interesting feature in the Ising limit, i.e., the dip &f, in the
center of the BZ ak~0 in agreement with Ref. 8.

Now we turn to the Heisenberg model—1. Here, the
important ingredient is the gapless magnons with linear dis-
persion and a more complex ground state of the planar AFM.
Gy(w) and ¢, become strongljk dependent. As a conse-
quencen, is now in general dependent both &nand k.

The ground state is for thteJ model fourfold degenerate and
we chooseky= (7/2,7/2). Results should be averaged over
all four possible ground state momenta if compared with,
e.g., high temperature expansion resdltsr discussed in
connection with ARPES data.

Let us first discuss the result in the linid—0, i.e., for
a static hole. In the linearized model, Eq2), M,=0.
Therefore the hole isot coupled to the AFM Zkozl) and

ony should be zero. However, a straightforward use of Eq.

sn=<1. The introduction ofén, is convenient as it allows (4) leads also to nonvanishing and momentum dependent
the comparison of results obtained with different methods?nk=no(k). We attribute this momentum dependence to the
and on clusters of different siZe. improper decomposition o€; , into linearized pseudospin
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for y=0.9 (also presented in Fig.) Tepresents an interme-
diate step between the Ising limit and the Heisenberg limit:
the dip at thel” point, which is in the Ising limit well pro-
nounced here disappears but the difference for directions
i k|lko andk L kg is not yet developed. In Fig.(B), we present

I

i N ony for the Heisenberg limit =0.99) in the entire BZ. In

1

comparison with the Ising limit, Fig. (2), én, exhibits a
very strong momentum dependence arourkl,.

The comparison of the SCBA with ED results shows a
quantitative agreement at all points in the BZ. However, the
SCBA result issymmetricaroundI” point in the direction
k||ko, while small system results show a weak asymmetry for
k= *kq, respectively. From our analysis of the SCBA re-
sults for N—o and long range AFM spin background it
follows thatny is in the thermodynamic limi¢,— 0 symmet-
ric. The asymmetry is in Ref. 7 attributed to the opening of
the gap in the magnon spectrumat Q in finite systems.
Within the SCBA the asymmetry also appears if the EMD is
evaluated withky displaced from (w/2,7/2) by a small
amountdk, (not shown here A common feature of finite
clusters is a nonvanishing expectation value of the current
operator for the allowed GS wave vector. The GS with van-
ishing current may be reached by the method of twisted
boundary condition$? resulting in the GS momentum dis-
placed away from 4/2,77/2). The asymmetry of, found in
small clusters can thus be attributed to this displacement and
is a finite size effect. In the thermodynamic limit in the sys-
tem with AFM order the GS momentum would coincide with
(7/2,712) and no asymmetry is expectednp.

To get more insight into the structure &, , we simplify
the wave function, Eq(3), by keeping only the one-magnon
contributions. The leading order contribution o, is

on{H=—Z, My oGy (€, — wg)[2Uq+ My oGy (€, ~ ®g)]

q-v q-v
wg wq
with g=k—ko (or k—ko—Q) and v=t(sinkyy,sinkg,).*®
FIG. 2. &n, for (a) the Ising modely=0, (b) y=0.99 andt’  The momentum dependence of EMD, _Contalne(_jé ),
=t"=0, and(c) t-t'-J model witht’ =0.25 and y=0.99. essentially captures well the full numerical solution for the
isotropic case, Fig. (8), as well as in the Ising limit,
ig. 2a.
A surprising observation is that the EMD exhibits in
the extreme Heisenberg limit for momenka-ky,ko+Q
and k=(1,) a discontinuity ~Z,N"> and on{!
«—(1+signqgy)/gy. These discontinuities are clearly seen
in Fig. 1, Fig. Zb) and are consistent with ED results, Fig. 1.
One can interpret this result as an indication of an emerging
large Fermi surface ak~ *=k,. The discontinuity appears
only aspoints = kg, notlinesin the BZ. Note, however, that
this result is obtained in the extreme low doping limit, i.e.,

. Ll g . ¢,=1/N and it is not straightforward to generalize it to the
Also included in Fig. 1 are results obtained with ED of the n 9 9

N=32 sites clustef. These data are scaled as the quantityfinite doping regime. In the limity—1 this term does not
= i . ) - ]
N(ny—1), which should be directly compared with the strictly obey the constrainin, <1, although due to the sym

metry it does not violate the EMD sum rule. The singularit
SCBA resultén, . At momentak=kg,ky+ Q, however, one y g Y

. .9 is weak and on introducing a slight anisotropy, e.g.,
has to take into account contributions from “hole pocket” 9 g Py, €8

. ) . =0.999, the constraint is not violated.
terms proportional B, and with the scalingcN. Thus ED In Fig. 3, we present the results for the’-t"-J model.

data should be compared thiese pointsvith on, —3NZ  First, we introducepositive next-nearest-neighbor hopping
calculated from the SCBA. Note also, that the SCBA resultmatrix elements’ =t/4, t"=0, claimed to be appropriate to

q—0, (6)

~-8Z§ ) ( 1+2,,

operators instead of Schwinger bosons obeying the Iocaﬁ
constraints? In the results fordn, presented in this paper
(also at finiteJd/t) the contributionny(k) is not included.

In Fig. 1, we presendn, for the t-J model with(almos}
isotropic Heisenberg exchanges= 0.999. Numerical calcu-
lations are henceforth performed faft=0.3 andN corre-
sponding to a 64 64 sites clustet® In evaluating the matrix
elements we take into account only terms with umte 3
magnon lines in|\Ifko>.lg The sum rule of our numerical

results forsn, is nevertheless fulfilledz96%.
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In the present paper, we considered the electron momen-
tum distribution function in underdoped cuprates. The results
of the two methods, the self-consistent Born approximation
and the exact diagonalization agree quantitatively. Our
analysis shows that the presence of next-nearest-neighbor
terms changes EMD only quantitatively if the ground state is
at (w/2,7/12) and qualitatively for sufficiently large”>0
TEER where the GS momentum is at(0).

/ ] The main observation is however the coexistence of two
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*'=t/4 '
6 op=—u4 | : apparently contradicting Fermi-surface scenarios in EMD of
7 O=—t/4,1"=t/5 .. | ;' a single hole in an AFM(i) On one hand, the-function
'

contributions in Eq(5) seem to indicate that at finite doping
_(‘in,n) (0,0) (n.7) a delta-function might develop into small Fermi surface, i.e.,
a hole pocket, provided that AFM long-range order persists.
FIG. 3. ony for differentt’ andt”. Symbols and lines represent (ji) A novel feature is that alsén, is singular in a particular
ED f_or N=20 sites and SCBA r_esults, respectively. Full cirt_:le a”dway, i.e., it shows a discontinuity &=k, with a strong
full line denotet’=t"=0, full diamonds and long dashed e oy mmetry with respect thy. It is, therefore, more consis-
o e s tont i finfesimaly short acpoind of an emerging
t"=t/5. In all casesy=0.999. large FS. For finite doping the discontinuity could possibly
extend into such a finite ar@ot closed FS. Note that as
3 ) long-range AFM order is destroyed by doping, “hole-
electron doped systems such as,8d cuprateé’ The GS is pocket” contributions should disappear while the singularity
now twofold degenerate, W|th the momenta at corners .of thgan sn, could persist.
AFM zone, e.g.,k0=(7?-,0), with an 'enh.anced pole resldue Making contact with ARPES experiments we should note
Zko:O'54'_ The _res_ult _'S presented.ln Figcpfor the entire that ARPES measures the imaginary part of the electron
BZ. The discontinuity in this case disappears due to the symgreen’s function. We must note that using these experiments
metry as evident fronv=0 in the Ie/admg ord?r approxima- i, ynderdoped cuprates, can be only qualitatively dis-
tion, Eq.(6). The effect of negative’ = —t/4, t"=0 isrela-  ,sseq since the latter is extracted only from rather restricted
tively weak: the GS momentum, rer,r]a|nslq,t=(7r/2,_w/2), frequency window below the chemical potential. Neverthe-
ony at k=Qis lower than thet’ =t"=0 result while the o5 "o\ rasuits are not consistent with a small hole-pocket
dlSCOhtI-n-UIty is smaller, becausg =0.25 here._ln Fig. 3, FS (at least only a part of presumable closed FS is vigible
we additionally present results fo¥(n,—1) obtained from  pyt rather with partially developed arcs resulting in FS,
exact diagonalization of &= \/Z)X V20 cluster. Thet'  which is just a set of disconnected segments at low tempera-
=t"=0 results are in agreement with those of Ref. 7. Al ED e collapsing to the poirftThe SCBA results for singular
results quantitatively confirm the SCBA values. A p035|ble5nk seem to allow for such a scenario. It should also be
set of para_meters appropriate for reproduci,ng thelzdiSperSioé}ressed that the SCBA approach is based on the AFM long-
from experimental ARPE.S d_ata is.: _t/4.’ v .:t/5' : Qur range order, still we do not expect that finite but longer-range
SCBA result presented in Fig. 3 is qualitatively similar to AFM correlations would entirely change our conclusions but

'< in di i - . e A
other t’<0 results. The main difference is a more pro clearly more understanding of finite doping is still needed.
nounced step &= *= k.
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