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Fermi-surface evolution and pseudogap symmetry in n-type cuprate superconductors
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Based on a doping dependent ¢-¢'-¢"-J Hamiltonian, the pseudogap and the structure of the Fermi surface are
studied as a function of electron doping. No extra adjustable parameter is introduced and no gap associated
order parameter is preassumed. The evolution from the small electron pocket centered at (7,0) to the large
holelike Fermi surface centered at (7, 7r) upon increasing the doping level is revealed. A clear flat region near
the hot spot is formed, which accounts for the opening of the pseudogap. Both the position and the magnitude
of this pseudogap are consistent with the experiments. The influence of the pseudogap on the measured
superconducting gap and difference between the electron- and hole-doped cuprates are also discussed.
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For the past 20 years, the quasiparticle (QP) dispersion,
Fermi surface (FS), and symmetry of the superconducting
energy gap and the pseudogap, including their doping evolu-
tion in hole-doped cuprates, had been well studied.! Re-
cently, many experiments on Nd,_,Ce,CuO,. s (Refs. 2-4)
and Pr,_,LaCe,CuO,_, (Ref. 5) show that the behavior of
physical properties in electron-doped cuprates is quite differ-
ent from that in the hole-doped cuprates, for example, the
doping evolution of the FS and the symmetry of the super-
conducting (SC) energy gap and pseudogap. The high-
resolution  angle-resolved photoemission spectroscopy
(ARPES) experiments reveal that the FS of the electron-
doped case evolves from a small electron pocket centered
around (77,0) at low doping level to a large-three-pieced FS
centered at (7,7) near the optimal doping level.> On the
other hand, the symmetry of the SC energy gap and
pseudogap is quite controversial. Previous ARPES
experiments,® the specific heat,” and phase-sensitive scan-
ning superconducting quantum interference  device
measurement® indicated that it was of d-wave symmetry.
However, the possibility of containing s-wave components
and other symmetry, deviated from the standard d,2_,> form,
i.e., the nonmonotonic d-wave symmetry, was also proposed
based on experimental evidence.>*!! In addition, the rela-
tionship between the pseudogap and the SC energy gap is
also controversial.

Theoretically, the evolution of the FS has been exten-
sively studied.'>'> The small electron packet centered
around (7,0) in the underdoped case was predicted by the
t-t'-U model.'> However, its application to the high electron
doping case seems inconsistent with experiments; the large
FS is still unformed even at 0.12 doping level, as shown in
Fig. 4 of Ref. 12. This situation can be improved by intro-
ducing an adjustable effective Hubbard constant U, in the
extended 7-t'-t"-U model."® This phenomenological U,
whose origin is not clearly clarified, is not necessary and is
thought to be too small to stabilize the antiferromagnetic
order as discussed in detail by Yuan et al.'* In the Kotliar-
Ruckenstein slave-boson approximation scheme, Yuan et al.
showed a full evolution of the FS'* by choosing an interme-
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diate U and found that the intensity near the (7/2,7/2) re-
gion is weakened for optimal doping and enhanced for un-
derdoping, as compared to experiments. The evolution of the
FS with doping was also qualitatively obtained by applying
the slave-boson mean-field method to the #-J model."> Nev-
ertheless, they did not address the pseudogap symmetry issue
and their approach is more suitable for the underdoped case.
Numerically, the QP dispersion had been calculated by the
exact diagonalization (ED) technique,'® and the evolution of
the FS from electron pockets to large FS was also predicted!’
on the 20 site lattice. The limitations of the small lattice size
and doping concentration prevent these methods from further
application. The small electron pockets and QP dispersion in
slightly electron-doped cuprates were studied by using the
variational Monte Carlo (VMC) method,'® but not full FS
evolution. Though much progress had been made, the nature
of the pseudogap remains open. Its momentum and doping
dependence is still a puzzling issue.

In this Brief Report, the evolution of the FS and the
pseudogap symmetry will be studied in the framework of the
extended 7-J model. An effective doping dependent Hamil-
tonian is obtained under the slave-fermion approximation.
Except the values of 7 and J obtained from the experiments,
no arbitrary parameter is introduced, and no gap order is
preassumed. The evolution of small electron pocket centered
at (77,0) to the large holelike FS centered at (7, 7r) is found,
and the turning point is estimated at doping concentration
x=0.1. A flat region around the hot spot is formed. The larg-
est gap is opened at the hot spot and slightly decreases when
deviating from the hot spot. The existence of the pseudogap
will change the measured SC energy. We attribute the differ-
ence between the electron- and hole-doped cases to the dif-
ferent locations of the hot spots. In this Brief Report, the
theoretical results obtained are in good agreement with re-
cent experiments.>~

We start from the 7-¢'-1"-J model, which is an extension
of the wusual #-J model, and apply the electron-hole
transformation.'”2% Using the slave-fermion representation,
a doping dependent effective spin-polaron Hamiltonian takes
the form?!
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TABLE 1. The ED results of the spin-spin correlation function and corresponding renormalization factor

in an 18-site cluster with different electron dopings.

X i (i) I I I
0.0 -0.347 0.217 0.200 -0.097 0.817 0.8
0.056 -0.28 0.156 0.138 -0.03 0.406 0.388
0.111 -0.233 0.089 0.045 0.017 0.339 0.295
0.167 -0.181 0.045 0.021 0.069 0.295 0.271
0.222 -0.158 0.016 0.092 0.266 0.25

Hyy= E wblb, + 2 &hihy+ 2 Myhihy_ by, (1)
kg

where h and b are the spinless fermion and spm 1/2 spinon
operators,  respectively.  Here, o, 2\r’E2 A2 with
Eq=j[l+(l—a)yq] and Aq—aJ'yq, with @=0.802 belng the
ratio of the condensed bosons to the total bosons on a 128
X 128 lattice, large enough to eliminate the size effect.

J=J(1-5)% where & defines electron doping level. The bare
dispersion is €,=41ty,+41,t' )\k+413t"77k, with y,= 2(cosk
+cos k), Ay=cos k, cos k,, and 7= 2(cos 2k, +cos 2k,). Be-
cause of Fermi statistics, the hopping constants (7,1’ t”) each
have an extra minus sign in comparison with the hole-doping
case. All results presented below are based on the following
parameters: J=0.4, t=—1(~0.4 eV), t'=0.3, and 1"=-0.2.7
The renormalization factors /; (i=1,2,3) are the correlation
function for nearest neighbor (nn), next-nn, second-next-nn,
respectively. It takes the form I,:i+<5i-Sj>+%((Sf)+<S§)).
The spinon-fermion coupling function M, is

4 \r

qu [u (t7k— +1 )\k q+ t”nk—q)
\

+o,(ty+ 1" N+ 1", 2)

where u, and v, are the usual Bogoliubov transformation
parameters. Both the bare dispersion and the spinon-fermion
coupling are doping dependent, and so is the effective
Hamiltonian. As noted before, no extra parameter is intro-
duced and no gap associated order parameter is preassumed
in the H eff-

The ED method is performed to calculate the spin-spin

correlation (S;-S;), and the corresponding renormalization
factors with different doping levels are shown in Table I.
Compared to the case of hole-doped cuprates,?! the absolute
values of spin-spin correlations all more slowly decrease. It
is obvious that all effective hopping terms are much de-
pressed due to the presence of those renormalization factors,
especially for the nn hopping term due to incoherent scatter-
ing induced in the electron hopping between two neighbor-
ing sites, while there is no such effect produced in the elec-
tron hopping between two next-nn and second-next-nn sites.
We can estimate the value of /; for arbitrary doping levels
from Table I by fitting those data. For example, they are
—-0.06, 0.46, and 0.45, respectively, at x=1/64; correspond-
ingly, the effective hopping constants (I,#)) are —0.06, 0.14,
and —0.09, well consistent with the results obtained by the

VMC method.'® The self-consistent Born approximation is
used to evaluate the QP dispersion based on the doping
dependent H,.

The evolution of the FS structure upon electron doping is
illustrated in Fig. 1 for four densities. A remarkable cross-
over from the small FS pocket at low doping to a large FS
near the optimal doping is found. At low doping level, for
example, x=0.04 in Fig. 1(a), the electron pockets are
formed around (,0).% These electron pockets provide clear
evidence of electron-hole asymmetry, since the hole arc cen-
ters around (7/2,7/2) in the hole-doping case.?® The shape
of the FS gradually changes with further doping. For ex-
ample, in Fig. 1(b), x=0.1, the FS tends to be larger centered
at (7, 7). When x=0.13, the strongest spectral intensity is
found around (7r,0), a weak but observable intensity appears
around (7/2,7/2), and a negligible intensity can be found
between these two regions. Thus, the so-called peak-dim-
hump FS structure is formed as experimentally discovered.*
At the optimal doping level, as shown in Fig. 1(d), the stron-
gest intensity appears near (7,0) and (7/2,7/2); thus, a
large-three-pieced FS from (7,0.337) to around (77/2,7/2)
is formed.? Along the diagonal direction, the FS centers at
about (0.467,0.467), which is also confirmed by the ARPES
experiments.? Another important feature is that the so-called
hot spot locates near the negligible dim region, i.e., around
(0.77,0.377), which slightly deviates from the experimental
data (0.657,0.37).3 The doping evolution of the FS structure
can be interpreted in terms of the structure of QP dispersion,
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FIG. 1. (Color online) Fermi-surface maps in electron-doped
case for different electron doping x. (a) x=0.04, (b) x=0.1,
(c) x=0.13, and (d) x=0.15.
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FIG. 2. The QP dispersion with different doping levels. The
electron concentrations, from above to below at (,0), are 0, 0.04,
0.1, and 0.15. The Fermi energy is fixed at zero.
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as shown in Fig. 2. For the low doping case, the QP energy
around the (7/2,7/2) region is much higher above the
Fermi energy, and the doped electrons only enter into the
(7,0) region, which leads to the small electron pocket. The
(7/2,/2) region gradually approaches to the Fermi energy
upon doping density increases. Correspondingly, the doped
electron begins to enter in this region, and the weak intensity
emerges near the (7/2,7/2) region. Around the optimal
doping, the (7/2,/2) region is closer to the FS, and parts
of the doped electrons enter into this region, which leads to
the large-three-pieced FS. It should be pointed out that the
chemical potential can still be defined in the conventional
way due to the broadened QP peak near the hot spot, as
shown in Fig. 3(a).? The spectral function of the quasiparticle
is well peaked near the region of (7,0) and (w7/2,7/2),
especially near the antinodal region. However, the peak of
the quasiparticle spectral function near the hot spot is
strongly broadened.®* Our theoretical results are consistent
with the ARPES observations.>*

Next, we show the momentum dependence of the
pseudogap by taking the case of x=0.15 as an example. Fig-
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ure 3(a) is the evolution of the spectral function along the
(77,0) to (77, ) direction. A clear flat region of QP dispersion
is formed, as shown in Fig. 3(b). For example, k.=, is
located around 0.257r, slightly away from the experimentally
observed 0.37.33 This position gradually moves toward the
hot spot when k, is deviating away from 7r. Similar behavior
is found along k, for given k, near the electron pocket. Thus,
the center of this flat region does not locate at (7,0) any-
more, but at (0.757,0.237), a position nearby the hot spot,
and the related energy gap is opened. The distance below the
FS of this flat region is about 0.15¢ (60 meV) of the same
order compared to the experimental data with 100 meV.? It
should be pointed out that the distance of the flat QP disper-
sion reaches its maximum at the hot spot and slightly de-
creases deviating from it. Similar to the hole-doped cuprates,
the position of this flat region is just the same as where the
pseudogap appears.>* Along the diagonal direction, the QP
peak is always above the Fermi energy, and no anomaly is
found (not shown). Thus, the pseudogap is only opened near
the hot-spot region, in comparison to the opening related
pseudogap near the antinode in the hole-doped case.?'>* On
the other hand, the order of magnitude of the pseudogap is
larger than that of the experimental SC energy gap
(~3 meV) in electron-doped cuprates, which is thought to be
the evidence that the pseudogap and SC gap come from dif-
ferent origins.>>?>2° As a comparison, they are in the same
order in the hole-doped cuprates.

The opening pseudogap will dramatically influence
the measured symmetry of the SC energy gap. The experi-
mental measurements show that the best fitting of the SC
energy gap is nonmonotonic d-wave with the form of A(6)
=Ao[(1+B)cos(20)—B cos(66)], i.e., a significant shift of
largest value away from (m,0) toward (7/2,7/2) is
found.>!! This nonmonotonic behavior can be realized as the
substantial influence comes from the pseudogap to SC gap.
Near the hot spot, the magnitude of the SC energy gap is
enhanced due to the opening of the pseudogap in this region
with its maximum value appearing at the hot spot, where the
largest pseudogap is opened. Beyond this region, the mea-
sured SC energy gap keeps unchanged due to disappearance
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FIG. 3. (Color online) (a)
Spectral function along the (77,0)
to (7, ) direction. The arrows in-
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dicate the peak of spectral func-
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From top to bottom, k, increases
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lution of QP dispersion in k, di-
rection with different k,.
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of the pseudogap, which means that the SC gap is still simple
d-wave symmetry. Such an opinion is supported by the re-
cent ARPES measurements on the SC gap and pseudogap.?’
This can interpret the previous controversy on the symmetry
of the SC gap in the electron-doped cuprates, such as a dirty
d-wave in specific heat measurement,” d-wave pairing with
impurity scattering in penetration depth measurement,”® and
even the possible s-wave symmetry near the antinodes.!® In
fact, even in the hole-doped cuprates, the symmetry of the
SC gap is also nonmonotonic d-wave?”? due to the same
reason, though this nonmonotonic is much weaker and often
confused with the simple d-wave symmetry.

We notice that within our theoretical framework, the only
difference between the electron-doped and hole-doped cases
is the different signs of hopping terms, so the question of
why the pseudogap shows distinct behavior is naturally put
forward. As revealed by Eq. (2), the spinon-fermion coupling
function is largest for the momentum transfer Q=(m, ),
which connects the electronic states at the intersection of
antiferromagnetic Brillouin-zone boundary and the FS, so
the largest gap is expected to locate near the hot spot where
the spin fluctuations most strongly couple to the electrons on
the FS.*3 In the electron-doped case, the hot spot moves
from (7r,0) to (7/2,7/2) upon increasing the doping level,
and it locates at (0.77,0.377) for x=0.15, the intermediate
position between the (7,0) and (0,0). In contrast, this posi-
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tion is close to the point (7r,0) in the hole-doped case (also
see Fig. 1 of Ref. 5) and almost unchanged from the under-
doped case to the overdoped case. Hence, a simple-d wave-
like form is enough to describe the symmetry of the SC gap.

In conclusion, based on a doping dependent Hamiltonian,
the pseudogap and the evolution of the FS were studied. The
crossover from small electron FS pockets centered at (77,0)
at low doping level (=x=0.1) to large holelike FS centered
at (r,7) at high doping level is described satisfactorily in
our theoretical framework, and it is well consistent with ex-
periments. A flat region is formed around the hot spot, which
accounts for the opening of the pseudogap. This pseudogap
will dramatically change the measured symmetry of the SC
gap. We attribute the difference between the electron-doped
and hole-doped cuprates to the different positions of the hot
spot. It should be stressed that no arbitrary parameter is in-
troduced and no gap associated order parameter is preas-
sumed in our work.
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