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I established the criteria and obtained analytical results for the pseudogap at the Van Hove (antinodal) point
on the Fermi surface in two dimensions. The original criterion & > &, 4» = vp /7T is not applicable in this case
since Fermi velocity vy = 0. It turns out that the characteristic length for the pseudogap crossover at the Van
Hove point &, ,, o< 1/T /2 is significantly shorter than the one at the regular Fermi surface points &y, g, o< 1/T.
In particular, &,,_,;, is between one and two lattice spacings in the intermediate interaction regime of the Hubbard
model. I have also identified the regime where there is still a single maximum in the spectral function, but single
particle properties are abnormal. Specifically, the imaginary part of the self-energy has a minimum instead of
maximum at the Fermi level and the slope of the real part of the self-energy is positive instead of negative.
The important advantages of an analytical approach is that it provides results in both the Matsubara frequency
representation and in the real frequencies representation. I compare Matsubara frequency results with the exact
numerical results of the Monte Carlo methods in the Hubbard model and then show what they correspond to in

the real frequency self-energy and spectral function.

DOI: 10.1103/PhysRevB.108.235110

I. INTRODUCTION

Pseudogap phenomena has been observed in many quasi-
two-dimensional materials (for review see Ref. [1]). In
particular it was observed in all high-T, superconductors (for
review see Ref. [2]). In the hole doped High-T. materials
it appears at temperatures above superconducting phase and
gradually transitions to the full gap below phase transition.
The ubiquitous feature of the pseudogap in these materials is
that it appears first at points close to the Van Hove (antinodal)
points on the Fermi surface. As the material cools down, the
pseudogap spreads from the Van Hove point forming pseu-
dogap arcs. Only much later, close to the phase transition,
does the pseudogap spread to the diagonal of the Brillouin
zone where Fermi velocity is large. Numerous theories were
proposed for the pseudogap [3—18]. In this paper, I will focus
on the following ideas: the pseudogap is a precursor of the
real gap in the ordered state, it is critically dependent on the
dimensionality of a system (it is essentially a two-dimensional
phenomenon), and it is greatly enhanced at the Van Hove
points on the Fermi surface (FS).

The idea that the pseudogap should exist in two dimensions
can be understood physically using the following arguments.
In two dimensions (2D) the mean field phase transition to the
ordered state is suppressed due to the Mermin-Wagner theo-
rem. In the 2D antiferromagnetic systems the phase transition
is pushed all the way down to zero temperature. Therefore,
at the phase transition the gapped state already exists with
the two distinct peaks separated by the gap in the spectral
function. It is thus natural to assume that this structure in
the spectral function does not immediately disappear as the
temperature is increased. A similar argument can be made
in the superconducting case. Although in this case a finite
temperature Kosterlitz-Thouless phase transition is allowed,
the gap is finite at that transition [19] and thus one can

2469-9950/2023/108(23)/235110(12)

235110-1

expect that the two peak structure in the spectral function
remains above the phase transition temperature. There is an-
other possibility for finite temperature phase transition in the
quasi-2D superconducting material: Namely that the weak
third dimension tunneling causes phase transition before the
Kosterlitz-Thouless phase transition occurs. This case was
considered in Ref. [20] where it was shown that the pseudogap
effect is very small in 3D systems and increases as the system
becomes more quasi-2D.

Theoretically the pseudogap in two dimensions was pre-
dicted in the context of the repulsive 2D Hubbard model
at half-filling [3,4]. The main result of that work was that
the Fermi liquid quasiparticles are destroyed and replaced
by the pseudogap when the system enters the renormalized
classical (RC) regime dominated by thermal spin fluctuations.
For the regular points on the FS (vr # 0), the pseudogap
appears when correlation length £ of spin fluctuations exceeds
the thermal de Broglie wavelength of an electron & 4, =
vp/mT. Here vp is an electron velocity at the Fermi surface,
T is the temperature and the units are h =1 and kg = 1. |
note that the positive U > 0 Hubbard model at half-filling is
equivalent to the negative U Hubbard model via Lieb-Mattis
canonical transformation. The antiferromagnetic ground state
of the positive U Hubbard model maps to superconducting
ground state of U < 0 model, the spin susceptibility with
peak at antiferromagnetic Q vector Q = (7, ) maps to the
strongly peaked pairing susceptibility at Q = (0, 0) and anti-
ferromagnetic pseudogap maps to the superconducting pairing
pseudogap. The criteria for the pseudogap in two dimensions
in the superconducting context is the same as in the antiferro-
magnetic case £ > &, qp = vp/nT.

Recently the pseudogap was confirmed in the 2D half-
filled Hubbard model using virtually exact numerical cal-
culations with both diagrammatic (DiagMC) [21,22] and
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determinantal quantum Monte Carlo [22,23]. Although these
methods have a convergence problem at low temperatures
they were able to go low enough in temperature to show
convincingly that the pseudogap indeed exists in the weak-to-
intermediate coupling. They also show that the pseudogap first
appears and is more pronounced at the Van Hove (antinodal)
point on the FS. One of the limitations of these numerical
methods is that the results are available in the Matsubara
frequency representation only and the analytical continuation
to the real frequencies is challenging.

In this paper, I establish criteria and obtain analytical re-
sults for the pseudogap at the Van Hove point on the FS.
The original criteria & > &, 4 = vp/nT is, obviously, not
applicable in this case since vrp = 0. It turns out that the
characteristic length for the pseudogap crossover at the Van
Hove point & ,, o< 1/ TY? is significantly shorter than the
one at the regular FS points &, 45 o< 1/T. In particular, &,
is between one and two lattice spacings in the intermediate
interaction regime of the Hubbard model. I have also iden-
tified the regime in which there is still a single maximum
in the spectral function, but the single particle properties are
anything but normal. Specifically, the imaginary part of the
self-energy has a minimum instead of a maximum at the Fermi
level and the slope of real part of the self-energy is positive
instead of negative. I call this region a false quasiparticle state.

The important advantages of an analytical method is that
it allows a better understanding of the physics of the phe-
nomena and provides results in both Matsubara frequency
representation and in real frequencies representation. I com-
pare Matsubara frequency results with the exact numerical
results of the Monte Carlo methods in the Hubbard model
and then show what they correspond to in the real frequency
self-energy and spectral function.

The paper is organized as follows. In Sec. II, I present the
formalism of the approach. In Sec. III, I present analytical
results for the self-energy in Matsubara and real frequency
representations. In Sec. IV, I compare my Matsubara fre-
quency results with virtually exact DiagMC method and than
present real frequency results for the pseudogap regime.

II. MODEL

In this paper, I will adapt phenomenological approach.
I evaluate the effect of collective mode fluctuations on the
electronic self-energy of the 2D material in the one-loop ap-
proximation. The expression for the self-energy has the form:

, d? . . .
Sk, iky) = gk T ) / ( 473))(((1, ig:)Go(k + q, iky + iq,).
iqn
(D

The above equation describes the effect of antiferromag-
netic fluctuations on the self-energy X (K, ik, ). Here x(q, ig,)
is the spin susceptibility that is picked at the antiferromagnetic
vector q = Q = (i, ), Gy is the noninteracting Green func-
tion of an electron, and gy is the effective coupling constant
between electrons and spin fluctuations. The units are & = 1,
kg = 1, lattice spacing a = 1 and in the section where I dis-
cuss the Hubbard model, I set the nearest neighbor hopping
parameter t = 1.

The effect of the superconducting pairing fluctuation on
the self-energy can be written in a similar fashion with the
x(q, ig,) representing pairing susceptibility with the peak at
q = (0, 0) and the k and ik, in the Green function replaced by
—k and —ik,.

Note that the Green function in the expression for the
self-energy is bare rather than dressed as in the FLEX approx-
imation. It was argued in Ref. [4] that using the dressed Green
function with frequency independent vertex does not make the
theory work better. In fact, it makes agreement with the Monte
Carlo results worse and it does not predict the appearance of
the pseudogap in two dimensions.

The coupling constant between electrons and collective
modes gk can, in general, depend on k. This can be important
to describe the precursor of d-wave superconductivity. In what
follows the k dependence of coupling is not essential and I
will drop the k index going forward. The coupling constant
g is actually proportional to one bare interaction U and one
renormalized interaction U [3,4]. This point will be important
in Sec. IV, where I will compare my results with Monte
Carlo benchmarks, but in the rest of the paper I will just use
parameter g for simplicity.

It was argued in Ref. [4] that in the RC regime the zero
Matsubara frequency term g, = 0 in expression Eq. (1) is
sufficient (static approximation) to describe the dominant con-
tribution to the self-energy at the regular points on the FS
vr ~ 1. However, as we will see shortly, the static approxi-
mation is not sufficient at small frequencies in the case of Van
Hove point vy = 0. In the latter case, one needs a more gen-
eral expression that sums up all Matsubara frequencies. Using
the Kramers-Kronig relation for the susceptibility, summing
up all Matsubara frequencies, and using standard procedures
for analytical continuation ik, — @ + i0", one can obtain the
following expression for the self-energy in real frequency
representation:

Sk o) = ¢ [ L2999 1@ )lna(@) + fER -+ q)]
E8] TG T wtw —ek+q+i0r
)

Here x”(q, ®) is the imaginary part of the susceptibility,
€(k + q) is the energy dispersion relative to the chemical po-
tential, n, and f are boson and fermion distribution functions,
respectively. Equation (2) is for the magnetic case. To get
the the expression for pairing fluctuation case, one needs to
replace €(k + q) with —€(—k + q) and o’ in the denominator
with —@'.

In the critical regime the correlation length growth rapidly,
the susceptibility is strongly peaked at the vector Q (Q = 0 in
the pairing case) and it can be approximated by its asymptotic
expression (Ornstein-Zernike susceptibility):

A
E24+(q- QP —iw/y

Here A is the prefactor or the amplitude of susceptibility,
& is the correlation length and y is the diffusion coefficient
(Landau damping). This type of asymptotic susceptibility ap-
pears in any random phase approximation-like theory, whether
it uses bare or renormalized interactions. However, con-
trary to the mean field theory, the phase transition in 2D is

Xo:(q, @) = 3
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suppressed due to the Mermin-Wagner theorem and there is
a wide temperature range in which correlation length grows
exponentially. In this RC regime, the characteristic energy
scale of collective modes w, = y&~2 become rapidly smaller
than temperature 7.

To single out the contribution to the self-energy due to the
asymptotic form of the susceptibility Eq. (3), I will add it and
subtract it in the numerator of the expression Eq. (2), leading

J

The regular contribution is

to two separate contributions to the self-energy:
2k, w) =2,k o)+ Z,(k, o). )
The asymptotic (Ornstein-Zernike) contribution is

d*qdo’ x).(q, @)[np(@') + fEK + q))]
(473) o+ o —&Kk+q)+i0t

Zoz(ka w) = 8
)]

2k, w) =8 (47_[3)

The Z,.(k, w) contribution to the self-energy is primarily
due to classical thermal fluctuations in the RC regime. In-
deed, the frequency integral in this expression is dominated
by low frequencies @’ ~ w. = y£&~2, which is much smaller
than temperature. Thus one can replace the Bose function
np(w’) with its expansion at low frequencies n,(w') ~ T /o’
and neglect Fermi function f(é(k + q)) < 1 in comparison
with the large parameter 7 /w. > 1. The classical expression
for the self-energy has the following form:

d*qdo’ Xoe(q, @)/
(4r3) o+ o —&k+Q+q)+i0t
@)

In the above expression, I used a coordinate system in
which Ornstein-Zernike susceptibility has maximum at q = 0.
In the antiferromagnetic case it implies that the origin was
shifted to Q = (i, 7).

The classical approximation above should be distinguished
from the static classical approximation that corresponds to
keeping only zero frequency term in expression Eq. (1). To
get the latter approximation one needs to be able to neglect
@' in the denominator of Eq. (7). Then using Kramers-Kronig
relation for the susceptibility, one readily arrives at the static
approximation:

o (k, w) = Tg/

d*q Xo:(q, 0)
Qr)Y w—&k+Q+q)+i0t"

It was argued in Refs. [3,4] that for regular FS points
vp ~ 1 the above static approximation is sufficient in the RC
regime. To see this one needs to notice that the dispersion
term €(k + Q + q) can be expanded on small g because the
¢ integrals in X.; expression are dominated by g ~ £7! « 1.
For regular Fermi surface points, the leading term of the
expansion is linear vgq and thus of the order of vg&~!. This
is much larger than @' ~ w, = y£~2. For this reason ' can
be neglected in expression Eq. (7) and one arrives at the static
approximation for the self-energy Eq. (8).

The situation is more complicated in the case of the Van
Hove (antinodal) point on the Fermi surface. In this case the
expansion of €(k + Q + q) starts with quadratic term and thus
is of order ¢> ~ £72. This is the same order as @’ ~ w. o £72.
If electronic frequency w is also small, then one must use a
general classical expression for the self-energy Eq. (7), rather
than the static approximation Eq. (8). If one, nevertheless,

2('1751(1(7 w) = gT (8)

d*qdo [x"(q, @) — x,.(q, )][np(@) + fE(k + q))]
o+ o — &K+ q)+i0t '

(6)

(

would use the static approximation in this case, one would
receive unphysical results: the imaginary part of ¥ would
diverge at any correlation length (see Sec. III B for details).
The case w < y& 2 will be considered in Sec. IIT A.

When electronic frequency @ > w. = y£~2, the @’ can be
neglected in the denominator of Eq. (7) in comparison with
w, and one again recovers the static classical approximation
Eq. (8). This also implies that in the Matsubara frequency
representation one can use the static approximation for all
frequencies since even the lowest Matsubara frequency 77T
is much larger than o’ ~ w, = y&~2. This case will be con-
sidered in Sec. III B. I also note that this situation underscores
challenges of numerical continuation from the Matsubara fre-
quency results to real frequencies: a good approximation in
the Matsubara representation can produce qualitatively incor-
rect results for small real frequencies.

Let us now turn our attention to the regular contribution
to the self-energy Eq. (6). In the Sec. IV, I will compare my
results with the benchmark Monte Carlo results [22] for the
half-filled Hubbard model with the nearest neighbor hopping.
To do this I need to model the regular self-energy Eq. (6)
because it gives substantial contribution at the temperatures
available in the Monte Carlo calculations. I will model it by
simple marginal Fermi liquid (MFL) behavior. Such behav-
ior is expected in this model [22,24] due to perfect nesting.
Importantly, it comes not from the peak in the susceptibility
but from the region close to the line (gy, ¢,). In particular,
the MFL appears already in the second-order perturbation
theory which does not have strong peak in susceptibility. For
this reason, I expect the MFL behavior to give the dominant
contribution to the regular self-energy Eq. (6), from which the
peak contribution was explicitly removed. I model the MFL
as follows: X o« T forw < nT, X x w forw > 7 T.

For simplicity, the results in the next section and the
Appendixes are presented for k located at the FS. To get
the results away from the FS, one need to replace w with
o — €(k 4+ Q) in the antiferromagnetic case and w + €(—k)
in the pairing case.

III. ANALYTICAL RESULTS

In this section, I obtain analytical results for X (k, ®)
at the Van Hove point on the FS. In the antiferromagnetic
case the anomalous behavior of X, (Kk, w) occurs actually on
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shadow FS which obtained from the real one by the shift
on the vector Q = (i, ). From the physical point of view,
the most interesting points are “hot” spots where shadow
FS and the real one intersects. I note that for the half-filled
Hubbard model with nearest neighbor hopping all FS is “hot”
in this sense and Van Hove (antinodal) point k = (i, 0) is
on the FS. For pairing case the maximum in susceptibility is
at Q = (0, 0) and the results here are applicable for the Van
Hove point on the FS.

I start by expanding on small ¢ ~ £ ! « 1 the expression
for electron dispersion &(k,; + Q + q) ~ w(g; — ¢;). Here
w = (1/2)3%€(k + Q)/dk>. In general, the second derivatives
at Van Hove point can be different in g, and g, directions
by absolute value, but I assume them to be the same for
simplicity. I also note that this is the case in the Hubbard
model with both nearest and next to nearest neighbor hopping
and Van Hove point at k,;, = (77, 0).

Using the above expansion for electron dispersion together
with the expression Eq. (7) and switching to the polar coordi-
nates one obtains:

qdqdodw’
e
X0 (q, @)/
“ + o — wg?cos(2¢) + i0+"

X (kvhv (,()) = Tgf

&)

A. Results for low frequencies

Let us now turn our attention to low frequencies ® <
w. = y£~2. Using, the expression for asymptotic susceptibil-
ity Eq. (3) and integrating over «’ using delta function, one
arrives at the following expression for the imaginary part of
the self-energy at the Fermi level:

" gAT [ i
2Ky, 0) = —T/ qu/ do
Ty Jo 0
1

= P PsyNc R

Changing variable ¢> = x£ 2, I obtain the final result:

gATE? ,

¥ (Kyp, 0) = — , 11
cl( h ) 2JT2]/ 0 ( )

where

o0 /2 1
2 _
o= /0 dx/o dé (x + 1)2 + w2x2 cos®(¢)/y? (12)

It is clear from expression Eq. (11) that the absolute
value of X/ (kys, 0) is very large in the RC regime since
2 (Kyp, 0) o & 2. This has to be contrasted with the result for
the regular point on the FS [3,4] in which case X (K, 0)
is proportional to the first power of £ (see Appendix A).
This makes the dip in the spectral function at the Fermi level
significantly more pronounced at the Van Hove point than at
regular points on the FS. It also appears at higher temperatures
than at regular points on the FS.

The factor o7 is of order 1. I calculated this factor numer-
ically for the values of y specific to the Hubbard model in
Sec. IV.

Let us now consider the real part of the self-energy. Taking
real part of X (k,;, @) in Eq. (9) and integrating by parts on
®' one obtains:

¥/, (k _ T [ dgdgdes
c vh,w)—n3y qdgdpdw

20 In|w + & — wg? cos(2¢)]

(672 +¢*) +o?/y?P (42

The above expression can be differentiated by w to find the
slope of X/,(ky;, ) at @ = 0. After some transformations,
I obtained the following result for X/, at small frequencies
w<w:

gAT§'4 2

2Ky, 0) = 3 (14)

where factor 022 is

00 00 m/2 In |22 _ w2x200s2(¢)|
2
= — d d d
7 ./0 x/o Z/o P Tar Dt 2P

422/)/2
) [1 BTN +z2/y2]2]’ (1)

It is important to note that the slope of X/, (k;, ®) in
the vicinity of the Fermi level is positive, large, and scales
as &4, It is significantly larger than for regular point on the
FS [see Sec. III A, for which the slope is proportional to &2
[3,4]. The slope X/, (kf, w)/dw > 1 leads to two solution
for the poles of the Green function (see Fig. 5). These two
poles in the Green function imply two peaks in the spectral
function separated by the pseudogap (see Fig. 3). Thus the
condition for precursors of quasiparticles in the ordered state
are significantly more favorable at the Van Hove point than at
regular point on the FS.

The parameter o is positive and of the order of 1. To see
that it is positive, note that the main contribution to the integral
in Eq. (15) comes from small z, x < 1 and thus the logarithm
In in the expression is negative. I calculated the factor o7
numerically for the values of y specific to the Hubbard model
in Sec. IV.

B. Results for frequencies larger than || > @,

In this section, I consider frequencies larger than |®| > w,.
Since w. = y£~% is a very small parameter in the problem,
this region of frequencies is very wide. As I explained in
Sec. II, one can use in this case the static approximation
Eq. (8). In particular, one can use this approximation for
all fermionic Matsubara frequencies. Substituting Eq. (3) in
Eq. (8), I obtain the following expression for the self-energy
in the Matsubara representation:

) gTA oo 2w
Y1 (Kop, iky) = dq d¢
0 0
1

2n)?

X E T Ol —wicosapy 0
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FIG. 1. Imaginary part of the self-energy for antinode (right) and
node (left) as a function of Matsubara frequencies for the numerically
exact DiagMC (symbols) and the present theory (lines). The drop of
the self-energy at the smallest Matsubara frequency is the signature
of the pseudogap.

The integrals on the angle ¢ and g can be done exactly. The
final result is

.gTA ky
P N
AT kK2 4 w2

Ikl (VA + w2E~ + [kal)

z:cl(kvh’ ikn) = -

X In . an
we (Vi + 0 * — ut )
Let us now consider the case when:
w \ 1/2
£ = (=) (18)
nT
0.150
0.125
~  0.100 A
=
<
= 0075
E
T 0.050
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0.000
T T T T T
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T
T
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FIG. 2. Negative imaginary part of the self-energy at the first
Matsubara frequency for antinode and node as a function of temper-
ature for the numerically exact DiagMC (symbols) and the present
theory (lines). The rapid increase of this quantity with decreasing
temperature is a strong evidence of the pseudogap. The theory pre-
dicts divergence of the self-energy as T — 0 [see Eq. (22)].

We will see in a moment that this is the condition for the
pseudogap at the Van Hove point. Expanding over the small
parameter w& ~2/(T), I obtain:

A e+ L (2L (19)
n —iny —— .
2mik, 2 w

el (kvh’ lkn) =

Taking into account that deep in the RC regime correlation
length grows exponentially § = &j exp(7y/T ) the Eq. (19) can
be written as follows:

et (Kon, ikn) A’ 1+ T 1 2k, (20)
c vhy Ikp) = —— ——n = s
1(Kyp, 1 ik, 2T w$0_2

where the gap parameter:

A2 gATy

2 @h

The 1/ik, behavior of the self-energy is the signature of
the pseudogap in the Matsubara representation. The tempera-
ture dependence of the prefactor A is weak in the pseudogap
regime [22] and thus A? depends very little on temperature as
well.

The pseudogap effect shows most dramatically in the tem-
perature dependence of the self-energy for the the lowest
Matsubara frequency ko = wT. The self-energy in this case
diverges as T goes toward 0. Indeed Eq. (20) becomes for
k() =nT:

S Ky, iko) A T (ET (22)
c vhs 1 = —1 n — .
e 0 aT| 2T \wE?

The leading temperature correction to the term A%/(wT)
comes from the term proportional to (7 /27y)In T. This term
is negative at low temperatures and twice smaller than the
similar term for the regular point on the FS (see Sec. III A).
This explains why the self-energy at the Van Hove (antinodal)
point is larger by absolute value than the one at the regular
FS point [see Fig. 2 in Sec. IV]. This difference, however,
is pure finite temperature effect and should disappear as the
temperature goes to zero.

I now derive results for real frequencies. In order to per-
form analytical continuation of the expression Eq. (17), one
needs first replace nonanalytical function |k,| with equivalent
analytical function \/kal The analytical continuation is then
obtained using standard procedure ik, — w + i0". It turns out
that in real frequencies representation, there are two distinct
functional forms for X (K, @): one for @ < w2 and one
for @ > w& 2. These two expressions connect smoothly at
w = wE2

I start with presenting results for @ > w&~2. The expres-
sion for the real part of the self-energy has the form

gTA

4/ w? — w24

W+ oF — W
wé 2

2 K, ©) =

X In

(23)
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The expression for the imaginary part of the self-energy is

2 Ky, @) = —

X arctan — . (24)
WE-

To see that the above expressions describes the pseudogap
Let us consider frequencies w > w& 2. Since w& 2 « 1, this
covers wide region of frequencies. In this case the expressions
for ¥.;(Ky;, @) can be significantly simplified:

, gA 2w
¥, kpp, )= —=—TInE4+05TInh— ), (25
2w w
gTA
8w
The above equations can be rewritten in the RC regime
using the gap parameter Eq. (21):

3 Koy, @) AT (2 27)
vhy W) = — — N ——= .
cl h w 2T0 wgo—z

(28)

2 (K, @) = — (26)

2 K, @) =

It is clear from the expression Eq. (27) that the elec-
tron’s Green function has two poles (solutions of w — X’
(Kyn, @) = 0). These two poles in the Green function lead to
two peaks in the spectral function A(k,;, w): the precursors
of the quasiparticles in the ordered state. The positions of the
peaks in A(k,;, @) at low temperatures are given by

, =+A |1+05=—1 —2 (29)
= + 0. n — .
peak T wé, 2

I note that the temperature dependent term in the above
expression has a factor 0.5,which does not exist in the similar
expression for regular point on the FS (see Sec. IITA). In
other words, the shifts of the quasiparticles peaks at finite
temperatures relative to their 7 = O positions are smaller for
Van Hove point than for a regular point on the FS. The width
of the peaks decreases linearly with the temperature Eq. (28).

I now consider case w < w& 2. As was pointed out earlier,
the classical static approximation is not valid when & > y&~2.
For this reason, the region @ < wé& 2 is relevant only when
¥ < w. The results below are for the case Y& 2 < w < w& 2.

The expression for the real part of the self-energy is

gTA
A JwE—* — »?
o=

X arctan ———. 30)
w

2 (Kun, @) =

The expression for the imaginary part of the self-energy is
gTA

477 /w2§_4 — w2
wS—Z + /w2§—4 — w?
X In .
w

2 (Kyp, @) = —

(3D

The above expressions lead to the unphysical results in
the limit w — O: the real part of the self-energy has a

discontinuity at @ = 0 and the imaginary part diverges as In @
at a finite correlation length. This underscores once again that
these expressions cannot be used in the region w < y& 2.
Instead one should use expressions derived in Sec. IIT A.

The pseudogap criteria & > &y, o, = (w/mT)"/? was de-
rived in this section for the Van Hove point on the FS.
However, I expect it to be relevant for points on the FS for
which &5, i (Tre) > &n_ap(Trc) (T, crossover temperature to
the RC regime). The condition w > v% /(rT,.) defines the
region close to the Van Hove point. It is at this region that
the pseudogap should develop first.

IV. COMPARISON WITH MONTE CARLO RESULTS
FOR HUBBARD MODEL

In this section, I compare my results with results of the vir-
tually exact numerical DiagMC results [22] for the Hubbard
model with the nearest neighbor hopping and at half filling. I
choose this special case for comparison because all necessary
data including parameters for Ornstein-Zernike susceptibility
are available in this case. The energy dispersion in this model
is given by

€(k) = —2(cos(ky) + cos(ky)) (32)

The Van Hove point in this model is located on the FS
at the point k = (7, 0). At this point the Fermi velocity is
d€(k)/0k = 0. The second derivative of the dispersion has
opposite signs in x and y directions and its absolute value
is |022(k)/0ky?| = 2. In Ref. [22], the Van Hove point was
referred to as antinodal (AN) and in this section, to avoid
confusion, I will refer to the Van Hove point as AN point as
well. Another important point on the FS is the nodal point
(N) at k = (;r/2,/2). At this point the Fermi velocity is
maximal and the second derivative of the €(k) is zero. All
points on the FS can be connected by antiferromagnetic vector
Q = (7, ) and thus all FS is affected by the antiferromag-
netic fluctuations (all the FS is “hot”).

To compare with the benchmarks results I need parame-
ters for the asymptotic Ornstein-Zernike (OZ) susceptibility
and the coupling parameter g. Fortunately, all parameters
necessary for evaluation of the classical contribution to the
self-energy X.; is available in the literature. Specifically,
I used the following parameters for the OZ susceptibility
from Ref. [22]: the prefactor A, the correlation length £,
and the diffusion coefficient (Landau damping) y. For the
coupling parameter g, I used the expression from the two-
particle self-consistent (TPSC) approach [3,4]. In the latter
reference, the coupling was defined as g = gU Uy, where the
numeric factor g = 1/4 and Uy, is the renormalized inter-
action. The idea that one vertex has to be bare and one
renormalized comes from standard diagrammatic arguments
about double-counting of vertex corrections or, equivalently,
from the Kadanov and Baym [25] formalism. The TPSC made
the following assumptions: The renormalized vertex does not
depend on the momentum and the frequency and its value is
reduced relative to the bare interaction by the pair correlation
function g4 (0), Usp, = g4, (0)U. In the TPSC, the pair corre-
lation function is found self-consistently using the sum rule
(Fluctuation-dissipation theorem). In the present phenomeno-
logical approach, I obtained it from the DiagMC results [22]
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for the double occupancy g4, (0) = (n4n,)/(ny){n;). The nu-
meric factor g is somewhat ambiguous in the TPSC because
using the momentum independent vertex violates rotational
invariance: The value of g is different in the longitudinal and
the transverse spin channels. In Ref. [26] the average values
of these two channels was used g = 3/8. This assumes that
inaccuracies for g in the longitudinal and the transverse spin
channels cancel one another. I found, however, in the present
work that the result for the longitudinal channel works better
and I used the factor g = 1/4 from Refs. [3,4].

In Ref. [22] the results for the one-loop approximation
for the self-energy were used together with the numerically
accurate results for the spin susceptibility in the dynamical
vertex approximation. The results are qualitatively similar to
the ones presented here but differ quantitatively. I believe the
main source of difference is the difference in the coupling pa-
rameter. In Ref. [22] the expression for coupling parameter g
had bare interaction U for both vertices. It also used numerical
factor g = 3/8.

I now turn to the discussion of the regular contribution
to the self-energy Eq. (6). For the reasons explained in the
Sec. II, T choose the marginal Fermi liquid (MFL) model.
Specifically, I assume that the imaginary part of the self-
energy is described by the following expressions: X/ (k, w) =
bw for w > nT and X/ (k, ) = bn T for o <= nT. This is,
of course, oversimplification. For example, the second-order
perturbation theory predicts some frequency dependence of
the X/ (kn, w) for o « 7w T [22,24]:

Im 3, (ks. ) — Im 5, ks, 0) <7 {|w||£o| N
(33)

with k= (7 /2, 7 /2).

The frequency variation is, however, small in comparison
with the main, frequency independent, term X' (k, 0). I thus,
neglected the frequency variation of the X" for @ < 7 T. The
parameter b is the fitting parameter in my phenomenological
model. To keep the number of fitting parameters to a mini-
mum, I choose it to be the same for all temperatures and k
vectors. I use the value b = —0.069. For the calculation of
the Matsubara self-energy and the real part of the self-energy,
I used Kramers-Kronig relation. To do this, I needed high
frequency cut off for the imaginary part of the self-energy.
I choose it as wmax = 6.4. This parameter mostly affects high
frequency behavior. The results for the regular contribution to
the self-energy in the Matsubara representation, as well as, the
real part of the self-energy are presented in Sec. I1I B.

The self-energy is calculated as the sum of the classical
and regular contributions Eq. (4). Figures below show com-
parison of my model with the benchmark DiagMC results
[22] for U = 2. Since, my analytical results for the classical
contribution to the self-energy are valid only in the RC regime
y&2 < T,1 limit comparison to 7 < T,.. For U = 2 it was
found that 7,. = 0.1 [22].

A. Comparison with Matsubara frequency results

Figure 1 shows the imaginary part of the Matsubara self-
energy as the function of the Matsubara frequencies for three
temperatures and two points on the FS: nodal and antinodal.

The agreement with the present model is fairly good. The
drop of the self-energy at the smallest Matsubara frequency
is the signature of the pseudogap. It can be understood using
the asymptotic expression Eq. (20) for the classical contri-
bution to the Matsubara self-energy. The latter predicts that
the absolute value of the Matsubara self-energy increases with
the decrease of the Matsubara frequencies X, &~ A?/ik,. The
regular contribution to the self-energy behaves in the oppo-
site fashion: the absolute value X, decreases with decreasing
frequency. Thus there is a competition between two contribu-
tions. For the two lowest temperatures in the Fig. 1, only the
self-energy at the lowest Matsubara frequency clearly shows
the pseudogap-like behavior. I predict that this behavior will
spread to higher Matsubara frequencies when the temperature
is lowered. The figure also clearly shows that the pseudogap
effect comes earlier and is more pronounced for the antin-
odal point. As I pointed out earlier, the pseudogap opens up
when the correlation length is significantly larger than the
characteristic thermal wave length. For the nodal point this
is the de Broglie wavelength of an electron &, 4 = vp/nT
and for the antinodal point it is the Van Hove characteristic
length &,y = w/ (@ T)/2 . At low temperatures the latter is
significantly shorter than the former. Specifically, for U = 2,
T.. =0.1: & 4p =9 and &;,_,, = 1.78. This explains, why
the pseudogap appears earlier at the antinodal point than at
the nodal point.

Figure 2 shows the temperature dependence of the
—ImZX(k, iky) for the lowest Matsubara frequency kg = 7 T.
The figure presents, probably, the most clear evidence of the
pseudogap in the Matsubara representation because this quan-
tity is expected to diverge as T — 0 [see Eq. (22)]. Indeed, the
figure shows this tendency of the self-energy as temperature
lowers. One can also notice that the absolute value of the
self-energy —ImX (K, iko) is larger for the antinodal point than
for the nodal point. This is expected from the asymptotic be-
havior of —ImX(k, iky) for the antinodal and the nodal points,
Eq. (22) and Eq. (A6). The leading term A?/(x T') is the same
for both FS points. However, the temperature correction to this
term is o« T In T', has opposite sign to the main term, and is
smaller by the factor of 2 for the antinodal point. I note that
this difference between values of —ImX (K, iky) at different
points on the FS is expected to shrink to zero as T — 0.

B. Real frequency results

In this section, I present real frequency results for the same
parameters of the model as above. I have analytical results
for w < y£~% and w > y£~2. 1 will interpolate between
these two results using the following procedure: I extended
results for w < y£~2 until they intersect with the results for
> y£&~? at some frequency w; ~ y£~2. The interpolation
procedure leads to some artifacts at frequencies w < w;. For
example, the imaginary part of the self-energy is constant for
o < w;. These artifacts at small frequencies does not affect
the main results.

The panels in Figs. 3, 4, and 5 show results for the spectral
function A(k, w) = —2ImG((k, w), the imaginary part of the
self-energy ”(k, w), and the real part of the self-energy
¥'(k, w). The results are presented for four different temper-
atures below 7,. = 0.1, and for the nodal and antinodal points
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FIG. 3. Evolution of the spectral function A(k, w) with the tem-
perature for nodal (left) and antinodal (right) points. The pseudogap
appears first and is more pronounced at the antinodal point. The
single maximum at 7 = 0.0833 for AN point is an example of the
false quasiparticle (see text for details).

on the FS. On the plots for the real part of the self-energy
¥'(k, w), I also showed the line ¥’ = w. The intersections of
this line with ¥’(k, w) are the solutions of equation for the
poles of the Green function w = ¥'(k, w). The poles of the
Green function correspond to the positions of the maximum
in the spectral function A(k, ). When the slope of ¥'(k, w)
at w = 0 exceeds one, there are two maximum in the spectral
function A(K, w) separated by the pseudogap.

In Ref. [22] the pseudogap crossover temperatures for
antinodal Ty = 0.065 and nodal points 7Ty = 0.0625 were
determined based on the Matsubara self-energy. As usual,
the determination of the crossover is somewhat uncertain. The
real frequency results give a little bit different perspective
on the pseudogap Fig. 3, show that the pseudogap already
present at the AN point for T = 0.074. At this temperature
& /& vn = 5. On another hand, at the temperature 7 = 0.0625
the pseudogap at the N point just starts to develop. This is,
especially, clear from the plot for the real part of the self-
energy which shows that ¥'(ky, w) is almost parallel to the
line ¥’ = w at small w. At the temperature 7 = 0.0588 the
pseudogap is clearly developed at both antinodal and nodal
points, but more pronounced at the AN point. At the opposite
end of the temperature range at 7' = 0.0833, there is only

FS point=N FS point = AN
0.0
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FIG. 4. Evolution of the imaginary part of the self-energy
2" (k, w) with the temperature for nodal (left) and antinodal (right)
points. The sharp minimum of this quantity at = 0 is the signature
of the pseudogap.

one maximum in the spectral function for both the nodal and
the antinodal points. However, the single-particle properties
at the antinodal point are clearly abnormal at this temperature:
the slope of the real part of the self-energy is positive and
the imaginary part of the self-energy has a minimum instead
of maximum at w = 0. Similar, but less pronounced picture
emerges at the temperature 7 = 0.074 for the nodal point:
The imaginary part of the self-energy has shallow minimum
and the slope of the real part of the self-energy is almost zero.
Although there is no pseudogap in this picture, the electronic
state is clearly incoherent in this regime. I suggest to call it
the false quasiparticle state. For the antinodal point it starts
slightly below 7.

Figure 6 shows positions of the peak in the spectral func-
tion at the N and AN points as a function of the temperature.
The position of the peak at the nodal point is always closer to
the Fermi energy than at the antinodal point. This is expected
based on the asymptotic results for the position of the peaks
in the spectral function Egs. (29) and (A9) . The difference
between positions of the peaks for antinodal and nodal points
is temperature dependent and will disappear when 7" — 0.

We can see that the pseudogap behavior is significantly
different at the antinodal point and at the regular point on
the FS vr ~ 1. As was pointed out in the previous section,
the condition w > v% /(mwT,.) defines a region close to the
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FIG. 5. Evolution of the real part of the self-energy X'(k, w) with
the temperature for nodal (left) and antinodal (right) points. Intersec-
tions with line ¥’ = w determine the positions of the maximum in the
spectral function A(k, w). The figure for the AN point at 7 = 0.0833
shows positive slope which is less than one. It is an example of the
false quasiparticle (see text for details).
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FIG. 6. Temperature dependence of the position of the maximum
in the spectral function A(k, w) for nodal and antinodal points and
w 2 0. The position of the peak at the nodal point is always closer to
the Fermi energy than at the antinodal point. This is expected based
on the asymptotic results in Egs. (29) and (A9).

Van Hove point where the behavior of the single particle
properties should be similar to the one at the Van Hove point.
For the parameters considered here, the following section of
the FS should behave similarly to the antinodal point: k =
(mr — ky, ky) with ky, < (1/2)(w T, /2)'/? = 0.2.

I conclude this section by pointing out, that the results
in the section are fully applicable to the attractive Hubbard
model at half-filling and U = —2. As was mentioned earlier,
the two models are equivalent via canonical transformation. In
the attractive model, the pseudogap is due to critical thermal
pairing. All results including criteria for the pseudogap and
differences between behavior at the nodal and the antinodal
points are the same.

V. CONCLUSION

In this paper I established criteria and obtained analytical
results for the pseudogap at the Van Hove point on the FS
in two dimensions. In two dimensions the mean field phase
transition is suppressed due to thermal critical fluctuations
(Mermin-Wagner theorem). It is replaced by a crossover to
the renormalized classical regime (RC) with exponentially
growing correlation length. It is in this regime that the pseu-
dogap was predicted above the corresponding ordered state
[3,4]. I have also identified the state with false quasiparticles.
In this state there is a single broad maximum in the spectral
function but the self-energy is very abnormal. To describe
pseudogap phenomena, I used a phenomenological model
which I validated by comparing with exact numerical Monte
Carlo results [22] for the Hubbard model at half-filling. The
phenomenological model is applicable to both antiferromag-
netic and pairing cases, and the condition for the pseudogap
are the same. Specifically, the pseudogap appears when the
correlation length is much larger than characteristic thermal
wave length & > &;,. For the regular points on the FS, this
is the de Broglie wavelength of an electron &), = & 4» =
vp/nT and for the Van Hove point it is &j_yn = w/(@T)?,
The latter is significantly shorter than the former and that
is why the pseudogap appears at higher temperature and is
more pronounced at the Van Hove point. For the Hubbard
model at the intermediate coupling 2 < U < 4, the Van Hove
characteristic length &, ,»(7,.) is between one and two lattice
spacing.

For arbitrary point on the FS, I suggest to use thermal char-
acteristic length &, = MAX (&1_ap(Trc), &n_vn(Trc). While the
pseudogap condition is £ > &, in practice, the ratio £ /&, is
not very large. In the experiments on electron doped materials
[27] the antiferromagnetic pseudogap appeared when & /&, =
2.6. For the parameters of the Hubbard model in Sec. IV the
pseudogap appears at £ /&, ~ 4.

The parts of the FS affected by the pseudogap are different
for pairing and antiferromagnetic cases. In the former case, the
peak in the susceptibility is at ¢ = 0. Consequently, all points
on the FS are affected by the pseudogap with the strongest
effect at the Van Hove point. In the antiferromagnetic case the
peak in the susceptibility is at ¢ = Q = (i, 7). The singular
behavior in the self-energy occurs on the shadow FS which
is shifted by Q relative the real FS. The points where these
two Fermi surfaces intersect (“hot” spots) are the points where
the pseudogap develops in the antiferromagnetic case. In the
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electron doped High T, materials the pseudogap occurs above
antiferromagnetic state [28]. It was shown in Ref. [29] that the
pseudogap in these materials can be explained quantitatively
by antiferromagnetic thermal fluctuations in the RC regime.
In the hole underdoped materials the pseudogap occurs above
superconducting state and smoothly transition to the true gap
below T, with the strongest effect at the Van Hove (antin-
odal) point [2]. The experiments also show that around the
nodal point the gapless feature persists over wide range of
temperatures. The latter observation is different from what
is observed in the Hubbard model at the half-filling in the
weak coupling limit. In that case, the pseudogap at the nodal
point develops relatively soon after it develops at the antinodal
point. Further studies are necessary to determine if the thermal
classical fluctuations in the RC regime are responsible for
the pseudogap in the hole doped High T. materials. Another
distinct possibility is the pseudogap due to strong coupling
effects considered in Refs. [18,30].
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APPENDIX A: SELF-ENERGY RESULTS FOR REGULAR
POINTS ON THE FS

In this Appendix, I present results for regular points on
the FS ((vg ~ 1)). Most of the results shown below are from
Refs. [3,4]. I reproduce them here for ease of reference.

As I explained in Sec. II, for regular FS points the static
approximation Eq. (8) can be used for all frequencies in the
RC regime. For the self-energy in the Matsubara frequencies
representation, the expression is

. gTA
Zakr, tky) = —F———
A Jv2E2 — k2
ik, + ‘/vl%é—z — k2
X In . (A1)
iky — JVEE2 — K2

This expression of the complex variable reduces to two
different functional expressions: one for vpé& 1>k, and
one for vpE~! < k,. The latter region has been considered
earlier in Refs. [3,4]. This is the region of temperatures
where pseudogap occurs. The region vpE~! > k, will be for
the first time presented here. It exists in the RC regime
when y&=2 < 7T < vpE~'. 1 need this range of tempera-
tures to compare with benchmark Monte Carlo results in
Sec. IV.

Case vrE™! > ky:

gTA
27 JvEET2 — K2
Py

kn

2:cl(ka lkn) =—i

X arctan (A2)

Case vp&™! < ky:

. , grA

Xo(Kp, iky) = —i—————
4r k2 — viE2

kn + (k2 — viE2
ko — \JK2 — 0262,

Let us now consider the case when correlation length & is
much larger than the de Broglie wavelength of an electron:

X In (A3)

3
EX>&nar = —. (A4)

nT
This is the condition for the pseudogap at the regular point
on the FS [3,4]. Expanding over small parameter vp& ! /(nT)
one obtains:

gTA 2k,
—|Thn&E+TIn{— | |.
2rik, VF
Taking into account that in the RC regime correlation
length grows exponentially & = &y exp(Ty/T), Eq. (AS) can
be written as follows:

YK, ik,) A* |:1 + r 1 ( 2k >:| (A6)
c s WKp) = — —1n = ’
ner ik, Ty vrép

where gap parameter A is given by Eq. (21).
I now present results for the self-energy in real frequency
representation:

E('l(kF’ lkn) =

(A5)

gTA

47 ] w? + viE2

o+ /w? + viE2
1

w—Jw? +viE?

At small w < vp&~! the imaginary part of the self-energy
Y (Kr, 0) o & and the slope of the real part of the self-energy
is positive and scales £2. These are necessary conditions to
have a pseudogap.

At frequencies w > vr&~!, the expression for the real
part of the self-energy can be written using gap parameter as

follows:
A? T 2w
Yakp,0)=—|14+ =In|{ — )|,
w Ty vrép

EL‘] (ka (,()) =

X — i

(A7)

(A8)

where gap parameter A is given by Eq. (21). This form of the
self-energy leads to two peaks in the spectral function, which
are precursors of the quasi-particles in the ordered state. The
positions of the peaks at low temperatures are given by

1+T1 2A
—mf{—- 1.
To vrgy !

APPENDIX B: RESULTS FOR THE REGULAR
CONTRIBUTION TO THE SELF-ENERGY

Wpeak = £A (A9)

In this Appendix, I present results for the regular contribu-
tion to the self-energy based on the MFL model described in
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the Sec. IV. I remind the reader that the model for imaginary
part of the self-energy is

blw| |w| Zwy=nT

bwy |o| <wy=nxT. (B1)

2k, w) = {

I start with the Matsubara self-energy which I derive using
the Kramers-Kronig relation:

Sk ik) = - / Tk o) (B2)

T w — ik,

The final result is

2b 2 2
Y (K, ik,) = i— | wy arctan @ k, In @
T

o Joi+ R

I now present the result for the real part of the self-energy:

(B3)

Yk, w) = ;[w In (a)ﬁmx — wz)] + g[(wo —w)In(wy — w)

— (0o + @) In(wp + w)]. (B4)
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