
FI 193 – Teoria Quântica de 
Sistemas de Muitos Corpos

2o Semestre de 2023
17/10/2023

Aula 18

 



Interpretação física da Função de Green
SISTEMAS FERMION NICOS SISTEMA HOMOGÉNED

t 0 IGN t CIO ICE It Catalotter

Gift eiltte e
int

IGA t7 Ionleitttc é tch Ion
Eon Itt sit L't gift IIs Ios

ight dele é
catg

CIele Ies
Wto

I CRIA SE UM ELÉTRON NO ESTADO IR NA PRESENGA
De MAR DE FERMI INTERAGENTE EM to

Ii EVOLUO NO TEMPO ATE I
iii CALCULO O OVERLAP COM O ESTADO INICIAC III



PARA ECO O RESULTA De E SEMELHANTE MAS

IIE Ca Ios
DA REPRESENTAGAT DE LEHMANN It o

Gait iv kn kl Cta Ies Feiemaintist
NO ES PAGO DE FREQUENCIAS

omwi VEIIEIEEI.IE
NO LIMITE TERMODINEMICO N D V D Ny CONST

GEE E i Alk e éietde

GIN FLEETS de
SE tee ACK E Blk E ETC



Função espectral de um líquido de Fermi
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Medidas do tamanho da superfície 
de Fermi por oscilações quânticas

Efeito de Haas-van Alphen: pequenas oscilações da 
magnetização como função do campo magnético.
• As frequências como função de 1/B são 

medidas das áreas extremas da superfície de 
Fermi.

• A dependência com a temperatura dá a massa 
efetiva.

• Também resistividade (Shubnikov-de Haas)



Medidas do tamanho da superfície 
de Fermi por oscilações quânticas

and decreases with further increasing pressure [3,18,19]. A
smooth extrapolation indicates TN! 0 around a pressure
P ¼ 2:322:5GPa. CeRhIn5, however, reveals supercon-
ductivity in a wide pressure region from P" ¼ 1:625:2GPa.
Its transition temperature has a maximum around
2.3–2.5GPa, with T sc ¼ 2:2K.

To elucidate a change of the Fermi surface properties
under pressure, we show in Fig. 5 the pressure dependence
of the dHvA frequency in CeRhIn5, together with the angle
dependence of the dHvA frequency in CeCoIn5. The dHvA
frequencies for the main dHvA branches named b2, a1, a2;3,
and branches named a, b and c, in Fig. 5(a) are
approximately unchanged up to about 2.3GPa. These
branches, however, disappear completely at 2.35GPa, and
another two branches with F ¼ 4:23# 107 Oe (m"c ’ 30m0)
and 4:03# 107 Oe (20m0) appear at 2.35GPa. We note that
these branches appear from 1.8 to 2.35GPa, which are
shown by small closed circles in Fig. 6. The origin of these
branches may be related to the change of the magnetic
structure as observed in CeRh2Si2 [20].

Above 2.4GPa, new dHvA branches named ai

(i ¼ 1; 2; 3) and A appear: F ¼ 5:43# 107 Oe (m"c ¼ 23m0)
in a1, 4:96# 107 Oe (30m0) in a2, 4:58# 107 Oe (24m0) in a3
and 1:98# 107 Oe (9m0) in branch A at 2.9GPa. The dHvA
frequencies of branches ai are larger than those below
2.4GPa, but are approximately the same as those of
CeCoIn5 at ambient pressure, as shown in Fig. 5(b): F ¼
5:56# 107 Oe (m"c ¼ 15m0) in a1, 4:53# 107 Oe (18m0) in a2
and 4:24# 107 Oe (8:4m0) in a3 in CeCoIn5. The present
dHvA data indicate that the 4f-electron becomes itinerant
and significantly contributes to the volume of the Fermi
surface.

Main Fermi surfaces in CeCoIn5 without magnetic
ordering are also nearly cylindrical but are identified by
the 4f-itinerant band model, as shown in Fig. 5(b) [21]. The
topology of the two kinds of cylindrical Fermi surfaces ai

and bi of CeCoIn5 is similar to that of CeRhIn5, but one 4f-
electron in each Ce site becomes a conduction electron in
CeCoIn5. The detected cyclotron masses of 5–87m0 in
CeCoIn5 are extremely large, reflecting a large g value of
1000mJ=K2mol [21–23].
As shown in Fig. 6, the cyclotron masses of main

branches b2 and a2;3 increase steeply above 1.6GPa where
superconductivity sets in: 5:5m0 at ambient pressure, 20m0

at 1.6GPa and 60m0 at 2.2GPa for branches b2, where the
cyclotron mass was determined in the field range from 100
to 169 kOe, namely at an effective field Heff ¼ 126 kOe. On
the other hand, the cyclotron mass of the new branch a3,
which was observed above 2.4GPa, decreases slightly with
increasing pressure: about 30m0 at 2.4GPa and 24m0 at
2.9GPa. Branch b2 was, however, not detected above
2.4GPa. This is mainly due to a large cyclotron effective
mass close to 100m0. We note that the cyclotron mass
above 1.6GPa, including the cyclotron mass in CeCoIn5, is
field-dependent as described in Refs. [19,21].
From these experimental results, a critical pressure is

estimated as Pc ’ 2:35–2.4GPa. The topology of the Fermi
surface is thus found to be different between PoPc and
P4Pc. Nevertheless superconductivity is observed in both
the pressure regions ranging from 1.6 to 5.2GPa [18,24].
From the NQR experiment at 1.75GPa, superconductivity
with a d-wave type is found to coexist with the
antiferromagnetic state [25], and also from the neutron
scattering experiment, the magnetic structure and the
magnetic moment are almost unchanged up to 1.63GPa
[26]. The field-induced magnetic ordering phase was found
in the superconducting phase in 1:77oPo2:3GPa by the
specific heat measurement under the magnetic field [27],
which is consistent with our result. It is important to
emphasize that the cyclotron masses are extremely large in
these pressure regions below Pc as well as above Pc,
forming a heavy fermion state. We also note that the upper
critical field Hc2 in superconductivity and a slope of Hc2 at
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P ¼ 2:322:5GPa. CeRhIn5, however, reveals supercon-
ductivity in a wide pressure region from P" ¼ 1:625:2GPa.
Its transition temperature has a maximum around
2.3–2.5GPa, with T sc ¼ 2:2K.

To elucidate a change of the Fermi surface properties
under pressure, we show in Fig. 5 the pressure dependence
of the dHvA frequency in CeRhIn5, together with the angle
dependence of the dHvA frequency in CeCoIn5. The dHvA
frequencies for the main dHvA branches named b2, a1, a2;3,
and branches named a, b and c, in Fig. 5(a) are
approximately unchanged up to about 2.3GPa. These
branches, however, disappear completely at 2.35GPa, and
another two branches with F ¼ 4:23# 107 Oe (m"c ’ 30m0)
and 4:03# 107 Oe (20m0) appear at 2.35GPa. We note that
these branches appear from 1.8 to 2.35GPa, which are
shown by small closed circles in Fig. 6. The origin of these
branches may be related to the change of the magnetic
structure as observed in CeRh2Si2 [20].

Above 2.4GPa, new dHvA branches named ai

(i ¼ 1; 2; 3) and A appear: F ¼ 5:43# 107 Oe (m"c ¼ 23m0)
in a1, 4:96# 107 Oe (30m0) in a2, 4:58# 107 Oe (24m0) in a3
and 1:98# 107 Oe (9m0) in branch A at 2.9GPa. The dHvA
frequencies of branches ai are larger than those below
2.4GPa, but are approximately the same as those of
CeCoIn5 at ambient pressure, as shown in Fig. 5(b): F ¼
5:56# 107 Oe (m"c ¼ 15m0) in a1, 4:53# 107 Oe (18m0) in a2
and 4:24# 107 Oe (8:4m0) in a3 in CeCoIn5. The present
dHvA data indicate that the 4f-electron becomes itinerant
and significantly contributes to the volume of the Fermi
surface.

Main Fermi surfaces in CeCoIn5 without magnetic
ordering are also nearly cylindrical but are identified by
the 4f-itinerant band model, as shown in Fig. 5(b) [21]. The
topology of the two kinds of cylindrical Fermi surfaces ai

and bi of CeCoIn5 is similar to that of CeRhIn5, but one 4f-
electron in each Ce site becomes a conduction electron in
CeCoIn5. The detected cyclotron masses of 5–87m0 in
CeCoIn5 are extremely large, reflecting a large g value of
1000mJ=K2mol [21–23].
As shown in Fig. 6, the cyclotron masses of main

branches b2 and a2;3 increase steeply above 1.6GPa where
superconductivity sets in: 5:5m0 at ambient pressure, 20m0

at 1.6GPa and 60m0 at 2.2GPa for branches b2, where the
cyclotron mass was determined in the field range from 100
to 169 kOe, namely at an effective field Heff ¼ 126 kOe. On
the other hand, the cyclotron mass of the new branch a3,
which was observed above 2.4GPa, decreases slightly with
increasing pressure: about 30m0 at 2.4GPa and 24m0 at
2.9GPa. Branch b2 was, however, not detected above
2.4GPa. This is mainly due to a large cyclotron effective
mass close to 100m0. We note that the cyclotron mass
above 1.6GPa, including the cyclotron mass in CeCoIn5, is
field-dependent as described in Refs. [19,21].
From these experimental results, a critical pressure is

estimated as Pc ’ 2:35–2.4GPa. The topology of the Fermi
surface is thus found to be different between PoPc and
P4Pc. Nevertheless superconductivity is observed in both
the pressure regions ranging from 1.6 to 5.2GPa [18,24].
From the NQR experiment at 1.75GPa, superconductivity
with a d-wave type is found to coexist with the
antiferromagnetic state [25], and also from the neutron
scattering experiment, the magnetic structure and the
magnetic moment are almost unchanged up to 1.63GPa
[26]. The field-induced magnetic ordering phase was found
in the superconducting phase in 1:77oPo2:3GPa by the
specific heat measurement under the magnetic field [27],
which is consistent with our result. It is important to
emphasize that the cyclotron masses are extremely large in
these pressure regions below Pc as well as above Pc,
forming a heavy fermion state. We also note that the upper
critical field Hc2 in superconductivity and a slope of Hc2 at
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Quase-partículas ou não?

recognizable above Tc , the peak-dip-hump structure is
smeared out at high temperature. Similar results have
also been obtained along the nodal direction for LSCO
(Zhou, 2001) and Bi2201 (Lanzara, 2002). In particular,
for Bi2201 the peak-dip-hump structure could be clearly
observed above Tc , as this is low enough that the system
can be studied in the normal state, avoiding, at the same
time, excessive thermal broadening.

From the ratio of the quasiparticle velocities at ener-
gies above and below the kink, Lanzara et al. (2001) es-
timated the quantity !! which is proportional to the
electron-phonon coupling parameter !. Note that this is
the same procedure already discussed in Sec. VIII.A for
Be(0001); however, in the present case due to the under-
lying electron-electron correlations the quasiparticle ve-
locity is already strongly renormalized over a large en-
ergy scale. The doping dependence of !! is presented in
Fig. 78(f) and it shows that the electron-phonon cou-
pling increases in all three systems (i.e., LSCO, Bi2201,
and Bi2212) as the doping level is reduced.

The ARPES results presented in this section indicate
that in addition to electron self-energy corrections due
to electron-electron correlations, which are responsible
for the renormalization of the electronic structure of the
cuprates over a large energy scale (see Sec. IV.A), the
contribution from electron-phonon interaction must also
be taken into account, as it appears to have a direct
influence on the quasiparticle dynamics. In this regard
Shen, Lanzara, et al. (2002) went a step further and, by
considering both the diagonal and off-diagonal channels
of electron-phonon coupling for p and n-type high-
temperature cuprate superconductors, asserted that the
electron-phonon interaction is also an essential ingredi-
ent to pairing (a more detailed discussion of this issue is,
however, beyond the scope of our review).

3. Discussion

As we have seen throughout this section, the investi-
gation of the self-energy corrections in Bi2212 is an ex-
tremely complex issue. There is now strong evidence
that the normal-state and superconducting-state low-

energy dispersion along the nodal direction is character-
ized by a sharp break accompanied by a double-peak
structure in the EDC’s (as indicated by the data not only
from Bi2212 but also from Bi2201 and LSCO). This
structure identifies an energy scale in the quasiparticle
dynamics which is naturally explained as a consequence
of relatively strong electron-phonon coupling. On the
other hand, the results we discussed for the antinodal
region are much less certain because of complications
due to superstructure contaminations and bilayer split-
ting effects. Recently, new and more convincing evi-
dence for the presence of a kink in the Bi2212 quasipar-
ticle dispersion near (",0) below Tc has been reported
by Gromko et al. (Gromko, Chuang, et al., 2002;
Gromko, Fedorov, et al., 2002). As shown in Fig. 80(a),
where the normal-state ARPES intensity from over-
doped Bi2212 along the (" ,")-(" ,0)-(" ,!") direction
is presented, Gromko et al. were able to clearly resolve
the bonding and antibonding split bands as well as their
superstructure replicas. Below Tc"58 K [Fig. 80(b)],
they observed the opening of the superconducting gap
and the sharpening and/or intensity increase of the low-
energy peaks, which gave rise to the traditional (",0)
peak-dip-hump structure. In addition, the bonding band
MDC-derived dispersion, which is linear above Tc , is
now characterized by a sharp kink at 40 meV [this is
further substantiated by the detailed study of a Tc
"71 K overdoped sample presented in Fig. 80(c)]. It
should be emphasized that, on the one hand, this work
confirms prior reports (e.g., Norman, Eschrig, et al.,
2001). On the other hand, while the kink in the (",0)
region was earlier believed to be connected to the tradi-
tional peak-dip-hump structure, these results indicate
the independence of the two phenomena, with the tra-
ditional peak-dip-hump structure being simply a bilayer
splitting effect. Furthermore, Gromko, Chuang, et al.
(2002) reported that the emergence of the (",0) kink at
40 meV in the bonding band was accompanied by the
development of a separate antinodal peak-dip-hump
structure much weaker than the traditional one, consis-
tent with an earlier report [Feng et al., 2001; see crosses
and bars in Fig. 34(b)].

From a comparison of the results above and those
presented in Sec. VIII.C, it is clear that the kinks in the
antinodal and nodal dispersions have completely differ-
ent origins: (i) while the former has a dramatic tempera-
ture dependence and is observed only below Tc [Fig.
80(c)], the latter is already seen above Tc and is essen-
tially independent of temperature (Fig. 78); (ii) as sum-
marized by Gromko, Fedorov, et al. (2002) in Fig. 80(d)
where several energy scales are plotted versus doping,
the antinodal kink has a characteristic energy signifi-
cantly smaller than the nodal one; (iii) furthermore, also
the doping dependence of their energy scale [Fig. 80(d)],
and of the magnitude of the velocity renormalization
(which is proportional to the coupling strength) are dif-
ferent; as for the latter in particular, while the nodal kink
gets weaker with increasing doping, the antinodal one

FIG. 79. Low-temperature spectra from overdoped (OD), op-
timally doped (OP), and underdoped (UD) Bi2212 along (0,0)-
(","). Right panel: spectral function for an electron-phonon
coupled system in the Debye model at T"0; #!($) and
#"($) are shown in the inset, where the dashed line indicates
the maximum phonon energy. From Lanzara et al., 2001.
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Kramers-Kronig consistent with the dispersion [12]. This
step increase is seen with greater clarity for the laser data
than the synchrotron data. This is a strong indication that
relative to this excitation the laser ARPES experiment is in
the sudden regime, even though it may not be in the sudden
regime compared to plasmons or certain other electronic
excitations. This is consistent with recent theoretical work
showing that loss features from localized excitations
should persist to much lower photon energy (due to their
short interaction length) than those from plasmons [9], and
it suggests a new method to selectively disentangle corre-
lation effects from ARPES spectra.

The agreement between the laser and synchrotron ex-
periments should also be viewed as strong support for the
vast body of previous ARPES studies of Bi2212, as we now
see the same overall picture near the Fermi surface with a
probe that is significantly more bulk sensitive [13].
Figure 2 further illustrates this agreement, showing well-
known Bi2212 features as seen with improved clarity from
laser ARPES. Figure 2(a) shows the MDC at the Fermi
energy (red circles) along with a fit to the data (blue line).
The fit is a simple Lorentzian with no background. The
anisotropy of the superconducting gap [4,5] is shown in
Fig. 2(c) where energy distribution curves (EDCs, intensity
profiles at constant momentum) are shown at 25 K for the
nodal (solid red) and off-nodal (dotted blue) cuts shown in
the inset. Figure 2(d) shows the same off-nodal cut at T !
150 K (solid red curve) and at T ! 25 K (dotted blue
curve), illustrating the opening of the superconducting gap.

The low temperature MDC of Fig. 2(a) has a momentum
full width of 0.6% of the zone diagonal, or about
0:0068 !A"1. This corresponds to an electron mean free
path of about 150 Å, which is almost 5 times the length
scale of the ‘‘patchy’’ disorder measured in STM measure-
ments [2]. This long length scale is consistent with the
interpretation that the patchiness is associated with the
antinodal states only [14].

Great interest and controversy has existed over the na-
ture of the near-Fermi ARPES line shape of cuprate super-
conductors since it directly gives information about the
interactions felt by the electrons [4,5]. Particular attention
has been paid to the issue of the existence of quasiparticles,
the renormalized low-energy excitations which can be
mapped to the simpler noninteracting electron gas pre-
dicted by band theory. A lack of quasiparticles might signal
the need for an entirely new and exotic ground state to de-
scribe the high Tc superconductors. Strictly speaking, true
Landau quasiparticles exist only in the context of Fermi
liquid theory, where the excitations are infinitely sharp at
the Fermi surface and have energy widths with quadratic
dependence on energy and temperature. Although all of
these conditions may not exist in the cuprates, it would be
beneficial to be able to retain some aspects of the quasi-
particle picture. To do so to a reasonable degree, the elec-
tronic excitations must at least be sharper than their energy.
The fact that this quality has not yet been observed in

ARPES studies of cuprates has been used as key evidence
for the lack of quasiparticles.

Figure 3(a) shows EDCs along the node for three tem-
peratures at three k values each, along with fits to the data.
The fits are simply a Lorentzian plus a small background
[15], multiplied by a Fermi-Dirac function. This line shape
was chosen to represent lifetime broadened states, with no
Gaussian resolution broadening or ! dependence of the
electron self-energy ". Including ! dependence to " such
as in a Fermi liquid or marginal Fermi liquid [16] form
does improve the agreement even further [12], but will not
be discussed in this Letter. In order to minimize complica-
tions from the kink, we fit to peak energies of about
60 meV only. Compared to past experience with EDC
line shapes [4,5], the Lorentzian fits show surprisingly
good agreement with the data. Figure 3(b) shows the
Lorentzian full widths from similar fittings for many tem-
peratures plotted versus their peak position. The solid line
on the plot has a slope of one, indicating that peak binding
energies and full widths are equal. All points in the shaded
region can be considered quasiparticle-like, defined as
exci-
tations sharper than their energy. Quasiparticle-like exci-
tations so defined have never been seen in published
ARPES data of cuprates. True Landau quasiparticles
would become infinitely sharp at the Fermi surface, a
property that can never be fully realized in a real experi-
ment (as the Fermi energy is approached, the EDC widths
eventually must become dominated by resolution, impurity

FIG. 3 (color). (a) EDCs (triangles) and Lorentzian fits (blue
lines) at different temperatures (offset for clarity) for three
emission angles each. (b) Summary of EDC fitting results
showing full-width 2 Im" versus peak position. The shaded
region indicates where peak full widths are sharper than their
energy, which should be considered quasiparticle-like. (c) Raw
EDCs from the laser (red circles) and 52 eV synchrotron source
(black triangles) measured at the same k value.
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Líquidos de Luttinger (1D)
Em 1D, a teoria dos líquidos de Fermi não é válida:
• Espaço de fase diferente (superfície de Fermi 

são pontos).
• Funções de Green não têm polos simples, mas 

pontos de ramificação no plano w complexo.
• Não há quase-partículas estáveis.
• Separação de spin e carga: “holons” e “spinons” 

são as excitações estáveis.



Líquidos de Luttinger (1D)

H =
∑

ν=ρ,σ

∑

q

vν |q|
(

b†ν,qbν,q + 1/2
)

, (1)

with vν = vF , the Fermi velocity. Both the spectrum and the multiplicities of the
states, i.e. the Hilbert space, of the fermion and boson forms are identical [3].

What happens in the presence of interactions? One possibility is that the inter-
actions open a gap in the spin and/or charge excitation spectrum. The system then
no longer is paramagnetic and/or metallic. With a charge gap, we have a 1D Mott
insulator, with a spin gap a conducting system with strong charge density wave
or superconducting correlations, and gaps in both channels imply a band insula-
tor. Luttinger liquid theory cannot be applied anymore. In the other case, charge
and spin excitations remain gapless: a Luttinger liquid is formed. Then, electron-
electrons interactions will make vσ != vρ != vF , leading to charge-spin separation.
Interactions will also renormalize the electronic compressibility and magnetic sus-
ceptibility, and the charge and spin stiffnesses, and by comparing the velocities
measuring this renormalization to vν , the correlation exponents Kν can be defined.
The Kν therefore only depend on the low-energy properties of the Hamiltonian.
Two parameters per degree of freedom, Kν and vν , completely describe the physics
of a Luttinger liquid.

From model studies, e.g. on the 1D Hubbard model [6] and related models
[4], the following picture emerges: (i) Kν = 1 describes free electrons, and Kσ =
1 is required by spin-rotation invariance. (ii) Kρ > 1 for effectively attractive
interactions, and Kρ < 1 for repulsive interactions. (iii) For the 1D Hubbard model,
Kρ decreases from 1 to 1/2 as the electron repulsion U varies between 0 . . .∞. (iv)
Kρ < 1 decreases with increasing interaction range. For any finite range, there is a
characteristic minimal Kρ, which approaches zero, as the interaction range extends
to infinity. (v) vσ ≤ vF for repulsive interactions. vσ measures the magnetic
exchange J . (vi) vρ > vF for repulsive interactions, and the more so the longer the
interaction range. In the limit of unscreened Coulomb interaction, vρ → ∞, and the
charge fluctuations then become the 1D plasmons [7] with ωρ(q) ∝ |q|ln |q|. (vii)
Electron-phonon interaction decreases the vν , and most often also Kρ. Interaction

q ω 

q 

ω(q) 

-2kF 2kF 

k 

E(k) 

FIGURE 1. Particle-hole excitations in 1D (left). The spectrum of allowed excitation has no

low-energy states with 0 ≤ |q| ≤ 2kF .Excitações partícula-buraco
I d
BURACOS



Líquidos de Luttinger (1D)

The structure factor can be interpreted as showing fluctuations both of Peierls-type
(2kF ) and of Wigner-crystal-type (4kF ) charge density waves, and the two terms
in T−1

1 come from the q ≈ 0 and 2kF spin fluctuations. Evidence for such behavior
has been found, e.g. in TTF-TCNQ [10] for S(k), and (TMTSF )2ClO4 [11] for
T−1

1 . Transport properties depend on the scattering mechanisms assumed. If we
consider electron-electron scattering in a band with filling factor 1/n, we obtain
from the current-current correlations [12]

ρ(T ) ∼ T n2Kρ−3 , σ(ω) ∼ ωn2Kρ−5 . (5)

The second law has apparently been observed in salts based on TMTSF [13]. These
predictions ideally give information on the power-law behavior of correlations, and
on the underlying value of Kρ, which, of course, must be the same for different
experiments in any specific material.

In order to see charge-spin separation, one must perform q- and ω-resolved spec-
troscopy (or time-of-flight measurements). Photoemission spectroscopy is the first
choice because it directly probes single-particle excitations [14]. With some ap-
proximations, it measures the imaginary part of the electronic Green’s function,
and Luttinger liquid theory predicts, cf. Fig. 2 [15,16]

ρ(q, ω) =
−1

π
ImG(q + kF , ω + EF ) ∼ (ω − vσq)

α−1/2|ω − vρq|
(α−1)/2(ω + vρq)

α/2 .

(6)

One finds two dispersing singularities (with interaction dependent exponents; for
α, cf. above) which demonstrates that the electron ejected from the material is
composed out of two more elementary excitations. By q-integration, one can obtain
the density of states, N(ω) ∼ |ω|α, and by ω < 0-integration n(k). A practical
comment: the easy part is the calculation of the Green’s function in bosonization.
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FIGURE 2. Spectral functions of a Luttinger liquid. The three signals represent the holon, the

spinon, and the shadow bands (left to right). Left panel: weak/short-range interactions, α = 1/8

(Kρ = 1/2). Right panel: strong/long-range interactions, α = 1.5 (Kρ = 1/8).
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