
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Emergent electronic phases in cuprate strange metals

Smit, S.

Publication date
2022

Link to publication

Citation for published version (APA):
Smit, S. (2022). Emergent electronic phases in cuprate strange metals. [Thesis, fully internal,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/emergent-electronic-phases-in-cuprate-strange-metals(808c00ce-c72d-4cdc-8a4b-861c53853935).html


CHAPTER

FOUR

MOMENTUM DEPENDENT SCALING EXPONENTS IN

A STRANGE METAL

This chapter concerns the self-energy in the nodal k-space direction of the strange

metal cuprate Bi2201. The anomalous strange metal phase found in high-Tc cuprates

does not follow the conventional condensed-matter principles embodied in the Fermi

liquid and presents a great challenge for theory. Highly precise experimental deter-

mination of the electronic self-energy can provide a test bed for theoretical models

of strange metals, and angle-resolved photoemission can provide this as a function

of frequency, momentum, temperature and doping. Here we show that constant

energy cuts through the nodal spectral function in Bi2201 have a non-Lorentzian

lineshape, meaning the nodal self-energy is k dependent. We show that the ex-

perimental data are captured remarkably well by a power law with a k-dependent

scaling exponent smoothly evolving with doping, a description that emerges natu-

rally from AdS/CFT-based semi-holography. This puts a spotlight on holographic

methods for the quantitative modelling of strongly interacting quantum materials

like the cuprate strange metals1. The holographic calculations in this chapter were

performed by E. Mauri, and are included here for completeness.

1This chapter is based on S. Smit et al., ‘Momentum-dependent scaling exponents of nodal

self-energies measured in strange metal cuprates and modelled using semi-holography’ (submitted)

-https://arxiv.org/pdf/2112.06576.pdf .
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Chapter 4. Momentum dependent scaling exponents in a strange metal

4.1 Introduction

The phase diagram of the cuprate high-Tc superconductors contains many inter-

esting and poorly understood phenomena [12], a few of which have been discussed

in Chapters 1 and 3. In their normal state, these strange metals have qualitatively

different experimental behaviour than the Fermi liquid, with in particular the linear-

in-T resistivity and the quadratic-in-T Hall angle being among the most strange.

ARPES gives direct access to the scattering rate, or lifetime of the electrons.

These are influenced by multiple contributing interactions, such as impurity scat-

tering, electron-electron interactions, and electrons interacting with bosonic modes

(e.g. phonons) [7]. Knowing the full momentum, energy and temperature dependent

self-energy puts strong constraints on a possible underlying microscopic theory for

the system.

One important unanswered question of two parts is whether cuprate strange

metals represent a novel quantum critical phase, and if so, whether their properties

can be described by holographic emergence principles. As described in Chapter 1,

evidence for the quantum critical phase comes from high magnetic-field electrical

transport experiments on the simple, single-CuO2-layer cuprate LSCO. In the far

overdoped regime, as temperature is lowered a doping-dependent switch from T -

linear to T -quadratic behaviour at T ≥ 50K is recorded, reminiscent of what is

seen above quantum critical points [75]. However at lower temperature, when the

superconductivity is suppressed using high magnetic fields, the T -linear behaviour

is smeared out over the whole overdoped side of the superconducting dome (see Fig.

1.12). If strange metals are meant to have linear resistance, then all those different

doping levels are, in some sense, equally strange, and together they define a quantum

critical phase. Other overdoped cuprates, such as Bi2201, also show such extended

‘strange’ behavior with H/T scaling of the magnetoresistance being seen in a large

region of the phase diagram [49].

Laser-based ARPES on Bi-2212 [88] also revealed signs of a putative quantum

critical phase, based on data on the normal state self-energy of the electrons in the

nodal direction. The self-energy not only showed power-law behaviour in both ω and

T , but this power varied smoothly from less than unity for underdoping, through the

marginal Fermi liquid value of unity for optimal doping (a historic ARPES result

first reported in 1999 [86, 87]), to 1.2 for overdoping such that Tc ' 0.75Tmaxc . In

this Chapter, the normal state nodal spectrum of the single-CuO2-plane cuprate

Bi2201 is studied over a larger frequency and temperature range than the Bi2212

data of Ref. [88]. We uncover a qualitatively new facet of the self-energy of the

nodal electrons in a cuprate strange metal, namely that it is not only a function
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Chapter 4. Momentum dependent scaling exponents in a strange metal

of ω and T , but also dependent on the magnitude of the momentum away from

the Fermi momentum k − kF , yielding constant energy cuts through the spectral

function (MDCs) with a non-Lorentzian lineshape. k-dependence in the self-energy

has been seen in the form of a dependence on the location along the Fermi surface

[85, 145], but not before in the way revealed here, namely for k perpendicular to the

Fermi surface.

In the following, after presenting the experimental data, we test whether a theo-

retical description can be found using the tools of the holographic duality known as

the Anti-de Sitter/Conformal Field Theory correspondence (AdS/CFT) from string

theory [81, 82], a new theoretical approach introduced in Chapter 2. AdS/CFT-

based calculations have been shown to successfully capture both Fermi-liquid-like

[94] and non-Fermi-liquid-like aspects of strange metallic behavior [93], including

power law self energies with smoothly varying scaling exponents [146, 147]. In a large

class of holographic descriptions of strongly entangled quantum matter, including

the semi-holographic model adopted here [148], momentum dependent power laws

are natural consequences of the theory.

The key conclusions of this Chapter are as follows. Firstly, these ARPES data

confirm that nodal electronic self-energies display a power law in frequency and tem-

perature, and that the power grows smoothly from unity at optimal doping towards

the Fermi liquid value of two at overdoping, even though its not reached, even

for non-superconducting samples. Secondly, the scaling exponents describing the

self-energies are experimentally shown to be momentum dependent. These results

further strengthen the notion that the optimally and overdoped Bi-based strange

metals do represent a novel quantum critical phase, one that can be remarkably well

modelled using tools from the holographic duality.

4.2 Nodal ARPES data: power-laws with a phonon

As a first step the nodal data are analyzed in the traditional way, using a k-

independent self-energy. This is done in order to connect our single layer data to

the laser-ARPES results of Reber et al.[88] on Bi2212. We then go on to show the

need for extension of the data analysis to include k-dependence. A typical nodal

dispersion, for an UD32K sample measured at 8K, including both the negative and

positive-k branch is shown in the right hand panel of Fig. 4.1.

ARPES experiments measure, assuming matrix elements are constant, the single-

particle spectral function (as described in Section 2.1.1), and given in Eq. (4.1):
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Chapter 4. Momentum dependent scaling exponents in a strange metal

Figure 4.1: Nodal dispersion. Fermi surface map (left) together with dispersion

along the nodal k-space direction (right) for an UD32K sample, measured at 8K

using 28 eV photons.

A(k, ω) =
1

π

Σ
′′
(k, ω)

(ω − ε(k)− Σ′(k, ω))2 + (Σ′′(k, ω))2
(4.1)

Here Σ(k, ω) = Σ
′
(k, ω) + iΣ

′′
(k, ω) is the full complex self-energy, and ε(k) is

the bare dispersion which, for the nodal direction within ∼0.5 eV of EF can be

very well approximated as being linear [106]: ε(k) = vF (k − kF ), where vF is the

Fermi velocity and kF the Fermi wave vector. Now the commonly made assumption

of negligible k dependence in the self-energy, Σ(k, ω) ' Σ(ω), reduces the single-

particle spectral function to a Lorentzian lineshape as a function of momentum k at

each fixed frequency ω0, i.e.:

L(k, ω0) =
W

π

Γ/2

(k − k∗)2 + (Γ/2)2
(4.2)

With W (ω) the intensity, k∗(ω) the peak position, and Γ(ω) its width. In prac-

tice, the peaks are fit using a Voigt lineshape, which is a Lorentzian convolved

with a Gaussian. The Gaussian part of the Voigt lineshape accounts for experi-

mental resolution, and is kept constant for all energies.2 Within this framework,

the imaginary part of the self-energy is proportional to the width of the Lorentzian

component via Σ
′′
(ω) = vFΓ(ω)/2 [86]. Fig. 4.2 shows how these Full Width at

Half Maximum (FWHM) values are determined. Panel (c) shows the FWHM for a

range of temperatures, obtained by fits to the spectral functions at each fixed energy.

2The Gaussian used in the analysis has a width of 0.01 Å−1, corresponding to an angular

resolution of approximately 0.2o.
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Chapter 4. Momentum dependent scaling exponents in a strange metal

Figure 4.2: Self-energy determination assuming Σ(k, ω) ' Σ(ω). (a) Shows a

zoom-in at the negative k-branch of the low temperature nodal dispersion of a UD32K

sample whose data overview is shown in Fig. 4.1. The MDC at EF shown in (b) is

fit using a Voigt function, where the Lorentzian part has a width of just under 0.02

Å−1. Panel (c) shows the MDC widths extracted in this way, plotted as a function of

both binding energy and temperature. At low temperature around 70 meV, structure

can be seen in the FWHM related to an in-plane, half-breathing phonon mode [149].

As the data of Fig. 4.2 show, carefully-measured synchrotron ARPES data can

yield MDC FWHM comparably narrow to those recorded using laser-ARPES [88].

The discussion in Chapter 1 related how for E = EF the quasiparticle lifetime is

maximal, and for T = 0K is infinite in a Fermi liquid. The residual MDC width for

E = EF at the lowest temperature is consequently seen as a measure of the level of

impurity scattering in the sample, combined with the flatness of the cleaved sample

area under the light beam.

4.2.1 Fitting the self-energy

As demonstrated by Valla et al [86], at optimal doping the nodal (ω,T )-dependent

self-energy extracted in this way follows the phenomenology of the marginal Fermi-

liquid [87]. This result was extended by Reber et al. [88], who introduced the Power

Law Liquid described by Eq. (4.3). Here the frequency and temperature behavior

of the self-energy is governed by a single exponent α, which smoothly varies with

doping. This reproduces the marginal Fermi liquid for a power of unity (α = 1/2),

and the quadratic temperature and frequency behaviour of a Fermi liquid emerges

when α = 1.

Σ
′′

= G0 + λ
[(~ω)2 + (βkBT )2]α

(~ωN)2α−1
. (4.3)

In Eq. (4.3), λ is a coupling constant describing the overall strength of the
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Chapter 4. Momentum dependent scaling exponents in a strange metal

interaction, normalized to an energy scale ~ωN = 0.5eV for all dopings [88]. The

parameter β sets the balance between the relative influence of temperature and

frequency. The low temperature access to the normal state offered by the low Tc of

the Bi2201 system does mean the contribution to Σ from electron-phonon coupling

needs to be included in the analysis. This is done by the introduction of G0, a

frequency and temperature dependent term in Eq. (4.3). Flagging the need for

the inclusion of el-ph coupling, in our data a clear kink in the low temperature self-

energy is seen around an energy of 70 meV, associated to an in-plane, half-breathing

phonon mode [149, 150]. Note that there are other phonon modes also present in the

system that are known to couple to the nodal fermions, but these are not included

in the present fit. These modes influence the self-energy below the 10 meV scale

[43, 151, 152], which - given the energy scale of the fits over more than 200 meV -

can be neglected without undue influence on the conclusions drawn in the following.

Consequently, we can fit the complete 2-dimensional self-energy to Eq. (4.4):

Σ
′′
(ω, T ) = Σ

′′

imp + Σ
′′

e−ph + Σ
′′

PLL, (4.4a)

Σ
′′

PLL(ω, T ) = λ
[(~ω)2 + (βkBT )2]α

(~ωN)2α−1
, (4.4b)

Σ
′′

e−ph(ω, T ) =

∫
α2F (ω

′
)K(ω, ω

′
, T )dω′ (4.4c)

where α2F is the boson spectral density that is taken to be Lorentzian, with a

temperature dependence described by the ‘kernel’ K(ω, ω
′
, T ), containing the Bose-

Einstein and Fermi-Dirac distributions [153]. Imp, e-ph and PLL denote impurity

scattering, electron-phonon coupling and power law liquid, respectively.

Fig. 4.3 shows the experimentally extracted FWHM (coloured lines), together

with the result of a two-dimensional (ω,T ) fit to the data using Eq. (4.4) (black

dashed lines) for the data from the UD32K sample. In panel a the electron-phonon

contribution is not taken into account, and in panel b it is, greatly improving the

fit. The contributions to the self-energy that are due to impurity scattering and

e-ph coupling are shown in panel c of Fig. 4.3.

The two-dimensional fitting routine to the extracted self-energies from the MDC

fits as described above is then repeated for samples with five different doping levels

measured at, in total, 39 different temperatures. This covers the phase diagram

from slightly underdoped (p = 0.14) to the heavily overdoped region where super-

conductivity has disappeared (p > 0.27). The results of all these fits are shown in

Fig. 4.4, with the resulting PLL parameters indicated in each panel.

An overview of the parameters extracted from all of the fits is given in Fig. 4.5,
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Figure 4.3: Electron-phonon contribution to the self-energy. (a) 2-

dimensional self-energy fit from a UD32K sample to the PLL + impurity scattering,

and (b) with the e-ph contribution included. Panel (c) shows the temperature de-

pendence of the phonon self-energy, plus the constant impurity scattering term. The

resulting PLL parameters from the fit are given in the panels.

together with the PLL parameters for Bi-2212 [88]. Compared to the latter, the

ARPES data presented here cover a complementary doping range, such that taking

the combined results, a large proportion of the phase diagram is covered. Across this

doping interval, the power extracted from the Bi2201 data increases smoothly from

1.04 (α = 0.52) to 1.68 (α = 0.84). Thus, the marginal Fermi liquid power matching

the T-linear resistivity is reflected in these data close to optimal doping. Also of note

is that even on doping beyond the superconducting dome, the Fermi liquid (α = 1)

is not yet reached. Extrapolation of the α(p) data in Fig. 4.5 from both Bi-based

cuprates suggests the hole doping would need to be p ∼ 0.36 holes/Cu to reach the

Fermi liquid value α = 1. LSCO with p = 0.32 and TL2201 with p = 0.31 show

Fermi liquid-like behavior in transport [47, 75], which are doping levels in a similar

ball-park as the extrapolation discussed here. The parameter β seems to vary less

strongly, but also grows with increasing doping. The coupling constant λ does not

show a strong doping dependence.

The continuity in α values in Fig. 4.5 emphasises the remarkably good agree-

ment between the nodal self-energy in single- and bi-layer cuprates, and shows that

these self-energies near EF are well described by Eq. (4.4) for a temperature range

spanning over 200K. All the measured data are summarized in Table 4.1, in which

the temperatures for which data are displayed in Fig. 4.4 are highlighted in bold.
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Chapter 4. Momentum dependent scaling exponents in a strange metal

Figure 4.4: Doping dependent power law liquid fits. (a-e) 2-dimensional fits

to the MDC FWHM (= 2Σ
′′

vF
) of Bi2201 over a wide doping, energy and temperature

range to the modified power law liquid description given in the text. The doping

levels are indicated in panel (f), with the doping determined by the Presland scale

[8] as discussed in Chapter 3.
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Figure 4.5: Summarized results of the modified PLL fits shown in Fig. 4.4

An estimation of the error on the PLL parameters is added, based on variations in

the fit result when slightly modified energy and temperature ranges are included in

the fit for each doping level.

Sample Hole doping p Tmeas(K)

UD32K 0.14 8,45,75,105,155,180,205

OD23K 0.223 8,75,105,155,180,255,295

OD15K 0.243 8,30,75,105,155,180, 205,255,295

OD3K 0.265 8,45,90,130,155,180,205,230

OD0K ±0.28 8,75,105,155,180,205,255,295

Table 4.1: Summary of the measured temperatures for each doping level. All these

data are included in the fits, but only the temperatures that are highlighted in bold

are shown in Fig. 4.4. In total 39 temperatures, spread over 5 doping levels were

recorded.

4.3 Momentum-dependent power law exponent and

asymmetric ARPES MDCs

The above analysis does hinge on the aforementioned assumption of negligible

k dependence: such that the spectral function part of the MDC lineshape can be
75



Chapter 4. Momentum dependent scaling exponents in a strange metal

well fit using a symmetric Lorentzian for each peak [154]. In the following section

we show experimentally -for the first time- that the k-dependence of the self-energy

needs to be taken into account, and how this key observation opens a door for a

test of theoretical modelling grounded in the AdS/CFT correspondence. In Fig.

4.6a-c we show the Lorentzian fits to the nodal ARPES data in detail. Panel a

shows that a Lorentzian spectral function gives a very good fit close to EF , and

yields an acceptably small residual. However, at higher binding energy, such as at

200 (panel b) and 300meV (panel c), the foot of the peaks clearly show that the

data (black crosses) are not captured completely by the two symmetric peaks in the

fit (red lines). The experimental bottom-line is that the MDC peaks in Fig. 4.6b

& c are asymmetric: showing more spectral weight at large momenta |k| > |k∗(ω)|,
compared to |k| < |k∗(ω)| leading to residual values of differing signs inside and

outside the MDC peak pair as the lower row of panels shows. This behaviour,

shown in Fig. 4.6 for UD32K as an example is also seen for the other doping levels,

and cannot be captured by a fit based on Lorentzians and the power law liquid.

Figure 4.6: Closer look at MDC lineshapes for UD32 nodal ARPES data.

a-c Show a trio of MDCs at energies indicated, with symmetric peak fits in red. The

residuals grow in magnitude, as does the ‘outside/inside’ asymmetry, as the binding

energy grows.

Before going further, the possibility that such an asymmetry could -in principle-

be a result of multiple different factors needs to be addressed. We will deal with

some of the most likely options in the following section. In the end, we propose

that the simple yet profound explanation of the MDC asymmetry is, in fact, a k-

dependency of the electronic self-energy itself, something that we go on to show can

be very well modelled by semi-holography.
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Chapter 4. Momentum dependent scaling exponents in a strange metal

4.3.1 Possible causes for asymmetric MDC’s

To justify the symmetric, Lorentzian fit function used in Section 4.2, we started

the analysis with two assumptions: that of a linear bare band, and of a momentum

independent self-energy. Now that the peaks in the MDC’s prove to be asymmetric,

we now re-examine the viability of both assumptions, but also consider potential

artefactual causes of the observed asymmetry in the MDC lineshape.

Non-linear bare band

In principle, allowing a non-linear bare band (ε(k) 6= vF (k − kF )) changes the

spectral function of Eq. (4.1) to give a non-Lorentzian lineshape for a fixed energy

cut.

Fig. 4.7b shows a simulated spectral function, generated with a momentum

independent self-energy (given in panel a), with a reasonably-curved non-linear bare

band (shown in red in panel b). The label ‘reasonable’ alludes to the fact that the

bare band is chosen to have a band-bottom at Γ at a binding energy of 0.8eV, a

reasonable choice when compared to ARPES data [106], and the less than half-

filling in electrons of the Cu3dx2−y2-O2pxy band. The resulting MDCs are no longer

accurately fittable using Lorentzian peaks. If one does try to fit them to symmetric

Lorentzians, panel d shows that the underlying, synthetic spectral function has

more spectral weight at small momenta |k < k∗|, compared to the sum of the two

symmetric fit peaks. This effect is -in fact- opposite to what is observed in the

experimental ARPES data shown in Fig. 4.7c. Thus, if a correction were to be

considered for this kind of non-linear bare band, then the degree of asymmetry in

the real spectral function due to the k dependence of the self-energy would only

increase.

Structured backgrounds

The observed asymmetry of the MDC peaks could also be caused by the presence

of a strongly curved background signal in the data. For each measured spectrum,

a momentum-dependent background has been removed. This background has been

determined by integrating a region of energy above EF , as explained in the methods

section at the end of this Chapter. This takes care of any contribution to the

data due to higher order radiation from the synchrotron light source. A second

possible k-dependent background could arise from an inhomogeneous response of

the multichannel plate (MCP), phosphor screen or - in principle - the air-side CCD

in the detector system. These effects may distort lineshapes both in the energy
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Chapter 4. Momentum dependent scaling exponents in a strange metal

Figure 4.7: The effect on the MDC lineshape from an underlying non-

linear bare band. (a) Momentum-independent, Fermi-liquid-like self-energy used

to generate a synthetic spectral function shown in (b) with a curved bare band in-

dicated using a red line. (c) An MDC through real ARPES data (from an OD15K

sample at E = 250 meV) shown in red, including a fit with a pair of symmetric peaks

(blue). (d) An MDC through the simulated spectrum that includes the non-linear

bare band, also overlaid with a fit using symmetric peaks. The difference between

the fit and the data is highlighted in red where the fit underestimates the intensity,

and in green where it overestimates it. Comparison of the fits to both the ARPES

data in (c) and to the simulation in (d) shows that the observed asymmetry in the

real data (higher intensity at |k| > |k∗(ω)|), cannot be explained by an underlying

non-linear bare band, and that the effects of the latter are, in fact, opposite to those

we observe experimentally.

(EDC) and angular (MDC) directions. By using the detector in ’swept mode’,

any energy-dependent background due to detector sensitivity is averaged out in the

data-gathering stage.

To make sure no angle-dependent background distorts the final MDC lineshapes,

I(E,k) data from an amorphous gold sample (Fig. 4.8a) were measured with the

same settings as the Bi-2201 samples (Fig. 4.8c). The gold data naturally show no

dispersive features, and a close to constant density of states versus energy is recorded

close to EF . As shown in (Fig. 4.8b), the detector response is not completely flat
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in the angular (k) direction: the analyzer throughput efficiency or MCP sensitivity

is a little higher in the center of the angular field of view than at the edges. We

compared normalising the Bi-2201 data using the angular dependent profile shown

in Fig. 4.8b or not, and both these results are shown in Fig. 4.8d. They indicate

that this level of inhomogeneity of the detector response has an almost negligible

effect on the lineshape of the MDCs.

Figure 4.8: Inhomogeneous detector response. (a) ARPES measurement of an

amorphous, clean Au film, with identical settings to those used to record the nodal Bi-

2201 data shown in (c). A slightly inhomogeneous detector response in the angular

direction is visible, and in panel (b) a polynomial fit to the angle integrated I(E,k)

image for the gold data is shown. In (d), Bi-2201 nodal MDCs at E=300 meV

are also shown without and with division by the detector response function displayed

in panel (b). It is clear that the MDC asymmetry in the Bi-2201 data is robust,

remaining at an essentially unchanged level in both cases.

4.3.2 Semi-holography & ARPES data: does the shoe fit?

Having established that the observed asymmetry is not due to an underlying

non-linear bare band or a background signal effect, we turn to the possibility of a

k-dependent self-energy for the nodal electrons as the underlying cause. Inspired by
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the observed power laws in the low-energy scattering rate, we now use theoretical

input coming from semi-holography to better model the experimental data.

As a reminder, a layperson’s introduction to AdS/CFT is given in Chapter 1,

and Enea Mauri (Utrecht University) is acknowledged here as the person actually

carrying out the semi-holographic computations. Physically, a semi-holographic

model describes an electron that interacts with a CFT (accounting for a quantum

critical state deformed by non-zero T and chemical potential) via linear coupling

to a fermionic operator O that has a unique scaling dimension. As a result, the

self-energy becomes proportional to the correlation function 〈OO†〉(k, ω, T ) in the

CFT. The latter can be determined from the holographic dictionary [81, 82], and

automatically inherits certain scaling properties from the ‘critical’ CFT. To be ap-

plicable to the cuprate strange metals, the model must have a dynamical critical

exponent z →∞ in order to recover the power law liquid when k is close to kF , as is

observed in the data. From this imposition of local quantum criticality, there follows

a fundamental condition from the theory side that the scaling exponents have to be

momentum dependent [148].

Here, for the CFT an Einstein-Maxwell-dilaton model of holography is used,

specifically the Gubser-Rocha model [155, 156], as it offers an analytical treatment

of the gravitational spacetime. In the long-wavelength limit, within the framework

of an emergent particle-hole symmetry, this semi-holography model then gives at

T = 0:

2Σ
′′
(k, ω)

vF
= λ

[(~ω)2]α(k)

(~ωN)2α(k)−1
, (4.5a)

α(k) = α

(
1− k − kF

kF

)
. (4.5b)

The semi-holographic self-energy can also be generalized to non-zero temperature

[148, 156], and under our conditions is well approximated by replacing (~ω)2 with

(~ω)2 + (βkBT )2 in Eq. (4.5a). This also eases comparison to the power law liquid

(PLL) in Eq. (4.3), and highlights the key new insight that as frequency increases,

and k ' kF − ω/vF departs from kF , a k dependence emerges in the exponent

describing the (ω, T )-dependence of the self-energy. Thus, for low frequencies, where

k ' kF , one returns to Eq. (4.3) of the PLL. The behaviour predicted by holography

should therefore leave a clear experimental fingerprint, namely that the ARPES

MDCs are asymmetric, and the data shown in Fig. 4.6 show that this is indeed the

case.

Fig. 4.9a shows a simulated spectral function, generated using the semi-holographic

self-energy from Eq. (4.5), which itself is plotted in Figs. 4.9c & 4.9d. The result-

ing MDC asymmetry at non-zero energy is illustrated in Fig. 4.9b, using a MDC
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at 300meV. The increased intensity at the |k| > |k∗| side of the peak maximum is

clearly visible, just like in the experimental data of Fig. 4.6c. The next step is

to test in a more quantative manner whether this holographic approach can yield

superior fits to the ARPES data than the PLL approach.

Figure 4.9: Simulated spectral function at optimal doping, using the k-

dependent self-energy computed using semi-holography. (a) Spectral func-

tion with a linear bare band (vF = 4 eVÅ, kF=0.45Å), convoluted with the exper-

imental k resolution and (b) MDC at 300 meV generated using the full ω and k-

dependent self-energy plotted in panels (c) and (d) from the semi-holographic model

at T=20 K. Note that (c) also includes the imaginary part of a k-independent phonon

self-energy.

As non-Lorentzian MDCs force a major departure from a cornerstone of ARPES

data analysis methodology, we now describe how to deal with this observation in

the analysis of real ARPES data. The non-zero-T version of the self-energy with the

k-dependence as given in Eq. (4.5b), suggests that a modified fit-function LH(k)

can be adopted at the fixed ω and T relevant for each MDC:
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LH(k) =
W

π

ΓH

2

(k − k∗)2 +
(

ΓH

2

)2 , (4.6a)

ΓH(k) = G0 + λ
[(~ω)2 + (βkBT )2]α(k)

~ω2α(k)−1
N

, (4.6b)

α(k) = α

(
1 + V

[
k − kF
kF

])
. (4.6c)

ΓH(k) in Eq. (4.6b) captures both the peak width and its asymmetry via mo-

mentum dependence built into the exponent α(k) in Eq. (4.6c). By fixing α, β,

λ and ωN to the PLL values at low energies, only W, k∗, G0 and the asymmetry

parameter V remain free to vary in the fitting process for each MDC, as data further

and further below EF are considered.

An important thing to point out here is that the Gubser-Rocha holographic

model used here, actually requires that V = −1 for all frequencies. Thus, in this

case, the resulting fit function has exactly the same number of free parameters as

the pure PLL had, and is used to fit the experimental MDCs as shown using the

blue lines in Fig. 4.10a-c.

Figure 4.10: Fitting real ARPES MDC lineshapes with predictions from

semi-holography. (a-c): The same trio of MDCs as Fig. 4.6, but now with fits to

the holographic model shown in blue. Unlike in Fig. 4.6, the residuals are very low,

not only for E = EF , but for all energies shown.

Comparing the MDC fits of Fig. 4.6 (where the k-independent PLL formalism is

used) to Fig. 4.10 (with a k-dependent scaling exponent), it is clear that on adopting
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Eq. (4.6) from semi-holography, the residuals in the panels b and c for energies well

below EF drop considerably, becoming almost as low as they are for the Lorentzian

case at EF .

To make this point clearer still, Fig. 4.11a shows a zoom of the positive-k,

300meV MDC comparing both fits. This illustrates clearly that the asymmetry

of the MDC peaks is now captured almost perfectly by the blue fit adopting the

self-energy from semi-holography.

Figure 4.11: Result of a fit using Σ(k, ω) from semi-holography. (a) Zoom

in on the positive-k branch of the 300 meV MDC, overlaid with both symmetric

and asymmetric fits. (b) The imaginary part of the self-energy extracted from the

semi-holographic fit: 2Σ
′′
(k, ω)/vF = ΓH(k, ω) at k∗(ω) (red), which includes the

k-dependent self-energy (blue), and the free fitting parameter G0 (green).

Fig. 4.11b shows the total self-energy along the loci of the MDC peak-maxima

in red, with the semi-holographic, k-dependent part in blue, and the free fitting

parameter G0(ω, T ) in green. The latter can be seen to automatically take on the

combined form of an offset (impurity scattering) plus a step function centered at the

phonon energy of 70 meV as shown in Fig. 4.3. The preceding section showed that

real progress can be made with the qualitative description of real ARPES data from

cuprate strange metals, upon adopting a self-energy from semi-holography, with a

k-dependent exponent.
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Testing the semi-holographic prediction

In this section, we go one step further, and examine if the experimental data

can be used as a test of the semi-holographic theory. In the methods section a

description is provided on how the free parameters in the AdS/CFT-based theory

are determined. This enables the performance of two experimental tests. The first is

a mild test, unconnected to the observed MDC asymmetry, and concerns the value

of β (describing the weight of the T-dependence of Σ
′′
(k, ω)), shown in Fig. 4.12a.

The experimental values (blue squares) are all seen to reside in an interval between

β = 3 − 4 across the doping levels studied. Those coming from the model (black

line) lie between β = 2− 3, and show a doping-dependent (generally upward) trend

very similar to that of the experimental values. A detailed derivation of parameters

such as β in the theory falls outside the experimental focus of this thesis, and will be

presented in a separate publication with lead authors Enea Mauri and Henk Stoof

(colleagues in the strange metal consortium from the University of Utrecht). In

this thesis it is enough to point out that although not perfect, the β values this

theory delivers do come out in the right ball park compared to the experimentally

determined values.

The second, more stringent test is given by the experimentally-observed MDC

asymmetry. As discussed above, this is captured in terms of a k-dependence of the

power law exponent, in which the asymmetry parameter V expresses the amount

of k-dependence as k deviates from kF . Fig. 4.12b shows the result of a series of

fits to the ARPES data in which V -at each energy- is left as a free parameter.

The ARPES data point to a V value that for no doping level and frequency is zero.

In fact, the V values that emerge when this parameter is left free are -in general-

much closer to -1 than to 0. The non-zero value of V is a non-trivial result, which

is built into holography, but would need to be accounted for by other theoretical

approaches aiming to describe the spectral function of the nodal charge carriers in

cuprates. For the Gubser-Rocha model adopted here, the asymmetry parameter has

a frequency-independent value of V = −1. The ARPES evidence points clearly to

the fact that the Gubser-Rocha model is on the right track as regards the energy

dependence of V for different doping levels. The next step in this same test is

shown in Fig. 4.13, in which values extracted for the lowest (solid lines) and highest

measured temperatures (dashed lines) are plotted together. Again, the data straddle

the V =-1 value of the Gubser-Rocha model, pointing to the validity and promise

of the AdS/CFT aproach adopted here. Nevertheless, the VARPES(ω, T ) data do

show some structure vs. E and T that the Gubser-Rocha model is not equipped to

reproduce.
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Figure 4.12: Using ARPES data to test the predictions from semi-

holography. (a) Comparison between the coefficient β, determining the amount of

temperature dependence in the self-energy, obtained from the PLL fit to the ARPES

data (blue squares) and predicted by the holographic model (black line), as a function

of the doping-dependent power α, which is translated into hole-doping on the upper

x-axis. (b) Asymmetry parameter V of the momentum-dependent scaling exponent

extracted from the experimental ARPES data over the full doping range measured at

8K, obtained by performing MDC fits to the data using Eq. (4.6), where the leading

scaling exponent α, the coupling constant λ and the quantity (~ω)2 + (βkBT )2 are

fixed. A value V = 0 means there is no asymmetry, and V = −1 is the prediction

from the semi-holographic Gubser-Rocha model shown as a dashed grey line.

Thus, on the one hand Figs. 4.12 and 4.13 show the GR-model is able to with-

stand a stress test of the experimental data. On the other hand, those same figures

also show that there is still some room for improvement as regards to both β and V

in the current approach. These ARPES data and their parametrization presented

here are an invitation to the many existing z = ∞ holographic models besides the

analytical Gubser-Rocha model - or to completely different theoretical methods - to

take the next step in capturing the observed β values and modest frequency- and

temperature dependence of V seen in experiment.

4.4 Conclusion

The ω- and T - dependence of the nodal self-energy of the single-layer cuprate

(Pb,Bi)-2201 is shown in ARPES experiments to follow a single, doping dependent

85



Chapter 4. Momentum dependent scaling exponents in a strange metal

Figure 4.13: Temperature dependence of the asymmetry. Shown are the

lowest (a) and highest measured temperature (b) nodal dispersions for all dopings.

(c) Shows the respective asymmetry values V as a function of energy.

power law with a k-dependent scaling exponent, yielding asymmetric, non-Lorentzian

MDCs for energies away from EF . Fits to the ARPES data across the whole over-

doped portion of the phase diagram work well over wide ranges in energy and tem-

perature of more than 200 meV and 250 K, respectively. These yield that at k = kF
the k-dependent power-law exponent is found to take a nearly marginal Fermi liquid

value of unity (α = 0.51) at optimal doping, growing to 1.68 (α = 0.84) for the most
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overdoped, non-superconducting system studied. For k = kF , these results connect

smoothly to those of [88]. Crucially, however, for values k 6= kF these powers change.

Such a k dependence is a key prediction from (semi)holographic models of strange

metals as a quantum critical phase. The form of the k dependence in the ARPES

data and the asymmetry parameter describing its magnitude are all successfully

fitted using semi-holographic single-fermion spectral functions. This is, as far as

we are aware, the first concrete and quantitative comparison of spectroscopic data

from real samples displaying (strange) metallic behavior and AdS/CFT-based the-

ory. Importantly, any competing theoretical model for strange metals must be able

to account for the observed ARPES MDC peak-asymmetry that is well-described in

the framework presented here by self-energy governed by a momentum-dependent

power law.

There are few other studies of the k dependence of the self-energy in solids.

In the cuprate context, Refs. [157] and [158] present theory/modelling of possible

k dependence in the self-energy resulting in a change in the dispersion velocity

or arising from strong electron-phonon coupling, respectively. Turning now to the

observed power laws, these are usually associated with the absence of a characteristic

length scale. Non-linear Luttinger liquids are predicted to combine the emergence of

invariance in the presence of a length scale given by the system’s wavelength at finite

energy and momentum [159]. The resulting, k-dependent power laws have recently

been observed to describe the zero-bias conduction anomaly probed at energies below

the bottom of the 1D dispersion in transport spectroscopy of nanowires [160]. The

observed k dependence in the nanowire data was also most evident away from E =

EF , and is -in that context- explained as arising from the interaction of the deep

holes with the Tomonaga-Luttinger liquid near the Fermi energy. Thus, besides the

results presented here, there is another experimental observation of k dependent

power laws in non-Fermi-liquid systems. One might therefore wonder if there is a

link between the 1D physics in the nanowire case, and the carriers in the nodal

k-space direction of the quasi-2D Bi2201 system that seem well described by the

effectively 1D conformal field theory encoded in the AdS2 infra-red geometry of the

z =∞ models adopted here.

Stepping back from the ARPES focus of this thesis for a moment, these results

herald future comparisons of the theoretical spectral function developed here to

the description of results from other experimental probes such as optical and DC

conductivities [161]. Alternatively, many-body condensed-matter theories can be

guided by both the experimental self-energies presented here and the results from

the AdS/CFT analogue, hopefully elucidating further the strange metallic state,

and guide future research towards new breakthroughs and better understanding.
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4.5 Methods

4.5.1 ARPES measurements

All ARPES data presented here were recorded at beamline I05 of Diamond Light

Source, using (horizontally) linearly polarized light at a photon energy of 28 eV.

Due to this carefully chosen photon energy excellent energy resolution (12 meV)

can be combined with enough range in k space to measure both the negative-k and

positive-k nodal branches in a single I(k, ω) image (see Figs. 4.1 and 4.13, which is

very helpful in distinguishing the subtle effects at play from possible complicating

factors such as signal background. For all spectra individually an energy independent

background was subtracted, by integrating a window in energy above the Fermi level,

as illustrated in Fig. 4.14.

Figure 4.14: Background subtraction. An energy-independent background (green

line) is acquired by averaging a window in energy between 100-200meV above the

Fermi level indicated by the green box in panel (a). The red curve in panel (b) is

raw data, and the blue curve is obtained after subtraction of the background curve.

To account for resolution in the angular direction, both the Lorentzian MDC fit

function used for the PLL analysis, and the LH MDC fit function from Eqn. (4.6)

are convolved with a Gaussian of width 0.01 Å−1. In the symmetric PLL case this

yields a Voigt lineshape as indicated in the main text and in Fig. 4.6.

All data were recorded in swept mode, to ensure any detector-response inhomo-

geneity is averaged out in the energy direction, and were also confirmed to be free

of detector non-linearity effects [162]. All data presented here were recorded in the

XΓX direction in the Brillouin zone.
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4.5.2 Holography and semi-holography

The Anti-de Sitter/Conformal Field Theory correspondence (AdS/CFT) links a

classical gravitational theory with one additional spatial dimension to a strongly in-

teracting quantum theory on the boundary of the extended space. In practice, it pro-

vides a systematic way to compute the response functions for a quantum theory with

strong interactions, even at non-zero temperature and in the presence of a chemical

potential, by means of solving a (relatively speaking) simpler problem, namely that

of classical gravitational equations. For our purposes, therefore, the curved space is

three dimensional and the quantum theory should describe the correlated physics

of the maximally entangled fermions in the quasi-2D high-Tc cuprates [81, 82]. To

be precise, holography describes the physics of a composite fermion O with a large

number of degrees of freedom, i.e., in the so-called large-N limit. However, as we

here are interested in testing theoretical predictions against spectral functions ob-

tained through ARPES data, we ultimately want to compute the response function

for an elementary fermion ψ. The solution is found within the semi-holographic

framework [148], where the fermion ψ is linearly coupled to the composite fermion

O. The Green’s function describing the dynamics of ψ then acquires the form

Gψψ(ω, k) =
1

ω − vF (k − kF )− gsG−1(ω, k)
, (4.7)

where G−1(ω, k), assuming the role of the self-energy, is the two-point function of the

composite fermionic operator O, and Gψψ can be shown to be properly normalized

as the Green’s function of an elementary fermion [163]. The most important piece

of the puzzle, the qualitative form of the complex self-energy at energies near the

Fermi level, thus comes from holography. It is in this context that we compute the

inverse Green’s function G−1(ω, k) appearing in Eq. (4.7). This is done by solving

the Dirac equation on the curved gravitational background spacetime [164].

In general, as it has been done for the model used here, the gravitational equa-

tions needed to compute the holographic Green’s function can only be solved nu-

merically. Nonetheless, the qualitative behavior of the low-energy Green’s function

of such a fermionic operator can be obtained analytically and it is completely deter-

mined by the infrared properties of the theory, captured in the duality by the inner

geometry of the gravitational spacetime. The electron self-energy obtained in this a

way is the one we use for the nodal holes near the Fermi surface within the framework

of an emergent particle-hole symmetry, and it possesses the desired (ω, T )-scaling

properties, i.e., power-law exponents matching the experimental ARPES data. In

particular, this implies that in the class of Einstein-Maxwell-dilaton geometries char-

acterized by the dynamical critical exponent z =∞, and in the presence of a Fermi
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surface, the inverse Green’s function at T = 0 (the low-energy behavior can be easily

generalized to small non-zero temperature [156, 165]) has to assume a low-energy

form near kF [82] given by

G−1(ω, k) = gω(−ω2)νk−1/2 + . . . , (4.8)

where g is constant in the limit ω, k − kF → 0. It is important to note that the k-

dependent power νk is solely dictated by the IR of the theory and thus is independent

of any of the UV details. The lifetime of the fermionic excitations near the Fermi

surface is then described by

Σ
′′
(ω, k) = −λvF

2
(ω2)νk + . . . . (4.9)

Theoretically, the constant α ≡ νkF in the exponent in Eq. (4.5)b, depends on the

two (dimensionless) parameters in the Dirac equation, the mass m and the charge

q, that encode certain defining properties of the conformal field theory [82]. We

keep the mass fixed close to the limit of m = −1/2 of the range allowed for by

semi-holography (−1/2 < m < 1/2) [163]. Then, varying only q as a function of

the hole doping p, captures the doping dependence of the exponent α(p) seen in

the experimental data, using the numerically-obtained, linear relationship α ≈ 1.9q.

Finally, the value of λ (see Eq. (4.5)a) leading to a match with experiment at each

doping level can be obtained by adjusting the strength of the coupling gs between

the fermion ψ and the conformal field theory.

It can be seen that Eq. (4.8) has the same qualitative form as the semi-

holographic response (4.7) for ω, k − kF → 0. Semi-holography thus only changes

the UV of the theory, i.e. the constant g, but it does not change the emergent be-

havior Σ′′ ∝ (ω2)νk . In this sense, while we showed that in our ‘bottom-up’ approach

we possess enough tuning knobs so as to get a semi-holographic spectral function

that closely resembles the one observed in the ARPES experiments, we do not know

whether the values used do indeed correspond to a consistent theory of gravity.

Nonetheless, our main point that the self-energy contains a momentum-dependent

power is a universal feature of z = ∞ holographic calculations, independent of the

particular UV completion applied. In fact, while the theoretical model proposed

here is rooted in holography, any quantum critical theory with infinite dynamical

exponent and a large-N suppression of higher-order correlation functions will be

able to give rise to an effective correlation function of the same form as in Eq. (4.7)

[82].
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