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Singular charge fluctuations at a magnetic quantum
critical point
L. Prochaska1*, X. Li2*†, D. C. MacFarland1,3*‡, A. M. Andrews3, M. Bonta4, E. F. Bianco5§, S. Yazdi6¶,
W. Schrenk7, H. Detz7#, A. Limbeck4, Q. Si8, E. Ringe6**, G. Strasser3,7, J. Kono2,6,8, S. Paschen1,8††

Strange metal behavior is ubiquitous in correlated materials, ranging from cuprate superconductors
to bilayer graphene, and may arise from physics beyond the quantum fluctuations of a Landau order
parameter. In quantum-critical heavy-fermion antiferromagnets, such physics may be realized as critical
Kondo entanglement of spin and charge and probed with optical conductivity. We present terahertz
time-domain transmission spectroscopy on molecular beam epitaxy–grown thin films of YbRh2Si2,
a model strange-metal compound. We observed frequency over temperature scaling of the optical
conductivity as a hallmark of beyond-Landau quantum criticality. Our discovery suggests that critical
charge fluctuations play a central role in the strange metal behavior, elucidating one of the long-standing
mysteries of correlated quantum matter.

Q
uantum critical behavior as prescribed
by the Landau framework of order pa-
rameter fluctuations (1, 2) has been
clearly identified in insulating quantum
magnets such as LiHoF4 (3) and TlCuCl3

(4). In strongly correlatedmetals, however, this
framework often fails. In the strange-metal (5)
regime of various correlated systems (6), elec-
tronic localization-delocalization transitions
have been reported (7–14), and it is an outstand-
ing question whether they are a key ingredient
of beyond-Landauquantumcriticality. Tomake
progress, it is essential to study the dynamics
of charge carriers in a suitable setting.
We chose the heavy fermionmetal YbRh2Si2

(15) for our investigation because it has a well-
defined quantum critical point (15, 16) and
shows evidence for an electron localization-
delocalization transition (7, 8) in its strange-
metal regime. An ideal tool to study such
properties is optical conductivity measure-
ments in the relevant frequencywindow,which
is typically the terahertz range and below for
heavy fermion systems. However, such mea-
surements are challenging on bulk samples
because the Kramers-Kronig transformation
to extract the real and imaginary parts of the
optical conductivity from reflectivity measure-
ments introduces substantial uncertainty at
low frequencies (17). Thus, we resorted to a
different approach: We performed terahertz
time-domain transmission spectroscopy exper-
iments on thin films of YbRh2Si2 grown by
means ofmolecular beam epitaxy (MBE). Our

measurements reveal w/T scaling of the optical
conductivity, wherew is the (angular) frequency
and T is the temperature, elucidating the
mechanism for strange-metal phenomena.
To grow epitaxial thin films of YbRh2Si2 on

(terahertz transparent) Ge substrates (Fig. 1A),
we used a specially equippedMBE system (18).
The epitaxial growth of phase-pure YbRh2Si2
was confirmed with x-ray diffraction (Fig. 1B)
(18), and the high quality of the film and the
film-substrate interface were revealed with
high-resolution transmissionelectronmicroscopy
(Fig. 1, C and D) (18). The temperature de-
pendence of the (quasi) dc electrical resistivity
r(T) of these films (18) is similar to that of bulk
single crystals (Fig. 2) (15, 19). r(T) displays
strange-metal behavior, r = r0 + A′Ta (Fig. 2B),
whereA′ is a constant, with an exponent a that
strongly deviates from the Fermi liquid value
a = 2 and tends to a = 1 in the low-temperature
limit (fig. S1).
The frequency dependence of the real part of

the complex optical conductivity, Re(s), mea-
sured at temperatures between 1.4 and 250 K
and frequencies between 0.25 and 2.6 THz, is
shown in Fig. 3A [the imaginary part, Im(s), is
shown in fig. S2]. The dc electrical conductivity
s = 1/r values, plotted as symbols at w = 0, are
compatible with the extrapolation of the finite
frequency results to zero frequency. Both Re(s)
and Im(s) are flat and featureless at tempera-
tures above ~80 K (indicating strong incohe-
rent scattering of charges) but develop sizable
temperature and frequency dependence at

lower temperatures, with spectral weight of
Re(s) being transferred to low frequencies.
The increasingly sharp and pronounced re-
sonance of Re(s), with non-Lorentzian shape
(non-Drude behavior) (fig. S3), may in clean
samples be associated with non–Fermi liquid
behavior. These results confirmdeviations from
simple Drude behavior seen earlier in optical
reflectivity measurements in the far-infrared
range on bulk YbRh2Si2 single crystals (20).
To explore dynamical scaling, we analyzed

the frequency-dependent intrinsic optical
conductivity sin(w) by subtracting a residual
resistivity because of impurity scattering; this
subtraction is motivated by analogy to the
Matthiessen’s law used for the dc resistivity
(18). We plot Re[sin(w)] ·T

a as a function of
ℏw/(kBT), where ℏ is the Planck constant di-
vided by 2p and kB is the Boltzmann constant,
for temperatures (T ≤ 15 K) well below the
material’s Kondo temperature TK = 24 K
(Fig. 3B) (15) and frequencies below 2 THz.
For a ≈ 1, all curves collapse, demonstrating
w/T scaling of Re[sin(w)].
How can the optical conductivity, which

probes charge fluctuations, show critical w/T
scaling at an antiferromagnetic quantum crit-
ical point where a priori only spin fluctuations
are expected—and indeed observed (21–23)—
to be critical? A natural way for this to happen
is to have a critical form of the Kondo en-
tanglement between the local moments and
the conduction electrons (24–26), as illustrated
in Fig. 4. Across the quantum critical point, the
conduction electrons go from being (asymp-
totically) decoupled from the local moments
(Fig. 4, bottom left box) to being entangledwith
them (Fig. 4, bottom right box). Correspond-
ingly, the elementary excitations change from
separate charge (single conduction electrons or
holes) and spin excitations (Fig. 4, top left box)
to the heavy quasiparticles (Fig. 4, top right
box) that are hybrids of the slow composite
fermions (Fig. 4, large tadpole) and the bare
conduction electrons (Fig. 4, small tadpole);
the single-electron excitations capture the con-
tinuous onset of the Kondo entanglement at
the quantum critical point and are part of the
critical degrees of freedom. Thus, optical con-
ductivity, which probes the charge current of
the elementary excitations, manifests the sin-
gular fluctuations of the quantumcritical point.
Within the Landau description of a metallic
antiferromagnetic quantum critical point (1, 2),
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the slow long-wavelength fluctuations of the
order parameter alone describe a Gaussian
fixed point, where w/T scaling is violated. The
incorporation of the single-electron excitations
in the quantumcritical spectrumnot onlymakes
charge fluctuations part of the quantum crit-

icality but also turns the fixed point into an
interacting one (24), leading to w/T scaling.
Dynamical scaling of the optical conductiv-

ity in the region of T-linear resistivity has also
been analyzed in an optimally doped Bi-2212
cuprate (27). There, different scaling functions

are needed in different w/T ranges, leaving
open the question of how the fluctuations of
the charge carriers connect with the robust
linear-in-temperature resistivity of the cuprate
superconductors. By contrast, in the present
study of YbRh2Si2, a single w/T scaling form
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Fig. 1. YbRh2Si2 thin films grown by means of
MBE. (A) Visualization of the lattice matching
between YbRh2Si2 (blue circles and black lines)
and Ge (green circles and red lines), with the
crystallographic c directions pointing out of
the plane. For the Yb atoms to associate
with the Ge atoms, the respective unit cells
(thick lines) [(C), right] are rotated by 45° with
respect to each other around the c direction.
(B) High-resolution x-ray diffraction pattern, with
all peaks identified as due to the (about 40 nm
thick) film or the Ge substrate, confirming that
the film is phase-pure YbRh2Si2. (C) Atomic-
resolution high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM)
image of the interface between film (top left)
and substrate (bottom left), representative
enlarged views with simulated overlays (center),
and the corresponding unit cells (right).
(D) Intensity profiles along the red dotted lines
in (C). The left and right panels correspond
to the top red dotted line within the film and the
bottom red dotted line across the interface,
respectively.
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Fig. 2. Electrical resistivity of MBE-grown YbRh2Si2.
(A) Normalized resistance of an MBE-grown YbRh2Si2
film and a bulk single crystal with current j within
the tetragonal aa plane (15) for comparison. The film
was measured by using the van der Pauw technique.
(B) Corresponding low-temperature resistivities, with
the residual resistivities [r0 = 11.6 and 2.45 microhm cm
for the MBE and bulk (15) samples, respectively,
determined by linear-in-T fits to the data below 1 K]
subtracted, displaying non–Fermi liquid behavior (lines
represent r – r0 = A′Ta fits with a constant exponent
a to the data below 12 K; the temperature dependence
of a is provided in fig. S1).
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is uncovered in its strange metal regime. It is
important to explore the dynamical scaling
of the optical conductivity in other materials
classes with strange-metal behavior; one can
then assesswhether the charge carrier dynamics
emerging from a localization-delocalization
quantum critical point, as proposed here, is
a universal mechanism of strange-metal be-
havior. This scaling form also provides an
intriguing link to the quantum scaling ofmetal-
insulator transitions, both in Mott-Hubbard
(28–30) and in disordered systems (31).
Our results demonstrate that charge car-

riers are a central ingredient of the singular
physics at the border of antiferromagnetic
order, providing direct evidence for the beyond-
Landau nature of metallic quantum critical-
ity. Our findings also delineate the role of
electronic localization transitions in strange-
metal phenomena, which are relevant to a
variety of strongly correlated materials (32)
and beyond (33).
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Fig. 3. Terahertz time-domain transmission spec-
troscopy of MBE-grown YbRh2Si2. (A) Real part of
optical conductivity Re(s) versus frequency at different
temperatures (bottom to top: 250, 150, 80, 60, 40, 30,
25, 20, 15, 10, 5, 3, and 1.4 K), with corresponding dc
values marked as zero-frequency points. Curves below
250 K (and the respective dc values) are successively
offset by 6 × 105 ohm–1 m–1 for clarity. (B) w/T scaling,
with a critical exponent of a ≈ 1, revealed with Re[sin
(w)] ·Ta isotherms plotted versus ℏw/(kBT) collapsing
onto a single curve for temperatures T ≤ 15 K and
frequencies below 2 THz. (Inset) Normalized deviation
between the different isotherms as a function of a,
revealing best scaling for a = 1.03. 4
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Fig. 4. Illustration of quantum-critical charge fluc-
tuations emerging from Kondo disentanglement.
Tuning a heavy fermion metal with a nonthermal
parameter d, which microscopically corresponds to
the ratio of Kondo to RKKY coupling, from an
antiferromagnetic ground state with local moment
order (bottom left box; blue circle and red arrows
indicate Fermi sphere and local moments, respectively)
to a Kondo entangled paramagnet (bottom right
box; the antiferromagnetic Kondo exchange JK favors
the formation of a Kondo singlet between the local
moment S, represented as an arrow, and the spin of
the conduction electrons c†sc—the particle-hole
excitation of the Fermi sea in the spin-triplet
channel) creates distinct single-particle excitations
(top boxes) and, in turn, quantum-critical charge fluctuations within the quantum-critical fan.
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highly entangled state of charge and spin, which may also be responsible for the strangemetal phase in this material.
transmission spectroscopy to measure the optical conductivity of the film and infer the scaling. Their findings point to a 

 and used2Si2fluctuations follow a critical scaling as well. The researchers fabricated high-quality thin films of YbRh
 found that chargeet al.where spin-related properties are expected to follow such a scaling. Unexpectedly, Prochaska 

 has an antiferromagnetic quantum critical point,2Si2phase transitions at absolute zero temperature. The material YbRh
Many physical properties follow characteristic scaling laws near quantum critical points, which are associated with

Spin-charge entanglement
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