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The scaled-invariant Planckian metal and
quantum criticality in Ce1−xNdxCoIn5

Yung-Yeh Chang1,2, Hechang Lei 3,4, C. Petrovic 3 &
Chung-Hou Chung 1,2

The mysterious Planckian metal state, showing perfect T-linear resistivity
associated with universal scattering rate, 1/τ = αkBT/ℏ with α ~ 1, has been
observed in the normal state of various strongly correlated superconductors
close to a quantum critical point. However, its microscopic origin and link to
quantum criticality remains an outstanding open problem. Here, we observe
quantum-critical T/B-scaling of the Planckianmetal state in resistivity and heat
capacity of heavy-electron superconductor Ce1−xNdxCoIn5 in magnetic fields
near the edge of antiferromagnetism at the critical doping xc ~ 0.03. We pre-
sent clear experimental evidences of Kondo hybridization being quantum
critical at xc. We provide a generic microscopic mechanism to qualitatively
account for this quantum critical Planckian state within the quasi-two dimen-
sional Kondo-Heisenberg lattice model near Kondo breakdown transition. We
find α is a non-universal constant and depends inversely on the square of
Kondo hybridization strength.

Metallic behavior that goes against the Landau’s Fermi liquid paradigm
for ordinary metals has commonly been observed in a wide variety of
strongly interacting quantummaterials and yet the emergence of such
metals is poorly understood. This unconventional metallic or non-
Fermi liquid (NFL) behavior often exists near a magnetic quantum
phase transition, and shows “strange metal (SM)” phenomena with
(quasi-)linear-in-temperature resistivity and singular logarithmic-in-
temperature specific heat coefficient1,2.

The Planckianmetal state constitutes a particularly intriguing class
of SM states and has been observed in the normal state of unconven-
tional superconductors, including cuprate superconductors3, iron
pnictides and chalcogenides4–8, organic9,10 and heavy-fermion
compounds10–13, and twisted bilayer graphene14. The heart of this puz-
zling state is that the universal T-linear scattering rate reaches the
Planckian dissipation limit allowed by quantummechanics, 1/τ = αkBT/ℏ
with α ~ 110,15–17. This intriguing observation leads to fundamental ques-
tions: Is α a universal constant independent of microscopic details18? It
was estimated that the Planckian bound can be reached in the low-
temperature strong-coupling limit of electron-phonon and marginal

Fermi liquid systems17. In quantum critical systems, however, it is not
clear if and how α depends on microscopic coupling constant at
quantum critical point (QCP) and its link to the quantum critical scaling
in observables. It was argued that in quantum critical systems with T-
linear scattering rate, the Planckian time τPl ≡ℏ/kBT is reached naturally
(α ~ 1) as a result of the scaled-invariant observables F(ℏω/kBT) = F(ωτPl)
at criticality17. However, suchexpectationhasnot yetbeenconfirmedby
a microscopic mechanism in any quantum critical systems.

While it is challenging to address these questions in cuprates,
pnictide and organic superconductors, significant experimental and
theoretical progress have beenmade in heavy-fermion quantum critical
superconductors19. A prototypical example of such systems is the
CeMIn5 family with M =Co, Rh, Ir under field and pressure where
superconductivity and non-Fermi liquid (NFL) normal state properties
emerge due to competition between antiferromagnetism and Kondo
correlation near a antiferromagnetic Kondo-breakdown (AF-KB)
QCP20–25. In particular, the T-linear resistivity in CeCoIn5 was reported to
exhibit Planckian dissipation (α ~ 1)10, and therefore the Co-115 family is
well suited for this study. In thiswork,we focus onNd-dopedCeCoIn526.
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Single crystals Ce1−xNdxCoIn5 were grown and characterized in
ref. 26. Previous studies showed that antiferromagnetism coexists with
superconductivity for 0.02 < x<0.1726. Here, we investigate further the
Planckian state by applying amagnetic field in this material close to the
edge of antiferromagnetism at x ≈0.02. The electrical resistivity and
heat capacity measurements were performed in a quantum design
PPMS-9 system.Thedoping-field-temperature (x,B,T) phasediagramof
this material is shown in Fig. 1a. Doping Nd into the pure CeCoIn5
effectively introduces chemical pressure and reduces Kondo coupling,
therefore favors the long-range antiferromagnetism25,26. At zero mag-
netic field, pure d-wave superconducting ground state exists for very
low Nd doping 0< x ≤0.0227, followed by a co-existing anti-
ferromagnetic superconducting state for 0.05 ≤ x <0.17, and the long-
ranged antiferromagnetic phase is reached for x >0.1726. For
0 < x <0.17, the resistivity at finite temperatures shows a maximum at
temperatureTcoh ~ 45Kwhere coherent Kondohybridization is reached,
a generic feature of many heavy-fermion superconductors, it then
drops to zero at 1K <Tc < 2K where superconductivity emerges20,26.

The SM behavior with linear-in-T resistivity was observed in the
intermediate temperature range Tc < T < 20K: ρ(T) = ρ0 + A1T with ρ0
being residual resistivity extrapolated to zero temperature and A1(α)
being the slope. Via quantum oscillation experiments in ref. 10, the
scattering rate 1/τ for x = 0 extracted via the Drude formula, ρ =m⋆/
ne2τ, from the resistivity data combined with the carrier concentra-
tion ni, electron effective mass m?

i associated with the band i = α,
β-band in the T-linear resistivity region has been shown to reach
the Planckian dissipation limit, α = _=kBTτ = ðe2ρ=kBTÞ

P
ini=m

?
i =

A1ðe2=kBÞ
P

iðni=m
?
i Þ∼ 1. In Table 1, we find similar values of α ~O(1) for

x = 0, 0.02, 0.05 by a distinct set of quantum oscillation measure-
ments in ref. 28 (detailed analysis in Supplementary Notes 2 and 3).
Interestingly, as shown in Fig. 2, we find the inverse slope 1/A1, Tc and
Tcoh all show linear dependence on x over 0 < x < 0.15. In particular,
Tcoh, dependingmostly on theKondo scale, is well approximated by a
perfect linear relation to the inverse slope 1/A1 as well as 1/α,

TcohðxÞ / 1=A1ðxÞ / 1=αðxÞ, ð1Þ

up to a non-universal constant shift. Eq. (1) above suggests that the
Planckian coefficient α inversely depends on the strength of Kondo

hybridization in the Planckian SM region, as the second possible
scenario mentioned above. To further investigate how α depends on
Kondo hybridization near the critical doping xc and its relation to the
possible QCP hidden inside the superconducting dome, we apply an
external magnetic field and study signatures of quantum critical
scaling in resistivity and specific heat coefficient.

As shown in Fig. 3a, b, for x = 0.02 and x =0.05, the linear-in-T
resistivity shows almost the same slopes (A1) for 0 ≤B ≤ 70 kOe. This
strongly indicates that the Kondo hybridization strength approxi-
mately remains at a constant quantum critical fixed point value,
associated with a QCP for 0.02 < xc <0.05 at zero field or a quantum
critical line for the above field range (Fig. 1a). The scenario of the QCP
associated with the critical Kondo hybridization is further supported
by the following evidences: (i) quantum-critical T/B scaling behavior in
the linear-in-T resistivity regime (Fig. 3c, d), (ii) the universal Planckian

scaling of electron scattering rate ℏ/τ = αΓ with Γ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkBTÞ2 + ðlμBBÞ2

q

with α ~O(1) (Fig. 3e, f), (iii) the T/TLFL-scaling in specific heat coeffi-
cient γ(T/TLFL) ≡C/T (Fig. 4a, b) with TLFL being the Fermi-liquid
crossover scale, (iv) the T/B-power-law scaling in the normal state γ-
coefficient: γ ~Φ(T/B) where Φ(z) ~ z−m is an universal scaling function
with m ≈0.46 for x =0.02 (Fig. 4a, c) and m ≈0.5 for x = 0.05 (Fig. 4b,
d), and (v) power-law singular specific heat coefficient in the SM state:

C=T ∣T =0:1K ∼ ∣x � xc∣
�β with β ≈0.11 for x < xc and β ≈0.16 for x > xc

(Fig. 1c). Amore accurate estimation of the location of this hiddenQCP
reveals x = xc ≈0.03 by extrapolating the singular specific heat coeffi-
cient in the SM state under fields as Nd doping is tuned across the
transition (Fig. 1c)4,29. When superconductivity is fully suppressed by
magnetic field, a crossover from the non-Fermi liquid SM to the Fermi-
liquid state with T2 resistivity is clearly observed on two sides of the
transition (x = 0.02 and x =0.05) (Fig. 3a, b). This indicates a putative
quantum critical (QC) line extended from the QCP hidden under
superconducting dome at zero field and Nd doping (Fig. 1a)25.

To qualitatively understand the above strange metal behaviors
andmore importantly the relationbetween Planckian coefficient α and
Kondo hybridization near the QCP at xc, here we propose a micro-
scopic mechanism. It is based on the interplay between Kondo
screening of a local f-electron (fiσ on site i with spin σ), by mobile
electrons (ciσ), and theAF correlations between nearest-neighbor spins

Fig. 1 | The phase diagram for Ce1−xNdxCoIn5 for B∥c. a The (x, B, T) phase dia-
gram: the antiferromagnetic (AF) Néel state occurs below the orange area and the
superconducting (SC) phase sets in under the blue area (symbols). The data of zero-
field plane is reproduced fromFig. 6 of ref. 26. AQCP is predictedon the doping axis
near x ≈0.03 at zero field plane, hidden beneath the coexisting phase of the AF and
SCphases. At temperature above the SC andAFphases and below the green region,
this material shows linear-in-T strange-metallic (SM) behavior. A quantum critical
(QC) line (black dotted-dashed line) is expected to exist at finite field and Nd
doping, connected to the QCP at zero field, x = xc. b Phase diagram of a on the

zero-field facet. c Phase diagram of the system at B = 90 kOe. As the external field is
large enough (approximately B ~ 70 kOe for B∥c), a QCP emerges at x ≈0.03 as
inferred from the T2 resistivity measurement (below TFL). This QCP is located at
B = 90 kOe along the QC line of a. The enhancement of the normal-state electronic
specific heat C/T at the low-temperature limit (T =0.1 K) is fitted by a power-law
singular function at x = xc ≈0.03, C/T∣T=0.1 K ~ ∣x − xc∣−β, with β ≈0.11 for x < xc and
β ≈0.16 for x > xc (pink curves, right axis). Data of c is measured at B = 90 kOe. The
error bar of C/T comes from the uncertainty of tuning temperature.
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of local f-electrons in the form of quasi-2d (d = 2 + η with 0 < η < 1)
Kondo-Heisenberg (KH) model (see “Methods” section). This
mechanism has been used to qualitatively describe the AF QCP at xc
inside the superconducting dome of CeRhIn5 under pressure30,31,
which bears a striking similarity to that for Ce1−xNdxCoIn5 at zero field
under Nd doping. The Anderson’s resonating-valence-bond (RVB)
spin-liquid state32, defined by the spatially homogeneous bosonic spin-
singlet pair, ΔRVB � JH

P
σhsgnðσÞf yiσf yj,�σi, on nearest-neighbor sites

i, j, is introduced here for the AF Heisenberg term with the exchange
coupling JH. The Kondo hybridization is described by the spatially
homogeneous bosonic χ field where, at the mean-field level, χ �
JK
P

σhf yiσciσi with Kondo coupling JK. At the edge of antiferromagnet-
ism, the Kondo effect not only stablizes the RVB spin liquid against the
magnetic long-ranged order by partially sharing the f-electron spins33,
but also introduces hoping of the RVB bonds to the conduction band
to form charged Cooper pairs. This leads to a Kondo-RVB coexisting
heavy-electron superconducting state with estimated transition tem-
perature Tc ~ χ2ΔRVB, in quantitatively good agreement with the
experimental observation34.

Via the competition between Kondo and RVB physics, an AF-KB
QCP was predicted inside the superconducting dome, qualitatively
describing the phase transition between AF-superconducting coexist-
ing phase and a pure superconducting phase observed in CeRhIn5

34,
similar to our case here. By analyzing the amplitude fluctuations of the
Kondo and RVB correlations beyond mean-field level via renormaliza-
tion group (RG) analysis34,35, this mechanism provides a qualitative and
semi-quantitative understanding of the SM properties in CeCoIn5 in
fields and pressure near the AF-KB QCP20,24,25. In particular, it captures
the observed T-linear resistivity in terms of critical Kondo (charge)

fluctuations (χ̂ field) via the electron-phonon-like interaction,
ĤK ∼ JK

P
iσ ðcyiσ f iσ χ̂ i +H:c:Þ (see “Methods” section), and a power-law-in-

Tdivergence in γ(T) via both Kondo andRVBfluctuations34,35. The quasi-
2d nature of our theoretical framework, essential to the KB transition, is
consistent with the quasi-2d nature of the Fermi surface in CeCoIn5

36 as
well as the dimensional crossover in Fermi surface evolution of the α-
band from 2d-like to 3d-like in our system28 with increasing Nd con-
centrations observed in quantum oscillations. By analyzing the data of
quantum oscillation in ref. 28, we observed a sudden change in charge
carrier n across xc as T→0 (Table 1), a possible signature of a jump in
Fermi surface volume at ground state. This signature is consistent with
our KB QCP scenario. Interestingly, evidence of a delocalization (KB)
transition has been observed in a closely related compound
CeCo(In1−xSnx)5 near x ~ 0.01637. It is promising to expect that the KB
QCP might also occur here.

Wenowapply the above theoretical framework to investigate how
the Planckian coefficient α depends on the Kondo hybridization. First,
the coherent Kondo temperature Tcoh is related to the condensation
amplitude of Kondo hybridization χ through Tcoh ~ χ2/D34,38. Since χ is
proportional to the Kondo coupling JK, this suggests Tcoh ∼ J2K=D. From
Eq. (1), we have

αðxÞ / A1ðxÞ / 1=TcohðxÞ / 1=J2K ð2Þ

up to a non-universal constant shift. Meanwhile, within our theoretical
framework, the superconducting transition temperature Tc of an
antiferromagnetic quantum critical heavy-fermion superconductor is
related to the RVB and Kondo correlations via34,39

Tc / χ2ΔRVB / J2KΔRVB: ð3Þ

The experimentally observed linear relation (up to a non-universal
constant) between Tc and the inverse slope 1/A1: Tc(x)∝ 1/A1(x)∝ 1/α(x)
and Eq. (3) implies that α / 1=J2K , consistent with Eq. (2) above.

The approximated constant value of α ~O(1) seen for 0 ≤ x ≤0.05
(with an error bar, Table 1) can therefore be understood as the Kondo
hybridization being close to quantum critical. This is also in good
agreement with the same slope observed in linear-in-T resistivity near
the edge of antiferromagnetism as well as the decreasing 1/A1 (or
Kondo correlation) with increasing Nd doping (Fig. 2). Furthermore,
the experimentally and theoretically supported relations between A1

and the Kondo coupling JK, α / A1 / 1=J2K strengthen the link between
the Planckian T-linear scattering rate and critical Kondo hybridization
in our system.

A few remarks are made before we conclude. Firstly, in the SM
region, the electron effective massm⋆ in general may be temperature
dependent. In such case, the Planckian scattering rate is reached only
near the lower end of the linear-in-T resistivity region wherem⋆ is well-
approximated by a temperature-independent constant extracted from
quantum oscillation measurement in the Fermi-liquid region17.

Fig. 2 | Linear-in-x dependence of Tcoh, Tc and 1/A1, and 1/α. The data are taken
from ref. 26 and Table 1. The error bars of Tcoh, Tc and 1/A1 arise from the inaccuracy
of tuning temperature, while the error bar for 1/α includes the uncertainties ofm⋆,
n, and F shown in Table 1.

Table 1 | The band-specific parameters of Ce1−xNdxCoIn5

x = 0∘ (θ =0) x =0.02 (θ = 3∘) x =0.05 (θ = 2∘) x = 0.1 (θ = 7∘)

F(kT) (αband) 4.9 ± 0.5 4.89 ± 1.02 4.88 ±0.5 4.41 ± 0.41

n( × 1028m−3) (αband) 0.31 ± 0.04 0.32 ± 0.07 0.26±0.02 0.17 ± 0.02

m⋆(m0) (αband) 11.7 ± 2.6 11.7 ± 4.3 9.15 ± 2.0 7 ± 1.0

A1(μΩ ⋅ cm/K) 0.98±0.07 1.0 ± 0.07 1.17 ± 0.08 1.49±0.1

α(αband + βband) 0.7 ± 0.2 0.72 ± 0.4 0.85 ±0.2 0.96±0.2

The averageddHvA frequencies F, carrier concentrationn, andeffectivemassesm⋆ of the αband shownhere are taken from ref. 28. Carrier concentrationn of the α-band for x = 0.05 is estimated by a
d-dimensional Fermi volumewithd = 2.45, while it is estimated by a two-dimensional Fermi volume for x = 0, 0.02, in accordancewith the angular dependence of the dHvA frequenciesmeasured in
ref. 26. Here,m0 denotes the bare electronmass, while α and A1 are extracted from the linear-in-temperature resistivity at zero field from ref. 26. The error bars of F, n, andm⋆ represent the standard
deviation. Theerror bars ofα andA1 shown here are the sameasdescribed in Fig. 2. Note that theα coefficient shownhere contains a sub-leading contribution from theβband, estimated by the band
parameters for pure CeCoIn5 in Ref. 10: n ≈0.63 × 1028m−3 (corresponding to the average dHvA frequency F ≈9.75 kT) andm⋆ ≈ 100m0 (Supplementary Notes 2 and 3 for details).
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Nevertheless, we have checked within our theoretical framework that
the temperature dependence ofm⋆ in our SM region is negligible. As a
result, the Planckian state in our system extends over the entire SM
region. Secondly, though the Drude formula has been widely used to
relate the transport and scattering rate in the Fermi-liquid region and
near the lower end of the T-linear region, whether it is valid deep in the
non-Fermi liquid SM region is an open question17,40. Thirdly, while
quantumoscillationmeasurement is widely used to estimate n andm⋆,
different approach byHall coefficient andA coefficient associatedwith
the Fermi-liquid behavior with T2 resistivity has been used40. Finally,
the above quantum critical features in specific heat coefficient are
inconsistent with the conventional spin-density-wave (SDW) theory41,42

for the AF QCP though the SDW fluctuations are expected to appear.
In summary, we observe the quantum-critical T/B-scaling of the

Planckian metal state in the resistivity and specific heat coefficient of
heavy-electron superconductor Ce1−xNdxCoIn5 under fields. Clear
experimental evidences are shown to support the notion of Kondo
hybridization being quantum critical at xc ~ 0.03. We propose a micro-
scopic mechanism based on the quasi-2d Kondo-Heisenberg lattice
model to qualitatively account for the observed strange metal beha-
viors. Furthermore, we find that the Planckian coefficient α for Nd-
doped CeCoIn5 shows an inversely quadratic dependence in the Kondo
coupling, as inferred fromour theoretical frameworkaswell as the linear
relation between 1/α, the inverse slope of T-linear resistivity 1/A1 and the
coherence temperatureTcoh.Ourobservationandproposedmechanism
offer the first microscopic understanding of the Planckian dissipation
limit in aquantumcritical system.This genericmechanism is relevant for
other heavy-fermion quantum critical superconductors showing
Planckian metal states, such as CeRhIn5 and related compounds. Our
results motivate further experimental study, such as the Hall coefficient

measurement on the signatures of Kondo breakdown near the critical
Nd doping as well as theoretical studies, such as more accurate pre-
dictions on the value of α and crit ical exponents in scaling behaviors of
observables, and a fundamental issue on whether quantum critical sys-
tems with T-linear resistivity, in general, implies the Planckain metals.

Methods
A microscopic model
Our start point is the microscopic large-N (Sp(N)) Kondo-Heisenberg
Hamiltonian H =H0 +HK +HJ, where

H0 =
X
hi,ji;σ

tijc
y
iσcjσ +H:c:

h i
�

X
iσ

μ cyiσciσ ,

HJ =
X
hi,ji

Jij
N
Sf
i � Sf

j , HK =
JK
N

X
i

Sf
i � sc:

ð4Þ

In Eq. (4),H0 describes hopping of conduction (ciσ) electrons. The
antiferromagnetic Heisenberg interaction between two impurity-spin
(Sf) of the electrons occupying the localized f orbitals of neighboring
sites is described by HJ and the Kondo screening of impurity spins by
conduction electrons is captured by HK. Via Hubbard-Stratonovich
transformation, HK and HJ can be factorized as

HJ !
X

hi,ji;α,β
ΦijJ

αβf iαf jβ +H:c:
h i

+
X
hi,ji

N
∣Φij ∣

2

JH
,

HK ! 1ffiffiffiffi
N

p
X
i,σ

cyiσf iσ
� �

χ i +H:c:
h i

+
X
i

∣χ i∣
2

JK
:

ð5Þ

~T/B

a

b

x = 0.02

x = 0.02

c

d

~T/B

x = 0.05

x = 0.05

e

f

Fig. 3 | Electrical resistivity and the scaling. a, b The resistivity ρ(T) of
Ce1−xNdxCoIn5 with x =0.02 and x =0.05, respectively, for B∥c. The insets of
a, b show the Fermi-liquid behavior with ρ(T) ~T2 electrical resistivity at low tem-
peratures for B = 90 kOe. c, d The T/B scaling of both a and b show an universal
function linearly proportional to T/B (black solid lines). yρ is a non-universal (field-
dependent) constant, satisfying y�1

ρ ½ρðTÞ � ρ0�=T=B. e, f The scattering rates ℏ/τ
for x =0.02, 0.05 at the intermediate temperature regime where the electrical

resistivity exhibits a linear-in-T dependence show an universal scaling function
ℏ/τ = αΓ (blue solid lines), with Γ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkBTÞ2 + ðlμBBÞ2

q
, τ being the relaxation time,

μBbeing theBohrmagneton, and l =0.67being afittingparameter43. In e and f, theβ
band of pure CeCoIn5, with the same band parameters used in Table 1, is taken into
account in performing the Γ scaling of resistivity. The extracted α coefficients
shown in e and f are consistent with that shown in Table 1.
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Here, the local spin operator Sf
i is represented in terms of the

constraint fermionic Sp(N) fields, fiα, which needs to be subjected to the
constraint, hPσf

y
iσf iσi=Nκ, to ensure its local nature. The constant κ< 1

allows us to capture the valence fluctuations. Thus, to capture the local
constraint, an additional term has to be included in the Hamiltonian,
Hλ =

P
i,σλ f yiσf iσ � Q

h i
with λ being the Lagrange multiplier. In the HJ

term,we assume anuniformantiferromagnetic RKKY coupling Jij = JHon
a lattice where i, j are nearest-neighbor site indices, Jαβ =Jαβ = �Jβα

denotes the anti-symmetric tensor, σ,α,β 2 f� N
2 , � � � , N2g label the spin

indices. Here, χi and Φij are the spatially dependent Hubbard-
Stratonovich fields, where their (spatially uniform) mean-field values,
χ � h JKffiffiffi

N
p

P
σf

y
iσciσi and ΔRVB � hΦiji= hJHN

P
α,β Jαβf

αy
i f βyj i, can be used

as order parameters to describe the Kondo-screened heavy Fermi liquid
state and the RVB spin-liquid state.

While considering the fluctuations of χi andΦij beyond mean-field
level, we canexpress χ i ! χ + JK χ̂ i andΦij ! ΔRVB + JHΦ̂ij , where χ̂ i and
Φ̂ij denote the fluctuation of χ and ΔRVB. Both HK and HJ can be divided
into the mean-field and fluctuating parts, namely HK ! HMF

K + ĤK and
HJ ! HMF

J + ĤJ withHMF
J andHMF

K atmean-field, and ĤJ and ĤK beyond
mean-field level. Themicroscopicmodel relevant for the heavy-fermion
materials therefore becomes H ! H0 +Hλ +H

MF
J +HMF

K + ĤK + ĤJ .

Data availability
Original data and codes created for the study have been deposited in
the online Zenodo repository (https://doi.org/10.5281/zenodo.
7187946).
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