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A strange metal is an exotic state of correlated quantum matter; intensive efforts are on-

going to decipher its nature. Here we explore whether the quantum Fisher information

(QFI), a concept from quantum metrology, can provide new insight. We use inelastic

neutron scattering and quantum Monte Carlo simulations to study a Kondo destruction

quantum critical point, where strange metallicity is associated with fluctuations beyond

a Landau order parameter. We find that the QFI probed away from magnetic Bragg

peaks, where the effect of magnetic ordering is minimized, increases strongly and without

a characteristic scale as the strange metal forms with decreasing temperature, evidencing

its unusual entanglement properties. Our work opens a new direction for studies across

strange metal platforms.
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Strange metal behavior refers to a linear temperature dependence of the electrical resistivity

at low temperatures instead of the square-in-temperature Fermi liquid form. First recognized

in the cuprate high-temperature superconductors, strange metals are being identified in an in-

creasing number of materials classes, from heavy fermion, pnictide, and organic compounds

to frustrated-hopping and moiré flat band systems (1). Heavy fermion compounds have taken

a prominent role in the search for other salient features of strange metallicity (2), and a Fermi

volume jump (3, 4), dynamical scaling in the spin (5) and charge (or current) response (6),

and the suppression of shot noise (7) have been put forward. They are all consistent with the

static Kondo screening transitioning, in the zero-temperature limit, from being in place to being

absent (8–10), a scenario that is actively pursued with various theoretical techniques (11–14).

With accumulating evidence for these features in other strange metal platforms (1) and the-

oretical efforts (15–18) to understand these systems in Kondo-based frameworks, the Kondo

destruction (or breakdown) scenario may well be pertinent beyond the heavy fermion setting.

However, very different scenarios are also considered (19–21) and a unified understanding is

still lacking.

Here we explore the potential of a new probe—the quantum Fisher information (QFI)—to

make progress. As recently shown theoretically (22), the QFI can be defined for condensed

matter systems in thermal equilibrium via a Kubo response function

fQ(T ) =
4

π

∫ ∞

0

tanh

(
ℏω

2kBT

)
χ′′(ω, T )d(ℏω) (1)

involving the imaginary part of a dynamic susceptibility χ′′(ω, T ), for instance the dynamic

spin susceptibility that can be derived from inelastic neutron scattering (INS) experiments. In

this formulation, called the QFI density (23), the susceptibility is an intensive quantity, i.e., it

is counted per site or moment. The benefit of this new tool is that it extracts the entanglement

content of the quantum correlations contained in χ′′(ω, T ), and may thus provide complemen-
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tary information to dynamical scaling analyses. A prediction of direct pertinence for the present

work is that at “strongly entangled” quantum phase transitions, the QFI is expected to diverge

in the T = 0 limit, whereas no signature is expected at a thermal phase transition (22). By

contrast, in a spin-chain material, enhanced values of the QFI were found to be tied to the Néel

order parameter and to decrease as the order is suppressed (23). Motivated by the finding that, at

the Kondo destruction quantum critical point of a Kondo impurity model, the entanglement en-

tropy becomes long-ranged (24) we set out to study a strange metal heavy fermion compound by

INS experiments. We find that the QFI associated with the fluctuations that govern the strange

metallicity, and go beyond order parameter fluctuations, increase strongly with decreasing tem-

perature as the strange metal develops, evidencing a state with enhanced entanglement.

We chose the heavy fermion metal Ce3Pd20Si6 for this study because quantum criticality of

Kondo destruction type, associated with strange metal behavior, has been identified in previous

experiments (25). We focus on the material’s quantum critical point (QCP) near 1.73 T (applied

along [0 0 1]), where antiferroquadrupolar (AFQ) order is continuously suppressed (Fig. 1A).

The absence of magnetic dipolar order near this QCP helps to reduce the effect of magnetic

order parameter fluctuations, which are in general not expected to lead to strange metallicity

(26). As a second step towards this goal, we have selected the wave vector (0 1̄ 0) for our

INS study, which corresponds to neither a structural nor a magnetic Bragg peak (27, 28). A

characteristic of Kondo destruction quantum criticality is that the associated fluctuations spread

out in momentum space, as seen at the QCP near 1.73 T in Ce3Pd20Si6 (28) (Fig. 1B). The

fluctuations probed at (0 1̄ 0) should thus be representative of the Kondo destruction fluctuations

across the entire Brillouin zone (BZ).

As shown previously (25), magnetic field applied along [0 0 1] drives the material across a

two-stage Kondo destruction transition (29, 30). At large fields, both the spin and the orbital

degree of freedom of the 4f 1 Γ8 quartet ground state of the magnetically active Ce atoms sit-
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uated at the 8c site (inset of Fig. 1A) are Kondo screened. With decreasing magnetic field, at

BQ ∼ 1.73T, Kondo screening first breaks up for the quadrupole moments, leading to AFQ

order with the ordering wavevector (1 1 1) (27). With further decreasing field, at BM ∼ 0.7T,

Kondo screening breaks up for the spin degree of freedom (31), leading to antiferromagnetic

(AFM) order with the incommensurate ordering wavevector (0 0 0.8) (27). Near both critical

fields, the effective mass as probed by the A coefficient of the Fermi liquid form ∆ρ = AT 2

is strongly enhanced (Fig. 1C) before, at the two QCPs, the strange metal linear-in-temperature

form prevails down to the lowest temperatures (25). Both QCPs were also shown to feature the

Hall effect characteristics of a Fermi surface jump (25, 31) (see Fig. 1D for the one at BQ).

We now turn to the INS data of Ce3Pd20Si6. The experiment was performed at the cold-

neutron triple-axis spectrometer ThALES (ILL, Grenoble), which has state-of-the-art energy

resolution of ∼ 0.07meV for the chosen final neutron wave vector kf , down to temperatures

of 60 mK. Extreme care was taken to remove all background contributions and to bring the

data into absolute units (Supplementary Materials). The thus obtained dynamic spin correlation

function S(q, ω, T ), measured at q = (0 1̄ 0), is shown in Fig. 2A. At a Kondo destruction

quantum critical point, the imaginary part of the dynamical spin susceptibility χ′′(q, ω, T ) is

expected (8) to exhibit the form

χ′′(q, ω, T ) =
1

ATαW (ℏω/kBT )
, (2)

at least at the ordering wave vector. Here we probe it at q = (0 1̄ 0) which, as discussed above,

is away from any magnetic (and structural) Bragg peak. χ′′(q, ω, T ) is related to S(q, ω, T ) via

the fluctuation-dissipation theorem (32, 33) as

χ′′(q, ω, T ) = π(1− e−ℏω/kBT )S(q, ω, T ) . (3)

A minimization procedure of our S(q, ω, T ) data for energies below 0.58 meV and tempera-

tures below 5 K yields the best data collapse for the exponent α = 0.88 (Fig. 2B). The excellent
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quality of the scaling, together with the fractional exponent α, provides strong evidence for

the beyond-order-parameter nature of the quantum criticality. Given the broad intensity distri-

bution of the inelastic scattering intensity across the BZ (Fig. 1B) we expect the same scaling

to exist throughout the BZ, though a proof will require dedicated high-resolution (3-axis) INS

experiments at other wave vectors.

Next, we determine the temperature-dependent QFI density

fQ(T ) = 4

∫ ∞

0

tanh

(
ℏω

2kBT

)
(1− e−ℏω/kBT )S(ω, T )d(ℏω) (4)

from the different S(q, ω, T ) isotherms at q = (0 1̄ 0). fQ shows a pronounced increase with

decreasing temperature (Fig. 3), indicating that entanglement is building up as the Kondo de-

struction QCP is approached. The temperature dependence is smooth, without any sign of

a characteristic energy scale or a trend of saturation. At the lowest accessed temperature of

60 mK, fQ reaches a value of 8.2.

To evaluate the entanglement depth associated with this value, one has to specify the type of

interaction between the neutron and the sample. For scattering from localized spins, with a mini-

mum and maximum expectation value hmin and hmax of the operator appearing in S(q, ω, T ), the

system must be at least (m+1)-partite entangled if fQ satisfies the bound fQ > m(hmax−hmin)
2,

where m is an integer (22, 34). The normalized QFI (33)

nQFI =
fQ

(hmax − hmin)2
(5)

thus witnesses at least (m+1)-partite entanglement if nQFI > m. Previous work has focused on

the case of localized spin 1/2 systems (23,33), where (hmax−hmin)
2 = cg2[(+1/2)−(−1/2)]2 =

cg2. c counts the spin directions that are probed by S(q, ω, T ) (23,35) and g is the Landé factor.

In the case of Ce3Pd20Si6, the quantum criticality we study arises from the suppression of

an AFQ phase, which represents the order of electric quadrupoles arising in the spin-Kondo

screened Γ8 quartet (25). A priori, neutrons do not couple to electric quadrupoles. However,
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a magnetic field can induce magnetic dipoles (along its direction) as secondary moments µsec.

These are generally considered to be very small compared to a corresponding primary moment

µ (36). Any ratio r = µsec/µ < 1 will boost nQFI as nQFI/r2. For Ce3Pd20Si6, with a Landé

factor g = 1 (37), c = 1 because the secondary moments are B-induced, and an estimated ratio

r = 0.1 (Supplementary Materials) we obtain nQFI = 8.2/(1 × 12)/(0.12) = 820. The very

most conservative estimate (using r = 1) is nQFI = 8.2, but much larger values are likely.

Additional experiments are needed to determine the actual value of r.

In what follows we describe auxiliary field quantum Monte Carlo simulations of a Kondo

destruction transition and compare them to our experimental results. These simulations are

unbiased and, most importantly, allow us to obtain wave-vector-resolved information. As a

(sign-problem-free) model, we use a spin 1/2 Heisenberg chain on a two-dimensional Dirac

semimetal akin to graphene (11). The exchange interaction among the local moments of the

spin chain competes with the Kondo coupling JK of the local moments to the conduction elec-

trons, which possess a pseudogap (38). In the Kondo screened phase, a new particle described

by the composite fermion operator Ψ̂†
i,s (39) emerges. It carries the quantum numbers of the

electron and participates in the Luttinger volume such that this state can be identified as the

heavy fermion phase with large Fermi surface. In the Kondo destruction phase at low JK, the

composite fermion spectral function is purely incoherent (Supplementary Materials). The tran-

sition between these two regimes is driven by charge degrees of freedom and a sudden change

in the Luttinger volume count at zero temperature.

The differences between the model and material are obvious, and what we aim for is to

understand which aspects are generic and which are model-specific. We first describe the results

for the QFI in the spin channel, obtained at the ordering wave vector q = π of the chain. In

the Kondo destruction phase, fQ is that of an isolated spin 1/2 chain and diverges as ln(1/T )3/2

(32). In the Kondo screened phase, the spin degrees of freedom become itinerant, and fQ
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saturates to a finite value as for a Fermi liquid state (Supplementary Materials). At the Kondo

destruction QCP, by contrast, the QFI grows without characteristic temperature scale (Fig. 4A).

We argue that this is the signature of Kondo destruction quantum criticality. fQ reaches large

values (which are limited by the finite system size of our simulations, see shaded region in

Fig. 4A). Both the increase without a characteristic scale and the much-enhanced value of fQ

compared to the heavy fermion phase are thus common characteristics of our simulations and

experiments. The large value of fQ reflects the destruction of the composite fermion operator

and the concomitant liberated critical spin degrees of freedom. For wave vectors away from

q = π, a saturation of the QFI is seen even at the Kondo destruction QCP. This discrepancy to

the experiment is due to the absence of “local” quantum criticality in the model.

Before describing the results for the composite fermion operator, a few comments on the

Kondo destruction side of the QCP are due. Here, the spin degrees of freedom can form vari-

ous phases of matter, both with and without long-range order (2, 40), but this does not change

the behavior at the QCP. For instance, changing the symmetry from SU(2) to SU(4) (antisym-

metric self-adjoint representation) in our model calculations will frustrate the ordering, but

should not alter the overall behavior of the QFI at criticality in both the spin and single parti-

cle channels. A recent extended dynamical mean-field theory (EDMFT) treatment of another

model that features a Kondo destruction QCP shows a peak of the QFI at the QCP (41). The

rise of fQ(T ) without a scale (41) is similar to what we find here. We note that in the limit

T → 0, the q-resolved QFI converges to the static structure factor 4S(q) with the sum rule

1
N

∑
q 4S(q) = 4ℏ2g2s(s+ 1) and s = 1/2. This implies that if one wave vector dominates the

low-temperature QFI, then the response at the others will be suppressed. Conversely, for a local

quantum critical point with a fractional dynamical exponent (8), the QFI in the spin channel

does not diverge (41).

We now show that the QFI of the composite fermion operator Ôq =
∑

s

(
Ψ̂†

q,s + Ψ̂q,s

)
7



captures the essence of the Kondo destruction transition. Being a fermion operator, its QFI

density fΨ
Q is related to the single-particle spectral function A(q, ω) of the composite fermion

via

fΨ
Q (T ) = 2

∫ ∞

−∞
tanh2

(
ℏω

2kBT

)
A(q, ω)d(ℏω) . (6)

fΨ
Q (T ) is bounded by the sum rule

∫
A(q, ω)dω (Supplementary Materials and Ref. (39)) where

A(q, ω) is taken at T = 0. This sum rule has no q-dependence and only weak temperature

dependence (inset of Fig. 4B). Importantly, the linear-in-temperature corrections to the sum

rule are set by the integrated spectral weight in a window kBT around the Fermi energy. Even

though this quantity is not ideal for detecting multi-partite entanglement—it is bounded for all

wave vectors by a q-independent sum rule—it provides valuable low-energy information in the

single particle channel. The temperature dependence of fΨ
Q is strong around the Fermi wave

vector qF = π/2, the low-temperature saturation being again a finite size effect (Fig. 4B). At the

Kondo destruction QCP, we conjecture fΨ
Q (T ) to have a unique temperature dependence down

to T = 0, again free of any scale. This shows that the destruction of the composite fermion

operator (probed by fΨ
Q ) and the critical fluctuations of the thereby liberated spins (probed by

fQ) go hand in hand, and together characterize Kondo destruction quantum criticality. It will be

of great interest to study these quantities in other models and with other techniques, to test their

universality.

The same is true for experiments on other materials. We note that it is crucial to access the

lowest possible energies at the lowest possible temperatures and perform careful background

measurements for meaningful results (Supplementary Materials). Nevertheless, even the best

experiment is performed at non-zero temperature and on a spectrometer with finite resolution.

Thus, the experimentally extracted QFI is unavoidably a lower bound for the actual situation.

Though inelastic X-ray scattering (42) and ARPES (43)-based methods to probe the QFI have
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been theoretically proposed, both the energy resolution and the lowest accessible temperatures

of these methods are orders of magnitude away from what can be achieved with state-of-the-art

INS experiments.

To the best of our knowledge, our work evidences the strongest entanglement detected to

date in any many-body quantum system, including the recently investigated triangular antifer-

romagnet KYbSe2, which is considered a proximate quantum spin liquid (44). Whether such

massive multi-partite entanglement is a general property of strange metals is an important ques-

tion that should be addressed by future experiments across the strange metal platforms (1). On

the other hand, our result may have potential for quantum applications. For instance, genuine

multi-partite entanglement is necessary to reach the maximum sensitivity in certain metrologi-

cal tasks (34, 45).
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Figure 1: The heavy fermion compound Ce3Pd20Si6, with orbital moments undergoing
Kondo destruction. (A) Cartoon of the crystal structure, showing only the magnetically active
Ce atoms at the 8c positions with their 4f orbitals, which assume a Γ8 quartet ground state.
(B) Constant-energy map at a magnetic field of 1.73 T applied along the crystallographic [0 0 1]
direction and at 50 mK, obtained by integrating time-of-flight data within the indicated energy
range, and within ±0.08 r.l.u. in the orthogonal momentum direction (28). The broad distribu-
tion of intensity in momentum space indicates the local nature of the fluctuations in real space.
As shown previously, magnetic field applied along [0 0 1] drives the material across two Kondo
destruction quantum critical points: one at BM ∼ 0.7T (31) where AFM order with the incom-
mensurate ordering wavevector (0 0 0.8) is suppressed (27), and one at BQ ∼ 1.73T (25) where
antiferroquadrupolar order with the ordering wavevector (1 1 1) is suppressed (27). The latter
one is studied here. (C) The electrical resistivity follows the Fermi liquid form ρ = ρ0 + AT 2

at the lowest temperatures, in shrinking temperature ranges upon approaching the critical fields,
and with a strongly enhanced A coefficient upon approaching those fields, consistent with di-
vergences as shown for fields near BQ in the inset. At both critical fields and in quantum critical
fans emerging from them, the resistivity assumes the strange metal form ρ = ρ′0+A′T (see (25)).
(D) The differential Hall resistance jumps in the extrapolated zero-temperature limit (25), both
at BQ as shown here and at BM (see (31)). This is understood as resulting from the spin de-
gree of freedom σ of the Γ8 quartet being incorporated into the Fermi surface at BM, and the
orbital degree of freedom τ being incorporated at BQ (25, 31), via the Kondo destruction (or
construction) mechanism. Panel B is adapted from (28), panels C and D from (25).
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Figure 2: Dynamic spin correlation function and dynamical scaling analysis of Ce3Pd20Si6.
(A) Selected isotherms of the dynamic spin correlation function S(q, ω, T ) vs energy ℏω, mea-
sured at q = (0 1̄ 0) and in a magnetic field of 1.73 T applied along [0 0 1]. (B) S(q, ω, T ) from
(A), multiplied with kBT

α and plotted vs ℏω/kBT . Data in the temperature range 0.06 - 5 K and
for energy transfers in the range 0.025 - 0.58 meV show best overlap for the exponent α = 0.88,
as seen from the minimum in the quality factor χ2 of the minimization procedure (inset). This
scaling is compatible with Kondo destruction quantum criticality as described in (8).
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Figure 3: Quantum Fisher information density of Ce3Pd20Si6. The data correspond to the
ones presented in Fig. 2A, but all measured isotherms were analysed and the entire accessed
energy range from 0 to 1.5 meV was used for the integration.

16



0.0 0.2 0.4

T

0

10

20

30

40

50
f Q

A
q = 2π/9

q = 5π/9

q = 7π/9

q = π

0.0 0.2 0.4

T

B

0.80

0.85

0.90

0.95

1.00

f
Ψ Q

qF = π/2

q = 2.0qF

q = 0.4qF

q = 0.7qF

q = 1.1qF

0.25 0.50

0.975

1.000

1.025

f
Ψ
,s

u
m

ru
le

Q

Jk = 2.0, L = 18

Figure 4: Quantum Monte Carlo simulations of the QFI at the Kondo destruction tran-
sition. (A) QFI density fQ for the spin degree of freedom at the ordering wave vector q = π
and at several wave vectors away from it. At the ordering wave vector, fQ grows substantially
in the low-temperature limit, but at other vectors, it converges to a finite value. The shaded
region indicates where effects due to finite system size in. The dashed curve is for a larger
system (L = 22) and tends to saturate only at lower temperatures. As our fQ takes into account
all three components of spin-spin correlations, we have (hmax − hmin)

2 = 3g2 = 12 in Eq. 5,
and hence nQFI = fQ/12. (B) QFI density fΨ

Q (T ) for the composite fermion. Wave vectors
closer to the Fermi surface qF = π/2 show the most pronounced temperature dependence re-
flecting the spectral weight corresponding to the heavy fermion quasiparticle. The shaded area
has the same meaning as in (A). Inset: The wave-vector-independent and weakly temperature-
dependent contribution to fΨ

Q (T ) from the sum rule (Supplementary Materials).
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