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The breakdown of both strange metal and
superconducting states at a pressure-
induced quantum critical point in iron-
pnictide superconductors

Shu Cai1, Jinyu Zhao 1,2, Ni Ni 3,4, Jing Guo 1,5, Run Yang1, Pengyu Wang1,2,
Jinyu Han1,2, Sijin Long1,2, Yazhou Zhou1, Qi Wu1, Xianggang Qiu1,2,5,
Tao Xiang 1,2, Robert J. Cava3 & Liling Sun 1,2,5

Here we report the first observation of the concurrent breakdown of the
strange metal (SM) normal state and superconductivity at a pressure-induced
quantum critical point in Ca10(Pt4As8)((Fe0.97Pt0.03)2As2)5 superconductor. We
find that, upon suppressing the superconducting state, the power exponent
(α) changes from 1 to 2, and the slope of the temperature-linear resistivity per
FeAs layer (A□) gradually diminishes. At a critical pressure, A□ and super-
conducting transition temperature (Tc) go to zero concurrently, where a
quantum phase transition from a superconducting state with a SM normal
state to a non-superconducting Fermi liquid state occurs. Scaling analysis
reveals that the change of A□ with Tc obeys the relation of Tc ~ (A□)0.5, similar to
what is seen in other chemically doped unconventional superconductors.
These results suggest that there is a simple but powerful organizational prin-
ciple of connecting the SM normal state with the high-Tc superconductivity.

The strange metal (SM) state is an extraordinary normal state of high-
temperature superconductors in which the electrical resistivity grows
linearly with temperature in the low-temperature limit. Such a unique
state has been found in the doped cuprates, iron-pnictide
superconductors1–10, organic materials8, heavy Fermion metals11–13,
infinite-layer nickelates14 and twisted bilayer graphene15. Although
many efforts have been made in past decades, the correlation of the
SM state with the superconductivity still remains a subject of debate,
which requires more experimental information from different experi-
mental probes and materials. The central questions for this key issue
are what is the intrinsic correlation between the SM normal state and
the superconductivity, and what is the determining factor associated
with the SM normal state for stabilizing high-Tc superconductivity. To
find clues for solving these puzzles, a superconductor with a pure SM
normal state featured by α = 1 (in the form of ρ = ρ0 +ATα) is needed.

And better, if a superconducting system only hosts as few as possible
competing orders in the tuning parameter—temperature phase dia-
gram, then direct information to reveal the relationship between these
two may be obtained.

The iron-pnictide superconductor Ca10(Pt4As8)((Fe0.97Pt0.03)2As2)5
is such an ideal superconducting material for this kind of study. The
ground state of this superconductor is well understood, without the
complication from ordered states, such as pseudogap state or a nearby
long-range AFM state, etc.16. More intriguingly, it shows a T-linear
resistivity behavior in its normal state at ambient pressure16, providing
us a unique platform for studying the correlation between the T-linear
resistivity and the superconductivity.

Pressure is one of the non-thermal control parameters for tuning
superconductivity because this method can shorten the interatomic
distances and correspondingly leads to the change of the crystal and
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electronic structures without altering the chemistry. Moreover, it can
avoid system uncertainties associated with the differences between
the samples with different doping levels, which poses significant lim-
itations on the studies of chemically doped single crystals. Thus, high
pressure, as a ‘clean’ way, has been widely adopted as an independent
control parameter to explore new phenomena and the evolution from
one state to another in correlated electron systems17–25. In this study,
we take the Ca10(Pt4As8)((Fe0.97Pt0.03)2As2)5 superconductor (here
referred to as the “1048 superconductor”) as a target material to study
the pressure-induced co-evolution of the SM and superconducting
states.

Results and discussion
Structure information and transport properties
The Ca10(Pt4As8)(Fe2As2)5 superconductor crystallizes in a tetragonal
unit cell with -Ca-(Pt4As8)-Ca-(Fe2As2)-stacking

16. Its structure can be
described as a distorted CaFe2As2 structure with every other Fe2As2

layer replaced by a Pt4As8 layer, as shown in Fig. 1a. At ambient pres-
sure, its resistivity versus temperature shows a linear behavior above
the superconducting transition at 26 K (Fig. 1b), which closely resem-
bles what is seen in optimally doped cuprate superconductors2,26,27.
When pressure is applied on the samples (S#1 and S#2) surrounded by
the pressure transmittingmedium (PTM) of NaCl, we find that Tc shifts
to low temperature upon compression and is invisible at 13 GPa and
above for the sample #1 (Fig. 1c, d), indicating that the application of
pressure can suppress the superconductivity effectively.We repeat the
measurements with new samples cut from different batches and
obtain reproducible results (Fig. 1e, f)—increasing pressure brings a
monotonic reduction in Tc, and the superconductivity vanishes for the
S#2 at 11.8GPa. These results demonstrate the reproducible evolution
of the superconductivity of the 1048 superconductor with pressure.

To clarify the possibility that the suppression ofTc is related to the
pressure inhomogeneity introduced by the solid pressure medium
NaCl, weperform the high-pressuremeasurements on the S#4with the

Fig. 1 | Structure information and transport properties for the 1048 super-
conductor. a The crystal structure of the 1048 superconductor. b Ambient-
pressure resistance as a function of temperature, displaying a superconducting
transitionwith an extradentary sharp drop at 26K. c–fTemperature dependenceof

resistance for the S#1 and S#2 surrounded by the pressure transmitting medium
(PTM) of NaCl in the measurements. g, h Resistance versus temperature for the
S#4 surrounded by the liquid PTM of glycerin in the measurements.
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liquidPTMofglycerin, andfind the same results (Fig. 1g, h)—Tcdeclines
with increasing pressure and vanishes at 12.8 GPa. Moreover, it is seen
that the superconducting transition of the sample in the liquid pres-
sure environment appears to have a sharper drop and no low-
temperature tail at the foot of the transition at low pressures up to
4GPa (Fig. 1c, e and g). This indicates that the different PTMs have an
appreciable effect on superconductivity.

High-pressure resistance versus temperature and correspond-
ing fits
We plot the resistance versus temperature for the pressurized S#1 and
the S#4 (Fig. 2) and make the actual fits to the temperature (T)
dependence of the normal state resistance at low temperatures for the
data obtained from the compressed samples based on the following
equations:

RðTÞ=R0
0 +A

0T +B0T2

RðTÞ=R0 +AT
α

Where R0 and R′0 are the residual resistance, A′, B′, A and α are the
slope of the T-linear resistance, the coefficient of T-square resistance,
the coefficient of power function and the power exponent of tem-
perature, respectively.

Since the determination of the resistivity as a function of tem-
perature at each pressure investigated requires the pressure depen-
dence of sample thickness, which is difficult to be obtained in the high-
pressure resistance measurements, we replace resistivity with resis-
tance in thedatafitting soas to takenoaccount of the relationbetween
the applied pressure and the sample thickness (see “Methods”). It has
been known that high-temperature superconductors such as cuprates
and iron pnictides have a layered crystal structure; their super-
conductivities display prominent two-dimensional characteristics28–31.
To describe the correlation between the SM state and super-
conductivity reasonably, we employ A□, the T-linear resistivity coeffi-
cient normalized by the average distance between FeAs layers, to
investigate this important correlation (see “Methods”). The fitting is in
good consistence with the experiment results (see red lines in Fig. 2),
giving a set of coefficient A□ that varies with pressure from 10.8 at
0.6GPa to 0 at ~13 GPa and above for the S#1 (Fig. 2a–h), and from 12.8
at 1.1 GPa to 0 at ~12.8GPa and above for the S#4 (Fig. 2i–p). The other
fitting results can be found in Supplementary Information (SI). We
extract the power exponent (α), based on the equation in the form of
power law, as a function of pressure and find that pressure changes α
from 1 at ambient pressure to 2 at 13 GPa for the S#1 and 12.8 GPa for
the S#4. When pressure is higher than ~13 GPa for S#1 and 12.8 GPa for
S#4, the low-temperature resistance shows curvature (Fig. 2e–h, m–p)
and approaches a T2 dependence in the higher pressure range, where
the superconductivity is fully suppressed. These results indicate that
the application of pressure gradually drives the 1048 superconductor
from a superconducting ground state with a SM normal state to a non-
superconducting Fermi-liquid (FL) state.

Tc, α and A□ versus pressure
We summarize the experimental results in the pressure–temperature
phase diagram in Fig. 3a. There are three distinct regions in the dia-
gram: the superconducting (SC) state, the strangemetal (SM) state (or
non-Fermi liquid (NFL) behavior) and the non-superconducting Fermi
liquid (FL) state. It is seen that the ambient-pressure superconductivity
of the sample develops from a pure SM normal state, featured by α = 1
(Fig. 3b), and the sample holds the highest Tc value. Upon increasing
pressure till the critical pressurePc, Tc decreasesmonotonously, with α
varying between 1 and 2 (here, we take the average value of the pres-
sures that destroy the superconducting state, obtained from different

experimental runs, as Pc, see Fig. 3). At Pc (~12.5 GPa), the super-
conductivity is completely suppressed (Fig. 3a) and the power expo-
nent α approaches 2 (Fig. 3b), indicating that the ground state of the
sample moves into a non-superconducting FL state. These results
demonstrate that applying pressure renders the 1048 superconductor
to undergo a quantum phase transition at ~12.5 GPa. Below the quan-
tum critical point (QCP), the superconductor has a SC ground state
with a SM normal state or NFL behavior, while above the QCP, the
sample displays a non-superconducting FL state. The pressure-
induced quantum phase transition observed in the 1048 super-
conductor is highly reminiscent of what has been seen in the over-
doped cuprate superconductors2,3,5,6,26 and Fe-based
superconductor32,33, which show the same evolution upon increasing
doping level and gating voltage.

We track the change of the coefficientA□ as a function of pressure
before reaching the QCP. As shown in Fig. 3c, the coefficient A□ versus
pressure displays a similar trend with Tc versus pressure. As A

□ holds
the maximum, the 1048 superconductor displays the highest Tc value.
Once A□ is decreased by pressure, Tc exhibits a decrease correspond-
ingly. More significantly, we find that the values of the coefficient A□

and Tc reach zero together at the QCP. The observation of the syn-
chronized decrease of A□ and Tc with applied pressure leads us to
propose that the coefficient A□ is a key factor for determining the Tc
value of the high-Tc superconductors.

Relationship between superconductivity and strange metal
To establish the correlation between the SM normal state and Tc for the
1048 superconductor and compare it with doped cuprate and other
superconductors, we plot the Tc dependence of the coefficient A□ in
Fig. 4a and find a positive correlation of A□ with Tc. Scaling analysis on
the two quantities finds that Tc versus A□ basically obeys the relation of
Tc ~ (A□)0.5 (see the inset of Fig. 4a). To the best of our knowledge, this is
thefirst quantitativedescriptionof the correlationbetweenTc andA□ for
the iron-pnictide superconductors through the pressure tuningmethod.
For the sake of investigating the possible universality of the concurrent
breakdown of the SM normal state and superconducting state, we have
also performed hydrostatic pressure studies on Sr0.74Na0.26Fe2As2
superconductor, whosenormal resistance versus temperaturedisplays a
FL state at ambient pressure but turns into a SM state at 5.9GPa (see
Supplementary Fig. S3). The results obtained also show the concurrent
breakdownsofA□ andTc at the samepressure point (see Supplementary
Fig. S3c). Further, we compare our results with the experimental data
obtained from chemically doped cuprate6,26,34 and iron-based
superconductors8,35,36 and find a similar relationship between Tc and A□

(Fig. 4b), demonstrating that the stability of the superconducting phase
has an intimate connectionwith the contribution from the electron state
of determining the T-linear resistivity.

It has been proposed that antiferromagnetic (AFM) spin fluctua-
tions are responsible for both the superconducting and SM normal
states in the high-Tc superconductors34,37. If the AFM fluctuations are
the fundamental principle, then a theory to explain the detailed phy-
sics related to the behavior of the SM state, as revealed in this study, is
also needed.

In conclusion, our results reveal that the application of pressure
induces a quantumphase transition (QPT) from a SC ground state with
a SM normal state to a non-superconducting FL state in the
Ca10(Pt4As8)((Fe0.97Pt0.03)2As2)5 superconductor. The observed
pressure-tuned co-evolution of the strange metal (SM) and super-
conducting (SC) states, as well as the concurrent breakdown of the SM
and SC states at the quantum critical pressure (~12.5GPa), demon-
strates how the coefficient A□, the slope of the linear-in-temperature
resistivity normalized by the average distance between FeAs layers,
determines the stability of the superconductivity and the value of Tc.
Below the QCP, the coefficient A□ is continuously suppressed from a
finite value, and the power component α varies between 1 and 2. Above
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the QCP, the SC state is fully suppressed, while A□ =0 and
α = 2 simultaneously, a hallmark of a pure Fermi liquid (FL) state. We
have also observed the same phenomenon in pressurized
Sr0.74Na0.26Fe2As2 superconductor. The scaling analysis for the
obtained Tc and coefficient A□ in the compressed 1048 super-
conductor finds that it basically obeys the relation of Tc ~ (A□)0.5,
exhibiting the similarity with what is seen in other chemically doped

unconventional superconductors and demonstrating for the first time
that the high-Tc superconductors with a SM normal state obey the
same relation in Tc(A□), regardless of the type of the tuning method
(doping or pressurizing), the crystal structure, the bulk or film super-
conductors and the nature of dopant (electrons or holes). The analysis
of the generic relation between the Tc and the SM state for the cuprate
and iron-based high-Tc superconductors reveals that the same physics
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governs the emergence and the stability of the high-Tc
superconductivity.

Methods
Single crystal growth
Thehigh-quality single crystals ofCa10(Pt4As8)(Fe2As2)5weregrownbya
solid-state reactionmethod. CaAs, FeAs, Fe, Pt, and Asweremixed in an
argon-filled glovebox, pressed into pellets, and sealed in quartz tubes
under 1/3 atmosphere of Ar. The tubes were heated to 1100–1180 °C for
1 week, furnace-cooled to 900 °C for 1 day, and then water quenched.
The pure10-4-8 phase single crystals with 0.5 ×0.5 ×0.03mm3 sizewere
obtained. The high-quality single crystals of Sr0.74Na0.26Fe2As2 were
synthesized using a self-flux technique. The detailed sample prepara-
tion procedure for these two materials can be found in refs. 16,38,39.

Experimental details for high-pressure measurements
High pressure was generated by a diamond anvil cell made of BeCu
alloy with two opposing anvils. A four-probe method was applied for
our resistance measurements. Diamond anvils with 300 and 400μm
culets (flat area of the diamond anvil) were used for several

independent measurements. In the experiments, we employed plati-
num foil as electrodes, rheniumplate as gasket and cubic boron nitride
as insulating material. Two kinds of pressure-transmitting media, NaCl
and glycerin, were used for the different runs of high-pressure mea-
surements. Pressure in all measurements is determined by the ruby
fluorescence method at room temperature40 and then calibrated by
pressure dependence of Pb’s superconducting transition temperature
in the same pressure cell.

The sizes of the sample #1, sample #2 and sample #4 are
100 × 60× 5 µm3, 90 × 60× 5 µm3 and 110 × 40 × 3 µm3, respectively.

Extraction method for the coefficient A□

Usually, the coefficient A can be extracted by fitting the plot of resis-
tivity ρ versus temperature (T) in the formof ρ(T) = ρ0 +AT +BT2, where
ρ0, A, B are the residual resistivity, the slope of T-linear resistivity, the

Fig. 2 | High-pressure resistance as a function of temperature at different
pressures for the Ca10(Pt4As8)((Fe0.97Pt0.03)2As2)5 superconductors and corre-
spondingfitsby the formsofR =R′0 +A′T +B′T2. aA□ (A□ = (w/l)(t/d)A′, herew and
t are the width and the thickness of the sample, l is the distance between the
electrodes, andd is an averagedistancebetweenFeAs layers (see “Methods”) shows
the maximum value (10.8) at 0.6 GPa for the S#1 surrounded by the pressure
transmitting medium (PTM) of NaCl, where the normal state of the sample is in a
pure SM state (α = 1), and its Tc displays the highest value. b–d A□ decreases with
applied pressure in the pressure range of 3.5 GPa–10.1 GPa for the S#1, in the

pressure range of which Tc is suppressed gradually. e–h A□ approaches zero and
α = 2 for the S#1 in the pressure range of 13.0 GPa–20.4GPa, in which the super-
conductivity is absent. i A□ = 12.8 at 1.1 GPa for the S#4 surrounded by the PTM of
glycerin, where the normal state of the sample is also in a pure SM state (α = 1), and
its Tc displays the highest value. j–l A□ declines upon increasing pressure for the
S#4 in the pressure range of 3.5 GPa–10.8 GPa.m–p A□ =0 and α = 2 for the S#4 in
the pressure range of 12.8 GPa–19.6GPa, in which the sample is no longer
superconducting.

Fig. 3 | Summary of the superconductivity, power exponent (α) and the coef-
ficient (A□) as a function of pressure for the Ca10(Pt4As8)((Fe0.97Pt0.03)2As2)5
superconductor. a Pressure–Tc phase diagram. NFL and FL represent the non-
Fermi liquid behavior and Fermi liquid state, respectively. SC stands for the
superconducting state. The Tc value in the phase diagram is determined by the
onset transition temperature. b The plot of α in the form of R(T) =R0 +ATα versus
pressure. c Pressure dependence of the coefficient A□. The error bars repre-
sent the s.d.

Fig. 4 | Superconducting transition temperature versus slope of linear-in-
temperature resistivity for the pressurized Ca10(Pt4As8)((Fe0.97Pt0.03)2As2)5
superconductor. a The coefficient A□ as a function of superconducting transition
temperature (Tc). The error bars represent the s.d. The inset displays Tc depen-
denceof (A□)0.5.bThe summaryof thecorrelation betweenA□/A□max andTc/Tcmax for
the pressurized Ca10(Pt4As8)((Fe0.97Pt0.03)2As2)5 and Sr0.74Na0.26Fe2As2 super-
conductors, as well as other differently doped superconductors. The LCCO, LSCO
and BFCA represent La2−xCexCuO4 superconductor [ref. 26], La2−xSrxCuO4 super-
conductor [refs. 6,26] and Ba(Fe1−xCox)2As2 superconductor [refs. 26,35,36],
respectively. The data about (TMTSF)2PF2 are taken from ref. 8.
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slope of T-square resistivity, respectively. In practice, the resistivity ρ is
commonly derived by the formula: R = ρl/wt, where R is the measured
resistance, l is the distance between the electrodes for the voltage
measurements,w and t are the width and the thickness of the sample.
In our experiments, we use a method suitable for layered compounds
to extract A□ by fitting the resistance R in the form of
R(T) =R0 +AT +BT2 instead of resistivity ρ in the form of
ρ(T) = ρ0 +AT+BT2. By adopting thismethod,weanalyzed the pressure
effect on the variation of the sample thickness that can be neglected.

We start with the following equation:

ρðTÞ=ρ0 +AT +BT2 ð1Þ

If the twosides of the equationaremultipliedby l/wt, the equation
can be written as:

RðTÞ= ðl=wtÞρ0 + ðl=wtÞAT + ðl=wtÞBT2 ð2Þ

When A is expressed by A□ (A =A□d, d is the average distance
between FeAs layers), then the equation can be changed to:

R Tð Þ= l=wt
� �

ρ0 + ðA&l=wÞðd=tÞT + ðl=wtÞBT2 ð3Þ

Let us consider the case of R′0 = (l/wt)ρ0, A′ = (A□l/w)(d/t) and
B′ = (l/wt) B, the Eq. (3) can be expressed as:

RðTÞ=R0
0 +A

0T +B0T2 ð4Þ

In this study, R(T) measured at different pressures are fitted by
Eq. (4). Since R′0, A′ and B′ are all the fitting parameters that can be
obtained directly from the fitting results of R(T), these values of R′0, A′
and B′ are known. Then, we can use Eq. (5) to extract the pressure
dependence of A□ for the 1048 superconductor:

A& = ðw=lÞðt=dÞA0 ð5Þ

Next, we analyze the pressure effect on the quantities in Eq. (5).
Considering that the 1048 superconductor possesses the tetragonal
structure16—its lattice parameter a = b, we propose that the width (w)
and distance (l) between the electrodes for the voltage measurements
of our ambient-pressure sample can be expressed as:

w0 =Xa

l0 = Ya

where X and Y are the numbers of the unit cells, and a is the lattice
parameter, respectively. The ratio ofw0/l0 equals X/Y. Sincew and l are
the function of lattice parameter a, its ratio (wp/lp) at different pres-
sures should be the same as that obtained at ambient pressure, i.e.,
w0/l0=wp/lp = X/Y. This allows us to employ the ratio of w0/l0 for the
determination of A□ as a function of pressure. The values of w0 and l0
can be found in the section “Experimental details for high-pressure
measurements.”

Since the bulk 1048 superconductor is composed of a number of
unit cells, sample thickness t can thus be expressed as t=Nc, where c is
the lattice parameter perpendicular to the FeAs layer in the unit cell, and
N is the number of the unit cells. It has been known that each unit cell of
the 1048 superconductor contains only one FeAs layer (Fig. 1a); thus, the
average distance between the FeAs layer, d, equals the lattice parameter
c (d= c). At ambient pressure, the ratio of the thickness t0 and the

average distance between FeAs layer d0 should be in the form of:

t0=d0 =N ð6Þ

Because both values of t and d are the function of lattice para-
meter c, when pressure is applied, the ratio of tp/dp still equals N, i.e.,
tp/dp = t0/d0 =N. This allows us to use the ratio of t0/d0 to establish the
pressure dependence of tp/dp. The t0/d0 can be found in our experi-
mental details and ref. 16.

Based on the above analysis, through the fitting R(T)measured at
different pressures, the coefficient A□ can be extracted as:

A&ðPÞ= ðw0=l0Þðt0=d0ÞA0 ð7Þ

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.
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