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Robust quantum Griffiths singularity above 1.5 K in nitride thin films
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Quantum Griffiths singularity (QGS), which is closely correlated with the quenched disorder, is characterized
by the divergence of the dynamical critical exponent when approaching zero temperature and the applicability of
activated scaling. Typically such a phenomenon is rather rare and only observed in extremely low temperatures.
Here we report the experimental observation of a robust QGS in NbN thin films, which survives in a rather high
temperature range. The electrical transport properties were measured under the magnetic field up to 12 T. The
field induced superconductor-metal transitions were observed with the continuously changed transition points
with the decrease of temperature. The dynamical critical exponent based on the conventional power-law scaling
reveals a divergent trend when approaching the low-temperature limit. Moreover, the temperature and field
dependence of sheet resistance can be described by the activated scaling analysis in the temperature region up to
1.6 K � T � 4.0 K. We argue that the robustness of QGS in the present system originates from the pronounced
Pauli paramagnetic effect due to the strong coupling between magnetic field and the spin degree of freedom of
the superconducting electrons.
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I. INTRODUCTION

The phase transition between different ground states,
which is accompanied by quantum rather than thermal fluctu-
ations, is called the quantum transition [1,2]. For example, the
superconductor-insulator transition (SIT) is typically driven
by disorder, magnetic field (B), or carrier concentration [3–8].
Such a quantum transition can have a significant influence on
the physical performance in finite temperatures in terms of
the quantum fluctuations. In the conventional scenes, only one
critical transition point exists and the temperature dependent
resistance (R) near the SIT point can be described by a power-
law scaling determined by the critical exponents (z, ν) and the
distance from the critical point [9–13]. Recently, it was re-
ported that, in the two-dimensional (2D) or quasi-2D systems
with quenched disorder, a new type of superconductor-metal
transition (SMT) emerges. In these systems, the crossing point
in the R(B) curves can reveal a systematic variation with
temperature and the effective critical exponent at each cross-
ing point shows a divergent behavior when approaching zero
temperature [14–20].

It was interpreted that [21,22], due to the transformation
of the vortex lattice into the vortex glasslike phase in the
zero-temperature limit, rare regions of inhomogeneous super-
conducting (SC) islands (or puddles) gradually show up in the
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high field regime. As a result, the quantum Griffiths singu-
larity emerges, which manifests an activated scaling behavior
in a limited temperature range. It is believed [14] that such
a vortex glasslike phase is rather delicate against the thermal
fluctuation since, in the high-temperature region, thermal fluc-
tuations will smear the inhomogeneity caused by quenched
disorder. Thus, the rare regions of the SC islands could not ex-
ist. In other words, the quantum Griffiths singularity can only
be observed in extremely low temperatures, where the impact
of quenched disorder overtakes thermal fluctuations. Indeed,
almost all the QGS behaviors in the previous reports occurred
in extremely low temperatures. However, it was found that
QGS can exist in a relatively high temperature region of 4 to
5 K in ion-gated ZrNCl system [17]. This issue has not been
fully noticed and discussed. Theoretically, it has been pointed
out [22] that the domination of spin-related pair-breaking ef-
fect will lead to a larger energy associated with the formation
of the SC puddles. Currently there is still a lack of thorough
investigations concerning the upper limit of temperature that
QGS can survive.

In this study, we conducted an in-depth investigation on
the field induced superconductor-metal transition in NbN thin
films, whose SC critical temperature Tc has been tuned to
below 4 K. Systematic variations of the crossing points Bx and
the effective critical exponents zν were observed in a finite
temperature range. Moreover, the temperature and field de-
pendence of sheet resistance can be described by the activated
dynamical scaling in a relatively wide temperature region up
to 4 K. Our finding indicates that the features of the quantum

2469-9950/2023/107(9)/094509(6) 094509-1 ©2023 American Physical Society

https://orcid.org/0000-0002-9888-1891
https://orcid.org/0000-0001-5676-4702
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.094509&domain=pdf&date_stamp=2023-03-16
https://doi.org/10.1103/PhysRevB.107.094509


XIAONI WANG et al. PHYSICAL REVIEW B 107, 094509 (2023)

FIG. 1. Temperature dependence of sheet resistance Rs under the
magnetic fields of 0 T (a) and 12 T (b) for two samples. The semi
logarithmic coordinates is used in (b). The blue dashed lines are
visual guides.

Griffiths singularity actually can survive in high temperatures
in the presence of strong Pauli paramagnetic effect.

II. MATERIALS AND METHODS

The NbN thin films were deposited using the method of
DC reactive magnetron sputtering. The details of the con-
ditions for the film growth have been reported previously
[23]. We note that the NbN films are nonepitaxial, since the
high-resistivity Si was used as the substrate. In the present
work, two films (W11 and W6) deposited under different
chamber pressures, 0.20 and 0.13 Pa respectively, were chosen
to conduct the following investigations. The thicknesses of the
two films are 25 and 20 nm respectively, as determined by the
x-ray reflectivity measurements. The films were etched into
the line shape with the dimension 10×500 µm2 using reactive
ion etching to conduct the electrical transport measurements.

The electrical transport measurements were performed
using a cryostat (Oxford Instruments TeslatronPT cryostat
system) with the field of up to 12 T. The applied electric
current is 0.5 µA during the transport measurements. The
magnetic field was applied perpendicular to both the film
surface and the direction of electrical current.

III. RESULTS

The sheet resistance Rs as a function of temperature of
the two samples is shown in Fig. 1. Under zero field, as
shown in Fig. 1(a), clear SC transitions can be seen in the
Rs-T curves, with the Tc of 2.5 K and 3.9 K for samples
W11 and W6, respectively. Here the values of Tc are defined
as the temperature where the sheet resistance becomes half
of the normal-state value. Besides the superconductivity, the
magnitude of sheet resistance in the normal state just above Tc,
RN , also reveals a clear difference between the two samples:
RN = 1400 and 650 � for W11 and W6, respectively. It is
notable that the Rs-T curve under a high field of 12 T shows
a logarithmic temperature dependence in the low temperature
region, see Fig. 1(b). This feature is the hallmark of the 2D
quantum-corrected disordered metal, where weak localization

TABLE I. Important parameters of the two samples.

Tc RN Bc νψ T0

Name (K) (�) (T) (K)

W11 2.5 1400 7.50 0.60 ± 0.03 6.0
W6 3.9 650 9.60 0.55 ± 0.02 9.1

plays a crucial role in determining the nature of electrons
[18,24].

In order to investigate the detailed characteristic of this
field induced transition from SC to the metallic state, we
measured the temperature dependence of Rs under a series
of magnetic fields up to 12 T. In Fig. 2, we display the
data of sample W11. As shown in Fig. 2(a), with the in-
crease of field, the steep descent behavior due to the SC
transition is suppressed gradually, and eventually turns into
a quantum-corrected metallic state. By carrying out a matrix
inversion [18] of the temperature-swept data (see Fig. S1 in
the Supplemental Material (SM) [25] where the situation of
sample W6 is taken as an example), field dependence of Rs

can be generated, which is shown in Fig. 2(b). A series and
continuum of crossings in the Rs-B curves can be seen, which
spread out over a wide range of temperatures (1.6–5 K) and
magnetic field. This is very different from the conventional
quantum phase transition where only one crossing point exists
[26] and stresses the importance of certain energy scales in
this system with quenched disorder. Thus, the conventional
power-law scaling could not describe this behavior on the
whole. We extracted the positions of the crossing points Bx

and showed them in Fig. 2(c) as a function of temperature.
The value of the temperature corresponding to each crossing
point is determined by averaging the temperatures of the two
isotherms that generate the crossing. It was pointed out [18]
that, as expected near an infinite-randomness critical point, the
evolution of Bx with temperature can be simulated using the
equation

Bx(T ) = Bc ×
[

1 − u

(
ln

T0

T

)−p]
, (1)

where Bc and T0 are the critical field in the zero-temperature
limit and a microscopic temperature scale, respectively. u and
p are fitting parameters. Similar to the fitting process adopted
in the literature [18], Bc, u, and p are set as free parameters,
while T0 is fixed as the value determined from the fit in Fig. 3
(see Table I). The fitting result is presented by the blue solid
line in Fig. 2(c).

Similar to the previous reports in other systems [14,18–20],
despite the inappropriateness in describing the Rs-B data on
the whole, the conventional power-law scaling can still be
used to analyze the data in each small temperature intervals,
which is expressed as [26]

Rs(δx, T ) = F (δxT −1/zν ), (2)

where δx = |B − Bx|/Bx is the normalized distance from the
effective critical field Bx in each small temperature range, ν

is the correlation-length exponent, z is the dynamical-scaling
exponent, and F is the scaling function with F (0) = 1. The
results of the scaling using Eq. (2) are shown in Figs. S2 and
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FIG. 2. (a) Temperature dependence of sheet resistance under magnetic fields up to 12 T for sample W11. (b) Field dependence of sheet
resistance at temperatures ranging from 1.6 K to 5 K. (c) Crossing points from the magnetoresistance isotherms shown in (b). The error bars
represent the sizes of temperature intervals of the two Rs-B curves which determine the position of Bx . The blue solid line is a fit to Eq. (1) (see
text). (d) Field dependence of the critical exponent zν obtained from finite size scaling analysis. The error bars in zν values are determined by
examining the influence of critical exponents on the standard deviation of scaling behavior. The blue solid line shows the fitting curve based
on the activated scaling law.

S3 in the SM [25]. The obtained critical exponents zν as a
function of field are shown in Fig. 2(d). With the decrease

FIG. 3. Sheet resistance as a function of scaling variable
δ[ln(T0/T )]1/νψ in the temperature range 1.6 K � T � 3.5 K. The
red dashed lines are visual guides.

of temperature, the value of zν reveals an upward trend with
an increasing steepness. Such a divergent tendency is the
hallmark of the activated dynamical scaling [14], which can
be simulated using the following equation:

zν = C × |B − Bc|−νψ , (3)

where C is a constant. ν and ψ are the correlation-length
exponent and the tunneling exponent, respectively. It has been
estimated theoretically [27] that ν = 1.2 and ψ = 0.5. Thus,
the power exponent is set as νψ = 0.6 in the fitting process,
similar to that used by other groups [14,20]. As shown by the
blue solid line in Fig. 2(d), the experimental data, especially
the divergent tendency in the low temperature region, can be
well described by Eq. (3).

Theoretically, quantum Griffiths singularity is closely re-
lated to the infinite-randomness critical point. As we have
mentioned above, the quantum SMT governed by such an
infinite-randomness fixed point could not be described by
the conventional power-law scaling on the whole. Actually,
the activated dynamical scaling has been proposed [18,28] in
the following form:

Rs

(
δ, ln

T0

T

)
= �

[
δ

(
ln

T0

T

)1/νψ]
. (4)
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FIG. 4. (a) Temperature dependence of sheet resistance under magnetic fields up to 12 T for sample W6. (b) Field dependence of sheet
resistance at temperatures ranging from 1.6 K to 8 K. (c) Crossing points from the magnetoresistance isotherms shown in (b). The blue solid
line is a fit to Eq. (1) (see text). (d) Sheet resistance as a function of scaling variable δ[ln(T0/T )]1/νψ in the temperature range 1.6 K �T � 4 K.
The red dashed lines are visual guides.

Here δ = |B − Bc|/Bc is the normalized distance from the
critical field Bc. � is the function of the activated dynamical
scaling. According to this equation, there is only one single
crossing point in magnetic field, which does not account for
the temperature dependence of the crossing fields in the ex-
perimental data. In Fig. 3, we show the result of the activated
dynamical scaling according to Eq. (4). All the experimental
data in the temperature range 1.6 K � T � 3.5 K collapse
into a single curve, indicating the rationality of the activated
dynamical scaling in describing our data. From this scaling,
the critical exponent νψ = 0.60 ± 0.03 and critical field Bc =
7.50 T were obtained.

Sample W6, with a relatively higher Tc and lower RN , also
reveals the field induced SMT, as shown in Fig. 4(a). Similar
to that observed in sample W11, the crossing points in the
Rs-B curves experience a series of evolution with temperature,
which tends to be saturated at above 9 T as the temperature
goes toward lower temperatures [see Fig. 4(b)]. The values of
the crossing fields Bx are recorded in Fig. 4(c), from which the
saturated tendency can be seen more clearly. Again the Bx-T
data are simulated using Eq. (1) as revealed by the blue solid
line in Fig. 4(c). The temperature and field dependence of
sheet resistance in the temperature range 1.6 K � T � 4.0 K
is analyzed using the activated dynamical scaling, which are
shown in Fig. 4(d). The scaling parameters are Bc = 9.6 T,
νψ = 0.55±0.02, and T0 = 9.1 K. The parameters of the two
samples are summarized in Table I to have a comparison.

We note here that the values of νψ for the two samples
are in a reasonable range for a two-dimensional infinite-
randomness critical point in the random transverse-field Ising
model [27].

IV. DISCUSSION

The adjustability in a large range in the physical properties
of NbN films [23,29,30] provides convenience to broaden
the extension of ground state in investigating the quantum
phenomena, such as the QGS in field induced SMT. In this
work, the sheet resistance in the normal state is tuned from
1400� to 650�. Our results suggest that the quantum Grif-
fiths singularity can be observed in the system with RN being
suppressed to half. In the case of PdTe2 films [20], the fea-
ture of QGS disappears under perpendicular field when RN

is reduced to the value below 200 � by increasing the film
thickness. Finding and determining the critical point of where
QGS disappears are of great significance for revealing the
essence of this quantum phenomenon. Based on the present
NbN system, we can systematically adjust its normal-state
resistance without changing the film thickness, so that the
boundary of the QGS state can be accurately determined. This
will be the next step of our work. On the other hand, based on
the random transverse-field Ising model [31], the values of the
critical exponent νψ can be affected by the detailed form or
strength of the disorder. Thus the difference in the value of νψ
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FIG. 5. The maximum temperature Tmax in the activated dynam-
ical scaling [Eq. (4)] as a function of the mean field superconducting
transition temperature Tc. The data from InOx [18], PdTe2 [20], and
epitaxial NbN film [32] are also shown for a comparison.

between the two samples actually reflects the variation of the
detailed situation of the quenched disorder.

Another important issue worth our attention is the tem-
perature range where QGS occurs. Based on the general
understanding [14], QGS is rather delicate against the ther-
mal fluctuation, since the inhomogeneity caused by quenched
disorder can be smeared by the thermal fluctuations in the
high-temperature region. In this case, the rare regions of
the SC islands (puddles) could hardly survive. In our work,
however, it is found that the activated dynamical scaling can
describe the electrical transport data in the temperature range
1.6 K � T � 3.5 K (see Fig. 3) or 1.6 K � T � 4.0 K [see
Fig. 4(d)]. In order to have an intuitive comparison, we show
the maximum temperature Tmax in the activated dynamical
scaling [Eq. (4)] as a function of Tc in Fig. 5. It can be seen
that for InOx [18], PdTe2 [20], and epitaxial NbN film [32],
Tmax is several times lower than Tc. While for the nonepitaxial
NbN films in the present work, Tmax is at the same level as
Tc. This can be seen more clearly in the B-T phase diagram,
as shown in Fig. 6. The region of the quantum Griffiths state
enclosed by the orange dashed line is more pronounced than
that in other systems [17,32].

Theoretically, the size, distance, and concentration of the
SC puddles are important parameters in controlling the perfor-
mance of the QGS [22]. These factors determine the coupling
strength between optimal puddles. Moreover, in the magnetic
field induced SMT, the modes of coupling between the field
and the SC state can also play an important role, which may
give rise to a different microscopic physics responsible for
the emergence of the puddle state. It was pointed out [22]
that, in the case that the coupling of the applied magnetic
field to the electron spin (Zeeman coupling) is significant
and the spin-orbit coupling is weak, the superconductor-metal
transition tends to be first order on the mean field level. As
a result, the energy associated with the formation of puddles
is obviously enhanced and the puddle state should be more

FIG. 6. B-T phase diagram for the NbN system, taking sample
W6 as an example. The black diamonds and olive balls represent the
mean field upper critical field Bc2 and the crossing points Bx of the
Rs-B curves, respectively. The red curve is the fitting result based on
the Werthamer-Helfand-Hohenberg model.

robust. Although the authors of Ref. [22] took the case of
thin film with a parallel magnetic field as an example, there
is another situation that meets this condition. In our previous
work [23], we have uncovered a pronounced Pauli paramag-
netic effect in the present NbN system. As shown in Fig. S4,
temperature dependence of Bc2 for W6 was fitted based on the
Werthamer-Helfand-Hohenberg model, which gives a rather
large Maki parameter of α = 2.1. This emphasizes the sig-
nificant influence of the coupling between the magnetic field
and spin degree of freedom in the present system. We argue
that this is the most probable reason why we have observed
such a robust QGS state in the nonepitaxial NbN films. We
note that, compared with the present nonepitaxial system,
epitaxial NbN film reveals a clearly different behavior and
the value of Tmax is much lower [32]. It is beneficial and
necessary to further analyze this difference. We have pointed
out [23] that the strength of the Pauli paramagnetic effect is
closely correlated with the slope of the upper critical field
near Tc, B∗ = −dBc2(T )/dT |Tc , which is 7.5 and 5.5 T/K for
samples W11 and W6, respectively. An estimation shows that
the value of B∗ is below 2 T/K for the epitaxial NbN film [32],
indicating a weaker Pauli paramagnetic effect. Obviously, this
sharp contrast is consistent with our above speculation.

V. CONCLUSIONS

In summary, we studied the field induced superconductor-
metal transition in the nonepitaxial NbN thin films. The
quantum Griffiths singularity, in terms of the systematical
evolution of the crossing point Bx in the Rs-B curves and the
applicability of the activated scaling analysis to the transport
data, was observed in two samples with different Tc and RN .
Significantly, activated scaling can be valid in the temperature
range as high as 1.6 K to 4.0 K, revealing the robustness of
the QGS in the present system. Our analysis indicates that the
strong Pauli paramagnetic effect plays a key role in enhancing
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the stability of the puddle state, which is the precondition for
the formation of QGS.

ACKNOWLEDGMENTS

This work is supported by the National Natural Sci-
ence Foundation of China (Grants No. 92065116 and No.

51925208), the Shanghai Technology Innovation Action Plan
Integrated Circuit Technology Support Program (Grant No.
22DZ1100200), and the Key-Area Research and Develop-
ment Program of Guangdong Province, China (Grant No.
2020B0303030002). The authors would like to thank all the
staff at the Superconducting Electronics Facility (SELF) for
their assistance.

[1] M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. Phys. 70,
1039 (1998).

[2] V. F. Gantmakher and V. T. Dolgopolov, Phys. Usp. 53, 1
(2010).
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