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We report on measurements of the in-plane magnetic penetration depth (λab) in single crystals of
Sr2RuO4 down to ≃0.015 K by means of muon-spin rotation-relaxation. The linear temperature
dependence of λ−2ab for T ≲ 0.7 K suggests the presence of nodes in the superconducting gap. This
statement is further substantiated by observation of the Volovik effect, i.e., the reduction of λ−2ab as a function
of the applied magnetic field. The experimental zero-field and zero-temperature value of λab ¼ 124ð3Þ nm
agrees with λab ≃ 130 nm, calculated based on results of electronic structure measurements reported in
A. Tamai et al. [High-resolution photoemission on Sr2RuO4 reveals correlation-enhanced effective spin-
orbit coupling and dominantly local self-energies, Phys. Rev. X 9, 021048 (2019)]. Our analysis reveals
that a simple nodal superconducting energy gap, described by the lowest possible harmonic of a gap
function, does not capture the dependence of λ−2ab on T, so the higher angular harmonics of the energy gap
function need to be introduced.
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The unconventional superconductivity in Sr2RuO4

attracts tremendous attention even after 30 years of its
discovery [1]. The pure compound superconducts below
≃1.5 K [2] and has a relatively simple, quasi-two-
dimensional electronic structure with three nearly cylin-
drical Fermi surface sheets [3–8]. In addition, high quality
crystals of Sr2RuO4 can be produced in large volumes [2,9]
and the samples are clean [10–12], meaning that disorder is
a less complicating factor in experiments as it is for most
other unconventional superconductors.
One particular question to be answered is the symmetry

of the superconducting order parameter. The linearity of the
electronic specific heat capacity at low temperatures [13],
the residual linear term of the in-plane thermal conductivity
[14], the attenuation rate of ultrasound [15], and the field-
oriented specific heat measurements [16] suggest the
existence of nodes (or deep minima) in the superconducting
gap. Recent thermal conductivity measurements for heat
currents flowing parallel and perpendicular to the crystallo-
graphic c axis further indicate that these nodes or minima
are oriented parallel to the c axis [17]. This finding was also
supported by measurements of Bogoliubov quasiparticle
interference, which allowed an identification of the position

of the gap nodes in two Fermi surface sheets, and an
estimate of the maximum value of the superconducting gap
Δmax ≃ 0.35 meV [18].
Given the temperature dependence of the specific heat and

thermal conductivity experiments [13,14,17], one expects a
linear behavior of λ−2ðTÞ at low temperatures. However, all
experiments existing up to date report a power law depend-
ence λ−2ðTÞ ∝ 1 − ðT=TcÞn with the exponent n ranging
between 2 and 3 [19–22]. Such behavior was suggested to be
consistent with the presence of nodes in the superconducting
gap and ascribed to nonlocal electrodynamic effects leading
toT2 instead of linear behavior of λ−2ðTÞ at low temperatures
[19,23,24]. In this work, we report on measurements of the
in-plane magnetic penetration depth λab in high-quality
single crystals of Sr2RuO4 (Tc ≃ 1.4 K, Ref. [25]) down
to T ≃ 15 mK by means of muon-spin rotation and relax-
ation (μSR). The observed linear temperature dependence of
λ−2ab for T ≲ Tc=2 is consistent with the presence of nodes in
the superconducting energy gap.
Single crystals of Sr2RuO4 were grown by the floating

zone technique [9,29]. Several crystals were cleaved
from rod n30 and mounted on the μSR sample holders
[see Fig. 1(a) as an example for the transversal-field
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setup]. The transverse-field μSR experiments were carried
out at the πE3 beamline using the HAL-9500 spectrom-
eter, the zero-field μSR data were collected at the πM3
beamline by using the newly built FLAME spectrometer
(both at the Paul Scherrer Institute, Switzerland). A
schematic representation of the experimental setup at
the HAL-9500 instrument is shown in Fig. 1(b). The
experimental data were analyzed using the MUSRFIT

package [30].
Figure 1(c) shows the transverse-field (TF) μSR time

spectra collected at T ¼ 15 mK under the applied field
Bap ¼ 20 mT. The corresponding Fourier transform,
reflecting the internal field distribution [PðBÞ] in
Sr2RuO4 in the superconducting state, is presented in
Fig. 1(d). The sharp peak at B ¼ Bap represents the residual
background signal from muons missing the sample. The
asymmetric PðBÞ distributions possess the basic features
expected for an ordered flux line lattice (FLL), namely: the
cutoff at low fields, the peak shifted below Bap and the tail
towards the high field direction [33,34]. The μSR time
spectra were fitted by using a three-component Gaussian
expression with the first (the temperature and field
independent) component corresponding to the background

contributionPbðBÞ and another two components accounting
for the asymmetric distribution PsðBÞ within the sample:
PðBÞ ¼ PbðBÞ þ PsðBÞ [25,34,35].
The temperature dependence of a square root of the

second central moment of PsðBÞ measured at Bap ¼ 5, 20

and 45 mT [hΔB2i1=2s ðT; BapÞ] is presented in Fig. 1(e). The
nuclear dipole field contribution σnm is assumed to be
temperature independent, and determined from data at
T > Tc [the horizontal solid line in Fig. 1(e)]. Note that
a small relaxation caused by effects of time reversal
symmetry breaking (see the Supplemental Material [25],
and Refs. [20,36,37]) is 2 orders of magnitude smaller

compared to the measured hΔB2i1=2s ðT; BapÞ values and
does not influence the analysis of TF-μSR data. It is also
important that the presence of the muon leads to only a
limited and relatively localized perturbation to the local
crystal structure of Sr2RuO4 [38], and, therefore, does not
disturb the flux line structure.
The superconducting component hΔB2isc is obtained

by subtracting σnm from the measured second moment:
hΔB2isc ¼ hΔB2is − σ2nm. Following Refs. [39,40],
hΔB2isc is a function of the magnetic penetration depth
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FIG. 1. (a) The c axis oriented Sr2RuO4 single crystals mounted on the HAL-9500 μSR sample holder. (b) Schematic view of the
HAL-9500 experimental setup. Eight positron detectors are arranged in a ring surrounding the sample. The external magnetic field is
applied along the muon momentum and parallel to the crystal’s c axis (Bapkpμkc). The muon-spin sμ stays perpendicular to the applied
magnetic field (Bap⊥sμ). (c) Muon-time spectra collected at T ¼ 15 mK and Bap ¼ 20 mT. (d) Fourier transform of the muon-time
spectra shown in panel (c). The red area denotes the background contribution. The solid line in (c) and (d) are three-component fits [25].
(e) Temperature dependence of the square root of the second moment hΔB2i1=2s measured at Bap ¼ 5, 20, and 45 mT. The transition

temperature Tc at B ¼ Bap is defined by the intersection of the linearly extrapolated hΔB2i1=2s ðT; BapÞ close to Tc with the nuclear

moment contribution, σnm ¼ const line. (f) Temperature dependence of the upper critical field Bk
c2 obtained by Kittaka et al. [31] and

Riseman et al. [32]. The red points are Bk
c2ðTÞ values from this work.
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λ and the reduced field b ¼ B=Bc2:

hΔB2i1=2sc ½μs−1� ¼ Að1 − bÞ½1þ 1.21

× ð1 −
ffiffiffi
b

p
Þ3�λ−2 ½μm−2�: ð1Þ

Here Bc2 is the upper critical field and A is a coefficient
capturing the FLL symmetry. A is ≃4.83 and 5.07 for the
“hexagonal” and “square” FLL, respectively [40,41]. Note
that, since in our experiments the magnetic field was
applied along the crystallographic c axis [Figs. 1(a)
and 1(b)], hΔB2i1=2sc is a function of the in-plane magnetic

penetration depth λab and Bc2 in Bapkc orientation (Bk
c2).

Following Eq. (1), the temperature dependence of λ−2ab can

be reconstructed from the measured hΔB2i1=2sc ðT; BapÞ if

Bk
c2ðTÞ is known. Figure 1(f) compares Bk

c2 obtained from

hΔB2i1=2s ðTÞ curves measured at Bap ¼ 5, 20, and 45 mT
with the literature data [31,32]. Good agreement is obtained

with Bk
c2ðTÞ from Kittaka et al. [31], which was further

used in the λ−2ab ðTÞ reconstruction procedure. The FLL was
assumed to be of a square symmetry, as reported in
Refs. [21,32,42] for Bap ≳ 3.5 mT.
Figure 2 shows λ−2ab vs T for Bap ¼ 5, 20, and 45 mT.

From these data, the following three important points
emerge: (i) Below T ≃ 0.7 K (i.e., for T ≲ Tc=2) λ−2ab ðTÞ
depends linearly on temperature. The linear fits result in
similar values of dλ−2ab =dT slopes, which is a clear indica-
tion of the presence of nodes in the superconducting gap;
(ii) For T ≲ 0.7 K the λ−2ab ðTÞ slopes are nearly parallel,

suggesting λ−2ab ðT; BapÞ values decrease with increasing Bap.
This is a manifestation of the so-called Volovik effect,
which is caused by magnetic field-induced quasiparticle
excitations around gap nodes [43,44]. (iii) The absolute
value of the zero temperature and the zero field λabð0; 0Þ
could be obtained from its dependence on the reduced field
b (see the inset in Fig. 2). According to Volovik [43], the
density of excited states increases proportionally to

ffiffiffi
b

p
,

leading to [45,46]

λðbÞ=λðb ¼ 0Þ ¼ ð1 − K
ffiffiffi
b

p
Þ1=2: ð2Þ

Here K captures the strength of the Volovik effect. The
solid line in the inset of Fig. 2 corresponds to the fit
of Eq. (2) to the data with K ¼ 0.61ð1Þ and
λabð0; 0Þ ¼ 124ð3Þ nm. To summarize, the results pre-
sented in Fig. 2 suggest the presence of nodes in the
energy gap structure of Sr2RuO4, in agreement with the
temperature dependencies of the thermal power and elec-
tronic specific heat, reported in Refs. [13,14,17].
The zero-temperature value of the in-plane penetration

depth can also be calculated from the electronic band
dispersion. For a quasi-two-dimensional superconductor,
λ−2ð0Þ can be written as [47]

λ−2ab ð0Þ≡
X

i

λ−2ab;ið0Þ ¼
e2

2πε0c2hLc

X

i

I
vF;iðkÞdk: ð3Þ

Here λ−2ab;ið0Þ is the contribution of ith band to λ−2ab ð0Þ, Lc is
the c-axis lattice constant, k is a momentum vector, and vF
is the Fermi velocity. Integrations are made over the
corresponding Fermi surface contours.
The Fermi surface of Sr2RuO4 consists of three nearly

cylindrical sheets: α, β, and γ [the inset in Fig. 3(a)]. Precise
ARPES measurements of the band structure and Fermi
velocities were performed recently by Tamai et al. [7].
Using the band structure data from Ref. [7] the weight of
each Fermi surface sheet to λ−2ab ð0Þ was found to be
ωα≃0.19, ωβ≃0.52, and ωγ≃0.29 [ωi ¼ λ−2i ð0Þ=λ−2ð0Þ].
The absolute value of λab at T ¼ 0 was estimated
as λabð0Þ ≃ 130 nm, in a good agreement with
λabð0Þ ¼ 124ð3Þ nm obtained experimentally.
Figure 3(a) shows the temperature evolution of the

superfluid density, ρsðTÞ ¼ λ−2ab ðTÞ=λ−2ab ð0Þ. The data were
reconstructed from λ−2ab ðTÞ’s measured at Bap ¼ 5 and
20 mT (Fig. 2). In the clean limit, the temperature
dependence of ρsðTÞ can be theoretically estimated by [48]

ρsðTÞ ¼ 1þ 2

Z
∞

ΔðT;φÞ

∂fðE; TÞ
∂E

DðE; TÞdE; ð4Þ

where fðE; TÞ ¼ ½1þ expðE=kBTÞ�−1 is the Fermi func-
tion, kB is the Boltzmann constant, and DðE; TÞ is the
density of states (DOS) in the superconducting state
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FIG. 2. λ−2ab vs T curves for Sr2RuO4 reconstructed from the
measured hΔB2i1=2s ðTÞ’s presented in Fig. 1(e). The solid lines
are linear fits for T ≲ 0.7 K. The inset shows the dependence of
the zero-temperature λabð0Þ on the reduced magnetic field
b ¼ B=Bc2.

PHYSICAL REVIEW LETTERS 131, 236001 (2023)

236001-3



normalized by its value in the normal state. For an s-wave
superconductor DðE; TÞ ¼ E=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 − Δ2ðTÞ

p
, where ΔðTÞ

is the magnitude of the superconducting gap at temperature
T. A fully gapped superconductor has no DOS for
E < ΔðTÞ. As a consequence, the integral in Eq. (4)
leads to an exponentially activated behavior for
the superfluid density at the lowest temperatures
ρsðTÞ − ρsð0Þ ∝ e−Δð0Þ=ðkBTÞ. Conversely, for a nodal super-
conductor, the DOS is obtained by an average over the
Fermi surface, hE=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 − Δ2ðT;kÞ

p
iFS, where ΔðT;kÞ is

temperature and momentum dependent, with ΔðT; k̂nÞ ¼ 0
along the nodal directions. The presence of nodes allows
for quasiparticle excitations at arbitrarily low temperatures
and fundamentally changes the result of the integral in

Eq. (4). In particular, for line nodes one finds ρsðTÞ −
ρsð0Þ ∝ T and for point nodes ρsðTÞ − ρsð0Þ ∝ T2, assum-
ing a linearly vanishing gap at the nodes in both cases [49].
As the superfluid density is associated with a Fermi surface
average, it is impossible to determine the position of nodes
in momentum space solely from the information stemming
from the ρsðTÞ. Nevertheless, the linear T dependence of
ρsðTÞ clearly suggests the presence of line nodes.
Fits of Eq. (4) to the experimental data were performed

under the assumption of a quasi-2D (cylindrical) Fermi
surface of Sr2RuO4 [50]. The superconducting gap function
was assumed to depend on T and spherical angles φ and θ
as ΔðT;φ; θÞ ¼ Δgðφ; θÞ tanhf1.82½1.018ðTc=T − 1Þ�0.51g
[Δ is the gap value at T ¼ 0 and gðφ; θÞ is the angular
dependence of the gap] [51]. The presence of line
nodes in the energy gap was accounted for by using
following gðφ; θÞ functions: gVðφÞ ¼ cosð2φÞ and
gV;anðφÞ ¼ aV cosð2φÞ þ ð1 − aVÞ cosð6φÞ for vertical
(V) nodes, and gHðθÞ ¼ sinðθÞ and gH;anðθÞ ¼ aHj sinðθÞj þ
ð1 − aHÞj sinð2θÞj for horizontal (H) nodes, respectively.
Here aV and aH are adjustable parameters. Note that gVðφÞ
corresponds to the “classical” gap of d-wave symmetry,
while the “anisotropic” gV;anðφÞ and gH;anðφÞ functions
contain terms corresponding to the next angular
harmonic [52].
The results of the fits are shown by solid lines in

Fig. 3(a) [53]. The corresponding Δðφ; θÞ distributions
are presented in panels (b),(c),(d), and (e). Note that the
gap functions containing only the lowest possible harmonic
[cosð2φÞ or sinðθÞ] do not agree with the experimental ρsðTÞ
data, while both anisotropic functional forms describe the
data equally well. The maximum gap values and the
adjustable parameters are Δmax

V ¼ Δmax
H ¼ 0.388 meV;

Δmax
V;an ¼ 0.324 meV, aV ¼ 1.47; and Δmax

H;an ¼ 0.348 meV,
aH;an ¼ 0.55 for the above described gap models. Note that
the maximum gap values obtained from fits
(Δmax ≃ 0.32–0.39 meV) stay in agreement with that mea-
sured directly by tunneling experiments (≃0.28–0.35 meV,
Refs. [18,54]).
From the results presented above, the following points

should be highlighted: (i) The temperature dependence of
the superfluid density is equally well described by both
vertical and horizontal line nodes [Fig. 3(a)]. (ii) The
Volovik effect (the inset in Fig. 2) is active for a magnetic
field component perpendicular to the Fermi velocity vF. For
Bapkc and for a cylindrical Fermi surface, vFs point radially
away from the center of the cylinder, so the Doppler effect
shifts the nodes around the Fermi surface in the azimuthal
direction. For vertical line nodes, the Doppler shift induces
a finite quasiparticle DOS at the nodes and the Volovik
effect is expected. For horizontal line nodes the Doppler
shift takes the nodal structure into itself and does not
introduce a finite density of states at the nodes. A more
realistic treatment with three Fermi surfaces for Sr2RuO4

could lead to an observable Volovik effect even for
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ρsðTÞ ¼ λ−2ab ðTÞ=λ−2ab ð0Þ of Sr2RuO4. The solid lines are fits using
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α, β, and γ Fermi surface sheets. The inset shows the first
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horizontal line nodes [55,56]. The measurement of the
penetration depth as a function of angles φ and θ may allow
us to probe the gap anisotropy based on the angular
dependence of the Volovik effect. (iii) Fits of Eq. (4) to
ρsðTÞ assume the same gap magnitude for all three (α, β,
and γ) bands. If one allows the gap magnitudes to be
different (i.e., Δmax;α ≠ Δmax;β ≠ Δmax;γ), and fit ρsðTÞ
following the weight determined by the electronic band
structure, with ρsðTÞ ¼

P
i ωiρs;iðTÞ (i ¼ α, β, or γ), no

qualitative difference with the single-gap fits are found. The
maximum gap values remain the same within ∼10%–20%
accuracy.
Recently, multiple theoretical proposals focusing on

even-parity superconducting states have emerged after
the report on spin-singlet superconductivity by nuclear
magnetic resonance experiments [57,58]. These proposals
fall into three categories: (i) accidentally degenerate order
parameters, such as s� id [59] or d� ig [60]; (ii) sym-
metry-protected two-component order parameters, such as
chiral d wave; [61,62] (iii) single component order param-
eters with d-wave symmetry in the B1g channel [63]. The
dþ ig proposal in scenario (i) and the d-wave order
parameter in scenario (iii) correspond to order parameters
with symmetry protected vertical line nodes. These order
parameters are completely compatible with our results, with
the caveat that they develop with a nontrivial anisotropy
captured by higher harmonic contributions to the gap
structure. The sþ id proposal in scenario (i) does not
have symmetry protected nodes, only gap minima. This
could be compatible with our experiments as long as the
gap minima are a small fraction of the gap maxima. The
chiral order parameter proposed in scenario (ii) corresponds
to an order parameter with symmetry protected horizontal
line nodes, which would also be completely compatible
with the observed temperature dependence of the penetra-
tion depth, as long as it is anisotropic in the sense discussed
above. Concerning the Volovik effect, the order parameters
that would most naturally capture this observation are the
order parameters with vertical line nodes. Nevertheless,
order parameters with multiple bands could also lead to
such an effect even in the case of horizontal line nodes
[55,56]. Interestingly, a recent proposal for a chiral d-wave
order parameter suggests a combination of symmetry
protected horizontal line nodes and vertical near nodes
[61,64], which is also compatible with our observations.
Our results provide strong evidence for gap nodes (or near
nodes), but do not allow us to clearly rule out order
parameters within the ones discussed above. In fact, even
order parameters in the triplet sector, such as the ones
discussed in Ref. [65] with vertical near nodes, could be
compatible with our results. Note that more recent theo-
retical work based on spin-fluctuation mediated pairing
[59], and calculations based on the random-phase approxi-
mation [66], find order parameters with strong azimuthal
angular dependence also in the spin singlet sector. These

theoretical results, obtained for various symmetry channels,
are compatible with our conclusion that the superconducting
gap has important contributions from high harmonics in a
given symmetry channel.
To conclude, we report on measurements of the in-plane

magnetic penetration depth in high-quality single crystals
of Sr2RuO4 down to ultra-low temperature (≃0.015 K) by
means of the muon-spin rotation and relaxation. The
temperature evolution of λ−2ab represents pronounced linear
behavior for temperatures T ≲ Tc=2, in agreement with the
presence of line nodes or deep minima in the super-
conducting gap. This picture is further confirmed by the
reduction of λ−2ab ð0Þ with increasing applied field, a mani-
festation of the Volovik effect [43,44]. The zero-field and
zero-temperature value of λab ¼ 124ð3Þ nm stays in agree-
ment with λab ≃ 130 nm calculated based on the electronic
structure measured by means of ARPES [7]. The analysis
of the temperature evolution of the superfluid density,
reconstructed from the measured λ−2ab ðT; BapÞ curves,
reveals that the clean-limit behavior associated with the
presence of a simple nodal superconducting gap described
by the lowest possible angular harmonic does not account
for the experimental data in the low temperature regime. To
account for the low temperature behaviour, higher angular
harmonics need to be introduced such that the low energy
quasiparticle density of states is enhanced at low energies.
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