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Abstract To clarify the order parameter symmetry of
cuprates, the magnetic penetration depth λ was measured
along the crystallographic directions a, b, and c in single
crystals of YBa2Cu4O8 via muon spin rotation. This method
is direct, bulk sensitive, and unambiguous. The temperature
dependences of λ−2

a and λ−2
b exhibit an inflection point at

low temperatures as is typical for two-gap superconductiv-
ity (TGS) with s + d-wave character in the planes. Perpen-
dicular to the planes a pure s-wave gap is observed thereby
highlighting the important role of c-axis effects. We con-
clude that these are generic and universal features in the
bulk of cuprates.

PACS 76.75.+i · 74.72.Bk · 74.25.Ha

Two gap superconductivity (TGS) remained a theoretical is-
sue only for more than 20 years [1–3], even though it seemed
to be a natural and intriguing extension of BCS theory for
more complex materials. In 1980, TGS was finally observed
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in Nb doped SrTiO3 [4] and believed to be a rare exception
in superconductors. Since the discovery of TGS in MgB2,

many more superconductors with TGS were found, includ-
ing heavy fermion compounds, making this feature more
common than believed early on. In all of the above men-
tioned superconductors, the combined order parameters ex-
hibit always the same symmetry, namely s + s in Nb doped
SrTiO3 [4] and MgB2 [5] and d + d in heavy fermion com-
pounds [6]. A totally novel situation is met in cuprate high-
temperature superconductors (HTS), since the order para-
meters are of different symmetries, i.e., s + d [7–13]. How-
ever, theoretical modeling suggested a single d-wave order
parameter in the CuO2 planes, and unfortunately biased fur-
ther research and partly inhibited the experimental efforts to
characterize TGS in more detail in HTS.

Recently, new muon spin rotation (μSR) investigations
of single crystal La1.83Sr0.17CuO4 detected an inflection
point in the temperature dependence of the inverse-squared
in-plane magnetic penetration depth λ−2

ab , which is a direct
consequence of two superconducting gaps with largely dif-
ferent zero temperature gap values [14]. Since it is unclear
whether these observations are a material specific property
or generic and intrinsic to HTS, the previous μSR stud-
ies were extended to single crystal YBa2Cu4O8 and were
performed by applying a magnetic field along the crystal-
lographic directions a, b, and c. Thereby we obtain the
three principle components of the second moments of the
local magnetic field distribution P(B) in the mixed state,
which are related to the superfluid density, and reflect di-
rectly the corresponding penetration depths λa , λb, and λc .
While λ−2

a and λ−2
b vary almost linearly with temperature

for 20 < T < 50 K, as is expected for a d-wave order pa-
rameter, the c-axis response (λ−2

c ) saturates below 30 K, as
expected for a s-wave order parameter. In addition, λ−2

a and
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λ−2
b , both exhibit an inflection point in their temperature de-

pendences around T � 10 K which—as has been shown in
[15]—is the consequence of two coexisting order parame-
ters, namely s + d .

Details of the sample preparation for YBa2Cu4O8 can
be found elsewhere [16]. All crystals used in the present
study were taken from one batch. The superconducting tran-
sition temperature Tc and the width of the superconducting
transition �Tc were determined for the three sets (�40–50
crystals each) of the main set (�130) of crystals. Both were
obtained from field-cooled (0.5 mT) magnetization curves
measured by a SQUID magnetometer and exhibited all the
same values, i.e., Tc � 79.9 K and �Tc � 2 K. The crys-
tals had mostly a rectangular shape with a typical size of
approximately 0.8 × 0.3 × 0.05 mm3. X-ray measurements
revealed that the crystallographic b-axis is exactly parallel
to the longest side. Bearing in mind that the c-axis is per-
pendicular to the flat surface of the crystal, we were able to
orient the whole set along the crystallographic a, b, and c

directions. The final orientation of the crystals in the mosaic
was checked by using a polarizing microscope.

The transverse-field μSR experiments on a mosaic of ori-
ented YBa2Cu4O8 single crystals were done at the πM3
and πE1 beam lines at the Paul Scherrer Institute (Villigen,
Switzerland). The mosaic was field cooled from above Tc

to 1.7 K in a field of 0.015 T. The μSR experiments were
performed for the magnetic field applied parallel to the a,
b, and c crystallographic axes. Typical counting statistics
were ∼24–30 million muon detections over three detectors.
In the analysis presented below, we used the well-known
fact that for an extreme type-II superconductor in the mixed
state λ−4 is proportional to the second moment of the mag-
netic field distribution in the superconductor in the mixed
state P(B) probed by μSR [17]. The second moment of
P(B) was calculated within the same framework described
in [14]. We used a four component Gaussian expression to fit
the μSR time spectra. One component arises here from the
background signal stemming from muons stopped outside
the sample, whereas the other three components describe the
asymmetric line shape of P(B) in the mixed state (see inset
to Fig. 1). The first and the second moments of P(B) (ex-
cluding the background component) are then obtained as:

〈B〉 =
3∑

i=1

AiBi

A1 + A2 + A3
(1)

and

〈
�B2〉 = σ 2

γ 2
μ

=
3∑

i=1

Ai

A1 + A2 + A3

[
σ 2

i

γ 2
μ

+ [
Bi − 〈B〉]2

]
. (2)

Fig. 1 (Color online) Temperature dependences of σab ∝ λ−2
ab (H‖c),

σac ∝ λ−2
ac (H‖b), and σbc ∝ λ−2

bc (H‖a) of YBa2Cu4O8, measured
after field cooling the sample in μ0H = 0.015 T. The inset shows
the local magnetic field distribution P (B) obtained by means of the
maximum entropy Fourier transform technique at T = 1.7 K and
μ0H = 0.015 T applied parallel to the c-axis (open circles: data; solid
line: four component Gaussian fit excluding the background)

Here γμ = 2π × 135.5342 MHz/T is the muon gyromag-
netic ratio. Ai , σi , and Bi are the asymmetry, the relaxation
rate, and the first moment of the ith component, respectively.
The superconducting part of the square root of the second
moment (σsc ∝ λ−2) was then obtained by subtracting the
nuclear moment contribution (σnm) measured at T > Tc, ac-
cording to σ 2

sc = σ 2 −σ 2
nm. To ensure that the increase of the

second moment of the measured μSR signal below Tc is at-
tributed entirely to the vortex lattice, zero-field μSR exper-
iments were performed. No evidence for static magnetism
in the YBa2Cu4O8 mosaic sample down to 1.7 K was ob-
served.

For an anisotropic London superconductor, the effective
penetration depth for the magnetic field along the ith crys-
tallographic axis is given by [18]:

λ−2
jk = 1

λjλk

∝ σjk. (3)

Here the index “sc“ for the superconducting part of the
square root of the second moment σsc is omitted for sim-
plicity. From (3), it is obvious that for the magnetic field
applied along one of the principal axes a, b, and c, the
components σbc ∝ λ−2

bc , σac ∝ λ−2
ac , and σab ∝ λ−2

ab are mea-
sured. The temperature dependences of σbc , σac, and σab af-
ter field-cooling the sample in μ0H = 0.015 T are shown in
Fig. 1. It is seen that at Tip ∼ 10–20 K all measured σij (T )

exhibit an inflection point. Below this point, σab , σbc , and
σac increase by approximately 70%, 35%, and 10%, respec-
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tively. Note that a similar inflection point in λ−2
ab (T ) was also

observed in low-field magnetization (LFM) experiments on
powder samples of YBa2Cu4O8 [19]. However, in these ex-
periments, the increase of λ−2

ab below Tip was much less pro-
nounced than the one observed in the present study. This
difference can be explained by the fact that LFM probes
the penetration depth mainly near the surface, whereas μSR
measures λ in the bulk. In LFM experiments the magnetic
field penetrates the sample only on a distance λ from the
surface of the sample (few hundred nanometers), thereby
leaving the main part of the superconducting volume un-
affected. In contrast, muons penetrate at much longer dis-
tances into the sample (few-tenths of a millimeter), thus
probing λ deeply inside the sample. It should be recalled
that at the surface due to the symmetry breaking, the order
parameter has pure d-wave character, whereas in the bulk
s + d-wave symmetry is present [11]. This illustrates in
a natural way the difference between the surface sensitive
LFM and the bulk sensitive μSR experiments. In addition, it
provides a logical explanation why surface sensitive experi-
ments predominantly detect a d-wave gap.

From (3), the individual components of λ along the ith
crystallographic direction are obtained as:

σi = σijσik

σjk

∝ 1

λ2
i

. (4)

Figure 2 shows the temperature dependences of σa ∝ λ−2
a ,

σb ∝ λ−2
b , and σc ∝ λ−2

c as derived from the data presented
in Fig. 1 by using (4). In the following, we discuss the
temperature dependence of each particular component sep-
arately.

From Figs. 2(a) and (b), it is evident that both σa ∝ λ−2
a

and σb ∝ λ−2
b increase almost linearly with decreasing tem-

perature in the range 50 < T < 20 K. Around Tip � 10 K,
an inflection point is visible in the temperature dependence.
Below this point, an unusual increase in both quantities
appears: σa increases by almost 20% (from 2.95 µs−1 at
T = 10 K to 3.5 µs−1 at T = 2.6 K), and σb by 60% (from
5.2 µs−1 at T = 10 K to 8.3 µs−1 at T = 2.6 K). As has
been shown in Ref. [15], an inflection point in λ−2(T ) sug-
gests the presence of at least two superconducting gaps in
YBa2Cu4O8 with very different gap values, i.e., a large gap
and a small one. The same behavior was observed recently
in La1.83Sr0.17CuO4 by μSR [14], as well as in other HTS
using various techniques [9–13], supporting a two-gap be-
havior with the larger gap being of d-wave and the smaller
one of s-wave symmetry. The above data were analyzed by
assuming that an s-wave and a d-wave gap contribute to σ

according to:

σ(T ) = σd(T ) + σ s(T ), (5)

Fig. 2 (Color online) Temperature dependences of σa ∝ λ−2
a (a),

σb ∝ λ−2
b (b), and σc ∝ λ−2

c (c) of YBa2Cu4O8 at μ0H = 0.015 T
obtained from the data presented in Fig. 1 by means of (4). Lines in (a)
and (b) represent results of the fits of σa(T ) and σb(T ) by means of the
two-component (5) and the three-component models. The blue dotted
curve in (c) represents a fit to the data assuming that σb(T ) is entirely
determined by the in-plane d-wave and the chain gap measured in [20]
(see text for details). The black solid line and the blue dotted curve in
(b) represent fits by means of (6) with gs(ϕ) = 1 and the power law
σc(T ) = σc(0)[1 − (T /Tc)

n], respectively. The insets in (a) and (b)
represent the angular dependences of the d-wave gap (�d ), the s-wave
gap (�s ) and the gap in CuO chains (�ch) obtained in [20]. The inset
in (c) shows σc(T ) at T < 30 K

where both components are expressed like [14]:

σ(T ,�0)

σ (0)
= 1 + 1

π

∫ 2π

0

∫ ∞

�(T ,ϕ)

(
∂f

∂E

)

× E dE dϕ√
E2 − �(T ,ϕ)2

. (6)

Here, f = [1 + exp(E/kBT )]−1 is the Fermi function,
�0 is the maximum value of the gap, and �(T ,ϕ) =
�0�̃(T /Tc)g(ϕ). For the normalized gap �̃(T /Tc), tabu-
lated values of Ref. [21] were used. The function g(ϕ) de-
scribes the angular dependence of the gap and is given by
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Table 1 Summary of the gap analysis of the temperature dependences
of σi ∝ λ−2

i (i = a, b, c) for YBa2Cu4O8. The meaning of the parame-
ters is explained in the text

Component �d
0,i �s

0,i γ �d

ab γ �s

ab

(meV) (meV)

σa 19.41(9) 0.96(5) – –

σb 21.17(8) 1.10(2) 1.09(1) 1.15(6)

σc – 19.20(4) – –

gd(ϕ) = | cos(2ϕ)| for the d-wave gap [12] and gs(ϕ) =
1 for the s-wave gap (see insets in Figs. 2(a) and (b)).
From this analysis, we obtain �d

0,a = 19.41(9) meV, σd
a =

3.03(2) µs−1, �s
0,a = 0.96(5) meV, σ s

a = 0.48(2) µs−1

and �d
0,b = 21.17(8) meV, σd

b = 4.66(2) µs−1, �s
0,b =

1.10(2) meV, σ s
b = 3.63(2) µs−1 for σa(T ) and σb(T ), re-

spectively. The main results are summarized in Table 1.
The temperature dependence of σc ∝ λ−2

c differs sig-
nificantly from the one of the in-plane components since
it saturates at temperatures T < 30K to become T inde-
pendent (see inset in Fig. 2(c)). This dependence is ana-
lyzed in two ways: (i) by using (6) with gs(ϕ) = 1, yield-
ing �s

0,c = 19.20(4) meV, and (ii) by assuming the phenom-
enological power law σc(T ) = σc(0)[1 − (T /Tc)

n]. The re-
sults are given in Table 1 and compared to the experimen-
tal data in Fig. 2(c), from which it is obvious that both ap-
proaches are almost undistinguishable. For the power law
dependence, a critical exponent n = 4.5(3) is derived which
is close to the one obtained within a two-fluid model where
n = 4, which applies to a strong coupling s-wave BCS su-
perconductors [22]. Using a d-wave model for a clean su-
perconductor, Ref. [23] predicts an exponent n = 5. Since
the observed power law exponent lies between these two
values, it could be argued that d-wave superconductivity
could also be the cause of the temperature dependence of
σc ∝ λ−2

c . However, this can be ruled out since the results
of Ref. [23] do not apply to cuprate superconductors con-
taining chains, like YBa2Cu3O7−δ and YBa2Cu4O8. We
can thus safely conclude that the order parameter along the
c-axis is isotropic s-wave. This conclusion is further sup-
ported by c-axis tunneling [24], bicristal twist Josephson
junctions [25], optical pulsed probe [26], and optical reflec-
tivity (see Fig. 4 in Ref. [27]) experiments, as well as the-
oretical considerations [28]. It is important to note that due
to the reasons described above the saturation of λ−2

c (T ) ob-
tained here has not been observed in LFM experiments [19].

The anisotropy observed in σa and σb and their uncon-
ventional temperature dependences deserve further remarks.
The temperature dependences of both quantities are charac-
terized by an inflection point at Tip � 10 K evidencing that at
least two superconducting gaps contribute to the superfluid
density. However, along the crystallographic b-direction this

is much more pronounced than along a, and the analysis
of both data sets in terms of s + d wave gaps using (5)
reveals that along the a direction the s-wave order para-
meter contributes 14%, whereas along the b direction the
s-wave contribution is 42%. This assignment is supported
by photoemission experiments on YBa2Cu3O6.993, where
a 50% difference in the magnitude of the superconducting
gaps was reported [29]. In addition, these data provide evi-
dence that this anisotropy is not a consequence of the chain
related electronic structure, but intrinsic to the CuO2 planes.
Other experiments, like angle resolved electron tunneling
[30] and phase sensitive Josephson contacts [31], yield sim-
ilar anisotropy ratios and conclude also that deviations from
pure d-wave symmetry are intrinsic to the planes. On the
contrary, from Raman scattering spectra [10, 32], it was as-
sumed that the anisotropy in the spectra along a and b di-
rections stems from the chain contribution, where, however,
the anisotropy ratio was of similar order of magnitude as re-
ported here. Similar conclusions are reached by far infrared
spectroscopy [33] where the observed anisotropy in the Lon-
don penetration depth was suggested to be a consequence
of the chain contribution. This latter conclusion can be ex-
cluded from the present experiment because first the fit of (5)
to σb(T ), including a chain gap as observed by ARPES [20]
(black curve in the inset of Fig. 2(b)), leads to a rather poor
agreement with the experimental data (blue dotted curve in
Fig. 2(b)). Second, the observation of an inflection point in
σa(T ) cannot be explained by a possible misalignment of
the crystals in the mosaic. σ s

a (0) = 0.48 µs−1 would cor-
respond to a situation when all the crystals in the mosaic
are turned by ±8°, or �30° FWHM if one assumes a trian-
gular distribution of orientations with the maximum along
the crystallographic b axis. Therefore, the data presented in
Fig. 2(b) were analyzed by assuming that σb(T ) is the sum
of three components: σd

b (T ), σ s
b (T ), and the contribution

from the chains σ ch
b (T ). These results are, however, undis-

tinguishable from the s + d analysis presented above. It is
important to note that independent of a possible chain re-
lated energy gap, both procedures provide clear evidence
that the in-plane superconducting order parameter consists
of two components, a d-wave order parameter and an ad-
ditional s-wave component where the relative contributions
of both components are less important than the fact that a
mixture of both exists. This has also been shown theoreti-
cally [15], since the coupling between both components is
the important quantity which substantially enhances Tc.

The maximum values of the in-plane d-wave gap along
the a and b directions are of similar order of magnitudes,
i.e., �d

0,a = 19.41(9) meV, �d
0,b = 21.17(8) meV, and thus

in a good agreement with �d
0 = 22 meV derived from tun-

neling experiment [34]. The in-plane anisotropy in both gap

values, s and d , is approximately the same, i.e., γ �d

ab =
�d

0,b/�
d
0,a = 1.09(1) and γ �s

ab = �s
0,b/�

s
0,a = 1.15(6) (see
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Table 1). Moreover, it is important to note that the s-wave
gap along the c direction �s

0,c = 19.20(4) meV is of the
same order of magnitude as the d-wave gaps in the ab plane:
�s

0,c � �d
0,a � �d

0,b ≈ 20 meV.
In conclusion, we performed a systematic μSR study of

the magnetic penetration depths λa , λb , and λc on single
crystals of YBa2Cu4O8. In contrast to previous LFM ex-
periments [19], our method is bulk sensitive and a direct
probe of the penetration depth. The use of single crystals
enables us to derive the magnetic penetration depth along
the three principal crystallographic directions. Along the a

and b directions, clear evidence is obtained that TGS is re-
alized also in the chain containing compound YBa2Cu4O8.
While the in-plane penetration depth is anisotropic, exhibit-
ing an inflection point at low temperatures in both λ−2

a and
λ−2

b which is characteristic of TGS, the c-axis data provide
clear evidence for an isotropic s-wave gap. From the data,
it must be concluded that the in-plane superconducting gap
consists of two components, namely s + d . The situation
along the c-axis is different and supports s-wave only. This
exceptional behavior has not been predicted by any theory,
since the third dimension has mostly been neglected. Since
YBa2Cu4O8 differs structurally substantially from the pre-
viously investigated system La2−xSrxCuO4, where the in-
plane penetration depth also shows s +d wave superconduc-
tivity [14], the above findings cannot be attributed to spe-
cific structural features of the chain containing compound,
but show that s + d order parameters are generic, intrinsic,
and common to all HTS. The results thus exclude theoreti-
cal approaches as, e.g., the “plain vanilla“ mechanism which
concentrates on the CuO2 plane only. Besides the fact that
t-J or 2D Hubbard models are not capable to yield the ob-
served s-wave component, the role of the lattice played for
superconductivity has to be reconsidered since the presence
of an s-wave component naturally points to its importance.
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