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When a second-order magnetic phase transition is tuned to zero
temperature by a non-thermal parameter, quantum fluctuations
are critically enhanced, often leading to the emergence of un-
conventional superconductivity. In these ‘quantum critical’ su-
perconductors it has been widely reported that the normal-state
properties above the superconducting transition temperature Te
often exhibit anomalous non-Fermi liquid behaviors and enhanced
electron correlations. However, the effect of these strong critical
fluctuations on the superconducting condensate below T is less
well established. Here we report measurements of the magnetic
penetration depth in heavy-fermion, iron-pnictide, and organic su-
perconductors located close to antiferromagnetic quantum critical
points showing that the superfluid density in these nodal super-
conductors universally exhibit, unlike the expected T-linear de-
pendence, an anomalous 3/2 power-law temperature dependence
over a wide temperature range. We propose that this non-integer
power-law can be explained if a strong renormalization of effec-
tive Fermi velocity due to quantum fluctuations occurs only for
momenta k close to the nodes in the superconducting energy gap
A(k). We suggest that such ‘nodal criticality’ may have an impact

on low-energy properties of quantum critical superconductors.

superfluid stiffness | d-wave superconductivity | spin fluctuations | mass
enhancement | quasiparticle scattering

for particular gap functions with the assumption that the normal-state
1/T1T is virtually temperature independent bel@w even when it
has strong temperature dependence aliivelue to the magnetic
fluctuations.

In superconductors near the QCP, the electron pairing is of-
ten unconventional with a superconducting energy §adg) which
changes sign on different parts of the Fermi surface [8, 9]. This
sigh change stems from a repulsive pairing interaction for example
resulting from antiferromagnetic spin fluctuations. In many cases,
this leads to the presence of nodes in the g4) where the gap
changes sign. The low-energy excitations from the ground state in
these superconductors are governed by these nodal regions. In such
nodal superconductors, the effect of quantum critical fluctuations on
the excited quasiparticles should balependent. Then the question
arises as to how this effect modifies the low-energy properties in the
superconducting state.

The penetration depth(7") is a fundamental property of the su-
perconducting state which parameterizes the ability of a supercon-
ductor to screen an applied field by the diamagnetic response of the
superconducting condensate. As fermionic quasiparticles are ther-
mally excited from the condensate a paramagnetic current is created
which reduces the screening and increasesSo measurements of

X(T) give direct information about density and Fermi velocity of

The physics of materials located close to a quantum critical poirfhese quasiparticles [10]. When the effective mass is enhanced by

(QCP) is an important issue because the critical fluctuations agﬂe guantum critical ﬂUCtUatlonS,.the effective Fermi velocity is e_X-
sociated with this point may produce unconventional high temperarected to be suppressed accordingly. In a one-component Galilean
ture superconductivity [1, 2]. Quantum oscillations [3, 4] and speinvariant superfluid, electron correlation effects may not cause the
cific heat measurements [5] have shown that, in some systems, as fe@ormalization in the low-temperature penetration depth [11]. In
material is tuned towards the QCP by controlling an external paranguperconducting materials, however, strong electron correlations do
eter such as doping, pressure, or magnetic field, the effective magﬁgct the renormalization resulting in an enhanced penetration erth,
strongly increases due to enhanced correlation effects. Along witithich has been reported both theoretically [12, 13] and experimen-
this the temperature dependence of the resistivity shows a strong délly [14, 15]. To discuss the energy-dependent effect of quantum
viation from the standardl7> dependence in the Fermi liquid (FL) criticality on superconducting quasiparticles, the temperature depen-
theory of metals, and often shows an anomalduénear behavior ~dence of penetration depth at low temperatures is thus of particular
which corresponds to thé coefficient diverging as zero temperature Importance.
is approached.

Although there are many studies of non-FL behavior in the nor-
mal metallic state [1, 2], relatively little is known about how the QCP
affects the superconducting properties below the critical temperature
T.. The superconducting dome often develops around the putative
QCP so that when the temperature is lowered belowthe super-
conducting order parameter starts to develop and the Fermi surfaggserved for Publication Footnotes
becomes gapped. It is therefore natural to consider that the low-
energy quantum critical fluctuations are quenched by the formation of
the superconducting gaj, which means that the system avoids the
anomalous singularities associated with the QCP. Perhaps because of
this reasoning the superconducting properties are usually analyzed by
the conventional theory without including temperature/field depen-
dent renormalization effects resulting from the proximity to the QCP.
For example, in Refs. [6, 7] the NMR relaxation ratél in the su-
perconducting state is fitted to the temperature dependence expected
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Results [31] (Fig. 1B). We rather find that the power-law dependefce

Penetration Depth. Here we begin by presenting results for theWith an unusual exponent = 3/2 can describe the observed
heavy-fermion system G&'Ins,,.» which is located close to a QCP low-temperature variation in a wide range in both superconductors
(T is the transition metal element, is the number of Celnlayers ~ (Fig. 1C). _ _
alternating with theél’In, blocks along the: axis). The most studied A few explanations for the super-linear temperature dependence
member of this series is the = 1 member CeColn (7, = 2.3K) of AXN(T) in d-wave superco_nductors have been put forth, including
[16], in which clear evidence for non-FL behaviors in the normalthe effect of impurity scattering [31], non-local effect near the nodes
state [17, 18] and nodal superconductivity has been found [6, 19, 2dB2] and phase fluctuations [33]. Often an interpolation formula de-
The recent discovery of superconductivity at ambient pressure icribing a crossover frorf to 7 dependenc@ \(T') o< T2/(T +
then = 2 member CePdins (7. = 0.68K) [21], which exhibits T*) is used to describe the experimental data. In particular, the im-
very similar non-FL properties [22, 23, 24, 25, 26, 27] to those inpurity effect leads to the crossover temperatiife~ 0.83v/1'Ao,
CeColn, allows a detailed comparison of the superconducting propwherel is the impurity scattering rate anlly is the maximum gap.
erties to extract common features in these superconductors near fheis successfully accounts for the systematic chang®Xfl’) with
antiferromagnetic QCP. The magnetic penetration depth measurigpurity scattering observed in Zn-doped Yf&ai3O¢.95 (Ref. [34]).
ments have been made for high-quality single crystals ePdag In the present heavy-fermion case, however, fitting to this crossover
and CeColg down to~ 60 mK by using a tunnel diode oscillator formula in these relatively clean superconductors yidldgT. val-
with the resonant frequency ef 13 MHz (seeSI Text:SI). The ues ¢ 0.5 for CexPdIrg and~ 0.2 for CeColn) substantially larger
weak ac field is applied along theaxis, which excites supercurrents than the estimates from these theories @etext: Slzand Ref. [30]).
in theab plane. Therefore, thd3/2 dependence in a widE/ T, range commonly ob-
The temperature dependent change in the in-plane penetratisgrved in these superconductors with quite diffefentvhich is dis-
depthAX(T) = X\(T) — M(T = 0) in both CePdirg and CeColg tinctly different from theT-linear dependence in e.g. YBauzOs o5
(Fig. 1A) exhibits strong temperature variation at low-temperatures(Ref. [34]), rather suggests some inherent mechanism related to their
much steeper than the flat exponential dependence expected foelaseness to the antiferromagnetic QCP.
fully gapped superconductor. THeA(7") data for CePdIrs are re-
producible in different crystals and the data for CeGodme fully  Superfluid Density. To discuss the precise temperature evolution of
consistent with the previous studies [28, 29, 30]. The strong tempeguasiparticle excitations, we analyze our data in terms of the super-
ature dependence indicates substantial excitations of quasiparticisid densityl/A\?(T). We use the reported values »f0) (280 nm
at low energies, evidencing the presence of line nodes in the enerfiyr CeColry [30] and 1010 nm for CgPdlIrg [35]), from which the
gap. This is consistent with the residual density of states (DOS) inormalized superfluid density;(T) = A\?(0)/\*(T") has been ob-
the low temperature limit observed by thermal conductivity [19, 23]tained (Fig. 2). The factor of~ 3.5 difference in the slope of
specific heat [20, 24], and NMR measurements [6, 27]. In particulag) /d(T/T.) (Fig. 1A) is consistent with the difference ik(0) in
ad,2_,2 order parameter with nodes along g 0) directions has these two superconductors, which is also consistent with the larger
been established in CeCgliby angle-resolved thermal conductiv- value in CePdlrs [24]. This results in an almost collapse of the full
ity [19] and specific heat measurements [20]. The strong similarityemperature dependenpg(T) into a single curve (Fig.&, inset),
between CegPdIrs and CeColp found in the low-temperatur®(T")  and the low-temperature variation shows (i#&/7.)>/? dependence
points to common nodal structure in these superconductors. with nearly identical slopes.
In a pured-wave superconductor with line nodes such as high-  tig (7/7,)3/2 dependence can be also seen in other classes
T cuprates, it is well-established tha{\(T') shows a linearl- ot maerials which are close to antiferromagnetic order. In
dependence at low temperatures, which stems from the linear energy, o5 we show data for the organic superconducie(BEDT-
dependence of low-energy DOS of quasiparticles. However, a Clegfrr), cy[N(CN),]Br which is consistent with but measured to lower
deviation from theT™-linear dependence is observed in the presenfomnerature than that in a previous report [36] and the iron-pnictide
heavy-fermion superconductors (Fig)1The data also strongly de- g ,perconductor BagéAso 7Py 5)2 [15]. Both these materials are
viate from the7™” dependence expected for the dirty limit casey,own to have line nodes in their superconducting gap [37, 38].
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Fig. 1. Temperature dependence of the magnetic penetration depth in heavy-fermion superconductors near the antiferromagnetic QCP. (A): Low-temperature changes
in the magnetic penetration depth AX(T") = A\(T') — A(T' = 0) of single crystals of CezPdIng and CeColns. The curves are shifted vertically for clarity and the
data for CeColns are multiplied by 3.5. The inset shows the ac susceptibility over the whole temperature range measured by the frequency shift of the tunnel diode
oscillator, showing sharp superconducting transitions. The dashed line is an exponential temperature dependence expected for a fully gapped s-wave superconductor.
(B): The same data plotted against (7"/T)2. The solid line represents a T2 dependence. (C): The same data plotted against (7'/T)3/2. The solid line represents

aT3/2 dependence.

2 | www.pnas.org/cgi/doi/10.1073/pnas.1221976110 Footline Author



A 1.00 r T r T r T r B 1.00 T T T T T T
0.98 |- ® CeColng . @ K-(ET),Cu[N(CN),]Br
@ Ce,Pding #1 0.95 @ BaFe,(Asy 7Py 3); -
0.96 — ]
£ 094 107 — £ 090 10— o
(] — ul 4
& [ _ & ooy
0.92= g5 — = Eos|- g
=y —— CeColn, =4
L CeZPdIr?E # i 0.85 -
0.90 |- | N !
0 1 1 0 A
0 05 10 0 5 10
TIT, T/T.
0.88 1 | ° | 1 | 1 0.80 1 | 1 | 1 | 1
0 0.025 0.050 0.075 0.100 0 0.025 0.050 0.075 0.100
15 15
(TITy (T/TY

Fig. 2. Universal T3/2 dependence of superfluid density in unconventional superconductors in the vicinity of the antiferromagnetic order. (A): The normalized
superfluid density ps as a function of (T/TC)?’/2 at low temperatures for CeaPding and CeColns. The lines represent T3/2 dependence. The inset shows
the overall temperature dependence up to (7//T:) = 1. (B): A similar plot for iron-pnictide superconductor BaFez(Asp.7Po.3)2 and organic superconductor
Kk-(ET)2Cu[N(CN)2]Br. The solid lines are the fits to T3/2 dependence. The low-temperature data for BaFea(Asg.7Po.3)2 are vertically shifted for clarity.

In the BaFe(As:_.P.). series, there is clear evidence for the an-quenching of the quantum fluctuations in the superconducting state
tiferromagnetic QCP being located at ~ 0.30 [15]. In k-  has a strong momentum dependence as well; the low-energy fluctu-
(ET)2Cu[N(CN),]Br, although the proposed phase diagram suggestations are expected to be strongest near the nodes where the Fermi
that the boundary between the superconducting and antiferromagdrface is not gapped (FigAR To model this effect, we consider the
netic states is a first-order phase transition [39], the anomalous critangle dependence of the effective Fermi veloejty ¢) along the un-

cal exponent near the Mott critical end point [40] suggests the presierlying Fermi surface. We consider a simple cylindrical Fermi sur-
ence of strong antiferromagnetic quantum fluctuations. The normalace and assume that the renormalizationjiik)/vr is inversely

ized superfluid density.(7') in these superconductors shows veryrelated to the enhancement in the effective masgk) (Fig. 3B).
similar (7'/T..)*'? dependence at low temperatures with slight devi(Herel/v}- is given by the dynamic effective mass which is different
ations at the lowest temperatures belByZ, ~ 0.05 ((T/TC)S/Z < from, but closely related to the thermodynamm mass [12]). The e_f-
0.01). fectlv:e2 mass enhancemﬁent on approachlng the QCP can be described
These results imply that t@'/7, )2 dependence of superfluid PY 72" & (p — pace) ™", wherep is a nonthermal parameter con-
density in a wideI'/T,, range is a robust property in unconventional frolling the distance from the QCP ahcp. The critical exponent
superconductors, in which strong antiferromagnetic fluctuations aré Nas been estimated experimentally by using magnetic fields as the

present (for comparisons between iron-pnictides and cuprateS) seeP@rametep, and in several materials a value@tlose to unity has
Text: SI3. been reported [41, 42]. In the present case, we take the magnitude

of the superconducting gag| as the control parameter, because the
gap magnitude determines the degree of quenching of low-energy
fluctuations. We thus assumag (k) o |A(k)|?/2, which allows us

Discussion . .
. . . . to calculate the temperature dependence of superfluid density by the
If the quantum fluctuations survive the Fermi-surface gapping, thﬁwtegral over the Fermi surfacg as [10, 13]

effective mass is expected to diverge in the zero temperature limit.
In such a case, the strong enhancement of mass leads to a reduction _2 Lo€> vpi(k)vi,; (k)
of superfluid density when approaching the zero-temperature limit. ~ Ay;" (1) = = or (k)] 1-Y(kT)]dS, [1]
It has been recently found in iron-pnictides that the zero-temperature e
superfluid densityt /A*(0) shows a strong reduction at the QCP [15], where v% (vr) is the effective velocity in the superconducting
indicating the strong quantum critical fluctuations directly affect theinormal) state, the subscriptsj denote the directions of the cur-
superconducting condensate. However, the temperature dependefggt and vector potential (we take both alony Y (k,T) =
of the normalized superfluid density (7") actually continues torise _ , oo 9f(E) E ; ; ; ;
with decreasing temperature (Figé (an%l B, insets). This suggests 2fA<’“> OF \/E2-A2(k) dEis Yosida function, angf(E) is the
that the effect of temperature dependent quantum fluctuations entdrermi-Dirac function for the quasiparticle ener@y By using the
as corrections in the temperature dependence of superfluid densitydat 2 formula of A(k) = Agcos(2¢) and8 = 1, the normal-
low temperatures. The anomalous non-integer power-law temperged superfluid density, is calculated witho}(¢) o |Cos(2¢)|1/2
ture dependence of;(7') universally observed in quantum critical (gjg. 3c), which results in thé™3/2 dependence at low temperatures
superconductors thus calls for further theoretical understanding.  (rig. 3p).

As real materials will never be located exactly at the QCP there
Nodal Quantum Criticality. Below we will propose a possible sce- Will be a cutoff for the divergingn™ near the nodes. This can be mod-
nario that this universal behavior can be naturally explained by inelled by introducing a minimum value farz. This leads to an up-
voking a strong momentum dependence of renormalization due tward deviation from th&"3/? dependence of, at very low tempera-
the nodal gap structure. Suppose that the gap formation bElow tures approachin@-linear behavior at sufficiently low temperatures
quenches the low-energy quantum critical fluctuations, which pred=ig. 3D). This can explain the essential features of the experimental
vents the effective mass enhancement in the superconducting stadbservations. We note that the presence of the cutoff can be also ex-
Then in the nodal superconductors, because of the strong momentyacted even at the exact QCP, because the dynamical susceptibility in
dependence of the gap magnitude we may consider that the degredlud zero temperature limit should diverge only on certain regions of
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Fig. 3. Nodal quantum criticality in unconventional superconductors. (A): The momentum dependent gap A(k:) (whose magnitude is illustrated by thin lines with
grey shades) opens on the Fermi surface (thick line), and has nodes (red circles) at certain directions. In dzz,yz—wave superconductors, for example, A(k) has
strong in-plane anisotropy Ag cos(2¢) as a function of azimuthal angle ¢. In quasi-two dimensional systems, the Fermi surface is approximated by a cylinder, and
thus the gap has nodal lines at perpendicular to the planes. At the nodes, the gap is zero and thus the quantum critical fluctuations may be present (red shades) on
the ungapped Fermi surface. (B): The nodal quantum fluctuations lead to the momentum dependence of the renormalization in 1/1)}(1(:) near the nodes (blue lines).
(C): The angle dependence of the renormalized Fermi velocity v};(qﬁ) relative to the unrenormalized one vy along the Fermi surface, assumed for calculations of
the superfluid density in (D). Near the nodes, we illustrate different cutoff levels, which model finite distances from the QCP or disorder. (D): Calculated normalized
superfluid density as a function of (T/Tc)?’/2 with different cutoff levels, which explains the deviation from the T3/2 dependence at very low temperatures. The inset
is the full temperature dependence up to (7'/7¢) = 1.

the Fermi surface (determined by the momentum dependence of thentially the same. Although the detailed structure of the momentum-
spin fluctuations), which in general may be different from the nodatlependent Fermi velocity (such as the precise value of the critical
points [9]. Of course, disorder would also produce some additionaxponentg) will affect the detailedp.(T") (seeSl Text: SI%, it is
changes to the temperature dependence but we have not included ttisking that such a simple model can capture the salient feature of
in the present model. the unusual behavior of quasiparticle excitation in the superconduct-
An additional factor could also come from the temperature deing state of these materials. In a FL theory, the renormalization of
pendence of the renormalization of*. As only the thermally ex- the effective Fermi velocityz in Eq. [1] can be described by the in-
cited quasiparticles will be renormalized, the angular range near therplay betweeik-dependent quasiparticle interaction and nodal gap
nodes where this occurs (i.e., wheddk) < kgT) is quite limited  structure [13]. More detailed theoretical calculations will be needed
at low temperature and so this has a rather minor effect. In our tente account for: strong energy dependence of critical fluctuations, the
perature range of interest, < 0.27., this region is actually limited effects of disorder (such as quasiparticle scattering interference [44])
to a narrow angle range of +3° near the nodes. If we add a cut- and the inelastic quasiparticle scattering rate.
off constant of 0.3 covering this angle range (Fig) 3we found that We suggest that the nodal quantum criticality proposed here is
the T-dependence is affected only in the lowest temperature range important aspect of unconventional superconductivity close to the
of (T/TC)I'S < 0.01, above which the™3/2 dependence of, still magnetic QCP. Besides the penetration depth analyzed here there will
holds (Fig. ®). This exercise implies that the inclusion of the tem-be implications for most other superconducting properties such as
perature dependence of renormalization will not changd’) sig-  thermal conductivity and the NMR relaxation ratg7’ (7') which
nificantly in the temperature range of interest (for more discussiorf}as been long known to have strong deviations fromZfielaw,
seeS| Text: SI3. which in the usual analysis gives overestimates of the residual quasi-
We also note that in iron-pnictides the gap symmetry is mosparticle DOS in quantum critical superconductors [6, 7]. It should be
likely s-wave [43], and the model based on ttievave gap may Straightforward to extend our analysis to these other properties.
not be applicable. However, the fundamental physics that the low-
energy excitations are governed by the nodal regions should be es-
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Sl1-Sample information and experimental techniques

High-quality single crystals of G&dIns and CeColg were grown
by the self-flux method [S1, S2]. The typical lateral size of the crys- 0.92 CeColns
tals is150 x 150 um?. For CePdlirg very thin crystals with a thick- ' ® Ce,PdIng
ness of less than 10m were prepared to avoid contamination of

0.94

ps(T)

Celns. We have checked that our crystals used in this study show 0.90 -

no antiferromagnetic signals. The magnetic penetration depth mea-

surements down to very low temperaturesd0 mK) have been per- 0.88 ' ' : :

formed by using a tunnel diode oscillator with the resonant frequency 0 005 010 015 020 0.25
of 13 MHz [S3, S4], which is mounted on*#le-*He dilution refrig- T/T,

erator. The sample is placed on a sapphire rod, the other end of which . . ) . .

is glued to a copper block on which a Rgermometer is mounted. Fig. S1. Expanded view of normalized superfluid density plotted against 7"/
The sample is placed at the center of a solenoid which forms part @{ Ce2Pding and CeColns. The solid lines are fit to the crossover behavior in a
the resonant tank circuit. A weak ac field is applied alongctagis ¢ ave superconductor described in the text.

so that the supercurrent flows within thé-plane. Changes in the

resonant frequency are directly proportional to changes in the magghich lead to a small quadratic component@”) that depends on

netic penetration depti\A(T)) = GAf(T"). The calibration factor , \wherey is proportional to the inverse of the slope of the g{a)

G is determined from the geometry of the sample [S5]. at the nodesy = (41n2)kpT./(dA(¢)/dp|noae) [S10]. Then,
Samples of:-(BEDT-TTF), Cu[N(CN).]Br were grown via the  even in the purel-wave model we have slightly concave tempera-

standard electrocrystalisation method [S6]. Measurements were al§ge dependence for(T). Therefore, we take the following formula

made using a tunnel diode oscillator. Special care was taken to cog] describe the crossover behavior expected in these theories;
the samples slowly across the temperature region 70 — 90K where a

structural ordering transition occurs. The cooling rate was restricted ps(T) =1 — w(T?/T.) /(T +T7). [S-1]
to 0.02 K/min, which is sufficiently slow enough to avoid suppression . . .
in 7. and reduction in electronic contribution to the heat capacity _Figure S1 shows the low-temperature superfluid densitf’)
[S7]. both for CePdIns and CeColg. We carefully examine the possibil-
The data in Fig. B was taken for a sample with dimensions ity of the two theories mentloned above by evaluaﬂi’jgp from the
0.8 x 0.7 x 0.4mm’. In these organic samples even weak radioPresent data. The obtained valueél(jip/Tc_ from the fits are 0.48
frequency (RF) fields can produce self-heating effects at the lowe&1d 0-22 for CePdins and CeColp, respectively. If we assume that
temperaturesI( < 300 mK). To eliminate this effect, measurements the origin of nonlinearity o\ (7") comes from the residual density of

were made with the sample at different positions on the axis of thatates induced by impurities, we can estimate the impurity scattering

RF coil, effectively reducing the applied field. Typically, a reductionfatel’ viaT" =~ 0.83v/I'Ao. The obtained value df for Ce;Pdins

in field of a factor three was sufficient to eliminate all signs of self-IS 0-11 K. By using this and Abrikosov-Gor'kov theory[S11], we es-

heating. This procedure was tested in three samples and consistdftated that thel’. reduction is 11% for CePdirs. However, recent
results were obtained. specific heat measurements have suggested that the impurity level of

Ce:PdIrg is comparable to 0.22% Cd-doped CeGo[§12]. In this

case,T. reduction is less than 5 %. Similarly, the obtained value
SI2—Comparisons with existing theories of T™ for CeColry using Eq. [S-1] is much larger than the value
estimated from thermal transport measuremerts83Q mK) [S13].

The origins of the deviation from th&-linear temperature depen- Therefore. impurity effect are unlikely to explain the nonlinearity of
dence of\(T") in ad-wave superconductor are discussed in the frame; » Impurity uniikely to expial : y

: : . A(T) in these systems. As for the nonlocal effects, the reported val-
work of two different theories. leschfeld and Golden.feld [S8] have s 0f€o ~ Snm [S2, S14, S15] for both compounds give, ~
shown that a small amount of impurity causes a residual density 4mK and 140 mK for CePdins and CeColp, r tively which
states neavr, which can change the linedi-dependence (pure a 0 s a eL.olg, respectively, ¢

: : : . : ; indicates that the non-locality effect should be important at much
regime) to a quadratltT-dependence_ (|mpur|ty-dpm|nated regime) lower temperatures than o(R;*y Thus, we can echI)ude these ef-
at a crossover temperatufg;,,. This characteristic temperature xp- ’

is given by T}, ~ 0.83yT'Ao, wherel is the impurity scatter- :‘ﬁC;gS(aTS).prlmary origins of the deviation from tlielinear behavior
ing rate andA, is the maximum gap. On the other hand, Kosztin "

and Leggett [S9] have pointed out that since the coherence léngth

diverges near the nodes indawave superconductor, Cooper pairs Reserved for Publication Footnotes
near the nodal directions, whege>> )\, cannot participate in the

field screening. Therefore, the effective penetration depth should be

larger than the local limit value below a characteristic temperature

Ty ~ Ao&(0)/X(0), which leads to a quadrati€-dependence.

Thus, for both theories the interpolation formula between two regions

is given byAXN(T) oc T?/(T + T™). Here we note an important dis-

tinction between the temperature dependencéafT’), which is

directly measured, and the normalised superfluid densityl’) =

A2(0)/A\*(T). Thed-wave form for the superfluid density, (T) =

L — uT/T., gveSAN(T)/A(0) = Su(T/T2) + 2 (T/Te) + -,

6 \ www.pnas.org/cgi/doi/10.1073/pnas.1221976110 Footline Author



We also note that thHe®/2 dependence of low-temperature super-
fluid density has been derived from the Bardeen-Cooper-Schrieffer 1 gg
(BCS) to Bose-Einstein condensation (BEC) crossover below
[S16]. However, this assumes arwave state, which is not appli-
cable to the nodal superconductors focused in the present study.

x=0.27
x=0.30 i
x=0.33
x=0.38
X =0.49 ]
x=0.64

0.95

00 0@®@O0

SI3-Comparisons between iron-pnicteides and cuprates

We comment on the difference in the hi@h-cuprate superconduc-
tors. In clean single crystals of optimally doped ¥BasO-_s, the 0.90
superfluid density exhibits a rather wide rangeTofinear behav-

ior and the crossover temperature is as lowlgs, /7. ~ 0.01. In

hole-doped cuprates, the superconducting dome is separated from i c 2
the antiferromagnetic order, and a possible QCP of the pseudogap
phase has been discussed near the optimum doping of the supercon- 0.85
ducting dome. The absolute value of the superfluid density shows a 0 0.051 5 0.10
broad maximum near the optimal doping [S17], which is opposite to (T/TY"

the iron-pnictide BaRgAs; . P,)2 case, where the sharp minimum

is observed at the antiferromagnetic QCP [S18]. The latter case fg. S2. The normalized superfluid density p; as a function of (T/T)!5 at
consistent with the enhanced mass (which enters inversely to the g temperatures for BaFez(As1 — 5 Pe)2 single crystals. The original penetration
perfluid density) associated with the QCP. This difference in dopingePth data are taken from Ref. [S18].

dependence seems consistent with the difference in the temperature

dependence of superfluid density; tH&'? dependence is a common Sl4-Temperature dependence of the renormalization

property associated with the mass enhancement due to the amiferf\?éar the QCP, the temperature dependence of the renormalization

magnetic QCP. . ; "
To see the doping dependence of superfluid density in the iro S an important factor. In the normal state above the upper critical

pnictide BaFe(As;_.P.)2, we plot the low-temperaturp, as a ield, the specific heat is largely enhanced at low temperatures [S19],
function of (T/T.)" in a,wide doping range (Fig. S2). The anti- |nd|cat|_ng the strong temperature dependencmbfwhwh may be
ferromagnetic QCP composition in this system has been located @PProximated byl /v/T" at low temperatures (Fig. 33 (Note that

z = 0.30 [S18]. In high composition samples (> 0.38) which are  due to the field-induced QCP, this dependence is the strongest near
relatively far from the QCP, the low-temperature deviations from thdhe upper critical field and the actual temperature dependence at zero
T3/2 dependence is more pronounced than those in samples clodi§ld may be weaker.) In the superconducting state, owing to the mo-
to the QCP (.27 < = < 0.33). These results further support that m'ﬁnltuml d]?fpendence of thg renodrmallzatlon we consfdmph(T) q

the non-integer power law is related to the closeness to the magne}fi! |€vel off at momentum dependent temperature. Near the nodes,
QCP. In hole-doped cuprate superconductors, the antiferromagne}it® mperature dependence of renormalization will continue to low
QCP is actually located outside the low-doping end point of the gulemperatures, whereas in the antinodal directions it will become in-
perconducting dome. It deserves further studies to understand hdlgPendent of temperature néar "

the phase diagrams relate to these differences of low-energy quasi- If We assumevi(¢,T)/vr = max(C'/T/Te, | cos(2¢)|"/7),
particle excitations in cuprates and iron-based Hytsuperconduc- We can calculate the temperature dependence of averaged mass en-
tors. hancement in the superconducting state (Figh)SBere we separate

ps(T)

A 115 | | | 115 B o . . . .
| * | 10— - - mm - - —
® m*(T)/ m*0.2T,) = e
lao 1.10 — Fit 41.10 ,31 0.8 = vergve = Icos(z) ™ T
S . 3 L G
~ = — | --ux ¢ |
~ - b 3* L_ﬂ) 0.6 " gl
E =) Q ™ Ve T = max(C(TTy ™ cosa)l ) /X 7
~7 105+ —105 N 0.4 ——1n n
~ [ | — ux, ,,’ .
) ) — i’ Gl
r — g (T)/ A4 (0.2T) § 02— —
100 N 100 0 'I—’ 1 | 1 | 1 | 1
0 0.05 0.10 0.15 0.20 0 0.2 0.4 0.6 0.8 1.0
TIT, TIT,

Fig. S3. (A): Temperature dependence of the effective mass normalized by its 0.27. value in CeColns (black circles) determined from the specific heat
measured at 5T in the normal state (above the upper critical field) [S19] can be fitted to a 1/\/T dependence (black line). The inverse of the effective
Fermi velocity averaged over the Fermi surface in the superconducting state (corresponding to the first term in Eq.[1] in the main text) calculated assuming
v (6,T)/vrp = max(C/T/Tk, | cos(2¢)]1/2) with a proper constant C' = /5| cos 2(45° & 3°)|1/2, has a much weaker temperature dependence (red
line). (B): Temperature dependence of the normalized superfluid density with (solid lines) and without (dashed lines) assuming the temperature dependence of
renormalization. The total superfluid density (black) can be separated to the diamagnetic (red) and paramagnetic (blue) components.
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the two terms in Eq.[1] in the main text as 2 = /\;2 — )\;2, and CePdIrg superconductors the estimated values¥fiom trans-

where the first terrr;}\f _ Zogi i YFYF 1 G corresponds to the dia- port coefficientd near the upper critical fielé .. are rather scattered

magnetic current and the swecé)nd ‘tvel;‘m comes from the parama ne%'N 1.37 for CeColn, [S24] and~ 0.57 for Ce;Pdirk [S14]), but the
9 P INS%t-order transition of the low-temperatufé.. due to the strong

current carried by the thermally excited quasiparticles. In Fig S3 ; : : 2
the temperature dependence of each contribution is presented Wgﬁaljt Eﬁﬂg%aeggre;fig \[leusé c?flczr%ti?aell{efp:g\r/llgst some complexity in

and without the temperature dependence of renormalization. These
results indicate that in the superconducting state the temperature de-
pendence of the averaged renormalization is weak, which seems to be
consistent with the recent high-frequency conductivity results [S20]. ! ! '
Moreover, the temperature dependence of the total superfluid density _

\™2(T) remains almost unchanged even we consider the temperature 20+ a=1.0136 +0.52157p
dependence of the renormalization in the superconducting state. '

SI5-Effect of quantum critical exponent

To see how the power-law of superfluid density varies with the quan-
tum critical exponens, we have computegd, (7") with several values 15
of 8 up to~ 2. The low-temperaturé — ps(7) is fitted to theT™™ ’
dependence up t& = 0.27. and the obtained power is plotted
against the exponerft in Fig. S4. We find that the power varies
linearly with 3, which can be approximated by~ 1 + 3/2.

The fact that we universally obtainedclose to 3/2 in the present
quantum critical superconductors suggests that the expghémt 1.0 I I I
these materials is not far from unity. Indeed d#¥bAIB 4 in which ) 0 05 1.0 15 20
zero-field quantum criticality has been suggested [S21], thermody- ) : : )
namic measurements show#s ~ 1, which leads toa =~ 1.54 [)’
(Fig. S4). In the study of YbR{Si>, where the quantum critical field
is 0.66 T,5 ~ 1 has also been reported [S22]. We note that in a sim
ilar system YbRB(Sio.05Gey.05)2 Where the critical field is reduced
to 0.027 T, smaller value g8 = 2/3 has been suggested [S23], but
this value givesy &~ 1.36, which is in practise difficult to distinguish
from the 3/2 power-law dependence. We also note that in CeColn

Fig. S4. Low-temperature power o of the superfluid density obtained from the
fitting up to T'/T. = 0.2 for the calculated ps(7'/T¢) with different values of
the quantum critical exponent 3. The line is a fit to a linear dependence.
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