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Based on a phenomenological model and the Kubo formula, vesiigate the superfluid densjby(T) and
then the penetration depf{T) of the iron-based superconductors in the coexistencemeagjithe spin-density-
wave and superconductivity, and also in the over-dopedregiOur calculations show a dramatic increase
of 1(0) with the decrease of the doping concentratiohelow x = 0.1. This result is consistent with the
experimental observations. At low temperatureg;T) shows an exponential-law behavior, while at higher
temperatures, the linear-ih-behavior is dominant before it trends to vanish. It is in gatve agreement with
the direct measurement of superfluid density in films of Fietjte superconductor at= 0.08. The evolution of
AA(T) can be roughly fitted by a power-law function with the exparepending on the doping concentration.
We show that the Uemura relation holds for the iron-baseémmanductors only at very low doping levels.

PACS numbers: 74.70.Xa, 74.25.N-, 75.20.-g

Beside the zero resistance, Meissnéeet is another hall- neighbors, the hopping integrals defined below are chosen as
mark of superconductivity. The directly measured penetrat;_4 = 1,0.4,-2.0,0.04 [23], respectively. In the momentum
tion depthq) in a weak magnetic field provides information k-space, the single-particle Hamiltonian matrix can betemit
of the gap structure, and is a characteristic length scaée of as [26, 27]
bulk superconductor. In generad « 1/1%. The number of

electrons in the superconducting phasg,characterizes the a-p a3 au 0

phase rigidity of a superconductor. In conventional Bandee Hyo = a3 a-u O a ’ @
Cooper-Schriffer (BCS) superconductors, penetration depth ' ) 0 a-p a

exhibits an exponential behavior at low temperatures, had t 0 & a8 -y

power-law behavior imA(T) = A(T) — A(0) has been con-

sidered as an evidence for unconventional pairing symmelith & = -2Lcoskx+ky) — 2tzcosbu-ky), & =
try in the high-temperature superconductors [1]. Compare t ~213 COS & — ky) — 2t> COS x + ky), 83 = ~2ta(COS x + ky) +
cuprates, the remarkable features of iron pnictides araahe 0S5 & —ky)), a1 = —2ti(cosky + cosky), x is the chemical

ture of magnetism and the multi-band character. They havBotential. Here we have chosen theaxis along the link
triggered massive studies since their discovery [2, 3Jhla t Connecting nearest neighbor (NN) Fe ions, and the distance

paper we focus on its response to a weak external magnetR€Ween NN Fe is taken as tThe unit of length. The pair-
field. ing termHax = ¥k(AakC) i€ «, +h.c.) has only next-

T av—

nearest-neighbor (NNN) intra- orbltal pairing wheréenotes
There are several ways to measure magnetic penetratiqiy A or Fe B in the unit cell and denotes orbitals. It will

depth [4-6]. In the 1111 systems, at low temperatures, SOM@aqd to thes,-wave pairing symmetry [10, 11, 32]. The
experiments [7] found a power-low behavi{iT), while oth-  gajf-consistent conditions are\x = 2. cosk A and
ers [8, 9] have found an exponential temperature dependencg ( ’

- cr.ct Cw ) V Zk COSkT<C(YVkTC(YV kJ,)
Li+T vl Y+t vl iv] T+, vl
_?_L’I(T)' 'I]:Iheds(ljtuau?n I'Ir'] theht2t2 system is a![sci kl)m;]:lear with 7 = x + yt';md the pgurmg strengfbl = 1.2. The inter-
| he supertiuid densi ys(T) exhibits an exponential DENAV= 5 +ion term includes the Hund’s couplidg = 1.3 and the
ior in the cleanest BayK FeAs; [10], while measurements

on Ba(Fe.,Co),As, have shown a power-law behavior of on-site Coulomb interactiod which we choos& = 3.4 and
X X292 . ) U = 4.0 as two diferent kinds of homogenous systems. After
A(T) [11-16] with the exponent varying from@é.to 28 and W I genous sy

S taking the mean-field treatment [24, 2 can be expressed
a two-gap scenario is suggested for Ba(k€o).As, and g [ Bl P
Ba;_ xRbFeAs, [17, 18]. And there are also some theoret-

ical works [19-22]. Hix = U Z (NN + (U = 34) Z (M MNiver
In this paper, we carry out systematic calculationpd¢T’) ot iu#vo
based on a two-orbital phenomenological model [23]. Within +(U - 2n) Z (M) Niyer- )

this model, each unit cell accommodates two inequivalent Fe
ions and results based on this model on various properties of
Fe-pnictide supeconductors [23-31] are in reasonablesagreln the presence of spin-density-wave (SDW) ordgiy in
ment with experimental measurements. When we normalizéhe k-space can be decoupled into d|agonal term and mag-
the energy parameters of the Fe-Fe nearest and next nearastic term. Deflnepk(r (CAO K1 ‘Al K IIBO K Bl kT) (pk =

iutvoto



(l//IZT,lﬂLrQT,lﬁ_k 1»¥-k+q1), the Hamiltonian without external interaction representation we have
field in k-space can be written a%Hogok [26, 27], with

t
QO = i [ (D H Lot
H R IHak 0 e
Ho = R Ht/k+Q 0 lHAkafQ (3) = T\l Hxx( w) (9)
[Hax 0 —H{y R ’ s
0 IHaki@ R Ht,k+Q () means the expectation value based on the wave function
of Hit While ()o corresponds to the wave function bf.
wherel is a 4x 4 unit matrix,R = -4 (U + J4)Hy and the  In the Matsubara formalism we have the current-current cor-
correspondingd{, = Hek + 2(3U - 5JH)I withn=2+x R relation ITx(q,iw) = foﬁ dreé“ Tl (q, 7), and I (q,7) =
relates to the magnetic order [26, 27] with —~(T:IR(Q, 7)IE(=0, 0))o = Ymym, [The™(q, 7) where T, is the
time ordering operator?(g,7) = et JP(g)e ™, JP(q) =
Hu = g Iexpig _ RAB) (4) Xie e IP(ry) = Zmym, Jh,.m, (@) is @ summation ovek. Cal-
culation ofTIx(q, iw) is in the framework of equations of mo-

. . . . tion of Green’s function,
in Eq.(4) I is a 2x 2 unit matrix. Due to SDW order, the

wave vectork is restricted in the magnetic Brillouin zone  dIIx:™(q, 7) P

(BZ). The self-consistent conditiong = £ 3, (Nat—Nayy) = — 0 = —[Ium (@), ()]

ZANS vk O'CLkaAwrkJrQ, Rag is the distance of Fe B to the ori- — (T.eM7[Hy, JI"T’\l,I’T}z(q)]_e—HOT‘]E(_q’ 0)o.
gin sited by Fe ANg is the number of unit cells. We take

Ns = 512 to obtain self-consistent parameters &ld= 768 A lengthy but straightforward algebra leads to

in the calculation ofos. After diagonalizing}’, tpli Hopk = kaykiak .

Yk Ekmym vk by a 16x 16 canonical transformation matrix 11 _(q.i 0=y Yom, Ymomy (F(Eimy) = f(Ekiqmy)) (10)
T, we can obtain all properties of the system without the ex- ' iw + (Exm, = Exqmy) '
ternal field.

Our investigation of the superfluid densjty follows the wheref is the Fermi distribution function. Through analytic
linear response approach described by Refs. [1, 33-35]. Ifontinuation]Lu(q, w) is obtained. Whew = 0, the deriva-
the presence of a slowly varying vector potenta(r,t) =  tive of f Das an important contribution (g, iw). The
A(q, )€1t along thex direction, the hoppmgterm is mod-  quantity Y+ can be expressed as
ified by a phase factoc‘T(rcj(T - cT »Cio EXP iz f A(r,t) - dr. 2

k,k+q B : / (in LQ
Throughout the paper we s&t= ¢ = 1. By expanding the Ymm = N LtEa(Sinkiey + Sinkiy) +£5(sinky + sink3,y))
factors to the order oA?, we obtained the total Hamiltonian s

kmymp

Hiot = Ho + H’ with + tg(fz sinky._ y + 5:2 sin kx+y + fé sin kQ + 62 smk +y)
1 + (&2 Sinkysy + &2 Sinky_y + &5 sin kX+y + & sinky. )
- Z A(ri, Y)[eIR(ri) + éezAx(ri, OKx(r)].  (5) + ty(é1sinky + & sinkQ)], (11)
I

k,k+q k+q k k+q k k.k+q k.k+q k.k+q
. . . ) ) with & = o737 +ag +a &=y M +a
P(r. _ @911 119 ° 11 99
J; (ri) is the particle current density along thaxis,K«(ri) is . Kkt K k+q Kkt k+q K kigk . kk+q

> . ; i _ q _ q

the kinetic energy density along txeaxis. Their expressions $2 = @33 +“1111 §a=ayp tay tagyg tapg

are andoff< =T (K)Tjm, (k") +Tl+1ml(k)TJ+1mz(k) The cor-
respondmg—‘ is connected tq. by changingy; j into @i 4 j+a4.

K(ri) = - Z tiissXC,5(Ch Cirore + N.C., (6)  kuy denotesk, + ky andky, = Key + Q. The superfluid
wad weight measures the ratio of the superfluid density to the

() = -i Z tiisoXiso(Cl Ciusve —hC),  (7)  massDs/n€ = ps/m = —(IZ(r;,1))/€2A(ri); and the Drude
wWas weight is a measurement of the ratio of density of mobile

. charges to their mass [1, 33-35],
only § = x, x + y have contributions to the-component and

Xi+s = 1 in our coordination. The charge current density Ds 1 3 3
along thex-axis is defined as T2 NHXX(qX =0.0y > 0.0 =0)=(Kao. (12)
D 1
’ — = —I(Ox=0,0y = 0,w = 0) — (Ky)o. (13)
390) = s = el) + ALY (@) e N -
X |7

Figure 1 shows the variation @s, D, M and supercon-
The kinetic energy is calculated to zeroth ordeAgfr;), cor-  ducting (SC) orden = 3 Ly Al ey T Ao y) as functions
responding to the diamagnetic part, and that of the paramagf x at different temperaturesD dyoes not change much as
netic partJ?(r;) is calculated to the first order @(r;). Inthe  the temperature varies and we plot it clearly in Figs. 1(c) an
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FIG. 1: (color online) Panels (a), (c) and (d) pbBt (black solid o (TYp.(0) )
line), D (orange dashed line ) (red dotted line) and/ (blue dash- 0 B e
dot-dotted line) as functions ofat different temperatures. The right 1 @) () (@) @)
scale is forDs and D while the left scale is foA and M. Panel (b)
plots 2(0) as a function ofx. The inset of panel (b) is the phase : \
diagram of temperatur€ andx. ?,' T=0.05\ % | |T=0.06 \ : ||T.=0.04 ' Tc=0.055\
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cause in almost all the doping levéls = D as long as\ has

finite value; Fig. 1(a) shows that in the overdoped regime, SUr|G. 3: (color online) Panels (a), (b) and (c) plot the renalized
perconducting gap disappears ddgldrops to zero, whildd  superfluid densitys(T)/ps(0) and superconducting order parameter
is finite just like the plot in panels (c) and (d), hence in theA(T)/A(0) as functions of the temperatufg T, at different doping
overdoped levels wheA = 0 system corresponds to metal. levels forU = 3.4. T, is the transition temperature for SDW. The
We can see from Fig. 1(a) thatt= 0, Ds increases with the green,dotted_ |ir_1es are linear-in-T fitting func/tions. Par@l), (b')
increase o till it reaches the SDW boundary. In the under- 29 €) are similar but folJ = 4.0. Panel (d) ) show the compar-

d d . 0.05 t of the F Csurf dison of our results with experiment dataxag 0.08. Blue solid line
opedregiornx < U.U5, most ol the Fermi surlaces are gappedy, e jnset of paneld) plots p4(T)/p(Tc) as a function ofT /T, at

by SDW [24, 29], doping is the major source of charge car-x - 0,08 and the red dashed line is the aid for the eyes.
rier, hence superfluid density as well as mobile charge den-

sity increase linearly with the increase xaf While at larger

doping 05 < x < 0.1, SDW is suppressed, the gapped sur- Temperature dependence of superfluid density is a quantity

faces shrinks significantly and more intrinsic charge easri reflecting low-energy residual density of states(DOS)desi

are released to the system in addition to the doping carriershe superconducting gap. Eq.(10) indicates that tiferdince

This is the reason why the increase®§ = D with doping  betweenD and Ds is related to the derivation of near the

becomes more dramatic than the linear dependence in this reermi surface, and can be understood as excitation of quasi-

gion. After SDW disappears dominates the behavior &,  particlespq. Fig. 2 shows the DOS &t = 0.02. Forx = 0.05

and shows a flat behavior in a considerably large doping rang@nd 01 the gap is considerably larger, herdgis equal or

In panel (b) we show the variation a{0) as a function ok almost equal tdD. Although there is a gap at = 0.2(see

for x < 0.3. We defings(T) = Ds(T) = A(T) 2 with arbitrary  Fig. 2(c)), it is small, thereforef,/(E) has its contribution to

units. Compared to the phase diagram in the inset, we fingh,, and therefor® deviates fronD.

that in the SDWA+ SC coexisting regime}(0) shows a sharp e choose three typical doping levels, to show the tem-

increase with the decrease xfwhich is in good agreement peratureT /T, dependence gfs(T)/ps(0) andA(T)/A(0) for

with experiments [12, 13]. U = 34 as well as fold = 4.0. From fig. 3 we can see
An external magnetic field can couple relevant correlatiorthat the suppression of superfluid density is stronger than t

functions, hencps is a non-local quantity, describing thefti  of superconducting order parameter in all cases. At low tem-

ness of the system. Figs. 1(c) and 1(d) show that at fihite peratures, the curve @k(T)/ps(0) is flat, a characteristic of

Dsdeviates fronD, the suppression ds is stronger than that nodeless superconducting gap.

of A. FortheU = 4 case, the results (not shown here) are very As T increases, a linear-ifi-behavior of superfluid den-

similar to the results presented here. sity is dominant in all cases. Faf = 3.4 cases, linear func-
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FIG. 4: (color online) Panel (a) plosA(T) as a function ofT /T,

at typical selected doping fdd = 4, the dashed-lines are the corre-
sponding fitting functions. Panel (b) is the Uemura plot oftfese
superconductor. The-axis isps(0) for different doping, thg-axis is
the corresponding. for the given dopings.

tions —1.55T /T, + 1.52 and-1.57T/T+1.49 are used to fit
this kind of behavior forx = 0.1 andx = 0.2 respectively,

4

aboutx < 0.035(grey point), both the) = 3.4 andU = 4 sys-
tems follow the same empirical linear relation(grey lin&k

T close to the maximum anel(0) saturate ax > 0.08 (0.1)

forU = 3.4 (U = 4.0), and the data significantly deviate from
the linear relation. This is because in very underdopedregi
the doping is major source of charge carriers and the Uemura
relation is valid here.

Based on a two-orbital phenomenological model, we have
studied the sffness of superconductivity in clean iron-based
superconductors. At zero temperature, we fud) a sharp
jump asx decreases in the regime of coexisting SBV8C
orders; the variation of(0) as a function of doping is in good
agreement with experiments [12]. As far as we know this is
a new theoretical result. At low temperaturgg(T)/ps(0) is
flat, then show a linear-in-T behavior before the systemdose
its superconductivity. It is in good agreement with experi-
ment of direct measurement of superfluid density in films [14]
The evolution ofAA(T) roughly follows the power-law behav-
ior with different exponents corresponding tffelient doping
levels. Only at low doping levels, the empirical Uemuradine
relation holds for the iron-based superconductors.
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