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In the present Supplementary material we show the doping dependence of the c-axis

lattice parameter for BaFe2(As1−xPx)2 films grown on MgO and LaAlO3 (LAO) sub-

strates, the temperature dependences of the electrical resistance in magnetic fields, the

criteria used for the determination of the SDW transition temperature TN and the super-

conducting critical temperature Tc in static magnetic fields as well as the upper critical

field Hc2 in pulsed magnetic fields. We estimated the fluctuation effect on the super-

conducting transition width and that on the evaluated values of the slope of the upper

critical field. Finally, we provide tables with a list of the fitting parameters described in

the main text.

Composition of the films. The P doping level of the thin films given in the main text

were calculated using the relation between the c-axis lattice parameter and the P doping

obtained in previous studies (Fig. S1).[S1]
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FIGURE S1. (a) Relation between the c-axis lattice parameter and the
P doping level x of BaFe2(As1−xPx)2 films grown on MgO and LaAlO3

(LAO) substrates. The data are taken from previous studies.[S1]
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Evaluation of TN and Tc. The spin density wave transition temperatures TN of the

BaFe2(As1−xPx)2 films were defined by a standard procedure developed for single crys-

tals (Fig. S2).[S2]
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FIGURE S2. An example of the temperature dependence of the resis-
tance of BaFe2(As1−xPx)2 films with SDW transition at low tempera-
tures (left) and its derivative (right). The peak position of the derivative
is assigned as TN. The criterion is based on the comparison between the
neutron scattering and transport data for the BaFe2As2 system.[S2]
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The temperature dependencies of the upper critical fields Hc2 given in the main text

were obtained from resistivity measurements in static and pulsed magnetic fields (Figs.

S3, S4, and S5).
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FIGURE S3. Temperature dependences of the resistance (resistivity if
available) of BaFe2(As1−xPx)2 films prepared by MBE in static mag-
netic fields and field dependences of the resistivity in pulsed magnetic
fields. The doping levels, fields strength and temperatures are given in
the figures too.
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We present two examples of the Hc2 temperature dependences defined using different

criteria Tc,on, Tc,90, and Tc,50 as shown in Figs. S6a and S7. In all cases, the different
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FIGURE S4. Temperature dependences of the resistance (resistivity if
available) of BaFe2(As1−xPx)2 films prepared by MBE in static mag-
netic fields and field dependences of the resistivity in pulsed magnetic
fields. The doping levels, fields strength and temperatures are given in
the figures too.
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FIGURE S6. (a) Temperature dependences of the resistance of a
BaFe2(As0.94P0.06)2 film prepared by MBE in static magnetic fields.
Tc,on, Tc,90, and Tc,50 denote different criteria used to plot the hc2 =

Hc2

−H′
c2Tc

values versus reduced temperature T/Tc as shown in panel (b).

criteria result in a quantitative but not a qualitative change of the Hc2 dependences (Figs.

S6b, and S7b). To exclude possible effects of the irreversibility field Hirr on the transi-

tion width, in the main text we used Tc,90 to plot Hc2 (for discussion see below).
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Two-band model for Hc2. The doping evolution of the temperature dependencies of

Hc2 was described by the two-band model for a clean superconductor as proposed by

Gurevich [S9, S10]. Its expression for B ∥ c is given by

(S1) a1G1 + a2G2 +G1G2 = 0,

where

G1 = lnt+ 2eq
2

Re
∞∑
n=0

∫ ∞

0

e−u2

[
u

n+ 1/2
− t√

b
tan−1(

u
√
b

t(n+ 1/2) + iαb
)]du,

G2 is obtained by substituting
√
b →

√
ηb and q → q

√
s in G1,

a1 = (λ0 + λ−)/2ω, a2 = (λ0 − λ−)/2ω,

λ− = λ11 − λ22, λ0 = (λ2
− + 4λ12λ21)

1/2, ω = λ11λ22 − λ12λ21,
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FIGURE S7. (a) Field dependences of the resistance of a
BaFe2(As0.74P0.26)2 film prepared by MBE (pulsed field measure-
ments). Tc,on, Tc,90, and Tc,50 denote different criteria used to plot the
hc2 =

Hc2

−H′
c2Tc

values versus reduced temperature T/Tc as shown in panel
(b). The temperature dependence of the normalized resistance R/R35

is shown in the inset of panel (b). The fitting curves correspond to two
different cases with zero intraband coupling constants - solid line and
non-zero intraband coupling constants - dased line, where Ωsf = 62 K.
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and b =
}2v2F1H

8πϕ0k2BT
2
c

, q2 = Q2
zε1ϕ0

2πH
, α = 4µϕ0Tc

}2v2F1
,

where t = T/Tc, η = (vF2/vF1)
2, s = ε2/ε1, vFi is the in-plane Fermi velocity in

band i = 1, 2, and εi = mab
i /mc

i is the mass anisotropy ratio, ϕ0 is the flux quantum,

µ is the magnetic moment of a quasiparticle, λii intraband and λij , (j = 1, 2, and

i ̸= j) interband pairing constants, and α ≈ αM/1.8, where the Maki parameter αM =

21/2Horb
c2 /Hp quantifies the strength of the paramagnetic pair breaking. The Fulde-

Ferrel-Larkin-Ovchinnikov (FFLO) wave vector Q is determined by the condition that

Hc2 is at maximum, where QZ is its projection onto c-axis.

Effect of inhomogeneities and fluctuations on the superconducting transition width.

The underdoped films have a relatively broad transition to the superconducting state ∆Tc

(see Figs. S3 and S6a). This broadening of the transition can be explained by a small in-

homogeneity of the P doping within ∼ 1% together with a strong doping dependency of

Tc in the coexistence state between SDW and superconductivity and possible additional

broadening in an applied magnetic field due to the irreversibility field Hirr. For type-

II superconductors in applied magnetic fields the temperature where R = 0 depends

on the strength of vortex pinning, i.e. the condition where the critical current Ic = 0

(for sufficiently small measurement currents) and not by Hc2 which is related to the

condition when the normal vortex cores overlap. Therefore, R = 0 corresponds to the

irreversibility line Hirr rather than to Hc2. In general, Hirr can differ considerably from

Hc2.[S3, S4] Therefore, we avoided to employ this R = 0 criterion. We note that the

high-field data presented in Ref. [S5] reflect the measurements of Hirr, which actually

differs from Hc2.
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TABLE S1. The parameters obtained from the fit of Hc2 temperature de-
pendences shown in Fig. 2 main text. Ωsf = 100 K. The crystallographic
c-axis length is given in nm, the Fermi velocities are given in 106 cm s−1

and the transition temperature is in K.

Substrate/technique c - axis, Å P - doping vF1 vF2 [λ12λ21]
0.5 Tc

MgO/MBE 12.877 0.056 8.4 0.65 0.43 11.4
MgO/MBE 12.870 0.070 6.4 1.60 0.48 14.0
MgO/MBE 12.815 0.182 8.5 4.07 0.78 31.7
MgO/MBE 12.800 0.212 9.3 3.90 0.75 30.3
MgO/MBE 12.782 0.248 10.1 3.05 0.76 30.7
MgO/MBE 12.774 0.263 9.8 3.05 0.73 27.9
MgO/MBE 12.761 0.291 10.6 3.50 0.69 26.9
MgO/PLD 12.811 0.190 6.0 5.80 0.70 21.6
MgO/PLD 12.800 0.212 9.3 3.08 0.75 24.9
LAO/MBE 12.736 0.457 11.1 4.15 0.64 23.7
LAO/MBE 12.649 0.610 11.4 6.46 0.44 11.4
LAO/MBE 12.619 0.663 11.3 7.90 0.34 6.3

TABLE S2. The parameters obtained from the fit of Hc2 temperature de-
pendences shown in Fig. 2 main text. Ωsf = 62 K. The crystallographic
c-axis length is given in nm, the Fermi velocities are given in 106 cm s−1

and the transition temperature is in K.

Substrate/technique c - axis, Å P - doping vF1 vF2 [λ12λ21]
0.5 Tc

MgO/MBE 12.877 0.056 8.20 0.61 0.55 11.4
MgO/MBE 12.870 0.070 6.50 1.37 0.62 14.0
MgO/MBE 12.815 0.182 8.50 3.80 1.25 31.7
MgO/MBE 12.800 0.212 9.70 3.00 1.18 30.3
MgO/MBE 12.782 0.248 10.20 2.20 1.20 30.7
MgO/MBE 12.774 0.263 9.95 2.25 1.08 27.9
MgO/MBE 12.761 0.291 11.05 2.45 1.03 26.9
MgO/PLD 12.811 0.190 6.00 5.80 1.20 21.6
MgO/PLD 12.800 0.212 9.60 2.60 0.96 24.9
LAO/MBE 12.736 0.457 11.30 3.55 0.91 23.7
LAO/MBE 12.649 0.610 11.60 6.23 0.55 11.4
LAO/MBE 12.619 0.663 11.40 7.80 0.41 6.3

The effect of superconducting fluctuations plays a secondary role for the ∆Tc values

of our thin films. For example, the films with the highest Tc ∼ 30 K have a transition
9



width of about 1 K, only. Note that, even these transitions width are not yet domi-

nated by fluctuations. Quantitatively, one can estimate the temperature range where

fluctuations play a role using the Ginzburg parameter defined in 3D (see also Methods

section in the main text) as ∆Tc/Tc = Gi ≈ 80(Tc/EF)
4 ∼ 10−4 − 10−5.[S6] Taking

Tc = 30 K and the largest EF ∼ 100 meV in our system according to ARPES data.[S7]

Alternatively, the Gi parameter can be estimated directly from the superconducting pa-

rameters: ∆Tc/Tc = Gi = (ΓkBTc/Hcm(0)
2ξ30)

2/2.[S3, S8] Taking the experimen-

tal values for Tc = 30 K, Hc2 = 470 kG, Hc1 = 600 G (field along crystallographic

c-axis),[S5] λ ≈ 3· 10−5 cm, ξc = [Φ0/2πHc2]
0.5 ≈ 3· 10−7 cm and the anisotropy

Γ ∼ 2 - 4, one arrives at the same estimates. However, close to Tc the c-axis coher-

ence length ξc(T ) diverges as (1− T/Tc)
−0.5. Therefore, in close vicinity to Tc, where

ξc(T ) > Dfilm, one can consider the films as 2D superconductors, where Dfilm ≈ 100 nm

is the films thickness. For optimally doped films with high Hc2 values one can estimate

that ξc(T ) ∼ Dfilm holds only for a very narrow temperature range of ∆T/Tc ≈ 0.001.

On the other hand, this range is about 0.5 K for overdoped films with low Tc ∼ 10 K and

small Hc2 ∼ 10 kG. However, due to the low Tc, the fluctuation effect is rather weak

∆Tc/Tc = Gi ≈ (Tc/EF) ∼ 10−3 even in 2D case.

Finally we list parameters obtained from the fits of Hc2 temperature dependences

shown in the main text (Tabs. S1, and S2), for the case of a zero intraband coupling

λ11 = λ22 = 0.
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