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Abstract: The experimental discovery of high-temperature superconductivity in Ruddlesden-Popper
(RP) nickelates Lan+1NinOsn+1 (n =2, 3, 4) under pressure, as well as the observation of a state with zero
resistance at T ~10 K in thin films of (La,Pr)n+1NinOsn+1 (n = 2) at ambient pressure initiated a wide
range of experimental and theoretical studies aimed at clarifying the nature of the occurrence of the
superconducting state in RP nickelates. The upper critical field, Bo(T), is one of two fundamental
fields of any type II superconductor which can be used to extract some of the main parameters of a
given superconductor. Recently, Peng et al. (arXiv:2502.14410) reported in-plane, and out-of-plane
temperature dependent upper critical field datasets measured at wide temperature ranges in
LasNisOnuo-s single crystals pressurized at P =48.6 GPa and P = 50.2 GPa. Here, the reported Bo(T) data
were analyzed, and it was found that the compressed nickelate LasNizO10-s exhibits two-band s-wave

superconductivity. Derived parameters showed that both gaps are almost isotropic. The larger gap
2AL(0)
——<

has a moderate level of coupling strength (with a gap-to-transition temperature ratioof 3.7 <
kpTc

2A5(0)

4.3). The smaller gap has the ratio of 1.0 < == < 1.0. Deduced ratios are in the same ballpark as
Blc

those in ambient pressure MgB2.

Keywords:  Ruddlesden-Popper  nickelates;  compressed  superconducting  nickelates;
superconducting energy gap; two-band superconductivity; superconducting gap anisotropy

I. Introduction

High-temperature superconductivity (HTS) in pressurized [1-7] and ambient pressure [8-10]
Ruddlesden-Popper (RP) nickelates Lan1NinOsni1 (n =2, ..., 5) is a fascinating physical phenomenon
whose nature remains unknown [11-27].

One of the most recent achievements in the experimental studies of RP nickelates is the report
by Peng et al. [28], who measured in-field temperature dependent resistance R(T,P,B) for two
principal directions (along ab-plane and c-axis) in pressurized LasNisO1w-s over a wide temperature
range and applying DC magnetic field. Peng et al. [28] defined the upper critical fields, B.;,,(T) and
B, .(T), by utilizing 50% normal state resistance criterion for measured R(T,P,B) datasets. The
derived B, 4, (T) and B.,.(T) datasets were analyzed [28] by the Werthamer- Helfand-Hohenberg
(WHH) model [29,30].

Here, a different approach [31,32] has been applied to analyze temperature dependent upper
critical field data, the following results were obtained:

1.  LasNisOuo-s is two-band s-wave superconductor;
2. Both superconducting gaps in La:NisOw-s are practically isotropic;
3.  The largest anisotropy was revealed for the larger gap, for which the ratio of amplitudes is

0.90 < 2219 < 7 03);

Aab,l(o) -
4. Larger gaphas 3.7 < ZRAI—;O) < 4.3 and smaller gap has 1.0 < % < 1.1, which is similar to the
Blc Blc
22O atios in ambient pressure MgB2 [33].
kpTc
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II. Developed Model
The approach is based on the temperature-dependent parameter of the Ginzburg-Landau theory
(GL):
_ A
k(1) =Zay (1)

where A(T) is the London penetration depth, and &(T) is the coherence length. Eq. 1 can be
used to rewrite the GL expression for the temperature-dependent upper critical field:

2
Be(T) = 21'[?20(T) - Z)_;: X (%) ! 2)

where ¢, is the superconducting flux quantum. There is an exact analytical expression (within
the framework of the Bardeen-Cooper-Schrieffer theory of superconductivity [34,35]) for the
temperature-dependent London penetration depth in s-wave superconductors [34,35]:

AT = = ©

L4
1 1 J-;o de
2kpT n2(VE2+42(T)
cos kT

where kp is Boltzmann's constant, and the amplitude of the temperature-dependent

superconducting gap A(T) is given by [36,37]:

_ TkpT, ACel E_
AT) = A(O)xtanh[A(O) (2)

4)
where n = 2/3 for s-wave superconductors y is the Sommerfeld constant, and (yTEZ) is the

relative jump in the electronic heat at T,. There are several expressions [38—41] for the temperature
dependent GL parameter x(T), from which in this study I used the expression given by Gor’kov [38]
(which was explained by Jones et al. [39]):

2 4
K(T) = k(0) x (1- 02429 x (1) + 00395 x (1)) 5)
Substituting Egs. 3-5 into Eq. 2 yields the equation:

T\* 2 1 o de
Bea(T) = -2 (0)<(1 - 02429 (1) +0.0395 ()") ) el s e (6)
2kpT

which can be used to fit experimental B.,(T) datasets to deduce several fundamental

2A(0) ACq
T and (y )) as free fitting

parameters of the superconductor (for instance, T., £(0), A(0),

parameters.

Eq. 6 was used to extract these parameters from the B.,(T) datasets in highly compressed HsS
[31,42] (raw data reported by Drozdov et al. [43] and Mozaffari et al. [44]), magic-angle twisted bilayer
graphene [45] (raw data reported by Cao et al. [46]), magic-angle twisted trilayer graphene [47] (raw
data reported by Cao et al. [48]), and, by utilizing two-band model:

Bz totat(T) = Bez panar (T) + Bez panaz(T) @)
in MgB: single crystal [32] (raw data reported by Zehetmayer et al. [49]).

For anisotropic superconductors, the Eq. 6 is transformed in two equations:

2
_ _ AN e a
Bey(T) = 2n§ab(r) 2n§ab(0) ((1 02429( ) +0.03%5 (Tc) ) ) 1 2kgT fo cush2< ;2+Aflbm>

2kgT

1
2 2

2
_ $o _ doxye(D ( _ T2 T 4) 1 e de 1 e de
Beyan (1) _znza,,(r)zc(r)_2nzn§§b(o)< 1-02429 (rc) +0.0395 (TC) x|1 ZkBTfo 2( F;2+A2bm> X1 ZkBrfo 2( 'Tm%m)
cosh’ cosh

2kgT 2kgT

®)

where B, .(T) is out-of-plane upper critical field, and B, 4, (T) is in-plane upper critical field,

ab(T)
ye(r) = 20,

and where the assumption of:
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Kap@ _ ke _ (1 —0.2429 x (L) +0.0395 x (})4) ©)

Kap(0)  Kc(0) c
has been made (this implies that the GL parameter x(T) has the same temperature dependence
for the in-plane and out-of-plane components, and which describe by Eq. 5).

IT1. Results and Discussion

It should be noted that Peng et al. [28] reported experimental values for the ratio:
—_ fab(T) — Bcz,ab(T)
VD =L0 = B (19)

for both LasNisO10s samples (S1 and S4). In Figure 1, I have fitted the y;(T) data reported [28]
for two LasNisOuo-s single crystals to a simple function (having a form similar to Eq. 5):

D =ro+rx(5) +rx(2) an

Tc

where y,, ¥, and y, are free fitting parameters. The obtained functions y(T) for Sample S1
and Sample S4 were substituted into Eq. 7.

The global fits of the data B, .(T) and B, ,,(T) for Sample S1 and Sample S4 were performed
to two-band model:

{ Bz ctotal(T) = Bea cpanar (1) + Bez,cpanaz(T)

Bea,ab total (1) = Bc2,abpana1 (T + Bez,ab,panaz(T)

where the contribution of each band described by respectful equation in Eq. 7, and the global
fits of the data B, (T) and B, 4,(T) to Egs. 8,12 for Sample S1 and Sample S4 are shown in Figure
2 and Figure 3, respectively. Detailed information on performing global data fittings can be found
elsewhere [47,50].

In global fits (to reduce the number of free-fitting parameters), I assumed that two bands have

(12)

the same transition temperature (this is the same assumption that has been made for the fits to the
WHH model by Peng et al. [28]):

Tepanar = Tepanaz = Te- (13)

Also, I assumed that two bands have the same (averaged) jump in specific heat at the transition
temperature:

(Acel) — (ACel) — (ACel) (14)
YTe band1l YTe band?2 YTe
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1.8 T T T T
@  Upper critical field anisotropy
16} Ni,LazO,45 (S1, P =50.2 GPa) i
14l Yo = 0.989 £ 0.006
e v, =0.82 + 0.04
= _
&, 1=-037:004 |
1.0 -
@ raw y(T/Ty) = By an(T)/Bey o(T)
fit
0.8 | | | :
b Upper critical field anisotropy
16l Ni,La;0,,5 (S4, P = 48.6 GPa) |
= +
14l Y0 1.02 +0.02
o v, =0.67 £0.12
= _
(- =-0.20+£0.15
WIS .
10F -
o raw 'Yz_,(T/Tc) = Bcz,ab(T)/Bcz,c(T)
fit
0‘8 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
TIT

c
Bzz,ab(T)
Bez,o(T)
Sample S1 compressed at P = 50.2 GPa and data fit to Eq. 10. (b) Sample S1 compressed at P = 48.6 GPa and
data fit to Eq. 10. Fits quality (R-square COD) is (a) 0.990 and (b) 0.974. 95% confidence bands are shown by pink

shadow areas.

Figure 1. Experimental y¢(T) = data for LasNisOio single crystals reported by Peng et al. [28]. (a)

The latter assumption (Eq. 14) was also implemented in other two-band models for
superconductors [47,51-53], because, as a rule, raw datasets do not have enough measurement points

to derive the (‘:/CT”) values for each band from the fit to two-band models.
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Figure 2. (a) B, (T) and (b) B, 45 (T) datasets and global fit to two-band anisotropic model (Egs. 8-14) for the
LasNisO1o-s single crystals compressed at P = 50.2 GPa (Sample S1). Raw B, (T) and B, 4, (T) data reported
by Peng et al. [28]. Derived parameters are shown in panels (a) and (b). Deduced gap-to-transition temperature

ratios are: 2222 _ 37 4 (1, 220020 _ g g4 g, 2@ _ 384 01, 222@ _ 1 1 4 0.1, Goodness of fit: (a) R
kgT, kpT. kpTc kpTc

=0.9995 and (b) R =0.9994. 95% confidence bands are shown by pink shadow areas.

Derived parameters for two La:NisOw-s single crystals are summarized in Table 1, from which
one can see that larger gap (Band 1 in Table 1) has moderate level of coupling strength, while the

coupling strength of the smaller gap (Band 2 in Table 1) has the ratio in the range of 28ab2©)

kpTc
A . . . .
ch,—zT(O) = 1.0 and these ratios are independent from pressure. The ratios for c-axis component of the
Bic

gap are also remained unchanged vs pressure.
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Figure 3. (a) B, (T) and (b) B, 45 (T) datasets and global fit to two-band anisotropic model (Egs. 8-14) for the
LasNisO1os single crystals compressed at P = 48.6 GPa (Sample S4). Raw B, (T) and B, q,(T) data reported

by Peng et al. [28]. Derived parameters are shown in panels (a) and (b). Deduced gap-to-transition temperature
28010 _ 34 0.3; 22O _ 104 01; 2a@ -394 02; 22229 _ 11 4 0.1. Goodness of fit is R

Blc kpTc kpTc kpTc

=0.9998 for both panels. 95% confidence bands are shown by pink shadow areas.

ratios are:

Table 1. Derived parameters for two LasNisO1o-+ single crystals (Figs. 2,3 and Eqs. 4,5,8-14) for raw B, -(T) and
B¢ qp(T) data reported by Peng et al. [28].

Cel ZAab (0) ZAC(O)
T(K) = 0
L £ao 0) () 2 .
La;NisOrp_s (S1) Band1 42+ 01 37401 38401
P =502Gpq 184201162015 o 1402 10401 11401
La;NisOrp_s (S4) Band1 41+ 01 43403 39+02
p=486Gpg  2LOFO0IL4E0I—p 9+ 02 10401 11401

IV. Conclusions

In this study, recently reported B, .(T) and B4, (T) data for LaiNisOio-s single crystals [28]
have analyzed and showed that:
1. LasNisOw- is two-band s-wave superconductor;
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2. Both superconducting gaps in LasNisO1o-s are practically isotropic, where the largest anisotropy
Ac,1(0)
— < 1.03);

Aap1(0) —
3. Largergaphas 3.7 < 2219 < 43 and smaller gap has 1.0 < 22O < 1.1, which is similar to the
kpTc kpTc
2A(0)

BTc

was revealed for the larger gap, for which the ratio of amplitudesis 0.90 <

ratios in ambient pressure MgB: [33].
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