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Recently, zero resistance state in highly compressed La,Ni,O, ; has been observed. However, all attempts of many research

groups to detect the Meissner state in the La,Ni,O. ; have been failed. To explain this puzzle, an exotic superconducting

state (for instance, filamentary superconductivity) in the La,Ni,O, ; has been supposed. Here, I extracted temperature

dependent self-field critical current, 7 (sf,T), dataset from current-voltage curves and performed the / (sf,7) analysis.
As a result, I found that highly compressed La,Ni,O, ; to exhibits d-wave superconductivity with the gap-to-transition
temperature ratio 24(0)/(k,T) = 4.0 £ 0.3, a very large ground state London penetration depth, 4(0, P = 16.6 GPa) =
= 6.0 um, and a very high Ginzburg-Landau parameter £(0, P = 16.6 GPa) = 1500. This implies that the ground state
lower critical field B (0, P=16.6 GPa) = 34 uT is of the same order as the Earth’s magnetic field. Based on this, to detect

the Meissner state in the La,Ni,O. ; becomes a very challenging task. I can hypothesize that the magnetic flux trap effect

recently proposed to eliminate the diamond anvil cell (DAC) background in experiments on magnetic properties of the
superconducting hydrides can also apply in studies of magnetic properties in the La,Ni,O, ; superconductor.

Keywords: High-pressure superconductivity; Nickelate superconductors; London penetration depth; Lower critical field.

DOI: 10.62539/2949-5644-2024-0-3-65-76

1. Introduction

High-temperature superconductivity in nickelates, predicted by Anisimov et al. [1] in 1999,
has been experimentally observed in infinite layer nickelates [2] and the Ruddlesden-Popper layered
nickelates [3]. Despite the La,Ni,O, , and La,Ni,O, had started to be studied three decades ago
[4-6], only Sun et al. [3] applied high pressure on RP nickelate and observed evidences for the
T, ... ~ 80 K. Current status of the problem has discussed in [7-35]. For the completeness, there is
a need to mention recent reports [36—38] where important results in high pressure superconductivity
have been reported.

While in the first paper on the superconductivity in La,Ni,O_ ; [3] the zero-resistance state has
not been observed, recently Zhang et al. [39] reported the achieving the zero-resistance state in several
La,Ni,O, ; single crystals subjected to the pressure within the range of P = 13.7-29.2 GPa. However,
another unique property of all superconductors, which is the diamagnetism, has been never observed
in the La N1, O_ . To explain this experimental fact, Zhou et al. [24] proposed exotic filamentary type
of superconductivity in highly compressed La,Ni,O, .

Here, I analysed the self-field critical current density, J_ (sf,7), in the La,Ni, O_ single crystals
by the universal equation [40, 41]:

b ln(K)+0.5>< AT) a A(T) b
Jc(sf,T)—47m0 " (7) . tanh (T + ; tanh "T) , (D)

where ¢, is the superconducting magnetic flux quantum, x, is the permeability of free space, A(T)
is the London penetration depth, x = A(0)/&(0) is the Ginzburg-Landau parameter, where &(0) is the
ground state coherence length, 2a is the sample cross-sectional width, and 25 is the sample thickness.

The analysis revealed that the La,Ni,O_, to exhibits:

1. d-wave superconductivity;

2. gap-to-transition temperature ratio, 24(0)/(k,T ) (at P=16.6 GPa) = 4.0 + 0.3;
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3. avery large ground state London penetration depth A(0, P = 16.6 GPa) = 6 um;

4. extremely high Ginzburg-Landau parameter x(0, P = 16.6 GPa) = 1500,

5. vanishingly small ground state lower critical field, B , (0, P = 16.6 GPa) = 34 uT.

These findings explain why the Meissner state has been never experimentally observed in
the La,Ni,O_ . The reason is that any external magnetic field, similar to it amplitude to the Earth’s
magnetic field, destroys the Meissner state in the La,Ni,0_; even at very low temperature. Even
considering that the mixed state in type-II superconductors exists up to the upper critical field (this
field is about B (0) ~ 20 T in the La,N1,0_,), to extract the diamagnetic response of this amplitude
from a bulk sample subjected to high pressure is remarkably complicated experimental task.

It looks more realistic to detect and measure another fundamental magnetic response of the
superconductors, which is the magnetic flux trap [42]. In these experiments, the applied magnetic
field, B, is equal to zero. The methodology for performing the flux trap experiments has been
described by Minkov et al. [43] recently, for the registering the trap flux effect in highly compressed
hydrides H,S [44] and LaH  [45, 46], while Bhattacharyya et al. [47] detect the effect in CeH, [47—
50] by utilizing a different approach. Current status of the studies of in this field has been reviewed
recently [51-53].

2. Self-field critical current density dataset in La,Ni O.

Voltage-current datasets, V(/), measured by Zhang et al. [39] at different temperatures and
pressures, were first recalculated to the £(J) datasets by assuming reported [39] sample cross-sectional
dimensions, 2a =70 um and 26 =5 pm, and assumed distance of / = 100 pm between voltage potential
tabs.

Analyzing obtained E(J) datasets, we concluded that standard electric field criterion of
E_ =1 pV/em [54-58] cannot be used to analyze E(J) datasets of La,Ni,O_ ;, because transport current
change step was relatively large of A7=0.1-0.2 mA, or A4J = (2.85-5.7)x10° A/m>.

By experimenting with different £ criteria, I found that the electric field criterion of
E_ =3 mV/cm represents a suitable balance between the accuracy of experimental data and the
requirement to use as low as possible £ criterion. Despite this criterion exceeds the conventional
criterion of £ = 1 puV/em by 3000 times, is by 33 times lower than the strictest criterion of
E_ =100 mV/cm used to define critical currents in Moirée 2D films [59].

The E(J) datasets were fitted to the equation:

J n
E(J)=E0+|J—|><Ecx£t]i] , (2)

c

where E is the offset originating in the amplifier, J_is the critical current density, and # is the power
law exponent. Fits are shown in Fig. 1.

3. Ground state coherence length in La,Ni,O.
Zhang et al. [39] reported B_(T) datasets defined at 7 = T, where T is the transition
temperature defined by the strict resistance criterion:

—70
R(T_TC )SIO%, (3)
Rnorm (T)

where R (T) is the resistance at temperatures higher than the temperature at R(7) starts to decrease.
B_(T) datasets has been by Zhang et al. [40] in their Extended Data Fig. 6 [39].

These datasets were fitted (Fig. 2) to the approximated equation of the Werthamer-Helfand-
Hohenberg (WHH) [60, 61] theory, which was proposed by Baumgartner et al. [62]:
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Fig. 1. E(J) datasets reported by Zhang et al. [39] for highly compressed La,Ni,O, ; and data fits to Eq. 2. Derived self-
field critical current density, J (s,7), and n-values are shown for each temperature.
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Fig. 2. B_(T) datasets reported by Zhang et al. [39] for highly compressed La,Ni,O, ;and data fits to Eq. 4. Derived ¢(0)
and T are shown for each panel. The 95% confidence bands are shown by the pink areas.
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Deduced ground state coherence length, ¢(0), for La,Ni,0. . compressed at P = 20.5 GPa and
P =26.6 GPa are shown in Fig. 2a and Fig. 2b respectively.
Recently, Prozorov and Kogan [63] proposed practical universal equation within the WHH

formalism:
- 2
6 I‘M
BcZ (T) = ) X .

= 275&_,2 (0) 1+042X(T]1.47
T

c

)

B _(T) data fits to Eq. 5 and deduced ground state coherence length, ¢(0), for La,Ni,O_;
compressed at P = 20.5 GPa and P = 26.6 GPa are shown in Fig. 3a and Fig. 3b respectively.
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Fig. 3. B (T) datasets reported by Zhang et al. [40] for highly compressed La,Ni,O, ; and data fits to Eq. 5. Derived ¢(0)
and T are shown for each panel. The 95% confidence bands are shown by the pink areas.

Based on the results of performed fits showed in Figs. 2, 3, the average rounded value of
¢(0) = 4 nm has been assumed as the ground state coherence length in La,Ni O, ;. This value was
substituted in Eq. 1, as a fixed parameter.

4. Fundamental superconducting parameters of the La,Ni,O_

Eq. 1 was used to fit J (s£,7) datasets measured in form of nanowires, thin films and bulk
superconductors [40, 41, 48, 59, 64-86] to extract the ground state London penetration depth, 4(0),
ground state energy gap, 4(0), and the relative jump in electronic specific heat at the transition
temperature, AC /(yT), where y is the Sommerfeld constant. Despite details of the approach can be
found elsewhere [40, 41] (and free-online software to extract the 4(0), 4(0), AC AyT), and T, from
experimental J (s, 7) datasets is available [41]) it would be useful to make a short clarification of the
method [40, 41].

In Eq. 1 temperature dependent London penetration depth for s-wave superconductors is
described by the following equation:

A(0)
AMT)= :
- 1 T de ©)
2kgT Ocoshz[ 82+A2(T)J
2-k,T
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where k, is the Boltzmann constant, and temperature dependent gap amplitude is given by Gross et
al. [87, 88]:

kT AC T
A(T)A(o)xtanh[ﬁx\/nxﬁ{?c_lﬂ, (7)

where 7 = 2/3 for s-wave superconductors [87, 88].
For d-wave superconductors, temperature dependent London penetration depth is given by

[87, 88]:

A(0)

7\,(T) = s
n » 8
- Ii T~I(2) cos?(0)- .[0 st - -do ®)
Tk coshz[ g2+ A (T,O)]
2k, T
where the superconducting energy gap, A(7,6), is given by [87, 88]:
A(T,0)=A, (T)xcos(26), 9

where 4 (T) is the maximum amplitude of the k-dependent d-wave gap given by Eq. 7, 0 is the angle
around the Fermi surface subtended at (7, ) in the Brillouin zone (details can be found elsewhere [87,
88]), and # = 7/5 in accordance with Refs. [87, 88].

Result of the fit of the obtained J (sf,T) dataset measured for the La,Ni,O, ; sample (subjected
to pressure P = 16.6 GPa) to Eq. 1 is shown in Fig. 4.
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1

Fig. 4. J (s, T, P =16.6 GPa) dataset and data fit to (a) s-wave and (b) d-wave gap symmetry. Deduced parameters are
shown in each panel. Fit quality is (a) 0.9641, and (b) 0.9119.

To reduce the number of free fitting parameters, I fixed 7 = 25 K for the fit. One can see that

deduced values favour the d-wave symmetry, for which the following characteristics were deduced:
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1. ground state London penetration depth A(0) = 6000 £+ 50 nm;

2. ground state energy gap 4 (0)=4.3 £ 0.3 meV;

3. gap-to-transition temperature ratio, 24 (0)/(k,T’)) = 4.0 +0.3;

4. the relative jump in electronic specific heat at the transition temperature, AC /(T ) =

=0.8+0.2;

5. ground state Ginzburg-Landau parameter x(0) = 1500.

Deduced parameters (Fig. 3) demonstrate that the La,Ni,O, ; (subjected to pressure P =
= 16.5 GPa) is an extremely high-k weak-coupled d-wave superconductor. In a literature [89], the
designation of high-k superconductor is using for superconductors, which exhibit the Ginzburg-Landau
parameter k> 50. For instance, MgB, (exhibited k= 25) is usually classified as type-II superconductor
[90], while all HTS cuprates with £ > 50 and iron-based superconductors are classified as high-k
superconductors.

5. Ground state lower critical field in La,Ni, O, 5

Deduced parameters give the answer to the main unanswered question to date: why the
Meissner state is not observed in the La,Ni O_ ;, while the zero resistance has observed in La,Ni,O, ..
The answer is that the ground state lower critical field is remarkably low. This value is calculated by

the equation:

b, ln( )+05 T 10
B, (0,P=16.6GPa)= m a0) =34 u (10)

Eq. 10 shows that even at very low temperatures, the amplitude of the lower critical field has
amplitude as the Earth’s magnetic field and, thus, it is remarkably difficult to detect this field in an
experiment.

6. Discussion

London penetration depth, A(7), is one of two primary fundamental lengths of any
superconductor, which is linked with the bulk density of the Cooper’s pairs, n (T), in the superconductor
[42, 77, 87, 90-94]:

27»2( )

where m is the mass of the charge carrier, and e is the electron charge.

It should be mentioned that the ambient pressure organic superconductors exhibit similar A(0)
and B _,(0) to the values determined for the La,Ni,O_ ; herein. And, thus, the large London penetration
depth, A(T), in the La,Ni,O, ; and in organic superconductors originates from the low bulk density of
the Cooper pairs in these materials.

For instance, deuterated (TMTSF),ClO, exhibit macroscopically large ground state London
penetration depth 4,(0) =40 um [95]. In this compound B, (0) =55 uT [95], which is not much different
from derived in this study the B, (0, P = 16.6 GPa) = 34 pT in the highly compressed La,Ni,O, .
Another ambient pressure organic superconductor, which can be mentioned, is the TaS (pyridine), ,,
which exhibits 4 (0) = 8-130 um [96, 97]. In this regard, well-studied the YBa,Cu,O. ; cuprate
superconductor exhibits 4 (0, =0.3) =4.53 pm and 4_ (0, 6 = 0.43) = 7.17 pm [98].

To the best of my knowledge, the lowest value for the lower critical field has been reported
for b-(BEDT-TTF),L,. This compound exhibits [99] anisotropic fields of B, m(0)=52+05pT and

B, .(0)=87+14 pT which all well below the derived value B, (0, P = 16.6 GPa) = 34 uT for
La, N1 O, ;. More examples of superconductors with large London penetratlon depth can be found in

n(T)= (11)
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Refs. [91, 99, 100].

Deduced parameters for the La,Ni,0. ; explain why it has been extremely difficult to observe
the Meissner state experimentally observed.

There is a need to discuss the influence of possible multi-band superconductivity [101, 102]
in La,Ni,0, , on the lower critical field, B, and the London penetration depth, 4. As a rule, multiband
superconductors are described by the so-called y-model, where total superfluid density [103, 104],
the specific heat capacity [105], critical current density [41, 65, 106], the lower critical field [107],
and the upper critical field [59, 108—111] are defined as the linear sum of a contribution from each
band in proportion to the partial Sommerfeld constants, y.. In the case of two-band superconductor,

the equation for critical current density is [41, 59, 66, 106]:

Jc (Sf’T)total - Jc (sf’T)bandl + ‘]c (Sf’T)band2 (12)
and the equation for the lower critical field is [103, 107]:

BCl (T)total = BCl (T)bandl + BCl (T)bandZ (13)

It should be emphasized that experimentally measured values are the total ones, i.e. the
Jc(sﬁ T)total’ B cl(T)total’ B cZ(T)total’ etc.

Thus, J (sf, T= 1.5 K),,, value (Fig. 4) and two other values, B (T = 1.5 K),_ . (Eq. 10) and
MT=15K),,, (Fig. 4) (which were deduced from the J (sf, 7= 1.5 K), ) represent values which
cannot be altered by the issue that the La,Ni,0, ; can be a multiple band superconductor.

Even if the La,Ni,O_; is a multi-band superconductor, the detection of this feature would be
possible in very clean crystals exhibited a very large free-mean path, lmfp , of charge carriers [112]
[ . >>¢(0) =4 nm. This condition is unlikely to be realized in presently available La,Ni,O. ; crystals,

gg’éed on a fact that the La,Ni,O, ; exhibits a very large crystalline strain [113], ¢ > 0.01, which
originates from external pressure and defects.

It should be noted, that recently Seshita et al. [114] reported A(0) = 3.2 um in high-entropy-
type (HE-type) superconductor AgInSnPbBiTe,. Thus, large 4(0) values (similar to the derived
A(0) = 6 um in La,Ni,0O, ; herein) are not unusual, and these values originate from low Copper pair
density in these superconductors.

7. Conclusions

In this paper, I determined that presently available single crystals of the La,Ni,O, ; exhibit
very large London penetration depth, A(0) = 6 um and, as a direct consequence of this, small ground
state lower critical field B_(0) = 34 uT.

The best option for observing of the unique magnetic response of the La,Ni, O, ; superconductor
is to perform the flux trap effect [42] measurements. This technique was recently successfully
implemented by Minkov et al. [43] in studies of highly compressed hydrides.
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Pasrajgka Taiitnbl MeliccHepoBckoro coctostiust B La,Ni,O_

E. ®. Tananuen!”

1 UnctutyT dpusukn meramioB nmenn M.H. Muxeesa, Ypanbsckoe otnenenue, Poccuiickast akagemus Hayk,
Poccus, 620108, r. Exarepun0ypr;, yn. Codsu KoBanesckoi, 18
* e-mail: evgeny.talantsev@imp.uran.ru

Henasno Obu1o 0O0HApYXKEHO COCTOSHUE HYJIECBOTO CONPOTHBIEHUS B CHIbHO ckarom LaNi,O, .. OnHako Bce MOMBIT-
KM MHOTHX HCCJIEIOBATENLCKMX IPYIN 0OHapy)HuTh coctosnue Meticcuepa B La,Ni,O, o morepneny neynady. UtoOwl
OOBSICHUTH dKCHEPUMEHTaJIbHBIC (DAKTHI, HECKOJIILKO HK30THUECKHX BUJ/IOB CBEPXIPOBOIMMOCTH OBLIO MPEIIOKEHO IS
La,Ni,O, ,, ¥ B YaCTHOCTH COCTOSHHE, HA3BAHHOE HUTEBUIHON CBEPXNPOBOAMMOCTBIO. B mannoit pabore s 06pabo-
TaJl BOJIbT-aMIIEPHBIC KPHUBBIC U ONPEACIHI TEMIIEPATYPHYIO 3aBUCHUMOCTh KPUTHYECKOTO TOKa B COOCTBEHHOM IIOJIE,
I (sf,T). AHanus nony4eHHOH SKCepUMEHTaIbHON 3aBucuMocTH / (sf,T) mokasai, 4To chiibHO cxkatbiid La,Ni,O, ; nme-
€T CBEpXMPOBOJUMOCTh C CHMMETPHEH SHEPreTHYeCKON IIEeNU M0 THUITy d-wave, C OTHOIICHHEM IIeIH K TeMIepary-
pe nepexona 24(0)/(k,T) = 4.0 + 0.3, ouenb GonbIIOH NTyOMHOH IPOHMKHOBEHHUs JIOHIOHA B OCHOBHOM COCTOSHHH,
MO, P=16.6 T'Tla) = 6.0 MmxMm, a Taxke o4eHb BbICOKMM TapameTpom ['un30ypra-Jlannay A(0, P =16.6 I'Tla) = 1500. Otu
BEJTMYMHBI MTOKA3BIBAIOT, YTO HIKHEE KPUTHUECKOE T105I€ OCHOBHOTO coctostaust B (0, P = 16.6 I'Tla) = 34 mxTn, n npak-
THYECKU O3HAYAET, uTo B (0) MMEET TOT JKe MOPSIOK, YTO M MArHUTHOE noje 3emuu. Mcxons u3 9Toro, oOHapyKeHue
cocrosinus Meiiccnepa B La,Ni,O,  npencrasiseT co0oi 04€Hb CIOXKHYIO 3a/1a4y. S| MOTY BBIIBUHYTH TMIIOTE3Y, YTO (-
(bexT 3axBara MarHUTHOTO TIOTOKA, HEIABHO MCIIOJIb30BAHHBIN JUIsl yCTpaHeH s OHOBOTO CHI'HAJA SIUSHKH C alIMa3HbIMU
HakoBastbHAMH (DAC) B 3KCIIepuMeHTaxX MO MarHUTHBIM CBOKMCTBAM CBEPXMPOBOSIINX THAPUIOB, MOXKET OBITh TaKKe
NPUMEHEH B UCCIIENOBAHUX cBepXnpoBoannka La,Ni,O. .

KittoueBsie ciioBa: CBepXIIpOBOAMMOCTH B MaTepHaiax MpH SKCTEPMAIBHBIX YCIOBHAX; CBEPXIPOBOANMOCTD B OKCHIAX
HUKEJIST; JTOHTOHOBCKAs IIyOMHA IPOHUKHOBEHNS; HIDKHEE KPUTHYECKOE TI0JIE.
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