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ABSTRACT

Recent reports on the signatures of high-temperature superconductivity with a critical temperature (T.)

close to 80 K have triggered great research interest and extensive follow-up studies. Although zero resistance

has been successfully achieved under improved hydrostatic pressure conditions, the Meissner effect of

La3Ni; O7_s under high pressure remains controversial. Here, using shallow nitrogen-vacancy centers

implanted on the culet of diamond anvils as in situ quantum sensors, we observe compelling evidence for the

Meissner effect in polycrystalline bilayer nickelate samples: magnetic field expulsion during both

field-cooling and field-warming processes. In particular, we explore the multi-parameter measurement

capacity of the diamond quantum sensors to extract the weak demagnetization signal of La;Ni, O7_s. The

correlated measurements of Raman spectra and magnetic imaging indicate an incomplete structural

transformation related to the displacement of oxygen ions emerging in the non-superconducting region.
Our work clarifies the controversy about the Meissner effect of LazNi, O7_s and contributes to the
development of quantum sensing of weak signals under high-pressure conditions.

Keywords: quantum metrology, nickelates, high-temperature superconductivity, Meissner effect, high

pressure

INTRODUCTION

Since superconductivity has been observed in
Nd;_,Sr,NiO, thin films, the study of nickelate
superconductors has attracted substantial atten-
tion in the condensed matter physics community
[1-5]. Notably, pressure plays a significant role
in regulating the superconductivity of nickelates.
It has been shown that the critical temperature
(T.) of Prog;Sro1sNiO; thin films can be signifi-
cantly increased to ~31 K by applying hydrostatic
pressure up to 12 GPa [6]. Recent studies have
observed signatures of high-temperature supercon-
ductivity (HTSC) in pressurized single crystals
of LazNi,O-_5, with an onset T, of about 78 K,

exceeding the McMillan limit and indicating a
potential new class of HTSC at liquid nitrogen
temperatures [7]. This significant discovery rapidly
garnered widespread attention within the super-
conductivity research community [8-12]. With
improved hydrostaticity, zero resistance has been
researched [13-15], and angle-resolved photoemis-
sion spectroscopy (ARPES) [16,17] and optical
conductivity [10] have been used to characterize its
electronic properties. Meanwhile, resonant inelastic
X-ray scattering (RIXS) [18], muon-spin relaxation
(uSR) [19,20] and nuclear magnetic resonance
(NMR) [21] have been used to reveal the pressure-
driven transition of spin-density waves (SDWs) and
charge-density waves (CDWs) in nickelates.
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Figure 1. Correlated characterization of LazNi,07_s in DACs. (a) The LasNi,0;_s and La,PrNi,0; samples are wrapped in the
pressure transmitting medium (PTM; silicone oil or KBr) inside the DAC sample chamber. Correlated measurements of NV-
based quantum sensing and Raman spectra are performed to reveal the pressure gradient, magnetic distribution and vibration
mode of the samples. This provides a direct method to study the Meissner effect of superconductors under pressure. For in
situmagnetic field and pressure measurement, diamond anvils ([111]-crystal cut) with a layer of shallow NV centers are used,
and a gold antenna is placed between the anvil culet and the PTM to transmit the microwave signal. (b) Bright-field image
of the diamond culet after loading sample A with 20 GPa. The sample is outlined by a white dashed line.

In contrast to the extensive and unambiguous
evidence of its electronic properties, the final cri-
terion of superconductivity, the Meissner effect,
remains controversial for La3Ni,O7_s under pres-
sure [7,22]. Using modulated ac susceptibility
measurements, Zhou et al. found that the relative
superconducting volume fraction in LazNi,O7 is
only 0.68%, suggesting that the superconductivity
in this nickelate is filamentary-like [23]. Using
superconducting quantum interference device
(SQUID) magnetometry, Li et al. reported that
the maximum superconducting volume fraction of
LazNi;O; at 22.0 GPa reaches 62.7%, suggesting
the bulk nature of superconductivity [24]. Such a
large difference in superconducting volume fraction
may result from a mixture of La;Ni,O; and other
phases such as LayNi; O and La; NiOy. Indeed, us-
ing multi-slice electron ptychography and electron
energy-loss spectroscopy, Li et al. found consid-
erable inhomogeneity of oxygen content within
the sample [25]. By replacing one-third of the La
with Pr, Wang et al. demonstrated that the trilayer
phase can be significantly suppressed, resulting in
a superconducting volume fraction up to 97% in
La,PrNi, O7 [26]. Accordingly, it is important to re-
examine the Meissner effect of the bilayer nickelate
La;Ni, O

In this work, we adapt the newly developed
quantum sensing techniques with nitrogen-vacancy
(NV) centers integrated into the diamond anvil
cells (DACs) [27-32], assisted by correlated Raman
spectra, to image the Meissner effect of bilayer
nickelate under high pressure. With the spatially
resolved magnetic field imaging around the nicke-
late samples, clear magnetic field expulsion effects
are observed on a scale of tens of micrometers,
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indicating the bulk nature of superconductivity.
In particular, to extract the weak demagnetization
signal from the pressure-sensitive La;Ni,O; sam-
ple, we explore the multi-parameter measurement
capacity of the NV center and demonstrate the
simultaneous imaging of pressure and magnetic field
under high pressures. The correlated measurements
of Raman spectra and NV-based magnetic imaging
indicate an incomplete structural transformation
related to the displacement of oxygen ions emerging
in the non-superconducting region. Our results
provide crucial evidence for the Meissner effect in
pressurized bilayer nickelate superconductors and
contribute both to the mechanistic understanding
of their HTSC and to the development of NV-based
quantum sensing under high-pressure conditions.

RESULTS

As shown in Fig. la, the high-pressure sample
chamber consists of two diamond anvils and a
gasket. Through the transparent diamond window,
optically detected magnetic resonance (ODMR)
and Raman spectra can be measured under high
pressure, in a correlated manner. To investigate the
magnetic field and stress distribution around the
superconducting samples, shallow NV centers are
created on one of the diamond culets by nitrogen
ion implantation (20 keV, 2 x 10" cm™2) and sub-
sequent high temperature annealing (800°C, 2 h).
The spin resonance frequencies of an NV center
are sensitive to the local magnetic field (and also to
pressure, temperature and so on) and can be read
out optically, providing a convenient and efficient
method to study magnetic properties inside DACs.

GZ0Z 1200190 (] UO Jasn $80uslog Jo Awepeoy asauly) ‘Auejog Jo ainsu| Aq £51.9818/8921eMU/Q |/Z | /a1o1Je/isu/woo dnoolwepese//:sdiy woll pepeojumod



Natl Sci Rev, 2025, Vol. 12, nwaf268

(a) Intensity (kcps) (c) A2 (e)
4660 o
180 .
Splitting (MHz) I
i I 3. Field cooling
= 690.0 12W0FF===T === =E
I 2. Field|warming
A0 o |
2460 S sk
u 31 h I |
= 673.2 N Zero-field:cooling
I7=60 K
10 um .60 | ! L !
260.0 =" 655.0 0 50 100
T(K)
(d) (f)
1.00 1/ 10
0.99 [ A2 Al 680 |-
: o 678.0 MHz A2
L 1 1 i I///l 1 i L 5 < FEC ”
2680 2720 3360 . %* S
1.000 —= — ~ =3 +—a— AO (FC)
| o = y € 0 o = AO (ZFC-FW)
L e g . .
0.995 672.9 MHz | g £ 660 [-FC —— A1 (FC)
0.990 ! s | .
2680 2720 ' 3360 3400 L Z NSEA
1/ -5 650 [ —— A2 (FC)
1.000F | A2 (ZFC-FW)
9951 A1
322(5)_ .. | 6?4"}I.MHZI . -10 | I | | [0} S R NS NS S W ——
e 2720 " a300 3200 0 50 100 150 200 0 30 60 9 120
H, (G) T(K)

Frequency (MHz)

Figure 2. Local diamagnetism in La,PrNi,0; at 20 GPa. (a) Fluorescence image of sample A (La,PrNi; 05 in silicon oil). The
edge of the sample is outlined with a gray dashed line. The unit of the fluorescence intensity is kilo counts per second
(kcps). (b, c) Typical ODMR spectra of the NV centers (b) and magnetic field mapping (c) under an external magnetic field of
H; ~ 120 G after ZFC of the sample to 7 K. Three points (A0, A1, A2) are selected based on their position with respect to the
La,PrNi;0; sample. Point A1 is directly on the sample, A2 is at the edge of the sample and AQ is far away from the sample
(serves as a reference point). The blue area in (c) shows the local diamagnetism (these points have smaller ODMR splitting
than that of the reference point). (d) Local magnetic field at the NV positions as a function of the applied external magnetic
field (after ZFC). For the NV centers at point A1, their local magnetic field is about 5% smaller than the applied external
magnetic field. In sharp contrast, the NV centers at point A2 feel an enhanced local magnetic field. (e) Measurement protocol
of ZFC-FW and FC. (f) ODMR splitting of three selected points under 120 G ZFC-FW and FC measurements. The combination
of the ZFC-FW and FC curves provide clear evidence of the Meissner effect.

Details of the ODMR technique can be found in the
Methods and previous work [29,33].

The Meissner effect of La,PrNi,O,
La3Ni,O;_5 polycrystalline samples was studied

and

using diamond quantum sensors, in conjunction
with in situ Raman measurements. For sample A,
La, PrNi, O in liquid pressure-transmitting medium
(silicon oil), ODMR spectra were measured under
different pressures and external magnetic fields.
We also performed experiments with La, PrNi, O
(sample B) in a solid pressure-transmitting medium
(KBr) to investigate the influence of hydrostatic
pressure conditions on superconductivity. Cor-
related Raman and ODMR measurements were
performed on sample B to determine the struc-
tural distinctions on both the superconducting and
non-superconducting regions. Finally, sample C,
La3Ni, O_s in silicon oil, was measured. Since the
diamagnetism signal of this La;Ni,O;_s sample
is weak and buried in the pressure gradient back-
ground, we performed additional zero-field ODMR
measurements to extract and decouple the contri-
bution of local stress, and successfully obtained the
diamagnetism image of the La3Ni, O;_s sample.
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Local diamagnetism in La,PrNi, 0,

We start with the sample of La, PrNi, O in silicon
oil (sample A) at 20 GPa. As shown in Figs 1b
and 2a, the sample edge and its relative position on
the diamond culets were determined by comparing
the bright-field image and the confocal NV fluores-
cence image; see Fig. S1 for more details. Figure 2b
shows typical ODMR spectra of NV centers near
the sample. These spectra were measured under
an external magnetic field of around 120 G after
zero-field cooling the sample to 6 K. The strength of
the external magnetic field was calibrated using the
ODMR splitting of the NV centers away from the
sample (point A0 in Fig. 2a). For NV centers directly
above the sample, e.g. at point Al, the ODMR split-
ting (644.1 MHz) is noticeably smaller than that of
the reference point (672.9 MHz), indicating local
diamagnetism of the La,PrNi,O; sample. At the
same time, a relatively larger splitting (678.0 MHz)
was observed at point A2, which was due to the
magnetic flux concentration at the sample edge.
By measuring more points around the sample, a
superconducting region can be identified, as shown
by the blue color in Fig. 2¢. For the measured region
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Figure 3. Correlated magnetic and Raman measurements of La,PrNi,0; under pres-
sure. (a) Fluorescence image of sample B (La,PrNi,0; in KBr). The edge of the sam-
ple is outlined with a black dashed line. (b) Magnetic field mapping under an external
magnetic field of H; = 34 G after ZFC of the sample to 7 K. The blue region exhibits a
noticeable diamagnetism. /n situRaman measurements are performed on the supercon-
ducting regions (B1, B2) and the non-superconducting regions (B3, B5) under different
pressures. (c) Magnetic field mapping of one of the superconducting regions [position
of purple square marked in (b)] during the FW process; the external magnetic field is
around 120 G. Above the critical temperature 7;, the local diamagnetism disappears
and all NV centers feel the uniform external magnetic field. The region on the gray
square shows a feeble contrast to fit the ODMR splitting. (d) The Raman spectra of B1
and B3 at 20 GPa. As shown in the figure, a small satellite peak is observed in the non-
superconducting region (B3) at 20 GPa, while it is suppressed in the superconducting
region (B1). This peak is also presented at atmospheric pressure before compression
(shown in Fig. S6a).

of 110 um X 74.5 pm, about two-fifths of the points
show diamagnetism, indicating a relatively large
amount of superconducting shielding volume in the
La,PrNi, O; sample. In addition, Fig. 2d presents
diamagnetism (at point A1) and flux concentration
effects (at point A2) under different external mag-
netic fields, which show an almost linear dependence
in all measured magnetic fields.

To further verify the Meissner effect of the
La,PrNi; O; sample, more ODMR spectra were
acquired during zero-field-cooling field-warming
(ZFC-FW) and field-cooling (FC) processes, with
an external magnetic field of 120 G. The detailed
experimental protocol is shown in Fig. 2e. As dis-
played in Fig. 2f, both the diamagnetism (at point
A1) and the flux concentration (at point A2) show
a clear temperature dependence. In comparison,
the reference point (A0) remains almost constant
splitting throughout the ZFC-FW and FC processes.
From these results, a superconducting transition
temperature of T ~ 60 K is obtained and the expul-
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sion of magnetic flux throughout the FC process, an
intrinsic property of the Meissner effect, is observed.
Meanwhile, compared to the ZFC-FW process, a
weaker diamagnetism effect was observed at point
Al during the FC process, which can be attributed
to the flux trapping effect [31].

To rule out the possibility that the diamagnetism
originates from other magnetic impurities, both the
ZFC-FW and FC measurements were performed
under an external magnetic field of opposite direc-
tion and a strength of about —210 G (see Fig. 2e
for the experimental protocol). The diamagnetism
effect and its temperature dependence are similar
to those observed at 120 G (shown in Fig. S2),
indicating that the local diamagnetism sensed by
the NV centers is not due to the compensating
effect of local magnetic impurities in or near the
samples. In addition, we varied the pressure from 11
to 30 GPa and performed ZFC-FW measurements.
The reduced diamagnetic strength at pressures
above 20 GPa indicates that superconductivity is
gradually suppressed by the pressure (shown in
Fig. $3). The T, values determined from the ODMR
measurements are included in the phase diagram
in Fig. S3d. After the pressure decreased to 11 GPa,
the effect of diamagnetism disappeared, which is
consistent with the electrical resistance results in the
previous study [26].

Simultaneous magnetic and Raman
measurements

To investigate the effects of pressure-transmitting
media, another La,PrNi,O; sample (sample B)
was loaded in KBr (a solid pressure-transmitting
medium) and compressed to 30 GPa. We then
characterized the sample with both ODMR and
Raman measurements. As shown in Fig. 3a, the
confocal image clearly shows the shape and relative
position of the sample, the microwave wire, and
the edge of the sample chamber. Figure 3b shows
a magnetic field image under an external magnetic
field of about 34 G after zero-field cooling of the
sample to 7 K. The test area of this sample is lim-
ited to the area next to the microwave antenna to
maintain a good ODMR contrast at low microwave
power. Local diamagnetism (reduction of ODMR
splitting) was observed in two regions of the sample.
The local diamagnetism of one region was tracked
during the field-warming (FW) process (under an
external magnetic field of around 120 G), as shown
in Fig. 3c. As the temperature increases to T, the
diamagnetic effect gradually fades out. When the
temperature is above T, the entire region exhibits
a uniform magnetic field in line with the strength
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at reference point BO. More results of the ZFC-FW
measurement in sample B can be found in Fig. S4.
Compared to sample A, the diamagnetism effect in
sample B is smaller. This is plausible because a liquid
pressure-transmitting medium (silicon oil) was used
in sample A, therefore a better hydrostatic condition
was obtained. As a result, a larger superconducting
volume and more pronounced diamagnetism were
observed in sample A. These results are consistent
with the previous studies on the electrical resistance
[7,13,14,34].

Thanks to the high spatial resolution of the
NV-based magnetometer, the distribution of the
superconducting regions is visually obtained, which
enables us to perform targeted spectroscopic mea-
surements. We then used the in situ Raman spectrum
to study the structure of pressurized La,PrNi, O7 in
both the superconducting and non-superconducting
regions, which are marked in Fig. 3b. As shown in
Fig. 3d and Fig. SSb, a slight difference is observed
in the Raman spectra, where a satellite peak around
680 cm™! is suppressed in the superconducting
region at 20 GPa. The satellite peak is more pro-
nounced in the non-superconducting region and in
the sample before compression (see Fig. S6a).

Our density-functional perturbation theory
(DFPT) calculations show that structural trans-
formations in La3Ni, O; manifest as degeneracy of
Raman peaks. When La;Ni, O7 is compressed from
0 GPato about 9 GPa, the difference between the B,,
and By,> modes gradually becomes negligible, and
a single mode (E,) appears under high pressures,
as shown in Fig. S6b. The same phenomenon is
observed for Pr;Ni, O (Fig. S6¢), implying that the
above discussion may reflect the common feature of
this class of materials. Indeed, a similar phenomenon
has been observed for the bilayer Ruddlesden—
Popper (R-P) perovskite LiCaTa, O, which has a
similar structure to La,PrNi, O; [35]. A comparison
with the Raman spectra of related compounds [36]
shows that the satellite peak in La,PrNi,O; can
be assigned to an oxygen Bi; mode. Therefore, the
satellite peak in the non-superconducting region
may be attributed to the incomplete structural
transformation caused by the displacements of the
oxygen ions, which is challenging to be observed
in X-ray and neutron diffraction [37]. These results
are well consistent with the change of the bond
angle of the Ni-O-Ni in La;Ni, O7. In the case of
La;Ni, O, the emergence of HTSC is seen along
with the structural transformations from Amam
to Fmmm with the change of the bond angle of
the Ni-O-Ni from 168.0° to 180° along the c-axis
[34]. As a consequence, the electronic interactions
within the bilayer of NiO, are increased, corre-
sponding to the metallization of the inter-layer
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o -bonding bands. This phenomenon is observed in
the conventional high-T. superconductors, such as
MgBZ and Li3B4C2 [7]

Local diamagnetism imaging in
La3Ni207_5

To investigate the Meissner effect of La3Ni, O7_5, a
polycrystalline sample was loaded with silicon oil as
the pressure-transmitting medium (sample C). Fig-
ure 4a shows the confocal image of NV fluorescence
when the sample is compressed to 20 GPa. Follow-
ing the experimental protocols shown in Fig. 2e, the
ZFC-FW and FC measurements were performed
under an external magnetic field of around 120 G. As
shown in Fig. 4b, local diamagnetism was observed
during both the FW and FC processes. However,
the diamagnetism signal (change of ODMR split-
ting below and above T.) in sample C is only
one-fifth of sample A, indicating a relatively small
superconducting volume in this sample.

Notably, there are obvious differences of ODMR
splitting among different NV centers, even when
the temperature is above T This phenomenon can
be explained by the inhomogeneous distribution
of stress on the diamond culet. In particular, the
compressive stress can shift the center frequency
of the ODMR spectra, while the differential stress
regulates the ODMR splitting. It is worth noting that
this phenomenon also occurs in the former two sam-
ples, but the contribution of stress is much weaker
compared to the contribution of the supercon-
ducting diamagnetism effect in these two samples.
Fortunately, diamond NV centers can also serve as in
situ stress sensors. To decouple the contribution of
stress, we perform ODMR measurements at 150 K
(above T.) in zero field (see Supplementary data for
details). As shown in Fig. 4c and d, the maximum
pressure variance among the sample is about 3 GPa.
With this in hand, we can eliminate the influence
of non-uniform stress distribution and obtain a
strain-free magnetism distribution, as shown in
Fig. 4e. In short, the Meissner effect of La3Ni, O7_s
was imaged with NV centers under high pressure.

Finally, the diamagnetism signals of three sam-
ples during ZFC-FW are normalized and compared
with each other. As shown in Fig. 4{, it can be clearly
seen that pressurized La,PrNi;O; in silicon oil
exhibits the strongest diamagnetism effect, while
La,PrNi; O7 in KBr has a relatively weaker signal,
indicating that the hydrostatic conditions play an im-
portant role in achieving a high superconducting vol-
ume fraction. Overall, La3Ni, O_s in silicon oil has
the weakest signal, which is consistent with its inho-
mogeneous nature (mixture of La;Ni, O; and other
phases such as LayNi; O and La,NiO,) [24,25].
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Figure 4. Magnetic and stress measurement of the LasNi; 0,5 sample at 20 GPa. (a) Fluorescence image of sample C
(LagNi;07_s in silicon oil). The edge of the sample is outlined by the black dashed line. (b) ODMR splitting of the NV centers
during the ZFC-FW and FC processes, with an external magnetic field of around 120 G. The NV positions are marked in (a).
Both the diamagnetism of the LazNi,0;_s sample and the local stress contribute to the ODMR splitting. (c, d) Stress distri-
bution revealed by the zero-field ODMR spectra at 150 K (> T;). The center frequency of the ODMR spectra (c) reveals the
compressive stress, while the splitting of the ODMR spectra (d) is proportional to the differential stress. () Magnetic image
under an external magnetic field of around 120 G after ZFC. Note that the contribution of the stress distribution has been
subtracted by the results shown in (c and d). The region on the gray square is an odd point and is therefore not included in
the discussion. (f) Comparison of the diamagnetism effect of the three samples during ZFW-FW measurement. The external
magnetic field is around 120 G. For each point, the ODMR splitting at high temperatures (> T;) is used as the reference to
calculate AB;.

DISCUSSION

It is noteworthy that the superconducting diamag-

existence of HTSC in La3Ni, O-_s and La, PrNi, O~.
Through the correlated measurement between
ODMR and Raman spectroscopy, we identify the
structural difference between superconducting and
non-superconducting regions in the La,PrNi,O;

netism observed in our work exhibits a weaker
magnitude compared to other superconducting
systems (e.g. cuprate and hydride superconductors).
We attribute this weaker diamagnetic response
primarily to the limited superconducting volume

sample. These measurements indicate that the
inhomogeneous superconductivity may be due to
the incomplete structural transformations related
to the displacement of oxygen ions on the non-
superconducting regions and the complete trans-

fraction in the measured nickelate samples. The
same situation has occurred in previous electrical
and magnetic measurements of nickelate, which have
consistently reported relatively weak superconduct-
ing signals with pronounced sample inhomogeneity
[7,11,13,14,26]. Although there is no perfect dia-
magnetic signal, the characteristic field-dependent

formations on the superconducting regions, which
helps us to understand the underlying mechanism
in nickelate high-temperature superconductors.

Our research demonstrates that the diamond NV

. . . i tul inh
magnetic response and the expulsion of magnetic center is a powerful probe to study inhomogeneous

flux during FC measurements clearly confirm the
presence of the Meissner effect in pressurized bilayer

samples under high pressure, due to their high sen-
sitivity, high spatial resolution and multi-parameter
nickelate. sensing capacity. When measuring samples with
weak magnetic signals under high pressure, the
influence of the stress gradient is a critical issue
that should be given suflicient attention. With

spatially resolved ODMR measurement, various

In conclusion, the Meissner effect is imaged
in pressurized bilayer nickelate superconductors
LazNi;O7_5 and La,PrNi,O; using NV center
quantum sensors. By combining ZFC-FW mea-

surements with FC measurements in different
external magnetic fields, our results confirm the
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in situ high-pressure experiments, such as Raman
and absorption spectroscopy, can be performed
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efficiently. Our work not only demonstrates the
feasibility of using NV center sensors to measure
weak magnetic signals under high pressure but also
provides a detailed experimental methodology.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.
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