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By directly altering microscopic interactions, pressure provides a powerful tuning

knob for the exploration of condensed phases and geophysical phenomena'. The
megabar regime represents an interesting frontier, in which recent discoveries
include high-temperature superconductors, as well as structural and valence phase
transitions®®. However, at such high pressures, many conventional measurement
techniques fail. Here we demonstrate the ability to performlocal magnetometry
inside a diamond anvil cell with sub-micron spatial resolution at megabar pressures.
Our approach uses a shallow layer of nitrogen-vacancy colour centres implanted
directly within the anvil”®; crucially, we choose a crystal cut compatible with the
intrinsic symmetries of the nitrogen-vacancy centre to enable functionality at
megabar pressures. We apply our technique to characterize arecently discovered
hydride superconductor, CeH, (ref. 10). By performing simultaneous magnetometry
and electrical transport measurements, we observe the dual signatures of
superconductivity: diamagnetism characteristic of the Meissner effect and asharp
drop of the resistance to near zero. By locally mapping both the diamagnetic response
and flux trapping, we directly image the geometry of superconducting regions,
showing marked inhomogeneities at the micron scale. Our work brings quantum
sensing to the megabar frontier and enables the closed-loop optimization of
superhydride materials synthesis.

The recent proliferation of work on superhydride materials—
hydrogen-rich compounds containing rare-earth or actinide
elements—is part of a long-standing search for superconductivity
at room temperature'®2*, The intuition underlying this approach
dates back nearly half a century?: the minimal mass of hydrogen
and covalent bonding lead to the presence of both high-frequency
phonons and strong electron-phonon interactions. The combina-
tion of these features is predicted to favour the formation of Cooper
pairs, and thus superconductivity, at relatively high temperatures®.
This strategy has been fruitful, leading to the discovery and charac-
terization of nearly a dozen superconducting hydrides in the past
decade??. The synthesis of these materials relies on the application of
megabar (100 GPa) pressures using diamond anvil cells (DACs). This
requirement naturally constrains the size and homogeneity of the sam-
ples, markedly complicating attempts at in situ characterization. For
example, itis extremely challenging for conventional probes toimage
the geometry of superconducting grains or to measure local properties.

This challenge is particularly acute for studying the magnetic signa-
tures of superconductivity?*, Typical probes of magnetism average
over theentire DAC geometry thereby discardinginformationencoded
inlocal spatial features. The ability to perform spatially resolved mag-
netometry near the hydride sample would overcome these challenges
and enable both enhanced field sensitivities and local measurements
ofthe Meissner effect and flux trapping. Doing so together with resist-
ance measurements would allow us to simultaneously probe the key
electrical and magnetic signatures of superconductivity.

In this work, we develop a platform for metrology at megabar pres-
sures based on the nitrogen-vacancy (NV) colour centrein diamond” %,
By instrumenting diamond anvils with shallow ensembles of NV centres,
wedirectlyimageboththelocal diamagneticresponse and flux trapping
withsub-micronresolutioninacerium superhydride (CeH,). Our main
results are three-fold. First, by using NVsembeddedin a[111]-crystal cut
anvil (Fig. 1), we demonstrate the ability to perform both d.c. and a.c.
magnetometry at pressures up to around 140 GPa.Second, leveraging
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Fig.1|NVsensing atmegabar pressures. a, Schematic of the sample loading
showing CeH, compressed between two opposing anvils. The top anvil contains
ashallowlayer of NV centres (about 1 ppm density) approximately 50 nm below
the culetsurface. For ODMR measurements, a platinum wire is placed on the top
culettodeliver microwaves. b, The quantization axis (£) of the NV centre defines
itslocalframe. The crystal cut of the diamond anvil determines the projection
of culetstressesinthe NV frame. Fora[100]-cutanvil (top), the dominant culet
stresses (0,,and 0,) break the C,,-symmetry of all four NV subgroups. Fora
[111]-cutanvil (bottom), these stresses preserve the C,,-symmetry of the
specific NV subgroup whose quantization axis is coincident with the loading
axis (shown). For this particular NV subgroup, we observe excellent ODMR
contrastuptoapressure of about 140 GPa. c, Schematic of the spin sublevels of

this ability, we show that CeH, locally suppresses an external magnetic
field after zero-field cooling. On field cooling, we observe the partial
expulsion of magnetic fields below the superconducting transition
temperature, T, as determined by simultaneous electrical resistance
measurements. By spatially mapping these observations, we are able
to directly measure the size and geometry of the superconducting
regions. Finally, by cycling both magnetic fields and temperature, we
investigate the presence of hysteresis in the magnetization. We observe
signatures of flux trapping, the strength of which depends on the tem-
perature and cooling history.

Our experiments are performed on two independent samples (S1
and S2) of cerium superhydride prepared by laser heating inside min-
iature panoramic diamond anvil cells*® (Fig. 2a-d) (Methods).
Four-pointelectrical transport measurements (Fig. 2e-f) onboth sam-
ples exhibit asharp dropinresistance at 7. = 90 K, suggesting the for-
mation of CeH, (ref. 10). For each DAC, the top anvilisa type Ib [111]-cut
anvil, whichisimplanted with alayer of NV centres about 50 nm below
the culet surface at a density of approximately 1 ppm (refs. 7,8). Each
NV centre hosts aspin-1electronic ground state governed by the Ham-
iltonian, Hy= Dgssg. Here, S are the spin-1operators of the NV with the
N-Vaxis defining the quantization axis (2) and D, = (21) % 2.87 GHz is
the zero-field splitting between the |mg=0) spin sub-level and the
degenerate |m ==1) sub-levels®. Local perturbations such as tem-
perature, stress, electric field and magnetic field couple to the NV
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the NVinthe presence of stress and magnetic field. Symmetry-preserving
stresses, quantified by /7,, directly add to the zero-field splitting, D,,, whereas
symmetry-breaking stressesinduce asplitting, 2/7,. An axial magnetic field B,
induces aZeemansplitting thatadds in quadrature to the stress splitting.d, A
continuous-wave ODMR measurement ona[111]-cut anvil (sample S1) showing
about 6% contrastataround 118 GPaand asplitting, 2/7, = (2m) x 78 MHz (blue
datapoints). Forcomparison, the ODMR contrastina[100]-cut anvil atabout
90 GPais approximately 0.01% (purple data points). e, Aspinecho (that s,
pulsed) measurement onsample S2 at137 GPayieldsan NV coherencetime,
T5°=2.04(4) us. We demonstrate Rabi frequencies of up to about

(21m) x 25 MHz (inset).

centreand change the energy of its spin states® ¥, These changes can
be read out using optically detected magnetic resonance (ODMR)
spectroscopy in which we measure a change in the fluorescence of
the NV on chirping a microwave field through resonance®® (Methods).

Our central explorations of CeH, involve local measurements (at
2100 GPa) of the magneticfield at the NV centre, B,,as we tune the tem-
perature, T, and an external magnetic field, H,, applied along the NV
axis, 2. Thus, itis crucial to be able to separate the effects of crystal stress
and temperature from the ODMR spectrum of the NV, to accurately
measure B,. This is arelatively straightforward task. At megabar pres-
sures, the effects of stress dominate over those of temperature by nearly
three orders of magnitude (Methods), so we focus on deconvolving
the effects of the local stress tensor, 0. Stress couples to the NV centre
by the effective Hamiltonian, Hg= 1,52 +1,(53~ 53) +1,(S,S,+5,S,),
where the parameters/];=I1(0) depend on the appropriate components
of o (Methods). /7, captures the additional zero-field splitting due to
C,,-symmetry-preservingstresses”” (Fig. 1c). Meanwhile, /7, = }ﬂ Z4n7 i,
parametrizes the symmetry-breaking stresses, mixing the |m = +1)
spinstatesinto new eigenstates, | +) = (jm=+1y=e'?7 |m,=-1))/./2,
whicharesplitby 2/7, (Fig.1c,d); here, ¢y, = arctan(/1,/I1,). Asthe Zeeman
splitting from an axial magnetic field adds in quadrature with
the stress splitting, the ODMR spectrum of the NV exhibits a pair
of resonances with a total splitting of 4= /(2/1))* + (2)/332)2 ,Where
Vs = (2m) x 2.8 MHz G is the gyromagnetic ratio of the NV (Fig. 1c).
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Fig.2|Sample synthesis and characterization. To prepare samples S1and S2,
we compress amixture of cerium (Ce) metal and ammoniaborane (NH;BH,)

to pressures greater than100 GPaand laser heat (to around 1,500 K) to
synthesize cerium hydride. a,b, White light microscope images of S1 (a) and S2
(b) highlighting the Ce metal (grey) and transportleads (yellow). c¢,d, Confocal
NV fluorescence maps of the corresponding regions in S1(c) and S2 (d) also
show thesample and the leads. Bright regions on the Ce metalin S1and around
the CemetalinS2 correspond to additional NV centres that are created by

laser heating (Methods). e,f, Electrical resistance measurements of both S1
(118 GPa, e) and S2 (137 GPa, f) exhibit asharp drop, with T.(P) = 90 K, suggesting
the formation of CeH, (ref. 10). T_is suppressed on the application of magnetic

This provides a simple prescription for measuring B,: extract 4 from
the ODMR spectrum of the NV and then subtract (in quadrature) the
stress-induced splitting, 2/7,, measured at zero field.

Although conceptually simple, extending this approach to megabar
pressures®*® has been subject to persistent challenges. These include
diminishing NV fluorescence, significant broadening of the ODMR
spectrum and a marked loss of optical contrast above approximately
50 GPa (ref. 36). We address these difficulties by introducing an
approach to NV-based metrology at megabar pressures. In particular,
by usinga[l11]-cut anvil, we engineer the dominant culet stress to pro-
jectalongthe quantization axis for one specific subgroup of NV centres
(Fig.1b). Doing so has been conjectured to reduce the loss of contrast
athigh pressures**?(Methods). This isborne out by the datashownin
Fig.1d—the ODMR contrast for NVsin a [111]-cut anvil is two orders of
magnitude larger thanthatina[100]-cutanvil. This enables us to char-
acterize both continuous-wave and pulsed measurements up to pres-
suresofthe order ofabout140 GPa.For continuous-wave measurements,
we achieve a maximum of about 15% contrast at megabar pressures,
roughly an order of magnitude larger than that obtained under
quasi-hydrostatic stresses in previous micro diamond studies®. This
leads to typical magnetic field sensitivities of around 35 pT Hz V2
(Methods). For pulsed measurements, we perform a spin echo and
measure a coherence time, T5"°=2.04(4) ps at 137 GPa (Fig. le).

Let us now calibrate the external magnetic field at megabar pressure.
Thefield strengthis tuned by the current, /,applied to an electromag-
net; Fig. 2g shows the ODMR spectra of sample S1at room temperature
(T=300K) astheapplied currentisincreased. By extractingthe ODMR
splitting 4, at each value of the current, and then subtracting the 2/7,
splitting measured at/= 0, we canimmediately convert the applied cur-
rentto an external magnetic field strength, H, (Fig. 2h). This conversion
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fields.g,h, Calibration of the appliedfield, H,, at room temperature (T=300 K).
Wegenerate thefield, H,, by applyingacurrent, /, inan electromagnet. Starting
withastress-induced splitting 2/7, at/= 0, we measure anincreaseinthe ODMR
splitting, 4, with increasing current. ODMR spectra (g) measured for different
values of /ata specific spatial point on sample S1 (h, inset). The ODMR splitting
A=.[@T)*+ (2yBB,)2 isaquadrature sum of the stress splitting, 2/7, = (2m) x

98 MHz, and the Zeeman splitting, 2y,B,. In the absence of sample magnetism
(thatis, for T>T),B,=H, < I.Fitting the measured splitting 4 to this functional
form (h), we directly extract H, (in gauss), calibrated for each value of /
(inamperes). Scalebar,10 pm (a-d and h, inset).

assumes that the CeH, sample does not contribute an appreciable addi-
tional field above the superconducting transition temperature and that
B, = H, (in Gaussian units). We verify the robustness of this assumption
by confirmingthat H,isindependent of both the temperature and the
spatial location within the sample chamber (Methods). Furthermore,
we note that sample S2 yields the same current-to-field calibration.

Local suppression of an external field

To probe the magnetic response of the sample below T, we perform NV
magnetometryinacryogenic system (downto 7=25K) integrated with
ascanning confocal microscope (Methods). Beginning with sample S2
at300 K, we performzero-field cooling (at P=137 GPa) below the transi-
tiontemperature (T, = 91K) to T=81K and perform ODMR spectroscopy
at several points within the sample chamber. We focus on two repre-
sentative spatial points: one above the CeH, sample (Fig. 3d, green point)
and the other far from the sample (Fig. 3d, purple point). Starting with
the distant point, at H,= 0, we find that the NV exhibits a 2/7, splitting
ofabout (2m) x 134 MHz (Fig. 3a, light blue curve). Asexpected, turning
on the external magnetic field (up to H,=70 G) causes the spectrum
to further split (Fig. 3a, darker blue curves). We extract the magnetic
field, B,, at the location of the NV as a function of the external applied
field, H,, and find that B, = H,nearly perfectly (Fig. 3e, purple data). This
implies that away from the CeH, sample, there is no local magnetization.
Theresponse of NVs above the CeH, is markedly distinct. The ODMR
splitting, 4, exhibits asignificantly weaker increase as the external field
isramped up (Fig. 3b), indicative of alocal suppression in B, (Fig. 3e,
green points). This response is consistent with diamagnetism from
the sample as would be expected from a superconducting Meissner
effect. A similar local suppression is observed in sample S1 (Fig. 3f).
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Fig.3|Localdiamagnetismin CeH,.a,b, ODMRspectra collected on
zero-field coolingto atemperature T< T, at two representative spatial points
insample S2 (shownind). The purple pointais far fromthe CeH,sample,
whereasthegreenpointinbisdirectlyaboveit. As H,isincreased (at 7= 81K),
the ODMR splitting above the CeH, (b) is suppressed relative to the splitting
away fromit (a). For clarity, all spectra have been centred by subtracting the
ODMRsshift. ¢, Confocal fluorescence image of S2.d, By performing ODMR at
different spatial points, we identify a sub-region of extent ofabout 10 pm
exhibiting local diamagnetism (delineated by the dotted yellowlineind).

We use thissignal toidentify the regionsin which CeH, has been successfully
synthesized. e, For the purple pointsitting outside this sub-region and for the
green pointsittinginside this sub-region (T =81K), we plot B, extracted from

Our ability to locally image the diamagnetic response enables us to
directly characterize the geometry and size of the superconducting
regions within the sample chamber. As an example, Fig. 3g shows a
particular line cut in sample S1. For each point along the line cut, we
measure B,as afunction of H,and extract the slope, s = AB,/AH,, where
s<1lindicates suppression of the local field. As shown in Fig. 3g, there
exists a contiguous region in which s <1, suggesting the presence of
an approximately 7-10-pm-sized region of superconducting CeH,.
Similar-sized regions of CeH, are also observed in sample S2 (see, for
example, the orthogonal line cuts indicated in Fig. 3d and Methods).
Our spatial surveys point to an important observation: although syn-
thesis is performed by rastering a high-power laser, only a fraction of
the laser-heated area exhibits superconductivity.

Simultaneous magnetometry and resistance

Focusing on sample S2, we now characterize the local field suppres-
sion as a function of increasing temperature. In particular, we follow
the experimental sequence shown in Fig. 4a (black and red curves):

76 | Nature | Vol 627 | 7 March 2024

the ODMRsspectra (a,b) ateach value of H,. Away from the CeH, (purple),

we measureaslopes=AB,/AH,=1.02,suggesting that thereisnolocal
magnetization. By contrast, above the CeH, (green), we measure aslope
s=0.75,demonstratingaclearlocal suppression of the external magnetic field
(B,<H,), consistent with the Meissner effect. f, We perform analogous
measurementsat 7=25Kinsample S1(greenand purple pointsinh).In
comparisonwith S2, we observe astronger suppression (s=0.52) above the
CeH,. g, By measuring the slopes=AB,/AH,at T=25Kalongaline cut (dotted
whitelinein h, with distance measured from top to bottom) we image the
spatial profile of the magnetic field suppressionin sample S1. h, We identify
two disconnected sub-regions of an extent greater than 10 pm exhibiting local
diamagnetism (thatis,s <1).a.u.,arbitrary units. Scale bar,10 pm (¢, dand h).

We begin by performing zero-field cooling of the sample below T,
then we ramp up an external magnetic field, and finally, fixing this
field (H,=79 G), we slowly increase the temperature above 7. During
the field-heating sequence, we measure both four-terminal resistance
and the ODMR spectrum of the NV (Fig. 4d). The resistance exhibits a
jumpat 7. = 91 K. The behaviour of the local magnetic field measured
by the NV centres is more subtle®*? (Fig. 4c,d). In particular, for tem-
peratures T < 72K, the local field B, exhibits a plateau at about 53 G,
significantly below the value of the external applied field, H,=79 G. For
intermediate temperatures, 73K < T< 90K, B,exhibitsaslowincrease,
suggesting a gradual weakening of diamagnetism. Finally, for tem-
peratures 7> 91K, coincident with the superconducting transition
measured by resistance, B, exhibits a second plateau in agreement
with the strength of the external magnetic field.

Partial field expulsion on field cooling

Although we have observed clear signatures of diamagnetism after
zero-field cooling, a complementary signature of a superconductor
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magnetism onsweeping 7. a, Schematic of experimental protocols.

b, Confocal fluorescenceimage of S2 magnified into the same CeH, region as
Fig.3d. NVODMR spectroscopy is performed at four spatial points: two points
above the CeH,region (blue and red), one point at the edge of this region
(green) and one point far away from this region (yellow).c, NVODMR spectra
collected at the blue spatial pointinbon field heating at H,=79 G (following
zero-field cooling). The ODMR splitting 4 increases as Tisincreased across T..

is the ability to expel magnetic flux on field cooling** (Fig. 4a, blue
arrow). We simultaneously measure the resistance and perform ODMR
spectroscopy (during field cooling) at four spatial points on sample
S2 (Fig. 4b): a pair of points (red and blue) above the identified CeH,
region (enclosed by the dotted yellow line), a point (green) just outside
the CeH, region and a point (yellow) far away from the CeH, region.
Again, the resistance exhibits asharp transition atabout 91K (Fig. 4e,
grey triangles, right y-axis). At each spatial point, we determine the
changeinthelocalfield, 8B,, across this transition relative to the aver-
age B, measured in the normal state (7> 91K) (Fig. 4e, left y-axis). Far
fromthe CeH, region (yellow), thelocalfield is temperature independ-
ent across the transition. Above the CeH, region (red and blue), the
local field decreases by around 2 G on cooling below the transition.
Near the edge of the CeH, region (green), the local field, B,, increases
by approximately 2 G. Taken together, these observations are con-
sistent with partial flux expulsion: as the sample is cooled below T,
it expels magnetic flux from the CeH, region, leading to a reduction
in the magnetic flux directly above the sample and a concentration
atthe edge.

We note that the qualitative profiles of B,above the CeH, region on
field heating (Fig. 4d) and field cooling (Fig. 4e) are remarkably similar.
However, the quantitative values are quite distinct: the strength of the
local field expulsion (onfield cooling) is an order of magnitude weaker
than the strength of the local field suppression (after zero-field cool-
ing). This suggests that during field cooling, the external magnetic field
is able to partially penetrate through the sample (Fig. 5b), an obser-
vation consistent with previous measurements on superhydrides?.
Associated withthe penetration of magnetic flux onfield coolingis the
possibility of flux trapping—a textbook signature of disordered super-
conductorsinwhichthedisorder ‘pins’ the permeating magnetic field
(Methods). This pinning leads to aremnant magnetic field, arising from
frozen-in magnetic moments within the superconductor, even when
theapplied external field is quenched (H, - 0 G) after field cooling**¢.
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d, Thelocalfield, B, (left y-axis), extracted from the ODMR splitting 4 shown
inc. The four-pointresistance (right y-axis) is measured simultaneously.

e, Simultaneous measurements of four-point resistance (right y-axis) and the
changeinthelocalfield, 6B, (left y-axis), at the four spatial pointsinb on field
coolingwith H,=79 G. The measured resistance identifies a clear transition at
T.=91K. Ateachspatial point, we determine 8B, relative to the average value of
the measured B, in the normal state (that is, for temperature 7> 91K). Scale bar,
10 pum (b).

Flux trapping and hysteresis

Toinvestigate the presence of flux trapping, we examine three spatial
points above the CeHyregioninsample S2 (Fig. 5¢c, blue, white and red
points). After field cooling the sample at H,=103 G, we quench the
external magnetic field to zero. The resulting ODMR spectra for one
of the three spatial points (Fig. 5¢, white point) are shown in Fig. 5(a)
(dark blue curve). By comparing with the zero-field cooled spectrum
at the same spatial point (Fig. 5a, light blue curve), we find that the
ODMR splitting, 4, shows the presence of aremnant 34 Gfield, despite
the fact that the external field H,is O G. This is precisely the expected
signature of flux trapping. The same signature is observed at the other
two spatial points (Methods).

To further explore this flux trapping, we follow the experimental
sequence showninFig. 5e; in particular, after field coolingat H,=103 G
to a fixed temperature 7 < T, we ramp the external field down to
H,=-154 G,and thenback up to H,=+154 G.For atemperature (T= 66 K)
well below the transition temperature (7. = 91K), as the external field is
ramped down, B,decreases but reaches afinite (flux-trapped) value of
about 34 GatH,=0 G. Asthe external field switches direction (H,< 0 G),
B, continues to decrease, reaching zero at H, = -51 G; this is consist-
ent with competition between the external magnetic field and the
flux-trapped field from CeH,. At even larger magnitudes of negative
H,, B, also becomes negative and scales with H,. Finally, as we ramp
back up to positive H, fields, we observe no hysteresisin the measured
B, (Fig. 5f).

A few remarks are in order. First, as a benchmark, we perform the
same set of experiments (Fig. Se) for a spatial point outside the CeH,
region, and always observe B, = H, (Extended Data Fig. 8f). Second, the
datain Fig. 5f exhibit aslope, s = 0.67, indicating the presence of local
field suppression; this slope is in quantitative agreement with that
obtained on applying a magnetic field after zero-field cooling (at the
same spatial location; Methods). Despite the trapped flux, the sample
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Fig.5|Flux trapping and hysteresisin CeH,.a, Comparison of ODMR spectra
atH,=0 G, whicharecollected at the white spatial pointin c. Thelight blue data
areobtained after zero-field cooling (ZFC), whereas the dark blue data are
measured after field cooling (FC) (at H,=103 G) and subsequently quenching H,.
b, Schematic showing the penetration of external magnetic flux through the
superconducting sample. ¢, Confocal fluorescence image of S2 magnified into
the same CeH,regionasinFig.3d. Alldatain this figure are collected at the white
spatial point.d, Measurements of B, for the full experimental sequence shown
inFig.4aonrampingto three different values of H,. e-g, Measurements of
hysteresis onsweeping H, at fixed T. Schematic of the experimental sequence (e).
Inthe absence of any local magnetization, we expect B, = H, (dotted grey line
inf,g).Fixing T= 66 K (deepin the superconducting phase) (f), we measurea

exhibits adiamagneticresponse similar to that observed on zero-field
cooling. Thissuppressionalso helps to explain the following observa-
tion: Although we detect aremnant flux-trapped field of B, = 34 G, we
find that this field is cancelled (that is, the NVs measure B,= 0 G) only
foranappliedfield H,=-51 G.Finally, we note that the datain Fig. 5fare
taken over the course of several days. In combination with the lack of
any observed hysteresis, this suggests that the flux-trapped field arises
from persistent currents within the CeH, sample.

On field cooling to a temperature (7= 81K) near the transition, we
observedistinct behaviour inthe measured B, as afunction of magnetic
field sweeps (Fig.5g). As the external field isinitially ramped down, we
observe analogous signatures of flux trapping with B,=20 Gat H,=0 G.
However, as we switch the direction of the external field (H,< 0 G), the
slope of the response changes and we find a scaling consistent with

B,=H,atthelargest negative H, fields. On rampingback up to positive
H, fields, we observe clear hysteresis in the data with signatures of flux

trappinginthe opposite direction, thatis, B,=-23 Gat H,= 0 G.Again, as

we switchthe direction of the external field (backto H,> 0 G), the slope

oftheresponse changes, and we find ascaling consistent with B, = H,at

the largest positive H, fields. Figure 5f,g suggests that the strength of
the flux trapping is temperature dependent*. Moreover, as shown in

Extended DataFig. 7, the trapping strength itself exhibits hysteresis:

onzero-field cooling to the same temperature, asignificantly larger H,

isrequired before we measure a scaling consistent with B,=H,.
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flux-trapped field (B,=+34 Gat H,= 0 G) and no appreciable hysteresis on
sweeping H,. The measured slopes=AB,/AH,= 0.67 <1agrees perfectly with
that measured after zero-field cooling for this same spatial point (Methods).
By contrast, fixing T= 81K (near 7_) (g) and sweeping H,, we observe clear
hysteresis. Onrampingto H,=-100 G, the measured B, is nearly the same as the
appliedfield H,, without any observed changein the electrical resistance.On
rampingbackuptoH,=0 G, weobserveaflux-trapped field in the opposite
direction (B,=-23 G). Assuming the flux-trapped field originates from vortices
pinned within CeH, (refs. 44,46), we find thatan applied field of H,=-154 Gis
notstrongenough tode-pinthevorticesat T=66 Kbutisat T=81K, leading to
the observed hysteresis. Scale bar,10 um (c).

Finally, we turnto asystematic exploration of hysteresis as afunction
oftemperature sweeps at fixed H, (experimental sequence; Fig.4a). We
begin by zero-field cooling the sample and then ramping up amagnetic
field to various strengths. We measure ODMR spectra as the tempera-
ture isincreased above T, (field heating) and then decreased below
T. (field cooling). The resulting data for B, are shown in Fig. 5d. Two
features are apparent in the data. First, the hysteresis between field
heating (red) and field cooling (blue) is enhanced at larger H, fields
(Fig.5d).Second, at H,= 206 G, we observe a surprising sharpening of
the magnetic transition (measured by the jump in B,) compared with
that seen at smaller H, fields.

Discussion and Conclusions

Our demonstration of magnetic imaging up to about 140 GPa with
high contrast and minimal stress inhomogeneity opens up a previ-
ously unknown range of measurements on materials in the megabar
regime, including both d.c. magnetometry and noise spectroscopy®.
Looking forward, our work provides a lot of opportunities. First, we
expect that our NV-based quantum sensing techniques canreadily be
extended to even higher pressures (that is, 2200 GPa), for example,
using double-bevelled anvils. Second, it would be interesting to revisit
other high-pressure superconductors, suchas LaH,,and H,S, inwhich
previous magnetic measurements have been limited to global probes,



such as superconducting quantum interference devices (SQUIDs)™*
and pick-up coils***, Third, local magnetometry is particularly impor-
tant for superhydride materials, in which synthesis by laser heating
leads to inhomogeneities at the micron scale. Imaging and charac-
terizing these inhomogeneities is a crucial step towards quantifying
sample yield and improving synthesis recipes.
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Methods

Electrical resistance and magnetismin CeH,

Local diamagnetism in S1.In the main text, we show the ODMR spec-
tra and extracted B, values for our study of sample diamagnetism on
zero-field cooling of sample S2 (Fig. 3a,b,e). We also show the extracted
B, values for sample S1 (Fig. 3f). Here, we include the ODMR spectra
(Extended Data Fig. 1b,c) that were used in the extraction of B, at the
relevant spatial locationsin S1(Extended DataFig.1a, green and purple
points).

Order of magnitude estimation. The NV centres can measure only the
magnetic field, B,, outside the CeH, sample; therefore, we cannot, in
principle, directly measure the zero-field condition inside the super-
conductor (Meissner effect). Rather, we can measure only a diamag-
netic suppressioninthelocalfield. Furthermore, owing to the presence
of micron-scaleinhomogeneities, itis complicated to accurately model
thefieldinside the superconductor. Nevertheless, we can estimate the
strength of the diamagnetic response of the sample and compare this
with conventional metallic diamagnets.

For thissimple estimate, we consider a spherical sample of radius R
with the NV centres located directly below the sample at a distance r
fromthe centre (Extended Data Fig.3d). Onthe application of an exter-
nal field, H,, the sample exhibits a magnetization M,= xyH,, where x
is the magnetic susceptibility. We note that for a perfect diamagnet
(Meissner effect), x = —1/4m resulting in B=H +41tM = 0 inside
the superconductor. Consequently, the overall dipole moment of
the sampleisd= 43—"MR3. Directly below the sample, the local field
B,=H,+ f—nd/r3 =H,(1+4my(R/r)®) Thisresultsinaslopes=dB,/dH, =
(1+4mx(R/r)*). Within the assumed geometry, this enables us to directly
estimate the magnetic susceptibility of the sample, x| = %(r/R)?
from our measurements of s = 0.5 for sample S1and s = 0.7 for sample
S2inthe maintext. Giventhatr >R, we find that [y| > 0.5/41t for sample
Sland [x| > 0.3/41 for sample S2; these values are significantly larger
than those expected from metallic diamagnets such as bismuth** and
reasonably consistent with the expected magnitude of y for a perfect
diamagnet.

Conversely, assuming a perfect diamagnetic response (x = -1/4T),
we show that the sample-probe geometry is also consistent for the
current experiment. Although NV centres were directly implanted
approximately 50 nm below the culet surface, as shown in Supple-
mentary Fig. 3, the laser heating (during the CeH, synthesis process)
creates additional NV centres up toaboutlessthan1pm below the culet
surface, anditis these NV centres that we believe dominate the ODMR
signal. Assuming a perfect diamagnet with x = -1/41, we find that the
slopeshouldbes=dB,/dH,=(1- (R/r)*).Inour experiments, we measure
s=0.5forsampleSlands= 0.7 for sampleS2.Based onthese measure-
ments, we would estimate r = 1.3R for sample S1and r = 1.5R for sample
S2. Given that ourimaging suggests the presence of superconducting
CeH, regions of micron extent and laser-heating-created NVs up to
about 1 um below the culet surface, these values of r are consistent
with an external (that is, outside of the sample) measurement of the
perfect diamagnetism arising from a superconducting sample with
micron-scaleinhomogeneities.

Spatial studies of S1and S2. In the main text, we show a spatially vary-
ing local suppression of the external field H, (Fig. 3g) measured along
aline cutin sample S1. Here we include plots of B, as a function of H,
atseveral spatial points along this line cut (Extended Data Fig. 2b). We
present the same study for two orthogonal line cuts onthe CeH, region
of sample S2 (Extended Data Fig. 3).

For spatial studies of local diamagnetismin S1 (Extended Data Fig. 2),
we recorded minor spatial drifts in our measurement apparatus. As a
result, several ODMR spectrameasured for H,= 0 could not be reliably
fitto extractthe stress splitting, 2/7,. To ensure consistent analysis for

this data set, we determine 2/7, by a complementary technique. Spe-
cifically, at each spatial point, we first fit the measured splitting, 4, to
the function 4 =./(2/7)? + (2c/)?, where I is the current applied to the
electromagnetand (/7,, ¢) arefitting parameters. We use this fitted 2/7,
value to extract the local field, B,, as a function of the applied field H,
in S1. A comparison of the values of B, extracted using this technique
with the values extracted using our prescription (given in the main

text) for similar studies in sample S2 does not show any significant
differences.

Temperature sweep in S1.In the main text, we present our studies of
the magnetic response of sample S2 on zero-field cooling and field cool-
ing (Fig.4).In particular, we perform NV magnetometry and four-point
resistance measurements simultaneously to see concurrent transi-
tions in electrical transport and magnetism across T.. Here we show
our studies of sample S1, in which we perform NV magnetometry and
resistance measurements separately (Extended DataFig.1d,e). Owing
to the coupling between the Pt wire for microwave delivery and the
transportleads, accurate determination of four-point resistance on S1
is possible only when the Pt wire is disconnected from the microwave
circuitry. We measure adifference of about 9 K between the magnetic
transition (Extended Data Fig. 1e, green data) and the resistive transi-
tion (Extended DataFig. 1e, grey data). This difference may be because
ofachangeinthetemperature gradient between the DAC and the cold
finger onisolating the sample from the microwave circuitry.

Field cooling and hysteresis in $2. In the main text, we show four-point
electrical resistance measurements and the change in the local field,
6B, at four spatial locations in sample S2 on field cooling at H,=79 G
(Fig. 4e). We determine 6B, at each spatial point by subtracting the
mean B, measured at the corresponding location in the normal state
(that s, for all temperature points 7> 91K). Here we show the ODMR
splitting, 4, and the extracted local field, B,, measured at these four
spatial locations for the same experiment (Extended Data Fig. 4). On
top of the synthesized CeH, region, we measure adecrease in4 by about
(2m) x 15 MHz and in B, by about 2 G on cooling below the transition
point, T.. At the edge of this region, we measure anincrease in A by about
(2m) x 15 MHz and in B,by about 2 G across the transition point. Finally,
away from this region we do not measure anappreciable changein4 or
B,across the transition. At each spatial location, we extract B,from 4 by
using the 277, stress splitting (measured at the respective location at
H,=0 Gafterzero-field cooling to T=86 K).Inthe normal state (T>T,),
we find systematic differences between the appliedfield, H,= 79 G, and
the extracted values of B,. These may be because of changes in stress
splitting, 2/7,, with temperature. Furthermore, they can also stem from
any inaccuracy in the determination of 2/7, because of spatial drift in
thesample. Despite these differences, we observe a clear signalin the
ODMR splitting, 4, suggesting flux expulsion within the CeH, region.

For sample S2, we also study flux trapping on field cooling (at
H,=103 G) to several temperatures T < T. (Extended Data Fig. 5). We
measure the ODMR splitting 4 as afunction of H,. On ramping down to
H,=0,wemeasureA > 2[1, (Extended DataFig. 5a,d,g,j,m) suggesting
the presence of aremnant magnetic field at the location of the NV centre
because of flux trapping. By sweeping both magnitude and direction
ofthe external field, we characterize the hysteresis of the trapped flux.
In particular, we observe a minimum in the ODMR splitting (4 = 2/7,)
for H,< 0, where the external field is anti-aligned to the flux-trapped
field. On ramping H, to larger negative values, the splitting increases
because the external field dominates the flux-trapped field (Extended
DataFig. 5b,e,h,k,n). Although we can extract only the absolute value
ofthelocalfield, |B,|, from 4, we can clearly designate a sign (direction)
to B,based on the continuity in the splitting profile (Extended Data
Fig.5¢,fi,1,0). We find that the hysteresis increases with temperature.
Furthermore, deep inthe superconducting phase (7= 61Kand 7= 66 K)
we measure a slope s = dB,/dH, equal to that measured on zero-field



cooling and ramping H, (Extended Data Fig. 6). This suggests that on
field cooling, the sample exhibits an additional response on top of
flux trapping. This response is similar to that exhibited on zero-field
cooling, in which the sample suppresses the local field.

We study the effect of field cooling at several spatial locations in
sample S2 (Extended Data Fig. 8). We find similar signatures of flux
trapping at two spatial points on top of the CeH, region (Extended
DataFig. 8a,b,d,e). Ataspatial point away from the sample, we do not
observe amagneticresponse on field cooling or on zero-field cooling
(Extended DataFig. 8c,f).

Flux penetration in S2 on zero-field cooling and field cooling. In
our study of hysteresis of the trapped flux for a temperature close to
T.(T=81K shown in Extended Data Fig. 5n,0), we measure an overall
inversion of the flux-trapped field on ramping H,. Specifically, after
rampingtoafield H,=-154 Gat T = 81K, we find the flux-trapped fieldis
inverted (thatis, B,< 0 onreturningto H,=0 G) (Extended DataFig. 7a).
Here we conduct acomplementary study of the response of the sam-
ple to H,sweeps after zero-field cooling in which there should be no
flux initially trapped. Specifically, we perform zero-field cooling to
T=81Kand study the response on ramping the magnitude and direc-
tion of H,. We find that diamagnetic suppression dominates for fields
|H,] $154 G, and there is no appreciable penetration of flux lines into
the sample (Extended Data Fig. 7b). However, on ramping to larger
fields (|H,| = 240 G) after zero-field cooling to T= 81 K (Extended Data
Fig.7c), we observe the penetration and trapping of external fluxinto
the sample (that is, we measure B, # 0 on ramping back to H,=0). Our
observations suggest that the penetration of external flux depends on
the amount of flux initially trapped in the sample.

Hysteresis on T sweeps in $2. Weinclude the full data set of our study
of hysteresis of diamagnetismin S2 on sweeping sample temperature,
T, at afixed value of the external field, H,. We observe a characteristic
loss of suppression on field heating across 7. concurrent with ajump
inthe four-pointresistance. We observe a sharpening of the magnetic
transition at the highest field (H,=206 G in Extended Data Fig. 9d). A
repeated measurement along the transition profile for field heating
at H,=206 G (Extended Data Fig. 9d, orange squares) further verifies
this observation.

Comparison with SQUID magnetometry at high pressure. Mag-
netic measurements of high-pressure superhydrides typically rely on
SQUID magnetometryin which the dipole sensitivity is of the order of
about10® emuHz ™2 (refs. 11,27,45,51). Although expected signals from
superhydride samples beat this threshold, the subtraction of

parasitic pick up from a paramagnetic background constitutes anenor-
mous challenge. Moreover, by averaging over the entire DAC geometry,
these global probes discard local spatial information of superconduct-
ing samples. We demonstrate continuous-wave ODMR spectroscopy,
with typical magnetic sensitivity of about 35 pT Hz 2 at room tem-
perature. Following previous work, this corresponds to adipole sensi-
tivity of the order of about 10" emu Hz™¥? at room temperatures
(around 107 emu Hz V2 at cryogenic temperatures)’. In this case, a
key advantage is the proximity of the sensor to the target materialand
the ability to measure magnetism with diffraction-limited sub-micron
spatial resolution.
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Extended DataFig.1|Studies of diamagnetisminsample S1. (a) Confocal
fluorescence image of sample S1showing theidentified CeH, region (enclosed
indotted yellow line). Acomparison of the ODMR spectra measured after zero
field cooling toatemperature 7=25K (below T,) at two spatial locations:

one (b) away from the CeH, region [purple pointin (a)], and the other (c) on top
ofthe CeH,region [green pointin (a)]. For clarity, all spectra are centered by
subtracting the ODMR shift. Asa function of the externalfield, H,, thelocal
field, B,, extracted fromthese spectrashow the diamagnetic response of CeH,
[maintext Fig. 3(f)]. We measure the temperature dependence of this response
[atthegreen pointin (a)]. (d) Applying H,=47 G after zero field cooling, we
perform ODMR spectroscopy while heating the sample across T, (field
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heating). (e) Similar to sample S2 (shown in maintext), we observe a clear
transitionin the diamagnetic response. Four pointresistance is measured
separately onwarming up the sample with H, = 0 (after zero field cooling).
Forsample S1, we are not able to perform simultaneous magnetometry and
electrical resistance measurements due to coupling between the Pt wire for
microwave delivery and the transportleads. Although, we expect asuppression
in T_measured viaelectrical resistance on the application of an external field,
the separation between the magnetic and resistive transitionsis larger than
expected from this effect alone. Areduction of the temperature gradientin the
sample on disconnecting the microwave lines may be responsible for this
difference.
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Extended DataFig.2|Spatial studies of diamagnetismin S1. (a) We measure
thelocal suppressionin B,alongaline cutshowninthe confocal fluorescence
scanofsampleS1. Theslope s=AB,/AH, for this study is presented in maintext
Fig.3(g). (b) We show plots of the extracted B, against the applied external field
H,atfifteen spatial points (indexed) along the line cut. Linear fits to the
extracted values of B,show a clear suppressionin two regions of the sample

%5 s O —%
H, [C] H, [C] H,[q] H,[G]

(enclosedindotted yellowlinein (a)). (c) Schematic geometry we assumed for
estimating the CeH, sample’s diamagnetic properties. We assume a spherical
chunk of CeH, of radius Rwith NV centers located at a distance rfrom the center
(directly below the sample). Under the application of an external field H,along
the NV axis, our ODMR measurements yield a suppression factor
corresponding to theslopes=dB,/dH,.
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Extended DataFig. 3 | Spatial studies of diamagnetismin S2. We perform
spatial studies of thelocal suppressionin B,in sample S2 along two orthogonal
line cuts. Insetsin (b) and (d) show fluorescence scans of S2 with the respective
line cuts on top of the identified CeH, region (enclosed in dotted yellow line).
(a) The B, values extracted from ODMR spectra are plotting against the applied

external field, H,, for six spatial points (indexed) along the line cut shown in

inset of (b). (b) Similar to sample S1[maintext Fig. 3(g)], we measure a spatially
varying suppressioninthelocal field suggesting the formation of = 10 um

regions of CeH, vialaser heating. (c-d) A repeat of the study for six spatial

points along an orthogonalline cut (inset of (d)).
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Extended DataFig.4|Comparison of ODMR splitting and B, on field notmeasure anappreciable changein Aacross the transition point (determined
coolingS2at H,=79 G.Measurements of four point electrical resistance and viasimultaneouselectrical resistance measurements). (e,f,g,h) For the A
the ODMR splitting, A, at four spatial locations [shown in maintext Fig. 4(b)]: values measured at each spatial point, we extract the magnetic field, B,, based
(a,b) two points on top the synthesized CeH, (blue and orange), (c) one point at onthe 2, stress splitting (measured at the same spatial pointat H,= 0 G after
the edge of thisregion (green), and (d) one point away from region (yellow). zero field cooling to T=86 K). Systematic disagreement between B,and H, for
(a,b) Ontop ofthe CeH, region, we measureadecreasein A = (21m) x 15MHz as T>T.maystemfrominaccurate determination of 2I1, or change in the value of

we cool below the transition point. (c) In contrast, at the edge of this region, we 201, with temperature.
measureanincreasein A = (2m) x 15MHz. (d) Away from the CeH, region we do
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Extended DataFig. 5|See next page for caption.



Extended DataFig. 5|Study of flux trapping in sample S2 (full dataset).

We field cool sample S2 at H,=103 G to several temperatures (indicated on the
left) and ramp the magnitude and direction of H,[experimental sequence in
maintext Fig. 5(f)]. (a,d,g,j,m) Dark blue datashow the ODMR spectra
measured on ramping H,to zero after field cooling at H,=103 G to the
respective temperatures. Light blue datashow the ODMR spectrum measured
atH,=0onzerofield coolingto T=81K. We observe amarkedly higher ODMR
splittingin the field cooled dataset suggesting the presence of aremnant flux
trapped field. The strength of the flux trapped field (i.e., B, values at H,= 0)
decreases withincreasing temperature. (b,e,h,k,n) We show the measured |B,|
onramping H, after field cooling to different temperatures; first, we ramp the
externalfielddown fromH,=106 Gto H,=-154 G (yellow data points and
arrows) and subsequently, we ramp the external field back up H,=154 G (green

datapointsand arrows). Inorder to extract the local | B,| field from the splitting
(A), weuse the 2I, splittingmeasured at H,= 0 on zero field cooling to T=81K
[shownaslightblue datain (a,d,g,j,m)]l. Onswitching the direction of the
external field (H,< 0), we measure aminimumin |B,|. Since thelocal field
measured atthe NVlocationis the sum of the flux trapped field and H,, we see
anincreaseinthesplitting on furtherincreasing the magnitude of the external
fieldin the negative direction. Based on the continuity of the | B,| data points
across the minimum, we assign a direction (sign) to the local field to extract the
localfield B.. (c,f,i,1,0) We plot measured local field, B,, against the applied
externalfield, H,, at therespective temperatures. We find thataclearincrease
inhysteresis withincreaseintemperature. Allmeasurements are performed at
thespatial locationshown by the inverted white triangle in maintext Fig. 5(c)
[also shownininsetin Extended DataFig. 7(a)].
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Extended DataFig. 6| Comparisonoftheslopes = dB,/dH,onfield cooling measurement performed after zero field cooling and increasing H, [light blue
and zerofield cooling. We reproduce the data for |B,| vs. H,measured at datashowninall sub-panels]. We find that, deep in the superconducting phase,
(@) T=61Kand(d) T=66 Kthatarealsoshownin Extended DataFig.5 (b,e). B, exhibits the same slope with respectto H,onboth field cooling and zero field

(b,c) Similarly, we show the data for B, vs. H,extracted for the respective
temperatures. We compare these measurements performed after field

cooling.Inthe case of field cooling, this suggests thatinadditiontoatrapped
flux, there may be a contribution similar to that which givesrise toalocal

coolingand ramping H, [experimental sequence in maintext Fig. 5(f)] toone diamagneticresponseonzero field cooling.
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Extended DataFig.7 | Flux trappingin S2. We compare the response of the
sample on sweeping H, after field cooling and zero field cooling at T= 81K.

(a) Onfield cooling at H,=103 G we measure a trapped flux. On ramping to large
fieldsin the direction opposite to this trapped flux (H,=-154 G), we measure an
inversionofthe flux trapped field. (b) In contrast, the sampleis robust to flux
penetration on zero field cooling. Specifically, on ramping the external field to
|H,| =154 Ginboth the positive and negative directions, we continue to observe
alocalsuppressionin B,without any appreciable flux trapping. (c) After zero

200 0 500
H. G]

|

100
H. [G]
field cooling, the sample exhibits flux penetration only onramping the
external field to much larger magnitudes (|H,| ~ 240 G). Here, we measure a
response similar to the case of field cooling. Specifically, on ramping to afield
H,=240Gwefind afluxtrappedfield B,=18 G (measured after returning to
H,=0G).Similarly, after ramping toafield H,= - 240 G, the direction of the
trapped flux changes (i.e., we measure B,=-28 GonreturningbacktoH,=0G).
Allmeasurements are performed at the spatial location shown by the inverted
whitetriangleinthe fluorescencescan[insetof (a)].
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Extended DataFig. 8| Spatial studies of flux trappinginS2. We compare the
effects of zerofield cooling (ZFC) and field cooling (FC) at several spatial points
insample S2 [fluorescence scanin theinset of (d)]: two locations [blue and red
pointsininsetof (d)]ontop of the CeH, region and one location [yellow pointin
inset of (d)] away from this region. (a-c) Wefield cool thesampleat H,=79 Gtoa
temperature 7=36 Kand measure the ODMRspectra (dark blue) after quenching
the externalfield to H,= 0 G. Light blue data show the ODMR spectra measured
attherespective spatial locations uponzero field cooling to temperatures (a,b)
T=36K,and (c) T=86 K. We see markedly higher splittings on top of the CeH,
region (a,b) upon field cooling indicating the presence of a flux trapped field.
Away from the CeH, region (c), we do not observe asignificant difference
betweenZFCand FCdata. In particular, A for the ZFC spectrum (measured at
T=86K)islarger by 7MHz; this difference is likely due to temperature

0 100 100 0 100

dependence of the stress splitting, 2I1,, at this spatial point. (d-f) Following
thefield quench after FC, we determine thelocal B, field at the three spatial
locations onramping H, to positive values (green data points). We make the
same measurements on ramping H,to negative values (orange data points).
Wealso measure B, as a function of H, after zero field cooling (blue data points).
(d,e) Ontop of the CeH, region, our measurements indicate the presence of a
flux trapped field upon FC. This contrasts with alocal suppression of H,
measured at the same locations upon ZFC. In particular, the slope s= AB,/AH,
onfield coolingisin quantitative agreement with the slope on zero field
cooling. (f) Away from CeH, region, we see no significant differenceinresponse
onramping H,after FCand ZFC. To extract B,ateach point, we use the 211,
splitting measured upon zero field cooling at the respective spatial location
[light blue spectrain (a-c)].
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Extended DataFig.9|Hysteresis on T-sweepsin S2. To study hysteresis on
sweeping T, wefirst zero field cool the sample and apply an external field H,
[maintext Fig. 5(d)]. Then, fixing H,, we heat the sample across the transition
(field heating showninred). Finally, we cool the sample below T without
changingH, (field cooling shown in blue). We perform simultaneous electrical
resistance (showningreen) and ODMR measurements. Four point resistance
measured on field heating (field cooling) are indicated by markers pointing
right (left). Allmeasurements are made at the spatial location shown by the
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inverted white trianglein fluorescence scan [inset of (d)]. We use the 2I1, stress
parameter measured at H,=0and T=81Ktoextract thelocal B, field for all data
points. (a-c) We observe concurrent transitions in magnetism and electrical
resistance. Inaddition, we see asuppression of T,with theincreasein the
magnitude of H,. (d) Surprisingly at high fields (H,=206 G), we see a clear
sharpening of the magnetic transition. To confirm the signal we repeat the
measurementon field heating near the transition region (orange squaresin (d)).



	Imaging the Meissner effect in hydride superconductors using quantum sensors

	Local suppression of an external field

	Simultaneous magnetometry and resistance

	Partial field expulsion on field cooling

	Flux trapping and hysteresis

	Discussion and Conclusions

	Online content

	﻿Fig. 1 NV sensing at megabar pressures.
	﻿Fig. 2 Sample synthesis and characterization.
	﻿Fig. 3 Local diamagnetism in CeH9.
	﻿Fig. 4 Simultaneous measurements of electrical resistance and magnetism on sweeping T.
	﻿Fig. 5 Flux trapping and hysteresis in CeH9.
	﻿Extended Data Fig. 1 Studies of diamagnetism in sample S1.
	Extended Data Fig. 2 Spatial studies of diamagnetism in S1.
	Extended Data Fig. 3 Spatial studies of diamagnetism in S2.
	Extended Data Fig. 4 Comparison of ODMR splitting and Bz on field cooling S2 at Hz = 79 G.
	Extended Data Fig. 5 Study of flux trapping in sample S2 (full dataset).
	Extended Data Fig. 6 Comparison of the slope s = dBz/dHz on field cooling and zero field cooling.
	﻿Extended Data Fig. 7 Flux trapping in S2.
	Extended Data Fig. 8 Spatial studies of flux trapping in S2.
	Extended Data Fig. 9 Hysteresis on T-sweeps in S2.


