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Imaging the Meissner effect in hydride 
superconductors using quantum sensors

P. Bhattacharyya1,2,16, W. Chen3,16, X. Huang3,16, S. Chatterjee1,4, B. Huang5, B. Kobrin1,2, Y. Lyu1, 
T. J. Smart1,6, M. Block7, E. Wang8, Z. Wang7, W. Wu7, S. Hsieh1,2, H. Ma5, S. Mandyam7, B. Chen7, 
E. Davis1, Z. M. Geballe9, C. Zu10, V. Struzhkin11, R. Jeanloz6, J. E. Moore1,2, T. Cui3,12, G. Galli5,13,14, 
B. I. Halperin7, C. R. Laumann15 & N. Y. Yao1,2,7 ✉

By directly altering microscopic interactions, pressure provides a powerful tuning 
knob for the exploration of condensed phases and geophysical phenomena1. The 
megabar regime represents an interesting frontier, in which recent discoveries 
include high-temperature superconductors, as well as structural and valence phase 
transitions2–6. However, at such high pressures, many conventional measurement 
techniques fail. Here we demonstrate the ability to perform local 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 anvil7–9; 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 a recently discovered 
hydride superconductor, CeH9 (ref. 10). By performing simultaneous magnetometry 
and electrical transport measurements, we observe the dual signatures of 
superconductivity: diamagnetism characteristic of the Meissner effect and a sharp 
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 ele-
ments—is part of a long-standing search for superconductivity at room 
temperature10–24. The intuition underlying this approach dates back 
nearly half a century25: the minimal mass of hydrogen and covalent 
bonding lead to the presence of both high-frequency phonons and 
strong electron–phonon interactions. The combination of these fea-
tures is predicted to favour the formation of Cooper pairs, and thus 
superconductivity, at relatively high temperatures26. This strategy has 
been fruitful, leading to the discovery and characterization of nearly 
a dozen superconducting hydrides in the past decade2,3. The synthe-
sis of these materials relies on the application of megabar (100 GPa) 
pressures using diamond anvil cells (DACs). This requirement natu-
rally constrains the size and homogeneity of the samples, markedly 
complicating attempts at in situ characterization. For example, it is 
extremely challenging for conventional probes to image the geometry 
of superconducting grains or to measure local properties.

This challenge is particularly acute for studying the magnetic signa-
tures of superconductivity27,28. Typical probes of magnetism average 
over the entire DAC geometry thereby discarding information encoded 
in local 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 
of the 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 centre in diamond7–9,29. 
By instrumenting diamond anvils with shallow ensembles of NV centres, 
we directly image both the local diamagnetic response and flux trapping 
with sub-micron resolution in a cerium superhydride (CeH9). Our main 
results are three-fold. First, by using NVs embedded in 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 

https://doi.org/10.1038/s41586-024-07026-7

Received: 14 May 2023

Accepted: 3 January 2024

Published online: xx xx xxxx

 Check for updates

1Department of Physics, University of California, Berkeley, CA, USA. 2Materials Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA. 3State Key Laboratory of Superhard 
Materials, College of Physics, Jilin University, Changchun, China. 4Department of Physics, Carnegie Mellon University, Pittsburgh, PA, USA. 5Department of Chemistry, University of Chicago, 
Chicago, IL, USA. 6Department of Earth and Planetary Science, University of California, Berkeley, CA, USA. 7Department of Physics, Harvard University, Cambridge, MA, USA. 8Department of 
Chemistry and Chemical Biology, Harvard University, Cambridge, MA, USA. 9Earth and Planets Laboratory, Carnegie Institution of Washington, Washington, DC, USA. 10Department of Physics, 
Washington University in St. Louis, St. Louis, MO, USA. 11Center for High Pressure Science and Technology Advanced Research, Shanghai, China. 12School of Physical Science and Technology, 
Ningbo University, Ningbo, China. 13Materials Science Division and Center for Molecular Engineering, Argonne National Laboratory, Lemont, IL, USA. 14Pritzker School of Molecular Engineering, 
University of Chicago, Chicago, IL, USA. 15Department of Physics, Boston University, Boston, MA, USA. 16These authors contributed equally: P. Bhattacharyya, W. Chen, X. Huang. ✉e-mail: nyao@
fas.harvard.edu

https://doi.org/10.1038/s41586-024-07026-7
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-024-07026-7&domain=pdf
mailto:nyao@fas.harvard.edu
mailto:nyao@fas.harvard.edu


2 | Nature | www.nature.com

Article

this ability, we show that CeH9 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, Tc, 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 cells30 (Fig.  2a–d) (Methods). 
Four-point electrical transport measurements (Fig. 2e–f) on both sam-
ples exhibit a sharp drop in resistance at Tc ≈ 90 K, suggesting the for-
mation of CeH9 (ref. 10). For each DAC, the top anvil is a type Ib [111]-cut 
anvil, which is implanted with a layer of NV centres about 50 nm below 
the culet surface at a density of approximately 1 ppm (refs. 7,8). Each 
NV centre hosts a spin-1 electronic ground state governed by the Ham-
iltonian, H D S= z0 gs

2. Here, S are the spin-1 operators of the NV with the 
N–V axis defining the quantization axis ( ̂z) and Dgs = (2π) × 2.87 GHz is 
the zero-field splitting between the ∣m = 0⟩s  spin sub-level and the 
degenerate ∣m = ± 1⟩s  sub-levels31. Local perturbations such as tem-
perature, stress, electric field and magnetic field couple to the NV 

centre and change the energy of its spin states32–37. 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 resonance38 (Methods).

Our central explorations of CeH9 involve local measurements (at 
≳100 GPa) of the magnetic field at the NV centre, Bz, as we tune the tem-
perature, T, and an external magnetic field, Hz, applied along the NV 
axis, ̂z. Thus, it is crucial to be able to separate the effects of crystal stress 
and temperature from the ODMR spectrum of the NV, to accurately 
measure Bz. This is a relatively 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, σ. Stress couples to the NV centre 
by the effective Hamiltonian, H Π S Π S S Π S S S S= + ( − ) + ( + )z z x y x y x y y xS

2 2 2 ,  
where the parameters Πi = Πi(σ) depend on the appropriate components 
of σ (Methods). Πz captures the additional zero-field splitting due to 
C3v-symmetry-preserving stresses7,37 (Fig. 1c). Meanwhile, Π Π Π= +x y⊥

2 2 
parametrizes the symmetry-breaking stresses, mixing the m = ± 1⟩s∣  
spin states into new eigenstates, ∣ ∣ ∣m m± ⟩ = ( = + 1⟩ ± e = − 1⟩)/ 2ϕ

s
i

s
Π , 

which are split by 2Π⊥ (Fig. 1c,d); here, ϕ Π Π= arctan( / )Π y x . As the 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 Δ Π γ B= (2 ) + (2 )B z⊥

2 2 , where γB = 
(2π) × 2.8 MHz G−1 is the gyromagnetic ratio of the NV (Fig. 1c). This 
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Fig. 1 | NV sensing at megabar pressures. a, Schematic of the sample loading 
showing CeH9 compressed between two opposing anvils. The top anvil contains 
a shallow layer of NV centres (about 1 ppm density) approximately 50 nm below 
the culet surface. For ODMR measurements, a platinum wire is placed on the top 
culet to deliver microwaves. b, The quantization axis (z)̂ of the NV centre defines 
its local frame. The crystal cut of the diamond anvil determines the projection 
of culet stresses in the NV frame. For a [100]-cut anvil (top), the dominant culet 
stresses (σZZ and σ⊥) break the C3v-symmetry of all four NV subgroups. For a 
[111]-cut anvil (bottom), these stresses preserve the C3v-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 
contrast up to a pressure of about 140 GPa. c, Schematic of the spin sublevels of 

the NV in the presence of stress and magnetic field. Symmetry-preserving 
stresses, quantified by Πz, directly add to the zero-field splitting, Dgs, whereas 
symmetry-breaking stresses induce a splitting, 2Π⊥. An axial magnetic field Bz 
induces a Zeeman splitting that adds in quadrature to the stress splitting. d, A 
continuous-wave ODMR measurement on a [111]-cut anvil (sample S1) showing 
about 6% contrast at around 118 GPa and a splitting, 2Π⊥ ≈ (2π) × 78 MHz (blue 
data points). For comparison, the ODMR contrast in a [100]-cut anvil at about 
90 GPa is approximately 0.01% (purple data points). e, A spin echo (that is, 
pulsed) measurement on sample S2 at 137 GPa yields an NV coherence time, 
T = 2.04(4) μs2

echo . We demonstrate Rabi frequencies of up to about 
(2π) × 25 MHz (inset).
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provides a simple prescription for measuring Bz: extract Δ from the 
ODMR spectrum of the NV and then subtract (in quadrature) the stress-
induced splitting, 2Π⊥, measured at zero field.

Although conceptually simple, extending this approach to megabar 
pressures39,40 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 using a [111]-cut anvil, we engineer the dominant culet stress to pro-
ject along the quantization axis for one specific subgroup of NV centres 
(Fig. 1b). Doing so has been conjectured to reduce the loss of contrast 
at high pressures41,42 (Methods). This is borne out by the data shown in 
Fig. 1d—the ODMR contrast for NVs in a [111]-cut anvil is two orders of 
magnitude larger than that in a [100]-cut anvil. This enables us to char-
acterize both continuous-wave and pulsed measurements up to pres-
sures of the order of about 140 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 studies39. This 
leads to typical magnetic field sensitivities of around 35 μT Hz−1/2  
(Methods). For pulsed measurements, we perform a spin echo and 
measure a coherence time, T s= 2.04(4) μ2

echo  at 137 GPa (Fig. 1e).
Let us now calibrate the external magnetic field at megabar pressure. 

The field strength is tuned by the current, I, applied to an electromag-
net; Fig. 2g shows the ODMR spectra of sample S1 at room temperature 
(T = 300 K) as the applied current is increased. By extracting the ODMR 
splitting Δ, at each value of the current, and then subtracting the 2Π⊥ 
splitting measured at I = 0, we can immediately convert the applied cur-
rent to an external magnetic field strength, Hz (Fig. 2h). This conversion 

assumes that the CeH9 sample does not contribute an appreciable addi-
tional field above the superconducting transition temperature and that 
Bz = Hz (in Gaussian units). We verify the robustness of this assumption 
by confirming that Hz is independent 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 Tc, we perform NV 
magnetometry in a cryogenic system (down to T = 25 K) integrated with 
a scanning confocal microscope (Methods). Beginning with sample S2 
at 300 K, we perform zero-field cooling (at P = 137 GPa) below the transi-
tion temperature (Tc ≈ 91 K) to T = 81 K and perform ODMR spectroscopy 
at several points within the sample chamber. We focus on two repre-
sentative spatial points: one above the CeH9 sample (Fig. 3d, green point) 
and the other far from the sample (Fig. 3d, purple point). Starting with 
the distant point, at Hz = 0, we find that the NV exhibits a 2Π⊥ splitting 
of about (2π) × 134 MHz (Fig. 3a, light blue curve). As expected, turning 
on the external magnetic field (up to Hz = 70 G) causes the spectrum 
to further split (Fig. 3a, darker blue curves). We extract the magnetic 
field, Bz, at the location of the NV as a function of the external applied 
field, Hz, and find that Bz = Hz nearly perfectly (Fig. 3e, purple data). This 
implies that away from the CeH9 sample, there is no local magnetization.

The response of NVs above the CeH9 is markedly distinct. The ODMR 
splitting, Δ, exhibits a significantly weaker increase as the external field 
is ramped up (Fig. 3b), indicative of a local suppression in Bz (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. 2 | Sample synthesis and characterization. To prepare samples S1 and S2, 
we compress a mixture of cerium (Ce) metal and ammonia borane (NH3BH3)  
to pressures greater than 100 GPa and 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 transport leads (yellow). c,d, Confocal 
NV fluorescence maps of the corresponding regions in S1 (c) and S2 (d) also 
show the sample and the leads. Bright regions on the Ce metal in S1 and around 
the Ce metal in S2 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 a sharp drop, with Tc(P) ≈ 90 K, suggesting 
the formation of CeH9 (ref. 10). Tc is suppressed on the application of magnetic 

fields. g,h, Calibration of the applied field, Hz, at room temperature (T = 300 K). 
We generate the field, Hz, by applying a current, I, in an electromagnet. Starting 
with a stress-induced splitting 2Π⊥ at I = 0, we measure an increase in the ODMR 
splitting, Δ, with increasing current. ODMR spectra (g) measured for different 
values of I at a specific spatial point on sample S1 (h, inset). The ODMR splitting 
Δ Π γ B= (2 ) + (2 )B z⊥

2 2  is a quadrature sum of the stress splitting, 2Π⊥ ≈ (2π) ×  
98 MHz, and the Zeeman splitting, 2γBBz. In the absence of sample magnetism 
(that is, for T > Tc), Bz = Hz ∝ I. Fitting the measured splitting Δ to this functional 
form (h), we directly extract Hz (in gauss), calibrated for each value of I  
(in amperes). Scale bar, 10 μm (a–d and h, inset).
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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 Bz as a function of Hz and extract the slope, s = ΔBz/ΔHz, where 
s < 1 indicates 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-μm-sized region of superconducting CeH9. 
Similar-sized regions of CeH9 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 suppression 
as a function of increasing temperature. In particular, we follow the 
experimental sequence shown in Fig. 4a (black and red curves): We 

begin by performing zero-field cooling of the sample below Tc, then 
we ramp up an external magnetic field, and finally, fixing this field 
(Hz = 79 G), we slowly increase the temperature above Tc. During the 
field-heating sequence, we measure both four-terminal resistance and 
the ODMR spectrum of the NV (Fig. 4d). The resistance exhibits a jump 
at Tc ≈ 91 K. The behaviour of the local magnetic field measured by the 
NV centres is more subtle8,43 (Fig. 4c,d). In particular, for temperatures 
T < 72 K, the local field Bz exhibits a plateau at about 53 G, significantly 
below the value of the external applied field, Hz = 79 G. For intermediate 
temperatures, 73 K < T < 90 K, Bz exhibits a slow increase, suggesting a 
gradual weakening of diamagnetism. Finally, for temperatures T > 91 K, 
coincident with the superconducting transition measured by resist-
ance, Bz 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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Fig. 3 | Local diamagnetism in CeH9. a,b, ODMR spectra collected on 
zero-field cooling to a temperature T < Tc, at two representative spatial points 
in sample S2 (shown in d). The purple point a is far from the CeH9 sample, 
whereas the green point in b is directly above it. As Hz is increased (at T = 81 K), 
the ODMR splitting above the CeH9 (b) is suppressed relative to the splitting 
away from it (a). For clarity, all spectra have been centred by subtracting the 
ODMR shift. c, Confocal fluorescence image of S2. d, By performing ODMR at 
different spatial points, we identify a sub-region of extent of about 10 μm 
exhibiting local diamagnetism (delineated by the dotted yellow line in d). We 
use this signal to identify the regions in which CeH9 has been successfully 
synthesized. e, For the purple point sitting outside this sub-region and for the 
green point sitting inside this sub-region (T = 81 K), we plot Bz extracted from 

the ODMR spectra (a,b) at each value of Hz. Away from the CeH9 (purple), we 
measure a slope s = ΔBz/ΔHz = 1.02, suggesting that there is no local 
magnetization. By contrast, above the CeH9 (green), we measure a slope 
s = 0.75, demonstrating a clear local suppression of the external magnetic field 
(Bz < Hz), consistent with the Meissner effect. f, We perform analogous 
measurements at T = 25 K in sample S1 (green and purple points in h). In 
comparison with S2, we observe a stronger suppression (s = 0.52) above the 
CeH9. g, By measuring the slope s = ΔBz/ΔHz at T = 25 K along a line cut (dotted 
white line in h, with distance measured from top to bottom) we image the 
spatial profile of the magnetic field suppression in sample S1. h, We identify 
two disconnected sub-regions of an extent greater than 10 μm exhibiting local 
diamagnetism (that is, s < 1). a.u., arbitrary units. Scale bar, 10  μm (c, d and h).
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is the ability to expel magnetic flux on field cooling44 (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 CeH9 
region (enclosed by the dotted yellow line), a point (green) just outside 
the CeH9 region and a point (yellow) far away from the CeH9 region. 
Again, the resistance exhibits a sharp transition at about 91 K (Fig. 4e, 
grey triangles, right y-axis). At each spatial point, we determine the 
change in the local field, δBz, across this transition relative to the aver-
age Bz measured in the normal state (T > 91 K) (Fig. 4e, left y-axis). Far 
from the CeH9 region (yellow), the local field is temperature independ-
ent across the transition. Above the CeH9 region (red and blue), the 
local field decreases by around 2 G on cooling below the transition. 
Near the edge of the CeH9 region (green), the local field, Bz, increases 
by approximately 2 G. Taken together, these observations are con-
sistent with partial flux expulsion: as the sample is cooled below Tc, 
it expels magnetic flux from the CeH9 region, leading to a reduction 
in the magnetic flux directly above the sample and a concentration  
at the edge.

We note that the qualitative profiles of Bz above the CeH9 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 (on field 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 superhydrides27. 
Associated with the penetration of magnetic flux on field cooling is the 
possibility of flux trapping—a textbook signature of disordered super-
conductors in which the disorder ‘pins’ the permeating magnetic field 
(Methods). This pinning leads to a remnant magnetic field, arising from 
frozen-in magnetic moments within the superconductor, even when 
the applied external field is quenched (Hz → 0 G) after field cooling45,46.

Flux trapping and hysteresis
To investigate the presence of flux trapping, we examine three spatial 
points above the CeH9 region in sample S2 (Fig. 5c, blue, white and red 
points). After field cooling the sample at Hz = 103 G, we quench the 
external magnetic field to zero. The resulting ODMR spectra for one 
of the three spatial points (Fig. 5c, 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, Δ, shows the presence of a remnant 34 G field, despite 
the fact that the external field Hz is 0 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 shown in Fig. 5e; in particular, after field cooling at Hz = 103 G 
to a fixed temperature T < Tc, we ramp the external field down to 
Hz = −154 G, and then back up to Hz = +154 G. For a temperature (T = 66 K) 
well below the transition temperature (Tc ≈ 91 K), as the external field is 
ramped down, Bz decreases but reaches a finite (flux-trapped) value of 
about 34 G at Hz = 0 G. As the external field switches direction (Hz < 0 G), 
Bz continues to decrease, reaching zero at Hz ≈ −51 G; this is consist-
ent with competition between the external magnetic field and the 
flux-trapped field from CeH9. At even larger magnitudes of negative 
Hz, Bz also becomes negative and scales with Hz. Finally, as we ramp 
back up to positive Hz fields, we observe no hysteresis in the measured 
Bz (Fig. 5f).

A few remarks are in order. First, as a benchmark, we perform the 
same set of experiments (Fig. 5e) for a spatial point outside the CeH9 
region, and always observe Bz = Hz (Extended Data Fig. 8f). Second, the 
data in Fig. 5f exhibit a slope, 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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exhibits a diamagnetic response similar to that observed on zero-field 
cooling. This suppression also helps to explain the following observa-
tion: Although we detect a remnant flux-trapped field of Bz ≈ 34 G, we 
find that this field is cancelled (that is, the NVs measure Bz = 0 G) only 
for an applied field Hz ≈ −51 G. Finally, we note that the data in Fig. 5f are 
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 CeH9 sample.

On field cooling to a temperature (T = 81 K) near the transition, we 
observe distinct behaviour in the measured Bz as a function of magnetic 
field sweeps (Fig. 5g). As the external field is initially ramped down, we 
observe analogous signatures of flux trapping with Bz = 20 G at Hz = 0 G. 
However, as we switch the direction of the external field (Hz < 0 G), the 
slope of the response changes and we find a scaling consistent with 
Bz = Hz at the largest negative Hz fields. On ramping back up to positive 
Hz fields, we observe clear hysteresis in the data with signatures of flux 
trapping in the opposite direction, that is, Bz = −23 G at Hz = 0 G. Again, as 
we switch the direction of the external field (back to Hz > 0 G), the slope 
of the response changes, and we find a scaling consistent with Bz = Hz at 
the largest positive Hz fields. Figure 5f,g suggests that the strength of 
the flux trapping is temperature dependent46. Moreover, as shown in 
Extended Data Fig. 7, the trapping strength itself exhibits hysteresis: 
on zero-field cooling to the same temperature, a significantly larger Hz 
is required before we measure a scaling consistent with Bz = Hz.

Finally, we turn to a systematic exploration of hysteresis as a function 
of temperature sweeps at fixed Hz (experimental sequence; Fig. 4a). We 
begin by zero-field cooling the sample and then ramping up a magnetic 
field to various strengths. We measure ODMR spectra as the tempera-
ture is increased above Tc (field heating) and then decreased below 
Tc (field cooling). The resulting data for Bz 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 Hz fields 
(Fig. 5d). Second, at Hz = 206 G, we observe a surprising sharpening of 
the magnetic transition (measured by the jump in Bz) compared with 
that seen at smaller Hz 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 spectroscopy47. 
Looking forward, our work provides a lot of opportunities. First, we 
expect that our NV-based quantum sensing techniques can readily be 
extended to even higher pressures (that is, ≳200 GPa), for example, 
using double-bevelled anvils. Second, it would be interesting to revisit 
other high-pressure superconductors, such as LaH10 and H3S, in which 
previous magnetic measurements have been limited to global probes, 
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such as superconducting quantum interference devices (SQUIDs)11,45 
and pick-up coils48,49. 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 magnetism in CeH9

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

Order of magnitude estimation. The NV centres can measure only the 
magnetic field, Bz, outside the CeH9 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 suppression in the local field. Furthermore, owing to the presence 
of micron-scale inhomogeneities, it is complicated to accurately model 
the field inside the superconductor. Nevertheless, we can estimate the 
strength of the diamagnetic response of the sample and compare this 
with conventional metallic diamagnets.

For this simple estimate, we consider a spherical sample of radius R 
with the NV centres located directly below the sample at a distance r 
from the centre (Extended Data Fig. 3d). On the application of an exter-
nal field, Hz, the sample exhibits a magnetization Mz = χHz, where χ  
is the magnetic susceptibility. We note that for a perfect diamag-
net (Meissner effect), χ = −1/4π resulting in B = H + 4πM = 0 inside  
the superconductor. Consequently, the overall dipole moment of  
the sample is d MR= 4π

3
3 . Directly below the sample, the local field 

B H d r H χ R r= + / = (1 + 4π ( / ) )z z z
3

4π
3 3 . This results in a slope s = dBz/dHz = 

(1 + 4πχ(R/r)3). Within the assumed geometry, this enables us to directly 
estimate the magnetic susceptibility of the sample, χ r R= ( / )

s1 −
4π

3∣ ∣ ∣ ∣ , 
from our measurements of s ≈ 0.5 for sample S1 and s ≈ 0.7 for sample 
S2 in the main text. Given that r > R, we find that ∣χ∣ > 0.5/4π for sample 
S1 and ∣χ∣ > 0.3/4π for sample S2; these values are significantly larger 
than those expected from metallic diamagnets such as bismuth50 and 
reasonably consistent with the expected magnitude of χ for a perfect 
diamagnet.

Conversely, assuming a perfect diamagnetic response (χ = −1/4π), 
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 CeH9 synthesis process) 
creates additional NV centres up to about less than 1 μm below the culet 
surface, and it is these NV centres that we believe dominate the ODMR 
signal. Assuming a perfect diamagnet with χ = −1/4π, we find that the 
slope should be s = dBz/dHz = (1 − (R/r)3). In our experiments, we measure 
s ≈ 0.5 for sample S1 and s ≈ 0.7 for sample S2. Based on these measure-
ments, we would estimate r ≈ 1.3R for sample S1 and r ≈ 1.5R for sample 
S2. Given that our imaging suggests the presence of superconducting 
CeH9 regions of micron extent and laser-heating-created NVs up to 
about 1 μm 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-scale inhomogeneities.

Spatial studies of S1 and S2. In the main text, we show a spatially vary-
ing local suppression of the external field Hz (Fig. 3g) measured along 
a line cut in sample S1. Here we include plots of Bz as a function of Hz 
at several spatial points along this line cut (Extended Data Fig. 2b). We 
present the same study for two orthogonal line cuts on the CeH9 region 
of sample S2 (Extended Data Fig. 3).

For spatial studies of local diamagnetism in S1 (Extended Data Fig. 2), 
we recorded minor spatial drifts in our measurement apparatus. As a 
result, several ODMR spectra measured for Hz = 0 could not be reliably 
fit to extract the stress splitting, 2Π⊥. To ensure consistent analysis for 

this data set, we determine 2Π⊥ by a complementary technique. Spe-
cifically, at each spatial point, we first fit the measured splitting, Δ, to 
the function Δ Π cI= (2 ) + (2 )⊥

2 2 , where I is the current applied to the 
electromagnet and (Π⊥, c) are fitting parameters. We use this fitted 2Π⊥ 
value to extract the local field, Bz, as a function of the applied field Hz 
in S1. A comparison of the values of Bz 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 Tc. Here we show 
our studies of sample S1, in which we perform NV magnetometry and 
resistance measurements separately (Extended Data Fig. 1d,e). Owing 
to the coupling between the Pt wire for microwave delivery and the 
transport leads, accurate determination of four-point resistance on S1 
is possible only when the Pt wire is disconnected from the microwave 
circuitry. We measure a difference of about 9 K between the magnetic 
transition (Extended Data Fig. 1e, green data) and the resistive transi-
tion (Extended Data Fig. 1e, grey data). This difference may be because 
of a change in the temperature gradient between the DAC and the cold 
finger on isolating the sample from the microwave circuitry.

Field cooling and hysteresis in S2. In the main text, we show four-point 
electrical resistance measurements and the change in the local field, 
δBz, at four spatial locations in sample S2 on field cooling at Hz = 79 G 
(Fig. 4e). We determine δBz at each spatial point by subtracting the 
mean Bz measured at the corresponding location in the normal state 
(that is, for all temperature points T > 91 K). Here we show the ODMR 
splitting, Δ, and the extracted local field, Bz, measured at these four 
spatial locations for the same experiment (Extended Data Fig. 4). On 
top of the synthesized CeH9 region, we measure a decrease in Δ by about 
(2π) × 15 MHz and in Bz by about 2 G on cooling below the transition 
point, Tc. At the edge of this region, we measure an increase in Δ by about 
(2π) × 15 MHz and in Bz by about 2 G across the transition point. Finally, 
away from this region we do not measure an appreciable change in Δ or 
Bz across the transition. At each spatial location, we extract Bz from Δ by 
using the 2Π⊥ stress splitting (measured at the respective location at 
Hz = 0 G after zero-field cooling to T = 86 K). In the normal state (T > Tc), 
we find systematic differences between the applied field, Hz ≈ 79 G, and 
the extracted values of Bz. These may be because of changes in stress 
splitting, 2Π⊥, with temperature. Furthermore, they can also stem from 
any inaccuracy in the determination of 2Π⊥ because of spatial drift in 
the sample. Despite these differences, we observe a clear signal in the 
ODMR splitting, Δ, suggesting flux expulsion within the CeH9 region.

For sample S2, we also study flux trapping on field cooling (at 
Hz = 103 G) to several temperatures T < Tc (Extended Data Fig. 5). We 
measure the ODMR splitting Δ as a function of Hz. On ramping down to 
Hz = 0, we measure Δ > 2Π⊥ (Extended Data Fig. 5a,d,g,j,m) suggesting 
the presence of a remnant magnetic field at the location of the NV centre 
because of flux trapping. By sweeping both magnitude and direction 
of the external field, we characterize the hysteresis of the trapped flux. 
In particular, we observe a minimum in the ODMR splitting (Δ ≈ 2Π⊥) 
for Hz < 0, where the external field is anti-aligned to the flux-trapped 
field. On ramping Hz to larger negative values, the splitting increases 
because the external field dominates the flux-trapped field (Extended 
Data Fig. 5b,e,h,k,n). Although we can extract only the absolute value 
of the local field, ∣Bz∣, from Δ, we can clearly designate a sign (direction) 
to Bz based on the continuity in the splitting profile (Extended Data 
Fig. 5c,f,i,l,o). We find that the hysteresis increases with temperature. 
Furthermore, deep in the superconducting phase (T = 61 K and T = 66 K) 
we measure a slope s = dBz/dHz equal to that measured on zero-field 



cooling and ramping Hz (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 CeH9 region (Extended 
Data Fig. 8a,b,d,e). At a spatial point away from the sample, we do not 
observe a magnetic response on field cooling or on zero-field cooling 
(Extended Data Fig. 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 
Tc (T = 81 K shown in Extended Data Fig. 5n,o), we measure an overall 
inversion of the flux-trapped field on ramping Hz. Specifically, after 
ramping to a field Hz ≈ −154 G at T = 81 K, we find the flux-trapped field is 
inverted (that is, Bz < 0 on returning to Hz = 0 G) (Extended Data Fig. 7a). 
Here we conduct a complementary study of the response of the sam-
ple to Hz sweeps after zero-field cooling in which there should be no 
flux initially trapped. Specifically, we perform zero-field cooling to 
T = 81 K and study the response on ramping the magnitude and direc-
tion of Hz. We find that diamagnetic suppression dominates for fields 
∣Hz∣ ≲ 154 G, and there is no appreciable penetration of flux lines into 
the sample (Extended Data Fig. 7b). However, on ramping to larger 
fields (∣Hz∣ ≈ 240 G) after zero-field cooling to T = 81 K (Extended Data 
Fig. 7c), we observe the penetration and trapping of external flux into 
the sample (that is, we measure Bz ≠ 0 on ramping back to Hz = 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 S2. We include the full data set of our study 
of hysteresis of diamagnetism in S2 on sweeping sample temperature, 
T, at a fixed value of the external field, Hz. We observe a characteristic 
loss of suppression on field heating across Tc concurrent with a jump 
in the four-point resistance. We observe a sharpening of the magnetic 
transition at the highest field (Hz = 206 G in Extended Data Fig. 9d). A 
repeated measurement along the transition profile for field heating 
at Hz = 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 magnetometry in which the dipole sensitivity is of the order of 
about 10−8 emu Hz–1/2 (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 an enor-
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 μT Hz−1/2 at room tem-
perature. Following previous work, this corresponds to a dipole sensi-
tivity of the order of about 10 emu Hz−11 −1/2  at room temperatures 
(around 10 emu Hz−10 −1/2  at cryogenic temperatures)7. In this case, a 
key advantage is the proximity of the sensor to the target material and 
the ability to measure magnetism with diffraction-limited sub-micron 
spatial resolution.

Data availability
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Extended Data Fig. 1 | Studies of diamagnetism in sample S1. (a) Confocal 
fluorescence image of sample S1 showing the identified CeH9 region (enclosed 
in dotted yellow line). A comparison of the ODMR spectra measured after zero 
field cooling to a temperature T = 25 K (below Tc) at two spatial locations:  
one (b) away from the CeH9 region [purple point in (a)], and the other (c) on top 
of the CeH9 region [green point in (a)]. For clarity, all spectra are centered by 
subtracting the ODMR shift. As a function of the external field, Hz, the local 
field, Bz, extracted from these spectra show the diamagnetic response of CeH9 
[maintext Fig. 3(f)]. We measure the temperature dependence of this response 
[at the green point in (a)]. (d) Applying Hz = 47 G after zero field cooling, we 
perform ODMR spectroscopy while heating the sample across Tc (field 

heating). (e) Similar to sample S2 (shown in maintext), we observe a clear 
transition in the diamagnetic response. Four point resistance is measured 
separately on warming up the sample with Hz = 0 (after zero field cooling).  
For sample 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 transport leads. Although, we expect a suppression 
in Tc measured via electrical resistance on the application of an external field, 
the separation between the magnetic and resistive transitions is larger than 
expected from this effect alone. A reduction of the temperature gradient in the 
sample on disconnecting the microwave lines may be responsible for this 
difference.



Extended Data Fig. 2 | Spatial studies of diamagnetism in S1. (a) We measure 
the local suppression in Bz along a line cut shown in the confocal fluorescence 
scan of sample S1. The slope s = ΔBz/ΔHz for this study is presented in maintext 
Fig. 3(g). (b) We show plots of the extracted Bz against the applied external field 
Hz at fifteen spatial points (indexed) along the line cut. Linear fits to the 
extracted values of Bz show a clear suppression in two regions of the sample 

(enclosed in dotted yellow line in (a)). (c) Schematic geometry we assumed for 
estimating the CeH9 sample’s diamagnetic properties. We assume a spherical 
chunk of CeH9 of radius R with NV centers located at a distance r from the center 
(directly below the sample). Under the application of an external field Hz along 
the NV axis, our ODMR measurements yield a suppression factor 
corresponding to the slope s = dBz/dHz.
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Extended Data Fig. 3 | Spatial studies of diamagnetism in S2. We perform 
spatial studies of the local suppression in Bz in sample S2 along two orthogonal 
line cuts. Insets in (b) and (d) show fluorescence scans of S2 with the respective 
line cuts on top of the identified CeH9 region (enclosed in dotted yellow line). 
(a) The Bz values extracted from ODMR spectra are plotting against the applied 

external field, Hz, 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 suppression in the local field suggesting the formation of ≈ 10 μm 
regions of CeH9 via laser heating. (c-d) A repeat of the study for six spatial 
points along an orthogonal line cut (inset of (d)).



Extended Data Fig. 4 | Comparison of ODMR splitting and Bz on field 
cooling S2 at Hz = 79 G. Measurements of four point electrical resistance and 
the ODMR splitting, Δ, at four spatial locations [shown in maintext Fig. 4(b)]: 
(a,b) two points on top the synthesized CeH9 (blue and orange), (c) one point at 
the edge of this region (green), and (d) one point away from region (yellow). 
(a,b) On top of the CeH9 region, we measure a decrease in Δ ≈ (2π) × 15 MHz as 
we cool below the transition point. (c) In contrast, at the edge of this region, we 
measure an increase in Δ ≈ (2π) × 15 MHz. (d) Away from the CeH9 region we do 

not measure an appreciable change in Δ across the transition point (determined 
via simultaneous electrical resistance measurements). (e,f,g,h) For the Δ 
values measured at each spatial point, we extract the magnetic field, Bz, based 
on the 2Π⊥ stress splitting (measured at the same spatial point at Hz = 0 G after 
zero field cooling to T = 86 K). Systematic disagreement between Bz and Hz for 
T > Tc may stem from inaccurate determination of 2Π⊥ or change in the value of 
2Π⊥ with temperature.
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Extended Data Fig. 5 | See next page for caption.



Extended Data Fig. 5 | Study of flux trapping in sample S2 (full dataset).  
We field cool sample S2 at Hz = 103 G to several temperatures (indicated on the 
left) and ramp the magnitude and direction of Hz [experimental sequence in 
maintext Fig. 5(f)]. (a,d,g,j,m) Dark blue data show the ODMR spectra 
measured on ramping Hz to zero after field cooling at Hz = 103 G to the 
respective temperatures. Light blue data show the ODMR spectrum measured 
at Hz = 0 on zero field cooling to T = 81 K. We observe a markedly higher ODMR 
splitting in the field cooled data set suggesting the presence of a remnant flux 
trapped field. The strength of the flux trapped field (i.e., Bz values at Hz = 0) 
decreases with increasing temperature. (b,e,h,k,n) We show the measured ∣Bz∣ 
on ramping Hz after field cooling to different temperatures; first, we ramp the 
external field down from Hz = 106 G to Hz = − 154 G (yellow data points and 
arrows) and subsequently, we ramp the external field back up Hz = 154 G (green 

data points and arrows). In order to extract the local ∣Bz∣ field from the splitting 
(Δ), we use the 2Π⊥ splitting measured at Hz = 0 on zero field cooling to T = 81 K 
[shown as light blue data in (a,d,g,j,m)]. On switching the direction of the 
external field (Hz < 0), we measure a minimum in ∣Bz∣. Since the local field 
measured at the NV location is the sum of the flux trapped field and Hz, we see 
an increase in the splitting on further increasing the magnitude of the external 
field in the negative direction. Based on the continuity of the ∣Bz∣ data points 
across the minimum, we assign a direction (sign) to the local field to extract the 
local field Bz. (c,f,i,l,o) We plot measured local field, Bz, against the applied 
external field, Hz, at the respective temperatures. We find that a clear increase 
in hysteresis with increase in temperature. All measurements are performed at 
the spatial location shown by the inverted white triangle in maintext Fig. 5(c) 
[also shown in inset in Extended Data Fig. 7(a)].
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Extended Data Fig. 6 | Comparison of the slope s = dBz/dHz on field cooling 
and zero field cooling. We reproduce the data for ∣Bz∣ vs. Hz measured at  
(a) T = 61 K and (d) T = 66 K that are also shown in Extended Data Fig. 5 (b,e).  
(b,c) Similarly, we show the data for Bz vs. Hz extracted for the respective 
temperatures. We compare these measurements performed after field  
cooling and ramping Hz [experimental sequence in maintext Fig. 5(f)] to one 

measurement performed after zero field cooling and increasing Hz [light blue 
data shown in all sub-panels]. We find that, deep in the superconducting phase, 
Bz exhibits the same slope with respect to Hz on both field cooling and zero field 
cooling. In the case of field cooling, this suggests that in addition to a trapped 
flux, there may be a contribution similar to that which gives rise to a local 
diamagnetic response on zero field cooling.



Extended Data Fig. 7 | Flux trapping in S2. We compare the response of the 
sample on sweeping Hz after field cooling and zero field cooling at T = 81 K.  
(a) On field cooling at Hz = 103 G we measure a trapped flux. On ramping to large 
fields in the direction opposite to this trapped flux (Hz = − 154 G), we measure an 
inversion of the flux trapped field. (b) In contrast, the sample is robust to flux 
penetration on zero field cooling. Specifically, on ramping the external field to 
∣Hz∣ = 154 G in both the positive and negative directions, we continue to observe 
a local suppression in Bz without any appreciable flux trapping. (c) After zero 

field cooling, the sample exhibits flux penetration only on ramping the 
external field to much larger magnitudes (∣Hz∣ ~ 240 G). Here, we measure a 
response similar to the case of field cooling. Specifically, on ramping to a field 
Hz = 240 G we find a flux trapped field Bz = 18 G (measured after returning to 
Hz = 0 G). Similarly, after ramping to a field Hz = − 240 G, the direction of the 
trapped flux changes (i.e., we measure Bz = − 28 G on returning back to Hz = 0 G). 
All measurements are performed at the spatial location shown by the inverted 
white triangle in the fluorescence scan [inset of (a)].
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Extended Data Fig. 8 | Spatial studies of flux trapping in S2. We compare the 
effects of zero field cooling (ZFC) and field cooling (FC) at several spatial points 
in sample S2 [fluorescence scan in the inset of (d)]: two locations [blue and red 
points in inset of (d)] on top of the CeH9 region and one location [yellow point in 
inset of (d)] away from this region. (a-c) We field cool the sample at Hz = 79 G to a 
temperature T = 36 K and measure the ODMR spectra (dark blue) after quenching 
the external field to Hz = 0 G. Light blue data show the ODMR spectra measured 
at the respective spatial locations upon zero field cooling to temperatures (a,b) 
T = 36 K, and (c) T = 86 K. We see markedly higher splittings on top of the CeH9 
region (a,b) upon field cooling indicating the presence of a flux trapped field. 
Away from the CeH9 region (c), we do not observe a significant difference 
between ZFC and FC data. In particular, Δ for the ZFC spectrum (measured at 
T = 86 K) is larger by 7 MHz; this difference is likely due to temperature 

dependence of the stress splitting, 2Π⊥, at this spatial point. (d-f) Following  
the field quench after FC, we determine the local Bz field at the three spatial 
locations on ramping Hz to positive values (green data points). We make the 
same measurements on ramping Hz to negative values (orange data points).  
We also measure Bz as a function of Hz after zero field cooling (blue data points). 
(d,e) On top of the CeH9 region, our measurements indicate the presence of a 
flux trapped field upon FC. This contrasts with a local suppression of Hz 
measured at the same locations upon ZFC. In particular, the slope s = ΔBz/ΔHz 
on field cooling is in quantitative agreement with the slope on zero field 
cooling. (f) Away from CeH9 region, we see no significant difference in response 
on ramping Hz after FC and ZFC. To extract Bz at each point, we use the 2Π⊥ 
splitting measured upon zero field cooling at the respective spatial location 
[light blue spectra in (a-c)].



Extended Data Fig. 9 | Hysteresis on T-sweeps in S2. To study hysteresis on 
sweeping T, we first zero field cool the sample and apply an external field Hz 
[maintext Fig. 5(d)]. Then, fixing Hz, we heat the sample across the transition 
(field heating shown in red). Finally, we cool the sample below Tc without 
changing Hz (field cooling shown in blue). We perform simultaneous electrical 
resistance (shown in green) and ODMR measurements. Four point resistance 
measured on field heating (field cooling) are indicated by markers pointing 
right (left). All measurements are made at the spatial location shown by the 

inverted white triangle in fluorescence scan [inset of (d)]. We use the 2Π⊥ stress 
parameter measured at Hz = 0 and T = 81 K to extract the local Bz field for all data 
points. (a-c) We observe concurrent transitions in magnetism and electrical 
resistance. In addition, we see a suppression of Tc with the increase in the 
magnitude of Hz. (d) Surprisingly at high fields (Hz = 206 G), we see a clear 
sharpening of the magnetic transition. To confirm the signal we repeat the 
measurement on field heating near the transition region (orange squares in (d)).
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