
Cite as: C. L. Tschirhart et al., Science 

10.1126/science.abd3190 (2021).  

 

 

 

  REPORTS 

 

First release: 27 May 2021   www.sciencemag.org  (Page numbers not final at time of first release) 1

   

 

In crystalline solids, orbital magnetization arises from the 

Berry curvature of the bands and intrinsic angular momen-

tum of the Bloch electron wave packet (1). Although the or-

bital magnetization often contributes—at times substantially 

(2)—to the net magnetization of ferromagnets, all known fer-

romagnetism involves partial or full polarization of the elec-

tron spin. Theoretically, however, ferromagnetism can also 

arise through the spontaneous polarization of orbital mag-

netization without involvement of the electron spin. Re-

cently, hysteretic transport consistent with ferromagnetic 

order has been observed in heterostructures composed of gra-

phene and hexagonal boron nitride (3–7), neither of which 

are intrinsically magnetic materials. Notably, spin-orbit cou-

pling is thought to be vanishingly small in these systems (8), 

effectively precluding a spin-based mechanism. These results 

have consequently been interpreted as evidence for purely or-

bital ferromagnetism (9–16). 

To host purely orbital ferromagnetic order, a system must 

have a time reversal symmetric electronic degree of freedom 

separate from the electron spin as well as strong electron-

electron interactions. Both are present in graphene hetero-

structures, where the valley degree of freedom provides de-

generate electron species related by time reversal symmetry 

and a moiré superlattice can be used to engineer strong in-

teractions. In these materials, a long wavelength moiré pat-

tern, arising from interlayer coupling between mismatched 

lattices, modulates the underlying electronic structure and 

leads to the emergence of superlattice minibands within a re-

duced Brillouin zone. The small Brillouin zone means that 

low electron densities are sufficient to dope the 2D system to 

full filling or depletion of the superlattice bands, which can 

be achieved using experimentally realizable electric fields 

(17). For appropriately chosen constituent materials and in-

terlayer rotational alignment, the lowest energy bands can 

have bandwidths considerably smaller than the native scale 

of electron-electron interactions, EC ≈ e2/λM, where λM is the 

moiré period and e is the electron’s charge. The dominance 

of interactions typically manifests experimentally through 

the appearance of “correlated insulators” at integer electron 

or hole filling of the moiré unit cell (18, 19), consistent with 

interaction-induced breaking of one or more of the spin, val-

ley, or lattice symmetries. Orbital magnets are thought to 

constitute a subset of these states, in which exchange inter-

actions favor a particular order that breaks time-reversal 

symmetry by causing the system to polarize into one or more 

valley projected bands. Remarkably, the large Berry curva-

ture endows the valley projected bands with a finite Chern 

number (20, 21), so that valley polarization naturally leads to 

a quantized anomalous Hall effect at integer band filling. To 

date, quantum anomalous Hall effects have been observed at 

band fillings ν = 1 and ν = 3 in various heterostructures (4–

6), where ν = An corresponds to the number of electrons per 

unit cell area A with n the carrier density. 

Although orbital magnetism is generally expected theoret-

ically in twisted bilayer graphene (10–12), no direct experi-

mental probes of magnetism have been reported because of 

the relative scarcity of magnetic samples, their small size, and 

the low expected magnetization density. The resulting 
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magnetization density m ≲ 0.1 μB/nm2 (22) (where μB ≈ 0.06 

meV/T is the Bohr magneton) is consequently over three or-

ders of magnitude smaller than in typical magnetic systems 

with several spins per subnanometer-sized crystal unit cell. 

The absence of magnetic studies leaves open both quantita-

tive questions, such as the magnitude of the orbital magneti-

zation, as well as qualitative ones regarding the nature of the 

magnetic phase transitions as a function of magnetic field 

and carrier density. 

Here, we perform spatially resolved magnetometry to im-

age the submicron magnetic structure of the same sample 

presented in (4) (see Fig. 1A), which consists of a twisted gra-

phene bilayer aligned to one of the hexagonal boron nitride 

encapsulating layers. Figure 1B shows a schematic represen-

tation of our experimental setup. We use a superconducting 

quantum interference device (SQUID) fabricated on the tip 

of a quartz tube from cryogenically deposited indium (23) 

with a magnetic field sensitivity of approximately 15 nT/Hz1/2 

at select out-of-plane magnetic fields of less than 50 mT (see 

fig. S1). The SQUID is mounted to a quartz tuning fork (24, 

25) (see fig. S2) and rastered in a 2D plane parallel to, and at 

a fixed height above, the tBLG heterostructure. A finite elec-

trical excitation applied to the tuning fork generates a lateral 

oscillation of the tip along vector â, and we measure the 

SQUID response at the tuning fork oscillation frequency, 

TF
ˆ

r zB a B≈ ⋅∇


 (see fig. S3). 

Figure 1, C and D, shows images of BTF taken while the 

sample is doped to n = 2.36 × 1012 cm−2, near the quantized 

Hall plateau corresponding to ν = 3. Here n is the nominal 

density inferred from a parallel plate capacitor model, with 

the capacitance determined from the low-field Hall density 

(4). Images are acquired in the same background magnetic 

field B = 22 mT but on opposite branches of the hysteresis 

loop shown in Fig. 1A. As discussed in (24) and fig. S7, the 

measured BTF contains contributions from magnetic signals 

as well as other effects arising from electric fields or thermal 

gradients (24). To isolate the magnetic structure that gives 

rise to the observed hysteretic transport, we subtract data 

from Fig. 1C and Fig. 1D from each other. The result is shown 

in Fig. 1E, which depicts the gradient magnetometry signal 

associated with the fully polarized orbital ferromagnet. To re-

construct the static out-of-plane magnetic field, Bz, we inte-

grate BTF along â from the lower and left boundaries of the 

image (Fig. 1F). We infer the total magnetization density m 

from the Bz data using standard Fourier domain techniques 

(24) as shown in Fig. 1G. Figure 1, H and I, shows a compari-

son of BTF and m plotted along the contours indicated in Fig. 

1, E and G. The shaded regions in Fig. 1I denote absolute error 

bounds from the dominant systematic uncertainty in |â|. 

Our measurements are taken close to ν = 3, equivalent to 

a single hole per unit cell relative to the nonmagnetic state at 

ν = 4 that corresponds to full filling of the lowest energy 

bands. We find that the magnetization density is considerably 

larger than 1 μB per unit cell area A ≈ 130 nm2, where we have 

taken g = 2 as appropriate for graphene, in which spin orbit 

coupling is negligible. Without any assumptions about the 

nature of the broken symmetries, this state has a maximum 

spin magnetization of 1 μB per moiré unit cell. Our data reject 

this hypothesis, finding instead a maximum magnetization 

density of m in the range 2–4 μB per moiré unit cell corre-

sponding to an orbital magnetization of 1.8–3.6 × 10−4 μB/car-

bon atom. We conclude that the magnetic moment associated 

with the QAH phase in tBLG is dominated by its orbital com-

ponent. 

In an intrinsic orbital magnet in which all moments arise 

from conduction electrons, the magnetization depends 

strongly on the density. Additional density dependence arises 

from the fact that contributions to the orbital magnetization 

from both wave-packet angular momentum and Berry curva-

ture need not be uniformly distributed within the Brillouin 

zone (1). Transport observations of a quantum anomalous 

Hall effect measure only the total Berry curvature of a com-

pletely filled band. At partial band filling, however, extrinsic 

contributions from scattering complicate the relationship be-

tween transport and band properties. In contrast, measuring 

m provides direct information about the density-dependent 

occupation of the Bloch states in momentum space. Figure 

2A shows repeated measurements of BTF for a series of gate 

voltages in the vicinity of ν = 3. BTF is measured along a con-

tour that runs over a region of the device showing magnetic 

inhomogeneity even at the saturation magnetization (the 

black line cut in Fig. 1E; see also Fig. 1H). Assuming that the 

saturated magnetic state has density independent spatial 

structure [i.e., m(n, r) = μBK(n)L(r), where K and L are respec-

tively functions of density n and position r], the amplitude of 

the position dependent modulation of BTF functions as a 

proxy for m. 

To compare magnetization at different n, we fit the data 

for n = 2.57 × 1012 cm−2 to a 7th order polynomial (see Fig. 2A); 

all other curves are then fit to the same polynomial with an 

overall scale factor which we denote TFB  and plot in Fig. 2B. 

Error bars reflect standard error of the mean of the residuals 

of these fits. BTF is below our noise floor for n ≲ 2.25 × 1012 

cm−2. For 2.25 × 1012 cm−2 < n < 2.52 × 1012 cm−2—a density 

range that overlaps with the quantization of the Hall conduc-

tivity (4)—BTF increases rapidly. For n > 2.52 × 1012 cm−2, BTF 

then slowly decreases as a function of n, dropping below the 

noise floor at n ≈ 2.9 × 1012 cm−2, corresponding to a superlat-

tice filling of ν ≈ 3.7 and approximately coinciding with the 

vanishing of ferromagnetic signatures in transport. Compar-

ing the n-dependent TFB  with the residual Hall resistance 

shows that TFB  grows slowly as density is lowered toward ν 
= 3, but then abruptly drops below the noise floor of our 
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SQUID measurements within the range of n associated with 

the quantized Rxy plateau. 

The dramatic change of the inferred m within the quan-

tum anomalous Hall plateau arises from the contribution of 

the chiral edge state to the total magnetization. Within an 

energy gap, changes in the chemical potential induce no ad-

ditional charges in the sample bulk, and consequently no 

change in the bulk magnetization. In a Chern insulator, how-

ever, charges may accumulate on the sample boundary owing 

to the presence of chiral edge states. This is predicted to give 

rise to a chemical-potential dependent contribution to the 

magnetization within the quantized transport plateau (22). 

We interpret the sharp change we observe in magnetization 

within the transport plateau as evidence for this contribution 

to the magnetization by the topological edge states. Assuming 

BTF to be a good proxy for m, our measurements imply a Δm ≳ 3 μB/u.c. across the quantum anomalous Hall gap. The mag-

nitude of the theoretically expected jump in magnetization 

across a Chern insulator gap is Δm = CEgap/Φ0, where C is the 

Chern number, Egap is the topological band gap, and Φ0 = h/e 

is the flux quantum. Thermally activated transport measure-

ments of the quantum anomalous Hall state at ν = 3 in this 

sample found Egap = 2.5 meV (4), corresponding to a Δm of 1.4 

μB per unit cell, somewhat smaller than our local measure-

ment and potentially implying that the transport measure-

ments underestimate Egap. 

The orbital magnetization contributed by Bloch states 

within a valley-projected subband is momentum dependent. 

As a result, the total magnetization is expected to depend on 

electron density, although the precise trend is sensitive to the 

details of the many-particle ground state wave function. For 

2.52 × 1012 cm−2 < n < 2.9 × 1012 cm−2, the observed gradual 

decrease in BTF is concomitant with the hysteresis in 

transport. In contrast, no BTF signal is observed for n < 2.25 × 

1012 cm−2 despite hysteresis in transport persisting until n = 

2.05 × 1012 cm−2. Under the assumption that BTF ∝ m, absence 

of measured signal implies |m| < .2 μB per moiré unit cell. 

Transport measurements in this density range show that the 

anomalous Hall effect changes sign at n ≈ 2.17 × 1012 cm−2, 

accompanied by a divergence in the coercive field (fig. S8 and 

Fig. 2C). These phenomena, observed in a regime of undetect-

ably small m, point to a density tuned transition in the valley 

occupation mediated by a sign change in the valley subband 

magnetization. In this picture, the sign change of the anom-

alous Hall effect arises directly from the opposite Berry cur-

vatures of the contrasting valleys. 

Although the coercive field behavior is difficult to model 

quantitatively, coercive fields in general result from competi-

tion between the energetic barrier to magnetic inversion and 

the coupling of magnetic order to the magnetic field: Bc ~ 

E/m. For densities where m approaches zero and E does not, 

Bc will to leading order be sensitive to changes in 1/m. The 

observation of a divergence in Bc concomitant with a sign 

change in the anomalous Hall effect is consistent with a van-

ishing m at this point. Our observation of an undetectably 

small magnetization in this regime strongly suggests these 

anomalies arise from a sign change in m at partial band fill-

ing, rather than density-dependent extrinsic contributions to 

the anomalous Hall effect or domain pinning dynamics. 

Across the range of densities at which magnetic hysteresis 

is observed, Bc is not simply related to m, raising the question 

of the nature of magnetic pinning. Previous work on gra-

phene-based Chern insulators has found Barkhausen noise 

jumps comparable to h/e2 (3, 4, 6), suggesting a substructure 

of only a handful of ferromagnetic domains comparable in 

size to the distance between contacts. However, our magne-

tometry data show significant submicron scale inhomogene-

ity even at full magnetic saturation. This is similar to findings 

in transition metal doped topological insulators, where the 

magnetic structure is dominated by inhomogeneous distribu-

tion and clustering of the Cr or V dopants. In those systems, 

magnetic imaging shows superparamagnetic dynamics char-

acterized by the reversal of weakly correlated point-like mi-

croscopic magnetic dipoles (26–28). Transport, meanwhile, 

does not typically show substantial Barkhausen noise (29), 

with the exception of one report where jumps were reported 

in a narrow range of temperatures (30). 

To investigate the domain dynamics directly, we compare 

magnetic structure across different states stabilized in the 

midst of magnetic field driven reversal. Figure 3A shows a 

schematic depiction of our transport measurement, and Fig. 

3B shows the resulting Rxy data for both a major hysteresis 

loop spanning the two fully polarized states at Rxy = ±h/e2 (in 

purple) and a minor loop that terminates in a mixed polari-

zation state at Rxy ≈ 0 (in red). All three states represented by 

these hysteresis loops can be stabilized at B = 22 mT for T = 

2.1 K, where our nanoSQUID has excellent sensitivity, allow-

ing a direct comparison of their respective magnetic struc-

tures (Fig. 3, C to E). Figure 3, F and G, shows images 

obtained by subtracting one of the images at full positive or 

negative polarization from the mixed state, as indicated in 

the lower left corners of the panels. Applying the same mag-

netic inversion algorithm used in Fig. 1 produces maps of m 

corresponding to these differences (Fig. 3, H and I), allowing 

us to visualize the domain structure generating the interme-

diate plateau Rxy ≈ 0 seen in the major hysteresis loop. The 

domains presented in Fig. 3, H and I, are difference images; 

the domain structures actually realized in experiment (Fig. 3, 

C to E) are illustrated schematically in Fig. 3, J to L. Evidently, 

the Hall resistance of the device in this state is dominated by 

the interplay of two large magnetic domains, each compris-

ing about half of the active area. 

Armed with knowledge of the domain structure, it is 

straightforward to understand the behavior of the measured 
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transport in the mixed state imaged in Fig. 3D. In particular, 

the state corresponds to the presence of a single domain wall 

that crosses the device, separating both the current and the 

Hall voltage contacts (see Fig. 3A). In the limit in which the 

topological edge states at the boundaries of each magnetic 

domain are in equilibrium, there will be no drop in chemical 

potential across the domain wall, leading to Rxy = 0. This is 

very close to the observed value of Rxy = 1.0kΩ = 0.039h/e2. As 

shown in figs. S9 and S10, more subtle features of the 

transport curve can also be associated with the reversal of 

domains that do not bridge contacts (24). 

In the absence of significant magnetic disorder ferromag-

netic domain walls minimize surface tension. In two dimen-

sions, domain walls are pinned geometrically in devices of 

finite size with convex internal geometry. As discussed in fig. 

S10 (24), we observe pinning of domain walls at positions that 

do not correspond to minimal length internal chords of our 

device geometry—suggesting that magnetic order couples to 

structural disorder directly. This is corroborated by the fact 

that the observed domain reversals associated with the Bark-

hausen jumps are consistent over repeated thermal cycles be-

tween cryogenic and room temperature. 

Although crystalline defects on the atomic scale are un-

likely in tBLG thanks to the high quality of the constituent 

graphene and hBN layers, the thermodynamic instability of 

magic angle twisted bilayer graphene makes it highly suscep-

tible to inhomogeneity at scales larger than the moiré period, 

as shown in prior spatially resolved studies (31, 32). For ex-

ample, the twist angle between the layers as well as their reg-

istry to the underlying hBN substrate may all vary spatially, 

providing potential pinning sites (33). Moiré disorder may 

thus be analogous to crystalline disorder in conventional fer-

romagnets, which gives rise to Barkhausen noise as it was 

originally described (34). A subtler issue raised by our data is 

the density dependence of magnetic pinning; as shown in Fig. 

2, Bc does not simply track 1/m across the entire density 

range, in particular failing to collapse with the rise in m in 

the topological gap. This suggests nontrivial dependence of 

the pinning potential on the realized many body state. Un-

derstanding the pinning dynamics is critical for stabilizing 

magnetism in tBLG and the growing class of related orbital 

magnets, which includes both moiré systems (3–6) as well as 

more traditional crystalline systems such as rhombohedral 

graphite (35). 
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Fig. 1. Imaging orbital ferromagnetism. (A) Hall resistance of a twisted bilayer graphene device aligned to 
hexagonal boron nitride measured at T = 2.1 K and nominal electron density n = 2.36 × 1012 cm−2. A thorough 
characterization of transport in this exact device is reported in (4). Inset: Optical micrograph of the device  
with the scan region marked in red. The scale bar is 4 µm. (B) Schematic illustration of the experimental setup. 
We raster a nanoscale indium SQUID with diameter d = 215 nm at a height of h ≈ 153 nm above the plane of the 
twisted bilayer graphene. The SQUID is coupled to a quartz tuning fork whose excitation causes the tip to 
oscillate mechanically at fTF ≈ 33 kHz in the plane of the sample. The SQUID response at this frequency 

TF
ˆ

r zB a B≈ ⋅∇


 where Bz is the static magnetic field and |â| ≈ 190 nm is the tuning fork oscillation amplitude.  

(C) BTF measured at B = 22 mT after field training to +200 mT and (D) −200 mT on the area indicated by the red 
dashes in inset to (A). The black dashed lines in (C) to (G) indicate the edges of the sample. (E) Half the 
difference between data shown in (C) and (D). (C) to (E) share the same color scale. Inset: To-scale 
representations of the SQUID diameter and tuning fork amplitude â. (F) Bz as determined by integrating data in 
(E). We assume Bz = 0 along the bottom and left edges of the scan range. (G) Magnetization density m. Data are 
presented in units of Bohr magnetons per moiré unit cell area A ≈ 130 nm2 (4). (H) BTF and (I) m plotted along 
the line segments indicated in corresponding colors in (E) and (G). The shaded regions in H show absolute 
bounds on m obtained by propagating the systematic uncertainty in |â| (24). 
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Fig. 2. Density dependence of magnetization. (A) Evolution of BTF with n 
in the vicinity of ν = 3, measured along the contour shown in Fig. 1E. The 

data was taken at B = 44 mT and T = 2.2 K. The trace corresponding to n 
= 2.57 × 1012 cm−2 is shown in red at right, along with a fit to a 7th order 
polynomial in black. (B) Comparison of magnetic signal with the residual 
Hall resistance ∆Rxy, shown in red. BTF traces at different n are fit to the 

same polynomial as in (A) with a scale factor TFB , which serves as a proxy 

for m. Error bars measure standard error of the mean of the residuals of 
these fits, normalized to the values shown in the inset of (A). This analysis 
is covered in more detail in fig. S11 (24). (C) Coercive field Bc determined 

from transport measurements (24) (fig. S8) plotted alongside TFB . These 

data also appear in the supplementary materials of (6) and are 
reproduced with permission. 
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Fig. 3. Mesoscopic magnetic domains. (A) Transport measurement 
schematic and (B) Hall resistance data as a function of magnetic field for 
major (purple) and minor (red) hysteresis loops. (C to E) Gradient 
magnetometry images of the tBLG device at the three indicated values of 
the Hall resistance. All magnetic imaging presented here was performed at 
B = 22 mT, T = 2.1 K, and n = 2.36 × 1012 cm−2. (F and G) Pairwise difference 
images based on the data presented in (C) to (E). The subtraction is 
indicated in the lower left corner of each panel. The same domain structures 
were observed on multiple cooldowns, reminiscent of grains formed by 
crystalline domain walls in polycrystalline ferromagnetic metals. (H and I) 
Extracted magnetization m for the images in (F) and (G). (J to L) Schematic 
depiction of edge state structure corresponding to magnetization states in 
(C) to (E). Assuming full edge state equilibration, these states would result 
in Rxy = −h/e2, 0, and h/e2, close to the observed values. 
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