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The control of spin-dependent properties by voltage, not involving magnetization switching, has significant advantages 
for low-power spintronics. Here, we predict that the interfacial crystal Hall effect (ICHE) can serve for this purpose. We 
show that the ICHE can occur in heterostructures composed of compensated antiferromagnetic metals and non-magnetic 
insulators due to reduced symmetry at the interface, and it can be made reversible if the antiferromagnet is layered 
symmetrically between two identical ferroelectric layers. We explicitly demonstrate this phenomenon using density 
functional theory calculations for three material systems: MnBi2Te4/GeI2 and topological In2Te3/MnBi2Te4/In2Te3 van 
der Waals heterostructures, and GeTe/Ru2MnGe/GeTe heterostructure composed of three-dimensional materials. We 
show that all three systems reveal a sizable ICHE, while the latter two exhibit a quantum ICHE and ICHE, respectively, 
reversible with ferroelectric polarization. Our proposal opens an alternative direction for voltage controlled spintronics 
and offers not yet explored possibilities for functional devices by heterostructure design.  

I. INTRODUCTION 

Spintronics is a research field that exploits the spin-
dependent transport properties of material structures in 
electronic devices, such as non-volatile memories and logics [1]. 
Spontaneous magnetization M is often employed as a state 
variable in these devices, and its orientation is used for 
distinguishing non-volatile states. “Standard” methods of 
controlling magnetization, such as a magnetic field or a spin 
torque, require substantial electric currents and thus suffer from 
large energy dissipation. An electric control of magnetization 
by voltage has significant advantages for low-power spintronics 
[2]. However, the electric field does not break time-reversal 
symmetry 𝑇"  and hence on its own is not sufficient to reverse the 
magnetization.  

An electric field breaks the space-inversion symmetry 𝑃" 
and leads to electric polarization P in insulators. In multiferroic 
insulators, where the spontaneous polarization coexists with a 
magnetic order, a non-volatile electric control of magnetization 
is possible due to the magnetoelectric coupling [3,4]. However, 
the applicable room-temperature multiferroics are rare. Another 
approach is to exploit the interfacial magnetoelectric coupling 
in heterostructures of ferroelectric and ferromagnetic materials 
[ 5 ], where reversal of ferroelectric polarization affects the 
interface magnetization through the electrostatic doping effect. 
However, this approach requires precise engineering of 
stoichiometry [ 6 - 9 ] thickness [ 10 , 11 ], or a non-collinear 
magnetic order [12], which may be complicated for the design 
of realistic devices.       

For low-power memory and logic devices, it would be 
beneficial to realize an electric field control of the spin-
dependent properties without magnetization switching. For 
example, it has been theoretically proposed [ 13 ] and 

experimentally demonstrated [14] that the spin polarization in a 
nonmagnetic two-dimensional (2D) material can be induced 
and tuned by gate voltage due to proximity of a ferromagnet. 
However, while this approach may potentially offer a low-
power spintronic device, it relies on a volatile control of the spin 
polarization which appears only in the presence of gate voltage.  

In contrast, using spin-textured ferroelectrics [15] allows 
control of spin-dependent properties by voltage in a non-
volatile way due to a switchable spontaneous polarization of the 
ferroelectric. In certain ferroelectric materials, such as GeTe 
[16,17], the spin texture is coupled to ferroelectric polarization 
and reversed with polarization switching. This property offers 
a possibility of a bi-stable voltage control of the spin-dependent 
properties, such as anomalous Hall effect (AHE) [18,19], in an 
appropriate magnetic conducting system.  

The intrinsic AHE is driven by the Berry curvature, 𝛀, an 
intrinsic property of a material arising from its spin-dependent 
band structure [20-22]. The anomalous Hall conductance (AHC) 
is determined by the integral of 𝛀 weighted with the Fermi 
distribution function over the whole Brillouin zone. It is non-
zero for a system with no symmetry operation 𝑂" , with respect 
to which the Berry curvature is antisymmetric, i.e. 𝑂"𝛀(𝒌) =
−𝛀(𝑂"𝒌). The AHC changes sign with magnetization reversal, 
which is equivalent to the application of time-reversal 
symmetry operation 𝑇" to the system, and hence transforms the 
Berry curvature as 𝑇"𝛀(𝒌) = −𝛀(−𝒌). The sign of the Berry 
curvature can be also changed by other symmetry operations 
which do not reorient the magnetic moments. This property has 
recently been discussed in conjunction with collinear 
antiferromagnets such as RuO2 [23, 24], NiF2 [25], CoNb3S6 

[26], and ultra-thin SrRuO3 [27], where the AHE is supported 
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by the non-centrosymmetric crystal structure. This 
phenomenon was coined the crystal Hall effect (CHE) [23].  

An interesting consequence of the CHE is that the 
switching of the positions of non-magnetic atoms is equivalent 
to the application of the symmetry operation that changes sign 
of the Berry curvature, and hence reverses the AHC. The 
reversal of the AHC does not require magnetic moment 
switching typical for the conventional AHE. Such a functional 
property could be useful for applications in low-power 
spintronics, eliminating the need for large energy-dissipating 
electric currents to switch the AFM order parameter [28].  

Unfortunately, there are no means to exploit this property in 
bulk materials, due to no external stimulus which could 
possibly switch the non-magnetic sublattice in a metal alone. 
This property however can be obtained in a heterostructured 
material where the magnetic group symmetry is affected across 
the interface due to the proximity effect. This brings a practical 
perspective to realize a reversible CHE.  

In this work, we demonstrate that the CHE may occur not 
only in bulk materials but also in heterostructures composed of 
compensated AFM metals and non-magnetic insulators due to 
reduced symmetry at the interface. Different from the bulk CHE, 
such an interfacial CHE (ICHE) does not require the non-
symmetric atomic positions in the bulk antiferromagnet. The 
interfacial proximity effect alone breaks the antisymmetry of 
the Berry curvature and produces an interfacial crystal Hall 
conductance (ICHC). We further show that using ferroelectric 
materials for non-magnetic insulators in the heterostructure 
allows the realization of the reversible ICHE, where the ICHC 
changes sign with ferroelectric polarization switching. We 
explicitly demonstrate these phenomena using first-principles 
density functional theory (DFT) calculations (see Appendix A 
for details) for three material systems: a MnBi2Te4/GeI2 van der 
Waals heterostructure, where we show the emergence of a 
sizable ICHC; an In2Te3/MnBi2Te4/In2Te3 topological van der 
Waals heterostructure, where we predict a quantized ICHC 
reversible by ferroelectric polarization; and a 
GeTe/Ru2MnGe/GeTe layered heterostructure composed of 
three-dimensional (3D) materials, where we predict a reversible 
ICHC. Our prediction offers a feasible solution for the non-
volatile electric switching of a spin-dependent transport 
property, and hence opens an alternative direction in voltage-
controlled spintronics. 

II. RESULTS 

A. General considerations 

Compensated antiferromagnets are magnets exhibiting 
symmetry 𝑂"  that prevents net magnetization. This symmetry 
may be a combination of time reversal 𝑇"  and a crystal 
symmetry operation or a combination of multiple crystal 
symmetry operations, which enforces the antisymmetry of the 

Berry curvature 𝛀  and thus prohibits the AHE in a bulk 
antiferromagnet. 

However, the above-mentioned symmetry 𝑂"  is expected 
broken at interface and thus all compensated antiferromagnets 
are to exhibit an ICHE in appropriate heterostructures. As a 
representative example, we focus on A-type antiferromagnets 
with an out-of-plane AFM order parameter, where the two 
sublattices are connected by 𝑃"𝑇"  symmetry (Fig. 1(a)). This type 
of the AFM order has been found in many compounds, such as 
3D metals Ru2MnGe [29, 30], MnPd2 [31, 32], and CaCo2As2 

[33], and 2D van der Waals semiconductors MnBi2Te4 [34] and 
CrI3 [ 35 ]. In these materials, the Berry curvature is zero 
everywhere in the Brillouin zone enforced by 𝑃"𝑇"𝛀(𝒌) =
−𝛀(𝒌) , and hence the CHE is prohibited. However, in a 
heterostructure composed of such an antiferromagnet and a 
non-magnet (Fig. 1(b)), the 𝑃"𝑇"  symmetry is broken at the 

 

FIG. 1: (a) A schematic of A-type antiferromagnet with preserved 𝑃"𝑇"  

symmetry, enforcing 𝛀(𝒌) = 0. (b) A schematic of a heterostructure 
where the AFM layer in (a) is placed on a non-magnetic substrate. The 
interface breaks the 𝑃"𝑇"  symmetry resulting in non-zero 𝛀(𝒌)  and 
hence ICHE. (c) A schematic of a device for observing the ICHE. 
Longitudinal in-plane charge current Ix is passing through the AFM 
layer which generates the transverse Hall voltage Vy with an I-V 
characteristic shown at the bottom. (d) A schematic of a ferroelectric/ 
antiferromagnet/ferroelectric heterostructure where the AFM layer in 
(a) is inserted between two identical ferroelectric layers. If the 
polarizations of the top and bottom layers (P1 and P2) are parallel, the 
𝑃"𝑇"  symmetry is broken resulting in non-zero 𝛀(𝒌) and hence ICHE 
(left). Switching P1 and P2 simultaneously equivalent to applying 𝑃"𝑇" 
symmetry operation which changes sign of  𝛀(𝒌) (center). If P1 and 
P2 are antiparallel, the 𝑃"𝑇" symmetry is preserved enforcing 𝛀(𝒌) = 0 
(right). (e) A schematic of a device for observing the reversible ICHE 
with I-V characteristics shown at the bottom. The top and bottom gates 
are used to control P1 and P2 separately.  
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interface, resulting in a non-zero 𝛀(𝒌)  and a non-vanishing 
ICHE (Fig. 1(c)).  

By inserting a slab of such an antiferromagnet between two 
identical ferroelectric layers with out-of-plane polarizations 
(Fig. 1(d)), we design a heterostructure for a reversible ICHE. 
The polarization of the top and bottom layers (P1 and P2) can 
be controlled by the top and bottom gates separately in a device 
schematically shown in Figure 1(e). These polarizations control 
the magnetic group symmetry of the heterostructure that 
determines the ICHE. When P1 and P2 are parallel, the 𝑃"𝑇"  

symmetry is broken and hence 𝛀(𝒌) is non-zero resulting in the 
ICHE. Switching P1 and P2 simultaneously is equivalent to 
applying the 𝑃"𝑇"  symmetry operation to the heterostructure, 
which changes sign of 𝛀(𝒌) and reverses the ICHC. When P1 
and P2 are antiparallel, the 𝑃"𝑇"  symmetry is preserved, leading 
to zero Hall voltage. Therefore, the three non-volatile ICHE 
states coupled to ferroelectric polarization are realized in the 
spintronic device based on this heterostructure.  

B. ICHE in a MnBi2Te4/GeI2 bilayer  

To demonstrate these properties, we first consider a 2D van 
der Waals heterostructure composed of four-monolayer AFM 
MnBi2Te4 deposited on non-magnetic monolayer GeI2 (Fig. 
2(a)). Bulk MnBi2Te4 is an A-type AFM topological insulator 
with out-of-plane magnetic moments. It preserves the 𝑃"𝑇" 
symmetry and has the Néel temperature (TN) of 25 K [34]. Bulk 
GeI2 is a centrosymmetric wide gap semiconductor (band gap 
is ~2.5 eV) [36, 37] with the cleavage energy lower than that in 
graphite [38].  

 Both freestanding MnBi2Te4 and GeI2 have the symmetry 
operations preventing linear or nonlinear AHE [ 39 , 40 ]. 
However, these symmetries are broken in the MnBi2Te4/GeI2 
heterostructure. Figure 2(b) shows the calculated band structure 
of MnBi2Te4/GeI2, where the bands near the Fermi energy (EF) 
originate from MnBi2Te4 (see also Fig. 5(b) in Appendix B). 
The Kramers degeneracy enforced by 𝑃"𝑇" symmetry is lifted in 
this heterostructure, as seen from the small but non-negligible 
band splitting in Fig. 2(b). We note that the change in the crystal 
structure of MnBi2Te4 is vanishingly small, and Mn magnetic 
moments are the same as these in a freestanding MnBi2Te4 slab, 
indicating that the reduced symmetry is purely due to the 
interfacial proximity effect. This small band splitting is 
sufficient to produce a sizable Berry curvature 𝛀(𝒌) =
∑ 𝑓!𝒌𝛀!𝒌! , where 𝑓!𝒌  in the Fermi distribution function and 
𝛀!𝒌 is the Berry curvature of the n-th band given by [20,22]:   

𝛀!𝒌 = −2Im 0
1𝑛3 𝜕𝐻

6
𝜕𝑘#
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3𝑛9
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.  

Here 𝐻6 is the Hamiltonian of the system and 𝐸!𝒌  is the n-th 
band energy at wave vector k. Figure 2(c) shows the calculated 

k-dependent Berry curvature 𝛀(𝒌) at energy E1 located 64 meV 
below the top of the valence band (Fig 2(b)). The sizable 𝛀(𝒌) 
seen near the Brillouin zone center is not antisymmetric. This 
provides a non-vanishing ICHC 𝜎#$ given by [19] 

𝜎#$ = −
𝑒&

ℎ ?
𝑑&𝒌
2𝜋 𝛀(𝒌)

()
.  

Figure 2(d) shows that 𝜎#$ is zero at EF, indicating a trivial 
insulating state of this heterostructure. In experiment, however, 
the EF of a few-layer MnBi2Te4 is usually located slightly below 
the valence band maximum [41]. As seen from Fig. 2(d), 𝜎#$ is 
non-zero for EF shifted to the valence band. This is in contrast 
to a freestanding MnBi2Te4 (Fig. 5(a)), where 𝜎#$ is zero for all 
energies due to 𝑃"𝑇"  symmetry (Fig. 2(d)). Thus, the presence of 
GeI2 breaks the 𝑃"𝑇"  symmetry and produces an ICHE. 

Experimentally non-zero 𝜎#$  has been observed in four- 
and six-layer MnBi2Te4 on substrates [41, 42], which may serve 
as the evidence of the ICHE. The ICHC can be enhanced to ~0.5 
e2/h at E1 (Fig. 2d) by adjusting the EF of MnBi2Te4 with a gate 
voltage similar to that done in Ref. 41.  

C. Quantized ICHE in a 
GeI2/In2Te3/MnBi2Te4/In2Te3/GeI2 heterostructure 

An ICHE heterostructure can be engineered to make the 
ICHC quantized. A quantum AHE has been predicted at zero 
magnetic field in MnBi2Te4 with AFM layer ordering [43-47] 
but the experimental realizations are missing. Here, we show 
the emergence of a quantum ICHE in a designed heterostructure, 
where MnBi2Te4 is sandwiched between two identical 

 
FIG. 2: (a) A schematic of the MnBi2Te4/GeI2 van der Waals 
heterostructure. Red arrows denote magnetic moments of Mn atoms. 
(b) Band structure of the MnBi2Te4/GeI2 heterostructure. (c) Berry 
curvature in atomic units (a.u.) at the center of the 2D Brillouin zone 
at energy E1 indicated in (b). (d) The calculated ICHC as a function of 
energy near EF.  
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ferroelectric layers. For the ferroelectric component, we choose 
In2Te3 due to its lattice matching to MnBi2Te4 (Appendix B). 
In2Te3 belongs to the group of 2D materials In2X3 (X = S, Se, 
Te), where ferroelectricity with out-of-plane polarization has 
been predicted [48] and in the case of In2Se3, experimentally 
confirmed [49, 50]. 

Specific calculations are performed for a 
GeI2/In2Te3/MnBi2Te4/In2Te3/GeI2 heterostructure (Figs. 3(a) 
and 5(d)), where a GeI2 capping layer is used to eliminate a 
band overlap in a In2Te3/MnBi2Te4/In2Te3 trilayer separated by 
vacuum (see Appendix B for details). This is reminiscent to 
experiments where capping layers are used to prevent open 
surfaces in van der Waals heterostructures. For parallel 
polarization of the top and bottom In2Te3 layers (P1 and P2), we 
find that polarization charges generate a built-in electric field 
resulting in a larger band splitting and band bending, reducing 
the band gap (Figs. 3(b) and 5(d)). In the heterostructure with 
four-layer MnBi2Te4, a small band gap of ~9 meV is obtained. 
A huge Berry curvature is calculated within this gap at the Г 
point (Fig. 3(c)). Simultaneous switching of P1 and P2 changes 
sign of the Berry curvature, due to this switching being 
equivalent to applying the 𝑃"𝑇"  symmetry operation to the 
heterostructure. The calculated Chern numbers are ±1 

depending on the polarization direction of the In2Te3 layers, 
indicating the topological state of this heterostructure. A 
quantized ICHC reversible with ferroelectric polarization is 
found within the topological band gap, as shown in Figure 3(d).  
With the sizable Néel temperature and vanishing net 
magnetization, the quantized ICHC in this heterostructure is 
expected to be robust against thermal fluctuations and magnetic 
perturbations, and hence may be observed at relatively high 
temperature.  

D. ICHE in a GeTe/Ru2MnGe/GeTe system 

A broad range of high temperature 3D antiferromagnets 
and ferroelectrics allow the design of heterostructures with the 
ICHE applicable in realistic spintronic devices. Here, we 
explore a GeTe/Ru2MnGe/GeTe system (Fig. 4(a)), where 
Ru2MnGe is a 3D Heusler alloy with TN of 316 K and out-of-
plane A-type AFM order within the (111) planes (Fig. 6) [29, 
30]. GeTe is a ferroelectric semiconductor with the Curie 
temperature (TC) of about 700 K and spontaneous polarization 
arising from the polar displacement of Ge atoms with respect to 
Te atoms (Fig. 7) [16, 17, 51]. This heterostructure is composed 
of six-layer Ru2MnGe and six-layer GeTe slabs and has 
symmetric Ru-Te interfacial terminations at the top and bottom 
interfaces.    

Strong bonding across the interfaces in this heterostructure 
produces atomic displacements in the AFM layer, which 
enhances symmetry breaking when the out-of-plane 
polarization of the top and bottom GeTe layers (P1 and P2) are 
parallel. This leads to small changes the magnetic moment of 
the interfacial Mn atoms. We find that the Mn magnetic 
moments in the center of the Ru2MnGe layer are close to the 
bulk moments of 3.8 μB/Mn, while the Mn magnetic moments 
near the interfaces are slightly influenced by the polarization of 
GeTe, due to the interfacial structural relaxation and 
accumulated screening charges induced by the polarization (Fig. 
4(b)). Specifically, the Mn moments near an interface are 
slightly enhanced when the polarization points toward this 
interface, and are slightly reduced when the polarization points 
away from this interface. The difference between the Mn 
moments in the heterostructure and these in the bulk is small (< 
0.1 μB/Mn). When the polarizations P1 and P2 are parallel, there 
is a small net magnetization of the Ru2MnGe layer ~0.026 μB 
due to broken 𝑃"𝑇"  symmetry. The presence of the small 
magnetization is reflected in the calculated spin-dependent 
DOS shown in Fig. 4(c).  Switching P1 and P2 simultaneously 
is equivalent to a 𝑃"𝑇" symmetry operation, which interchanges 
the magnetic moments from top to bottom within the Ru2MnGe 
layer (Fig. 4(b)) and swaps the DOS contributed by up- and 
down-spins (Figs. 4(c)).  

Figure 4(d) shows the band structure of 
GeTe/Ru2MnGe/GeTe for parallel P1 and P2. There are several 
bands crossing the Fermi energy, which are majorly contributed 

 

FIG. 3: (a) A schematic of the GeI2/In2Te3/MnBi2Te4/In2Te3/GeI2 van 
der Waals topological heterostructure for reversible quantized ICHC. 
(b) The band structure of this heterostructure with four-monolayer 
MnBi2Te4 for polarizations of top and bottom In2Te3 monolayers are 
parallel. (c) The Berry curvature in atomic units (a.u.) of this 
heterostructure along the high symmetric directions at energy ET 
denoted in (b). (d) The ICHC as a function of energy for different 
polarization states. 
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by the Ru-5d electrons (Fig. 9(c)). Notable is the band splitting 
enforced by the broken  𝑃"𝑇"  symmetry, which supports a non-
vanishing Berry curvature (Fig. 4(e)) and sizable ICHC 
reversible by ferroelectric polarization (Fig. 4(f)). For P1 = P2 > 
0, 𝜎#$ = −1.4	e2/h at EF, which is comparable to AHC of 2D 
ferromagnetic metal Fe3GeTe2 [52 , 53]. The ICHC can be 
enhanced to 𝜎#$ = −5.5	e2/h by proper electron doping. When 
P1 and P2 are reversed the ICHC changes sign. For P1 and P2 
having opposite directions, the 𝑃"𝑇"  symmetry enforces Kramers 
degeneracy and vanishing ICHC (Fig. 4(f)). We note that 
different interfacial configurations do not affect our conclusions 
about the reversible ICHE, as long as the symmetry of the 
designed heterostructure is guaranteed (see Appendix D and Fig. 
8 and for details).  

III. DISCUSSION  

Most AFM compounds are compensated antiferromagnets, 
where the AHE is forbidden by symmetry of bulk materials, 
making believe that these materials are not useful for spintronic 
applications due to no means to sense their order parameter in 
nanoscale devices. On the contrary, our predictions demonstrate 
that these compensated antiferromagnets, if properly interfaced, 
can be become practical for these applications due to non-
vanishing ICHE. This prediction significantly broadens the 
range of antiferromagnets that can be employed in spintronics.    

Based on the available material choice, the heterostructures 
supporting the reversable ICHE can have different types. As 
discussed in Appendix E and shown in Fig. 10, in the 
heterostructures, the ferroelectric layers can have in-plane 

polarization and the AFM layers can have various types of 
magnetic ordering. As long as the designed heterostructure does 
not have the symmetry operation to prevent the ICHE, and the 
ferroelectric switching in this heterostructure is equivalent to a 
symmetry operation which changes sign of the Berry curvature, 
the ferroelectric-reversible ICHE is supported.  

The predicted reversibility of the ICHE by electric fields 
offers a solution of the critical problem of spintronics: Non-
volatile electric switching of a spin-dependent transport 
property by voltage. Our prediction shows that the ICHE, a 
spin-dependent transport property, can be reversed with 
ferroelectric polarization in a designed heterostructure. This 
functionality cannot be realized in the systems considered 
previously, where the AHE can only be reversed through 
magnetization switching. 

At the end, we would like to mention that the proposed 
heterostructures are feasible for the practical realization. All the 
components in these heterostructures have been successfully 
fabricated through exfoliation or epitaxial growth [17, 41, 42, 
49, 54]. These methods can also be used to synthesize the 
required multicomponent layered systems. 

IV. CONCLUSIONS  

 In conclusion, we have predicted the emergence of the 
interfacial crystal Hall effect in heterostructures composed of 
compensated antiferromagnetic and non-magnetic metals. The 
effect occurs due to the broken symmetry between the two 
AFM sublattices resulting from the proximity effect. This result 
implies that the AHE can be observed in a broad range of 

 
FIG. 4: (a) The atomic structure of GeTe/Ru2MnGe/GeTe heterostructure for parallel out-of-plane polarizations of the top and bottom GeTe 
layers (P1 and P2), for P1 and P2 pointing up (left) and down (right). (b) The calculated magnetic moments for each Mn atoms for P1 and P2 
pointing up (P1 = P2 > 0) and down (P1 = P2 < 0). Here Mn atoms in the Ru2MnGe slab (a) are indexed from 1 (bottom) to 6 (top).  (c) The spin-
dependent density of states of the heterostructure for P1 and P2 pointing up (P1 = P2 > 0, top panel) and down (P1 = P2 < 0, bottom panel) calculated 
without spin-orbit coupling. (d) The band structure of this heterostructure in the presence of spin-orbit coupling. (e) The Berry curvature in atomic 
units (a.u.) at EF in the 2D Brillouin zone for P1 and P2 pointing up (P1 = P2 > 0, left panel) and down (P1 = P2 < 0, right panel).  (f) The ICHC as 
a function of energy for different polarization states. 
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properly interfaced compensated antiferromagnets, which have 
previously been considered as incompatible with the AHE. We 
have also proposed the ICHE reversible with ferroelectric 
polarization in designed AFM heterostructures with symmetric 
top and bottom ferroelectric layers. The predicted phenomena 
have been demonstrated for the specific material systems. For 
MnBi2Te4/GeI2, we confirmed a sizable ICHE. For 
In2Te3/MnBi2Te4/In2Te3 and GeTe/Ru2MnGe/GeTe, we 
predicted a quantized ICHC for the former and a sizable ICHC 
for the latter, both reversible by ferroelectric polarization. This 
prediction offers a feasible solution for the non-volatile electric 
switching of the spin-dependent transport property, and hence 
opens an alternative direction for voltage controlled spintronics. 
We hope therefor that our theoretical predictions will motivate 
experimentalists to explore the predicted ICHE. 
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APPENDIX A: COMPUTATIONAL METHODS 

First-principles calculations are performed with the 
projector augmented-wave (PAW) method [55] implemented in 
the VASP code [56]. The exchange and correlation effects are 
treated within the generalized gradient approximation (GGA) 
[57].  We use the plane-wave cut-off energy of 350 eV and a 16 

 
FIG. 5: (a) The unit cell (left) and band structure of a four-layer MnBi2Te4 slab. (b) The unit cell (left) and band structure of MnBi2Te4/GeI2 
heterostructure with four MnBi2Te4 layers. (c) The unit cell (left) and band structure of In2Te3/MnBi2Te4/In2Te3 heterostructure with four 
MnBi2Te4 layers. (d) The unit cell (left) and band structure of the GeI2/In2Te3/MnBi2Te4/In2Te3/GeI2 heterostructure.   
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× 16 × 1 k-point mesh in the irreducible Brillouin zone. The 
GGA+U functional [58,59] with Ueff = 3 eV on Mn 3d orbitals 
is included in all calculations. The van der Waals corrections as 
parameterized within the semiempirical DFT-D3 method [60] 
are used in the calculations of the 2D van der Waals 
heterostructures. The rhombohedral stacking is considered in 
all heterostructures. The in-plane lattice constant of MnBi2Te4-
based heterostructures is constrained to the calculated in-plane 
lattice constant of MnBi2Te4, while the in-plane lattice constant 
of the GeTe/Ru2MnGe/GeTe heterostructure is constrained to 
the calculated in-plane lattice constant of GeTe. The out-of-
plane lattice parameters and atomic positions are relaxed until 
the force on each atom is less than 0.001 eV/Å. The electronic 
structure of the GeI2/In2Te3/MnBi2Te4/In2Te3/GeI2 system is 
further corrected by the modified Becke-Johnson (mBJ) 
functional [61]. Unless mentioned in the text, the spin-orbit 
coupling is included in all calculations of the electronic 
properties. 

The maximally localized Wannier functions [62] are used 
to obtain the tight-binding Hamiltonian within the Wannier90 
code [63]. The interfacial crystal Hall conductance is calculated 
using the Wanniertools code [64]. A 1000 × 1000 k-point mesh 
is used to achieve the convergence of the interfacial crystal Hall 
conductance.  

Figures are plotted using the VESTA [65], gnuplot [66], 
and SciDraw [67] software.  

 APPENDIX B: BAND STRUCTURE  
OF MnBi2Te4-BASED SYSTEMS 

The atomic structures of MnBi2Te4, In2Te3, and GeI2 can 
be found in Figures 2(a) and 3(a). Their calculated lattice 
parameters are 4.353 Å, 4.392 Å, and 4.296 Å, respectively, 
consistent with the previous reports [34, 38, 48].  

Four systems are considered: (1) four-layer MnBi2Te4; (2) 
MnBi2Te4/GeI2 bilayer; (3) GeI2/In2Te3/MnBi2Te4/In2Te3/GeI2 
layered heterostructure; and (4) GeTe/Ru2MnGe/GeTe 
superlattice. In the calculations of systems (1)-(3), we assume 
the presence of a 20 Å vacuum layer separating the top and 
bottom surfaces. For all heterostructures, we calculate the 
magnetocrystalline anisotropy energy (Table 1) and find that 
the Néel vector is pointing along the out-of-plane direction.   

 Figure 5(a) shows the atomic structure and the calculated 
band structure of a freestanding four-layer MnBi2Te4.  In this 
case, the preserved 𝑃"𝑇"  symmetry enforces the double 

degeneracy in the band structure. The band gap is calculated to 
be 65 meV, leading to a trivial insulator phase. 

Figure 5(b) shows the atomic structure and the calculated 
band structure of the MnBi2Te4/GeI2 heterostructure. It is seen 
that GeI2 does not contribute the band structure near EF.  In this 
case, the  𝑃"𝑇"  symmetry is broken and the degeneracy in the 
band structure is lifted, resulting in nonvanishing Berry 
curvature. 

To calculate the band structure of   In2Te3/MnBi2Te4/In2Te3 
(Fig. 5 (c) left), the dipole correction [68] is applied to adjust 
the misalignment between the vacuum levels on the different 
sides of this heterostructure due to the intrinsic electric 
polarization of In2Te3. Figure 5(c) shows the calculated band 
structure for parallel polarization of the top and bottom In2Te3 
layers. The presence of polarization breaks the 𝑃"𝑇"  symmetry 
and produces band splitting. The polarization charge generates 
a built-in electric field across the heterostructure, resulting in a 
strong band bending which leads to an overlap of the 
conduction band minimum (CBM) and the valence band 
maximum (VBM). The VBM of In2Te3 is shifted above EF due 
to the polarization charges on the open surfaces, leading to the 
trivial metallic phase. This behavior has also been found for the 
MnBi2Te4/In2X3 bilayer heterostructure studied recently [69]. 

To eliminate this problem, we use three layers of GeI2 
instead of vacuum to separate the top and bottom surfaces in the 
In2Te3/MnBi2Te4/In2Te3 heterostructure (Fig. 5(d) left). As seen 
from the band structure in Figure 5(d), the VBM of In2Te3 is 
shifted down from EF. This guarantees that the topological band 
structure of MnBi2Te4 near EF is unaffected by the trivial 
metallic phase. The band structure of the 
GeI2/In2Te3/MnBi2Te4/In2Te3/GeI2 heterostructure is further 
corrected by the modified Becke-Johnson (mBJ) functional [61] 
and plotted in Figure 3(b). 

 APPENDIX C: CALCULATED PROPERTIES OF 
BULK Ru2MnGe AND GeTe 

Ru2MnGe is a cubic Heusler alloy with magnetic moments 
of 3.8 μB per Mn atom pointing along the [111] direction and 

Table 1: Calculated magnetic anisotropy of the ICHE systems. 

 𝐸! − 𝐸" (meV/cell) 
4L MnBi2Te4 -1.8 

MnBi2Te4/GeI2 -1.6 
GeI2/In2Te3/MnBi2Te4/In2Te3/GeI2 -1.5 

GeTe/Ru2MnGe/GeTe -7.5 
 

 
FIG. 6: The cubic unit cell (a), the hexagonal magnetic cell (b), and 
the calculated band structure (c) of bulk Ru2MnGe 
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lying within the (111) planes antiparallel between the 
successive planes (Fig. 6 (a)). This A-type antiferromagnet has 
the magnetic moment of 3.8 μB per Mn atom, the Néel 
temperature of 316 K, and the lattice parameter of 5.985 Å in 
the cubic unit cell [29, 30]. The conventional unit cell for AFM 
state is hexagonal containing six Ru2MnGe layers, where the 
out-of-plane direction is the [111] direction of the cubic cell 
(Fig. 6(b)). Our DFT calculations predict the magnetic moment 
of 3.79 μB per Mn atom and the lattice parameter of 6.041 Å for 
cubic unit cell of Ru2MnGe (corresponding to the in-plane 
lattice parameter of 4.272 Å for the hexagonal cell). These 
values are close to those found in the experiments [29, 30], 
indicating that our GGA+U calculation correctly reproduces the 
physical properties of Ru2MnGe. The calculated band 
structures of bulk Ru2MnGe (Fig. 6 (c)) correctly reproduces 
the metallic ground state of Ru2MnGe. 

Figure 7 shows the hexagonal conventional unit cell of 
bulk GeTe.  The ferroelectric polarization of GeTe is due to the 
out-of-plane polar displacement of Ge atom, which is reflected 
in non-zero 𝛥𝑧*+ = (𝑑& − 𝑑,)/2, where 𝑑, and 𝑑&	are the out-
of-plane distance between Ge layer and the top and bottom Te 
layers, respectively. The in-plane (a) and out-of-plane (c) lattice 
constants, and the 𝛥𝑧*+ of bulk GeTe are calculated to be a = 
4.224 Å, c = 10.882 Å, and 𝛥𝑧*+ = 0.337 Å, which are slightly 
larger than these measured in experiment [51], but are 
consistent with previous calculations [16, 17].  

APPENDIX D: CALCULATED PROPERTIES OF 
GeTe/Ru2MnGe/GeTe 

The lattice mismatch between Ru2MnGe and GeTe is very 
small. In the GeTe/Ru2MnGe/GeTe heterostructure, the in-
plane lattice constant is constrained to 4.224 Å, the calculated 
in-plane lattice constant of bulk GeTe. We find that using full 
structural relaxation strongly suppresses the polarization of the 
GeTe layer (Figs. 8(b)).  The similar issue has been previously 
reported in Refs. [70, 71]. To maintain the ferroelectric state of 
GeTe in the GeTe/Ru2MnGe/GeTe heterostructure during the 
structural relaxation, we fix bulk positions of Ge and Te atoms 
in the interior of the GeTe layer (the atoms within the dashed 
box in Fig. 8(a)), and use the resulting relaxed structure for 
further electronic structure and transport calculations.  

We note that using this approach does not change our 
conclusions. Although the polarization of the fully relaxed 

 

 
FIG. 8: (a,b,c) The GeTe/Ru2MnGe/GeTe heterostructure (left panel), the polar displacements 𝛥𝑧#$ of the heterostructure (top of right panel), 
The calculated band structures (middle of right panel), and the calculated interfacial crystal Hall conductance (bottom of right panel) for the 
heterostructure relaxed with the central GeTe slab fixed to the bulk-like ferroelectric state (a), the heterostructure fully relaxed from the structure 
shown in (a) without constraint (b), and the heterostructure relaxed from with a centrosymmetric initial structure (c).  

 
FIG. 7: The conventional unit cell of GeTe.  
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structure is strongly suppressed, the structural asymmetry is still 
present in the system. This fact can be seen from comparison of 
the polar displacement for the fully relaxed structure (Fig. 8(b), 
top panel) to the heterostructure relaxed from the initial 
centrosymmetric configuration (Fig. 8(c), top panel). As a result, 
contrary to the centrosymmetric structure, we observe a non-
zero ICHE in the fully relaxed structure (Figs. 8(b), bottom 
panel) comparable in magnitude to that for the heterostructure 
with the fixed bulk GeTe structure (Figs. 8(a), bottom panel). 
Below, we will focus on the properties of the 
GeTe/Ru2MnGe/GeTe heterostructure relaxed with the fixed 
central Ge and Te atoms shown in Fig. 8(a). 

Figures 9(a-c) show the calculated layer (Figs. 9(a,b)) and 
atom (Fig. 9 (c)) projected density of states (DOS) in the 
GeTe/Ru2MnGe/GeTe heterostructure. It is seen that the bulk-
like band gap in the interior of the GeTe layer is well maintained 
(Figs. 9(a,b)). The DOS near the Fermi energy (EF) is majorly 
contributed by Ru atoms and the contributions from Ge and Te 
atoms are very small (Fig. 9(c)). These facts indicate the ICHE 
largely arises from the electronic structure of Ru2MnGe.  

The heterostructure relaxed from the initial 
centrosymmetric structure is used to simulate the system with 
the top and bottom GeTe layers having opposite polarizations. 
In this case, the Kramer degeneracy leads to zero Berry 
curvature everywhere and enforces the vanishing interfacial 
crystal Hall effect (Fig. 8(c)).  

APPENDIX E: OTHER HETEROSTRUCTURES FOR 
REVERSIBLE ICHE 

Below we list magnetic point group operations which 
enforce the antisymmetric relationship for the Berry curvature 
𝛀 in 2D systems defined by Eq. (1):  
1) 𝑃"𝑇" , combination of space inversion and time reversal: 

𝑃"𝑇"𝛀(𝒌) = −𝛀(𝒌); 
2) 𝑀6∥, mirror reflection perpendicular to the x-y plane: 

𝑀6∥𝛀J𝑘# , 𝑘$L = −𝛀(𝑘′# , 𝑘′$); 

3) 𝐶O&∥, two-fold rotation around an in-plane direction: 

𝐶O&∥𝛀J𝑘# , 𝑘$L = −𝛀J𝑘.# , 𝑘.$L; 

4) 𝑇"𝐶O&/, combination of time reversal and two-fold rotation 
around the z axis: 

𝑇𝐶O&/𝛀(𝒌) = −𝛀(𝒌); 
5) 𝑇"𝑀6/ , combination of time reversal and mirror reflection 

perpendicular to the z direction:  
𝑇"𝑀6/𝛀(𝒌) = −𝛀(−𝒌). 

 
FIG. 9: Electronic structure of GeTe/Ru2MnGe/GeTe. (a,b) The projected density of states (DOS) to Ge (a) and Te (b) layers. (c) The atom 
projected DOS. (e) The spin-dependent band structure polarizations P1 and P2 pointing up (P1 = P2 > 0, top panel) and down (P1 = P2 < 0, bottom 
panel) calculated without spin-orbit coupling. The red and blue lines denote the bands with up and down spin, respectively.  
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