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Magnetic-Electrical Synergetic Control of Non-Volatile States
in Bilayer Graphene-CrOCI Heterostructures

Shimin Cao, Runjie Zheng, Cong Wang, Ning Ma, Mantang Chen, Yuanjun Song,
Ya Feng, Tingting Hao, Yu Zhang, Yaning Wang, Pingfan Gu, Kenji Watanabe,

Takashi Taniguchi, Yang Liu, X. C. Xie, Wei Ji,

Anti-ferromagnetic insulator chromium oxychloride (CrOCI) has

shown peculiar charge transfer and correlation-enhanced emerging properties
when interfaced with other van der Waals conductive channels. However,

the influence of its spin states to the channel material remains largely
unknown. Here, this issue is addressed by directly measuring the density

of states in bilayer graphene (BLG) interfaced with CrOClI via a high-precision

Yu Ye,* Zheng Han,* and Jian-Hao Chen*

1. Introduction

CrOCl, first synthesized at 1961,/ has long
been overlooked as a conventional low-
symmetry van der Waals anti-ferromagnetic
insulator until recently, when emerging
phenomena including robust quantum
Hall states,!”] correlated insulating state,]

capacitance measurement technique and a surprising hysteretic and carrier polarity reconfiguration,

behavior in the charging states of the heterostructure is observed. Such
hysteretic behavior depends only on the history of magnetization, but not on
the history of electrical gating; it can also be turned off electrically, providing
a synergetic control of these non-volatile states. First-principles calculations
attribute this observation to magnetic field-controlled charge transfer between
BLG and CrOCI during the phase transition of CrOCI from antiferromagnetic
(AFM) to ferrimagnetic-like (FiM) states. This magnetic-electrical synergetic
control mechanism broadens the scope of proximity effects and opens

new possibilities for the design of advanced 2D heterostructures and devices.

have been discovered for van der Waals
channels interfaced with CrOCl. Het-
erostructures of CrOCl with van der Waals
channels such as single layer graphene
(SLG),”I' bilayer graphene (BLG),*! and
transition metal dichalcogenides!*l have
shown peculiar mobility-preserving and
correlation-enhancing  charge transfer
properties. However, previous works
have focused solely on transport (resis-
tance) measurements which are naturally
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difficult in characterizing subtle changes in carrier density near
the band gap of the channel (details in Figure S12, Supporting
Information); indeed, previous works has not shown any effects
of magnetic order in CrOCl to the van der Waals channels, due
to the relatively weak influence on resistance of the channel from
the spin orderings in CrOCL?!

In this work, we present quantum capacitance data for het-
erostructures composed of BLG and CrOCl (BLG-CrOClI).[235]
An exotic correlated insulating state is confirmed from the mea-
sured density of states (DOS) of BLG, which is attributed to
charge transfer and interfacial interactions between BLG and
the localized surface states in CrOCLI*) With the heterostruc-
ture magnetized and demagnetized by a sweeping perpendicular
magnetic field B, between 0 and 6 T, hysteresis in the DOS
versus B, is observed near the conduction and valence band
edges of the BLG. Maximum hysteresis is found for B, be-
tween 3T and 4T in the magnetic field sweeping loop, which
is consistent with the magnetic field-driven antiferromagnetic
to canted-antiferromagnetic phase transition in CrOCLI®l The
hysteresis appears for temperatures below ~13 K, which is the
same as the Néel temperature Ty = 13.5 K in CrOCLI®”] Fur-
thermore, the hysteresis is confirmed to be unaffected by the
history of electrostatic gating on the heterostructure, indicating
a pure magnetic origin. By electrically driving the BLG chan-
nel away from the transition region, such hysteretic behavior
can be turned off, providing a synergetic control of these non-
volatile states. Based on density functional theory (DFT) calcula-
tions of the energy band structure of CrOCl with different mag-
netic orders, the experimental data can be understood as mag-
netic field-controlled charge transfer between BLG and CrOCL
This result highlights an example of synergetically controlled
charging states in 2D material heterostructures and unveils
the potential for a new mechanism of non-volatile information
storage.

2. Results

2.1. Device Design and Characterization

CrOCl belongs to the MOX family of crystals (M =Ti, V, Cr, Fe; X
= Cl, Br) with the space group P,,,,,!!! and has been reported to
be air stable down to the monolayer limit.l’) Each CrOCl mono-
layer consists of a Cr—O sheet sandwiched between two layers of
Cl atoms in the a-b plane (see Figure 1a,b), and such monolay-
ers stack along the ¢ axis to form bulk CrOCl. The magnetic mo-
ments of the crystal are located on the Cr atoms (Figure 1c), and
a first-order antiferromagnetic phase transition occurs at a Néel
temperature of Ty = 13.5 K.[®7] The spins along the a axis cou-
pled ferromagnetically, while the spins along the b axis formed a
1 X 4 staggered Ising-like antiferromagnetic structure with zero
net magnetic moment (Figure 1c, upper panel). When the ap-
plied perpendicular magnetic field is >3 T, a spin flop transi-
tion occursl®! where the spins become canted toward the ¢ axis
(Figure 1c, middle panel). With further increase in the mag-
netic field, a second phase transition occurs in the spin struc-
ture, and a 1 X 5 staggered Ising-like antiferromagnetic struc-
ture with a finite net magnetic moment emerges (Figure 1c
lower panel), giving rise to nonzero magnetization in the
crystal.l”]
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Since the valence band edge of CrOCl is ~5.5 eV from
the vacuum energy level,!®] which is larger than that of BLG
(4.7 eV),’l charge transfer is expected when a heterostruc-
ture is formed between CrOCl and BLG, as illustrated in the
inset of Figure 1d. Indeed, previous studies on the in-plane
resistance of single-layer graphene-CrOCl (SLG-CrOCl)!? and
BLG-CrOCIP! heterostructures revealed peculiar electric field-
tunable charge transfer between SLG/BLG and CrOCl. Here, we
present quantum capacitance measurements of a BLG-CrOCl
heterostructure, which revealed a novel magnetically tunable
non-volatile charge transfer mechanism in BLG-CrOCI. The de-
vice and measurement schematics are depicted in Figure 1d.
The dual-gated BLG devices are capped with hexagonal boron
nitride (h-BN) on top and with CrOCl underneath. Exfolia-
tion of high-quality Bernal-stacked BLG, thin CrOCl, and h-BN
flakes from bulk crystals was completed under ambient con-
ditions, with the resulting flakes placed onto a sapphire sub-
strate via dry transfer methods!') to reduce parasitic capaci-
tance. Since CrOCl is highly insulating at temperatures below
200 K, it serves as an ideal bottom dielectric layer with a di-
electric constant of e = 4.923] in our low-temperature (<20 K)
measurement.

The circuit for the measurement is depicted in Figure 1d,
where the changes in the DOS of the BLG in the BLG-CrOCl het-
erostructure were characterized by its capacitance Cp ;. Specif-
ically, a single-arm capacitator bridge circuit was used to reduce
the influence of parasitic capacitance in the transmission line;[!]
two AC inputs, V, and Vyg, are applied to the two ends of the
capacitance bridge. The key components of this capacitor bridge
were the BLG-CrOCl-graphite capacitor Cp;r and a reference ca-
pacitor Cy. When V,/Vyper = Cpyp/Cy, this bridge is balanced,
and will produce a zero output voltage V1. Considering the fi-
nite noise in the system, the zero point will manifest itself as a
minimum point in the | Vqyp| versus Vyge/V, curve (Figure 1e).
As the DOS of the BLG is tuned via the DC top gate voltage V; or
bottom gate voltage V¢, Cpyr changes, and the minimum point
of | Vour| will move along the axis of Vigr/V,. Here
Cour = Cg +C¢' M
where C, is the quantum capacitance and C; is the parallel-
plate geometric capacitance of the BLG-CrOCl-graphite device.
The density of states of the BLG can then be calculated via the
relation dn/du = C, [e*. More details of the measurement tech-
nique are provided in the Methods section.

Equation (1) implies that the quantum capacitance sig-
nal becomes significant when C, << Cg; thus, the preci-
sion capacitance measurement technique is most sensitive
for materials with a low DOS, including Dirac materials,!?]
intrinsic semiconductors,['*] quantum Halll'?l/quantum spin
Halll**/quantum anomalous Hall insulators**! and correlated
insulators.'®] This is complementary to the resistance measure-
ment, where high resistance arises from a diminishing DOS is
difficult to measure; in the situation of a high resistance bulk co-
exists with conductive edges (e.g., in quantum Hall''??l /quantum
spin Hall/!"lquantum anomalous Hall insulators),’®) direct
characterization of the insulating state by resistance measure-
ment becomes impossible. Thus, we used a precision capacitance
measurement technique to explore the peculiar insulating state
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Figure 1. Bilayer graphene and CrOCl heterostructure (BLG-CrOCI) and capacitance measurement configuration. a,b) Atomic structure of antiferromag-
netic insulator CrOCl. c) The low-temperature magnetic structure of CrOCI. d) Device structure and capacitance measurement circuit of BLG-CrOCl.
Inset: illustration of charge transfer between BLG and CrOCI. e) Output voltage dependence on reference voltage of the single arm bridge in metallic

and insulating states, respectively.

of the BLG-CrOCl heterostructure,®! as well as the transition be-
tween the insulating state and the conductive state of the sample.

2.2. Charge Transfer-Induced Insulating State in BLG-CrOCI

Figure 2a presents a 2D diagram of Cp,; normalized to Cg,
where the x- and y-axes are the total carrier density of the
heterostructure ny, = [Cpg(Vyg — Vgg) + Cg(Vig — Vt(;)] /e and
the displacement field D = [Cy (Vi — Vgg) = Cyg(Vig = V)1 /220,
respectively. This 2D diagram can be characterized into three dis-

Adv. Mater. 2024, 2411300

2411300 (3 of 9)

tinct types of regions, which is significantly different from that
of a conventional BLG parallel plate capacitor.['’) The first type
of regions is located at the left and lower part of the diagram
as well as at the top of the diagram (the triangular island in
Figure 2a), where Cpr #Cg, corresponding to highly conductive
states of the sample with large carrier concentrations. The second
type of regions is in the middle and right parts of the diagram,
where Cpr 0, meaning that there is little charge carrier in this
region, corresponding to a gapped state of the sample. These
two types of regions exhibit features that are highly consistent
with the resistance maps of similar BLG-CrOCl devices,*! which
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Figure 2. Quantum capacitance and capacitance hysteresis map of BLG-CrOCl. a) Dual gate map of capacitance at B; = 3T and T = 2K. The dashed
line indicates a boundary of conventional part (Conv.) and anomalous part (Anom.) of the phase diagram. b) Dual gate map of capacitance hysteresis
(AC = Cpyr(6T—3T) — Cpyr(0T—3T)) at B, = 3T and T = 2K. Typical magnetic hysteresis curves at marked positions are shown in Figure 3a.

corroborate our conclusion about these two regions. The third
type of regions is the focus of this article, which is defined to be
the transition between the insulating states and the conductive
states of the sample. This transition region is difficult to be char-
acterized by resistance measurements but ideally suited for the
precision capacitance measurement technique. In the following,
we will discuss these three types of regions one-by-one, i.e., the
conductive region, the gapped region, and the transition region.

A black dashed line is drawn in Figure 2a, and it will be-
come clear later that conventional behavior of the BLG-CrOCl
heterostructure presents approximately to the left of this line,
while anomalous behavior emerges to the right of it. This phe-
nomenon has also been shown in resistance measurement®! to
be a result of the displacement field D tunable charge transfer
between the BLG and CrOCl, causing an effective exchange of
the role of n,, and D. Such effect creates a large hole conduc-
tive region at the lower part of the diagram, as well as a reduced
triangular-shaped electron conductive region. Simply speaking,
for n,, < 0 with all the experimentally explored D, the overall
charge carrier type in the system is hole, and there are no charge
transfer occurring between BLG and CrOCl; with ., > 0, and
with appropriate displacement field (e.g., D < ~0.7 V nm™"! in this
particular device shown in Figure 2a), the valence band edge of
CrOCl has lower energy than that of the conduction band edge
of BLG, which causes most electrons in the BLG to be trans-
ferred to CrOCl, leaving holes or zero carrier density in BLG;
with n,,,; > 0 and large enough D (e.g., D > ~0.7 V nm™' in
this particular device), such charge transfer process can be pro-
hibited which enables the emergence of an electron conductive
island in the phase diagram.*] Based on our first-principles calcu-
lations, the energy difference between the electron band edge in
BLG and AFM CrOClis 0.78 eV (details in Experimental Section),
the experimentally determined D ~ 0.7V/nm to drag electrons
from CrOCl to BLG indicates an average charge transfer distance
of #1.1 nm. Since the calculated average BLG-CrOCI distance
is 3 A and the CrOCl interlayer distance is 7 A,['] this charge
transfer distance suggests that electrons transferred to CrOCl are
mainly distributed on the topmost interfacial layer of the crystal.
Early first-principles calculations have confirmed the existence of
extensive charge transfer between graphene and CrOCL! We
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checked the 5 x 4 2L-CrOCl/8 x 3/3 bilayer-graphene super-
cell to confirm that there is indeed electron transfer from bilayer
graphene to AFM CrOC], at a density of 0.047 electron/nm? (see
Figures S9 and S10, Supporting Information).

The above discussion provides insight into the anomalous in-
sulating state at the right part of the phase diagram, where a
highly uniform gapped state is detected. The shape of this gapped
state is consistent with the anomalous insulating state detected
by resistance measurement.’] A previous study indicated that
electrons injected onto the top surface of CrOCI formed a long-
wavelength charge order, promoting electron—electron (e—e) in-
teractions in BLG via long-range Coulomb coupling.[?’! This con-
clusion is in line with our data, since no mobile carrier is de-
tected inside the gapped region by capacitance measurement
(Figure 2a), proving that: 1) this gap is not a mobility gap, but
a real energy bandgap; 2) the homogeneity of the gap goes far
beyond what could be achieved in conventional dual-gated BLG
devices.[>21]

2.3. Magnetically Tunable Charging State Hysteresis in
BLG-CrOCI

The previous section discussed the conductive regions and the
gapped regions shown in Figure 2a, and we now turn to the
discussion of the key findings of this article: the behavior of the
DOS of BLG during the transition between these two regions
under different history of the perpendicular magnetic field B, .
Under the application of B, the gapped region remain feature-
less and bent Landau levels emerges in the conductive regions
(Figure S3, Supporting Information), similar to the results of re-
sistance measurement;®*] remarkably, the DOS of the transition
region is found to be intricately dependent on the history of mag-
netization of the heterostructure but not the history of electri-
cal polarization or electrical doping. Figure 2b shows the capac-
itance difference ACpy(3T) = Cpyp(6T—3T) — Cpyp(0T—3T)
measured at B, = 3 T and T = 2 K. Here, Cp,1(6T—3T) cor-
responds to Cpyr measured at B, = 3 T with the device previ-
ously held at B, = 6 T before B, ramps down to 3 T; similarly,
Cpur(0T—3T) corresponds to Cpyr measured under B, = 3 T

© 2024 Wiley-VCH GmbH

B5UBD17 SUOLILLIOD BAIERID 3|edtdde aup Aq paueA0B a8 S3o1He YO ‘SN JO S3INJ 10} ARIGIT BUINUO AB|IM UO (SUORIPUOD-PUR-SLLBI WD A3 1M AseIq 1 Ul UO//SdNY) SUORIPUOD pUe SW L U1 89S *[7202/2T/20] Uo ARigiTaunuo A|IM ‘ LINNODDV TV3-NON VNIHD 40 ALISHIAINN NIWNIY Aq 00ETTH202 BWPe/Z00T OT/I0p/wo0 A3 1M Az.q 1jouluoy/sdny Lol papeojumod ‘0 ‘5607 TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

B, (M

www.advmat.de

V)

[U]
)
>

08 k.4 \

| I B | | B -10.0
0 120 240 360 480 600
Time (min)

Figure 3. Capacitance hysteresis loop and switching behavior of BLG-CrOCl. a) Capacitance and b) anti-symmetrized capacitance hysteresis in opposite
magnetic field sweeping of BLG-CrOCI at marked positions of Figure 2b. The curves are shifted and scaled for clarity. c) Temperature dependence of
capacitance hysteresis at position @ of Figure 2b. The temperature ranges from 2 K (brown) to 20 K (green). Solid and dashed lines correspond to
magnetic field sweeping up and down, respectively. Inset: temperature dependence of maximal capacitance hysteresis at B; =3 T. d) Switching behavior
of BLG-CrOCI. BLG-CrOCl is switched in and out of the hysteretic area repeatedly at the positive field polarization (6T—3T) and zero field polarization
(0T—3T) case, respectively. The nonvolatile charging states (marked by the two blue dashed lines) are found to be stable against the history of electrical

gating.

with the device previously held at 0 T before B, ramps up to 3 T.
Note that B, = 3 T is chosen because ACpr is maximized at this
magnetic field experimentally; this magnetic field value also co-
incides with the antiferromagnetic (AFM) to ferrimagnetic (FiM)
phase transition of CrOCI (Figure 1c).1?%]

Figure 2b shows that ACpy1(3T) = 0 in most areas of the phase
diagram, i.e., no hysteresis is detected due to the magnetization
history of the sample. Interestingly, in the transition region, a
finite signal was detected, i.e., ACpr(3T) # 0, revealing a mag-
netically controlled non-volatile charging state of the BLG-CrOCl
heterostructure. This transition region can be divided into four
segments: 1) the hole conductive state to gapped state transition
in the conventional part (marked as segment I in Figure 2b);
2) the electron conductive state to gapped state transition in the
conventional part (segment II); 3) the hole conductive state to
gapped state transition in the anomalous part (segment III); and
4) the electron conductive state to gapped state transition in the
anomalous part (segment IV). We found ACp1(3T) > 0 in seg-
ments I, ITI, and IV, while AC(3T) < 0 in segment II. The
hysteresis phenomenon can also be observed in our MHz capac-
itance measurements (see Figure S7, Supporting Information).

To better understand the behavior of such hysteresis, we
selected five representative points in the phase diagram in
Figure 2b and examined Cp; versus B, over a larger range of
magnetic fields. Here, points @, ®, and @ are located in the area
where ACp1(3T) # 0, and points @ and ® are located in the area
where ACpr(3T) = 0. Figure 3a shows Cpyp versus B, between
-6 T and 6 T in two sweeping directions for points @ to ®. Dif-
ferent field sweeping speeds were also tested to ensure that the
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sweeping rate did not cause unwanted distortion of the signal
(see Figure S5, Supporting Information). One can find that for
points ©, ®, and @, peculiar hysteresis loops emerge with maxima
near B, = +3 T; for points @ and ®, on the other hand, the Cpyr
versus B, curves for the two sweeping directions overlap with
each other, showing no hysteresis. The slight asymmetry between
positive and negative magnetic fields might be due to magnetic
domains and imperfections!?}] and does not change our conclu-
sions. Thus, we removed the slight asymmetry by first calculat-
ing the difference in Cp;; between the up- and down- sweeping
curves:

ACDUT,up (BJ_) = Cpurup (BJ_) = CpuTdown (BJ.) (2)

ACDUT,alown (BJ_) = Cputdown (BJ.) = Coutup (BJ_) 3)

For B, = [-6 T, 6 T]. Then, these two curves are anti-
symmetrized and labeled as ACpypgoum(B1) and AChyr,,(B)),
respectively. Note that AChyrgown(B1) = ~ACpyr,,(B,) by defi-
nition, thus any one of the curves will suffice in describing the
behavior at point ® to ®; nonetheless, we plot both Equations (2)
and (3) in Figure 3b to better illustrate the hysteresis. The sizable
hysteresis in these curves is possibly related to metastable states
in CrOCl between the two ground states at 0 and +6T.[2%]

Figure 3c shows a typical temperature dependence of the hys-
teresis at point ®. The inset shows maximal capacitance hys-
teresis ACpyrgown(3T) Versus temperature, exhibiting an onset
of the hysteresis at ~12 K, consistent with the Néel tempera-
ture of CrOCL??! This indicates that the hysteresis in DOS of
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Figure 4. DOS of CrOCl and band alignment of BLG- CrOCl heterostructure. a) Calculated band structure of bulk CrOCl at AFM and FiM states, respec-
tively. Zero energy is defined to be at the conduction band edge of CrOCl at the FiM state. b) Electron density of CrOCl conduction band as a function
of energy near the crossing point right above the conduction band edge. c,d) lllustration of band alignment of BLG-CrOCl| heterostructure at c) electron
conduction and d) hole conduction within the anomalous part of the phase diagram in Figure 2a; e,f) Illustration of band alignment of BLG-CrOCI
heterostructure at e) electron conduction and f) hole conduction within the conventional part of the phase diagram in Figure 2a. In Figure 4c—, the
parabolic bands in the middle of the panels (near the vertical black broken lines) represent BLG bands and the other bands located to the left and right
of the BLG bands are the energy bands of CrOCI at the AFM state and the FiM state, respectively. For each figure in (c—f), the filled bands mark by red
has the same area as the filled bands marked by blue, meaning the total number of electrons/holes of the heterostructure are equal in both the AFM
and FiM states. The purple and green lines in (c,d) indicate Fermi energy positions marked by the purple and green arrows in (b), respectively.

the BLG is controlled by the magnetic order of the CrOCl sub-
strate and likely not by the gate electric field. To further verify
this hypothesis, we measured the hysteresis of the charging state
against electrostatic gating. The upper section of Figure 3d dis-
plays the repeated switching of the back gate voltage V. between
—8.2 and —8.6 V, with a fixed top gate voltage V;; =15V, and the
lower section shows the respective changes in the reduced device
capacitance Cpyp/Cg. This operation is to tune the BLG-CrOCl
heterostructure repeatedly from the hole conductive region to
the transition region, near point @ in Figure 2a. Specifically, the
left panel of Figure 3d shows Cpr(6T—3T), and the right panel
shows Cp1(0T—3T) under the same electrostatic tuning via the
repeated switching of V. As shown in Figure 3d, in both the
6T—3T state and the 0T— 3T state, the switching of Vj results
in highly repeatable capacitances in the conductive region (black
dashed line); however, in the transition region (two blue dashed
lines), the capacitance is clearly dependent on the history of mag-
netization. A clear difference between the achieved Cp; of the
6T—3T state and the 0T—3T state is marked by the two blue
dashed lines in Figure 3d, which is not dependent on the history
of electrostatic gating.

3. Discussion

To understand the physical origin of the magnetically tunable
hysteresis in the charging states of the BLG-CrOCl heterostruc-
tures, we performed first-principles calculations on the energy
bands of CrOCl in both the AFM and FiM magnetic states.
Figure 4a shows the calculated energy bands for both magnetic
states, which are aligned at their vacuum energies (details in Ex-
perimental Section), and zero energy is defined to be the con-
duction band edge of the FiM state. Note that the band gap of
the FiM state is 2.50 eV, slightly smaller than that of the AFM
state (2.55 eV). The DOS of CrOCl DOS, ¢ versus Fermi energy
E; between 0 and 0.045 eV are shown in Figure S8b (Support-
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ing Information). The accumulated electron number of CrOCl
starting from the conduction band edge up to the Fermi energy

E
is defined as nq,oq (Ef) = fF DOScoa(E)AE, and ne,oq (Ex) for Eg
0

ranging between 0.015 and 0.05 eV is shown in Figure 4b. In
the experimentally explored parameters, we only observed trans-
fers of electrons from BLG to CrOCl, and not hole from BLG to
CrOCl, thus the charge transfer physics is happening around the
conduction band edge of the CrOCl substrate, and not around the
valence band edge of CrOCl, meaning n¢,oq > 0.

When n,,,; > 0 and ng,q > 0, the total accumulated charge in
the BLG-CrOCl heterostructure is electrons and the Fermi level
is above the conduction band edge of CrOCI, this corresponds
to the anomalous part of the phase diagram in Figure 2b, and
a substantial number of electrons are transferred from the BLG
to the surface of CrOCI and then localized by electron—electron
interactions.[*) Within this regime, Figure 4b shows that the ac-
cumulated electron number in the CrOCI crystal has a crossing
point, such that |[nc.oqlrv > [Peroclapm Delow the crossing point
and |neoalmm < [Peroallapm @bove the crossing point. Since ng;
=Myl — Peocy itimplies that |[ng; ¢ gy > [Pa1c|apy for both elec-
tron conduction (around the E; value indicated by the purple ar-
row) and hole conduction (around the Ej value indicated by the
green arrow) in the BLG with proper band alignment, resulting
in the anomalous behavior of A Cp;(3T) > 0 in both segments 111
and IV in the anomalous part of the phase diagram in Figure 2b.
With the above discussion, the present study provides an exam-
ple of magnetically controlled charging states in 2D van der Waals
heterostructures. This mechanism can be universally extended to
the cross-control of the electric and magnetic states of interfacial
matter.

When n¢,0q = 0, the Fermi level of the heterostructure is in-
side the band gap of CrOCl, which corresponds to the conven-
tional part of the phase diagram in Figure 2b. In this part, we
observed a consistent upshift of the Fermi energy of the BLG

© 2024 Wiley-VCH GmbH
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channel when changing the magnetic state of CrOCl from FiM
state to AFM state. This behavior is not related to the correlated
behavior of the BLG-CrOClI heterostructure in the charge trans-
fer region and is likely caused by a more conventional physi-
cal effect, which is the magnetically tunable mid-gap states. In
this situation, the charge transfer between BLG and CrOCI only
serves to fill the valance band of CrOCI and the possible mid-
gap states of CrOCl. In magnetic semiconductors, the mid-gap
states can be modulated by the magnetic configuration, wherein
distinct magnetic states induce variations in the energy levels of
the mid-gap states.[** Such variation will result in a consistent
shift of the Fermi energy in the BLG regardless of its carrier
type, giving rise to the change of sign in the ACpy(3T) signal
for electron and hole conduction in BLG. The situation is illus-
trated in Figure 4e,f: for hole doping (Figure 4f), the carrier den-
sity of BLG with CrOCl in the FiM state is larger than that with
CrOCl in the AFM state, ie., [ngcplcocikv > [Mi6 hlcrociars
whereas for electron doping (Figure 4e), the carrier density of
BLG with CrOCl in the FiM state is smaller than that with CrOCl
in the AFM state, ie., [t cclcoarm < [Picelcrocap: Thus,
ACourBT)(|ngiclerociriv = [Meiclerociar] > 0 in segment
and ACpy1(3T) < 0 in segment I1. Note that such mid-gap states
are sample dependent, so that the transition region at the con-
ventional part does not necessarily have the same strength of
hysteresis for different CrOCl crystals (see Figure S5, Supporting
Information).

4. Summary

To summarize, we investigated the quantum capacitance of bi-
layer graphene-CrOCI heterostructures, revealing a unique non-
volatile state that can be synergetically controlled via magnetic-
electrical means. The temperature, electrical field and magnetic
field dependence of this non-volatile state linked this effect to the
magnetic phase transition of CrOCl between the AFM and FiM
phases. Based on first-principles calculations, we proposed that
such non-volatile state is due to the magnetically tuned charge
transfer between the bilayer graphene and CrOCl. Our work
provides the first evidence of magnetically related behavior in
BLG-CrOCl heterostructures; it also reveals a new route to con-
struct novel van der Waals interfaces with non-volatile and cross-
parameter controls for data storage and processing in future in-
formation technology.

5. Experimental Section

Device Fabrication: The BLG/CrOCI heterostructures were assembled
using a standard dry transfer method.[?] The materials used for the de-
vice were first exfoliated onto Si substrates with a 295 nm thick SiO, layer.
A polycarbonate (PC) stamp was used to pick up the top h-BN flake, thin
graphite contact, bilayer graphene, bottom CrOCI flake, and thin graphite
gate in sequence. Two pieces of graphite were used to electrically connect
the bilayer graphene and metal electrodes, ensuring stable electrical con-
tact at low temperature. The PC stamp with the heterostructure was heated
to 90-150 °C during pick-up and to 180 °C to drop on a polished sapphire
device substrate, which was used to reduce parasitic capacitance. Finally,
the PC was dissolved in chloroform at room temperature. Standard elec-
tron beam lithography (EBL) and metal deposition techniques (Ti 5 nm/Au
50 nm) were then used to contact the thin graphite and define the top gate
electrode, forming a heterostructure parallel plate capacitor device.
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Capacitance Measurements: The capacitance between the graphene
sheet and the graphite back gate was measured using a low-temperature
capacitance bridge based on an FHX35X high-electron mobility transistor
(HEMT). The sample capacitance Cp7 and the standard capacitance Cy
were both connected with the HEMT gate as a common point. The HEMT
acts as an amplifier and improves the signal-to-noise ratio.[''dl By applying
a constant amplitude AC excitation V, to the sample and adjusting the AC
excitation Vggr to the standard capacitor, a V-shaped curve of the output
voltage could be obtained. V, has an amplitude of 10 mV to avoid gating
the sample and was ~180° out of phase with respect to Vggr. The mea-
sured Cpyr is independent of frequencies ranging from 1370 to 8370 Hz
(Figure S2, Supporting Information). The measurement frequency in the
main text is 5370 Hz. By using feedback control Vpgp, the circuit is kept at
the balanced point, where the amplitude of the output voltage is minimal.
The sample capacitance is then given by

V,
Cour = <%> Cr (4)
X

The total measured capacitance between the bottom gate and BLG is
given by

-1
1 1

Covr=| —+— c 5

DuT <CG+CQ> +Cp ©)

_ ain

du
tum capacitance, and Cp is the parasitic capacitance due to the coaxial ca-
ble and stray capacitances. The parasitic capacitance is estimated by sub-
tracting the geometric capacitance from the total capacitance measured
when the sample is in a metallic state, where Co > 1.

First-Principles Calculations: The DFT calculations were performed us-
ing the generalized gradient approximation for the exchange-correlation
potential, the projector augmented wave method,[?] and a plane-wave
basis set as implemented in the Vienna ab initio simulation package
(VASP).[27] Dispersion correction was performed at the van der Waals
density functional (vdW-DF) level,[?®] with the optB86b functional for
the exchange potential,!?° which was proven to be accurate in describ-
ing the structural properties of layered materials*?! and was adopted for
structure-related calculations. The shape and volume of each supercell and
all atomic positions of CrOCI bulks were fully relaxed until the residual
force per atom was <1x 1073 eV-A~1 in the calculations. In the VASP cal-
culations, the kinetic energy cutoff for the plane-wave basis set was set
to be 700 eV for the geometric and electronic structure calculations. A k-
mesh of 10 X 14 X 4 was adopted to sample the first Brillouin zone of the
conventional unit cell of the CrOCI bulk. The on-site Coulomb interactions
with the Cr d orbitals had U and ] values of 3.0 and 1.0 eV, respectively, as
revealed by a linear response method![?%] and comparison with the experi-
mental results.[22P] These values are comparable to those adopted in mod-
eling CrSCI3" and Crl;.32] For calculations of mono- and fewlayer CrOCl,
a sufficiently large vacuum layer over 20 A along the out-of-plane direction
was adopted to eliminate interactions among the monolayers. Consider-
ing the valence band edge of —5.89 eV (—5.87 eV) for AFM (FiM) CrOCI
and the work function of 5.11 eV for bilayer graphene in the CrOCl vdW
heterostructure, electrons may transfer readily from graphene to CrOCI.
To consider the interfacial charge transfer, a 5 x 4 CrOCl/8 X 34/3 bilayer
graphene supercell and a 5 x 15 CrOCl/8 x 11\/5 bilayer graphene super-
cell were developed for calculations of interfacial differential charge den-
sities of CrOCl in the antiferromagnetic (AFM) and ferrimagnetic (FiM)
phases, respectively (Figures S9 and S10, Supporting Information).

£,60S
d

where Cg = is the geometric capacitance, Cq is the quan-

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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