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Abstract

Iron oxides are one of the oldest magnetic systems in history and have been studied extensively
due to their phase-tunable magnetic and electronic properties. The combination of ferrimagnetic
half-metallic magnetite (Fe;0,) with antiferromagnetic insulating hematite («-Fe,O3) forms a so-
called biphase iron oxide (BPIO) system that exhibits highly tunable magnetic and spin-transport
properties in terms of phase and volume fraction. In this work, we report the interfacial physics
between variations of these iron oxide phases with graphene (Gr) on magnetotransport in these
heterostructures. Our experiments reveal that the inclusion of graphene in these heterostruc-
tures induces an inversion in the sign of magnetoresistance at finite temperatures. We explain this
observation with an effective percolative transport model. Interestingly, the switching temperature
and the sharpness of the transition can be further tuned by varying the phase volume fractions of
the iron oxide layer and the crystallinity. The BPIO films, which grow naturally on Si substrates,
exhibit the highest switching temperature. Our observations underscore the ability to induce mag-
netoresistive switching in abundant iron oxide grown on cost-effective, CMOS-compatible sub-
strates by including a single layer of Gr, which has potential applications in modern devices and
neuromorphic computing.

1. Introduction

Different polymorphs of iron oxide have been shown to exhibit unique temperature and phase-
dependent properties [1, 2], which have been leveraged for applications in devices [3, 4], medical
treatment [5], water filtration [6, 7], etc. Of the various polymorphs of iron oxide, magnetite (Fe;O4),
and hematite (o — Fe,O3) are two of the most commonly studied due to their natural abundance and
temperature dependent magnetic and electronic properties. Magnetite exhibits a characteristic metal-
insulator transition known as the Verwey transition (Ty ~ 120 K), for which it is insulating below Ty
and conducting/semiconducting above Ty [8, 9]. On the other hand, single crystalline hematite is an
antiferromagnetic insulator, which exhibits a first order spin reorientation transition known as the
Morin transition (T = 260 K) [10]. This transition, however, has been shown to be thickness depend-
ent, decreasing in temperature with film thickness [8, 11-13].

The control of these various phases in both thin film and nanoparticle form has been extensively
studied [1, 14]. For thin films of iron oxide, it has been shown that through the control of growth para-
meters and importantly, choice of substrate, different phases of iron oxide can be grown with different
degrees of crystallinity. For example, Fe;0, and o — Fe; O3 may be grown epitaxially through the choice
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of MgO (100) and o — Al,O5 (0001) substrates, respectively, supporting proper lattice matching [15, 16].
Furthermore, a mixture of both (IO) and, so called biphase iron oxide (BPIO) [17], can be grown by the
choice of Si (100) substrates which gives rise to the biphasic behavior through lattice mismatch-induced
strain [8, 18]. The intentional choice of substrate which produces BPIO has been shown to give rise to
the ability to observe competing magnetic interactions, surface-mediated spin transport phenomena, and
exotic temperature dependent magnetic properties [8, 18]. Furthermore, Si substrates are far more cost
effective and are compatible with existing CMOS technologies for device applications.

The magnetic and electronic properties of variable phase iron oxides have been extended to fur-
ther applications through functionalizing to different morphologies and heterostructures [3-7, 19]. A
possible opportunity for further functionalization for applications is the inclusion of two-dimensional
(2D) materials, of which graphene (Gr), a 2D allotrope of carbon, has been of particular interest [4,

6, 19]. This is largely due to the exotic electronic and magnetic properties exhibited by Gr [20, 21],
including the hosting of Dirac fermions [22], low intrinsic spin—orbit coupling [23], unique interfacial
magnetic behavior [24, 25] etc. These aspects render graphene an ideal medium of spin transport over
tens of microns at room temperature [26]. Magnetoresistance (MR) in pure graphene has been studied
extensively [27-29] as a function of temperature [30], for CVD graphene [28], as well as in non-local
measurements [31]. Recent advancements and challenges in graphene-based spintronics research have
been comprehensively discussed in a recent review article [32] with inversion effects in MR in graphene
spin valves [33]. The interfacial effects of graphene with conventional oxides also display intricate charge
transfer mechanisms and enhanced performance in devices [34]. However, the nature of the interfa-
cial magnetism in iron oxide/Gr heterostructures is not well understood, particularly for the various
phases of iron oxide. Understanding the nature of magnetism and magnetotransport across the phase-
tunable iron oxide/Gr interface can be used to harbor new physics not yet uncovered for novel device
applications.

Here, the change in the temperature-dependent magnetic and electronic properties of 100 nm thick
phase-tunable iron oxide (Fe;O0, and BPIO) due to the inclusion of monolayer Gr, capped with a pro-
tective 5 nm thick Pt is explored. This was done by utilizing both surface and bulk sensitive measure-
ments. Temperature-dependent magnetization measurements indicate the existence of the aforemen-
tioned characteristic Verwey and Morin transitions at Ty, almost equal to 120 K, and Ty ~ 260K, occur-
ring in their respective samples. The inclusion of Gr induces strong interfacial coupling in the BPIO
sample, as observed via the dampening of the Verwey transition as compared to the BPIO/Pt system.

To further explore the nature of these changes, surface-sensitive longitudinal MR and resistivity meas-
urements were performed as a function of temperature in a standard four-point configuration. While
the BPIO/Pt and IO/Pt samples have similar MR as previously reported to their non-Gr counterparts

[8, 35-37], I0/Gr/Pt and BPIO/Gr/Pt exhibit a switching of the sign of the MR at different temper-
atures. To further explore this behavior, resistivity versus temperature measurements were performed.
While the BPIO/Pt and IO/Pt systems exhibited similar behavior as previously observed, BPIO/Gr/Pt
and I0/Gr/Pt exhibit a peak in the temperature-dependent resistivity, similar to that of colossal MR
(CMR) observed in doped manganites, occurring at the temperatures in which their MRs change sign
[38, 39]. For each system, the temperature dependent resistivity is fit to determine the relevant scattering
mechanisms. In BPIO/Gr/Pt and 10/Gr/Pt, a modified percolation model is used to describe the critical
behavior of the resistivity [40]. The resistivity results indicate that the inclusion of Gr induces interfa-
cial coupling through surface hybridization with the underlying BPIO/IO layer, when the system is in an
insulating state. The different temperature dependent configurations of each system can be seen schemat-
ically in figures 1(a) and (d), and physically through atomic force microscopy (AFM) on the magnetic
substrate layers in figures 1(b) and (c). As seen in figures 1(b) and (c), the IO films show no appre-
ciable grain boundaries as expected for highly crystalline systems; however, for BPIO, there are clear
grain boundaries, and it seems that in between the grain boundaries, seeds of hematite form. This gives
rise to metallic-paramagnetic (PM) transport in the Pt layer and insulating-magnetic transport at the
Gr/BPIO(IO) interface. This interface leads to effective percolative transport due to competition between
localized and delocalized carriers. When the energy difference between the two phases is close, the peak
in the resistivity and switching of the MR occurs. The difference in the switching temperatures between
the 10 and BPIO systems is then understood as different volume fractions of insulating phases, where in
the IO sample, the switching does not occur until close to Ty. These results elucidate the nature of the
interfacial magnetism in varying phase iron oxide/Gr systems. These results provide proof of principle
that by including Gr as a means for modifying phase segregated systems, interfacially induced colossal-
like MR can occur. Such behavior can be used to design new devices for applications in magnetoresistive
switching and neuromorphic computing.
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Figure 1. (a) Schematic representations of the biphase iron oxide heterostructure as a function of temperature (light gray top
layer corresponds to Pt). (b), (c) AFM images of biphase iron oxide and single-phase iron oxide films. (d) Schematic representa-
tions of the single-phase iron oxide heterostructure as a function of temperature. Darker grays correspond to higher resistivities
in the iron oxide layers.

2. Results and discussion

To confirm the phase determination in the films both x-ray diffraction (XRD) and Raman spectro-
scopy measurements were performed at room temperature. It is important to note that since hematite
can occur as a small minority phase, multiple measurements confirming the phase purity must be per-
formed. Figures 2(a)—(c) shows the Raman spectra for BPIO/Pt, BPIO/Gr/Pt, and 10/Gr/Pt, respectively
prior to sputtering Pt, with the insets zooming in around the respective peaks for scale. Peaks for mag-
netite and hematite are identified from previously reported values, in which hematite exhibits a strong
peak at ~612 cm™!. Magnetite exhibits a strong peak at ~668 cm™~!. In the case of the films grown

on Si/SiO,, the scale of the peaks is reduced with respect to the strong Si peak around 500 cm™! (all
graphs are on a linear y-scale). In the pure 10 film, a secondary weaker peak at ~550 cm™" is observed
since it is not overlapping with the Si peak[41]. Furthermore, it can be seen in figures 2(b) and (c)

that the strong primary peak of Gr at ~1580 cm ™! due to the in-plane motion of the carbon atoms

is observed as expected. Figure S1 shows the Raman spectra of the BPIO/Gr/Pt system after sputtering,
where a D peak appears likely due to sputtering induced out-of-plane motion of the carbon atoms [42].
Importantly, the Gr peaks are observed in the films with Gr, as expected, and the BPIO films show both
magnetite and hematite peaks, while the single-phase IO film shows just magnetite peaks.

Figures 2(d)—(f) shows the XRD spectra for BPIO/Pt, BPIO/Gr/Pt, and 10/Gr/Pt, respectively. In
the BPIO films, multiple reflections can be seen showing clear indication of the polycrystalline nature
of the films. Furthermore, both magnetite and hematite phases are identified through their respective
crystal structures. In the single-phase IO film, only the [220] orientation of IO arises as expected [17].
Combining both the XRD and Raman spectra results confirms the hypothesis that the biphase films con-
tain both magnetite and hematite, and the single-phase film is just magnetite.

The bulk magnetic properties of each of the films were then characterized. Figures 3(a)—(c) shows
the magnetic susceptibility versus temperature (x(T)) following the zero-field-cooled (ZFC) and field-
cooled (FC) measurement protocols for 10/Gr/Pt, BPIO/Pt, and BPIO/Gr/Pt, respectively. BPIO/Pt and
BPIO/Gr/Pt exhibit both the Verwey and Morin transitions as expected, identified as inflections in the
susceptibility versus temperature for the Morin transition, and a decrease in the susceptibility below the
Verwey transition as has been previously reported [8]. As compared to the BPIO/Pt film, the BPIO/Gr/Pt
film shows a weaker Verwey transition. The IO/Gr/Pt film does not appear to have a strong Verwey
transition and exhibits changes in the magnetization around low temperature indicative of spin freezing
which has been previously reported [43].
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Figure 2. (a)—(c) Raman spectra prior to sputtering of the Pt for, BPIO/Pt (a), BPIO/Gr/Pt (b), and I0/Gr/Pt (c), systems. (d)—(f)
X-ray diffraction spectra of the BPIO/Pt (a), BPIO/Gr/Pt (b), and IO/Gr/Pt (c) systems.

It should be noted that since the IO films are grown on MgO, there exists a strong low temperature
background to the x(T) measurement, and it is expected that the single-phase films exhibit a strong
Verwey transition. To confirm this phenomenon, resistance versus temperature measurements were per-
formed on bare IO films from the same sample batch, shown in figure S2 in the supporting informa-
tion. There exists a strong increase in the resistance versus temperature in the IO film, indicative of a
strong Verwey transition as expected. It should be noted that data are only presented up to T' ~ 100 K,
since the metal-insulator transition was so strong that it exceeded the measurable resistance in our sys-
tem. Figures 3(d) and (e) show the magnetization versus magnetic field (M(H)) at T = 300 and 10 K,
respectively. At room temperature, there is not a large difference between the bulk magnetic properties,
outside small changes in the anisotropy. However, at lower temperatures there exists subtle differences,
as identified by slope changes around the coercive field H. ~ 0.20 T. The IO/Gr/Pt film exhibits glassy-
like behavior identified as via nonlinear changes in the magnetization around low fields, similar to what
is observed in the M(T) curve. Previous reports have revealed glassy behavior at interfaces in thin film
heterostructures of 10, as identified through exchange-bias measurements [18, 44]. Importantly, correlat-
ing with previous results it appears that this low temperature behavior is intrinsic to the bulk magnetic
properties of IO. These measurements are background corrected for the substrate contributions, so this
confirms the intrinsic nature of the glassy behavior to the I0/Gr/Pt film.

To probe the nature of the interfacial magnetism between graphene and the variable phase iron oxide
films, longitudinal MR measurements were performed in a standard four-point connection, as a func-
tion of temperature. It should be noted that due to the large difference in respective thicknesses of the
top metallic layer as compared to the iron oxide layers, there exists non-zero current shunted through
the oxide layer. Figures 4(a)—(f) shows the temperature dependence of the MR for BPIO/Pt, BPIO/Gr/Pt,
and I0/Gr/Pt, respectively. The BPIO/Pt films exhibit negative MR as has been reported previously [35,
45]. It can be seen in comparison to figures 3(d) and (e) that while there are no appreciable room tem-
perature differences in the bulk magnetization as a function of field, their surface properties differ signi-
ficantly. This negative MR arises due to the spin dependent scattering across magnetic domains, due to
uneven local directions of the magnetization [8]. Based on the spin-direction of the carrier with respect
to the direction of the magnetization of the magnetic domains nearby, higher or lower resistance will
occur. As a higher magnetic field is applied, the domains become more uniformly magnetized and the
resistance decreases. For the BPIO/Gr/Pt and 10/Gr/Pt films, a similar phenomenon occurs at room tem-
perature. Namely, negative MR occurs in both films at high temperature, in agreement with the homo-
geneity of the magnetization versus magnetic field results. However, as temperature is decreased, val-
ues of MR for both the BPIO/Gr/Pt and 10/Gr/Pt films homogeneously approach zero, then the sign
changes. It should be noted that the temperatures in which the MR switches sign are different between

4
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Figure 3. (a)—(c) ZFC and FC susceptibility curves as a function of temperature. (d), (e) Normalized magnetization versus mag-
netic field for T =300 K (d) and T = 10K (e).
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Figure 4. (a)—(c) Magnetoresistance as a function of applied field at different temperatures for BPIO/Pt (a), BPIO/Gr/Pt (b),
10/Gr/Pt (c). (d)—(f) Corresponding temperature-field contour plots for each respective system.

the films, however, with BPIO/Gr/Pt and 10/Gr/Pt switching at Tj,; ~ 250 K and T}, ~ 180 K, respect-
ively. This underscores the impact of the secondary hematite phase in the tuning of the surface magnetic
properties in these films, and its impact on the switching temperature of the MR.

Furthermore, the MR as a function of temperature was measured for pure IO/Pt, to confirm that this
behavior is not intrinsic to the IO/Pt interface. Figure S3(a) in the supporting information shows the

5
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Figure 5. Saturation magnetoresistance as a function of temperature for BPIO/Pt (red circles), BPIO/Gr/Pt (blue circles), and
10/Gr/Pt (black circles).

temperature dependence of the MR for IO/Pt and (b) shows the saturation MR as a function of tem-
perature. It can be seen that there is no temperature dependent switching of the MR intrinsic for IO/Pt.
Furthermore, in figure S3(b) in the supporting information, the value of the saturation MR becomes
more negative with a decrease in temperature, with a critical point at the Verwey transition, as expected
[8]. These results indicate that the inclusion of Gr is inducing the temperature dependent inversion

in the MR, and that the temperature at which this occurs is sensitive to the relative phase fractions of
magnetite and hematite. To further confirm this behavior, identical BPIO/Gr/Pt films with different
fractions of magnetite and hematite were fabricated, which can be seen in figure S4 in the supporting
information.

As seen in figure S4, in the second BPIO/Gr/Pt film, inversion in the MR occurs again. Here, the
temperature in which the inversion occurs is slightly lower than that of the other film with T,; ~ 180 K.
This underscores the reproducible nature of this phenomenon. Furthermore, these results suggest that
the inversion temperature can be controlled by changing the relative phases of magnetite and hematite.
It is possible that this boils down to changing the oxygen percentage since changing the relative phase
fractions will necessarily change the oxygen percentage (magnetite O % ~ 57%, hematite O % ~ 60%),
which was realized here by adjusting the laser fluence, and it is expected that for both systems in insu-
lating states, the majority of the states near the Fermi energy are oxygen states and therefore play a
large role in the interfacial properties [46, 47]. In the case of the BPIO films, the existence of insulat-
ing hematite at T > T, may act as a seed layer for Gr hybridization, allowing the switching to occur
at higher temperatures. These results are encapsulated in figure 5, where the saturation MR as a func-
tion of temperature is plotted for all 3 samples. In figure 5, it can be clearly seen where the MR changes
sign is higher for the BPIO/Gr/Pt sample as compared to the I0/Gr/Pt sample. Furthermore, both the
BPIO samples increase in absolute value of MR into the Verwey transition and then decrease after. The
low-temperature MR’s sign changes are due to the expected weak antilocalization since Pt is a high spin—
orbit coupling metal. This is further observed in heterostructures of BPIO/Gr/Al, shown in figure S5

6
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Figure 6. (a) Resistivity versus temperature for BPIO/Pt (blue circles), BPIO/Gr/Pt (red circles), and IO/Gr/Pt (black circles).
(b), (c) Percolation fits for the resistivity versus temperature for BPIO/Gr/Pt and I0/Gr/Pt, respectively.

where negligible weak antilocalization is expected due to the low spin orbit coupling of Al. It can also
be seen that magnetoresistive switching occurs in the BPIO/Gr/Al system as well, although complic-
ated by the existence of oxidized aluminum at the top layer which may act like a tunnel barrier redu-
cing the working current across the heterostructure. Nonetheless, switching is observed underscoring the
importance of the iron oxide/graphene interface in these heterostructures. It is also important to note
that in traditional IO or BPIO/Pt systems the dominant MR mechanism is spin-Hall MR [8, 36, 37].
The existence of switching in films capped with Al suggests that this is small as compared to the other
magnetoresistive effects highlighted below since Al has a much smaller spin-Hall angle compared to Pt
due to its small spin—orbit coupling (low Z).

To further explore the changes in the transport properties due to the inclusion of graphene, resistiv-
ity versus temperature (p(T)) measurements were performed. Figure 6(a) shows the p(T) for BPIO/Pt
(blue), BPIO/Gr/Pt (red), and 10/Gr/Pt (black). The BPIO/Pt film exhibits a trend similar to that repor-
ted previously [18]. The resistivity versus temperature for the samples with Gr both show peaks, appear-
ing as a quasi-metal-insulator transition, where quasi refers to the nature of this transition being interfa-
cial, not necessarily corresponding to the bulk heterostructure. This behavior is reminiscent of the CMR
behavior that has been observed historically in doped manganites [48]. These peaks appear to occur near
the temperatures in which the MR changes signs in each sample. To further explore the potential scat-
tering mechanisms which can give rise to the temperature dependence of the resistivity, a percolative
transport model has been proposed similar to what has been observed in doped manganites as a poten-
tial mechanism which can give rise to this behavior [49, 50]. Here, the percolation model is applied as
regions of distinct conduction between the Pt overlayer and the proximitized Gr, which is hypothes-
ized to hybridize with oxygen at the interface in insulating regions. This phenomenon has been stud-
ied experimentally and theoretically previously, showing that at insulating, oxygen rich interfaces such
as NiFe,O4, Gr hybridizes with the oxygen, greatly modifying the interfacial magnetic properties of the
underlying magnetic substrate [24, 46, 51-53]. Importantly for the case of graphene it has been reported
that these interfacial magnetic effects can be respectively large, leading to scattering mechanisms which
can be on the order of other effects and accessible at finite temperatures. Here, IO and BPIO are only
purely insulating below T. In the BPIO samples, however, the hematite phase is insulating across all
temperatures of interest. Due to the separation between Pt and IO or BPIO induced by the inclusion of
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Table 1. Extracted fit parameters for the BPIO/Gr/Pt and I0/Gr/Pt films.

E,
U (k) & (k) T, (K)
BPIO/Gr/Pt 896 £+ 2.56 K 443 + 450 K 254 £+ 0.86 K
10/Gr/Pt 1521 £ 39.37 K 318 £ 7.40K 182 £ 251 K

Gr, it appears that most of the induced interfacial magnetic phenomena occurs between Gr and IO or
BPIO and possibly a few atomic layers of Pt [8, 54, 55]. This creates two distinct current channels. Pt at
the surface acts as a metallic, PM metal, whereas current flowing closer to its interface with Gr acts as a
magnetically proximitized semiconducting region, above T,. Following closely with previous works [49,
50, 56], these distinct regions lead to competing localization and delocalization of charge carriers, with
volume fractions f and (1—f). Therefore, the total resistivity of Pt can be written as

pTot:pMetf+pSem(1 _f)> (1)

with pper and psem are the metallic and semiconducting resistivity parts, respectively.
The metallic resistivity (pmer) can be expressed as a combination of different scattering terms as:

pvee = po+ p T2+ ps T, (2)

where pg is the temperature-independent residual resistivity, p, corresponds to electron—electron scatter-
ing, and ps corresponds to electron-phonon scattering. For the interfacial current channel, it has been
reported previously that Gr-based interfacial bonding occurs from the out of plane p, orbitals of Gr [24,
46, 57]. This is particularly the case for lightly disordered Gr, where there exists non-zero out-of-plane
phonon excitations, which is traditionally induced when sputtering onto Gr [24]. In the systems dis-
cussed here, this disorder is likely not in the form of metal overlayer implantation as films capped with
both Pt and Al exhibit switching, but potentially comes in the form of disrupted carbon bonds. This
interfacial hybridization can change the effective mass of local charge carriers compared to those in other
regions, leading to magnetic polaron formation [58, 59]. Similar interfacial hybridization has also been
studied in the context of using Gr as a charge trap [60]. Therefore, the total resistivity of the semicon-
ducting phase can be expressed as:

Eg

Psem = Pspu Tet” (3)

where pspy is the coefficient of resistivity due to single polaron hopping and E, is the polaron activa-
tion energy. The relative volume fractions of each phase can then be modeled as a Boltzmann volume
fraction as:

J (4)

AU
1+ ekt

AU is the energy difference between the respective phases and can be expanded as a Taylor series about
Tp:

T
AU —U, (I—TP) (5)

The aforementioned definitions can then be placed into the expression for the total resistivity to fit

the temperature dependence of the resistivity. Figures 6(b) and (c) show the fits of this model for
BPIO/Gr/Pt, and 10/Gr/Pt, respectively. It can be seen that the proposed model is in excellent agreement
with the measured data (R?> ~ 1). Furthermore, important fit parameters can be extracted and are listed
in table 1.

The extracted fit parameters indicate larger energy difference between the two phases correspond-
ing to lower switching temperatures. This further agrees with the hypothesis that adjusting the relative
volume fractions of hematite allows for the control of the switching temperature in these films, with the
single-phase IO/Gr/Pt sample acting as a limiting case in which the temperature is lowest. Finally, lower
polaron formation energies correspond to a higher energy difference between the two phases, which
agrees with the argument regarding the phase segregation in these films.
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3. Conclusion

Films of variable phase iron oxide (magnetite or hematite) were deposited to study their interface with
graphene. The relative phases were confirmed independently by XRD and Raman spectroscopy meas-
urements. The inclusion of Gr appears to dampen the characteristic Verwey transition of magnetite. To
probe the interface between Gr and IO or BPIO, MR and resistivity measurements were performed. We
observe that by the inclusion of Gr, switching of the MR from negative at high temperatures to positive
at low temperatures occurred. Resistivity versus temperature measurements further show a peak indic-
ative of a quasi-metal-insulator transition at the same temperatures. A percolative transport model is
proposed to explain the observed behavior. This model agrees excellently with the experimental res-
ults and implies that the magnetoresistive switching and peaks occur due to Gr-induced competition
between localization and delocalization of charge carriers arising from Gr hybridization at the interface
in the insulating phase. This behavior can be further tuned by controlling the energy difference between
the respective phases, which depends strongly on the volume fraction of hematite. Future experiments
including corresponding transport measurements like temperature dependent anomalous Hall meas-
urements as well as surface sensitive magnetic measurements like x-ray magnetic circular dichroism
would be helpful in fully elucidating the interfacial phenomena in these systems. These novel interfa-
cial phenomena can be utilized to create magnetoresistive switching devices on CMOS-compatible sub-
strates through the inclusion of monolayer Gr for applications in modern devices and neuromorphic
computing.

4. Experimental methods

Iron oxide(s) growth

Iron oxide films were grown using a KrF laser and stoichiometric Fe;O, target. Fe;04 sample set 1 was
grown using a laser fluence of 2.5 J cm ™2, 350 °C substrate temperature, 5 Hz laser repetition rate, tar-
get substrate distance of 5 cm, using the Fe;O, target, and a background pressure of 2 * 107> Torr O,.
Fe;0, sample set 2 and Fe;0,/MgO were grown using the same parameters, with a change in fluence
to 2.25 ] cm 2. XRD data were collected using a Rigaku Smartlab diffractometer to measure crystal
structure.

Graphene transfer

The commercially available mono-layer CVD graphene purchased from graphene was transferred onto
BPIO films using a wet transfer method. The CVD graphene on a polymer layer covered with a pro-
tective sacrificial PMMA layer was dipped into DI water at an angle of 45°. The floating graphene with
the PMMA sacrificial layer was carefully scooped onto the BPIO film. The BPIO films with transferred
graphene were then kept on an oblique stand for 1 h for air drying to avoid any wrinkles or trapped
air bubbles on the graphene. To obtain a strong adhesion between the graphene and BPIO films, the
graphene/BPIO samples were kept in a vacuum desiccator for 24 h, followed by subsequent anneal-

ing at 150 °C for 2 h. Finally, the protective sacrificial PMMA layer was removed by dissolving the
PMMA layer in an acetone bath at 50 °C for 1 h, subsequently rinsed with isopropanol, and dried. The
quality of the transferred graphene on BPIO was confirmed by checking them with an optical micro-
scope (Olympus AX70) and an AFM (Bruker-Dimension Icon ICON4-SYS). The final graphene/B-
PIO heterostructures were used for further characterization and electrical and magnetic measurements
(with/without depositing a 5 nm thin Pt layer on top of them).

Platinum deposition

Pt deposition was carried out in an Intlvac Nanochrome Pico magnetron sputtering system at room tem-
perature with base pressure below 2.7 x 1077 mbar before initiating D.C sputtering, ultra-high-purity
argon gas was introduced into the chamber at a flow rate of 30 sccm. In order to reduce the effect of Pt
sputtering on the Gr layer a low power/deposition rate sputtering process was utilized. The Pt target was
ignited at 20 W, followed by a 6 min conditioning and presputtering process. Subsequently, the 5 nm Pt
film was deposited at a working pressure of 9.7 x 10~ mbar, with a deposition rate of 0.12 A s™!. The
sample was rotated during deposition to achieve homogeneous growth.
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Raman spectroscopy

Raman spectroscopy experiments were conducted using a confocal microscope-based Raman
spectrometer (LabRAM HR Evolution, Horiba Scientific) with 600 gr mm™! diffraction grating, a
633 nm excitation laser beam, a 100x objective, and a synapse back-illuminated CCD.

XRD
XRD data were collected using a Rigaku Smartlab diffractometer to measure crystal structure, sweeping
out-of-plane with respect to the sample surface.

Magnetometry

Magnetization versus magnetic field and temperature measurements were performed utilizing the vibrat-
ing sample magnetometer option of a physical properties measurement system (PPMS), Quantum
Design, USA. For the magnetization versus temperature measurements, a ZFC/ FC protocol was fol-
lowed in which the system was cooled under the presence of zero magnetic field, then a magnetic field
was applied, and the magnetization was measured during warming. The FC protocol then measures the
magnetization under the same field while cooling after the ZFC measurement is completed. The magnet-
ization versus magnetic field measurements were performed in an in-plane orientation with respect to
the applied magnetic field, and the data was corrected with respect to the substrate and rod background
by removing a linearly proportional negative diamagnetic background.

Magnetotransport

Resistivity versus temperature and MR measurements were performed on a universal puck, utilizing the
resistivity option within the same PPMS. All field dependent measurements were performed under an
out-of-plane applied magnetic field. Electrical connections were made in a standard four-point configur-
ation on the surface of the Pt layer, with contacts attached with high purity silver paint.
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