
 

 

 

Magnetoresistance effect in vertical NiFe/graphene/NiFe junctions 

Pei-Sen Li(李裴森), Jun-Ping Peng(彭俊平), Yue-Guo Hu(胡悦国), Yan-Rui Guo(郭颜瑞), Wei-Cheng Qiu(邱伟成), 

Rui-Nan Wu(吴瑞楠), Meng-Chun Pan(潘孟春), Jia-Fei Hu(胡佳飞), Di-Xiang Chen(陈棣湘), and Qi Zhang(张琦) 

Citation:Chin. Phys. B, 2022, 31 (3): 038502.   DOI: 10.1088/1674-1056/ac192e 

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb   

What follows is a list of articles you may be interested in  

 

Graphene-based heterojunction for enhanced photodetectors 

Haiting Yao(姚海婷), Xin Guo(郭鑫), Aida Bao(鲍爱达), Haiyang Mao(毛海央),Youchun Ma(马游春), and 

Xuechao Li(李学超) 

Chin. Phys. B, 2022, 31 (3): 038501.   DOI: 10.1088/1674-1056/ac1b8b 

Device design based on the covalent homocouplingof porphine molecules 

Minghui Qu(曲明慧), Jiayi He(贺家怡), Kexin Liu(刘可心), Liemao Cao(曹烈茂), Yipeng Zhao(赵宜鹏), Jing 

Zeng(曾晶), and Guanghui Zhou(周光辉) 

Chin. Phys. B, 2021, 30 (9): 098504.   DOI: 10.1088/1674-1056/abeb0c 

Dual-wavelength ultraviolet photodetector based on vertical (Al,Ga)N nanowires and 

graphene 

Min Zhou(周敏), Yukun Zhao(赵宇坤), Lifeng Bian(边历峰), Jianya Zhang(张建亚), Wenxian Yang(杨文献), 

Yuanyuan Wu(吴渊渊), Zhiwei Xing(邢志伟), Min Jiang(蒋敏), and Shulong Lu(陆书龙) 

Chin. Phys. B, 2021, 30 (7): 078506.   DOI: 10.1088/1674-1056/abff23 

Effect of electrical contact on performance of WSe2 field effect transistors 

Yi-Di Pang(庞奕荻), En-Xiu Wu(武恩秀), Zhi-Hao Xu(徐志昊), Xiao-Dong Hu(胡晓东), Sen Wu(吴森), Lin-Yan 

Xu(徐临燕), and Jing Liu(刘晶) 

Chin. Phys. B, 2021, 30 (6): 068501.   DOI: 10.1088/1674-1056/abd752 

Visualization of tunnel magnetoresistance effect in single manganite nanowires 

Yang Yu(郁扬), Wenjie Hu(胡雯婕), Qiang Li(李强), Qian Shi(时倩), Yinyan Zhu(朱银燕), Hanxuan Lin(林汉轩), 

Tian Miao(苗田), Yu Bai(白羽), Yanmei Wang(王艳梅), Wenting Yang(杨文婷), Wenbin Wang(王文彬), Hangwen 

Guo(郭杭闻), Lifeng Yin(殷立峰), Jian Shen(沈健) 

Chin. Phys. B, 2020, 29 (1): 018501.   DOI: 10.1088/1674-1056/ab5932 

 

-------------------------------------------------------------------------------------------------------------------- 

http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac192e
https://doi.org/10.1088/1674-1056/ac192e
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac1b8b
https://doi.org/10.1088/1674-1056/ac1b8b
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abeb0c
https://doi.org/10.1088/1674-1056/abeb0c
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abff23
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abff23
https://doi.org/10.1088/1674-1056/abff23
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abd752
https://doi.org/10.1088/1674-1056/abd752
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab5932
https://doi.org/10.1088/1674-1056/ab5932


Chin. Phys. B 31, 038502 (2022)

Magnetoresistance effect in vertical NiFe/graphene/NiFe junctions
Pei-Sen Li(李裴森), Jun-Ping Peng(彭俊平), Yue-Guo Hu(胡悦国)†, Yan-Rui Guo(郭颜瑞),

Wei-Cheng Qiu(邱伟成), Rui-Nan Wu(吴瑞楠), Meng-Chun Pan(潘孟春),
Jia-Fei Hu(胡佳飞), Di-Xiang Chen(陈棣湘), and Qi Zhang(张琦)

College of Intelligence Science and Technology, National University of Defense Technology, Changsha 410073, China

(Received 13 June 2021; revised manuscript received 20 July 2021; accepted manuscript online 30 July 2021)

For convenient and efficient verification of the magnetoresistance effect in graphene spintronic devices, vertical mag-
netic junctions with monolayer graphene sandwiched between two NiFe electrodes are fabricated by a relatively simple
way of transferring CVD graphene onto the bottom ferromagnetic stripes. The anisotropic magnetoresistance contribution
is excluded by the experimental result of magnetoresistance (MR) ratio dependence on the magnetic field direction. The
spin-dependent transport measurement reveals two distinct resistance states switching under an in-plane sweeping mag-
netic field. A magnetoresistance ratio of about 0.17 % is obtained at room temperature and it shows a typical monotonic
downward trend with the bias current increasing. This bias dependence of MR further verifies that the spin transport signal
in our device is not from the anisotropic magnetoresistance. Meanwhile, the I–V curve is found to manifest a linear behav-
ior, which demonstrates the Ohmic contacts at the interface and the metallic transport characteristic of vertical graphene
junction.

Keywords: magnetoresistance effect, graphene, magnetic junctions, spintronics
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1. Introduction
As one of the primary spintronic devices, the magnetic

tunnel junction (MTJ) consisting of an insulating barrier be-
tween two metallic ferromagnetic (FM) layers has many ap-
plications, such as magnetic field sensors, magnetic random
access memories (MRAM), microwave devices, spin logic cir-
cuits, etc.[1–7] The magnetizations in two FM layers are de-
coupled by the barrier layer and are able to switch indepen-
dently from each other. Driven by the applied magnetic field,
the different relative orientations of the magnetizations cor-
respond to diverse resistance values, thus realizing the sens-
ing and detection of external magnetic fields.[8,9] In order to
improve the signal-to-noise ratio and reduce the power con-
sumption, the barrier layer is usually required to be as thin
as possible while still maintaining a large tunneling magne-
toresistance (TMR). This is difficult for the traditional barrier
materials such as Al2O3 and MgO, because there always exist
several problems like pinholes, trap states and defects in these
metal oxides, which can induce the shot noise and seriously
compromise the performance of MTJs. Meanwhile, the exper-
imental TMR ratio of this kind of MTJ has reached closely to
the level of its theoretical value and is extremely hard to make
any further breakthrough.[10] Hence, it is now an urgent de-
mand to seek for a new material with excellent properties for
the current applications of MTJs.

Graphene, a two-dimensional (2D) honeycomb material
of carbon atoms, has aroused much interest due to the su-
perior properties since its discovery.[11–14] The high in-plane

carrier mobility and low spin–orbit coupling in graphene can
create long spin lifetimes and diffusion lengths, enabling
the realizing of lateral spin devices with novel features and
functions.[15–19] On the contrary, the weak out-of-plane con-
ductivity of this atomically thin material makes it an effec-
tive insulator for the transport perpendicular to the plane,
thus providing an alternative choice for the barrier material
of MTJs.[20,21] Encouragingly, as expected, it has been the-
oretically predicted that the graphene-based MTJ has an ex-
traordinarily large TMR ratio due to its almost perfect spin
filtering effect at K point at the graphene/FM interface.[22,23]

Provided that this prediction comes true, it will be signifi-
cantly beneficial to the application of MTJs. Given this, a
variety of graphene-based MTJs with current-perpendicular-
to-the-plane (CPP) geometry have been successively realized
experimentally.[20,24–30]

Nowadays, the interface between the graphene interlayer
and the bottom FM layer is formed mainly by transferring
graphene (grown through chemical vapor deposition (CVD)
or mechanically exfoliated from graphite flake) onto the bot-
tom electrode.[20,24–26] It is almost inevitable to introduce the
oxidation and contamination into the graphene/FM interface
because the bottom electrode is exposed to air in the fabrica-
tion process and this impure interface may induce the spin-flip
scattering. To this end, some novel schemes were put for-
ward. For example, (i) a suspended graphene membrane is
made over a hole, followed by depositing ferromagnetic met-
als on both sides of graphene; (ii) a graphene layer directly
grows on the top of the bottom FM layer.[27–30] However, the
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experimentally observed TMR ratio was improved merely to a
small extent with the value much less than the predicted value,
whereas the fabrication procedure became more complicated,
which is likely to introduce new potential problems. As an
example, the ‘Mexican hat’ shape of the suspended graphene
can form after the FM layer has been deposited and the in-
duced strain locally affects the atomic-scale contact between
graphene and FM layers.[28] Besides, there still exist several
questions and issues about the growth mechanism of graphene
on FM transition metals, and arduous efforts are still needed
to improve the graphene quality.[31] Back to the transferring
method: the exfoliated graphene usually has a high quality but
its size is limited to dozens of microns, which is not scalable
for application, so wet transfer of CVD graphene is still the
most simple and practical approach. On the other hand, the
permalloy (or NiFe), as one of the ferromagnetic materials, is
commonly used as the FM electrode of MTJs for the follow-
ing two merits. Firstly, it has a relatively high spin polariza-
tion, which is beneficial to a large TMR ratio. Secondly, the
NiFe film has a low coercivity, which is an extremely impor-
tant property for its application in sensors. According to these
considerations, we chose the NiFe film as the FM electrode
material. Although the wet transfer method has been reported
for fabricating NiFe/graphene/NiFe vertical junctions,[24,25]

the anisotropic magnetoresistance (AMR) contribution to the
magnetoresistance (MR) effect was not studied. According to
the early report, a significant AMR signal was observed in the
NiFe/graphene/NiFe devices with exfoliated graphene,[32] so
it must be excluded by some powerful experimental evidences.

In this work, we demonstrate the evident MR effect in
MTJs consisting of a single layer of graphene between two
NiFe electrodes in a relatively simple manner by transferring
CVD graphene onto the bottom FM electrode. Meanwhile,
the MR ratio dependence on the magnetic field direction is ob-
tained and validates that the origin of MR effect in our devices
is not the AMR. The MR curve shows two resistance states
hinging on the magnetization alignment configuration between
two FM electrodes, with an MR ratio of 0.17% at room tem-
perature. As the bias current increases, the MR magnitude
manifests a typical monotonic downward trend, which further
excludes the contribution from AMR. In addition, it is found
that the current–voltage (I–V ) characteristic shows a linear be-
havior, which indicates the ohmic contacts at the interfaces and
the metallic transport behavior of vertical graphene junctions.

2. Fabrication and characterization
For the purpose of rapidly constructing the graphene-

based MTJ to demonstrate its MR effect, we chose the ap-
proach to directly transferring graphene onto the bottom elec-
trode. In addition, as the mechanical exfoliation process of

graphite generally involves tedious identification and position-
ing of the graphene flakes, the CVD grown graphene on the
copper foil was selected as the barrier interlayer in this work,
which is also conducive to realizing the wafer-scale fabrication
of MTJ devices.

Substrate

Graphene

(i) (ii)

(iii) (iv)

(a) Bottom electrode 

Top electrode 

(b)
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Fig. 1. (a) Fabrication procedure of MTJ sample, showing (i) NiFe (30 nm)
thin film deposition for the bottom electrode, (ii) transferring CVD grown
graphene onto bottom electrode, (iii) patterning graphene by O2 plasma
etching, and (iv) NiFe (50 nm) thin film deposition for top electrode. (b)
Schematical measurement configuration of MTJ sample.

Figure 1(a) shows that the sample fabrication process of
the MTJs in detail. Prior to graphene transfer, the bottom elec-
trode stripes were prepared on an SiO2/Si substrate in which
the SiO2 layer is 300-nm thick, by using the UV lithography
and e-beam evaporation. Specifically, an NiFe thin film with
a thickness of 30 nm was deposited on a photoresist-patterned
substrate at a 1-Å/s rate, and then the patterned bottom elec-
trode was obtained by using a standard lift-off technique. Sub-
sequently, graphene on the copper foil was transferred onto the
bottom NiFe film with assistance of polymethyl methacrylate
(PMMA) which had been spin-coated on graphene to serve
as the supporting layer. The details of the wet transfer pro-
cess are as follows. 1) The copper foil was dissolved by etch-
ing in the CuSO4/HCl mixed solution and then the PMMA
with graphene was rinsed in deionized water several times.
2) We transferred the graphene/PMMA bilayer to the target
substrate and let it dry naturally in order to increase the adhe-
sion. 3) The PMMA was removed by soaking in the hot ace-
tone. The next step was to remove the unnecessary graphene
apart from the position of junctions by 3-min O2 plasma etch-
ing with a power of 200 W. After that, the 50-nm-thick top
NiFe electrode was fabricated by using a similar process to
that used for fabricating the bottom electrode. The only dif-
ference was that we used the e-beam lithography rather than
the UV lithography in view of the extremely narrow top NiFe
stripe. Finally, the Ti(50 nm)/Au(70 nm) contact electrode was
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deposited through e-beam evaporation, thus forming a four-
probe structure. The measurement configuration of MTJs is
schematically displayed in Fig. 1(b). When the current flowed
from the top electrode to the bottom electrode, the correspond-
ing voltage between the two electrodes was measured at the
same time. The external magnetic field (0◦) was applied along
the long axial direction of the top electrode. It is worthy to
point out that as the width of the bottom electrode is much
larger than that of the top one, it is easier for magnetization in
the bottom FM layer to switch under the applied magnetic field
due to the weaker shape anisotropy, thus realizing the different
switching fields of the two FM layers.
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Fig. 2. Characterization results of fabricated MTJs. (a) Optical image of
typical MTJ, with inset displaying MTJ array taken by optical microscopy.
(b) AFM image of graphene before transfer (upper one) and AFM images
after transfer (lower two), of which the lower right one is the magnified im-
age of the dotted box region in the lower left one. (c) Raman spectrum of
transferred graphene. (d) 2D band of graphene and its single Lorentzian
fitting peak.

Figure 2 indicates a series of characterization measures
to estimate the quality of our samples during and after the fab-
rication. Figure 2(a) shows an MTJ picture taken by optical
microscope. The inset displays a top-view optical photograph
of the final MTJ array. As shown in Fig. 2(b), the atomic force
microscopy (AFM) was used to evaluate the cleanliness and
flatness of graphene in the transferring process. The upper
one and lower two are the AFM images of graphene before
and after being transferred onto the bottom electrode stripe,
respectively. It can be clearly seen that the graphene cleanli-
ness was basically maintained without any obvious polymer
residue. Meanwhile, in order to characterize the thickness
and quality of graphene, the Raman spectrum was obtained
with a laser excitation wavelength of 532 nm from the trans-
ferred graphene as shown in Figs. 2(c) and 2(d). Based on the
fact that the intensity of 2D (2700 cm−1) peak is larger than
that of the G (1590 cm−1) peak and the symmetric 2D band
can be fitted into a perfect single Lorentzian peak, it is con-
cluded that the graphene monolayer exists on the bottom NiFe

electrode.[33,34] Additionally, no obvious D peak is observed,
implying that reasonably high-quality graphene after transfer
was obtained, since its intensity reflects the number of defects.

3. Results and discussion
After verifying the feasibility of the fabrication method

mentioned above, we prepare numerous MTJ samples and in-
vestigate their transport behaviors. As seen in Fig. 3(a), the
resistance as a function of the magnetic field (R–H curve) is
obtained with a bias current of 500 µA at room temperature.
It presents two prominent resistance states (parallel and anti-
parallel) under a sweeping magnetic field along the long axial
direction of top electrode (defined as 0◦), demonstrating the
existence of MR effect in graphene-based MTJs. The switch-
ing fields of the bottom and top NiFe electrode can be identi-
fied to be about 20 Oe (1 Oe= 79.5775 A/m) and 50 Oe. An
MR ratio of 0.17% at room temperature is clearly observed
by using the MR calculation formula MR = (RAP −Rp)/Rp,
where RAP and Rp are parallel and anti-parallel resistance, re-
spectively. Assuming the spin polarizations (P) of two FM
electrodes are the same, we can calculate the value of P to
be 2.9% by adopting the Julliere’s formula MR = 2P1P2/(1−
P1P2). What figure 3(b) shows is the R–H curve when the mag-
netic field is applied along the 90◦ direction (perpendicular to
the long axial direction of top electrode). Like in the case of
0◦ direction, it also manifests the distinct resistance switching.
Note that the magnetization reversing is accompanied with a
gradual rotation process, which can be attributed to the de-
magnetizing field caused by shape anisotropy of the magnetic
film. The identical positive MR ratio for these two cases val-
idates that the origin of MR effect in our device is not from
the AMR. As for the current-voltage characteristic, the I–V
curve in Fig. 3(c) exhibits a linearly changing trend, reveal-
ing the metallic transport behavior of graphene-based MTJs.
This is in consistence with most of the recent experimental
results.[24–26,28–30] As previously reported, it is believed that
there exists a strong hybridization between the π orbitals of
graphene and the metal d states of FM electrode, which gives
rise to the formation of the hybridization-induced electronic
states of graphene around the Fermi energy.[35] This is the key
factor resulting in the ohmic contact and metallic transport be-
havior in our devices. Although the nonlinear I–V curve has
been discovered in some graphene-based MTJ devices before,
it is commonly believed that this originates from the influence
of bottom electrode oxidation and contamination residues.[28]

Finally, we measure the AMR effect of the bottom NiFe elec-
trode and the related results are shown in Fig. 3(d). As we
can see, the resistance of the bottom electrode is much larger
than that of the junction and the R–H curve is also exceed-
ingly different, which further verifies the results credibility of
our devices.
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Fig. 3. Transport measurement results of MTJ sample. Typical R–H curve at room temperature with 500-µA bias current when the magnetic
field is swept along (a) 0◦ and (b) 90◦ directions. (c) I–V curve at room temperature under zero magnetic field. (d) AMR effect measurement
of bottom NiFe electrode, with red (blue) arrows indicating corresponding magnetic field sweeping from a positive (negative) maximum to a
negative (positive) maximum.
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Fig. 4. (a) The R–H curves of MTJ sample under different bias currents, which are shifted with a fixed offset; (b) bias dependence of the MR ratio.

Furthermore, in order to reveal the magnetoresistance de-

pendence on the bias, the transport measurements under dif-

ferent bias currents are carried on at room temperature and the

related results are displayed in Figs. 4(a) and 4(b). For a better

display, we add a constant offset among the four R–H curves

in Fig. 4(a). It is obvious that the MR ratio depends strongly

on the bias and manifests a monotonic downward trend as the

bias current increases. This is a typical phenomenon for the

tunneling magnetoresistance and has been predicted to occur

in a wide variety of MTJs.[36,37] It is believed to arise from the

interface states and barrier height changed by the bias, which

has been theoretically studied in the Ni/graphene/Ni MTJ.[38]

In addition, it should be pointed out that this bias dependence

of the magnetoresistance is also an powerful evidence for ex-

cluding the contribution from AMR that increases with the

bias increasing.

4. Conclusions
In this work, a vertical NiFe/graphene/NiFe junction is

fabricated in a simple and easy way by transferring the CVD
grown monolayer graphene onto the bottom FM electrode.
Through the spin transport measurement under a in-plane
sweeping magnetic field, the MR effect in the graphene-based
junction is demonstrated experimentally, manifesting the dis-
tinct high and low resistance states. An MR ratio of 0.17%
with a corresponding spin polarization of 2.9% is obtained at
room temperature. In order to exclude the contribution from
AMR, the magnetic field direction dependence of MR ratio
is obtained and shows an identical positive MR ratio for the
0◦ and 90◦ directions. Moreover, the MR magnitude depends
strongly on the bias and displays a typical monotonic down-
ward trend with the bias current increasing, which further val-
idates that the MR effect in our device is not from the AMR.
In addition, the linear I–V characteristic verifies that graphene
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works not as a tunnel barrier but as a conducting layer, and
the transport property in graphene vertical junctions is metal-
lic. Our work is beneficial to further understanding the spin
transport behavior in graphene spintronic devices and can also
provide a template for fabricating the analogous nano-devices
based on 2D materials.

Acknowledgements
Project supported by the National Natural Science Foun-

dation of China (Grant No. 62004223) and the Open Re-
search Fund Program of the State Key Laboratory of Low-
Dimensional Quantum Physics, China (Grant No. KF202012).

References
[1] Dieny B, Prejbeanu I L, Garello K, et al. 2020 Nat. Electron. 3 446
[2] Zheng C, Zhu K, Cardoso De Freitas S, et al. 2019 IEEE Trans. Magn.

55 1
[3] Freitas P P, Ferreira R and Cardoso S 2016 Proc. IEEE 104 1894
[4] Apalkov D, Dieny B and Slaughter J M 2016 Proc. IEEE 104 1796
[5] Zahedinejad M, Awad A A, Muralidhar S, Khymyn R, Fulara H,
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and Özyilmaz B 2011 Phys. Rev. Lett. 107 047206

[19] Han W and Kawakami R K 2011 Phys. Rev. Lett. 107 047207
[20] Cobas E, Friedman A L, van’T Erve O M J, Robinson J T and Jonker

B T 2012 Nano Lett. 12 3000
[21] Krishnan K S and Ganguli N 1939 Nature 144 667
[22] Karpan V M, Giovannetti G, Khomyakov P A, Talanana M, Starikov A

A, Zwierzycki M, van den Brink J, Brocks G and Kelly P J 2007 Phys.
Rev. Lett. 99 176602

[23] Karpan V M, Khomyakov P A, Starikov A A, Giovannetti G, Zwierzy-
cki M, Talanana M, Brocks G, van den Brink J and Kelly P J 2008 Phys.
Rev. B 78 195419

[24] Iqbal M Z, Iqbal M W, Lee J H, Kim Y S, Chun S and Eom J 2013
Nano Res. 6 373

[25] Iqbal M Z, Hussain G, Siddique S, Iqbal M W, Murtaza G and Ramay
S M 2017 J. Magn. Magn. Mater. 422 322

[26] Park J and Lee H 2014 Phys. Rev. B 89 165417
[27] Li W, Xue L, Abruña H D and Ralph D C 2014 Phys. Rev. B 89 184418
[28] Asshoff P U, Sambricio J L, Rooney A P, Slizovskiy S, Mishchenko

A, Rakowski A M, Hill E W, Geim A K, Haigh S J, Fal’ko V I, Vera-
Marun I J and Grigorieva I V 2017 2D Mater. 4 031004

[29] Entani S, Naramoto H and Sakai S 2015 J. Appl. Phys. 117 17A334
[30] Iqbal M Z, Hussain G, Siddique S and Iqbal M W 2017 J. Magn. Magn.

Mater. 429 330
[31] Li X, Cai W, Colombo L and Ruoff R S 2009 Nano Lett. 9 4268
[32] Mohiuddin T M G, Hill E, Elias D, Zhukov A, Novoselov K and Geim

A 2008 IEEE Trans. Magn. 44 2624
[33] Ferrari A C, Meyer J C, Scardaci V, Casiraghi C, Lazzeri M, Mauri F,

Piscanec S, Jiang D, Novoselov K S, Roth S and Geim A K 2006 Phys.
Rev. Lett. 97 187401

[34] Ferrari A C and Basko D M 2013 Nat. Nanotechnol. 8 235
[35] Entani S, Seki T, Sakuraba Y, Yamamoto T, Takahashi S, Naramoto H,

Takanashi K and Sakai S 2016 Appl. Phys. Lett. 109 082406
[36] Zhang S, Levy P M, Marley A C and Parkin S S P 1997 Phys. Rev. Lett.

79 3744
[37] Valenzuela S O, Monsma D J, Marcus C M, Narayanamurti V and Tin-

kham M 2005 Phys. Rev. Lett. 94 196601
[38] Saha K K, Blom A, Thygesen K S and Nikolić B 2012 Phys. Rev. B 85
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