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Room temperature Co-doped 
manganite/graphene sensor 
operating at high pulsed magnetic 
fields
Rasuole Lukose   1, Nerija Zurauskiene   1,2, Voitech Stankevic1,2, Milita Vagner1,3, 
Valentina Plausinaitiene1,3, Gediminas Niaura4, Skirmantas Kersulis1, Saulius Balevicius1, 
Eleonora Bolli5, Alessio Mezzi5 & Saulius Kaciulis5

The demand to increase the sensitivity to magnetic field in a broad magnetic field ranges has led to 
the research of novel materials for sensor applications. Therefore, the hybrid system consisting of two 
different magnetoresistive materials – nanostructured Co-doped manganite La1−xSrx(Mn1−yCoy)zO3 
and single- and few-layer graphene – were combined and investigated as potential system for magnetic 
field sensing. The negative colossal magnetoresistance (CMR) of manganite-cobaltite and positive 
one of graphene gives the possibility to increase the sensitivity to magnetic field of the hybrid sensor. 
The performed magnetoresistance (MR) measurements of individual few layer (n = 1–5) graphene 
structures revealed the highest MR values for three-layer graphene (3LG), whereas additional Co-doping 
increased the MR values of nanostructured manganite films. The connection of 3LG graphene and Co-
doped magnanite film in a voltage divider configuration significantly increased the sensitivity of the 
hybrid sensor at low and intermediate magnetic fields (1–2 T): 70 mV/VT of hybrid sensor in comparison 
with 56 mV/VT for 3LG and 12 mV/VT for Co-doped magnanite film, respectively, and broadened the 
magnetic field operation range (0.1–20) T of the produced sensor prototype.

Magnetoresistive (MR) sensors are widely used in daily applications1, for example, in information storage, where 
the data are received from a magnetic hard disk with MR read sensor that is very sensitive to low magnetic 
fields2,3. A group of materials, so called mixed-valence manganites, Ln1−xAxMnO3 (Ln = La, Nd, Pr, A = Ca, Sr, 
Ba, Pb)4–7 are the materials that have been intensively investigated for magnetic sensor applications due to the 
Colossal Magnetoresistance (CMR) phenomenon8–10. Indeed, manganite-based MR sensors, consisting of nano-
structured thin film deposited on a polycrystalline substrate were already successfully developed11 measuring 
the magnitude of magnetic field independently of its direction (so-called CMR-B-scalar sensors)12. The demand 
for such MR sensors is increasing rapidly due to the development of advanced scientific and industrial devices 
and techniques such as non-destructive pulsed-field magnets, electromagnetic launchers, forming and welding, 
contactless high current measurement technique, etc. However, several existing problems concerning MR sensors 
have to be solved, like: (i) MR anisotropy (MRA) of nanostructured manganite films at fields <0.3 T (limited by 
demagnetization or ‘shape’ effect)13, (ii) sensitivity to magnetic field at temperatures higher than room temper-
ature (limited by Curie temperature)14, and (iii) sensitivity at fields close to megagauss which is limited by MR 
saturation of manganites11. These problems are related to a very rich and complex physics of manganites (due to 
the electron-lattice and electron-electron interactions in these films) which then leads to the close relation of their 
structural, electronic and magnetotransport properties, therefore, the investigation of new manganite materials 
and innovative concepts for such sensors is of highest importance.

1Department of Functional Materials and Electronics, Center for Physical Sciences and Technology, LT-10257, Vilnius, 
Lithuania. 2Department of Electrical Engineering, Faculty of Electronics, Vilnius Gediminas Technical University, LT- 
10223, Vilnius, Lithuania. 3Institute of Chemistry, Faculty of Chemistry and Geosciences, Vilnius University, LT- 03225, 
Vilnius, Lithuania. 4Department of Organic Chemistry, Center for Physical Sciences and Technology, LT-10257, 
Vilnius, Lithuania. 5Institute for the Study of Nanostructured Materials, ISMN - CNR, P.O. Box 10, Monterotondo, 
Rome, Italy. Correspondence and requests for materials should be addressed to R.L. (email: rasuole.lukose@ftmc.lt)

Received: 23 January 2019

Accepted: 21 June 2019

Published: xx xx xxxx

OPEN

https://doi.org/10.1038/s41598-019-46012-2
http://orcid.org/0000-0003-0154-2656
http://orcid.org/0000-0003-0912-4563
mailto:rasuole.lukose@ftmc.lt


2Scientific Reports |          (2019) 9:9497  | https://doi.org/10.1038/s41598-019-46012-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

At this point, two-dimensional graphene has become a material of scientific and technological interest, due 
to remarkable electronic, mechanical, and thermal properties making graphene a highly attractive material for a 
large number of different applications15,16. Graphene’s properties are sensitive to the number of layers, their stack-
ing configuration and misorientation to each other. The supporting substrate and number of defects or impu-
rities influences the transport properties of graphene as well. Among various wonderful properties, graphene 
was reported to exhibit magnetoresistance phenomena17,18, implying the potential applications of this material 
in magnetic field sensing. However, the observed positive magnetoresistance of graphene, which is caused by 
Lorentz force induced Gauss effect, is small at low-field due to classical MR~B2 dependence19. In order to over-
come the mentioned problems of manganite-based MR sensors and to increase the sensitivity of graphene in 
low magnetic fields, a novel hybrid graphene/manganite (GM) sensor based on combination of a single layer 
graphene (SLG) and La0.82Sr0.18MnO3 manganite film was recently proposed and investigated up to 2.3 T20. In the 
mentioned paper, the hybrid single layer graphene/manganite sensor showed the increased sensitivity in compar-
ison to the individual graphene and manganite sensors. Therefore, further investigations concerning optimization 
of the magnetoresistive properties and the efforts to increase the sensitivity of these hybrid GM devices are of 
great interest.

In this study, the comprehensive investigations in magnetic fields up to 21 T of individual graphene structures 
consisting of few graphene layers and nanostructured manganite La1−xSrx(Mn1−yCoy)zO3 films with partial Co 
substitution for Mn, as well as the results of a novel hybrid manganite-cobaltite/three-layer graphene sensor 
prototype are reported.

Results and Discussion
Single- and few-layer graphene: structural quality and magnetoresistance behavior.  Firstly, 
the structural quality of the prepared single and few-layers graphene was examined. The commercially availa-
ble CVD grown single layer graphene (SLG) was transferred from Cu foil on Al2O3 substrate by wet chemical 
etching procedure (see Methods). A subsequent transfer of single layers of graphene and placement on top of 
another graphene layer resulted in few-layer graphene samples. The resonance Raman spectroscopy provides rich 
structural information on graphene-based materials21–24. It was demonstrated that the intensity ratio of the 2D 
band to G (I2D/IG) can be used to probe the number of graphene layers25–27. Figure 1 shows the resonance Raman 
spectra of graphene structures on Al2O3 substrate. The characteristic Raman feature for a single layer graphene is 
enhancement of I2D/IG ratio (usually I2D/IG > 2). For our studied samples the I2D/IG ratios were found to be 2.48, 
1.44, and 0.47 for SLG, 3LG, 5LG, respectively. This is consistent with previously reported data25,28. In addition, 
slight G peak frequency downshift was observed with increasing number of graphene layers indicating that I2D/IG 
ratio trend is associated with changes in number of graphene layers26. The ratio ID/IG sensitively probes the defects 
in graphene21–23. For our studied samples the intensity of D band was found to be very low (ID/IG = 0.062 for sin-
gle layer) indicating high structural quality of the graphene films.

However, the XPS analysis revealed the possible organic contamination with the increase of graphene layers. 
The residuals of PMMA polymer, used as support layer for the transfer of graphene, could explain the organic 
contamination which was confirmed by surface sensitive XPS measurements and Auger C KVV spectra. The 
main component 1 in the C 1 s photoemission spectra (see Fig. 2(a)) at binding energy BE = 284.6 eV corresponds 
to C−C bond in graphene, whereas the lower components 2, 3 and 4 at higher BEs are assigned to C−O, C=O 
and carboxylic bonds, respectively. The intensity of these components 2, 3 and 4 was strongly dependent on the 

Figure 1.  Resonance Raman spectra of exfoliated SLG, 3LG and 5LG graphene on Al2O3 substrate. Spectra are 
normalized to the intensity of G peak near 1585 cm−1. Excitation wavelength is 532 nm (0.6 mW).
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surface cleaning procedure, indicating the possible presence of polymer residuals. The noticeably higher content 
of polymer residuals was detected in 5LG sample.

The characteristic D parameter determined from XAES measurements was in the range of 13.0−13.9 eV (see 
Fig. 2(b)) for almost all graphene samples and is in very good agreement with the literature data29. Despite the D 
parameter change to graphitic value of 21.2 eV for 5LG sample, the dominant presence of graphene is determined. 
XPS and XAES results revealed the existence of polymer traces with the increase of graphene layers, probably due 
to incompletely removed PMMA, captured at the interface between graphene layers.

The dependence of magnetoresistance vs. magnetic flux density for different number of graphene layers (1–5) 
is presented in Fig. 3. The MR behavior of graphene samples was investigated using Corbino disk configuration 
(see inset in Fig. 3) with radiuses of r1 = 0.7 mm, r2 = 2.3 mm). This geometry eliminates any Hall voltage contri-
bution and allows achieving the maximal values of longitudinal magnetoresistance (caused by Gauss effect) in 
graphene. The manetoresistance was determined from the following equation at a certain magnetic field (mag-
netic flux density B): MR(%) = [(R(B)-R(0))/R(0)] × 100%, where R(0) – resistance in zero magnetic field and 
R(B) – resistance in magnetic field. The observed MR values subsequently increased for the SLG, 2LG and 3LG 
and started to decrease for 4LG, 5LG samples, in the investigated magnetic field range (Fig. 3). The influence of 
the number of graphene layers on magnitude of MR could be explained by the coupling between the layers lead-
ing to the changes of physical properties. Compared to the strong sp2 bonding between the carbon atoms in the 
SLG sheet the weak van der Waals forces between the graphene layers allows the formation of different hybridized 
n-layered configurations. The resulting system is then different from both 2D and 3D systems (graphene and 
graphite, respectively) and depends strongly on the number of layers, on the stacking sequence (ABA, ABC for 
few graphene layers)30,31 or stacking in rotational disorder between the placed graphene sheets, resulting in tur-
bostratic graphite. The significant influence of graphene stacking sequence on the properties of the system was 
noticed in the field-effect transistor configuration which was used with changeable gate voltage30,31. Liao et al.32  
observed the reduction of MR of 3LG in comparison with 2LG, with the current applied perpendicularly to 
graphene. The authors obtained inconsistent decrease of the MR with the increase of number of graphene layers 
(up to 10) and explained it by decrease of charge carrier mobility evaluated from quadratic magnetoresistance 
dependence on magnetic flux density MR~B2. In our study, in comparison to ref.32 the current flows in-plane. 
However, the change of carrier mobility could be also the most probable reason for the MR decrease in multi-layer 
graphene. We propose, that the grain boundaries/impurities (due to graphene growth and transfer processes) in 
graphene are acting like scattering centers for charge carriers and reduce their mobility. The vertical transport of 
charge carriers at graphene/graphene interface allows to “overcome” different inhomogeneities and leads to the 
reduced electrical resistance and increased magnetoresistance in the few-layer graphene structure. The carrier 
mobility (µ) values in graphene layers were extracted from the fitting the quadratic part of MR dependences of 

Figure 2.  (a) Photoemission spectra of C 1 s region for the detection of PMMA polymer residuals in single- 
(SLG) few- (3LG, 5LG) layer graphene, after transfer process. The main synthetic component 1 is attributed to 
C−C bond in graphene; 2,3,4 components – to carbon bonds (−C−O, −C=O and −COOH) on the surface 
contamination including the residuals of PMMA polymer. (b) First derivative of XAES spectra of C KVV region 
for the samples SLG, 3LG, 5LG in order to prove existence of graphene in few-layer graphene samples. The AES 
spectrum of C KVV for the sample 5LG is also included.
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the experimental curves (MR~(μB)2) presented in Fig. 3 . The measured carrier mobilities for graphene sam-
ples (n = 1–5) differ in the following way: μ = 1180 cm2/Vs for SLG; 1530 cm2/Vs for 2LG; 2420 cm2/Vs for 
3LG; 1790 cm2/Vs for 4LG and 1780 cm2/Vs for 5LG. It is obvious, that three-layer graphene exhibits highest 
mobility values. High μ values could be explained by small number of defects which is confirmed by intensity 
of the D-band in Raman spectra (see Fig. 1). In comparison with the results of Liao et al.32, where the highest 
μ ≈ 540 cm2/Vs at 2 K and ≈310 cm2/Vs at 300 K were observed, the mobilities of our samples are much higher. 
The reduction of MR in 4LG and 5LG samples could be probably related to the limited mobility of the charge 
carriers due to the higher content of PMMA residuals as observed from XPS study (see Fig. 2(a)), as well as to the 
formation of inhomogeneities (wrinkles, ripples) during the repetitive graphene transfer procedure.

A quadratic MR dependence on magnetic flux density B was observed by several authors as usual behav-
ior for semiconductor materials at low magnetic fields32–34. However, creating inhomogeneities or with applied 
nanoscale manipulation (functionalization of graphene, combination of graphene with different type of substrate 
materials like boron nitride, black phosphorus, and etc.) it is possible to induce a large non-saturating linear 
magnetoresistance, desirable property for practical applications32. Linear MR has been observed in multilayer 
graphene35, in exfoliated36 and in epitaxial bilayer graphene19 up to 62 T. Our study agrees well with the literature 
data since we also observe linear magnetoresistance dependence on magnetic flux density. The interesting point 
is that the region of quadratic (B2) dependence of magnetoresistance differs depending on the number of the 
stacked graphene layers. In our experiments, in the sequence of SLG, 2LG and 3LG, the quadratic part of MR 
decreases (MR~B2 is fair up to 1.7 T for SLG, up to 1 T for 2LG and up to 0.7 T for 3LG) and the linear part starts at 
lower and lower magnetic field. The reduction of quadratic MR could be explained by the interlayer tunneling of 
charge carriers in few layer graphene in comparison with SLG37. For the multi-layer graphene (4LG and 5LG) the 
quadratic parts increase again in comparison with 3LG up to 1 T, but still has linear dependence of the MR with 
higher values in comparison with SLG (Figs 3 and 4). As the number of the layers increases, the vertical trans-
port of charge carriers also becomes possible, and the scattering from the interfaces could play a significant role. 
Therefore, the change of the MR behavior from quadratic to linear dependence, with a number of graphene layers, 
is related to several competing processes mentioned above. The main observation of our study is that 3LG has the 
narrowest B2 part and the highest linear MR in all investigated magnetic field range. This property broadens the 
application range of the possible magnetic field sensor based on 3LG structure, making it quite unique because of 
the high sensitivity at low and high magnetic fields.

According to the observed MR results at intermediate (up to 2.3 T) magnetic field, the single- and three-layer 
graphene were further investigated in pulsed magnetic fields up to 21 T. The experiments revealed that room tem-
perature MR of three-layer graphene increased by 2 times (up to 758%) at 21 T (Fig. 4) in comparison with SLG 
(MR = 450%). Moreover, the 3LG showed the MR increase in all investigated range starting already from very low 
magnetic field of 0.1 T.

In comparison to the CVD grown few-layer graphene, the MR of 60% at 14 T magnetic field and at room 
temperature was reported32. In our study, the MR of 300%, at the same 14 T magnetic field, was achieved for 
transferred SLG. Nevertheless, one has to be aware by comparing the results of different groups since the MR val-
ues depend on the growth/production method of graphene, number of the graphene layers, supporting substrate 
and configuration of the measurement system15. In the case of 2LG graphene Kisslinger and others19 observed 
MR of about 800% at 21 T and 300 K, which is in a good agreement with our results. Additionally, our results 
demonstrate that magnetic field sensor consisting of 3LG (instead of SLG) could lead to higher sensitivity to the 
magnetic field in the range of [0.1−20 T].

Figure 3.  The magnetoresistance dependence on magnetic flux density at permanent magnetic field up to 
2.35 T of single- and few-layer graphene at 300 K. The inset: Corbino disk configuration with graphene layer on 
top of Ag electrodes (orange) with the inner radius r1 = 0.7 mm, and the outer radius r2 = 2.3 mm. The current 
is passed through the disk-shaped area (white area) and the voltage difference is measured by application the 
magnetic field perpendicular to the surface.
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Magnetoresistance of nanostructured La1−xSrx(Mn1−yCoy)zO3.  Previously, it was demonstrated, that 
the lanthanum manganites exhibit high magnetoresistance values at relatively low magnetic fields38,39 and have 
tendency of saturation at high magnetic fields11. Therefore, the idea to combine two materials (graphene and 
manganite) having different magnetoresistance behavior was realized. In order to increase the MR of lantha-
num manganite (La1−xSrxMnO3), the La1−xSrx(Mn1−yCoy)zO3 (LSMCO) films were grown by Pulsed-Injection 
Metal-Organic Chemical Vapor Deposition (PI MOCVD) technique on polycrystalline Al2O3 substrate. The films 
grew either by layer-then-island or by island growth mechanisms resulting in the polycrystalline structure with 
the crystallite size varying from 70 up to 120 nm (nanostructured film) and surface roughness of 18−19 nm 
(Fig. 5-inset). The TEM images (not shown) demonstrated nanostructured films with column-like crystallites 
spread through the entire thickness of the films perpendicular to the substrate plane40. Such nanostructured films 
have an advantage in comparison with the epitaxial ones, since the magnetic sensors produced using these films 
operate in a broader temperature and magnetic field range41. It was demonstrated that La1−xSrxMnO3 films doped 
with a certain amount of Co (y = 0.06–0.08) exhibit higher resistivity and magnetoresistance values at room tem-
perature42,43 thus, the substitution of Co for Mn in manganite films could increase the sensitivity of the sensors 
to magnetic field. Figure 5 presents the magnetoresistance dependences on magnetic flux density for two films: 
LSMO and LSMCO doped with Co (y = 0.14), exhibiting negative colossal magnetoresistance phenomenon. The 
magnetoresistance of manganite films was determined by the same formula as for graphene layers: MR(%) = [(R(
B) − R(0))/R(0)] × 100%. Acording to our results, the certain content of Co (y = 0.14) increased the MR from 55% 
to 63% at 21 T magnetic field in comparison with undoped manganite film.

The increase of MR was observed in the whole range of investigated magnetic field, showing the increase of 
sensitivity to magnetic field for Co-doped manganites not only at high (up to 21), but also at low magnetic fields 
(lower thant 2 T). The dopping at so-called B-site (Co substitution for Mn), destroys the long range ferromagnetic 

Figure 4.  The magnetoresistance dependence on magnetic flux density at pulsed magnetic field up to 21 T 
of single- and three-layer graphene at 300 K. The inset: The magnetoresistance dependence on magnetic flux 
density up to 0.5 T for single- and three-layer graphene.

Figure 5.  The magnetoresistance magnitude dependence on magnetic flux density of nanostructured Co-
doped manganite films at 300 K. The inset: The typical surface morphology of 360 nm thick LSMCO films taken 
by Atomic Force Microscopy in tapping mode.
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ordering and Mn3+-O-Mn4+ network, resulting in the change of electric and magnetic properties. Thus, the Co 
substitution for Mn results in the decrease of the transition temperature from the paramagnetic to ferromag-
netic phase and increase of the resistivity, resulting in the increase of room temperature magnetoresistance42,43. 
However, to compare MR values of manganite-cobaltite films and MR of graphene layers is complicated and 
not straightforward. As follows, in manganite-cobaltite case, the zero field resistance (R(0)) was the largest at 
zero magnetic field due to the negative MR, while it was smallest one for graphene, due to positive MR effect. 
Therefore, the MR values of manganite-cobaltite films were always less than 100% (Fig. 5), while for graphene the 
MR can reach hundreds of % (Fig. 4).

The LSMCO/3LG sensor prototype for operation in high pulsed magnetic fields.  In order to 
increase the sensitivity of graphene at low magnetic fields, the hybrid sensor was designed (see inset in Fig. 6(a)). 
It combined the 3LG graphene and manganite-cobaltite film connected in voltage divider configuration. In this 
case, the graphene layers were transferred on Al2O3 substrates with Ag contacts in Corbino disk configuration 
and connected in series with manganite-cobaltite film. The sensor was supplied by constant voltage VS = 1.25 V 
and the voltage drop across the LSMCO film was measured. In order to obtain the convenient voltage drop across 
the magnetic field sensor, the current flowing through the structure during measurements was in the range of 
1–3 mA. It has to be noted, that the investigations of reduced graphene oxide films44 revealed the dependence of 
magnetoresistance on the supplied current. However, this dependence was observed only in the range of low cur-
rents (I < 10 µA). In our case, the current was much higher and therefore no dependence of the MR on the flowing 
current magnitude was observed for various graphene layers having different resistances.

The normalized response signal ΔVr/VS of individual elements (LSMCO, 3LG) and hybrid LSMCO/3LG sen-
sor at magnetic fields up to 0.5 T is presented in Fig. 6(a), where the voltage change ΔVr is normalized to the 
source voltage VS: ΔVr/VS = (Vr,B=0 − Vr,B)/VS, where Vr,B=0 – response voltage without magnetic field and Vr,B – at 
magnetic field, respectively. The individual elements (LSMCO and 3LG) were connected in series with the ballast 
resistors in the same voltage divider configuration, by replacing other element (LSMCO or 3LG) with ballast 
resistor, respectively, depending on the investigated element (3LG or LSMCO). In order to compare the response 
of individual elements with the hybrid device, the ballast resistors with the same values as zero field resistance 
of the other element in the hybrid structure, were used for the measurements. The measurements revealed, that 
in magnetic fields up to 0.2 T the response signal of individual 3LG was lower than signal of individual LSMCO 
sample: e. g. at magnetic field of B = 0.07 T it differs more than two times. This could be attributed to different 
MR behavior of both materials at low magnetic fields: quadratic dependence of graphene and almost linear of 
LSMCO. Therefore, the connection of 3LG and LSMCO in voltage divider geometry lead to increased sensitivity 
of the device, in particular, at the low magnetic field range. This effect could be explained by different signs of 
magnetoresistance - positive MR of graphene and negative MR of nanostructured manganite-cobaltite film (see 
inset in Fig. 6(b)) – where the resistances of these components changes in opposite way with applied magnetic 
field. As a result, the fraction of voltage drop across manganite-cobaltite film increases due to resistance change 
of graphene.

Additionally, the response signals of hybrid sensor and individual samples in pulsed magnetic fields up to 20 T 
is presented in Fig. 6(b): two cases r = 0.5 and r = 0.1 are shown, where r is a ratio of zero field resistances of indi-
vidual elements r = R3LG(0)/RLSMCO(0). It is obvious, that hybrid LSMCO/3LG sensor exhibits significantly higher 
response signal in all range of magnetic field in comparison with individual elements. However, depending on 
the ratio r, one can tune the highest response signal of the hybrid sensor and its sensitivity to the lower or higher 

Figure 6.  The response signal change (ΔVr/VS) dependence on magnetic flux density in pulsed magnetic field 
up to 0.5 T (a) and 20 T (b) of LSMCO, 3LG and hybrid LSMCO/3LG sensor at 300 K, when the ratio of zero 
field resistances of individual elements r = R3LG(0)/RLSMCO(0) were equal to 0.5 and 0.1. The (a-inset): A voltage 
divider configuration used for the measurements in pulsed magnetic field. The (b-inset): the MR dependence on 
magnetic flux density of individual LSMCO and 3LG elements.
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magnetic field ranges. The normalized sensitivity of the hybrid sensor was evaluated as S = (δΔVres/δB)/VS. The 
sensitivity values of individual 3LG, LSMCO elements and the hybrid LSMCO/3LG sensor (determined from 
Fig. 6) at different magnetic field ranges are listed in Table 1. The highest sensitivity 70 mV/VT of the hybrid 
sensor can be achieved for the case r = 0.5 in the range of 1–2 T and it is high enough at lower fields: 57 mV/VT 
at 0.5 T (in comparison, 12 mV/T and 40 mV/T for individual 3LG, LSMCO, respectively). These results demon-
strate improvement of sensitivity of Co-doped manganite/3-layer graphene sensor in comparison with previously 
published results on manganite/single layer graphene sensor20 exhibiting normalized sensitivities of 16 mV/VT 
at 0.5 T and 29 mV/VT at 2 T. However, at 20 T the sensitivity of the LSMCO/3LG sensor drops to 7 mV/VT for 
r = 0.5, respectively. It has to be noted that in the case of r = 0.1 the sensitivity of hybrid sensor is lower at low 
fields (20 mV/VT at 0.5 T), however, it is high enough in a wide range of magnetic fields (40 mV/VT at 2.5–7 T 
and 17 mV/VT at 20 T) and no saturation of the response signal was observed up to 20 T (see Fig. 6(b)). It is 
difficult and not completely correct to compare the sensitivities of the developed hybrid magnetic field sensor 
and other type sensors described in the literature, due to the different magnetic field operation ranges and sensor 
configuration geometries. For instance, it was obtained for the silicon - based Hall sensor S = 96 mV/VT and 
graphene-based Hall sensor (35–3000) mV/VT45,46, however mentioned sensors were operating only in mT range 
of permanent magnetic field.

In conclusion, the obtained results show the potential application of Co-doped manganite/3LG sensor for 
magnetic field measurement application at room temperature in very broad magnetic field range [0.1−20 T] with 
a certain sensitivity values depending on the magnitude of magnetic field. It has to be noted, that for the device 
fabrication the sensitivity dependence on the magnetic field can be solved by modern electronics with in advance 
stored calibration data, converting the measured signals into magnetic field values12. Additionally, LSMCO/3LG 
sensor could be also used at lower operation temperatures since three-layer graphene exhibits even higher MR at 
cryogenic temperatures (914% at 100 K, 21 T).

Methods
The commercially available, high quality monolayer graphene grown by CVD method on Cu foil was used for 
the experiments. The single graphene layer grown on Cu foil was transferred to target substrate by applying wet 
chemical etching procedure. During this procedure Cu substrate was etched by ammonium persulfate solution 
from the bottom, leaving a floating graphene/PMMA flake on the surface of etching solution. Afterword, the 
SLG + PMMA flake was rinsed several times in deionized water and transferred to the target substrate (Al2O3) 
with formed Ag contacts in Corbino disk configuration for electric and magnetotransport measurements. PMMA 
polymer is used as supporting and protecting layer from folding and physical damages of graphene layer. The 
same transfer procedure was applied in order to get few-layer graphene samples, only the PMMA layer was 
removed each time with acetone and iso-propanol before placing the next graphene layer on the top of the pre-
vious one.

The structural quality and number of graphene layers were confirmed by Raman spectroscopy. Raman spectra 
were recorded using a confocal spectrometer/microscope inVia (Renishaw, UK) equipped with thermoelectri-
cally cooled (−70 °C) CCD camera and microscope. Spectra were excited with continuous-wave diode-pumped 
solid state laser providing 532 nm radiation. The 50x/0.75 NA objective lens and 1800 lines/mm grating were 
used to record the spectra. The accumulation time was 50 s. To avoid damage of the sample, the laser power at the 
sample was restricted to 0.6 mW. The laser beam was focused to ~2 μm diameter spot on the sample. Raman scat-
tering wavenumber axis was calibrated by the polystyrene Standard Raman spectrum. Parameters of the bands 
were determined by fitting the experimental spectra with Gaussian-Lorentzian shape components using GRAMS/
A1 8.0 (Thermo Scientific) software.

Sensor
S, mV/(V*T) 
(at B = 0.5 T)

S maximal, mV/(V*T) 
(field range B)

S, mV/(V*T) 
(at B = 20 T)

LSMCO
Rbal = R3LG(0)
Rbal/RLSCMO(0) = 0.5

12 12
(B = 0.3 ÷ 10 T) 7

3LG
Rbal = RLSCMO(0)
R3LG(0)/Rbal = 0.5

40 56
(B = 1 ÷ 2 T) 7

Hybrid
R3LG(0)/RLSMCO(0) = 0.5 57 70

(B = 1 ÷ 2 T) 7

LSMCO
Rbal = R3LG(0)
Rbal/RLSCMO(0) = 0.1

5 5
(B = 0.3 ÷ 20 T) 5

3LG
Rbal = RLSCMO(0)
R3LG(0)/Rbal = 0.1

17 27
(B = 2.5 ÷ 7 T) 10

Hybrid
R3LG(0)/RLSMCO(0) = 0.1 21 40

(B = 2.5 ÷ 7 T) 7

Table 1.  Sensitivity of individual elements LSMCO, 3LG and hybrid sensor LSMCO/3LG at different 
magnetic field ranges for r = 0.5 and r = 0.1, where r is a ratio of zero field resistances of individual elements 
(r = R3LG(0)/RLSMCO(0)).
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X-ray photoemission (XPS) and X-ray induced Auger (XAES) spectra were collected by using an Escalab 
250Xi (Thermo Fisher Scientific Ltd., East Grinstead, UK) spectrometer with a monochromatic Al Kα excitation 
source and six-channeltron detection system. The photoemission spectra were collected in standard mode of 
electromagnetic lenses from the area of about 1 mm in diameter at 40 eV pass energy of the analyzer. For Auger 
electron spectroscopy (AES) was employed an Escalab MkII spectrometer (VG Scientific Ltd., East Grinstead, 
UK) with electron gun LEG200 operated at low energy (1–2 keV) and low beam current (few nA). All C KVV 
spectra (XAES and AES) were acquired at 100 eV pass energy and later smoothed by moving average algorithm 
for 11 times with a width of 1.8 eV. Afterwards, these spectra were differentiated by using a width of 7 data points 
for the determination of D parameter47 of carbon. Spectroscopic data were processed by the Avantage v.5 software 
(Thermo Fisher Scientific Ltd.).

The nanostructured La1−xSrx(Mn1−yCoy)zO3 (LSMCO) films were grown on polycrystalline Al2O3 sub-
strates by pulsed-injection MOCVD technique with supplying the mixture of precursor solution in certain 
micro-doses48. The 360 nm thick LSMCO films were deposited at 750 °C temperature and 10 Torr pressure with a 
partial 3.5 Torr oxygen pressure. The Co doping level in the films (y = 0.14) was chosen in order to achieve higher 
magnetoresistance values of the films at room temperatures in comparison with manganite films without Co dop-
ing. Other deposition parameters (temperature, pressure, growth rate, and etc.) were controlled and optimized 
in order to get LSMCO films with a certain column-like nanostructure responsible for high magnetoresistance 
values in a wide temperature and magnetic field range.

The morphology of the films was investigated using Atomic Force Microscopy (Veeco Multi-Mode Nanoscope II)  
(AFM) and Scanning Electron Microscopy (Hitachi SU70) (SEM). The nanostructure of the films was studied 
using Transmission Electron Microscopy (Tecnai G2 F20 X-TWIN) (TEM).

For the magnetoresistance measurements of manganite-cobaltite films the traditional photolithography and 
mesa etching was applied to form rectangular shaped LSMCO films. The Ag electrodes with a Cr sublayer were 
thermally deposited over the LSMCO films and post annealed at 450 °C for 1 h in O2 atmosphere. The distance 
between electrodes was constant and equal to 50 μm, whereas the width of the sample was changed to match the 
zero field resistance ratio between graphene and LSMCO samples.

The resistivity and MR measurements of manganite-cobaltite and graphene samples were performed at 300 K 
in permanent magnetic field up to 2.35 T by using electromagnet. The mobile 43 kJ pulsed magnetic field gener-
ator was used for investigation of the samples in pulsed magnetic field up to 21 T. The generator was capable to 
generate pulsed magnetic fields of half-sine shape with amplitudes up to 40 T and pulse durations in the range of 
0.3–2 ms depending on the chosen inductor (fabricated in the laboratory). The high pulsed magnetic field gener-
ator consists of high voltage power supply, capacitor bank, high power switch and a special multi-shot magnetic 
field coil (inductor). The high-field facilities were designed and are used for the investigations of properties of dif-
ferent materials in high magnetic fields at the Center for Physical Sciences and Technology in Vilnius, Lithuania49.

Conclusions
In the present study, the quality and magnetoresistance properties of graphene layers (n = 1–5) were measured. 
The Raman measurements confirmed the good quality of graphene samples, whereas the MR measurements 
showed the linear dependence of magnetoresistance for all graphene structures reaching the highest MR values 
of 758% at 21 T for the three-layer graphene (two times higher as single one). The revealed highest response of 
3LG to magnetic field lead to the development of hybrid magnetic sensor prototype consisting of Co-doped 
manganite/three-layer graphene system for the sensing applications at room temperature. The prototype sensor 
demonstrated that combination of materials with positive (graphene) and negative (Co-doped manganite) mag-
netoresistance effects leads to a significant increase of the sensitivity (2 times in comparison with 3LG at 0.1 T, 
exhibiting the largest sensitivity of 70 mV/VT at 1–2 T) and broadens the magnetic field operation range from 
0.1 up to 20 T. Moreover, the possibility to tune the sensitivities depending on the magnetic field range during the 
fabrication stage, by changing the ratio of zero field resistances of 3LG and LSMCO, was demonstrated.

Data Availability
There are no any restrictions related to the data availability.

References
	 1.	 Ripka, P. & Janosek, M. Advantages in magnetic field sensors. IEEE Sensors J. 10, 1108–1116 (2010).
	 2.	 Reig, C., Cubells-Beltrau, M. D. & Munoz, D. R. Magnetic field sensors based on giant magnetoresistance (GMR) technology: 

applications and electrical current sensing. Sensors 9, 7919–7942 (2009).
	 3.	 Abdullah-Al Mamun, M., Hagnet, A., Pelton, A., Paul, B. & Ghosh, K. Structural, electronic, and magnetic analysis and device 

characterization of ferroelectric-ferromagnetic heterostructure (BZT-BCT/LSMO/LAO). IEEE Trans. Magn. 54, 2502908 (2018).
	 4.	 Coey, J. M. D., Viret, M. & von Molnar, S. Mixed-valence manganites. Adv. Phys. 48, 167–293 (1999).
	 5.	 Dagotto, E., Hotta, T. & Moreo, A. Colossal magnetoresistive materials: the key role of phase separation. Phys. Rep. 344, 1–153 (2001).
	 6.	 Razi, J. Z., Sebt, S. A. & Khajehnezhad, A. Magnetoresistance temperature dependence of LSMO and LBMO perovskite manganites. 

J. Theor. Appl. Phys. 12, 243–248 (2018).
	 7.	 Haghiri-Gosnet, A. M. & Renard, J. P. CMR manganites: physics, thin films and devices. J. Phys. D: Appl. Phys. 36, R127–R150 

(2003).
	 8.	 Raveau, B. The crucial role of mixed valence in the magnetoresistance properties of manganites and cobaltites. Phil. Trans. R. Soc. A. 

366, 83–92 (2008).
	 9.	 Murakami, Y. et al. Ferromagnetic domain nucleation and growth in colosssal magnetoresistive manganite. Nat. Nanotechnol. 5, 

37–41 (2010).
	10.	 Shenoy, V. B. & Rao, C. N. R. Electronic phase separation and other novel phenomena and properties exhibited by mixed-valent rare 

earth manganites and related materials. Phil. Trans. R. Soc. A. 366, 63–82 (2008).
	11.	 Balevicius, S. et al. Nanostructured thin manganite films in megagaus magnetic field. Appl. Phys. Lett. 101, 092407 (2012).
	12.	 Stankevic, T. et al. Pulsed magnetic field measurement system based on colossal magnetoresistance-B-scalar sensors for railgun 

investigation. Rev. Sci. Instrum. 85, 044704–1 (2014).

https://doi.org/10.1038/s41598-019-46012-2


9Scientific Reports |          (2019) 9:9497  | https://doi.org/10.1038/s41598-019-46012-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

	13.	 Egilmez, M., Chow, K. H. & Jung, J. A. Anisotropic magnetoresistance in perovskite manganites. Mod. Phys. Lett. B 25, 697–722 
(2011).

	14.	 Bebenin, N. G. Ferromagnetic lanthanum manganites. J. Magn. Magn. Mater. 324, 3593–3596 (2012).
	15.	 Zeng, M. Q., Xiao, Y., Liu, J., Lu, W. & Fu, L. Controllable fabrication of nanostructured graphene towards electronics. Adv. Electron. 

Mater. 2, 1500456 (2016).
	16.	 Ferrari, A. C. et al. Science and technology roadmap for graphene, related two-dimensional crystals, and hybrid systems. Nanoscale 

7, 4598–4810 (2015).
	17.	 Friedman, A. L. et al. Quantum linear magnetoresistance in multilayer epitaxial graphene. Nano Lett. 10, 3962–3965 (2010).
	18.	 Gopinadhan, K., Shin, Y. S., Yudhistira, I., Niu, J. & Yang, H. Giant Magnetoresistance in single-layer graphene flakes with a gate-

voltage-tunable weak antilocalization. Phys. Rev. B 88, 195429 (2013).
	19.	 Kisslinger, F. et al. Linear magnetoresistance in mosaic-like bilayer graphene. Nat. Phys. 11, 650–653 (2015).
	20.	 Lukose, R. et al. Hybrid graphene-manganite thin film structure for magnetoresistive sensor application. Nanotechnology 30, 355503 

(2019).
	21.	 Trusovas, R. et al. Recent advances in laser utilization in the chemical modification of graphene oxide and its applications. Adv. 

Optical Mater. 4, 37–65 (2016).
	22.	 Qi, Z. et al. Rapid identification of the layer number of large-area graphene on copper. Chem. Mater. 30, 2067–2073 (2018).
	23.	 Malard, L. M., Pimenta, M. A., Dresselhaus, G. & Dresselhaus, M. S. Raman spectroscopy in graphene. Phys. Rep. 473, 51–87 (2009).
	24.	 Ferrari, A. C. Raman spectroscopy of graphene and graphite: Disorder, electron-phonon coupling, doping and nonadiabatic effects. 

Solid State Commun. 143, 47–57 (2007).
	25.	 Ferrari, A. C. et al. Raman spectrum of graphene and graphene layers. Phys. Rev. Lett. 97, 187401 (2006).
	26.	 Calizo, I., Bejenari, I., Rahman, M., Liu, G. & Balandin, A. A. Ultraviolet Raman microscopy of single and multilayer graphene. J. 

Appl. Phys. 106, 043509 (2009).
	27.	 Gupta, A., Chen, G., Joshi, P., Tadigadapa, S. & Eklund, P. C. Raman scattering from high-frequency phonons in supported 

n-graphene layer film. Nano Lett. 6, 2667–2673 (2006).
	28.	 Hwang, J. S. et al. Imaging layer number and stacking order through formulating Raman fingerprints obtained from hexagonal 

single crystals of few layer graphene. Nanotechnology 24, 015702 (2013).
	29.	 Kaciulis, S., Mezzi, A., Calvani, P. & Trucchi, D. M. Electron spectroscopy of the main allotropes of carbon. Surf. Interface Anal. 46, 

966–969 (2014).
	30.	 Koshino, M. Interlayer screening effect in graphene multilayers with ABA and ABC stacking. Phys. Rev. B. 81, 125304 (2010).
	31.	 Lui, C. H., Li, Z., Mak, K. F., Cappelluti, E. & Heinz, T. F. Observation of an electrically tunable band gap in trilayer graphene. Nat. 

Phys. 7, 944–947 (2011).
	32.	 Liao, Z. M. et al. Large magnetoresistance in few layer graphene stacks with current perpendicular to plane geometry. Adv. Mater. 

24, 1862–1866 (2012).
	33.	 Solin, S. A., Thio, T., Hines, D. R. & Heremans, J. J. Enhanced room-temperature geometric magnetoresistance in inhomogeneous 

narrow-gap semiconductors. Science 289, 1530–1532 (2000).
	34.	 Hewett, T. & Kusmartsev, F. Geometrically enhanced extraordinary magnetoresistance in semiconductor-metal hybrids. Physical 

Review B 82, 212404 (2010).
	35.	 Abrikosov, A. A. Quantum magnetoresistance. Phys. Rev. B 58, 2788–2794 (1998).
	36.	 Zhi-Min, L., Yang-Bo, Z., Han-Chun, W., Bing-Hong, H. & Da-Peng, Y. Observation of both classical and quantum 

magnetoresistance in bilayer graphene. Europhys. Lett. 94, 57004 (2011).
	37.	 Bodepudi, S. C., Wang, X., Singh, A. P. & Pramanik, S. Thickness dependent interlayer magnetoresistance in multilayer graphene 

stacks. J. Nanomater. 2016, Article ID 8163742 (2016).
	38.	 Jin, F., Zhang, H., Chen, X., Liu, X. & Chen, Q. Enhancement of temperature coefficient of resistance (TCR) and magneto-resistance 

(MR) in La1−xCaxMnO3Ag0.2 polycrystalline composites. J. Sol-Gel Sci. Technol. 82, 193–200 (2017).
	39.	 Sadhu, A. & Bhattacharyya, S. Enhanced low-field magnetoresistance in La0.71Sr0.29MnO3 nanoparticles synthesized by the 

nonaqueous sol-gel route. Chem. Mater. 26, 1702–1710 (2014).
	40.	 Lukose, R. et al. Relation between thickness, crystallite size and magnetoresistance of nanostructured La1−xSrxMnyO3±δ films for 

magnetic field sensors. Beilstein J. Nanotechnol. 10, 256–261 (2019).
	41.	 Salamon, M. B. The physics of manganites: structure and transport. Rev. Mod. Phys. 73, 583–628 (2001).
	42.	 Zurauskiene, N. et al. Nanostructured La-Sr-Mn-Co-O films for room-temperature pulsed magnetic field sensors. IEEE Trans Magn. 

53, 4002605 (2017).
	43.	 Hu, J., Qin, H., Chen, J. & Zheng, R. K. Room temperature magnetoresistance in La0.67Sr0.33Mn1−xCoxO3. J. Appl. Phys. 91, 8912–8914 

(2002).
	44.	 Haque, A. et al. Large Magnetoresistance and Electrical Transport Properties in Reduced Graphene Oxide Thin Film. IEEE Trans. 

Magn. 99, 1–9 (2018).
	45.	 Wang, Z., Shaygan, M., Otto, M., Shall, D. & Neumaier, D. Flexible Hall sensors based on graphene. Nanoscale 8, 7683–7687 (2016).
	46.	 Dauber, J. et al. Ultra-sensitive Hall sensors based on graphene encapsulated in hexagonal boron nitride. Appl. Phys. Lett. 106, 

193501 (2015).
	47.	 Mezzi, A. & Kaciulis, S. Surface investigation of carbon films: from diamond to graphite. Surf. Interface Anal. 42, 1082–1084 (2010).
	48.	 Zurauskiene, N. et al. Magnetoresistive properties of thin nanostructured manganite films grown by metaloorganic chemical vapour 

deposition onto glass-ceramic substrates. J. Mater. Sci. 53, 12996 (2018).
	49.	 Grainys, A. et al. Single pulse calibration of magnetic field sensors using mobile 43 kJ facility. Meas. Sci. Rev. 15, 244–247 (2015).

Acknowledgements
R. Lukose acknowledges the funding from the European Union’s Horizon 2020 research and innovation 
programme under the Marie Sklodowska-Curie grant agreement No 751905. The authors are thankful to B. 
Knasiene and E. Naujalis from Department of Metrology, Center for Physical Sciences and Technology, Vilnius, 
Lithuania for the inductively coupled plasma mass spectrometry measurements of manganite-cobaltite film 
composition.

Author Contributions
R.L., N.Z. and S.B. conceived the original concept and initiated the work. R.L. performed the graphene transfer. 
M.V. and V.P. performed the growth of Co-doped manganite films. V.S. fabricated samples for electrical and 
magnetic experiments. V.S., R.L. and S. Kersulis performed magnetoresistive measurements with the techniques 
available in the Center for Physical Sciences and Technology. G.N. performed Raman spectroscopy measurements 
and analysis. E.B., A.M., S. Kaciulis performed XPS measurements and analysis. R.L. and N.Z. performed analysis 
of magnetoresistance measurement results and wrote the manuscript. All authors agreed on the contents of the 
manuscript.

https://doi.org/10.1038/s41598-019-46012-2


1 0Scientific Reports |          (2019) 9:9497  | https://doi.org/10.1038/s41598-019-46012-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-46012-2
http://creativecommons.org/licenses/by/4.0/

	Room temperature Co-doped manganite/graphene sensor operating at high pulsed magnetic fields

	Results and Discussion

	Single- and few-layer graphene: structural quality and magnetoresistance behavior. 
	Magnetoresistance of nanostructured La1−xSrx(Mn1−yCoy)zO3. 
	The LSMCO/3LG sensor prototype for operation in high pulsed magnetic fields. 

	Methods

	Conclusions

	Acknowledgements

	Figure 1 Resonance Raman spectra of exfoliated SLG, 3LG and 5LG graphene on Al2O3 substrate.
	Figure 2 (a) Photoemission spectra of C 1 s region for the detection of PMMA polymer residuals in single- (SLG) few- (3LG, 5LG) layer graphene, after transfer process.
	Figure 3 The magnetoresistance dependence on magnetic flux density at permanent magnetic field up to 2.
	Figure 4 The magnetoresistance dependence on magnetic flux density at pulsed magnetic field up to 21 T of single- and three-layer graphene at 300 K.
	Figure 5 The magnetoresistance magnitude dependence on magnetic flux density of nanostructured Co-doped manganite films at 300 K.
	Figure 6 The response signal change (ΔVr/VS) dependence on magnetic flux density in pulsed magnetic field up to 0.
	Table 1 Sensitivity of individual elements LSMCO, 3LG and hybrid sensor LSMCO/3LG at different magnetic field ranges for r = 0.




