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Abstract We have studied the spin transport on a 30-nm

thick and several micrometer long oriented graphite flake

using a spin-valve configuration with four ferromagnetic

Co electrodes of different widths and several lm separa-

tion. A 5-nm thin Pt layer has been introduced in between

the ferromagnetic Co injector/detector and the graphite

surface. In spite of the conductivity mismatch problem,

efficient electrical spin injection and detection in graphite

has been achieved. The magnetoresistance in the local and

half-local electrodes shows clear maxima with symmetry

around zero field. The spin transport can be detected up to

150 K.

Introduction

Due to the large electron mobility and mean free path of

bulk graphite [1], thin crystalline graphite samples are

expected to have some advantages for certain devices in

comparison with single graphene layers fixed on dielectric

substrates. Recent studies, for example, show that the

graphene layers inside graphite have a smaller carrier

density and a much larger mobility even at room temper-

ature than single graphene layers [2]. That large spin dif-

fusion can be expected in graphite should not actually be a

surprise. Already doped Si is a material with relatively low

carrier concentration and large spin diffusion length and

efficiency [3, 4]. Nevertheless, the efficiency of spin

injection between a ferromagnetic electrode and a graphite/

graphene surface is a key point that needs to be studied and

clarified. For example, theoretical calculations [5] indicate

that the interfaces between graphite and (111) fcc or (0001)

hcp Ni or Co surfaces should behave as perfect spin fil-

tering. However, the formation of chemical bonds between

graphite and the d-shell of those elements may diminish the

spin injection. The authors of that theoretical work [5]

proposed that the use of some Cu monolayers in between

may preserve the spin and an ideal spin injection might be

possible. In this study, we have tested the spin transport on

a 30-nm thick and several micrometer long oriented

graphite flake using a spin-valve configuration with four

ferromagnetic (FM) Co electrodes of different widths and

several lm large separation. In contrast to previous stud-

ies[6, 7], a 5-nm thin Pt layer has been deposited in

between the ferromagnetic Co injector/detector layer and

the graphite surface. In spite of the known conductivity

mismatch problem, we show in this study that efficient

electrical spin injection and detection in graphite with the

described configuration is possible. The magnetoresistance

in the local and half-local electrodes shows clear hysteresis

with the common symmetry around zero field and with

resistance maxima. The spin transport can be detected up to

150 K, overwhelming in temperature previous spin valve

devices on mesoscopic graphite basis [6, 7].

Experimental details and sample characteristics

The samples were prepared by rubbing small flakes of

highly ordered pyrolytic graphite (Advanced Ceramics)

(grade ZYA, of rocking curve 0.4�) on a commercial 5 �
5 mm2 silicon (100) substrate covered with a 150-nm SiNx

film; for the preparation details see [8]. For the measure-

ments, we selected a graphite flake taking into account the
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shape needed for the experiment, its thickness, and the

Raman spectrum. After choosing the sample, we prepared

the corresponding Au/Pt electrodes outside the sample area

using conventional electron beam lithography. After that

the Co/Pt FM electrodes (Pt directly on contact to the

graphite surface) were prepared also by electron beam

lithography in the conventional four points configuration.

This process is done after the Au/Pt electrodes preparation

in order to avoid possible oxidation of the Co film by the

backing and developing process involved during the

preparation of the lithography.

Resistance measurements were done in a commercial

cryostat in the temperature range from 4 to 300 K using an

AC Bridge (Linear Research LR-700). The magnetic field

was parallel to the graphene planes of the graphite sample

and along the long axes of the FM electrodes; it was

measured using a Hall sensor fixed at the sample holder. In

order to check the high-quality of the graphite flake, Micro-

Raman spectrum was obtained at room temperature and

ambient pressure with a Dilor XY 800 spectrometer at

514.53 nm wavelength (Green) and a 2 lm spot diameter.

The incident power was kept at 1.5 mW to avoid possible

sample damage or laser induced heating effects.

Figure 1 shows an electron microscope picture of the

measured sample with the corresponding Co/Pt electrodes.

In the experiments, we used four electrodes with two dif-

ferent widths in order to have different coercive fields.

Figure 2 shows the Raman results. In graphite, three

Raman peaks are of interest. Namely the G-peak around

1582 cm�1 due to the Raman active in-plane optical pho-

non, the D-peak around 1350 cm�1 that is very sensitive to

the lattice disorder and the D0-peak around 2700 cm�1

which splits in two maxima. In the results, we can observe

the dominant G-peak as in graphite bulk, the peak related

to the disorder is not observable within the resolution

providing us a hint for the good crystalline quality of the

sample. The D0-peak shows similar behavior as in the lit-

erature when the sample is formed by a few layers

graphene [9, 10].

Results and discussion

Figure 3 shows the temperature dependence of the mea-

sured resistance in the local and non-local configurations.

The observed temperature dependence is similar to that

reported for similar samples [8] when the electrodes are of

non-magnetic materials. Following the reported systematic

and for the thickness of the sample, we obtain a resistivity

125 � 25lX cm in agreement with reported data for

similar samples [8]. However, from the measured two-

points measurement, we obtain a much larger effective

resistivity q ’ 870lX cm at 4 K mainly due to the contact

resistance Rb formed at the interfaces Co/Pt/Graphite. From

the measurement of these resistances in the two- and four-

contacts configurations, we can estimate a contact resis-

tance (Resistance 9 contact area) Rb� 10�10 Xm2. Fert

and Jaffrès [11] have shown that the realization of spin

injection can be effective if the interface resistance Rb is

larger than the product of the resistivity of (in the case) the

graphite flake and the spin diffusion length (‘s) in it.

Assuming a similar spin diffusion length as the one mea-

sured in graphene ‘s� 1 lm [12, 13], we obtain that

Rb [ q‘s� 10�12 Xm2 and therefore, we may expect to see

spin polarized transport signals in the graphite device.

Fig. 1 Scanning electron microscope image of the investigated

graphite flake with the four Co/Pt electrodes at the top. The length

scale at the corner is 5 lm

Fig. 2 Raman signal versus frequency. The straight lines denote the

main observed peaks
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The measurements were done in a local and semi non-

local configuration. The results presented in Fig. 4 were

obtained at 25 K in both configurations as described in the

figure. We clearly observe the two maxima at the opposite

quadrants depending on the sweeping direction of the

magnetic field. The maxima in the magnetoresistance

appear within a parabolic dependence due to the unpolar-

ized spin transport magnetoresistance of the graphite flake,

this last probably due to a small misalignment of the

sample. A positive (or sometimes a negative) contribution

to the magnetoresistance as a consequence of a spin

polarized transport is expected [14]. We note that in the

case of spin transport in carbon nanotubes maxima [15] as

well as minima [16] in the magnetoresistance were

observed. In the device, the influence of the different

widths of the ferromagnetic Co electrodes is manifested as

a difference between the coercive fields. For example at

25 K the maximum at the positive field direction is located

at Bþ � 0:14 T whereas at the negative side B� � 0:1 T.

Figure 5 shows the spin polarized magnetoresistance

loops at different temperatures. These curves were obtained

after subtracting the parabolic contribution of the non-

polarized magnetoresistance at each temperature. The spin-

dependent transport in the measurement and under the

experimental conditions we used is observed up to 150 K.

This temperature is relatively high taking into account that

the spin injection is realized trough a metallic barrier (Pt)

and not using an oxide barrier as usual. Other interesting

point is the relatively long distance of � 1 lm between the

electrodes, see Fig. 1. This implies that the spin diffusion

length should be larger than this length for T\150 K. This

value is similar to that observed in measurements at 4 K

and at room temperature in graphene samples [17, 12] but

larger than the one reported for a 2-nm thick graphite

sample [6].

Because the coercive field of Co decreases with tem-

perature also the field positions of the maxima as well as

the resistance increase DR at the maxima decreases, see

Fig. 5. Figure 6 shows the direct correspondence between

the resistance height DR at the maxima versus temperature.

In the same figure, we show the two coercive fields Bc�

(absolute values). The observed similarity in the tempera-

ture dependence indicate that the decrease in the spin

dependent signal is related to the properties of the used

ferromagnetic Co material and not due to the interface or

graphite itself. Above *200 K the observed maxima were

overwhelmed by the measurement noise.

The results suggest that spin-dependent transport devi-

ces using tens of nanometer thick graphite flakes of

micrometer size are possible. Further advantage of such a

device is related to the relatively simple preparation

method including the spin-injection/detection electrodes

for which no extra dielectric barrier is necessary. This

Fig. 3 Resistance normalized by its value at 275 K obtained for two

configurations. circle configuration of channel 5 with the input current

at electrodes 2 and 4, plus channel 6 with input current at electrodes 1

and 4 (see inset in the figure). The normalization resistance is

Rð275Þ ¼ 26 X

Fig. 4 Resistance of the two channels minus a constant arbitrary

value R0 versus applied magnetic field for the two configurations and

at 25 K fixed temperature. The field was applied parallel to the main

length of the Co electrodes and to the graphene layers
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reduces the contact resistance increasing the maximum

current one may use in such a device. Note that for spin-

torque experiments high spin currents are necessary. The

difficulties to observe spin-dependent transport at temper-

atures higher than 150 K as well as the small relative

change in the resistance may be overcome by using other

spin injector materials or reducing the electrodes distance.

Because the mobility of the graphite carriers increases the

carrier density decreases [1], one may also try to use a gate

control to increase the spin diffusion length.

Conclusion

In this study, we have experimentally shown that spin

transport within micrometers in a 30-nm thick graphite

flake is realizable up to a temperature of 150 K. We have

also demonstrated that spin injection from a ferromagnetic

Co electrode across a Pt thin layer, instead of the typical

oxide barrier, is possible and may be useful for future

applications.

Acknowledgements We gratefully acknowledge discussions with

M. Ziese and U. Teschner for the Raman measurements. This study is

supported by the DFG under DFG ES 86/16-1

References

1. Garcı́a N, Esquinazi P, Barzola-Quiquia J, Ming B, Spoddig D.

(2008) Phys Rev B 78:035413

2. Dusari S, Barzola-Quiquia J, Esquinazi P, Garcı́a N (2011) Phys

Rev B (in press)

3. Ballestar A, de Araujo C, Delatorre R, Pasa A, Garcı́a N (2009) J

Supercond Nov Magn 22:737

4. Saroj P, Dash S, Sharma S, Patel R, de Jong M, Jansen R (2009)

Nature 462:491

5. Karpan VM, Giovannetti G, Khomyakov PA, Talanana M,

Starikov AA, Zwierzycki M, van den Brink J, Brocks G, Kelly PJ

(2007) Phys Rev Lett 99(17):176602

6. Nishioka M, Goldman AM (2007) Appl Phys Lett 90(25):252505

7. Wang WH, Pi K, Li Y, Chiang YF, Wei P, Shi J, Kawakami RK

(2008) Phys Rev B 77(2):020402(R)

8. Barzola-Quiquia J, Yao JL, Rödiger P, Schindler K, Esquinazi P

(2008) Phys Stat Sol (a) 205:2924

9. Ferrari AC, Meyer JC, Scardaci V, Casiraghi C, Lazzeri M,

Mauri F, Piscanec S, Jiang D, Novoselov KS, Roth S, Geim AK

(2006) Phys Rev Lett 97: 187401

10. Graf D, Molitor F, Ensslin K, Stampfer C, Jungen A, Hierold C,

Wirtz L (2006) Nano Lett 7(2): 238

11. Fert A, Jaffrès H (2001) Phys Rev B 64(18): 184420

12. Tombros N, Tanabe S, Veligura A, Jozsa C, Popinciuc M,

Jonkman HT, van Wees BJ (2008) Phys Rev Lett 101(4): 046601

13. Han W, Pi K, Bao W, McCreary KM, Li Y, Wang WH, Lau CN,

Kawakami RK (2009) Appl Phys Lett 94(22): 222109

14. Ziese M, Thornton M (eds) (2001) Lecture notes in physics, spin

electronics, vol. 569. Springer-Verlag, Heidelberg

15. Tsukagoshi K, Alphenaar BW, Ago H (1999) Nature 401:572

16. Thamankar R, Niyogi S, Yoo BY, Rheem YW, Myung NV,

Haddon RC, Kawakami RK (2006) Appl Phys Lett 89(3):033119

17. Tombros N, Jozsa C, Popinciuc M, Jonkman H, van Wees BJ

(2007) Nature 448:571

Fig. 5 As in Fig. 5 but at different temperatures for the local

configuration only (channel 6)

Fig. 6 Left y - axis: Resistance height at the maxima DR versus

temperature in both sweep directions. Right y - axis: similar for the

extracted coercive fields

J Mater Sci (2011) 46:4614–4617 4617

123


	Spin transport in a thin graphite flake
	Abstract
	Introduction
	Experimental details and sample characteristics
	Results and discussion
	Conclusion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


