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This paper presents the results of investigation of magnetic properties in Cu/Ni multilayer systems.
Based on the investigation of Ni/Cu and Cu/Ni systems with different thickness of magnetic and
non-magnetic layers it was proved that the presence of ferromagnetic (F-F) and antiferromagnetic
(A-F) exchange couplings depends on the quality of layers in artificial superlattice and on the state
and type of free surface, superlattice structure and its roughness.
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1. Introduction

Multilayer metallic magnetic systems, due to their wide use in practice, have been of
a great interest. One of the greatest discoveries in the domain of metallic magnetic
superlattices, i.e., discovery of oscillating magnetic coupling between two layers of
metal with good ferromagnetic properties, separated with a layer of non-ferromagnetic
metal, turned out to be of particular interest to scholars [1, 2].

Initial investigations carried out for Ni/Cu and Cu/Ni superlattices with different
thickness of magnetic and non-magnetic layers indicate that ferromagnetic (F-F) and
antiferromagnetic (A-F) exchange couplings depend on the quality of artificial
superlattice layer and on the state and type of free surface in superlattice structure, its
roughness and the structure [3].

The investigations concerning observations of the domain structure in these
systems revealed that the domain structure in magnetic field could be found only for
two Ni/Cu bilayers. In the case of reverse order of Cu/Ni deposition there are no
magnetic domains present. One of the reasons for this might be the fact that if the free
surface in the superlattice investigated is Ni (reverse order of multilayer Cu/Ni system
deposition), it is subject to rapid oxidation and creates a thin, almost monomolecular
layer of nickel oxide, which is an antiferromagnetic material.
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The present investigation was aimed to determine an impact of the state and type
of surface layer on magnetic properties in Cu/Ni and Ni/Cu multilayers.

2. Material and methods

The following multilayer systems were investigated:

— A system with variable thickness of ferromagnetic Ni layer; (10 A < #; <60 A)
with 100 repetitions of Cu/Ni layers. Individual series encompassed Cu/Ni bilayers
repeated 100-times, with thickness of [A]: 20/10, 20/12, 20/16, 20/20, 20/25, 20/30,
20/60;

— A system with variable thickness of non-magnetic Cu layer; (8 A <7, <20 A)
with 100 repetitions of Ni/Cu layers. Individual series contained Ni/Cu bilayers
repeated 100-times, with thickness of [A]: 20/9, 20/12, 20/18, 20/20;

— A system with constant and equal thickness of Cu and Ni layers; (t\; = tc, =
=20 A) and variable number of repetitions of Ni/Cu and Cu/Ni bilayers (x 10, 20, 50,
100).

The samples were obtained by means of two methods; those with variable Ni
thickness were manufactured by means of ion sputtering in face-to-face sputtering
configuration in the Institute of Molecular Physics at Polish Academy of Sciences,
Poznan, Poland. Other multilayers were deposited by means of potentiostatic
electrochemical deposition in the Institute of Material Engineering at Czgstochowa
University of Technology, Poland.

The investigation of magnetic properties of Cu/Ni multilayers was conducted using
a vibrating sample magnetometer at room temperature. The measurements were taken
with sample surface positioned parallel to the external magnetic field.

3. Results and discussion

Examples of magnetic hysteresis loops as a function of external magnetic field in
samples with the thickness of ferromagnetic layer N(¢) from 60 to 10 A, with
unchanged thickness of non-magnetic Cu interlayer (20 A), are presented in Fig. 1.

The analysis of the results revealed that:

— For the sample with Ni layer thickness of 10 A a linear dependence of M(H)
was obtained, which proves that this system is diamagnetic at room temperature. One
should expect that twice lower Ni layer thickness, as compared to Cu layer, produces,
through diffusion of both elements, an Ni—Cu alloy, which does not display
ferromagnetic properties (or shows poor properties in magnetic field with low
intensity). Such a dependence of magnetization as a function of external magnetic
field, is typical of diamagnetic materials.

— The shape of magnetic hysteresis loop obtained for #y; = 12 A corresponds, in
terms of its shape, to the loop of A-F I coupling [4]. This loop is saturated at high field
values (H¢=+800 kA/m), while magnetic remanence equals zero.
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Fig. 1. Magnetic hysteresis curves for multilayer 100 x[Cu(20 A)Ni(¢)] systems for selected thickness
of ferromagnetic layer, =60 A and ¢ =10 A.

— Loops obtained for the samples with thickness of ferromagnetic layer of 14, 15
and 16 A reveal antiferromagnetic coupling; magnetic remanence equals zero.

— For the Ni layer thickness of 20 A and 25 A, magnetic hysteresis loops show
mixed coupling (partly A-F and F-F). This type of coupling is characterized by
a non-zero value of magnetic remanence, lower than the saturation magnetization
value (M, < M,).

— Hysteresis loops with ferromagnetic F-F coupling were obtained for the thick-
nesses of Ni layer equal 30, 40, 60 A. These loops are characterized by a particular
value of coercivity while saturation magnetization is approximately equal to magnetic
remanence (M, = M,).

The values of coercivity H, and magnetic remanence M, for different thicknesses
of ferromagnetic layer, obtained from magnetic hysteresis loop as a function of external
magnetic field in the investigated multilayer systems, are presented in Fig. 2.

The rise in Ni layer thickness is accompanied with an increase in saturation
magnetization of multilayer systems caused by rising thickness of ferromagnetic Ni
layer in the sample. The value of M, equals zero for t; = 16 A—12 A.

If ferromagnetic layers in a multilayer system are coupled antiferromagnetically
(A-F), hysteresis loop is linear within the range of + H, with zero value of magnetic
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remanence. A degree of A-F coupling is determined with the parameter of oscillating
exchange coupling between ferromagnetic layers separated with a non-magnetic layer
of F,r multilayers

where M, is the magnetic remanence, M, is the saturation magnetization.

If the value of F, parameter equals 0, ferromagnetic (F-F) coupling of magnetic
layer occurs, while for ', = 1 antiferromagnetic coupling (A-F) occurs.

There are also mixed couplings (partially antiferromagnetic and ferromagnetic).
A hysteresis loop for such oscillating exchange couplings is characterized by
a non-zero value of magnetic remanence M, while F, parameter ranges from 0 to 1.

Thus, the dependence of changes in oscillating exchange coupling parameter
between ferromagnetic layers separated with non-magnetic layer of F,r multilayers
from the ferromagnetic Ni layer causes that the curve obtained reveals maximum for
tyi = 14 A and ty; = 15 A, which corresponds to the value of F, = 1. This dependence
is presented in Fig. 3.
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Types of coupling for particular ferromagnetic layer thickness values are also
marked on the curve obtained. The graphical dependencies clearly indicate the fact
that the extent of exchange coupling in the systems investigated depends on
the thickness of ferromagnetic layer.

Similar considerations were carried out for multilayer Ni/Cu systems obtained by
means of potentiostatic electrochemical method. Typical magnetic hysteresis loops in
Ni/Cu multilayers are presented in Fig. 4.

The analysis of the results obtained indicates that, independent of the thickness of
non-magnetic Cu interlayer in multilayer Ni/Cu systems, the value of coercivity is
constant and amounts to ca. 1.4 kA/m. Moreover, in the Ni/Cu systems obtained
by means of electrochemical deposition, one can conclude, from the dependence of



An impact of the state and type of surface layer ... 843

0.04

0.0454 - {
1 | ‘-l
0.024 ’ 0.030
_ _ 0,015
£ €
< 000 : , , : < 0000 ——— ——r
s fi
= = -0.0154
—-0.02 H 5650
|
1 20118 ) 20/9

—0.045

—-0.04 T T T T T T T T T T

=30 -20 -10 0 10 20 30 -40 -30 -20 -10 0 10 20 30 40
H [KA/m] H [KA/m]

Fig. 4. Magnetic hysteresis loops in Ni/Cu multilayers for selected thicknesses of non-magnetic interlayer,
tcu=18 Aand 1o, =9 A.

antiferromagnetic F,p fraction on the thickness of Cu layer, that rather mixed or
ferromagnetic interlayer coupling occurs. Absence of antiferromagnetic coupling
in the case of electrochemical multilayers is mainly caused by a considerably higher
value of interface roughness RMS as compared to the roughness of multilayer systems
obtained by means of ion sputtering.

Observations of domain structure revealed that this structure is susceptible to local
stress and interface roughness [5]. The observations of domain structure with and
without magnetic field were possible only for bilayers with nickel being deposited on
cuprum (Ni/Cu). In the case of reverse order of layer deposition (Cu/Ni) the assumption
that the domains cannot be observed since Ni layer is deposited rapidly thus oxidizing
and creating NiO (antiferromagnetic) nickel oxide was confirmed.

4. Conclusions

The results obtained in this work proved that occurrence of antiferromagnetic exchange
coupling in multilayer Ni/Cu systems depends on the structure of an artificial
superlattice and on the state and type of surface layer (manufacturing quality). In order
to generate such couplings one should employ vacuum technologies for deposition of
thin layers since they permit smoother surface as compared to electrochemical
deposition methods.

References

[1] ScuurLer LK., Kim S., LEIGHTON C., Magnetic superlattices and multilayers, Journal of Magnetism
and Magnetic Materials 200(1-3), 1999, pp. 571-582.

[2] KATINE J.A., ALBERT F.J., BUHRMAN R.A., MYERS E.B., RaLpH D.C., Current-driven magnetization
reversal and spin-wave excitations in Co/Cu/Co pillars, Physical Review Letter 84(14), 2000,
pp. 3149-3152.

[3] StoBIECKI T., GLADYSZEWSKI G., CHOCYK D., CZAPKIEWICZ M., WRONA J., ZARDECKI D, Structure and
oscillatory coupling in NiFe/Ag multilayers with low coercivity, Journal of Magnetism and Magnetic
Materials 215/216, 2000, pp. 570—572.



844 B. GAGorowskA, M. Dus-SITEK, M. NABIALEK

[4] KuBota H., Sato M., Mivazaki T., Anomalous temperature dependence of the giant
magnetoresistance in Ni/Cu, NiysCos/Cu and NiysFes/Cu multilayers films, Journal of Magnetism
and Magnetic Materials 167(1-2), 1997, pp. 12-20.

[5] Gacorowska B., Wtasciwosci fizyczne wielowarstw Cu/Ni na podtozu krzemowym, Doctoral Thesis,
Czestochowa University of Technology, Poland, 2008 (in Polish).

Received June 23, 2009
in revised form October 19, 2009




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /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 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /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.)
  >>
  /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 [612.000 792.000]
>> setpagedevice


