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The effect of weak scalar potential on a persistent current in a one-dimensional ballistic ring is
considered. It is shown that the current amplitude oscillates with a change in the potential.
© 1997 American Institute of Physics. �S1063-777X�97�01104-3�

The devising of systems1,2 whose size L is smaller than
the electron phase coherence length L� at low temperatures
makes it possible to study phenomena sensitive to the phase
of the electron wave function, including the Aharonov–
Bohm �AB� effect3 in solids. This effect lies in the influence
of the electromagnetic potential A��(� ,A) on the phase of
the electron wave function in the case when the forces acting
on the electron can be neglected. This effect is manifested in
the kinetic as well as thermodynamic properties of nonsuper-
conducting, doubly-connected mesoscopic samples.

The AB effect is manifested in kinetics, for example, in
the form of oscillations of magnetoresistance of conducting
rings in weak magnetic fields4–6 with the magnetic flux pe-
riod �0�h/e .

In thermodynamics, the AB effect leads, among other
things, to the existence of a persistent �thermodynamically
equilibrium� current in mesoscopic rings at low tempera-
tures, which is periodic in the magnetic flux with a period
�0 .7 The existence of such a current in real nonsupercon-
ducting metallic one-dimensional rings was predicted theo-
retically by Buttiker et al.8 The effect was observed experi-
mentally in the ensemble of mesoscopic rings9 as well as in
solitary rings.10,11 It should be noted that Mailly et al.11 ob-
served a good agreement of the magnitude of the effect with
the predictions of the theory for a ballistic multichannel ring.

The influence of the scalar potential �electrostatic AB
effect� on the properties of mesoscopic samples has been
studied to a smaller extent than the effect of magnetic field
�the ‘‘magnetic’’ AB effect�. The electrostatic AB effect was
investigated on individual conducting rings.12,13 The pres-
ence of the scalar potential � leads to the additional phase
lead �	�2
e��F /h of the elecreon wave ��F is the time
during which a Fermi electron stays in the region with po-
tential ��. It is assumed that a change in the value of � must
lead to a change in the phase of oscillations �e.g., of magne-
toresistance� in the magnetic field by �	. However, no such
systematic phase shift was observed in Refs. 12 and 13. It
should be noted that the existence of such a phase shift for a
ring-shaped sample with two current contacts would contra-
dict the parity requirements in the case of magnetic field sign
reversal.14–16

This research aims at an analysis of the AB oscillations
of thermodynamic parameters of a ballistic one-dimensional
ring, associated with a change in the magnitude of the vector
and scalar potentials.

By way of a model, we consider a one-dimensional bal-
listic ring of length L�2
R(L�L�) whose segment of

length a �Fig. 1� has the potential �. A solenoid with a mag-
netic flux � is inserted in the ring. We direct the x-axis along
the perimeter of the ring. Solving the one-dimensional
Schrödinger equation for noninteracting electrons with the
potential energy

V�x �� � e� ,
0,

0�x�a
a�x�L �1�

and with the cyclic boundary conditions

��0 ����L �;
d�

dx
�0 ��

d�

dx
�L �,

we obtain the following equation for the eigenvalues of the
electron momentum p�k:
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where k � (2mE)1/2, k� � �2m(E � e�)�1/2. We shall
henceforth assume that the potential is weak: (e�/E)2�1. In
this case, the reflection of electrons from the potential step
can be neglected, and the electron spectrum E�p2/2m can
be determined easily:

E�n�
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2mL2 � n�
�

�0
�
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2
 � 2

, n�0,1,2... �3�

Here �n is the phase of the ‘‘forward’’ scattering for elec-
trons at the nth energy level. For the weak potential �1�, we
have

�n��2

e�

�n

a

L
, �4�

where �n�hvn /L is the separation between the electron en-
ergy levels �for ��0,��0� in the vicinity of level
n(n�1) and vn�kn /m is the electron velocity.

It should be noted that spectrum �3� is observed not only
for a ring with potential �1�, but also for a ring with an
arbitrary potential scattering only in the ‘‘forward’’ direc-
tion: the scattering amplitude t�exp�i� (p)�. This can be eas-
ily verified by the method of transfer matrix �see, for ex-
ample, Ref. 17�.

Using spectrum �3�, we can calculate the oscillating
component of the thermodynamic potential �̃ of a ring in
contact with the electron reservoir �the electron spin is not
taken into account; L��F�:

312 312Low Temp. Phys. 23 (4), April 1997 1063-777X/97/040312-02$10.00 © 1997 American Institute of Physics



�̃�2T �
q�1

�

cos�2
q�/�0�
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��

q sinh�qT/T*�
.

�5�

Here T* � �F /(2
2); �F � h/(2m�)1/2, and � is the
chemical potential of the electron reservoir. The subscript
F indicates that the value of the quantity is determined on the
Fermi level. Differentiating expression �5� with respect to
magnetic flux � and taking into account expression �4�, we
obtain the following expression for the experimentally mea-
sured quantity, viz., the persistent current I����̃/��:
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�6�

Here I0 � evF /L and e�0 � �nL/a . Expressions similar
to �6� for ��0 were obtained for a thin-walled cylinder in
Ref. 18 and for a one-dimensional ring in Ref. 17.

Thus, the persistent current in the ring oscillates upon a
change in magnetic flux as well as electrostatic potential.
The existence of these oscillations is associated with a
change in the position of quantization levels En relative to
the level of chemical potential �.

It should be noted that the presence of the potential

�(x) scattering only in the ‘‘forward’’ direction as well as
the magnetic flux � can be actually taken into account by
introducing the corresponding changes in the boundary
conditions.19 This can be clearly seen from the eigenvalue
equation for the electron momentum in the ring, i.e.,

knL�2
n�2
�/�0���kn�.

However, in contrast to the magnetic contribution, the
electrostatic correction depends on the electron momentum
and changes sign upon the sign reversal of kn . The latter
circumstance explains why the oscillating component of
thermodynamic potential contains two factors describing the
magnetic and electrostatic oscillations, respectively.

It has been shown that the oscillations of thermodynamic
parameters of a one-dimensional ballistic ring associated
with the electrostatic and magnetic Aharonov–Bohm effects
are independent: modulating the amplitudes of each other,
they do not affect the phase. Such a behavior is due to a
qualitative difference in the effects of the vector and scalar
potentials on the electron spectrum �3� in the ring.
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8 M. Büttiker, Y. Imry, and R. Landauer, Phys. Lett. 96A, 365 �1983�.
9 L. P. Levy, G. Dolan, J. Dunsmuir, and H. Bouchiat, Phys. Rev. Lett. 64,
2074 �1990�.

10 V. Chandrasekhar, R. A. Webb, M. J. Brady et al., Phys. Rev. Lett. 67,
3578 �1991�.

11 D. Mailly, C. Chapelier, and A. Benoit, Phys. Rev. Lett. 70, 2020 �1993�.
12 S. Washburn, H. Schmid, D. Kern, and R. A. Webb, Phys. Rev. Lett. 59,

1791 �1987�.
13 P. G. N. de Vergar, G. Timp, P. M. Mankiewich, et al., Phys. Rev. B40,

3491 �1989�.
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Translated by R. S. Wadhwa

FIG. 1. Model of a one-dimensional ring pierced by the magnetic flux �.
The metal plate Vadd induces the local potential �.

313 313Low Temp. Phys. 23 (4), April 1997 M. V. Moskalets



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts 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
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


