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Zeeman-splitting of an electronic state in a quantum dot
is a fundamental characteristic for understanding
spin-dependent phenomena [1-3]. In a magnetic field, an
one-electron state (total spin S = 1/2) splits into two Zee-
man sublevels (the spin z-component S,= +1/2), and more
generally a many-body state with total spin S splits into
2§5+1 Zeeman sublevels. However, since single-clectron
tunneling transition can change S and S, just by 1/2, Zee-
man splitting should always appear as a ‘doublet’ inde-
pendent of the actual spin state. This simple but fundamen-
tal observation is discussed in this presentation. We intro-
duce two electrochemical potentials for raising and lower-
ing S, and discuss single-electron excitation spectra de-
pending on whether S is increased or decreased. The dif-
ference can be used to identify S in an arbitrary quantum
dot. We also discuss Zeeman splitting of the excited states.

The experiment was performed on a single quantum dot
fabricated in a standard AlGaAs/GaAs heterostructure (la-
beled by ‘d’ in the scanning electron micrograph in the in-
set of Fig. 1) [4]. Current measurement was performed in a
dilution refrigerator with a two-axis vector-rotation magnet.
The primary magnet (x axis, up to 7 T) is used to induce
sufficient Zeeman splitting to be resolved in the transport
measurement, and the secondary magnet (z-axis, up to 1 T)
is used to change orbital degree of freedom in the dot. The
actual number of electrons, N, in the dot is monitored by a
quantum point contact (PC) which acts as a charge detector
[5]. We observed tunneling current for N > 3 by simulta-
neously changing four gate voltages to maintain the current
in a reasonable range (~ 100 pA) as shown in Fig. 1. Stable
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Fig. 1. Coulomb blockade oscillation of a single quantum dot
for studying Zeeman splitting. The inset shows the sample
orientation for the two-axis magnetic field (Bx and B,). An
SEM image of a device is attached.

and clear excitation spectrum was obtained for N=5 —8§.
Figure 2 shows the excitation spectrum of N = 6 quan-
tum dot as a function of B,. Some orbital characteristics of
the states are resolved in Fig. 2(a) measured at B, = 0 T.
The spectrum around B, = 0 T should strongly depend on
the confinement potential of the dot, which is unpredictable
for our deformed quantum dot. Above |B,| > 0.5 T, the en-
ergy spacing of the states gradually decreases with increas-
ing |B.|, which often appear in similar quantum dots and are
attributed to the states forming the lowest Landau level in
the high-field limit [6,7]. When the in-plane field B, is ap-
plied [Figs. 2(b)-(d)], almost all peaks (for instance, peaks
A, B and y) in the spectra split into two (Zeeman splitting).
The effective g factor is about 0.28, which is within the
variation of the reported value of similar GaAs quantum
dots. However, one can notice that the peak o (the ground
state at |[B,| > 0.4 T) does not show Zeeman splitting. As B,
is increased, peak o comes closer to the lower Zeeman
branch of the peak B and coincides at 7 T [Fig. 2(d)]. It
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Fig. 2. Excitation spectrum of N = 6 quantum dot as a function
of the gate voltage (vertical axis) and perpendicular magnetic
field B,. Peak A, B, and y show Zeeman splitting at high
in-plane field By, but no splitting is observed for peak o.
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seems that the spacing between peak o and the upper
branch of peak B is unchanged. Note that the ground state
at |B.| < 0.3 T (peak A) shows the Zeeman splitting.

These characteristics can be explained by considering
electrochemical potential between Zeeman sublevels. Sup-
pose the N-electron ground state has total spin S, and the
(N-1)-electron ground state has total spin S.;. The transport
is allowed only for S, = S.; £ 1/2, where the total spin is
either raised or lowered by 1/2. The spin degeneracy, 2S,+1
for N- and 25;+1 for N-I-electron systems, is lifted in a
magnetic field as shown in Figs. 3(a) for the raised case (S,
=S+ 1/2) and in 3(b) for the lowered case (S, = S.; - 1/2).
The spin selection rule on the z-component restricts the
possible tunneling transitions to those shown by the arrows.
Electrochemical potential for each transition is given by the
energy difference of the final state and the initial state. If
g-factor is identical for all states, the electrochemical po-
tential takes p. or p. respectively for all transitions that
raise or lower the spin z-component. Here, £, =\, - L is
the Zeeman energy. Although totally 2S5, + 2S.; + 1 transi-
tions are allowed, there are only two electrochemical po-
tentials, u+ and p, for the allowed transitions.

If the spin is raised [Sy = S.; + 1/2 in Fig. 3(a)], transi-
tion from the lowest Zeeman sublevel (S, = -S,) of the
(N-1)-electron system has two paths, i.e., to the lowest and
second lowest Zeeman sublevel of the N-electron system.
However, only one transition path exists in the lowered
spin case [Sy; = S, - 1/2 in Fig. 3(b)]. This is the difference
whether the Zeeman splitting shows up or not. In order to
highlight the difference, we calculated the tunneling current,
1, based on rate equations that involve different spin states
of interest. To account for the Zeeman splitting of peaks o
and B, we assumed a doublet ground state S, = 1/2 for N =
5, a singlet ground state S, = 0 and triplet excited state S’y =
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Fig. 3. (a) and (b) Schematic energy diagram of the tunneling
transitions from spin state S, to Sy for (a) the raised case (S =
S.1 +1) and (b) the lowered case (Sp = S, - 1). (¢) and (d) Cal-
culated conductance in the Vg-Vsp plane for the lowered case.
Triplet excited state is considered in (c), but singlet excited
state in (d).

1 for N = 6. The differential conductance d//dVsp is plotted
as a function of the bias voltage V5p and the gate voltage Vg
in Fig. 3(c) in the presence of large Zeeman splitting E.
Here, asymmetric tunneling rate I'r = 10 I'p and larger rates
for the excited state are assumed. Conductance appears at
the resonance of the electrochemical potential of the dot (p
.+ for the ground state and p'. for the excited state) to the
lead (us and pp respectively for the source and drain).
When Vg is swept at a large Vsp (dashed line), Zeeman
splitting does not appear around the ground state peak (ug=
1+) but do appear around the triplet excited state (us=p'.).
Note that faint Zeeman splitting appears at the other side
for the ground state (up = p.), which is sometimes ob-
served in our experiment (not shown).

In contrast, Zeeman splitting of the ground state is ex-
pected at ps= ., if it is a triplet state (Sy = 0), which cor-
responds to peak A in Fig. 2. Other transitions that change
the total spin more than 1/2 should be strongly suppressed
(spin blockade). Therefore, one can identify whether the
total spin is raised or lowered by 1/2 from the N-1 electron
state. Observation in Fig. 2 implies a spin transition from
singlet to triplet at |B,| = 0.4 T. One can consecutively in-
vestigate spin state by starting from one-electron dot (S =
1/2).

Figure 3(c) also indicates that ‘two-fold’ Zeeman split-
ting is appeared for the triplet excited state. If we replace
the triplet excited state with a singlet, similar ‘two-fold’
Zeeman splitting is reproduced for the singler. The differ-
ence appears in the small region (inside the red circle),
where the excitation from the upper Zeeman sublevel of
N-1 dot to the singlet excited state (i) is not allowed for .
< up < w4 This difference can be used to identify the ex-
cited state.

In summary, single-electron transport through a
few-electron quantum dot is investigated under in-plane
and perpendicular magnetic fields. Zeeman splitting always
appears as two conductance peaks, whose conditions de-
pend on whether the total spin is raised or lowered by sin-
gle-electron tunneling. The total spin of the state can be
identified by analyzing Zeeman spitting.

This work was supported by the SCOPE from the Min-
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References
[1] L.P. Kouwenhoven, Reports on Progress in Physics 64,
701 (2001).
[2] R. Hanson, et al., Phys. Rev. Lett. 91, 196802 (2003).
3] J. R. Petta, et al., Science 309, 2180 (2005).
4] G. Shinkai, et al., Appl. Phys. Lett. 90, 103116 (2007).
5] T. Fujisawa, et al., Science 314, 1634 (2006).
6] M. Ciorga et al., Phys. Rev. Lett. 88, 256804 (2002).
]

[
[
[
[
[7] S. Sasaki, et al., Phys. Rev. Lett. 95, 056803 (2005).

-1123-




<<
  /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
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /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 false
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




