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Abstract. We present the results of a generalized mean-field theory of all the conventional
electron-hole condensates CDW,SDW and FM taken on the same footing using an eight
dimensional spinor formalism. We study in detail the influence of temperature, particle-hole
symmetry and external magnetic fields on the interplay of these three order parameters. We
show that particle-hole asymmetry implies the presence of either one or else all three order
parameters. Considering all order parameters on the same footing we reveal novel phenomena
in the presence of a magnetic field like field-induced density waves, single and double first
order transitions to itinerant metamagnetism as well as negative colossal magnetoresistance.
We argue that the coexistence of CDW, SDW and FM is a quite generic phenomenon that
may be involved in a number of open problems of great interest like for example the CMR
phenomenon in manganites [4], the metamagnetic transitions in bilayer ruthenites and in heavy
fermion systems etc.

A thorough study of singlet and triplet electron-hole condensates, namely Charge/Spin
Density Waves (CDW/SDW)[1, 2, 3], has been done over the years mostly in the context of
quasi 1D topologies[3]. It is our aim to present a 2D study of CDW/SDWs and itinerant
ferromagnetism IFM on the same footing within a mean-field multicomponent framework. Such
a system exhibits a rich variety of phenomena. It has already been demonstrated to show
negative Colossal Magnetoresistance from the competition of comparable CDWs and SDWs and
IFM in the presence of particle-hole asymmetry[4], A field Induced Density Wave transition is
also reported along with a spin-flop transition arising from the interplay of CDW+SDW and the
Pauli term[5]. There is another very interesting field induced phenomenon on which we focus
here: the multistep Itinerant Metamagnetic transitions that exhibit remarkable similarities with
experimental findings.

Metamagnetism has been defined empirically as a superlinear rise in the magnetisation over
a narrow range of applied magnetic field. An itinerant metamagnetic transition alone is not
symmetry breaking because of the background strong magnetic field. Quite surprisingly, distinct
multistep metamagnetic first order transitions have been reported over the last few years in a
number of materials (for example Sr3Ru2O7, and URu2Si2)[6, 7, 8, 9]. These transitions are
always accompanied by the formation of unidentified phases in the vicinity of the metamagnetic
step (for example the Reentrant Hidden Order in the case of URu2Si2). Moreover, in all these
metamagnetic transitions, as the temperature rises, the 1st order transitions relax to a crossover
regime (see for example Fig.3 in[7]). We show here, that within our approach, such double-step
metamagnetic transitions accompanied by a reentrant density wave formation are produced
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self-consistently under quite generic conditions.
In order to treat all order parameters on the same footing we adopt an eight component

spinor space formalism defined by the following spinor which has been also used in the study of
antiferromagnetic superconductors[10, 11, 12]:

ζ†k = (c†k↑, c
†
k↓, c−k↑, c−k↓, c

†
k+Q↑, c

†
k+Q↓, c−k−Q↑, c−k−Q↓) (1)

using nambu notation we may write our mean-field Hamiltonian in the compact form H =∑
k ζ†kÊkζk, where:

Êk = γkτ̂3ρ̂3 + δkρ̂3 − Wτ̂1ρ̂3 − Mz τ̂1ρ̂3σ̂3 − (Fz + μBH) ρ̂3σ̂3 (2)

in the presence of a Zeeman field (μBH) and τ̂i, ρ̂j, σ̂k i, j, k = 0, 1, 2, 3 are Pauli matrices
whose Kronecker products form a convenient basis to work with.

Starting from the third term on the rhs of eq. 2 we identify the Order Parameters (OPs)
that we include in our study: W is the Charge Density Wave (CDW) gap, Mz, Fz are the Spin
Density Wave and itinerant ferromagnetic components respectively, polarized along the z-axis.
The above orders along with the order parameter (OP) for the spin dependent pomeranchuk
instability, Az

k, form a closed group in the sense that no other OP may be induced from the
ones already considered here. A more complete study including the implications the Az

k term
may arise is to be addressed in a separate work. A discussion about such emerging patterns of
coexisting phases can be found in [13].
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Figure 1. a) Magnetization versus the applied magnetic field for different temperatures.
At the lowest-T regime (full line) two metamagnetic steps are evident, whereas for higher
temperatures (dotted, dot-dashed) the steps are relaxed. b) Quasiparticle energy spectrum along
high symmetry lines of the 1st Brillouin zone of the square lattice when the external magnetic
field takes the values:B0,Bc,BM1 and BM2 noted in the previous figure with vertical lines. Note
that because of the presence of three order parameters, our one band tight binding dispersion
splits into four branches each-one noted with a different line. We observe that the emergence
of the metamagnetic step coincides with the crossing of the Fermi level by a new quasiparticle
branch accounting for the related anomalies observed by quantum oscillations measurements.

We have decomposed the energy of the unperturbed system into periodic and antiperiodic
terms in respect with the density wave nesting wavevector Q: ξk = γk + δk, with γk+Q = −γk
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Figure 2. a) The field dependence of the three order parameters at the lowest temperature
regime (full lines) and a finite temperature regime (dashed lines). The field induces
simultaneously a SDW (blue) and a FM (red) component while weakening the CDW (green). As
temperature is rised, critical points of 1st order transitions move towards each other, narrowing
the metamagnetic step. b) Filed and temperature dependence of the SDW order parameter. In
the low-T regime it builts up in a first order transition at the 1st metamagnetic step (dark blue
- red interface) and dissappears at the second metamagnetic step (red - dark blue interface) in a
first order transition as well. The end of the dark blue - red interfaces corresponds to a critical
end-point. Note that in the low field regime a very weak SDW component exists up to very high
temperatures compared to its magnitude (the temperatures at which the CDW develops). This
is a weak induced SDW order because of particle-hole asymmetry that may be a missing piece
to the puzzle of multiple hidden orders observed in URu2Si2[9] and elsewhere.

and δk+Q = δk. A tetragonal system is considered here where transformations with respect to
Q = (π, π) are fundamental. For calculations, a simple tight-binding band is assumed where
γk = −t(cos kx + cos ky) and δk = −t′ cos kx cos ky. For δk = 0 the system is particle-hole
symmetric and perfectly nested at the wavevector Q. When δk �= 0 the system is considered
doped and deviates from perfect nesting.

In our notation, all information about the OPs and any measurable quantities can be obtained
by having as a starting point the bare Matsubara matrix Green function defined in reciprocal
space as:

Ĝ0(iωn,k) =
1

iωn − Êk

(3)

An analytic expression of the quasipartcle poles of the Green function may be found either
by direct diagonalization of Êk or by inversion of Ĝ0(iωn,k). A compact form in Pauli matrix
notation can be shown to be:

Ê±±(k) = ±
{
δk − (Fz + μBH) σ̂3 ±

[
γ2

k + M2
z + W 2 + 2MzWσ̂3

]1/2}
(4)

where we have neglected the Az
k term as stated above.

The system of self-consistent gap equations that we get exhibits a qualitatively different
structure than usual BCS-like equations. It has the following general form:

Wk =
∑
n

∑
k′

V CDW
kk′

{
Wk′{...} + δk′Mk′Fk′{...}

}
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Mk =
∑
n

∑
k′

V SDW
kk′

{
Mk′{...} + δk′Wk′Fk′{...}

}

Fk =
∑
n

∑
k′

V FM
kk′

{
Fk′{...} + δk′Wk′Mk′{...}

}
(5)

On the right hand side of each of the gap equations, there are terms which are not proportional
to the gap of the left hand side. When there is particle-hole asymmetry (i.e. δk �= 0) then if two
of the order parameters are non-zero, zero is not a trivial self-consistent solution for the third
order parameter which has to be non-zero as well. Therefore, in the presence of both CDW and
SDW orderings, particle-hole asymmetry would imply the presence of a FM component which
corresponds in fact to a generalization of the picture of excitonic FM.

We have solved the above system of coupled self-consistent gap equations numerically with
an iterative technique. We have chosen t = 1 so that we get a bandwidth of 4. The relevant
parameters that we have varied are temperature, external magnetic field and doping which
is imposed by t′. We have also explored a large phase space of combinations of the pairing
potentials so that we can verify that our qualitative results are quite generic. In this report
we present a particle-hole asymmetric scenario where t′/t = 0.4, V CDW /V SDW = 1.2 and
V FM = V SDW = 2.5t. Four values of the external field are discerned: B0, Bc,MM1 and BM2

which correspond to the region before the 1st step-like metamagnetic transition, just after the
1st step, right in the middle of the 1st step and after the 2nd metamagnetic step as shown in
Fig.1a. The discussion is embodied to the figure captions to save space.

In conclusion, we present here some of our results on a system of competing and coexisting
CDW, SDW and FM within a mean-field approach. We show that this pattern of order
parameters is quite generic imposed by particle-hole asymmetry in the presence of a magnetic
field. Moreover, an external magnetic field may trigger double-step metamagnetic transitions
very similar to those reported in various systems such as Sr3Ru2O7 and URu2Si2 accompanied
by the emergence of new Fermi surface sheets. An extensive study dedicated to those materials
will be presented elsewhere where we intent to address also the implications of a spin dependent
pomeranchuk instability [14, 15].
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[1] Frölich H 1954 Proc. Roy. Soc. London Ser. A223 296; Peierls R E 1955 Quantum Theory of Solids (New

York:Oxford University Press)
[2] Overhauser A W 1960 Phys. Rev. Lett. 4 462; 1962 Phys. Rev. Lett. 128 1437
[3] Grüner G 1994 Rev. Mod. Phys. 66 1
[4] Varelogiannis G 2000 Phys. Rev. Lett. 85 4172
[5] Aperis A et al to be published in Europhysics Letters; Aperis A et al unpublished
[6] Perry et al 2004 Phys. Rev. Lett. 92 166602
[7] Grigera S A et al 2004 Science 306 1154
[8] Ohmichi E et al 2003 Phys. Rev. B 67 024432
[9] Harrison N et al 2003 Phys. Rev. Lett. 90 096402

[10] Psaltakis G C and Fenton E W 1983 J. Phys. C 16 3913-3932
[11] Nass M J et al 1982 Phys. Rev. B 25 4541
[12] Aperis A et al 2008 Preprint cond-mat/0804.2460
[13] Kotetes P et al 2008 Preprint cond-mat/0804.2450
[14] Quintanilla J and Schofield A J 2006 Phys. Rev. B 74 115126
[15] Yamase H 2007 Phys. Rev. B 76 155117

25th International Conference on Low Temperature Physics (LT25) IOP Publishing
Journal of Physics: Conference Series 150 (2009) 042007 doi:10.1088/1742-6596/150/4/042007

4



<<
  /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




