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Summary

For the first time, we have created an electride using laser-driven compression

• Laser-driven experiments allow access to unprecedented pressures (484 GPa) and temperatures (~3000 K)
in ramp-compressed Na

• Although 0-K calculations predict that the hP4 phase is stable from 0.2 to 1.75 TPa,* a series of phase 
transitions were observed upon recrystallization with the hP4 phase only appearing at the highest 
compressions 
－ we observe the cI16 phase forming from the liquid, a potential confirmation of the prediction that the 

liquid has transformed to a cI16-like local order**

• Simultaneous reflectivity measurements show a decrease throughout the liquid and solid phases—consistent 
with predictions that the alkali metals undergo continuous free-electron to electride liquid transitions†

Pressure

____________
*Y. Li et al., Phys. Rev. Lett. 114, 125501 (2015).
**J.-Y. Raty, E. Schwegler, and S. A. Bonev, Nature 449, 448 (2007).

† H. Zong et al., Nat. Phys. 17, 955 (2021).
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Application of pressure: Rules of thumb

• Under high pressure, the structures of solid 
compounds tend to*
－ become more homogeneous (long and 

weak bonds get compressed)
－ assume close-packed structures
－ increase coordination numbers
－ have higher symmetry
－ exhibit more delocalized electronic 

states, which bring about insulator–
metal transitions

____________
* M. Miao et al., Nat. Rev. Chem. 4, 508 (2020);

C. T. Prewitt and R. T. Downs, in Ultrahigh Pressure Mineralogy: Physics and Chemistry of the Earth’s 
Deep Interior, edited by R. J. Hemley (De Gruyter, Boston, MA, 1998), Vol. 37, Chap. 9, p. 283.
Based on slide by Martin Gorman
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The Thomas–Fermi model has long been used to describe the limiting 
high-pressure behavior of matter

• Thomas–Fermi: the limiting high-pressure 
behavior of matter 

• The band gap is predicted to close under 
pressure—free-electron behavior
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Application of pressure: Defying intuition

• In some cases, the “rules” do not apply*
－ deviation from close packing of spheres 

may be used to achieve higher density

－ electrons detach from atoms

－ repopulation of the atomic orbitals might 
change the chemical identity of the atoms

____________
* M. Miao et al., Nat. Rev. Chem. 4, 508 (2020);

Y. Ma et al., Nature 458, 182 (2009).
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Application of pressure: Defying intuition
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• In some cases, the “rules” do not apply*
－ deviation from close packing of spheres 

may be used to achieve higher density

－ electrons detach from atoms

－ repopulation of the atomic orbitals might 
change the chemical identity of the atoms

____________
* M. Miao et al., Nat. Rev. Chem. 4, 508 (2020);

Y. Ma et al., Nature 458, 182 (2009).

Pressure
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The formation of high-pressure electrides can be understood by realizing the 
interstitial space in a crystal lattice can accommodate quantum orbitals

• An electride phase is one where the electrons 
are squeezed into the spaces between the 
atoms, creating an insulating behavior

• The interstitial space can accommodate 
quantum orbitals

• Model calculations* show that under pressure 
the energies of atom-centered orbitals increase 
more quickly than the interstitial space because 
of repulsion from the core electrons

HPE formation

Miao and Hoffmann*

____________
* M.-S. Miao and R. Hoffmann, Account. Chem. Res. 47, 1311 (2014).

HPE: high pressure electride
ISQ: interstitial quasi-atom
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Diamond-anvil cell (DAC) experiments* show that Na transforms
into an optically transparent electride at 200 GPa and room temperature

Density functional theory** predicts that the 
hP4 structure is stable up to 1.75 TPa at 0 K.

____________
* Y. Ma et al., Nature 458, 182 (2009).

** Y. Li et al., Phys. Rev. Lett. 114, 125501 (2015).
† E. Gregoryanz et al., Science 320, 1054 (2008).
‡ M. Marqués et al., Phys. Rev. B 83, 184106 (2011).

Eg≥ 1.3 eV
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One common feature of most alkali metals is complex melting behavior

• According to the Clausius–Clapeyron equation, a 
change in the gradient of the melting curve slope 
suggests a change in the relative densities of the 
solid and liquid phases
－ no solid transition, so it must be in the 

liquid!

• Molecular dynamic simulations of liquid and solid 
Na showed changes in the second coordination 
shell of the liquid phase above 30 GPa*

• Some argue more subtle changes in local order** 
or that the liquid phase is more compressible 
than the solid†

____________
* J.-Y. Raty, E. Schwegler, and S. A. Bonev, Nature 449, 448 (2007).

** M. Marqués, D. J. González, and L. E. González, Phys. Rev. B 94, 024204 (2016).       
† V. F. Degtyareva, Cogent Phys. 4, 1327697 (2017).
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Recent theoretical work* has predicted that electride character persists up to and 
into the liquid phase, and similar predictions have been made for Li** and K†

____________
* R. Paul et al., Phys. Rev. B 102, 094103 (2020).

** I. Tamblyn, J.-Y. Raty, and S. A. Bonev, Phys. Rev. Lett. 101, 075703 (2008).
†H. Zong et al., Nat. Phys. 17, 955 (2021).

• Upon melting, electron localization 
persists in hP4 Na in the form of 
dynamic electron bubbles and a change 
in hybridization from p–d to s–p occurs*

DFT calculations
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Recent theoretical work* has predicted that electride character persists up to 
and into the liquid phase, and similar predictions have been made for Li** and K†

• Atomistic simulations of liquid potassium 
show evidence of a liquid–liquid 
continuous transformation from free 
electron to electride behavior
－ the negative Clapeyron slope in the 

fcc phase is due to a larger electride
fraction in the liquid

____________
* R. Paul et al., Phys. Rev. B 102, 094103 (2020).

** I. Tamblyn, J.-Y. Raty, and S. A. Bonev, Phys. Rev. Lett. 101, 075703 (2008).
† H. Zong et al., Nat. Phys. 17, 955 (2021).
MLMD: machine-learned molecular dynamics

Atomistic simulations
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Assuming isentropic compression, Na first melts in the bcc phase before 
recrystallizing at high pressures as it crosses the melting curve again

____________
M. Marqués et al., Phys. Rev. B 83, 184106 (2011).
VISAR: velocity interferometer system for any reflector
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Using the PXRDIP* platform, simultaneous x-ray diffraction (XRD) and reflectivity 
measurements were performed on ramp-compressed Na to 480 GPa

____________
* J. R. Rygg et al., Rev. Sci. Instrum. 83, 113904 (2012);

J. R. Rygg et al., Rev. Sci. Instrum. 91, 043902 (2020).
PXRDIP: powder x-ray diffraction image plate
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X-ray diffraction and reflectivity data for ~sevenfold compressed Na reveal 
a series of phase transitions upon recrystallization

• We observe cI16 forming from
the liquid

－ a potential confirmation that 
the liquid has transformed to 
cI16-like local order*

• In one experiment, we observe a 
rhombohedral structure, R�3m
－ isostructural to that observed 

in As, Sb, and Bi

____________
* J.-Y. Raty, E. Schwegler, and S. A. Bonev, Nature 449, 448 (2007).
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The first measurements of the high-pressure Na liquid reflectivity were made 
using a novel target design

____________
LLNL AnalyzeVISAR code (Marius Millot) was used to process the VISAR data

Shot 27971
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At intermediate pressures, we observe two new phases



1818

At the highest pressures, we observe the hP4 electride phase
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The reflectivity is tracked through the bcc phase into the fluid phase, and at the 
highest pressures, in the cI16 phase and approaching the hP4 phase

____________
* J.-Y. Raty, E. Schwegler, and S. A. Bonev, Nature 449, 448 (2007).

** H. Zong et al., Nat. Phys. 17, 955 (2021).
† Y. Ma et al., Nature 458, 182 (2009);

L. F. Lundegaard et al., Phys. Rev. B 79, 064105 (2009);
K. Takemura and K. Syassen, Phys. Rev. B 28, 1193(R) (1983).

Reflectivity drop –
electron localization*,**,†
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At the highest pressures, the Na reflectivity drops to about 23% of its initial value

• A threefold drop in electrical conductivity is 
expected in the low-coordinated liquid 
sodium between 40 and 80 GPa*

• In liquid K, a liquid–liquid phase transition is 
expected to manifest as a dip in the 
reflectivity, similar to that observed here**

• Reduced reflectance is consistently observed 
in host–guest structures in Na and K at lower 
pressures†

____________
* J.-Y. Raty, E. Schwegler, and S. A. Bonev, Nature 449, 448 (2007).

** H. Zong et al., Nat. Phys. 17, 955 (2021).
† Y. Ma et al., Nature 458, 182 (2009);

L. F. Lundegaard et al., Phys. Rev. B 79, 064105 (2009);
K. Takemura and K. Syassen, Phys. Rev. B 28, 1193(R) (1983).

Reflectivity drop –
electron 
localization*,**,†
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Summary/Conclusions

____________
*Y. Li et al., Phys. Rev. Lett. 114, 125501 (2015).
**J.-Y. Raty, E. Schwegler, and S. A. Bonev, Nature 449, 448 (2007).

† H. Zong et al., Nat. Phys. 17, 955 (2021).

• Laser-driven experiments allow access to unprecedented pressures (484 GPa) and temperatures (~3000 K)
in ramp-compressed Na

• Although 0-K calculations predict that the hP4 phase is stable from 0.2 to 1.75 TPa,* a series of phase 
transitions were observed upon recrystallization with the hP4 phase only appearing at the highest 
compressions 
－ we observe the cI16 phase forming from the liquid, a potential confirmation of the prediction that the 

liquid has transformed to a cI16-like local order**

• Simultaneous reflectivity measurements show a decrease throughout the liquid and solid phases—consistent 
with predictions that the alkali metals undergo continuous free-electron to electride liquid transitions†

Pressure

For the first time, we have created an electride using laser-driven compression


	Probing a New Regime of Extreme Chemistry at High-Energy-Density Conditions: Na as a Prototypical Example
	For the first time, we have created an electride using laser-driven compression
	Collaborators
	Application of pressure: Rules of thumb
	The Thomas–Fermi model has long been used to describe the limiting high-pressure behavior of matter
	Application of pressure: Defying intuition
	Application of pressure: Defying intuition
	The formation of high-pressure electrides can be understood by realizing the interstitial space in a crystal lattice can accommodate quantum orbitals
	Diamond-anvil cell (DAC) experiments* show that Na transforms�into an optically transparent electride at 200 GPa and room temperature
	One common feature of most alkali metals is complex melting behavior
	Recent theoretical work* has predicted that electride character persists up to and into the liquid phase, and similar predictions have been made for Li** and K†
	Recent theoretical work* has predicted that electride character persists up to and into the liquid phase, and similar predictions have been made for Li** and K†
	Assuming isentropic compression, Na first melts in the bcc phase before recrystallizing at high pressures as it crosses the melting curve again
	Using the PXRDIP* platform, simultaneous x-ray diffraction (XRD) and reflectivity measurements were performed on ramp-compressed Na to 480 GPa
	X-ray diffraction and reflectivity data for ~sevenfold compressed Na reveal a series of phase transitions upon recrystallization
	The first measurements of the high-pressure Na liquid reflectivity were made using a novel target design
	At intermediate pressures, we observe two new phases
	At the highest pressures, we observe the hP4 electride phase
	The reflectivity is tracked through the bcc phase into the fluid phase, and at the highest pressures, in the cI16 phase and approaching the hP4 phase
	At the highest pressures, the Na reflectivity drops to about 23% of its initial value
	For the first time, we have created an electride using laser-driven compression


<<
  /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


