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Pressure effects on the absorption of a-phase Nb-H system
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An ab initio calculation is performed on the a-phase Nb-H system with the hydrogen
concentrated to 1/16 based on density functional theory, to investigate the pressure effects
on the geometry, electronic structure and optical properties. The results show structural
phase changes from triclinic, monoclinic to orthorhombic symmetry with the increasing of
pressure from 0GPa to 200GPa. A low-lying band hybridized by 1s of H with 4d, 5s of the
first four neighbored Nb and s-, p-, d-states of the second ones is observed, which is
separated from the metallic valence bands. The electronic structure is strongly pressure
dependent in two aspects: when the pressure increases, the low-lying band is distorted and
covers larger energy area, the 4d-states of Nb move downward relatively to its 4s-states; the
total density of s-states is more intensitive than that of p-states around the Fermi level. The
absorption spectra is drastically intensified by external pressure.

1 Introductuin

The study of hydrogen solution in metal and metal hydrides is an important area in basic
theoretical understanding of materials as well as in technological applications (Alefeld and
Volkl, 1978, p1). Among metal-hydrogen systems, group VB metals V, Nb and Ta played
important roles in the past decades due mainly to the self-trapping and high mobility of H in
the host metal lattices (Kehr, 1978, p197). While the electronic structure and basic properties
of metal hydrides MH (M=V, Nb, Ta) and low concentrated hydrogen-metal alloies MH, have
been extensively studied under ambient conditions, the pressure effects on the MH, system
remain unclear. This work presents the pressure dependence of the geometry, electronic
structure and optical absorption spectra of an a-phased Nb16+H model.

Three different structures of NbH, were suggested depending on the hydrogen concertration
x (Hauck, 1976, p208). Basically, hydrogen atoms occupy tetrahedral sites in bulk Nb as
interstitials, causing slight host lattice distortion when x <= 1. For x ~ 1, B or y monohydride is
formed (Hauck, 1976, p208), but the related band structure calculations show poor
agreement with experimental results of the low-lying band induced by hydrogen in either f or
Y phase (Ho et al,1984, p1586; Tao et al, 1986, p8394), so the phase of NbH is still under
dispute. A fluorite structure of dihydride NbH, was supported by both theoretical and
experimental results. In case x << 1, NbH, system is proved to favor a-phase where the
hydrogen atoms randomly distribute onto interstices in Nb lattice, occupying tetrahedral sites
(T-wells), each formed by four Nb atoms.

The electronic structure of niobium hydrides were calculated previously in order to interpret
the experimental observed phenomena in Nb-H systems (Gupta and Chatterjee, 1982,
p1923; Gupta, 1982, p1027; Ho et al, 1984; Smithson et al, 2002, p144107-2). Ho et al (1984)
applied first-principles method to investigate the H-Nb interactions and the electronic
structure of NbH. Tao et al (1986) studied its anharmonic vibration modes. Gupta and
Chatterjee (1982) calculated the electronic energy bands of transition matal dihydrides VH,
and NbH,. Their results were utilised to calculate the optical absorption spectra. In all the
works on NbH and NbH, the low-lying bands induced by the hydrogen were found. The low-
lying bands were intepreted by the hybridization of s-states of H and d-states of Nb. The low-
lying band splitting in NbH, was explained to be the s-s antibinding of neighbored hydrogen
atoms by Gupta (1982). But the electronic structure of NbH does not well agree with the
experimental photoemission energy distribution data, especially in the low-lying valence band
that is most important in H-Nb, H-H and Nb-Nb interactions.

Although we have known much about niobium hydrides, the interactions in low hydrogen
concertrated Nb-H system has not been thoroughly resolved. In order to understand deeply
into the behavior of hydrogen atoms in metal, it is of great importance to study the basic
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properties, such as the geometry, electronic structure, dielectric response and the pressure
effects.

In the present work, we construct a periodic cell of a-phased 16Nb+H to simulate dilute
hydrogen in Nb metal. By applying first-principles method, the properties are investigated
under pressures up to 200GPa. The equilibrium geometry of the syetem is more complicated
than NbH is, and changes towards orthorhombic structure when the pressure increases. The
transition from clinic to orthorombl occurs at about 120GPa. The structural transition and the
contract of the cell cause drastic distortion in metallic valence band structure, the low-lying H-
Nb hybridization band and the composition of the density of states (DOS) near the Fermi
level, which in turn affect the absorption spectra. The rest of the paper is orgnized as follows:
in Sec. 2, the model and method used in the present work are described; in Sec. 3, the
results of structure, electronic structure and optical properties are discussed; finally the
conclusions are summarized in section 4.

2 Model and method

The periodic supercell consists of 16 Nb
atoms and an interstitial H atom, as shown in
Fig. 1. All Nb atoms are initially arranged at
perfect body-centered cubic sites, while the
hydrogen occupies a tetrahetral site formed
by four niobium atoms. The host lattice
parameter is 3.3006 Angstroms, equals to the
experimental value of pure Nb. The supercell
is made P, symmetry in order to make all
lattice parameters (a, b, ¢ and o, 3,y) and
internal geometry (atom coordinates) variable.
The electronic structure of the system is
calculated using the HSC type norm-
conserving pseudopotential (Hamann et al,
1979, p1494) and generalized-gradient
approximation (GGA) of PBE (Perdew et al,
1996, p3865). The quasi-Newton geometry-
optimization scheme of BFGS (Fischer and _
Almlof,1992, p9768) is used to handle out the Figure 1. The supercell of Nb16+H,
equilibrium states of the system under the black ball denotes Hydrogen.
pressures from 0GPa to 200GPa. A kinetic

cutoff energy of 600eV and 4X4X4 Monkhorst-Pack k-points grid are used in all geometry
optimization processes. Since structure phase transition occurs, the geometries at 0GPa and
80GPa (approximately the transition pressure) are re-optimized at higher precission (880eV
of cutoff energy) to confirm the convergences. The results are in agreement with the less
precise (600eV cutoff energy) ones. The band structure and optical absorption spectra are
calculated in the relaxed supercell at different pressures with a higher cutoff kinetics of
800eV. The excited states are calculated up to about 30eV above the Fermi level. Only
interband contributions to the absorption spectra is considerd. The CASTEP code (Segall et
al, 2002, p2717) is used for the ab initio calculations.

3 Results and discussions
3.1 Structural phase transitions under pressure

We have firstly checked the structure of NbH (in both the phase B and y) using first-principles
method in order to test the effeciency and applicability of pseudopotential plane-wave
method in transition metal hydrogen systems. Our theoretically optimized structure of the
orthorhombic NbH is in acceptable agreement with the experimetal data and other theoretical
predictions.
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Figure 2. The pressure dependence of lattice parameters of the Nb16+H system

The Nb16+H system is triclinic after geometry optimization under ambient pressure and
shows complex structural transformations with the increasing of pressure: below 80GPa, the
cell is triclinic; at 80GPa, it changes into monoclinic; from 80GPa to 120GPa, the cell
changes back to triclinic and over 120GPa, the cell is orthorhombic, as shown in Fig. 2. All
of the lattice angles are distorted when P is lower than 120GPa except the pressures around
80GPa, deviating by about 4° under 0GPa. The deviation goes down with pressure, and
approach 0°when a pressure of more than 120GPa is applied. At the presure of 80GPa,
where b = ¢ > a, a> 90° and B = y= 90° the cell changes into monoclinic symmetry. The
lattice parameters a, b and ¢ decrease with the pressure with a < b = ¢ that are similar to the
starting b-c relations. When the external pressure incereases above 80GPa, the parameter a
tends to be more pressure sensitive than b and c. The pressure dependence of the structure
shows complicated interactions between H and the host lattice.

3.2 Electronic structure

The band diagram along special axes is shown in Fig. 3. There are a low-lying band below
the metalic valence bands, band splittings and band distortions induced by the lowering of
symmetry in comparison with perfect bcc metals. The low-lying band has been identified to
be s-d binding between H and Nb in the dihydrides NbH, and VH, (Gupta, 1982). The
electronic band structure is deeply
investigated by analysis of the DOS
and partial density of states (PDOS).
The overall PDOSs are shown in Fig.
4. In order to understand the effects of
hydrogen and the lattice distortion
respectively, the electronic structure of
Nb sublattice is also calculated by
simply removing the hydrogen atom

away from the relaxed supercell. 5

In all PDOS diagrams, the 4d-states of ?

Nb play the dominant roles in the 5 -6

metallic valence band are clearly 7 -t 1]
shown. Hence the system is metallic 8

due primary to the strong d bands

around the Fermi level. The low-lying -9

band is the hybridization of the s- -10 4

states of H and s-, p- and d-states of L M A G Z \4
Nb, separated by a band gap from the Firure 3. The band structure under 0GPa
metallic bands. All bands tend to be of Nb16+H

expanded by the pressure. The low-
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lying band moves leftward (downward in energy level, in respect to the Fermi levels) with the
increase of pressure. The s-like peak shrinks from about 4 electrons/eV to 1.5 electrons/eV
and the band gap is widened from about 1eV to 2eV. The 4d-states are more sensitive to the
pressure, moving downward from the Fermi level when the pressure increases to 120GPa. It
should be emphasized that, a peak of s-states is formed about —0.4eV below the Fermi level,
and a shoulder of d-states under 120GPa.
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Figure 4. Partial density of states of Nb16 under (a) 0GPa and (b) 120GPa,
Nb16+H under (c) 0GPa and (d) 120GPa

The local partial density of states contributed by atoms are obtained by projecting the
wavefunctions onto different atoms, shown in Fig. 5. It can be seen that the 1s-states of H is
expanded by the pressure, and an increase in higher states at about —1.2eV can be
observed. The integration of s DOS of H over the low-lying band energy area gives about 1.3
electrons, showing that the hydrogen atom acts as an anion as in NbH and NbH, (Gupta,
1982). The hydrogen atom contributes most to the low-lying band in comparison with any Nb
atom, about 4 times than that of the first neighbor and 10 times of the seconds. The second
neighbor Nb atoms are less affected by the screened proton, although their bands are
affected by the distorted lattice. Atoms outer than the second neighbors have little
contribution to the low-lying band.

The hybridization of the low-lying band is dependent on the distance from H to different Nb
atom. The first neighbor Nbs contribute 4d-, 5s-states to the low-lying band, while the second
neighbors contribute 5s-, 5p-states under ambient pressure and only p-states under 120GPa.
Much attention should be paid on the dependence of DOS near the Fermi level, where s-
states increases drastically over the p-states with external pressures, affecting mainly the
optical profile at the low frequency area, which will be discussed below.
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Figure 5. Local density of states on different atoms.

3.3 Optical absorption

Fig. 6 shows the hydrogen and pressure effects on the absorption spectra of the a-phase
Nb-H systems. Under ambient pressure, the overall spectra of a-phase Nb-H is similar to that
of Nb16 under ambient pressure, except the slightly intensive shoulder at about 1eV. The
absorption spectra of a-phase Nb-H is more intensive than that of Nb16 under the pressure
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of 120GPa because of the increase of s-component of DOS and the decrease of p-states
around the Fermi level. The main peak positions between a-phase Nb-H and Nb16 are
similar, it can be concluded that

the the peak locations are

probably determined by the host 5x10°
lattice distortion and the magnitude et

is affected mainly by the selection 1 P s
rules modified by the impurity H. 4x10° - : =
The absorptions of Nb16 at | AN —_— N
frequency area lower than 1.5eV
have the same magnitude under
0GPa and 120GPa, showing the
important role played by the d-
bands of Nb around Fermi Level. It
should be pointed out that the . |
absorption of Nb16+H under X107
120GPa is enhanced in y
comparison with both the Nb16 ot
and Nb16+H results under 0GPa, 0 2 4 6 8 10 12 14 16
showing the structural phase
transition effects. The absorption
shoulder appears at the special Figure 6. The absorption spectra contributed by
frequencies of ~1eV at 0GPa, and interband transitions

becomes the strongest peak at

pressure of 120GPa.
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4 Conclusion

The geometry, electronic structure, optical absorption and the pressure effects on an
o—phase Nb-H system are studied using first-principles method. The system is shown to be
triclinic under 0GPa, differing from niobium monohydride NbH. Pressure induced phase
transitions are observed within the pressure range from 0GPa to 200GPa. Under pressures
over 120GPa, the system changes to orthorhombic crystalline. A low-lying band is observed
to be the hybridization of 1s of H and 4d, 5s states of the first neighbored Nb and p-states of
the second neighbors, and the relavent DOS peak height decreases with the external
pressure due to the band distortion. The absorption spectra show strong pressure
dependence both in magnitude and structure.

Acknowledgment: This work was supported by the NSAF of China, Grant No.10276016,
2004 NCET and 2003 EYTP of MOE of China, and National Basic Research Priorities
Program of China, Grant No. 2001CB711201.

References

Alefeld, G. and Volkl, J. 1978. Hydrogen in metals I. Springer-Verlag Berlin Heidelberg New
York 1978. P1.

Fischer, T. H. and Almlof, J., 1992. General methods for geometry and wavefunction
optimization. J. Phys. Chem., 96, 9768-9774.

Gupta, Michele, 1982. Electronic Properties and Electron-Phonon Coupling in Zirconium and
Niobium Hydrides. Phys. Rev. B, 25, 1027-1038.

Gupta, R Sen and Chatterjee, S, 1982. Electronic Energy Bands of VH, and NbH,. J. Phys. F:
Met. Phys., 12, 1923-1929.

Hamann, D. R. et al. 1979. Norm-Conserving Pseudo-potentials. Phys. Rev. Lett., 43, 1494-
1497.

Ho, K. =M. et al. 1984. First-Principles Investigation of Metal-Hydrogen Interactions in NbH.
Phys. Rev. Lett. , 53, 1586-1589.

Hauck, J. 1977. Ordering of hydrogen in Niobium hydride phases. Acta Cryst, A33, 208-211.



Joint 20" AIRAPT - 43" EHPRG, June 27 - July 1, Karlsruhe/Germany 2005

Kehr, K. W., 1978. Hydrogen in metals |. Springer-Verlag Berlin Heidelberg New York 1978.
P197.

Perdew, J. P. et al. 1996. Generalized Gradient Approximation Made Simple. Phys. Rev.
Lett., 77, 3865-3868.

Segall, M. D. et al. 2002. First-principles simulation: ideas, illustrations and the CASTEP
code. J. Phys.: Cond. Matt., 14, 2717-2743.

Smithson, H. et al. 2002. First-principles study of the Stability and Electronic Structure of
Metal hydrides. Phys. Rev. B, 66, 144107-1-144107-10.

Tao, H. —J. et al. 1986. Investigation of the Electronic Structure and Phonon Anharmonicity in

B- and y-NbH. Phys. Rev. B, 34, 8394-8400.




<<
  /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 <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


