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Abstract 

The CASTEP ab initio quantum mechanical program, employing density functional theory 
and ultrasoft pseudopotentials, is used to study crystal and electronic structure of zirconium, 
zirconia and Zr3NbO8 compound. It has been found that it is essential to perform spin 
polarized calculations for these compounds since zirconium niobium compound becomes 
magnetic when oxidized. Although only theoretical studies are described, it is suggested that 
the onset of magnetic moment on Nb when Zr-Nb alloy oxidizes may be potentially used in 
non-destructive testing of the corrosion. 

1. Introduction 

The CASTEP ab initio quantum mechanical program, employing density functional theory 
[1], is commonly used to study the structure of materials. The CASTEP code uses 
pseudopotentials, and it has been demonstrated that plane wave ultrasoft pseudopotentials 
predict structural properties and elastic properties of cubic zirconia in good agreement with 
experiment [2]. 

Using the minimization of total energy method [1], the equilibrium lattice constants and the 
positions of atoms of zirconium, cubic zirconia and Zr3NbO8 can be calculated. 

The current calculations are performed for a temperature of 0 K and idealized structures, 
where small unit cells can be used and therefore the computational time is reduced. The spin 
non-restricted calculations allow for prediction of existence of a non-zero value of local spin. 
The exchange-correlation potential is approximated within the Generalized Gradient 
Approximation (GGA) framework [3,4]. 

2. Structural and energetic properties 

Preliminary research on the application of CASTEP ab initio [1] calculations, to assess 
changes in material properties of zirconia (ZrO2) that have been doped with niobium, are 
described here. 

Pure zirconia has a monoclinic structure at low temperatures, but above 1400°C or when 
stabilized by adding impurities of Ca or Y, the cubic fluorite structure becomes stable (e.g. 
[5]). Extensive studies of Zr-O-H (with fluorite structure) systems have been presented at the 
9th International CANDU Fuel Conference [2]. The calculated values for binding energies 
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and lattice constants, along with the elastic constants of zirconia are in good agreement with 
the experimental values. 

It is of interest to investigate how physical properties of Zr and Zr-Nb compounds change 
when oxidized. Spin polarized calculations performed in this work are of special interest 
since the onset of magnetism in oxidized compounds may be estimated. 

In Table 1, CASTEP calculations are shown for Zr. The default cutoff energy of 400 eV 
(with 12 empty bands) was used. The structures and energies per atom are shown; also it is 
evident that the calculated lattice constants agree very well with the experimental values [5]. 

Table 1 

The Structures, Energies per Atom and Lattice Constants of Zr 

Compound Structure Energy 
per atom 

[eV] 

Lattice constants 
[nm] 

Lattice constants 
[nm] 

Calculated using CASTEP Experimental 
[5] 

Zr P63/mC -7.414 0.323(a) 
0.516(c) 

0.323 (a) 
0.515 (c) (25°C) 

In Table 2, the results of CASTEP calculations are presented for cubic zirconia, Zr3NbO8 and 
Zr3NbO7. The energies per atom, lattice constants, spins and charges on selected atoms (Nb 
and 0) in these compounds are calculated. In contrast to our earlier calculations [2], in the 
current work the unit cell (lattice constants and positions of atoms) of zirconia was optimised, 
and the calculated zero temperature equilibrium lattice constant (0.510 nm) is only slightly 
larger than the experimental value for the cubic phase of zirconia (0.507 nm) [5]. The larger, 
previously used [2] value of cutoff energy, 495 eV (with 8 empty bands) was used. 

The equilibrium lattice constants were also calculated for Zr3NbO8 and Zr3NbO7 to examine 
the effect of Nb substitution for Zr and the presence of oxygen vacancies. The default cutoff 
energy of 380 eV (with 8 empty bands) was used. It can be seen in Table 2 that the lattice 
constants are almost the same in all compounds. The binding energy per non oxygen atom 
also stays the same, except in the presence of oxygen vacancies, when it is reduced. The 
charge transfer to oxygen (last column in Table 2) is also almost the same and its value, 
(much lower than 2 e), indicates that these compounds are not purely ionic. 

The calculated spin on the Nb atom in Zr3NbO8 has non-zero value equal to 0.52. The spin 
value on Nb is reduced to 0.40 in the presence of one oxygen vacancy per unit cell (Zr3NbO7). 
The CASTEP calculations also confirmed that Nb is not magnetic in Zr-Nb alloy. The Nb 
atom becomes magnetic in Zr3NbO8 compound since it's charge is 1.29 e due to transfer of 
electrons to oxygen. However the calculations also predict that Nb is non magnetic in Nb0 

(PITO m) and NbO2 (rutile P42/mnm structure) compounds, where charge transfer from Nb to 
0 is equal 0.66 e and 1.34 e respectively. Zr whose charge in Zr3NbO8 compound is 1.53 e, is 
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non magnetic, since its atomic configuration contains 5s2 electrons while Nb has only one 5s 
electron (see Section 3 for details). The phenomenon that Nb in oxidised zirconia becomes 
magnetic can be used in non-destructive testing of corrosion of Zr-Nb alloys. 

Table 2 
Lattice constants, spins, electronic charges and energies of ZrO2, Zr3NbO8 and Zr3Nb0.7

calculated using CASTEP [2]. 

Compound Structure Energy per 
non 0 atom 

[eV] 

Spin 
(Zr) 

Spin 
(Nb) 

Lattice 
constants 

[nm] 

Charge 
(0) 

[electron] 
ZrO2 Fm5m -27.950 0.510 -0.74 

Zr3Nb08 pm m -27.872 0 0.52 0.507 -0.74 

Zr3Nb0.7 R3m -25.150 0 0.40 0.509 -0.72 

3. Electron density of states 

Electrons densities of states, calculated using CASTEP [1], are shown in Figures 1-3 for pure 
Zr and its compounds: ZrO2 and Zr3NbO8. The electrons that contribute to the density of 
states are respectively: for Zr: 4s2, 

4p6, 
4d2, 5s2, Nb: 4s2, 4p6, 4d4, 5s1 and for 0 atoms 2s2 and 

2p4. 

In Figure 1 electron density of states per Zr (2 atoms) unit cell is shown. The d, p and s 
electron density of states are shown by black solid line, thick blue solid line and red broken 
lines respectively. The 4s electron density is located around —50 eV and just above —30 eV 
the density of states of 4.p electrons is situated. The Fermi Energy is indicated by vertical, 
broken black line. The main contribution to the states around Fermi energy originates from 
4d electrons. At the Fermi energy the electron density of states is low therefore Zr is not 
magnetic as expected from Stoner criterion of band ferromagnetism [6]. 
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Figure 1. Electron density of states per Zr (2 atoms) unit cell. The d, p and s electron density 
of states is shown respectively by black solid line, thick blue solid line and red broken line. 

Fermi Energy is indicated by vertical, broken black line. 

Electron density of states changes dramatically when oxygen is added to Zr or Zr-Nb 
compound. In Figures 2 and 3 the electron density of states, calculated using CASTEP [1], 
are shown for ZrO2 and Zr3NbO8 respectively. The spin unrestricted calculations were 
performed for all compounds. The density of states of electrons with opposite direction of 
spins (up and down) are shown above and below horizontal axis, respectively. As it will be 
discussed below only Nb doped compound is magnetic but the density of states of ZrO2 is 
shown for both spins for easy comparison with magnetic compound of Zr3NbO8. 

The ZrO2 density of states around Fermi Energy originates predominantly from 2p electrons 
of oxygen atoms, and they are indicated by the thick blue line. The two peaks around —50 eV 
and —25 eV correspond to the density of states of 4s and 4.p electrons of the zirconium atom, 
respectively. The maximum value of the density of states of 2s electrons of oxygen is located 
close to —15 eV. 
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Figure 1. Electron density of states per Zr (2 atoms) unit cell.  The d, p and s electron density 
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Figure 2. Electron density of states per ZrO2 unit cell. The d, p and s electron density of 
states is shown respectively by black solid line, thick, blue solid line and red broken line, 

respectively. The density of states of electrons with opposite direction of spins (up and down) 
are shown above and below horizontal axis, respectively. 

In Figure 3, electron density of states per Zr3NbO8 unit cell is shown. As described in Section 
2, both Zr and Nb transfer electrons to oxygen (Nb transfers 1.29 e from it's higher energy 
electrons: 4d4 and 5s1), therefore besides the 2s electrons density of states of oxygen (around 
-20 eV), a significant contribution of 2p electrons density of states of oxygen is visible just 
below Fermi energy. As a result Nb atom becomes magnetic and therefore one can see 
splitting of spin up and spin down states of 4s, 4.p and 4d electrons of Nb. 
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Figure 2. Electron density of states per ZrO2 unit cell.  The d, p and s electron density of 
states is shown respectively by black solid line, thick, blue solid line and red broken line, 
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Figure 3 Electron density of states per Zr3 NbO8 unit cell. The d, p and s electron density of 
states is shown by black solid line, thick, blue solid line and red broken line, respectively. 

The density of states of electrons with opposite direction of spins (up and down) are shown 
above and below horizontal axis, respectively. 

5. Conclusion 

Crystal structure and magnetic properties are calculated using CASTEP, ab initio method for 
zirconium, zirconia and Zr3NbO8. Detailed calculations of the lattice structure of pure and 
doped zirconia are complementary to experimental measurements, and they enhance 
understanding of the structural properties of materials used in nuclear reactors. 

Electron density of states changes dramatically when oxygen is added to Zr-Nb compound. 
The Nb atom becomes magnetic resulting in splitting of spin up and spin down states of Nb 
electrons. Although only theoretical studies are described, it is suggested that the onset of 
magnetic moment on Nb when Zr-Nb alloy oxidizes may be potentially used in non-
destructive testing of the corrosion. 
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Figure 3   Electron density of states per Zr3 NbO8 unit cell.  The d, p and s electron density of 
states is shown by black solid line, thick, blue solid line and red broken line, respectively.  

The density of states of electrons with opposite direction of spins (up and down) are shown 
above and below horizontal axis, respectively. 

 
 
5. Conclusion 

 
Crystal structure and magnetic properties are calculated using CASTEP, ab initio method for 
zirconium, zirconia and Zr3NbO8.  Detailed calculations of the lattice structure of pure and 
doped zirconia are complementary to experimental measurements, and they enhance 
understanding of the structural properties of materials used in nuclear reactors.   

Electron density of states changes dramatically when oxygen is added to Zr-Nb compound.  
The Nb atom becomes magnetic resulting in splitting of spin up and spin down states of Nb 
electrons.  Although only theoretical studies are described, it is suggested that the onset of 
magnetic moment on Nb when Zr-Nb alloy oxidizes may be potentially used in non-
destructive testing of the corrosion. 
 

30th Annual Conference of the Canadian Nuclear Society
33rd CNS/CNA Student Conference

2009 May 31 - June 3
TELUS Convention Centre, Calgary, Alberta

Page 6 of 7



30th Annual Conference of the Canadian Nuclear Society 2009 May 31 - June 3 
33rd CNS/CNA Student Conference TELUS Convention Centre, Calgary, Alberta 

Even though the simplified structures were used in this work, the presented calculations give 
a good understanding of the interplay between structural and magnetic properties in Zr and 
pure and Nb doped zirconia. 

6. Acknowledgement 

This work was supported in part by a grant from the National Sciences and Engineering 
Research Council of Canada. The initial support of this work by B. Hocking, a Contract 
Officer at Atomic Energy of Canada Limited is greatly appreciated. 

The access to high performance supercomputers at McGill University is acknowledged. This 
research has been supported in part by CLUMEQ, which is funded in part by the Canada 
Foundation for Innovation, NSERC (MRS), FQRNT, and McGill University. 

7. References 

[1] M.D. Segall, P.L.D. Lindan, M.J. Probert, C.J. Pickard, P.J. Hasnip, S.J. Clark and 
J.D. Payne, "First-Principles Simulation: Ideas, Illustrations and the CASTEP Code", 
J. Phys. Cond. Matt., 14 (2002) 2717-2743. 

[2] B. Szpunar, M.I. Baskes, J.A. Szpunar and P.T. Jochym, "Atomistic Simulations Of 
Zr-O-H Systems ", 9th Int. Conf. on CANDU fuel, Belleville, Ontario,(2005 
September 18-21), Conference Proceedings, (2005) C3003. 

[3] P. Perdew, Y. Wang, "Accurate and Simple Analytic Representation of the Electron-
Gas Correlation Energy", Phys. Rev. B45 (1992) 13244-13249. 

[4] J.P. Perdew, K. Burke, M. Ernzerhof, M., "Generalized Gradient Approximation Made 
Simple", Phys. Rev. Lett., 77, (1996) , 3865-3868. 

[5] R.W.G . Wyckoff, Crystal Structures, ed. John Wiley & Sons, Inc., New York, Second 
Edition, vol. 2, (1963) pp. 467. 

[6] E.C. Stoner, "Collective Electron Ferromagnetism. II. Energy and Specific Heat", 
Proc. Roy. Soc., 169A, (1939) 339-371. 

Page 7 of 7 

Even though the simplified structures were used in this work, the presented calculations give 
a good understanding of the interplay between structural and magnetic properties in Zr and 
pure and Nb doped zirconia. 

 
 

6. Acknowledgement 

 
This work was supported in part by a grant from the National Sciences and Engineering 
Research Council of Canada. The initial support of this work by B. Hocking, a Contract 
Officer at Atomic Energy of Canada Limited is greatly appreciated.   
 
The access to high performance supercomputers at McGill University is acknowledged.  This 
research has been supported in part by CLUMEQ, which is funded in part by the Canada 
Foundation for Innovation, NSERC (MRS), FQRNT, and McGill University. 
 

7.  References 

 
 [1] M.D. Segall, P.L.D. Lindan, M.J. Probert, C.J. Pickard, P.J. Hasnip, S.J. Clark and 

J.D. Payne, “First-Principles Simulation:  Ideas, Illustrations and the CASTEP Code”, 
J. Phys. Cond. Matt., 14 (2002) 2717-2743. 

[2] B. Szpunar, M.I. Baskes, J.A. Szpunar and P.T. Jochym, “Atomistic Simulations Of 
Zr-O-H Systems “, 9th Int. Conf. on CANDU fuel, Belleville, Ontario,(2005 
September 18-21), Conference Proceedings, (2005) C3003. 

[3] P. Perdew, Y. Wang, “Accurate and Simple Analytic Representation of the Electron-
Gas Correlation Energy”, Phys. Rev. B45 (1992) 13244-13249. 

[4] J.P. Perdew, K. Burke, M. Ernzerhof, M., "Generalized Gradient Approximation Made 
Simple", Phys. Rev. Lett., 77, (1996) , 3865-3868. 

[5] R.W.G . Wyckoff, Crystal Structures, ed. John Wiley & Sons, Inc., New York, Second 
Edition, vol. 2, (1963) pp. 467. 

[6] E.C. Stoner, “Collective Electron Ferromagnetism. II. Energy and Specific Heat”, 
Proc. Roy. Soc., 169A, (1939) 339-371. 

 

30th Annual Conference of the Canadian Nuclear Society
33rd CNS/CNA Student Conference

2009 May 31 - June 3
TELUS Convention Centre, Calgary, Alberta

Page 7 of 7


	Abstract
	1. Introduction
	2. Structural and energetic properties
	3. Electron density of states
	5. Conclusion
	6. Acknowledgement
	7. References


<<
  /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


