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Abstract. Motivated by a series of experimental facts regarding anomalous transport properties in certain
complex metallic alloys in this work the use of a generalized expression for the Wiedemann-Franz law is
proposed in order to properly reduce experimental data concerning the phonon contribution to the thermal

conductivity in a systematic way.
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INTRODUCTION

In the study of the thermal transport properties of com-
plex metallic alloys (CMAs) the Wiedemann-Franz
law (WFL) is routinely applied in order to estimate
the phonon contribution to the thermal conductivity,
xpn(T), by substracting to the experimental data, x,(7),
the expected electronic contribution, according to the
expression

1 (T) = 10, (T) = L, To(T), ()

where T is the temperature, Ly = (nkg/e)’/3 = 2.44 x
10°® V K2, is the Lorenz number Sommerfeld’s value,
and o(7T) is the electrical conductivity. In so doing, the
ratio ./, Where xo(T) is the charge carriers’ contri-
bution to the thermal conductivity, has been determined
for several CMA representatives at room temperature.
The reported values cover a relatively wide interval,
ranging from ./ xy, = 2.6 for the (Al,Zn)s;Mn,y Berg-
man phase,’' to Ko/ kpn = 0.5 and x./ Ky, = 0.01 for AlReSi
quasicrystalline approximant,” and AlIPd(Mn,Re) icosa-
hedral quasicrystals,™ respectively. Keeping in mind
that this ratio takes on values within the range 10—100
for conventional alloys, one realizes that the thermal
transport of CMAs is largely dominated by phonons at
room temperature, and that this unusual behavior be-
comes more significant as the structural complexity of
underlying lattice progressively increases, approaching
the long-range quasiperiodic limit. A similar trend was

observed from a fitting analysis of the experimental
curves to a slightly modified WFL version of the form

ko (T) =1, (T) = (1+ &)L, To(T), 2)

where the enhancement parameter ¢ takes on the values
=03, ¢=0.43, and ¢ = 1.10, for ¥-AIPdMn,’ O,/O,-
AICrFe,® and i-AlgCuysFes alloys,7 respectively. The
convenience of adopting a Lorenz number value larger
than the Sommerfeld’s one was also reported from
km(T) / o(T) fits indicating Lqoc / Lo = 1.21 for icosahe-
dral AlCuFe samples at high temperatures within the
temperature range 350-800 K.*° On the basis of these
results it seems then reasonable to revisit the standard
approach based on the systematic application of the
WFL as given by Eqgs. (1) or (2). In particular, in this
work we will propose the use of a generalized WFL of
the form

Ko (1) = 16, (T) = L(T)Ta(T), A3)

which explicitly includes a temperature dependent Lo-
renz number, in order to properly reduce experimental
data regarding (7)) in a systematic way. In fact, since
transport properties of most CMAs are quite unusual by
the standard of common metallic alloys, it seems con-
venient to check up on the validity of this law for these
materials, since our understanding of thermal properties
in these materials should be substantially revised if it
does not hold.'***

*  Presented at the EU Workshop "Frontiers in Complex Metallic Alloys", Zagreb, October 2008.
Dedicated to Professor Boran Leonti¢ on the occasion of his 80" birthday.
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RESULTS AND DISCUSSION

Following previous works we consider a realistic model
for the spectral conductivity close to the Fermi level, °

-1
N ay,

+ , (4
(E—(51)2+y12 (E—62)2+y§} @

O'(E)=E{

which satisfactorily describes the electronic structure of
several CMAs families in terms of a wide Lorentzian
peak (related to the Fermi-surface Brillouin-zone inte-
raction) plus a narrow Lorentzian peak (related to sp-d
hybridization effects). This model includes six parame-
ters, determining the Lorentzian’s heights (¢ /y,) and
widths (~ y;), their positions with respect to the Fermi
level, ¢;, and their relative weight in the overall struc-
ture, > 0. The parameter ¢ is a scale factor measured
in (Q cm eV) ' units. Suitable values for these electronic
model parameters can be obtained by properly combin-
ing ab-initio calculations of approximant phases with
experimental transport data of CMAs within a pheno-
menological approach.'®!"!®

Making use of Eq. (4) a closed analytical expres-
sion for the Lorenz function was obtained, "

_ kD) _y Judnt QB+
To(M) " o+ b +5 5"

L(T) ., )

Where~Q(ﬁ) = n2(21j00/5 + Ja— J121)/3, Joo= ayt
a4‘1(;lﬁé’ya - jll = q +~ 12a3q61f(ﬁ), Zzo = g
12a,q,' f(B), with f(B) = FU — BCy), B
q,B/2m, with B =(k,T)", is a scaled variable and
Culs,a)=2 " (k+a)™ is the Hurwitz Zeta function,
which reduces to the Riemann Zeta function in the case
a = 1. The coefficients g, and a; were defined in Ref. 12
in terms of the spectral conductivity model parameters.
Taking into account the asymptotic limits

+

lim BCy =1, lim B-pC)=1/12, (6)

Eq. (5) can be approximated in the intermediate temper-
ature regime as

u* +ObT* +2°T*
w* +2vbT? +0°T*

LT)~L, (7

where O = 26u/5-4*, b= ¢’L,= 2.44 (eV)’ K2,
and we have introduced the auxiliary coefficients
51 _52

) 2
5181 _5262

y= (51 _52 )2(51822 "'252812) , (8)
5162 - 5261

u=

expressed in_terms of the o(£) model parameters,
where g =y’ +5..
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Figure 1. Temperature variation of the normalized Lorenz
function. The WFL is obeyed at very low temperatures. At
high temperatures L(7) aproaches the asymptotic limit value
21/5. A significant enhancement of the Lorenz number with
respect to the Sommerfeld’s value takes place over a wide
temperature range.

For the sake of illustration, we shall consider the
thermal conductivity of the W-AIPdMn complex phase
(containing about 1500 atoms in the unit cell).'® Follow-
ing the phenomenological approach described in pre-
vious works,'*'"'® the spectral conductivity model pa-
rameters can be determined from a simultaneous fitting
analysis of the electrical conductivity o(7) and ther-
mopower S(7) curves reported in Ref. 19. In this way,
we get a = 0.375, y, =0.028 eV, y, =0.040 eV, J, =
0.028 eV and J, = —0.057 eV. Plugging these values
into Eq. (8) the temperature dependence of the Lorenz
function given by Eq. (7) can be explicitly determined
(Figure 1). In the limit of low temperatures the WFL is
satisfied, as expected, but as the temperature is progres-
sively increased the Lorenz function also increases, in
agreement with the experimental trends summarized in
the previous section. As we see the L(T) approaches an
asymptotic limit in the limit of very high temperatures,
so that the WFL is also obeyed in this case, but the
limiting value is significantly larger than the Sommer-
feld value L;, in agreement with previous experimental
reports.**’ Quite remarkably, a significant enhancement
of the Lorenz number with respect to the Sommerfeld’s
value takes place over a wide temperature range.

The impact of the Lorenz’s function temperature
dependence in a proper analysis of the phonon contribu-
tion to the thermal conductivity is illustrated in Figure 2.
In this figure we compare the measured thermal con-
ductivity (including contributions from both charge
carriers and phonons) with the phonon contribution
derived from the application of the WFL by either as-
suming a constant value for the Lorenz number (Eq. (1),
circles) or explicitly taking into account its temperature
dependence according to Eq. (7) through the expression
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Figure 2. The phonon contribution to the thermal conductivity
is derived by substracting to the experimentally measured
thermal conductivity (x,,, experimental data by courtesy of J.
Dolinsek) the charge carrier contribution (o(7) was reported in
Ref. 19) by assuming a) the validity of the WFL according to
Eq. (1) (circles), or b) by considering a temperature dependent
Lorenz function as given by Eq. (9) (squares).

ko (T) =k, = L(T)o(T)T. 9

One can clearly appreciate that the temperature
dependences of the resulting «,, (7) curves substantial-
ly differ in both cases. In fact, when one considers Z(7)
~ L, one obtains an anomalous behavior, characterized
by a smooth increase of the phonon contribution as the
temperature increases. Conversely, when experimental
data are properly corrected from the L(7") enhancement
effect one gets a physically sound phonon contribution
to the thermal conductivity which steadily decreases
with the temperature starting at 7 = 100 K, as expected
on general physical principles involving phonon-phonon
interactions.

CONCLUSION

In this work we revisit the applicability of the WFL
given by the expression «,(T)=L,To(I) in CMAs.
Spurred by a series of experimental facts, indicating
significant enhancements of the Lorenz number with
respect to the standard Sommerfeld’s value, we propose
the use of a generalized expression for the WFL which
is characterized by a temperature dependent Lorenz
number. On the basis of previous analytical calculations
we obtain a suitable approximate expression for the L(7)
function in terms of a set of model parameters which
can be derived from a fitting analysis to experimental
transport curves corresponding to the electrical conduc-
tivity o(7) and thermoelectric power S(7). As an
illustrative example we derive the phonon contribution
to the thermal conductivity for a W-AIPdMn sample
making use of Egs. (1) and (9), respectively. Whereas
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the use of Eq. (1) leads to an anomalous temperature
dependence of «, (T) (quite similar to those usually
reported in the literature for these materials as recently
reported in Refs. 22 and 23), the «, (T) curve obtained
from Eq. (9) is physically well sound.
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SAZETAK

Teorijski aspekti vodenja topline u kompleksnim metalnim
legurama: Poopcenje Wiedmann-Frantzovog zakona

Enrique Macia

Departamento de Fisica de Materiales, Facultad CC. Fisicas, Universidad Complutense de Madrid,
E-28040, Madrid, Spain

Motivirano nizom eksperimentalnih ¢injenica u svezi anomalnih transportnih svojstava odredenih kompleksnih
metalnih legura u ovom radu je predloZena upotreba generaliziranog izraza za Wiedemann-Franzov zakon. Cilj je
da se na odgovarajuéi na¢in sistemati¢no reducira eksperimentalne podatke koji su relevantni za fononski doprinos
toplinskoj vodljivosti.

Croat. Chem. Acta 83 (2010) 65.




<<
  /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 /Warning
  /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 false
  /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 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /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 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /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 600
  /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 (None)
  /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 [1244.409 813.543]
>> setpagedevice


