
PHS 3210 - Spectroscopie

Chapitre 7

Spectroscopie des solides
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Région du spectre
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Spectroscopie des solides (excitations 
électroniques, vibrationnelles, spins, …)
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Incidente sur un solide, la lumière de longueur d’onde λ est partiellement ou totalement 
réfléchie, réfractée, absorbée, diffusée et transmise.

La réflexion et la réfraction sont déterminées par l’indice de réfraction et l’absorption est 
déterminée par le coefficient du même nom.

La lumière est absorbée par des excitations électroniques, excitoniques, plasmoniques, 
phononiques, ou autres. Ensuite, cette énergie est dissipée sous forme de chaleur ou émise 
sous forme de luminescence. Cette radiation secondaire possède généralement une 
énergie inférieure à l’énergie incidente, mais l’inverse est aussi possible.

La lumière diffusée peut être de même longueur d’onde (Rayleigh) ou d’une longueur 
d’onde différente (diffusion Raman ou Brillouin). La diffusion peut impliquer les phonons, les 
magnons, ou d’autres excitations du solide. 

La spectroscopie des solides s’intéresse à la réflexion, l’absorption, la luminescence et la 
diffusion. 

Mécanismes d’interaction avec un solide
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Conducteurs: Les propriétés sont largement déterminées par le comportement des électrons 
libres dans la bande de conduction.  Dans le visible, la réflexion domine généralement les 
caractéristiques optiques, mais l’absorption peut jouer un rôle important pour certains métaux.

Isolants: Pour les isolants, le gap séparant les bandes de conduction et de valence est 
généralement élevé: il est difficile de briser un lien chimique et de promouvoir un électron à la 
bande de conduction. On s’intéresse aux centres de couleur, i.e., des impuretés actives 
optiquement et formant des états localisés dans le gap.

Semi-conducteurs: Matériaux dont le gap est intermédiaire. La spectroscopie des semi-
conducteurs est riche étant donné qu’on y retrouve un grand nombre des phénomènes 
optiques présents dans les solides. 

Les conducteurs, les semi-cond. et les isolants
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Direct and Indirect absorption
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(a) Direct band gap: 
C.B. minimum at k = 0
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• kphoton = 2S�O ~ 107 m–1 negligible compared to B.Z. size S/a ~ 1011 m–1

• Transitions appear as vertical lines on E – k diagrams
• Phonon needed to conserve momentum for indirect gap materials
• Indirect absorption 2nd order process, therefore low probability

Figure 3.2
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Atomic physics of semiconductors
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Figure 3.3

• Four valence electrons per atom: Group IV (C, Si, Ge),
• III-V compounds (GaAs, InAs, InSb, GaN  ….)
• II-VI compounds (ZnS, ZnSe, CdSe, HgTe, …. )
• V.B. o C.B. is p o s, hence allowed transition

E
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La formation d’une structure de bande.
Voici un exemple.

Si:       [Ne] 3s2 3p2

Ge:     [Ar 3d10] 4s2 4p2

Ga:      [Ar 3d10] 4s2p1

As:      [Ar 3d10] 4s2p3

GaAs:  [Ar 3d10] 4s2p2 (configuration électronique effective similaire à Ge et Si)
On ignore les électrons des couches n complètement remplies, car ceux-ci ont généralement 
une influence mineure sur les propriétés électriques et optiques.  Pour les électrons s et p de 
la dernière couche, 

x

EE

(2 atomes: 8 électrons)

En moyenne, chaque 
atome apporte 2 électrons 
s et 2 électrons p.
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La zone de Brillouin pour les CubiqueFaceCentrée
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GaAs band structure
Figure 3.4

• Direct gap at 1.5 eV

• Very important 
optoelectronic material

• Strong absorption for 
=X > Eg-6
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Fig D.5

Les niveaux d’énergie deviennent des bandes,            , où k est un nombre d’onde. L’énergie 
d’un électron dans un cristal varie selon la magnitude et l’orientation de k. 

En(k)

k est un nombre d’onde et p=ℏk est la quantité de mouvement d’un électron dans le cristal. Il 
ne s’agit pas strictement parlant d’une quantité de mouvement. 21

GaAs band structure
Figure 3.4

• Direct gap at 1.5 eV

• Very important 
optoelectronic material

• Strong absorption for 
=X > Eg-6
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α - Sn
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Transition optique dans une structure de bande
L’absorption et l’émission doivent respecter les lois de conservation. Pour l’absorption, 

Nombre d’onde initial 
de l’excitation du solide Nombre d’onde final

Nombre d’onde du 
photon impliqué

ki,e + kp = kf,e

Le nombre d’onde d’une excitation solide est représentée dans la première zone de Brillouin: 

ke 2 [0, ke,max]

Le nombre d’onde d’un photon:

Excitation: électron, phonon, 
magnon, polariton, polaron

Ainsi, sur l’échelle de la structure de bande, nous avons: ki,e ⇡ kf,e

ke,max =
2⇡

a
⇡ 1010 [ m�1]

kp =
2⇡

�
⇡ 107 [ m�1]

Périodicité du réseau
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Transition optique dans une structure de bande

La conservation de l’énergie impose 

Énergie initiale de 
l’excitation du solide.

Énergie finale de cette 
excitation

Énergie du 
photon impliqué

Ainsi, dans la structure de bandes, l’absorption apparaitra comme une transition verticale, 
d’un état occupé à un état libre. 
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<latexit sha1_base64="aZVkeGCxKXBngNCMYmdRAbwbCCM=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6Od8NO1Xqn7NnwOtkqAgVSjQ7Fe+egNFMkGlJRwb0w381EY51pYRTqflXmZoiskYD2nXUYkFNVE+v3aKzp0yQInSrqRFc/X3RI6FMRMRu06B7cgsezPxP6+b2eQmyplMM0slWSxKMo6sQrPX0YBpSiyfOIKJZu5WREZYY2JdQGUXQrD88ioJ67Wrmn9/WW3UizRKcApncAEBXEMD7qAJIRB4hGd4hTdPeS/eu/exaF3zipkT+APv8wdD7o8O</latexit><latexit sha1_base64="aZVkeGCxKXBngNCMYmdRAbwbCCM=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6Od8NO1Xqn7NnwOtkqAgVSjQ7Fe+egNFMkGlJRwb0w381EY51pYRTqflXmZoiskYD2nXUYkFNVE+v3aKzp0yQInSrqRFc/X3RI6FMRMRu06B7cgsezPxP6+b2eQmyplMM0slWSxKMo6sQrPX0YBpSiyfOIKJZu5WREZYY2JdQGUXQrD88ioJ67Wrmn9/WW3UizRKcApncAEBXEMD7qAJIRB4hGd4hTdPeS/eu/exaF3zipkT+APv8wdD7o8O</latexit>

mso
<latexit sha1_base64="q1E7tvLzhEFgWABAzN8qXvzU1us=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6OdGTfuVql/z50CrJChIFQo0+5Wv3kCRTFBpCcfGdAM/tVGOtWWE02m5lxmaYjLGQ9p1VGJBTZTPr52ic6cMUKK0K2nRXP09kWNhzETErlNgOzLL3kz8z+tmNrmJcibTzFJJFouSjCOr0Ox1NGCaEssnjmCimbsVkRHWmFgXUNmFECy/vErCeu2q5t9fVhv1Io0SnMIZXEAA19CAO2hCCAQe4Rle4c1T3ov37n0sWte8YuYE/sD7/AFZLY8c</latexit><latexit sha1_base64="q1E7tvLzhEFgWABAzN8qXvzU1us=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6OdGTfuVql/z50CrJChIFQo0+5Wv3kCRTFBpCcfGdAM/tVGOtWWE02m5lxmaYjLGQ9p1VGJBTZTPr52ic6cMUKK0K2nRXP09kWNhzETErlNgOzLL3kz8z+tmNrmJcibTzFJJFouSjCOr0Ox1NGCaEssnjmCimbsVkRHWmFgXUNmFECy/vErCeu2q5t9fVhv1Io0SnMIZXEAA19CAO2hCCAQe4Rle4c1T3ov37n0sWte8YuYE/sD7/AFZLY8c</latexit>

k<latexit sha1_base64="pkCnwD1c1tStNccC5IhKaZP4t0M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vjw4rEFYwttKJvtpF272YTdjVBCf4EXDype/Uve/Ddu2xy09cHA470ZZuaFqeDauO63s7a+sbm1Xdop7+7tHxxWjo4fdJIphj5LRKI6IdUouETfcCOwkyqkcSiwHY5vZ377CZXmibw3kxSDmA4ljzijxkqtcb9SdWvuHGSVeAWpQoFmv/LVGyQsi1EaJqjWXc9NTZBTZTgTOC33Mo0pZWM6xK6lksaog3x+6JScW2VAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7YheMsvrxK/Xruqua3LaqNepFGCUziDC/DgGhpwB03wgQHCM7zCm/PovDjvzseidc0pZk7gD5zPHzrajK8=</latexit><latexit sha1_base64="pkCnwD1c1tStNccC5IhKaZP4t0M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vjw4rEFYwttKJvtpF272YTdjVBCf4EXDype/Uve/Ddu2xy09cHA470ZZuaFqeDauO63s7a+sbm1Xdop7+7tHxxWjo4fdJIphj5LRKI6IdUouETfcCOwkyqkcSiwHY5vZ377CZXmibw3kxSDmA4ljzijxkqtcb9SdWvuHGSVeAWpQoFmv/LVGyQsi1EaJqjWXc9NTZBTZTgTOC33Mo0pZWM6xK6lksaog3x+6JScW2VAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7YheMsvrxK/Xruqua3LaqNepFGCUziDC/DgGhpwB03wgQHCM7zCm/PovDjvzseidc0pZk7gD5zPHzrajK8=</latexit>

Eg
<latexit sha1_base64="+XAjRqSTIxvblXIVBnX9b5su31w=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9VgQwWNFYwttKJvtJl262YTdiVBKf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFmRQGXffbWVldW9/YLG2Vt3d29/YrB4ePJs014z5LZarbITVcCsV9FCh5O9OcJqHkrXB4PfVbT1wbkaoHHGU8SGisRCQYRSvd3/TiXqXq1twZyDLxClKFAs1e5avbT1mecIVMUmM6npthMKYaBZN8Uu7mhmeUDWnMO5YqmnATjGenTsipVfokSrUthWSm/p4Y08SYURLazoTiwCx6U/E/r5NjdBWMhcpy5IrNF0W5JJiS6d+kLzRnKEeWUKaFvZWwAdWUoU2nbEPwFl9eJn69dlFz786rjXqRRgmO4QTOwINLaMAtNMEHBjE8wyu8OdJ5cd6dj3nrilPMHMEfOJ8/d3qNYw==</latexit><latexit sha1_base64="+XAjRqSTIxvblXIVBnX9b5su31w=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9VgQwWNFYwttKJvtJl262YTdiVBKf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFmRQGXffbWVldW9/YLG2Vt3d29/YrB4ePJs014z5LZarbITVcCsV9FCh5O9OcJqHkrXB4PfVbT1wbkaoHHGU8SGisRCQYRSvd3/TiXqXq1twZyDLxClKFAs1e5avbT1mecIVMUmM6npthMKYaBZN8Uu7mhmeUDWnMO5YqmnATjGenTsipVfokSrUthWSm/p4Y08SYURLazoTiwCx6U/E/r5NjdBWMhcpy5IrNF0W5JJiS6d+kLzRnKEeWUKaFvZWwAdWUoU2nbEPwFl9eJn69dlFz786rjXqRRgmO4QTOwINLaMAtNMEHBjE8wyu8OdJ5cd6dj3nrilPMHMEfOJ8/d3qNYw==</latexit>

Eso<latexit sha1_base64="HbtG5vcJbEiX6YVSlxfCLPDANlw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCCB4rmLbQhrLZbtq1m92wuxFK6H/w4kHFqz/Im//GbZqDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCPWJ5FJ1Q6wpZ4L6hhlOu4miOA457YSTm7nfeaJKMykezDShQYxHgkWMYGOl9u0g03I2qNbcupsDrRKvIDUo0BpUv/pDSdKYCkM41rrnuYkJMqwMI5zOKv1U0wSTCR7RnqUCx1QHWX7tDJ1ZZYgiqWwJg3L190SGY62ncWg7Y2zGetmbi/95vdRE10HGRJIaKshiUZRyZCSav46GTFFi+NQSTBSztyIyxgoTYwOq2BC85ZdXid+oX9bd+4tas1GkUYYTOIVz8OAKmnAHLfCBwCM8wyu8OdJ5cd6dj0VrySlmjuEPnM8fG+2O9A==</latexit><latexit sha1_base64="HbtG5vcJbEiX6YVSlxfCLPDANlw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCCB4rmLbQhrLZbtq1m92wuxFK6H/w4kHFqz/Im//GbZqDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCPWJ5FJ1Q6wpZ4L6hhlOu4miOA457YSTm7nfeaJKMykezDShQYxHgkWMYGOl9u0g03I2qNbcupsDrRKvIDUo0BpUv/pDSdKYCkM41rrnuYkJMqwMI5zOKv1U0wSTCR7RnqUCx1QHWX7tDJ1ZZYgiqWwJg3L190SGY62ncWg7Y2zGetmbi/95vdRE10HGRJIaKshiUZRyZCSav46GTFFi+NQSTBSztyIyxgoTYwOq2BC85ZdXid+oX9bd+4tas1GkUYYTOIVz8OAKmnAHLfCBwCM8wyu8OdJ5cd6dj0VrySlmjuEPnM8fG+2O9A==</latexit>

Ei,e(ki,e) + Ep = Ef,e(kf,e)



PHS3210 Spectroscopie  9

Transition optique dans une structure de bande

Pour l’émission, nous avons

E<latexit sha1_base64="ilLXX2o66NjhpjWEiqtPVkxxBp0=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCCB5bMLbQhrLZTtq1m03Y3Qil9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHj0oJNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0M/NbT6g0T+S9GacYxHQgecQZNVZq3vbKFbfqzkFWiZeTCuRo9Mpf3X7CshilYYJq3fHc1AQTqgxnAqelbqYxpWxEB9ixVNIYdTCZHzolZ1bpkyhRtqQhc/X3xITGWo/j0HbG1Az1sjcT//M6mYmugwmXaWZQssWiKBPEJGT2NelzhcyIsSWUKW5vJWxIFWXGZlOyIXjLL68Sv1a9rLrNi0q9lqdRhBM4hXPw4ArqcAcN8IEBwjO8wpvz6Lw4787HorXg5DPH8AfO5w8BaIyJ</latexit><latexit sha1_base64="ilLXX2o66NjhpjWEiqtPVkxxBp0=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCCB5bMLbQhrLZTtq1m03Y3Qil9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHj0oJNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0M/NbT6g0T+S9GacYxHQgecQZNVZq3vbKFbfqzkFWiZeTCuRo9Mpf3X7CshilYYJq3fHc1AQTqgxnAqelbqYxpWxEB9ixVNIYdTCZHzolZ1bpkyhRtqQhc/X3xITGWo/j0HbG1Az1sjcT//M6mYmugwmXaWZQssWiKBPEJGT2NelzhcyIsSWUKW5vJWxIFWXGZlOyIXjLL68Sv1a9rLrNi0q9lqdRhBM4hXPw4ArqcAcN8IEBwjO8wpvz6Lw4787HorXg5DPH8AfO5w8BaIyJ</latexit>

me
<latexit sha1_base64="TT1Sq3M3cBUZHE4mt3qdulk9lf0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRF1GPBi8eKxhbaUDbbSbt0dxN2N0IJ/QlePKh49R9589+4bXPQ1gcDj/dmmJkXpZxp43nfTmltfWNzq7xd2dnd2z+oHh496iRTFAOa8ER1IqKRM4mBYYZjJ1VIRMSxHY1vZn77CZVmiXwwkxRDQYaSxYwSY6V70cd+tebVvTncVeIXpAYFWv3qV2+Q0EygNJQTrbu+l5owJ8owynFa6WUaU0LHZIhdSyURqMN8furUPbPKwI0TZUsad67+nsiJ0HoiItspiBnpZW8m/ud1MxNfhzmTaWZQ0sWiOOOuSdzZ3+6AKaSGTywhVDF7q0tHRBFqbDoVG4K//PIqCRr1y7p3d1FrNoo0ynACp3AOPlxBE26hBQFQGMIzvMKbw50X5935WLSWnGLmGP7A+fwBsTyNiQ==</latexit><latexit sha1_base64="TT1Sq3M3cBUZHE4mt3qdulk9lf0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRF1GPBi8eKxhbaUDbbSbt0dxN2N0IJ/QlePKh49R9589+4bXPQ1gcDj/dmmJkXpZxp43nfTmltfWNzq7xd2dnd2z+oHh496iRTFAOa8ER1IqKRM4mBYYZjJ1VIRMSxHY1vZn77CZVmiXwwkxRDQYaSxYwSY6V70cd+tebVvTncVeIXpAYFWv3qV2+Q0EygNJQTrbu+l5owJ8owynFa6WUaU0LHZIhdSyURqMN8furUPbPKwI0TZUsad67+nsiJ0HoiItspiBnpZW8m/ud1MxNfhzmTaWZQ0sWiOOOuSdzZ3+6AKaSGTywhVDF7q0tHRBFqbDoVG4K//PIqCRr1y7p3d1FrNoo0ynACp3AOPlxBE26hBQFQGMIzvMKbw50X5935WLSWnGLmGP7A+fwBsTyNiQ==</latexit>

mhh
<latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="KBet0gCnjjeHoNqWcqCFkvXlYrc=">AAAB43icbVBNS8NAEJ34WeNX9eplsQieSuJBPQpePFYwttCGstls2qWb3bA7EUroH/DgRfHqf/Lmv3H7AWrrg4HHezPMzEsKKSwGwZe3tr6xubVd2/F39/z9g8P60aPVpWE8Ylpq00mo5VIoHqFAyTuF4TRPJG8no9up337ixgqtHnBc8DinAyUywSg6qdWvN4JmMANZJeGCNGCBfv2zl2pW5lwhk9TabhgUGFfUoGCST/xeaXlB2YgOeNdRRXNu42p25oScOSUlmTauFJKZ+nuiorm14zxxnTnFoV32puJ/XrfE7DquhCpK5IrNF2WlJKjJ9GeSCsMZyrEjlBnhbiVsSA1l6JLxXQbh8serJLpoXjaD+58soAYncArnEMIV3MAdtCACBik8w6s39F68N+993rjmLSaO4Q+8j2+GborS</latexit><latexit sha1_base64="yzyOLhJzarnRZY7UO8HS8/mPSfE=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKex6MB4FLx4juEkgWcLsZDY7Zh7LzKwQlvyDFw8qXv0gb/6NkweoiQUNRVU33V1xxpmxvv/lldbWNza3ytuVnd29/YPq4VHLqFwTGhLFle7E2FDOJA0ts5x2Mk2xiDltx6Obqd9+pNowJe/tOKORwEPJEkawdVJL9Is0nfSrNb/uz4BWSbAgNVig2a9+9gaK5IJKSzg2phv4mY0KrC0jnE4qvdzQDJMRHtKuoxILaqJidu0EnTllgBKlXUmLZurviQILY8Yidp0C29Qse1PxP6+b2+QqKpjMckslmS9Kco6sQtPX0YBpSiwfO4KJZu5WRFKsMbEuoIoLIVh+eZWEF/XLun/3EwaU4QRO4RwCaMA13EITQiDwAE/wAq+e8p69N+993lryFjPH8AfexzcaEI6U</latexit><latexit sha1_base64="yzyOLhJzarnRZY7UO8HS8/mPSfE=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKex6MB4FLx4juEkgWcLsZDY7Zh7LzKwQlvyDFw8qXv0gb/6NkweoiQUNRVU33V1xxpmxvv/lldbWNza3ytuVnd29/YPq4VHLqFwTGhLFle7E2FDOJA0ts5x2Mk2xiDltx6Obqd9+pNowJe/tOKORwEPJEkawdVJL9Is0nfSrNb/uz4BWSbAgNVig2a9+9gaK5IJKSzg2phv4mY0KrC0jnE4qvdzQDJMRHtKuoxILaqJidu0EnTllgBKlXUmLZurviQILY8Yidp0C29Qse1PxP6+b2+QqKpjMckslmS9Kco6sQtPX0YBpSiwfO4KJZu5WRFKsMbEuoIoLIVh+eZWEF/XLun/3EwaU4QRO4RwCaMA13EITQiDwAE/wAq+e8p69N+993lryFjPH8AfexzcaEI6U</latexit><latexit sha1_base64="t2KcNGTB5ckXp1RMR6VIYNlal6Y=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmIzGxIgeFWpLYWGLiAQlcyN6yx63sx2V3z4Rc+A82Fmps/UF2/hsXuELBl0zy8t5MZuZFKWfG+v63V9rY3NreKe9W9vYPDo+qxycdozJNaEAUV7oXYUM5kzSwzHLaSzXFIuK0G01u5373iWrDlHyw05SGAo8lixnB1kkdMcyTZDas1vy6vwBaJ42C1KBAe1j9GowUyQSVlnBsTL/hpzbMsbaMcDqrDDJDU0wmeEz7jkosqAnzxbUzdOGUEYqVdiUtWqi/J3IsjJmKyHUKbBOz6s3F/7x+ZuObMGcyzSyVZLkozjiyCs1fRyOmKbF86ggmmrlbEUmwxsS6gCouhMbqy+skaNav6v69X2s1izTKcAbncAkNuIYW3EEbAiDwCM/wCm+e8l68d+9j2VryiplT+APv8wc8mo8G</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit>

mlh
<latexit sha1_base64="aZVkeGCxKXBngNCMYmdRAbwbCCM=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6Od8NO1Xqn7NnwOtkqAgVSjQ7Fe+egNFMkGlJRwb0w381EY51pYRTqflXmZoiskYD2nXUYkFNVE+v3aKzp0yQInSrqRFc/X3RI6FMRMRu06B7cgsezPxP6+b2eQmyplMM0slWSxKMo6sQrPX0YBpSiyfOIKJZu5WREZYY2JdQGUXQrD88ioJ67Wrmn9/WW3UizRKcApncAEBXEMD7qAJIRB4hGd4hTdPeS/eu/exaF3zipkT+APv8wdD7o8O</latexit><latexit sha1_base64="aZVkeGCxKXBngNCMYmdRAbwbCCM=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6Od8NO1Xqn7NnwOtkqAgVSjQ7Fe+egNFMkGlJRwb0w381EY51pYRTqflXmZoiskYD2nXUYkFNVE+v3aKzp0yQInSrqRFc/X3RI6FMRMRu06B7cgsezPxP6+b2eQmyplMM0slWSxKMo6sQrPX0YBpSiyfOIKJZu5WREZYY2JdQGUXQrD88ioJ67Wrmn9/WW3UizRKcApncAEBXEMD7qAJIRB4hGd4hTdPeS/eu/exaF3zipkT+APv8wdD7o8O</latexit>

mso
<latexit sha1_base64="q1E7tvLzhEFgWABAzN8qXvzU1us=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6OdGTfuVql/z50CrJChIFQo0+5Wv3kCRTFBpCcfGdAM/tVGOtWWE02m5lxmaYjLGQ9p1VGJBTZTPr52ic6cMUKK0K2nRXP09kWNhzETErlNgOzLL3kz8z+tmNrmJcibTzFJJFouSjCOr0Ox1NGCaEssnjmCimbsVkRHWmFgXUNmFECy/vErCeu2q5t9fVhv1Io0SnMIZXEAA19CAO2hCCAQe4Rle4c1T3ov37n0sWte8YuYE/sD7/AFZLY8c</latexit><latexit sha1_base64="q1E7tvLzhEFgWABAzN8qXvzU1us=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6OdGTfuVql/z50CrJChIFQo0+5Wv3kCRTFBpCcfGdAM/tVGOtWWE02m5lxmaYjLGQ9p1VGJBTZTPr52ic6cMUKK0K2nRXP09kWNhzETErlNgOzLL3kz8z+tmNrmJcibTzFJJFouSjCOr0Ox1NGCaEssnjmCimbsVkRHWmFgXUNmFECy/vErCeu2q5t9fVhv1Io0SnMIZXEAA19CAO2hCCAQe4Rle4c1T3ov37n0sWte8YuYE/sD7/AFZLY8c</latexit>

k<latexit sha1_base64="pkCnwD1c1tStNccC5IhKaZP4t0M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vjw4rEFYwttKJvtpF272YTdjVBCf4EXDype/Uve/Ddu2xy09cHA470ZZuaFqeDauO63s7a+sbm1Xdop7+7tHxxWjo4fdJIphj5LRKI6IdUouETfcCOwkyqkcSiwHY5vZ377CZXmibw3kxSDmA4ljzijxkqtcb9SdWvuHGSVeAWpQoFmv/LVGyQsi1EaJqjWXc9NTZBTZTgTOC33Mo0pZWM6xK6lksaog3x+6JScW2VAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7YheMsvrxK/Xruqua3LaqNepFGCUziDC/DgGhpwB03wgQHCM7zCm/PovDjvzseidc0pZk7gD5zPHzrajK8=</latexit><latexit sha1_base64="pkCnwD1c1tStNccC5IhKaZP4t0M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vjw4rEFYwttKJvtpF272YTdjVBCf4EXDype/Uve/Ddu2xy09cHA470ZZuaFqeDauO63s7a+sbm1Xdop7+7tHxxWjo4fdJIphj5LRKI6IdUouETfcCOwkyqkcSiwHY5vZ377CZXmibw3kxSDmA4ljzijxkqtcb9SdWvuHGSVeAWpQoFmv/LVGyQsi1EaJqjWXc9NTZBTZTgTOC33Mo0pZWM6xK6lksaog3x+6JScW2VAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7YheMsvrxK/Xruqua3LaqNepFGCUziDC/DgGhpwB03wgQHCM7zCm/PovDjvzseidc0pZk7gD5zPHzrajK8=</latexit>

Eg
<latexit sha1_base64="+XAjRqSTIxvblXIVBnX9b5su31w=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9VgQwWNFYwttKJvtJl262YTdiVBKf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFmRQGXffbWVldW9/YLG2Vt3d29/YrB4ePJs014z5LZarbITVcCsV9FCh5O9OcJqHkrXB4PfVbT1wbkaoHHGU8SGisRCQYRSvd3/TiXqXq1twZyDLxClKFAs1e5avbT1mecIVMUmM6npthMKYaBZN8Uu7mhmeUDWnMO5YqmnATjGenTsipVfokSrUthWSm/p4Y08SYURLazoTiwCx6U/E/r5NjdBWMhcpy5IrNF0W5JJiS6d+kLzRnKEeWUKaFvZWwAdWUoU2nbEPwFl9eJn69dlFz786rjXqRRgmO4QTOwINLaMAtNMEHBjE8wyu8OdJ5cd6dj3nrilPMHMEfOJ8/d3qNYw==</latexit><latexit sha1_base64="+XAjRqSTIxvblXIVBnX9b5su31w=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9VgQwWNFYwttKJvtJl262YTdiVBKf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFmRQGXffbWVldW9/YLG2Vt3d29/YrB4ePJs014z5LZarbITVcCsV9FCh5O9OcJqHkrXB4PfVbT1wbkaoHHGU8SGisRCQYRSvd3/TiXqXq1twZyDLxClKFAs1e5avbT1mecIVMUmM6npthMKYaBZN8Uu7mhmeUDWnMO5YqmnATjGenTsipVfokSrUthWSm/p4Y08SYURLazoTiwCx6U/E/r5NjdBWMhcpy5IrNF0W5JJiS6d+kLzRnKEeWUKaFvZWwAdWUoU2nbEPwFl9eJn69dlFz786rjXqRRgmO4QTOwINLaMAtNMEHBjE8wyu8OdJ5cd6dj3nrilPMHMEfOJ8/d3qNYw==</latexit>

Eso<latexit sha1_base64="HbtG5vcJbEiX6YVSlxfCLPDANlw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCCB4rmLbQhrLZbtq1m92wuxFK6H/w4kHFqz/Im//GbZqDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCPWJ5FJ1Q6wpZ4L6hhlOu4miOA457YSTm7nfeaJKMykezDShQYxHgkWMYGOl9u0g03I2qNbcupsDrRKvIDUo0BpUv/pDSdKYCkM41rrnuYkJMqwMI5zOKv1U0wSTCR7RnqUCx1QHWX7tDJ1ZZYgiqWwJg3L190SGY62ncWg7Y2zGetmbi/95vdRE10HGRJIaKshiUZRyZCSav46GTFFi+NQSTBSztyIyxgoTYwOq2BC85ZdXid+oX9bd+4tas1GkUYYTOIVz8OAKmnAHLfCBwCM8wyu8OdJ5cd6dj0VrySlmjuEPnM8fG+2O9A==</latexit><latexit sha1_base64="HbtG5vcJbEiX6YVSlxfCLPDANlw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCCB4rmLbQhrLZbtq1m92wuxFK6H/w4kHFqz/Im//GbZqDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCPWJ5FJ1Q6wpZ4L6hhlOu4miOA457YSTm7nfeaJKMykezDShQYxHgkWMYGOl9u0g03I2qNbcupsDrRKvIDUo0BpUv/pDSdKYCkM41rrnuYkJMqwMI5zOKv1U0wSTCR7RnqUCx1QHWX7tDJ1ZZYgiqWwJg3L190SGY62ncWg7Y2zGetmbi/95vdRE10HGRJIaKshiUZRyZCSav46GTFFi+NQSTBSztyIyxgoTYwOq2BC85ZdXid+oX9bd+4tas1GkUYYTOIVz8OAKmnAHLfCBwCM8wyu8OdJ5cd6dj0VrySlmjuEPnM8fG+2O9A==</latexit>

ki,e ⇡ kf,e

Ei,e(ki,e) = Ef,e(kf,e) + Ep
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Métaux: Modèle de Drude-Lorentz
Un métal peut être considéré comme un plasma, c’est-à-dire un gaz d’électrons de valence 
très faiblement lié aux “ions” positifs et se déplaçant librement sous l’effet d’une onde 
électromagnétique. 

Modèle de Drude-Lorentz
Modèle de Lorentz: 
Loi de Hooke 

Note: Modèle de Lorentz: l’électron est lié à son atome. La force de cette liaison 
est exprimée par ω0. Pour un métal nous allons poser ω0~0, car l’électron est 
libre. 

Force externe produite par le champ 
EM oscillant à la fréquence ω

Masse de l’électron
Taux de dissipation : γ (s-1)

En posant comme solution, x(t) = x0e
�i!t C’est-à-dire que le déplacement oscille à la même fréquence 

que l’onde EM

Position de l’électron 
p/r à son ion

On trouve,

m0
d2x

dt2
+m0�

dx

dt
+m0!

2
0x = �eE0e

�i!t

<latexit sha1_base64="NvgKue9kU1tTqInxl4scO/F85sM="></latexit><latexit sha1_base64="NvgKue9kU1tTqInxl4scO/F85sM="></latexit><latexit sha1_base64="NvgKue9kU1tTqInxl4scO/F85sM="></latexit><latexit sha1_base64="NvgKue9kU1tTqInxl4scO/F85sM="></latexit>

x(t) =
�eE(t)

m0(!2
0 � !2 � i!�)

<latexit sha1_base64="tjWEhicPkpyRam3rkaD8L484roU="></latexit><latexit sha1_base64="tjWEhicPkpyRam3rkaD8L484roU="></latexit><latexit sha1_base64="tjWEhicPkpyRam3rkaD8L484roU="></latexit><latexit sha1_base64="tjWEhicPkpyRam3rkaD8L484roU="></latexit>
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Métaux: Modèle de Drude Lorentz
Ce déplacement génère une polarisation,

P (t) = �Nex(t) =
�Ne2

m0(!2 + i!�)
E(t)

qui, via le champ de déplacement, définit la permittivité.

D(t) = ✏0✏rE(t) = ✏0E(t) + P (t)

Fréquence plasma!p =

s
Ne2

✏0m0

✏r = 1� P (t)

✏0E(t)

= 1� Ne2

✏0m0

1

(!2 + i!�)

= 1�
!2
p

(!2 + i!�)

La fréquence plasma est la fréquence de résonance naturelle du gaz d’électron. 
Il s’agit de la fréquence où la permittivité change de signe.
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Métaux: Modèle de Drude Lorentz
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Métaux: Modèle de Drude Lorentz
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Métaux: Modèle de Drude Lorentz
Ces résultats s’expriment en fonction de la conductivité DC du matériau.

v(t) =
dx

dt
=

�i!eE(t)

m0(!2 + i!�)

=
eE(t)

m0(i! � �)

Nous avons ainsi que j(t) = �Nev(t) = �E(t)

Nous trouvons �0 =
Ne2

m0�
où

Conductivité AC 

Conductivité DC 

Ainsi, la constante diélectrique et la conductivité AC sont reliées

� =
�0

1� i!⌧

⌧ = ��1 Temps de dissipation

✏r = 1 +
i�(!)

✏0!

Un bon conducteur est un bon réflecteur.
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Réflectance des métaux

Réflectance de l’aluminium

Effet de la structure de bande
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Réflectance des métaux

Metal Énergie plasma [eV] Énergie “damping” [meV] source

Ag 9.6 22.8 Blaber

Al 15.3 598.4 Blaber

Au 8.55 18.4 Blaber

Cu 7.389 9.075 Ordal

K 3.72 18.4 Blaber

Na 5.71 27.6 Blaber

Pt 5.145 69.2 Ordal
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Structure de bande: métal

Al: [Ne] 3s2 3p

Cette structure de bandes 
est calculée à partir des états 
3s  et 3p. Il y a un Al par 
cellule élémentaire. Il y aura 
donc 2 bandes s et 6 bandes 
p. En l’absence de champ 
magnétique, les états de 
spins sont dégénérés (x2), 
c’est pourquoi il n’y a que 4 
bandes.

Il y a 3 électrons par atome 
d’Al à distribuer dans cette 
structure de bande.

Énergie de Fermi

Ne pas tenir compte des lignes pointillées.
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Structure de bande: métal

Al: [Ne] 3s2 3p
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Structure de bande: métal

Cu: [Ar] 3d10 4s
P H YSI CAL REVIEW VOLUME 129, NUMBER 1 1 JANUAR Y 1963

Energy Band Structure of Copper*
GLENN A. BURDICK/f.

Messuchusetts Institlte of Technology Cambridge, M cssechlsetts
(Received 28 June 1962)

The E(k) values were computed for the equivalent of 2048 points in the Brillouin zone and forenergies
ranging from the bottom of the 4s-band to approximately 2 Ry above the Fermi energy. From these calcula-
tions the Fermi energy, Fermi surface, and density of states were determined. Comparison of results with
experiment shows not only qualitative but in most cases quantitative agreement. Agreement with recent
independent theoretical work by Segall suggests an accurate solution of Schrodinger's equation for the
potential used has been obtained.

INTRODUCTION

'HE energy bands, Fermi surface, and density of
states for copper have been determined by the

augmented plane wave (APW) method. Since early 1954
the Solid-State and Molecular Theory Group (SSMTG)
at the Massachusetts Institute of Technology has been
engaged in programming the APW method for the
digital computer. ' This method was first proposed by
Slater in 1937' 4 and the results of the work described
herein together with that of Chodorow on copper, '
Saffren on sodium, ' Wood on iron,"and Allen on
potassium' give strong support to its being a very
practical and accurate way of determining energy bands.
The results for copper, in particular, demonstrate that
energy-band calculations can agree quantitatively with
experiment. .
Copper has been the subject of considerable theo-

retical as well as experimental investigations. However,
until quite recently there did not exist sufficient
facilities, such as the APK digital computer program
used in this work, to allow calculations to be made
except at points of high symmetry in the Brillouin zone.
As far as the author knows this work represents the
most complete energy-band calculation made to date.
One of the first, calculations for copper was made by
Krutter in 1935. He used an extension of the Wigner-
Seitz cellular method and concluded that the bands were
quite free electron-like and obtained no overlapping
of the "s" and "d" bands. Others using the cellular
method with somewhat different potentials were
Fuchs ~ Tibbs, "and Howarth. " Chodorow's work in

1939' "was the first application of the APW method.
Fukuchi" used the orthogonalized plane wave method
for copper in 1956. More recently Segall' " has em-
ployed the Green's function method on copper. In the
past, theoretical works on solids have been primarily
restricted to intercomparisons of energy eigenvalues,
their separations, their ordering, and similar general
features of band structure; the reasons being that the
E(k) could be determined for only a few k of high
symmetry. Furthermore, results obtained from theory
could be compared to experiment in only the most
general way (e.g. , comparing d bandwidths with widths
of x-ray emission spectra). In 1939,Rudberg and Slater"
extended existing cellular method calculations to obtain
an approximate density of states curve for copper.
Beeman and Friedman" used this curve to make a
qualitative comparison with their x-ray emission and
absorption data for the E shell. They found quite good
comparisons considering the necessarily sketchy data
which could be used in determining the density of states.
This will be discussed in greater detail later. The pri-
mary concern over past energy-band calculations (not
only copper) was their inability to agree amongst them-
selves and the fact there had been only the most
moderate success in being able to agree with experiment.
Recent work in the SSMTG together with the work
recently reported by Segall" and the work reported here
seem to indicate that past difficulties lie in faulty
potentials and/or computational errors and not in the
energy-band theory itself. '8
In the past, when E(k) obtained in different studies

have disagreed, it was not known whether the dis-
*This paper is a condensed version of the author's doctorate

thesis submitted to the Massachusetts Institute of Technology in
August 1961.
f Work performed while a National Science Foundation Fellow
)Present Address: Sperry Microwave Electronics Company

Clearwater, Florida.
~ Quarterly Progress Reports, Solid-State and Molecular Theor

Group, April 15, 1954 to date (unpublished), contributions fro
D. J.Howarth, M. M. Siren, J.H. Wood, and others; see: M. M
Sa6ren beginning with QPR, July, 1955 for work on sodium j L
Allen beginning with QPR, July, 1957 for work on potassium.' J. C. Slater, Phys. Rev. 51, 846 (1937).' J. C. Slater, Phys. Rev. 92, 603 (1953).' M. M. Saffren and J. C. Sister, Phys. Rev. 92, 1126 (1953).

5 M, I. Chodorow, Ph.D. Thesis, M.I.T., 1939 (unpublished).
s J. H. Wood, Phys. Rev. 117, 714 (1960); 126, 517 (1962).
7 H. M. Krutter, Phys. Rev. 48, 664 (1935)' K. Fuchs, Proc. Roy. Soc. (London) A151, 585 (1935).

K. Fuchs, Proc. Roy. Soc. (London) A153, 622 (1936)."S.R. Tibbs, Proc. Cambridge Phil. Soc. 34, 89 (1938)."D.J. Howarth, Proc. Roy. Soc. (London) A220& 513 (1953)."M. I. Chodorow, Phys. Rev. 55, 675 (1939).
y "M. Fukuchi, Progr. Theoret. Phys. (Kyoto) 16, 222 (1956).

'4 B. Segall, American Physical Society, annual meeting, New
York, February 1—4, 1961 and meeting held in Washington, D. C.,
April 24—27, 1961;B. Segall and E. O. Kreiger, Bull. Am. Phys.
Soc. 6, 10 (1961).B. Sega, ll, Phys. Rev. 125, 109 (1962)."B.Segall, General Electric Research Laboratory, Report No.
61-RL-(2785G), July, 1961 (unpublished)."E. Rudberg and J. C. Slater, Phys. Rev. 50, 150 (1936).'r W. W. Beeman and H. Friedman, Phys. Rev. 56, 392 (1939).' A joint paper by J. H. Wood, Jean Hanus, and the author
discussing the dependence of energy bands on potential is presently
being prepared for publication.
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Cette structure de bande est 
calculée à partir des états 3d  
et 4s de l’atome de cuivre. Il 
y a un Cu par cellule 
élémentaire. Il y aura donc 2 
bandes s et 10 bandes d. En 
l’absence de champ 
magnétique, les états de 
spins sont dégénérés (x2) et 
on obtient 6 bandes

Il y a 11 électrons par atome 
de Cu à distribuer dans cette 
structure de bande.

Énergie de Fermi
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Energy Band Structure of Copper*
GLENN A. BURDICK/f.

Messuchusetts Institlte of Technology Cambridge, M cssechlsetts
(Received 28 June 1962)

The E(k) values were computed for the equivalent of 2048 points in the Brillouin zone and forenergies
ranging from the bottom of the 4s-band to approximately 2 Ry above the Fermi energy. From these calcula-
tions the Fermi energy, Fermi surface, and density of states were determined. Comparison of results with
experiment shows not only qualitative but in most cases quantitative agreement. Agreement with recent
independent theoretical work by Segall suggests an accurate solution of Schrodinger's equation for the
potential used has been obtained.

INTRODUCTION

'HE energy bands, Fermi surface, and density of
states for copper have been determined by the

augmented plane wave (APW) method. Since early 1954
the Solid-State and Molecular Theory Group (SSMTG)
at the Massachusetts Institute of Technology has been
engaged in programming the APW method for the
digital computer. ' This method was first proposed by
Slater in 1937' 4 and the results of the work described
herein together with that of Chodorow on copper, '
Saffren on sodium, ' Wood on iron,"and Allen on
potassium' give strong support to its being a very
practical and accurate way of determining energy bands.
The results for copper, in particular, demonstrate that
energy-band calculations can agree quantitatively with
experiment. .
Copper has been the subject of considerable theo-

retical as well as experimental investigations. However,
until quite recently there did not exist sufficient
facilities, such as the APK digital computer program
used in this work, to allow calculations to be made
except at points of high symmetry in the Brillouin zone.
As far as the author knows this work represents the
most complete energy-band calculation made to date.
One of the first, calculations for copper was made by
Krutter in 1935. He used an extension of the Wigner-
Seitz cellular method and concluded that the bands were
quite free electron-like and obtained no overlapping
of the "s" and "d" bands. Others using the cellular
method with somewhat different potentials were
Fuchs ~ Tibbs, "and Howarth. " Chodorow's work in

1939' "was the first application of the APW method.
Fukuchi" used the orthogonalized plane wave method
for copper in 1956. More recently Segall' " has em-
ployed the Green's function method on copper. In the
past, theoretical works on solids have been primarily
restricted to intercomparisons of energy eigenvalues,
their separations, their ordering, and similar general
features of band structure; the reasons being that the
E(k) could be determined for only a few k of high
symmetry. Furthermore, results obtained from theory
could be compared to experiment in only the most
general way (e.g. , comparing d bandwidths with widths
of x-ray emission spectra). In 1939,Rudberg and Slater"
extended existing cellular method calculations to obtain
an approximate density of states curve for copper.
Beeman and Friedman" used this curve to make a
qualitative comparison with their x-ray emission and
absorption data for the E shell. They found quite good
comparisons considering the necessarily sketchy data
which could be used in determining the density of states.
This will be discussed in greater detail later. The pri-
mary concern over past energy-band calculations (not
only copper) was their inability to agree amongst them-
selves and the fact there had been only the most
moderate success in being able to agree with experiment.
Recent work in the SSMTG together with the work
recently reported by Segall" and the work reported here
seem to indicate that past difficulties lie in faulty
potentials and/or computational errors and not in the
energy-band theory itself. '8
In the past, when E(k) obtained in different studies

have disagreed, it was not known whether the dis-
*This paper is a condensed version of the author's doctorate

thesis submitted to the Massachusetts Institute of Technology in
August 1961.
f Work performed while a National Science Foundation Fellow
)Present Address: Sperry Microwave Electronics Company

Clearwater, Florida.
~ Quarterly Progress Reports, Solid-State and Molecular Theor

Group, April 15, 1954 to date (unpublished), contributions fro
D. J.Howarth, M. M. Siren, J.H. Wood, and others; see: M. M
Sa6ren beginning with QPR, July, 1955 for work on sodium j L
Allen beginning with QPR, July, 1957 for work on potassium.' J. C. Slater, Phys. Rev. 51, 846 (1937).' J. C. Slater, Phys. Rev. 92, 603 (1953).' M. M. Saffren and J. C. Sister, Phys. Rev. 92, 1126 (1953).

5 M, I. Chodorow, Ph.D. Thesis, M.I.T., 1939 (unpublished).
s J. H. Wood, Phys. Rev. 117, 714 (1960); 126, 517 (1962).
7 H. M. Krutter, Phys. Rev. 48, 664 (1935)' K. Fuchs, Proc. Roy. Soc. (London) A151, 585 (1935).

K. Fuchs, Proc. Roy. Soc. (London) A153, 622 (1936)."S.R. Tibbs, Proc. Cambridge Phil. Soc. 34, 89 (1938)."D.J. Howarth, Proc. Roy. Soc. (London) A220& 513 (1953)."M. I. Chodorow, Phys. Rev. 55, 675 (1939).
y "M. Fukuchi, Progr. Theoret. Phys. (Kyoto) 16, 222 (1956).

'4 B. Segall, American Physical Society, annual meeting, New
York, February 1—4, 1961 and meeting held in Washington, D. C.,
April 24—27, 1961;B. Segall and E. O. Kreiger, Bull. Am. Phys.
Soc. 6, 10 (1961).B. Sega, ll, Phys. Rev. 125, 109 (1962)."B.Segall, General Electric Research Laboratory, Report No.
61-RL-(2785G), July, 1961 (unpublished)."E. Rudberg and J. C. Slater, Phys. Rev. 50, 150 (1936).'r W. W. Beeman and H. Friedman, Phys. Rev. 56, 392 (1939).' A joint paper by J. H. Wood, Jean Hanus, and the author
discussing the dependence of energy bands on potential is presently
being prepared for publication.
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Cu: [Ar 3d10] 4s

La couleur du cuivre s’explique par le fait qu’il est possible d’avoir une transition d’absorption 
de la bande 3d (remplie) à la bande 4s (seulement partiellement remplie)
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=d. In this respect, it might be interesting
to see if Al-A10+-Ag/In/Ag diodes (with rela-
tively thin silver films) produce significantly
sharper structure in analogy to multiple-beam
interferometers, i.e. , two silver mirrors rath-
er than one. The present model proposes e-e
(or h-h) composite states into which electrons
(or holes) tunnel preferentially because such
states satisfy a macroscopic quantum condition
of the "beat" or envelope" momentum &P = (2w/
d)qh. This point of view seems to differ sig-
nificantly from the physical picture underlying
the McMillan-Anderson calculation, although
both yield the same energy spectrum. There
appears to be some reason to believe that simul-
taneous solutions of the three-dimensional Gor'kov
equations (lamina of thickness d) may lead to
a regime qualitatively similar to the one dis-
cussed.
The authors are indebted to G. W. Lehman

for valuable discussions, and to R. R. Hargrove
for preparing the diodes studied.

*Work supported by the Division of Research, Metal-
lurgy and Materials Programs, U. S. Atomic Energy
Commission, under Contract No. AT-(11-1)-GEN-8.
~W. J. Tomasch, Phys. Rev. Letters 16, 16 (1966).
2W. J. Tomasch, Phys. Rev. Letters 15, 672 (1965).
W. L. McMillan and P. W. Anderson, Phys. Rev.

Letters 16, 85 (1966).
4The fact that the single atypical structural feature

exhibited by the thinner In films of Ref. 1 could be in-
corporated into the main series by plotting e&(q) was
first pointed out in Ref. 3.
5J. R. Schrieffer, Rev. Mod. Phys. 36, 200 (1964).
J. Bardeen, L. N. Cooper, and J. R. Schrieffer,

Phys. Rev. 108, 1175 (1957).
7P. N. Dheer, Proc. Roy. Soc. (London) A260, 333 (1961).
Although the choice of nodes at the surface has a

certain appeal, this condition is not mandatory. Alter-
native boundary conditions can produce the same spec-
trum.
~T. Wolfram and G. W. Lehman, to be published.

BAND STRUCTURE AND OPTICAL PROPERTIES OF DIAMOND*

W. Saslow, t T. K. Bergstresser, and Marvin I . Cohen)
Department of Physics, University of California, Berkeley, California

(Received 27 January 1966)

Recently several authors' ' have discussed
new measurements of the optical properties
of diamond, and they have raised many ques-
tions about the measurements and about the
theoretical interpretation of the data. To an-
swer a few of these questions, we present in
this Letter a calculation of the electronic band
structure of diamond. The band structure was
calculated by means of the empirical pseudo-
potential method (EPM)'~' which has been used' '
successfully to interpret the optical properties
of a large number of semiconductors and in-
sulators. The analysis of the resulting diamond
band structure yields some new interpretation
of the structure in the optical ref lectivity.
Within the scope of this interpretation, the
calculated band gaps agree with experiment
to within -0.01 Ry near the fundamental band
gap and to within -0.05 Ry over a range of
1.0 Ry.
The EPM involves choosing pseudopotential

form factors which give band structures con-
sistent with the experimental measurements.
These form factors are first constrained to
give a few of the principal band gaps in agree-

ment with experiment and then used to deter-
mine the electronic band structure at many
points in the Brillouin zone. The pseudopo-
tential form factors V~ used for diamond are
(in Rydbergs) V,~, = —0.811, V»o -—0.337, V»,
=0.132, and V„,=0.041. The V„,form fac-
tor, which is identically zero for a linear
superposition of spherical atomic potentials,
is included here to account for the distribu-
tion of valence charge'~" arising from tetra-
hedral bonding. This tetrahedral distribution
of charge accounts for the presence of the
otherwise forbidden (222) reflection in x-ray
data "~"
The band structure of diamond appears in

Fig. 1. The calculation of the energy bands
is convergent to -0.003 Ry. The lattice con-
stant was taken to be 3.57 A." In Table I
we list the principal energy gaps of this band
structure and the corresponding experimen-
tal values. The location of the conduction-
band minimum is also included in Table I.
The error in the experimental energies at which
the peaks occur in the optical constants is large
both because of the inherent broadness of the
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GaAs band structure
Figure 3.4

• Direct gap at 1.5 eV

• Very important 
optoelectronic material

• Strong absorption for 
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Énergie de Fermi= 0 eV

La bande 1s est à 
des énergies 
inférieures à -30 eV.

s (2 bandes)

Cette structure de bande est 
calculée à partir des états 2s  
et 2p de l’atome de carbone. 
Puisqu’il y a deux atomes par 
cellule élémentaire, il y aura 
donc 4 bandes s et 12 
bandes p. En l’absence de 
champs magnétique, les états 
de spins sont dégénérés et 
chaque bande est en fait 
double.

Étant donné qu’il n’y a que 4 
électrons par atome et deux 
atomes par maille, il y a donc 
8 électrons à distribuer. 

s (2 bandes)

p (6 bandes)

p (6 bandes)
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Ici, les effets spin-orbite sont importants. 
Il est impossible alors d’ignorer le spin. 

Il est donc nécessaire de refaire la 
théorie des groupe pour tenir compte 
non seulement de la symétrie spatiale, 
mais aussi de la symétrie du spin. On 
obtient alors des groupes “doubles”.s (2 bandes)

p (6 bandes)

p (6 bandes)

s (2 bandes)
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