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DFEHG�IHJKEMLON�PQIHJSR�TUEHGVIWJKEMLWX L!PQIHJZYFL!E\[!X ]_^�`

a E:b\JK[cG�JKEMdHeMLfGV^�IHJQ[=dW^�TUE\bML![=gihjTU[kL![=glIHeM^0PmL![OnCIHPmo!p!e\PmL�[=IWeqT�GVIHnfL![Op�h\JKnCJKrseML![utvPQL![=gihiTU[�L![
dsT�w(L!ei[kL![!xiPQJKrseiJQbML�[yL�GF[kIHPKJQb\L![(X a E4[!z JKEWGVo(^�L�[�[kL0JKp(J|{CPKTfgihjTU[kL0[kIHPKJQbMLHXi}FE4[kIHPKJQb\LOglL!e�G~L��MJK[cGVL(^~[�IWei[
giPKe\[VJmL!e\^V[u]ZIW^VnCL![(XS}FE\L4]_IW^VnfL�TUnfIW^�gihMLHx�IH��G�IHei[CPQL![�T�GVIHnfL�[fIHe�nfIHPQo!p(e\PQL![u[�IHEWG�T�^�^�TUE\dWo![Cb\L
]�TU�(IWE�TUPmo�T�GVIHJQ^�LWxHL�G�x�{OP�z L(�sGV^��!nCL~PQJKnCJmGVLWxse\EML~gihjT�[�L~p(^VJQ[kG�TUPKPQJKEML~gjT�^V]�TUJ�GVL!nfL�EWG�T�^�^�TUEMdWo(LWXs�+TO^�o�TUPQJmGVo
p�h\JQnuJQr�eML0[kL�GV^�IHe��HL0PmLOgiPKe\[y[�IHe��HL!EWG~L!EWGV^�L0PmL![@bML!eM��X

���������S�1�����=�0���j�+�C�1�+���

 j¡�¢4£\¤�¥�£l¦¨§+©�ªH«�¥�¬�¤�­i®�¯1­\«�°	­j¥Z¤
}~E<p�^VJK[cG�TUPlglT�^V]�TUJ�GyL�[cG@e\E4T�^�^�TUEMdWL!nfL�EWG�G�^�JmgiPQL!nfL�EWGyglo(^VJQIMb\JQr�eMLuR�biTUE\[yPmL![±GV^�IHJQ[yb\JQ^�L!p�G�JmIHEi[�b\L

P�z L�[kgjTUp�L�`�X\�|L=p�^�JQ[cG�TUP�L![kGyb\o!p�^VJmGygjT�^@PKT0GV^�TUE\[VPKT�G�JmIHE<b\e5giPQei[�glL�G�J�G��HIHPQeinfL=glIH[�[�JQ²iPQLOT�g\glL�PmoOnuTUJKPQPQL
o!PQo!nfL�EWG�TUJm^�LHX
³ ��L�nfgiPQL=L�Eµ´�¶·t

maille

élémentaire

¸ X ¹ºt a E5glL�e�G~JQn�T�dWJKEML(^ygjPQei[�JmL�eM^V[@nuTUJKPQPQL![�o�Pmo!nCL!EWG�TUJQ^�L![�g�IWe\^@e\E4nf�!nCL=p(^VJQ[kG�T�P�t

a E�TF^�L!g\^�o![�L!EWGVo@JKp(J\giPKe\[�JQL!eM^V[�n�T�JKPQPQL![So!Pmo�nfL!EHG�TUJQ^�L![SglIHeM^�PmL~p�^VJK[cG�TUPj´�¶»p(Jm¼	bML![V[�e\[!X a EuEMIHnCnfL
^�o![�L�TUe½P�z L!Ei[kL!n-²iPQLCbML�[�L!nCgiPKTUp�L�nfL!EHGV[�glIH[V[�JQ²iPmL�[�glIHe\^=PQL![=nCIUG�JQ]_[CR�T�GVIHnfL![!x�JmIHE\[=IHe½nfIHPQo!p(e\PQL![�`�X
¾ z L![kGFP�z L!Ei[kL!n-²iPQL-bML![FEMI�L!e\bi[(X ³ E4GVIWeMGVLOdWo!E\o(^�TUPQJmGVoWxjIHEµp!T�^�TUp�GVo(^�JQ[kL-eiEML-n�TUJQPKPmL0o�Pmo!nCL!EWG�TUJQ^�L0gjT�^
[VJ��5dW^�TUE\bML�eM^V[=t

γ
a

b

c

α

β



´ ����� ���	��
 
 ��
���������� ������������������
���������� ������
������	� �! ��

�vLO^�o![�L�TUe<p�^VJK[cG�TUPQPKJQE<L�[cG~bMo(¿iEiJ�gjT�^@P�z L!E\[�L!n0²jPmL {a, b, c, α, β, γ} X¾ h\JQnuJQr�eML!nfL�EWG�xHL�G±glIHeM^�^�L![�glL!p�GVL(^±PKT=GV^VJmgjPmL~g�o(^VJmIMb\JKp(JmG�oHxs[�L!e\PK[�[kL(g\G±[kÀM[cGVÁ�nfL![�p(^VJQ[kG�TUPKPQJKE\[±[kIHEWG
glIH[V[�Jm²jPmL![ÂR�¿M�iTUEWG�PQL![@�UTUPQL!eM^V[FglIH[�[�JQ²iPQL![~IHeµJQEHGVL(^Vb\JmGVL![FbML![F[�Jm�4gjT�^�TUnfÁ(G�^VL![~JQEHGV^�I�bie\J�G�[~g\^�o�p�o!bML�nÂ¼
nfL�EWG�`�X\Ã�T�^yL��ML!nfgjPmLWx

Système cubique

a = b = c

α = β = γ = 90◦

α = β = γ = 90◦

a = b 6= c

Système quadratique

Système orthorhombique

a 6= b 6= c

α = β = γ = 90◦

¾ L![S[�L(gMG�[cÀ\[cGVÁ!nCL![Sp�^VJK[cG�TUPQPKJQE\[�E\L@[kIHEHG�gjTU[�GVIHe�ÄcIHeM^V[S]�TUp!JQPQL![�{=e�G�JQPKJQ[�L(^!X a ECe�G�JKPQJK[kL~PmL�[Sr�eiT�GVIW^�w(L
^�o![�L�TUe��<bML0¹�^�T(�UTUJK[(x\giPKe\[@p�IHnCnfIMbML�[(X\Ã�T�^yL��ML!nfgjPmLWx
Å o![kL�TUe4p(eM²iJKrse\L0[�JKnfgiPQLCt

Å o![kL�TUe4p(eM²iJKrse\L0p�L!EHG�^�out
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Å o![kL�TUe4p(eM²iJKrse\L-{f]�TUp�L![@p�L!EHGV^�o(L![Ot

¶�TUEi[fe\E�[kÀM[kGVÁ!nfL<p�^VJK[cG�TUPQPKJQEvx�PmL![CnfIUG�JQ]�[Â[�IHEWGub\JK[kglIH[ko�[f[�e\^fPQL![Chse\JmGu[kIHnCnCL�G�[ÂbML<PZTÇnuTUJKPQPQL
o!PQo!nfL�EWG�TUJm^�LHx±p(L½rseiJFEvz L�[cG<gjTU[5]ZIW^Vp�o�nfL!EHG<PQL½p�T�[<biTUE\[<e\EÈ^�o![�L�TUeÉbML:¹�^�T(�WTUJK[½R�IH�ÉPmL�[5nfIUG�JK]_[
glL!eM�WL�EWG@�(G�^�LOgiPZTUp�o![~TUJQPKPmL!e\^V[�`�X

Ê�¡�Ë-®�­\¬!¬�¥_Ì�ªH­�¤�¥�£l¦¨§+©�¬CªH«�¥�¬�¤�­iÍ|Î

a E½p(PZTU[�[�LCPmL![Op�^VJK[cG�TUe��ÏR�glT�^V]�TUJ�G�[vÐ�`~[kL�PmIHE½PZT5EiT�G�eM^�LCp�hiJQnuJQrse\LCbML�[=PKJKTUJQ[�IHE\[�L�EWGV^�LCPQL![=nCIUGVJK]_[!X
a E5glL�e�GFTUJQEi[�JvbM^�L![V[kL(^@PQL=G�T�²jPmL�TUe4[�e\Jm�WTUEWG0t

¾ PZTU[�[�LOb\e4p�^VJK[cG�TUP ÑµIUG�JQ] ÒcEWGVo(^�TUp�G�JQIHE
nfIHPQo!p(eiPKTUJm^VL nfIHPmo�p(e\PQL PKJKTUJK[kIHE4]�TUJm²jPmL
p�I��WTUPmL!EHG T�GVIWnCL PQJZTUJQ[�IHE<p(I��UTUPQL!EWGVL
JmIHEiJQr�eML JQIHE o!PmL�p�GV^�IH[cG�T�G�JQr�eML
nfo�G�TUPKPQJKrseML T�GVIWnCLOnfo�G�TUPQPKJQr�eML PKJKTUJK[kIHE4nfo�G�TUPQPKJQr�eML

�+Tf[Ve\J�GVL0bML0P�z L��MglIH[ko0[kLOp(IHE\p�L!EHG�^VL(^�Tf[�eM^~PmL![@p�^VJK[cG�TUe��<JmIHE\JKrse\L![(X

�l������Ó±�Ô��Õ0�+��ÖfÓ��×��Õ0�C�(ØOÙCÓ��

¾ L~[�IHEWG�bML![�p�^�JQ[cG�TUe��ub\IHEWG�PmL![�nCIUG�JQ]_[�[kIHEHG±b\L![�JmIHE\[!xsn�T�JKEWGVL!E�e\[�g\^VJKE\p(JQgjTUPQL!nfL!EHG±gjT�^�JKEWGVo(^�T�p�¼
G�JmIHE�o!PQL!p�GV^�IH[cG�T�G�JQr�eMLWX a EÇp�IHE\[VJQb\o(^�L(^�T�biTUEi[@GVIHe�GVLÂPZT�[�e\JmGVLÂr�eMLfPmL![�JmIHEi[F[�IWEHG=bML![�[kgjhMÁ(^�L![�b\eM^VL![
JKE\p�IHnfgi^�L![�[VJm²jPmL![!X

 i¡�Úl¤�«�Í|ªU¤�Í|«�©Ç§1Í¨Û+«�£lÜÇÍ+«�©�§�ÝQ­i«�Þj©M¦j¤�ß5ÞjàÂ«

á IHe�GFbvz T�²lIW^VbvxieiEML-bMo(¿jE\J�G�JQIHEqt\IHE�T�g\glL!PKPmLÂp�IsIW^VbiJQE\L!E\p�L-b�z e\EµnfIUG�JK]1PmL-EMIHn-²\^�L0n�T��MJKnuTUPvb\L
�HIHJQ[VJQE¨{½eiEMLµb\JK[cG�TUE\p�L4¿M�Mo(LWX a E�PZT½EMIHnCnCLµTUe\[�[VJyEMIHn0²i^�L4bML4giPKe\[Cgi^�I�p�hML![f�HIWJK[�JKE\[!XS¶=TUE\[uPQL
p�^VJK[cG�TUP1b\LfD~dH¹�^!xl²i^�IHn-eM^�Lfb�zâT�^�dWL!EHG!x�PQL![�nCIUGVJK]_[�[�IHEWG=b\L!e��ÇJmIHE\[Ât

Ag+ L�G
Br−

X�Ã1IHeM^�^�L![kg�L!p�GVL(^
P�z o�PmL!p�G�^VIWE\L!e�GV^�TUPKJ�GVo0b\e<p�^�JQ[cG�TUP�x\IHE<bMIHJmGFT(�WIHJQ^@PQLOnC�!nfLOEMIHn-²\^�LObvz TUE\JQIHE\[yL�G~bML0p!T�G�JmIHE\[!X
a E<b\o!p�^VJmG~e\EML0nuTUJKPQPQLOb\e4p�^VJK[cG�TUP|T�JKE\[VJ�t
• PQL![@TUEiJmIHE\[ Br−

IMp(p(eMg�L!EWGFPmL![@EMI�L!e\bi[yb�z e\E\LO[kGV^Ve\p�G�eM^�L0p(]_pUX
• PQL![yp�T�GVJQIHE\[ Ag+ [�IWEHGFT�e4nCJKPQJQL!e4bML![~T�^���GVL![�L(GFT�e4p�L!EHGV^�LOb\LOPKTCnuTUJQPKPmLWX

a E4TCTUJQEi[�J�t
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≡ Br−

≡ Ag+

a E�^�L!n�T�^VrseML�r�eML
Br−

L�G
Ag+ [�IHEWGuGVIHe\[�bML�e��ÏL�E¨p�I�IW^Vb\JQE\L!E\p�L½äMX

AgBr
L![kG�e\E¨p(^VJQ[kG�T�P

JQIHE\JQr�eML0bML=G�À�glL0p�I�IW^Vb\JKEML!E\p(L0ä-¼±ä�X

Ê�¡�Ú�¤�­iÛ1¥�®�¥Z¤�åµ§1©Ç®�­½¬�¤�«�Í+ªU¤�Í+«�©�ß5ÞjàÂ«

ÒcP1]�TUe�G=dsT�^VbML(^O{�P�z L![kgi^VJ�GOrse\LfPKT�[cGV^Veip�G�eM^�LÂL![kG=PKT�giPKe\[=p�IHnfgjTUp�G�LÂglIH[�[VJm²jPmLWX a ^�IHEÇbMIHE\E\LfPmL![
^�T(ÀHIHE\[@bML![@[kgih\Á(^�L![@b\eM^�L�[yb\LOp�hjT�p!e\E4bML![@bML!e��<JQIHE\[0R�^�T(ÀHIWEi[yJmIHEiJQr�eML![�`�t
• r(Ag+) = 126 pm

• r(Br−) = 195 pm

¾ L�[kIHEWG5PmL�[�TUE\JQIWEi[�rse\J~[�L<GVIHe\p�hML!EHG5biTUE\[�PZTq[cGV^Ve\p�G�e\^�LWX��vL�[�p!T�G�JmIHE\[�[�IHEWG�bjTUE\[�bML![�[�JmGVL![
JKEWGVL(^V[kGVJmG�JmL�PQ[(xFæ=PZ{ÇIH�ÏJQP±À�T½bML4PZTÇgiPKTUp�LOçlX a ^uPQL![u[kgihMÁ!^�L![C[�IWEHG�b\eM^�L![CL�G�JQnCglo!EMo�GV^�T�²jPmL![!X��|L![
^�T(ÀHIHE\[@p!T�G�JmIHE\JKrseML�[yL�GFTUE\JmIHEiJQr�eML![@bMIHJm�WL!EHG~b\IHE\p=[�T�G�JK[�]�T�JQ^�LOb\L![yp(IHE\b\JmGVJQIHE\[@PQJKnCJmGVL![yb\LO[kG�T�²iJQPKJ�GVoWX

• ¤�­i¦+Þj©�¦+ªH©�®�¥�Üq¥Z¤�©Ïè PQL![0TUE\JmIHEi[O{5PZT5PQJKnCJmG�LCglL!e��HL!EHG0[kLfGVIWeip�hML!^!X+ésIHJ�G a PmLCgjT�^�TUnfÁ(GV^�Lfb\Ln�TUJQPKPmLWXiDFPQIU^�[yPmL�[@TUEiJmIHE\[@[kL=G�IHeip�hML!EHG~PmL0PQIWE\dub�z e\EML0b\JZT�dWIWEjTUPmL0b�z e\EML0]�TUp�L0b\e4p(eM²lLut

a

4 r
−

Ã�e\JK[�r�eML0PmL![~TUE\JQIHE\[@EML=glL�e��WL�EWG~gjTU[y[�L=glo!EMo(GV^�L(^!x\IHE5IW²MG�JmL�EWG~P�z JQEMo!dsT�PKJ�GVout

a
√

2 > 4 r−

¶FLOgiPQei[(xib\L!e��4TUE\JQIHE\[y[�L=^�L!glIWei[�[�L!EWG�xib�z IH�<p�L(GkGVL�G�TUEMdWL!Eip�LOPKJQnuJ�GVLWX
• ê ­j¦|Þl©�¦|ªs©�¯S©s«UÜq¥�¬!©µè L!PQPQL~[�L~]�TUJ�G�L!EHGV^�L~JmIHE\[�bML~[VJmdHEML![SIWgiglIH[ko![!XWÒcp(J�xHPQL![�TUE\JQIHE\[SL(G�p!T�G�JmIHEi[[�L�GVIHe\p�h\L!EWG�x\L�G~p(LOPQLOPQIHEMdub�z e\EML-T�^���GVLObie<p!eM²lLWX a E4bMIHJmG~bMIHE\p0T(�WIHJQ^Ot

r+ + r− =
a

2
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r
+

+ r
−

• ì ­q®�¥�Üí¥Z¤�©µ§+©�¬�¤�­iÛ1¥�®�¥Z¤�å bML0PKTf[kGV^Ve\p�G�eM^VLOD@dH¹±^~TUb\nfL(GyglIHe\^@p�IHE\b\JmG�JmIHE\[Ot




r− 6 a
√

2

4
r+ + r− =

a

2

bvz IH� r+

r−
>
√

2− 1

î±ïHï�ð�ñ�ò�óWô�ñ�õUö�öi÷Møuù�ú�ñ�û(÷jü�t r+

r−
= 0, 65 > 0, 41

ý�¡�þ@¤�Í|§1©�å�¦+©s«�ÞjåH¤�¥�ÿ|Í|©
a Eu�WT0nfIHEWGV^�L!^±JQp(Jlr�eML�PmL�[�JKEWGVo(^�TUp�GVJQIHE\[�o!PmL�p�GV^�IH[cG�T�G�JQr�eML![±[kIHEWGy[cG�T�²iJQPKJQ[�TUEWGVL![!X a E�p(IHE\[�JKbMÁ(^�L�PQL

p!T�G�JQIWEµTUe<p�L�EWGV^�LOb\LOPZTfnuTUJKPQPQLWX\ÒcP�glIH[�[�Á!bMLCt
• ä-�HIWJK[�JKE\[ Br−

{fPZTfb\JK[cG�TUE\p�L a
2

= r0

x
r0

b\JQ[kG�T�Eip�L0b�z o!rseiJQPKJm²\^�LOL�EWGV^�L
Ag+ L�G

Br−
X

• " ´0�WIHJK[�JKE\[ Ag+ {fPZTfb\JK[cG�TUE\p�L
r0

√
2
X

• � �HIWJK[�JKE\[ Br−
{fPZTfb\JK[cG�TUE\p�L

r0

√
3
X

• L�G�p
a ^fJQP±]�TUe�GCTUbinfL�G�GV^�L�r�eML5P�z o!E\L(^�dHJmL�o�PmL!p�G�^VIW[kG�T�GVJKrse\L5b\e p!T�G�JmIHE bML5p�hiT�^�dWL

q′
L!E JKEWGVo(^�TUp�G�JQIHE

T(�HL!pOe\E4JmIHE4bMLOp�hiT�^�dWL
q
{fPZTfb\JK[cG�TUE\p�L

d
�WTUe�G0t

1

4πε0
× qq′

dÒcp(J�x�PQL<p(^VJQ[kG�T�P±L![kGCJKEM¿iEiJ�XS�Sz o!EML(^�dHJQL5o!PQL!p�GV^�IH[kG�T�G�JKrseML5GVIUG�T�PQL5L![kGC[�IHnCnfo!L5[VeM^CP�z L!Ei[kL!n-²iPQL<b\L![
nfIUG�JK]_[ybie<p�^VJK[cG�TUP�t

WE =
1

4πε0

[
6× −e

r0
+ 12× +e

r0

√
2

+ 8× −e
r0

√
3

+ . . .

]
× e

WE =
−e2

4πε0r0
×
[
6− 12√

2
+

8√
3

+ . . .

]

�vLObML!eM�MJQÁ!nfL0]�TUp�GVL!e\^@b\e5gi^�IMb\e\JmGyL![kG~e\EML0[kIHnCnCL=JQE\¿iE\JQL0rse\Jvp�IHEW�HL(^�dWL=�WL!^V[ye\E4EMIHn-²\^�L=^�o(L!P
D-xjT�g\glL!PQoOp(IWEi[cG�TUEWGVLOb\LOÑÇTUb\L!PQeiEMdiX
Ã1IHeM^@D~dH¹±^!x

A = 1, 748

DºEML0bMo(glL�E\b4rseML0bML0PKTÂdWo!IWnCo�GV^VJQLOb\e<[kÀM[kG�Á�nfLWx\L�G@gjTU[@bMLOPZTfEiT�G�eM^�L0bML![@nfIUG�JQ]�[(X

Ã1IHeM^@eiE4T�GVIHnfLHx
WE = − Ae2

4πε0r0

Ã1IHeM^@eiEML0nfIHPmLHx
E ��� = −NAAe2

4πε0r0

E ��� < 0
xipUz L![kG~bMIHE\p=²iJmL�E<[kG�T�²jJQPKJQ[�T�EHG�X

�Sz JQEHG�o!^�TUp�G�JmIHEÇo!PQL!p�GV^�IH[cG�T�G�JKrseMLfL![kG0T�G�GV^�TUp�G�J��HLWX ¾ L(glL!EibiTUEWG�xlGVIHe\[=PQL![=nCIUGVJK]_[=EMLC[�IHEWGOgjTU[�^�TU[c¼
[�L!n0²jPmo![ÂTUe nf�!nCLuglIHJKEWG+Ð ¾ z L![kGfbMIHE\p�r�e�z JQP�L(�MJK[cGVL�e\EqGVL(^VnfL�^�o!gie\PK[�JK]	X á IHe�GVL!]ZIHJK[(x1P�z JKEWGVo(^�TUp�G�JQIHE
T�G�GV^�TUp�G�J��HL=^�L�[cGVLOPKTÂgjPQei[y]_IW^kGVLWX
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�vL0p�^VJK[cG�TUP�^Vo(L!P�glIH[�[�Á!bMLOb\L![yb\o!]�TUe�G�[Ot\glIHE\p�G�eML�PQ[!x\PKJQE\o�TUJm^�L�[(xj{u´�¶ºIHe Æ ¶Âx\L�G~[kIHEWG@g�IWe\^kG�TUEWG@glIHeM^
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