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K.UnneSreceivedtheNobelPr矻 ein1913forh心 )Uwtemperature
wUΓ k︳ead︳ngto thisachievcmcnt.

Whenhel㏑m杺 cUUledtUac㎡ t沁altemperatureof2.I9K(called竹 s
北ㄐηb吃怕﹂Po山班),arCmarkab怡 d心cUn石 nu” ㏑ heatcapac妙 Uccurs,

∥qu︳ddensiydrops,andafractbnUftheIiqⅢ dbecomesazerU
v心cUsly”&∥x許f如山d‵ SupeI㏑6” ariscSiUmtheiactbnUf
atUmswh︳chhascUndensedtUthelUwest pUssib︳ eene:田 .

impUrtantappI︳ cation ofI︳ qu︳ dheI︳ umhasbeen in thestudyUf

呼 andfUrtheap口沁飩㏑nSUf〦u出 m山 Ⅲ 吧

u卬吽回甲軘φ∥+中

LiquidHeⅡⅡⅡlWUrkiⅡ gRaⅡge

Nb●℃,PhL苗
V列如 9)● a⋯盛
§m,HU●neucl岫
卸∥φ帕隬 嚇 磩嗨

啷
中中+中 +
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Superf1Ⅱ id“y
AremarkabbtFansⅢ UnUccurs㏑ theprUpeΠ 怡sUfⅡ年山u〢㏒mat
thetemperature2.I7K,ca︳ ledthe叫餌㏕共陌中U㏑φ f。rhe︳︳um.Part

the田 qu︳dbecUmesa” superf︳u:d”,azerUγ I又X、∥句吽f︳ u:d、vhich
w︳∥mUverap︳ d︳ythrUughanypU「ein theapparatus.

vacuumcUnta㏑erwh沁hseemedtUbe怡 akIghtcouⅡ SuddenV
匕akhd㏑mrapⅡ VasthesuperfluⅡ mUvedoutthrUugha

ho︳e.Avert︳ ca︳ tubecUu︳ dprUduceafUuntaineffect

thesuperfIu︳ dmUvedupthewaⅢ sandUutthetUp.

︳n I938,F.LUndUn prUpUseda”twU-f︳ u︳d” 了n。de︳ tUcxp︳ a︳nthe
︳UrUfthe︳︳quid:nU.na︳ ∥qu:dandthesuperf︳ u︳dfΓ action

consistingofthUseatUms、 vhichhaVe” cUndensed” to the暫
。
und

andmakenocUntΓ lbut︳ UntUtheentropyorheatcapaclyof
I︳qu紀.Th︳scUndensedfract︳ Un︳stheStandardexamp!eUf

Rn.p＿ F:ne︳介:n r.r,h4fn‵ n︳ :nn

ΓemaΓkab︳ echaracter︳ sticUfthethesupe了 f︳ u︳d︳ s︳tsve,
heatcUnductiviy,3UtinesthatofcUpper!

l〦)寸】).?」

、
γs●‘s中

+十

一

-

RefeΓence::

恤
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LambdaPUiⅡtfUrLiquid
Helium

heⅡum︳scoo︳edtUacΓ itica︳ temperatureof2.17K,a
d︳scont︳ nu竹y:nheatcapaclyoccurs,the︳ ︳qu︳ddcnsly

andafracJUnUfthe︳︳qu︳dbecomesazeΓoviScUs︳ ty

.It isca∥ edthe︳ ambdapU︳ ntbecausetheshapeofthe

heatcurve6ⅡkethatGrecklctter.SuperΠ uⅡ lyar心 eS

frUmthefractbnUfhe︳ ㏑matUmswh沁hhascUndensedtUthe
︳Uwest pUss︳ b︳eeneΓεybyaprUcesscaⅢ edn疋冷£﹂●

。
u╛ko.

heⅡum︳scUU︳edtUacrl︳ca︳ tempeΓatureUf2.︳ 7K,a
Fcmarkab㏑ dscUnt㏑ u” ㏑heatcapac⋯ Uccurs,the㏒ uⅡ den封妙
andafract︳ UnUfthe︳iquidbecomcsazerUv︳scUs“y

”
卹

”
.It心 caⅢedthelambdapU:ntbecausctheshapeUfthc
he缸 CurVe心 ⅢkethatGreek㏑ 仗er.Superflu砡“ya日 ses

frUmthefractbnUfhel㏑matUmswh沁hhascondensedto山 e
︳Uwest pUss︳ b︳eene【野 byaprUcessca田ed⋯

T 了人口Ⅲ心Dq:a@s     丁 了λ m｛ c子°●。°
r.曲

specricheatdatafrom1工r出㏑」珀醉︼盯ㄩ〦珀莊u蚌吽,I96I,p.138
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BUse一EinsteinCUnden§ atiUn

╟擲 #早t涅:lf坐呶叮土°〧ㄗi哩上叩叩㏕㏑

Vˊ henhe∥ um iscUUIedtUacrlicaltemperatureUf2.I7K,a

diScUntinulyinhcatcapaclyUccurs,the︳ ︳quiddensity

rUps,andafractiUnUfthe︳iquidbecUmesazeroViScos竹 y
超”.Supern㎡ di妙 ar心 esfrUmthefractiUnUfhe“ um.ntUms

hichhascUndenSedtUthe︳ U、vest pUssib︳ eenergy

cUndensatjUneffcct isaIsUcredited、 vlhprUducing

Inthe理《二S一二hoap吃 pairSUfe｜ectrUnsarecUupled

latt沁 e︳nteracJUns,andthepairs(calledCa呼 姓H”“9aaIke
andcancUndenseintUastateUfzerUe︳ ectricalresistance.

conditionsforachiev︳ ngaBUse-EinsteincUndensatearequ∥ e

Γeme.Theparticipatinε partic】 esmustbecUns:deredtobe
nticaLandthis isacUnditiUnthat isdifficult tUachievefUr、 vhU︳ e

ThccUnditiUnof            requiesthatthe啊
Ufthepart︳ c︳esover︳ apS︳ gnificantly Th︳ Srequircs

lUwtemperaturessUthatthedeBrUε I始 wave︳ enεthswⅢ be
g,buta熔 Urequiesafailyhighpa哎 沁ledensi妙  tUnarrUWthegap
weenthepart沁 les.

SincetheI99Ustherehasbeenasurgeof
researchintUBUse-EinsteincUndensatiUn since

it、vasd︳ scUveredthatBUse-Einstein

cUndensatescUu︳dbefUrlned、 v︳thultra-cU】 d

atUms.TheuseUf1出知∞函㎎ al9dthe什app㏑g
uItra-cUldatUmswith⋯ has

prUducedtemperaturesin thenanUkeIvin ranε e.

CUrneI︳ al9dW怡 manalUngwithKetter︳ eUfMIT
receivedthe2UU〕  NUbe︳ PrizeinPhys︳ cs” fUr

theachievennentUfBUse-EinsteincUndenSatiUn

indi︳ utegaSeSUfalkaIiatUms,andfUrea了 ︳y

fundamenta︳ studiesoftheprUpertiesUfthe

condensatesⅡ .CUme∥ andWiemanIedanactive

εrUupattheUniversityUfCo︳ UradU,BUu︳ der

whichhas prUducedBUse-Einste︳ ncUndensates

with〦海珌如珝叱政m洽 UthergrUups飩 MIT,
HarvardandR︳ cehavebeenve,activein this

advancin?fie︳ d
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F︳ guΓe﹁ 18 Liquidhe｜ iumandthe
po「ous＿ p︳ ugeXpe「 iment (θ )Above
theλ t「ans｜ tio n.the︳ iquidhe∥um
!SSeen toboi vigo「 ous〡 yandthe
︳iqv︳ dins｜ dethesma∥ conta｜ ner
Sea︳ edwith a porovsp｜ ugof
iewe｜ e「
,s rovgedUes notescape

｛b｝ Be〡 owtheλ tran sit｜ on,the
∥qu｜ d｜ squiescentandf︳ ows
throu9htheporousp︳ ug 〞(σ rr
肕εηdθ/ssU方η′┬heQuestfor
Abso〡 uteZe「otWr/e” 〃θw%Uη匕
〞θ9乃 p 2〞′p方坏9C∫ 乃4UrUθㄏap方′c
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2.3.8.DerivationUftheKronig一 PeⅡⅡeymUdeI酋

The sUlujUntU Sch怕 dinger’ s equajUn fUrtheK了 Unig＿PenneypUtenja︳  previUusIy shUwIl in

咖胡3md㎞㏕㏕ Un:生3加碧驟ξ酋
「
淵茁£≒片f黜比驟血ncIUn,namelyatravelingwavesUlujUnUfth︳

切●),W㏑ chhasthesameperiUdastheperiU山 cpUtentiaI.ThetUtaIwaVe血
nctiUn is therefUreUf

thefU一 11一 :

Ψ(x)=ˊ (x)θ
j紅 (2.3.18)

where“什)is theperiUdicnmcdUη asde山 ncdby羽←)=羽 (＿¥+a),and5。 )is thewaVenumber.

ReW了Ⅱngthewave和 nctiUn in suchfU︳ Ⅱ︳allUwsthesiInpliflcaIUnUfthcSchr° dinge了 equatiUn,

wh比hwcnUwapp圩 tUre區 UnI,betweenthebarr沁 rswherc9φ )=UandreoUnΠ ,thebarr怡 r

Υeg㏑nwhereK玢 =怖 :

InregiUnI,Schr° dinger’ sequajUnbecUmes:

(2.3.19)

with

穻
呦 上一
ㄘ::I上
Ⅱ 幻

′
)ˊr(x)tlfUr時 劫

β=馬午v72用E

Whilein regiUnIt,itbecUmes:

(2.3.2U)

(2.3.21)

(2.3.22)

(2.3.23)

(2.3.24)

切〃°Umustbe

(2.3.25)

上一
芸二〧
上上吻 好望2:÷上上w物 ●V′︻9● -tlfUr山 匆

with

ThesUlutiUntUequatiUns(2.3K)and(2.3.8)areUfthefUlIII:

切 (́X)=(4cUs石 比 +Bsinβ 9)ε
j炆

fUrU<x<a-乙

切〃
(X)=(CcUsh研 十 DSinπ )θ

一蔽
fUra-t<x<a

SjncethepUtenj㏕ ,9φ ),isΠ niteeve〃 Whcre,thesUlutiUnsfUr“ KX)and

cUn﹂nuUusaswellastheirflrstderivaⅡ ves.CUntinuityatx=Uresults in:

妨
一力
=a

“′(U)=v〃 (U)sUthat4=C



andcUntinui妙 atx=分tCUmbinedwiththerequirement that“ ◇●beperiUdicresults in:

切′(a-t)=“〃(-t)
(2.3.26)

sUthat

(4cUsβ (a-t)+Bsinβ (a-t99θ
汝̄(“ t)=(CcUshat-Dsinhat)θ 勵  (2.3.27)

CUn“ nuityUftheΠrstdcHvativeatx=Urequiresthat:

響 ｜x旬
=望生
毒÷
三

井x旬

(2.3.28)

TheΠ rstderivativcsUf切 K′)and“〃◆Uare:

響
=(xβ sin戶比一 Bβ cUsβω θ

ī紅
一
。
好(4cUs巧比 +Bsin戶 比)θ

i紅     (2.3.29)

響
=(c‘xsinhUx十 DaCUShaxV￣

紅
一北 (CcUshax+Dsinhaγ 》

┤灶  φ .3.3U)

sUthatφ .3.15)becUmes:

-Bβ -〃日=Da-北C (2.3.31)

FinaIly,cUnInu比 yUftheflrstderivajveatx=a-t,againcUmbinedM八 ththercquircment that

“°)is periU山 c,results in:

響｜x奾 =望生:÷上上｜x劫
(2.3.32)

sUthat

(4β sinβ (a＿ t)-Bβ cUsβ (a一 t))θ
一冰(at)                 (2.3.33)

-9竹 (XcUsβ (a一 t)+Bsinβ (a一 t))θ
￣冰 (“一t)

=(一Casinhat+DacUshat)ε
汝δ＿北 (CcUshat一 Ds丘山 at)θ

j筋

ThisequajUncanbeshη p︳ iIedusjngequajUn(2.3.︳ 4)as:

(4β sinβ (a一 t)一 Bβ cUsβ (a一 t))=(一 Casinhat+DacUshat)θ
極

  (2.3.34)

AsaresultwehavefUurhUmUgenUusequatiUns,φ .3.l砂 ,φ .3.14),φ .3.18),andφ .3.21),wi山

fUl1runknUwns,4,B,ε,andD,fUrwhichtherewillbcasUlutiUnifthcdete1Ⅲ ΠnantUfthiSsetUf

equajUns iszerU,Ur:



=U
c
 
p
〃

=

a
a
∫

粥一

0
 
%
佑

一 
 
a

β

屁

饑一

U

β
sinβ(a一 t)

-β cUsβ(a-t)

一】

U

一cUshatexpo幼

asinatexp以η

U

a

sinhatexp以〞

一acUshatexp以〞

(2.3.35)

(2.3.39)

(2.3.4U)

Theflrst rUWUfthedeteⅡ 1linant representsequaⅡ Un(2.3.12),thesecUndrUwisUbtainedby

cUmu㏕ngφ.3.I8)andφ .3.l勾 ,thethirdrUwrepresentsequatiUnφ .3.14)andthefUurthrUw
ΓepresentsequatiUn(2.32I).ThisdeteⅡ I∥nantcanberewHttcnas加 炮 dete︳ ⅡInants,eachWith

threerUwsandcUll1m,whilcreplacingcUs只 a＿t)by屁 ,si“V-t)byㄙ ,cUsh奶 el1..by錫 and

sinha心 e°
tabyU“

whichresults in:

(2.3.36)
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6.21 Intro to Band Structure

Quantum mechanics is essential to describe the properties of solid materials,
just as it is for lone atoms and molecules. One well-known example is supercon-
ductivity, in which current flows without any resistance. The complete absence
of any resistance cannot be explained by classical physics, just like superfluidity
cannot for fluids.

But even normal electrical conduction simply cannot be explained without
quantum theory. Consider the fact that at ordinary temperatures, typical metals
have electrical resistivities of a few times 10−8 ohm-m (and up to a hundred
thousand times less still at very low temperatures), while Wikipedia lists a
resistance for teflon of up to 1024 ohm-m. (Teflon’s “one-minute” resistivity
can be up to 1019 ohm-m.) That is a difference in resistance between the best
conductors and the best insulators by over thirty orders of magnitude!

There is simply no way that classical physics could even begin to explain it.
As far as classical physics is concerned, all of these materials are quite similar
combinations of positive nuclei and negative electrons.

Consider an ordinary sewing needle. You would have as little trouble sup-
porting its tiny 60 mg weight as a metal has conducting electricity. But multiply
it by 1030. Well, don’t worry about supporting its weight. Worry about the en-
tire earth coming up over your ears and engulfing you, because the needle now
has ten times the mass of the earth. That is how widely different the electrical
conductivities of solids are.

Only quantum mechanics can explain why it is possible, by making the
electron energy levels discrete, and more importantly, by grouping them together
in “bands.”

Key Points

0 Even excluding superconductivity, the electrical conductivities of sol-
ids vary enormously.

6.21.1 Metals and insulators

To understand electrical conduction in solids requires consideration of their
electron energy levels.

Typical energy spectra are sketched in figure 6.19. The spectrum of a free-
electron gas, noninteracting electrons in a box, is shown to the left. The energy
Ep of the single-particle states is shown along the vertical axis. The energy
levels allowed by quantum mechanics start from zero and reach to infinity. The
energy levels are spaced many orders of magnitude more tightly together than
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the hatching in the figure can indicate. For almost all practical purposes, the
energy levels form a continuum. In the ground state, the electrons fill the
lowest of these energy levels, one electron per state. In the figure, the occupied
states are shown in red. For a macroscopic system, the number of electrons is
practically speaking infinite, and so is the number of occupied states.

free
electron

gas

Ep

metal

Ep

insulator

✻❄E
p
gap

Ep

lone
atoms

Ep unoccupied
states
(grey)

occupied
states
(red)

Figure 6.19: Sketch of electron energy spectra in solids at absolute zero tem-
perature. (No attempt has been made to picture a density of states). Far left:
the free-electron gas has a continuous band of extremely densely spaced energy
levels. Far right: lone atoms have only a few discrete electron energy levels.
Middle: actual metals and insulators have energy levels grouped into densely
spaced bands separated by gaps. Insulators completely fill up the highest occu-
pied band.

However, the free-electron gas assumes that there are no forces on the elec-
trons. Inside a solid, this would only be true if the electric charges of the nuclei
and fellow electrons would be homogeneously distributed throughout the entire
solid. In that case the forces come equally from all directions and cancel each
other out perfectly. In a true solid, forces from different directions do tend to
cancel each other out, but this is far from perfect. For example, an electron
very close to one particular nucleus experiences a strong attraction from that
nucleus, much too strong for the rest of the solid to cancel.

The diametrical opposite of the free-electron gas picture is the case that the
atoms of the solid are spaced so far apart that they are essentially lone atoms.
In that case, of course, the “solid” would not physically be a solid at all, but
a thin gas. Lone atoms do not have a continuum of electron energy levels, but
discrete ones, as sketched to the far right in figure 6.19. One basic example
is the hydrogen spectrum shown in figure 4.8. Every lone atom in the system
has the exact same discrete energy levels. Widely spaced atoms do not conduct
electricity, assuming that not enough energy is provided to ionize them. While
for the free-electron gas conduction can be achieved by moving a few electrons to

extrascale=3
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slightly higher energy levels, for lone atoms there are no slightly higher energy
levels.

When the lone atoms are brought closer together to form a true solid, how-
ever, the discrete atomic energy levels broaden out into bands. In particular,
the outer electrons start to interact strongly with surrounding atoms. The dif-
ferent forms that these interactions can take produce varying energies, causing
initially equal electron energies to broaden into bands. The result is sketched
in the middle of figure 6.19. The higher occupied energy levels spread out sig-
nificantly. (The inner atomic electrons, having the most negative net energies,
do not interact significantly with different atoms, and their energy levels do
not broaden much. This is not just because these electrons are farther from
the surrounding atoms, but also because the inner electrons have much greater
kinetic and potential energy levels to start with.)

For metals, conduction now becomes possible. Electrons at the highest oc-
cupied energy level, the Fermi energy, can be moved to slightly higher energy
levels to provide net motion in a particular direction. That is just like they
can for a free-electron gas as discussed in the previous section. The net motion
produces a current.

Insulators are different. As sketched in figure 6.19, they completely fill up
the highest occupied energy band. That filled band is called the “valence band.”
The next higher and empty band is called the “conduction band.”

Now it is no longer possible to prod electrons to slightly higher energy levels
to create net motion. There are no slightly higher energy levels available; all
levels in the valence band are already filled with electrons.

To create a state with net motion, some electrons would have to be moved
to the conduction band. But that would require large amounts of energy. The
minimum energy required is the difference between the top of the valence band
and the bottom of the conduction band. This energy is appropriately called the
“band gap” energy Ep

gap. It is typically of the order of electron volts, comparable
to atomic potentials for outer electrons. That is in turn comparable to ionization
energies, a great amount of energy on an atomic scale.

Resistance is determined for voltages low enough that Ohm’s law applies.
Such voltages do not provide anywhere near the energy required to move elec-
trons to the conduction band. So the electrons in an insulator are stuck. They
cannot achieve net motion at all. And without net motion, there is no current.
That makes the resistance infinite. In this way the band gaps are responsible
for the enormous difference in resistance between metals and insulators.

Note that a normal applied voltage will not have a significant effect on the
band structure. Atomic potential energies are in terms of eV or more. For the
applied voltage to compete with that would require a voltage drop comparable
to volts per atom. On a microscopic scale, the applied potential does not change
the states.
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Key Points

0 Quantum mechanics allows only discrete energy levels for the elec-
trons in a solid, and these levels group together in bands with gaps
in between them.

0 If the electrons fill the spectrum right up to a gap between bands,
the electrons are stuck. It will require a large amount of energy
to activate them to conduct electricity or heat. Such a solid is an
insulator at absolute zero temperature.

0 The filled band is called the valence band, and the empty band above
it the conduction band.

6.21.2 Typical metals and insulators

If a material completely fills up its valence band with electrons, it is an insulator.
But what materials would do that? This subsection gives a few rules of thumb.

One important rule is that the elements towards the left in the periodic table
figure 5.8 are metals. A relatively small group of elements towards the right are
nonmetals.

Consider first the alkali metals found in group I to the far left in the table.
The lone atoms have only one valence electron per atom. It is in an atomic “s”
state that can hold two electrons, chapter 5.9.4. Every spatial state, including
the s state, can hold two electrons that differ in spin.

Now if the lone atoms are brought closer together to form a solid, the spatial
states change. Their energy levels broaden out into a band. However, the total
number of states does not change. One spatial state per atom stays one spatial
state per atom. Since each spatial state can hold two electrons, and there is
only one, the band formed from the s states is only half filled. Therefore, like
the name says, the alkali metals are metals.

In helium the spatial 1s states are completely filled with the two electrons
per atom. That makes solid helium an insulator. It should be noted that helium
is only a solid at very low temperatures and very high pressures. The atoms are
barely held together by very weak Van der Waals forces.

The alkaline metals found in group II of the periodic table also have two
valence electrons per atom. So you would expect them to be insulators too.
However, like the name says, the alkaline metals are metals. What happens is
that the filled band originating from the atomic s states merges with an empty
band originating from the atomic p states. That produces a partially filled
combined band.

This does not apply to helium because there are no 1p states. The lowest
empty energy states for helium are the 2s ones. Still, computations predict
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that helium will turn metallic at extremely high pressures. Compressing a
solid has the primary effect of increasing the kinetic energy of the electrons.
Roughly speaking, the kinetic energy is inversely proportional to the square
of the electron spacing, compare the Fermi energy (6.16). And increasing the
kinetic energy of the electrons brings them closer to a free-electron gas.

A case resembling that of helium is ionic materials in which the ions have a
noble-gas electron structure. A basic example is salt, sodium chloride. These
materials are insulators, as it takes significant energy to take apart the noble-gas
electron configurations. See however the discussion of ionic conductivity later
in this section.

Another case that requires explanation is hydrogen. Like the alkali metals,
hydrogen has only one valence electron per atom. That is not enough to fill up
the energy band resulting from the atomic 1s states. So you would expect solid
hydrogen to be a metal. But actually, hydrogen is an insulator. What happens
is that the energy band produced by the 1s states splits into two. And the lower
half is completely filled with electrons.

The reason for the splitting is that in the solid, the hydrogen atoms combine
pairwise into molecules. In an hydrogen molecule, there are not two separate
spatial 1s states of equal energy, chapter 5.2. Instead, there is a lowered-energy
two-electron spatial state in which the two electrons are symmetrically shared.
There is also a raised-energy two-electron spatial state in which the two electrons
are antisymmetrically shared. So there are now two energy levels with a gap in
between them. The two electrons occupy the lower-energy symmetric state with
opposite spins. In the solid, the hydrogen molecules are barely held together by
weak Van der Waals forces. The interactions between the molecules are small,
so the two molecular energy levels broaden only slightly into two thin bands.
The gap between the filled symmetric states and the empty antisymmetric ones
remains.

Note that sharing electrons in pairs involves a nontrivial interaction between
the two electrons in each pair. The truth must be stretched a bit to fit it
within the band theory idea of noninteracting electrons. Truly noninteracting
electrons would have the spatial states of the hydrogen molecular ion available to
them, chapter 4.6. Here the lower energy state is one in which a single electron
is symmetrically shared between the atoms. And the higher energy state is
one in which a single electron is antisymmetrically shared. In the model of
noninteracting electrons, both electrons occupy the lower-energy single-electron
spatial state, again with opposite spins. One problem with this picture is that
the single-electron states do not take into account where the other electron is.
There is then a significant chance that both electrons can be found around the
same atom. In the correct two-electron state, the electrons largely avoid that.
Being around the same atom would increase their energy, since the electrons
repel each other.
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Note also that using the actual hydrogen molecular ion states may not be
the best approach. It might be better to account for the presence of the other
electron approximately using some nuclear shielding approach like the one used
for atoms in chapter 5.9. An improved, but still approximate way of accounting
for the second electron would be to use a so-called “Hartree-Fock” method.
More generally, the most straightforward band theory approach tends to work
better for metals than for insulators. Alternative numerical methods exist that
work better for insulators. At the time of writing there is no simple magic bullet
that works well for every material.

Group IV elements like diamond, silicon, and germanium pull a similar trick
as hydrogen. They are insulators at absolute zero temperature. However, their
4 valence electrons per atom are not enough to fill the merged band arising
from the s and p states. That band can hold 8 electrons per atom. Like hydro-
gen, a gap forms within the band. First the s and p states are converted into
hybrids, chapter 5.11.4. Then states are created in which electrons are shared
symmetrically between atoms and states in which they are shared antisymmet-
rically. There is an energy gap between these states. The lower energy states
are filled with electrons and the higher energy states are empty, producing again
an insulator. But unlike in hydrogen, each atom is now bonded to four others.
That turns the entire solid into essentially one big molecule. These materials
are much stronger and more stable than solid hydrogen. Like helium, hydrogen
is only a solid at very low temperatures.

It may be noted that under extremely high pressures, hydrogen might be-
come metallic. Not only that, as the smallest atom of them all, and in the
absence of 1p atomic states, metallic hydrogen is likely to have some very un-
usual properties. It makes metallic hydrogen the holy grail of high pressure
physics.

It is instructive to examine how the band theory of noninteracting electrons
accounts for the fact that hydrogen is an insulator. Unlike the discussion above,
band theory does not actually look at the number of valence electrons per atom.
For one, a solid may consist of atoms of more than one kind. In general, crys-
talline solids consist of elementary building blocks called “primitive cells” that
can involve several atoms. Band theory predicts the solid to be a metal if the
number of electrons per primitive cell is odd. If the number of electrons per
primitive cell is even, the material may be an insulator. In solid hydrogen each
primitive cell holds a complete molecule, so there are two atoms per primitive
cell. Each atom contributes an electron, so the number of electrons per primitive
cell is even. According to band theory, that allows hydrogen to be an insulator.
In a similar way group V elements can fill up their valence bands with an odd
number of valence electrons per atom. And like hydrogen, diamond, silicon, and
germanium have two atoms per primitive cell, reflecting the gap that forms in
the merged s and p bands.
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Of course, that cannot be the complete story. It does not explain why atoms
towards the right in the periodic table would group together into primitive cells
that allow them to be insulators. Why don’t the atoms to the left in the periodic
table do the same? Why don’t the alkali metals group together in two-atom
molecules like hydrogen does? Qualitatively speaking, metals are characterized
by valence electrons that are relatively loosely bound. Suppose you compare
the size of the 2s state of a lithium atom with the spacing of the atoms in solid
lithium. If you do, you find that on average the 2s valence electron is no closer
to the atom to which it supposedly “belongs” than to the neighboring atoms.
Therefore, the electrons are what is called “delocalized.” They are not bound
to one specific location in the atomic crystal structure. So they are not really
interested in helping bond “their” particular atom to its immediate neighbors.
On the other hand, to the right in the periodic table, including hydrogen and
helium, the valence electrons are much more tightly held. To delocalize them
would require that the atoms would be squeezed much more tightly together.
That does not happen under normal pressures because it produces very high
kinetic energy of the electrons.

Where hydrogen refuses to be a metal with one valence electron per atom,
boron refuses to do so with three. However, boron is very ambivalent about it.
It does not really feel comfortable with either metallic or covalent behavior. A
bit of impurity can readily turn it metallic. That great sensitivity to impurity
makes the element very hard to study. At the time of writing, it is believed
that boron has a covalent ground state under normal pressures. The convoluted
crystal structure is believed to have a unit cell with either 12 or 106 atoms,
depending on precise conditions.

In group IV, tin is metallic above 13 ◦C, as white tin, but covalent below
this temperature, as grey tin. It is often difficult to predict whether an element
is a metal or covalent near the middle of the periodic table. Lead, of course, is
a metal.

It should further be noted that band theory can be in error because it ignores
the interactions between the electrons. “Mott insulators” and “charge transfer
insulators” are, as the name says, insulators even though conventional band
theory would predict that they are metals.

Key Points

0 In the periodic table, the group I, II, and III elements are normally
metals.

0 Hydrogen and helium are nonmetals. Don’t ask about boron.

0 The group IV elements diamond, silicon, and germanium are insula-
tors at absolute zero temperature.
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6.21.3 Semiconductors

Temperature can have significant effects on electrical conduction. As the pre-
vious section noted, higher temperature decreases the conduction in metals, as
there are more crystal vibrations that the moving electrons can get scattered
by. But a higher temperature also changes which energy states the electrons
occupy. And that can produce semiconductors.

Figure 6.19 showed which energy states the electrons occupy at absolute
zero temperature. There are no electrons with energies above the Fermi level
indicated by the red tick mark. Figure 6.20 shows how that changes for a
nonzero temperature. Now random thermal motion allows electrons to reach
energy levels up to roughly kBT above the Fermi level. Here kB is the Boltzmann
constant and T the absolute temperature. This change in electron energies is
described mathematically by the Fermi-Dirac distribution discussed earlier.
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Figure 6.20: Sketch of electron energy spectra in solids at a nonzero tempera-
ture.

It does not make much difference for a free-electron gas or a metal. However,
for an insulator it may make a dramatic difference. If the band gap is not
too large compared to kBT , random thermal motion will put a few very lucky
electrons in the previously empty conduction band. These electrons can then
be prodded to slightly higher energies to allow some electric current to flow.
Also, the created “holes” in the valence band, the states that have lost their
electrons, allow some electric current. Valence band electrons can be moved
into holes that have a preferred direction of motion from states that do not.
These electrons will then leave behind holes that have the opposite direction of
motion.

It is often more convenient to think of the moving holes instead of the elec-
trons as the electric current carriers in the valence band. Since a hole means
that a negatively charged electron is missing, a hole acts much like a positively
charged particle would.

extrascale=3
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Because both the electrons in the conduction band and the holes in the
valence band allow some electrical conduction, the original insulator has turned
into what is called a “semiconductor.”

The previous section mentioned that a classical picture of moving electrons
simply does not work for metals. Their motion is much too much restrained by
a lack of available empty energy states. However, the conduction band of semi-
conductors is largely empty. Therefore a classical picture works much better for
the motion of the electrons in the conduction band of a semiconductor.

Key Points

0 For semiconductors, conduction can occur because some electrons
from the valence band are thermally excited to the conduction band.

0 Both the electrons that get into the conduction band and the holes
they leave behind in the valence band can conduct electricity.

6.21.4 Semimetals

One additional type of electron energy spectrum for solids should be mentioned.
For a “semimetal,” two distinct energy bands overlap slightly at the Fermi level.
In terms of the simplistic spectra of figure 6.19, that would mean that semimetals
are metals. Indeed they do allow conduction at absolute zero temperature.
However, their further behavior is noticeably different from true metals because
the overlap of the two bands is only small. One difference is that the electrical
conduction of semimetals increases with temperature, unlike that of metals.
Like for semiconductors, for semimetals a higher temperature means that there
are more electrons in the upper band and more holes in the lower band. That
effect is sketched to the far right in figure 6.20.

The classical semimetals are arsenic, antimony, and bismuth. Arsenic and
antimony are not just semimetals, but also “metalloids,” a group of elements
whose chemical properties are considered to be intermediate between metals and
nonmetals. But semimetal and metalloid are not the same thing. Semimetals
do not have to consist of a single element. Conversely, metalloids include the
semiconductors silicon and germanium.

A semimetal that is receiving considerable attention at the time of writing is
graphite. Graphite consists of sheets of carbon atoms. A single sheet of carbon,
called graphene, is right on the boundary between semimetal and semiconductor.
A carbon nanotube can be thought of as a strip cut from a graphene sheet
that then has its long edges attached together to produce a cylinder. Carbon
nanotubes have electrical properties that are fundamentally different depending
on the direction in which the strip is cut from the sheet. They can either be
metallic or nonmetallic.
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Key Points

0 Semimetals have properties intermediate between metals and semi-
conductors.

6.21.5 Electronic heat conduction

The valence electrons in metals are not just very good conductors of electricity,
but also of heat. In insulators electrons do not assist in heat conduction; it takes
too much energy to excite them. However, atomic vibrations in solids can con-
duct heat too. For example, diamond, an excellent electrical insulator, is also
an excellent conductor of heat. Therefore the differences in heat conduction
between solids are not by far as large as those in electrical conduction. Because
atoms can conduct significant heat, no solid material will be a truly superb ther-
mal insulator. Practical thermal insulators are highly porous materials whose
volume consists largely of voids.

Key Points

0 Electrons conduct heat very well, but atoms can do it too.

0 Practical thermal insulators use voids to reduce atomic heat conduc-
tion.

6.21.6 Ionic conductivity

It should be mentioned that electrons do not have an absolute monopoly on
electrical conduction in solids. A different type of electrical conduction is possi-
ble in ionic solids. These solids consist of a mixture of positively and negatively
charged ions. Positive ions, or “cations,” are atoms that have lost one or more
electrons. Negative ions, or “anions,” are atoms that have absorbed one or more
additional electrons. A simple example of a ionic solid is salt, which consists of
Na+ sodium cations and Cl− chlorine anions. For ionic solids a small amount of
electrical conduction may be possible due to motion of the ions. This requires
defects in the atomic crystal structure in order to give the atoms some room to
move.

Typical defects include “vacancies,” in which an atom is missing from the
crystal structure, and “interstitials,” in which an additional atom has been
forced into one of the small gaps between the atoms in the crystal. Now if a
ion gets removed from its normal position in the crystal to create a vacancy, it
must go somewhere. One possibility is that it gets squeezed in between the other
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atoms in the crystal. In that case both a vacancy and an interstitial have been
produced at the same time. Such a combination of a vacancy and an interstitial
is called a “Frenkel defect.” Another possibility occurs in, for example, salt;
along with the original vacancy, a vacancy for a ion of the opposite kind is
created. Such a combination of two opposite vacancies is called a “Schottky
defect.” In this case there is no need to squeeze an atom in the gaps in the
crystal structure; there are now equal numbers of ions of each kind to fill the
surrounding normal crystal sites. Creating defects in Frenkel or Schottky pairs
ensures that the complete crystal remains electrically neutral as it should.

Impurities are another important defect. For example, in salt a Ca2+ calcium
ion might be substituted for a Na+ sodium ion. The calcium ion has the charge of
two sodium ions, so a sodium vacancy ensures electric neutrality of the crystal.
In yttria-stabilized zirconia, (YSZ), oxygen vacancies are created in zirconia,
ZrO2, by replacing some Zr4+ zirconium ions with Y3+ yttrium ones. Calcium
ions can also be used. The oxygen vacancies allow mobility for the oxygen ions.
That is important for applications such as oxygen sensors and solid oxide fuel
cells.

For salt, the main conduction mechanism is by natrium vacancies. But the
ionic conductivity of salt is almost immeasurably small at room temperature.
That is due to the high energy needed to create Schottky defects and for natrium
ions to migrate into the natrium vacancies. Indeed, whatever little conduction
there is at room temperature is due to impurities. Heating will help, as it
increases the thermal energy available for both defect creation and ion mobility.
As seen from the Maxwell-Boltzmann distribution discussed earlier, thermal
effects increase exponentially with temperature. Still, even at the melting point
of salt its conductivity is eight orders of magnitude less than that of metals.

There are however ionic materials that have much higher conductivities.
They cannot compete with metals, but some ionic solids can compete with liq-
uid electrolytes. These solids may be referred to as “solid electrolytes, “fast ion
conductors,” or “superionic conductors.” They are important for such appli-
cations as batteries, fuel cells, and gas sensors. Yttria-stabilized zirconia is an
example, although unfortunately only at temperatures around 1,000 ◦C. In the
best ionic conductors, the crystal structure for one kind of ion becomes so irreg-
ular that these ions are effectively in a molten state. For example, this happens
for the silver ions in the classical example of hot silver iodide. Throw in 25% of
rubidium chloride and RbAg4Cl5 stays superionic to room temperature.

Crystal surfaces are also crystal defects, in a sense. They can enhance ionic
conductivity. For example, nanoionics can greatly improve the ionic conductiv-
ity of poor ionic conductors by combining them in nanoscale layers.

Key Points
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0 In ionic solids, some electrical conduction may occur through the
motion of the ions instead of individual electrons.

0 It is important for applications such as batteries, fuel cells, and gas
sensors.

6.22 Electrons in Crystals

A meaningful discussion of semiconductors requires some background on how
electrons move through solids. The free-electron gas model simply assumes that
the electrons move through an empty periodic box. But of course, to describe a
real solid the box should really be filled with the countless atoms around which
the conduction electrons move.

This subsection will explain how the motion of electrons gets modified by
the atoms. To keep things simple, it will still be assumed that there is no
direct interaction between the electrons. It will also be assumed that the solid
is crystalline, which means that the atoms are arranged in a periodic pattern.
The atomic period should be assumed to be many orders of magnitude shorter
than the size of the periodic box. There must be many atoms in each direction
in the box.

Figure 6.21: Potential energy seen by an electron along a line of nuclei. The
potential energy is in green, the nuclei are in red.

The effect of the crystal is to introduce a periodic potential energy for the
electrons. For example, figure 6.21 gives a sketch of the potential energy seen
by an electron along a line of nuclei. Whenever the electron is right on top of a
nucleus, its potential energy plunges. Close enough to a nucleus, a very strong
attractive Coulomb potential is seen. Of course, on a line that does not pass
exactly through nuclei, the potential will not plunge that low.

Kronig & Penney developed a very simple one-dimensional model that ex-
plains much of the motion of electrons through crystals. It assumes that the
potential energy seen by the electrons is periodic on some atomic-scale period
dx. It also assumes that this potential energy is piecewise constant, like in figure
6.22. You might think of the regions of low potential energy as the immediate
vicinity of the nuclei. This is the model that will be examined. The atomic
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