Metadata, citation and similar papers at core.ac.uk

Provided by VBN

Aalborg Universitet
AALBORG UNIVERSITY

DENMARK

A rigorous proof of the Landau-Peierls formula and much more

Briet, Philippe; Cornean, Horia; Savoie, Baptiste

Published in:
Annales Henri Poincare

DOl (link to publication from Publisher):
10.1007/s00023-011-0128-x

Publication date:
2012

Document Version
Early version, also known as pre-print

Link to publication from Aalborg University

Citation for published version (APA):
Briet, P., Cornean, H., & Savoie, B. (2012). A rigorous proof of the Landau-Peierls formula and much more.
Annales Henri Poincare, 13(1), 1-40. https://doi.org/10.1007/s00023-011-0128-x

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

? Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
? You may not further distribute the material or use it for any profit-making activity or commercial gain
? You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: November 29, 2020


https://core.ac.uk/display/60467895?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1007/s00023-011-0128-x
https://vbn.aau.dk/en/publications/edd9f673-85ac-4b75-b18b-6e3e6984a881
https://doi.org/10.1007/s00023-011-0128-x

Ann. Henri Poincaré 13 (2012), 1-40
© 2011 Springer Basel AG
1424-0637/12/010001-40

published online July 2, 2011 I A . L
DOI 10.1007/s00023-011-0128-x Annales Henri Poincaré

A Rigorous Proof of the Landau-Peierls
Formula and much more

Philippe Briet, Horia D. Cornean and Baptiste Savoie

Abstract. We present a rigorous mathematical treatment of the zero-field
orbital magnetic susceptibility of a non-interacting Bloch electron gas, at
fixed temperature and density, for both metals and semiconductors/insu-
lators. In particular, we obtain the Landau-Peierls formula in the low tem-
perature and density limit as conjectured by Kjeldaas and Kohn (Phys
Rev 105:806-813, 1957).

1. Introduction and the Main Results

Understanding the zero-field magnetic susceptibility of a Bloch electron gas is
one of the oldest problems in quantum statistical mechanics.

The story began in 1930 with a paper by Landau [30], in which he com-
puted the diamagnetic susceptibility of a free degenerate gas. (Note that the
rigorous proof of Landau’s formula for free electrons was given by Angelescu
et al. [1] and came as late as 1975). For Bloch electrons (which are subjected to
a periodic background electric potential), the problem is much harder and—to
our best knowledge—it has not been solved yet in its full generality.

The first important contribution to the periodic problem came, when
Peierls [34] introduced his celebrated Peierls substitution and constructed an
effective band Hamiltonian which permitted to reduce the problem to free
electrons. Needless to say that working with only one energy band instead of
the full magnetic Schrodinger operator is an important simplification. Under
the tight-binding approximation he claimed that the dominant contribution
to the zero-field orbital susceptibility of a Bloch electron gas in metals
(at zero temperature) is purely diamagnetic and is given by the so-called
Landau-Peierls formula which consists of replacing in the Landau formula the
mass by the effective mass of the electron. He showed as well the existence of
another contribution which has no simple interpretation and whose magnitude
and sign are uncertain.

® Birkhduser



2 P. Briet et al. Ann. Henri Poincaré

Adams [2] claimed that the Landau-Peierls susceptibility is not always the
dominant contribution to the zero-field orbital susceptibility. By considering
the case of ‘simple metals’ (for which the tight-binding approximation is not
appropriate), he showed that there exist other contributions (certain hav-
ing even positive sign!) coming from bands not containing the Fermi energy.
Besides some special cases, these contributions are of the same order of mag-
nitude as the one given by the Landau-Peierls formula. However, no general
formulas of these other contributions were given.

Kjeldaas and Kohn [26] were probably the first ones who suggested that
for ‘simple metals’ the Landau-Peierls approximation is only valid in the limit
of weak density of electrons, and moreover, the Landau-Peierls formula (see
below (1.17) and (1.18)) has to be corrected with some higher order terms in
the particle density, and these terms must come from the bands not containing
the Fermi energy.

These three papers generated a lot of activity, where the goal was to write
down an exact expression for the zero-field magnetic susceptibility of a Bloch
electron gas in metals at zero temperature. In what follows we comment on
some of the most important works.

The first attempt to address the full quantum mechanical problem—even
though the carriers were boltzons and not fermions—was made by Hebborn
and Sondheimer [21,22]. Unlike the previous authors, they developed a mag-
netic perturbation theory for the trace per unit volume defining the pressure.
The biggest problem of their formalism is that they assumed that all Bloch
energy bands are not overlapping (this is generically false; for a proof of the
Bethe-Sommerfeld conjecture in dimension 3 see e.g. [23]), and that the Bloch
basis is smooth in the quasi-momentum variables. This assumption can fail at
the points where the energy bands cross each other. Not to mention that no
convergence issues were addressed in any way.

Roth [36] developed a sort of magnetic pseudodifferential calculus starting
from the ideas of Peierls, Kjeldaas and Kohn. She used this formalism in order
to compute local traces and magnetic expansions. Similar results are obtain
by Blunt [9]. Their formal computations can most probably be made rigorous
in the case of simple bands.

Hebborn et al. [20] simplified the formalism developed in [22] and gave
for the first time a formula for the zero-field susceptibility of a boltzon gas.
Even though the proofs lack any formal rigor, we believe that their derivation
could be made rigorous for systems where the Bloch bands do not overlap. But
this is generically not the case.

The same year, Wannier and Upadhyaya [40] go back to the method advo-
cated by Peierls, and replace the true magnetic Schrodinger operator with
a (possibly infinite) number of bands modified with the Peierls phase fac-
tor. They claim that their result is equivalent with that one of Hebborn and
Sondheimer [22], but no details are given. Anyhow, the result uses in an essen-
tial way the non-overlapping of Bloch bands. At the same time, Glasser [18]
gave an expression of the bulk zero-field susceptibility in terms of effective
mass by the usual nearly free electron approximation.
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Misra and Roth [32] combined the method of [36] with the ideas of
Wannier in order to include the core electrons in the computation.

Misra and Kleinman [31] had the very nice idea of using sum-rules in
order to replace derivatives with respect to the quasi-momentum variables,
with matrix elements of the “true” momentum operator. They manage in this
way to rewrite the formulas previously derived by Misra and Roth (which only
made sense for non-overlapping bands) in a form which might also hold for
overlapping bands.

As we have already mentioned, the first serious mathematical approach
on the zero-field susceptibility appeared as late as 1975, due to Angelescu et al.
[1]. Then, Helffer and Sjéstrand [24] developed for the first time a rigorous the-
ory based on the Peierls substitution and considered the connection with the
de Haas—Van Alphen effect. These and many more results were reviewed by
Nenciu [33]. A related problem in which the electron gas is confined by a trap-
ping potential was considered by Combescure and Robert [11]. They obtained
the Landau formula in the limit & — O.

Finally we mention that the magnetic response can be described using
the semiclassical theory of the orbital magnetism and the Berry-phase formula,
see [35] for further details. The link between this approach and our work has
yet to be clarified.

Our current paper is based on what we call magnetic perturbation theory,
as developed by the authors and their collaborators in a series of papers start-
ing with 2000 (see [3-7,12-16] and references therein). The results we obtain
in Theorem 1.2 give a complete answer to the problem of zero-field suscepti-
bility. Let us now discuss the setting and properly formulate the mathematical
problem.

1.1. The Setting

Consider a confined quantum gas of charged particles obeying the Fermi—Dirac
statistics. The spin is not considered since we are only interested in orbital
magnetism. Assume that the gas is subjected to a constant magnetic field and
an external periodic electric potential. The interactions between particles are
neglected and the gas is at thermal equilibrium.

The gas is trapped in a large cubic box, which is given by A; =
(_%7 é)?)vL > 1.

Let us introduce our one-body Hamiltonian. We consider a uniform mag-
netic field B = (0,0, B) with B > 0, parallel to the third direction of the
canonical basis of R3. Let a(x) be the symmetric (transverse) gauge a(x) :=
%(—Lﬂg, x1,0) which generates the magnetic field (0,0, 1).

We consider that the background electric potential V' is smooth, i.e. V €
C>®(R3) is a real-valued function and periodic with respect to a (Bravais)
lattice T with unit cell 2. Without loss of generality, we assume that T is the
cubic lattice Z3, thus Q is the unit cube centered at the origin of coordinates.

When the box is finite i.e. 1 < L < oo, the dynamics of each particle
is determined by a Hamiltonian defined in L?(Az) with Dirichlet boundary
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conditions on OAp:

Hp(w) = = (—iVyx —wa(x))? + VL (x) (1.1)

5 (
where V7, stands for the restriction of V' to the box Ap. Here w := £B € R
denotes the cyclotron frequency. The operator Hp (w) is self-adjoint on the
domain D(Hp(w)) = H(AL)NH2(AL). Tt is well known (see [37]) that H (w)
is bounded from below and has compact resolvent. This implies that its spec-
trum is purely discrete with an accumulation point at infinity. We denote
the set of eigenvalues (counting multiplicities and in increasing order) by
{ej(w)}jz1-

When L = oo we denote by H(w) the unique self-adjoint extension of
the operator

% (—iVy —wa(x))* + V(x) (1.2)
initially defined on C5°(R?). Then H,(w) is bounded from below and only has
essential spectrum (see e.g. [8]).

Now let us define some quantum statistical quantities related to the quan-
tum gas introduced above. For the moment we use the grand canonical for-
malism. The finite volume pressure and density of our quantum gas at inverse
temperature 3 := (kgT)~! > 0 (kp stands for the Boltzmann constant), at
fugacity z := e%* > 0 (u € R stands for the chemical potential) and at cyclo-
tron frequency w € R are given by (see e.g. [19]):

PL(B3,2,w) = @TW(AL) {m (1 + ze—ﬁHL(w))}

1 oo
= —— S In(1+4ze P 1.3
BIAL| ; ( ) -
oPy, ze~Pei()
_ 14
pL(ﬁaZ?w) BZ az (ﬁ,z,w |AL| Zl+ze_ﬁej(w) ( )

As the semi-group e #Hr(®) is trace class, the series in (1.3) and (1.4) are
absolutely convergent. Since the function R 5 w — Pp (0, z,w) is smooth (see
[7]), we can define the finite volume orbital susceptibility as the second deriv-
ative of the pressure with respect to the intensity B of the magnetic field at
B =0 (see e.g. [1]):

2
Gc - 9)2 ki 0 1.5
(8.2) = (2) 557 (8.2,0). (15)
When Ap fills the whole space, we proved in [39] that the thermodynamic
limits of the three grand canonical quantities defined above exist. By denoting
Poo(B,z,w) := limy,_.o Pr(B, z,w), we proved moreover the following point-
wise convergence:
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0P, : 0
p(xl(ﬂvZ)w) = ﬂ'z%(ﬁvzaw)zl}g};oﬁz%(ﬁasz) (16)
2 92P, ) 29%P,

and the limit commutes with the first derivative (resp. the second derivative)
of the grand canonical pressure with respect to the fugacity z (resp. to the
external magnetic field B).

Now assume that our fixed external parameter is the density of particles
po > 0. We prefer to see p as a function of the chemical potential p instead
of the fugacity z; the density is a strictly increasing function with respect to
both p and z. Denote by oo (5, po) € R the unique solution of the equation:

00 = Poo (@eﬁum(,@,po)’()) ) (1.8)

The bulk orbital susceptibility at 8 > 0 and fixed density py > 0 defined from
(1.7) is defined as:

X (8, po) i= XGC (8,000 000 (1.9)

In fact one can also show that X(8,po) = —(%)z%(ﬁ,poﬁ) where
foo(B, po,w) is the thermodynamic limit of the reduced free energy defined
as the Legendre transform of the thermodynamic limit of the pressure (see e.g.
[38]). Note that for a perfect quantum gas and in the limit of low temperatures,
(1.9) leads to the so-called Landau diamagnetic susceptibility, see e.g. [1].

In order to formulate our main result, we need to introduce some more
notation. In the case in which w = 0, the Floquet theory for periodic oper-
ators (see e.g. [10], [29] and Sect. 3) allows one to use the band structure of
the spectrum of H(0). Denote by Q* = 27(Q) the Brillouin zone of the dual
lattice T* = 277Z3.

If j > 1, the jth Bloch band function is defined by &; := [minkeco- E;(k),
maxkeo- F; (k)] where { E;(k)};>1 is the set of eigenvalues (counting multiplic-
ities and in increasing order) of the fiber Hamiltonian (k) := 1(—iV+k)*+V
living in L?(T3) with T? := R3/Z3 the 3-dimensional torus. With this defini-
tion, the Bloch energies Ej;(-) are continuous on the whole of Q*, but they are
differentiable only outside a zero Lebesgue measure subset of Q* correspond-
ing to cross-points. In the following we make the assumption that the E;’s are
simple eigenvalues for k in a subset of Q* with full measure. Note that this
assumption is not essential for our approach but it simplifies the presentation,
see Remark 3 below the Theorem 1.2.

The spectrum of H.(0) is absolutely continuous and given (as a set of
points) by o(Hw(0)) = ;2 €;- Note that the sets £; can overlap each other in
many ways, and some of them can even coincide even though they are images
of increasingly ordered functions. The energy bands are disjoint unions of &;’s.
Moreover, if max&; < min&;; for some j > 1 then we have a spectral gap.
Since the Bethe-Sommerfeld conjecture holds true under our conditions [23],
the number of spectral gaps is finite, if not zero.
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It remains to introduce the integrated density of states of the operator
H(0). Recall its definition. For any E € R, let Ni(E) be the number of
eigenvalues of Hy,(0) not greater than E. The integrated density of states of
H(0) is defined by the limit (see [17]):

— = l1m
L—oo |Ayp] L—oo ALl

Noo(E) := (1.10)
and n(+) is a positive continuous and non-decreasing function (see e.g. [10]).
In this case one can express ns(E) with the help of the Bloch energies in the
following way:

JZ1 O

1
1oelB) = s 3 [ vt () i (111)
Q
where X[g,,7)(-) is the characteristic function of the interval [Ey, E]. Thus n.

is clearly continuous in E due to the continuity of the Bloch bands. Moreover,
this function is piecewise constant when E belongs to a spectral gap.

1.2. The Statements of our Main Results

The first theorem is not directly related to the magnetic problem, and it deals
with the rigorous definition of the Fermi energy for Bloch electrons. Even
though these results are part of the ‘physics folklore’, we have not found a
serious mathematical treatment in the literature.

Theorem 1.1. Let py > 0 be fized. If poo (5, po) is the unique real solution of
the equation pso(,e”*,0) = po (see (1.8)), then the limit:

Er(po) = Blirroloum(ﬁ7po) (1.12)

exists and defines an increasing function of py called the Fermi energy. There
can only occur two cases:

SC  (semiconductor/insulator/semimetal):  Suppose  that there exists
some N € N* such that pg = neo(E) for all E € maxEn,minEny1]. Then:
max Ey + min &
Er(po) = N . N1

M (metal): Suppose that there exists a unique solution Ey; of the equation
Noo(Epr) = po which belongs to (min&y,maxEy) for some (possibly not
unique) N. Then:

(1.13)

Remark 1. In other words, a semiconductor/semimetal either has its Fermi
energy in the middle of a non-trivial gap (this occurs if max &y < minEn41),
or where the two consecutive Bloch bands touch each other closing the gap
(this occurs if maxEy = minEn41). As for a metal, its Fermi energy lies in
the interior of a Bloch band.

Remark 2. According to the above result, £ is discontinuous at all values of
po for which the equation ny(E) = pg does not have a unique solution. Each
open gap gives such a discontinuity.
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Now here is our main result concerning the orbital susceptibility of a
Bloch electrons gas at fixed density and zero temperature:

Theorem 1.2. Denote by Ey := inf 0(H(0)).

(i) Assume that the Fermi energy is in the middle of a non-trivial gap (see
(1.13)). Then there exist 2N functions ¢;(-),0;(-), with 1 < j < N,
defined on Q0 outside a set of Lebesque measure zero, such that the inte-
grand in (1.15) can be extended by continuity to the whole of Q* and:

Xsc(po) = Blim X (8, po)

:(3 ﬂmz@ ) +{B; (k) = Er(p0)} 2,(k)}

C

(1.15)

(ii) Suppose that there exists a unique N > 1 such that Ep(pg) € (minEy,
max Ex). Assume that the Fermi surface Sp := {k € Q* : En(k) =
Er(po)} is smooth and non-degenerate. Then there exist 2N + 1 func-
tions Fn(-),¢;(-),09;(-) with 1 < j < N, defined on Q* outside a set of
Lebesgue measure zero, in such a way that they are all continuous on Sg
while the second integrand in (1.16) can be extended by continuity to the
whole of Q*:

21 1

12 (27)3

e

ui(po) = lim X(5.p0) =~ (*)

C

o (k)
]VEN

PEN(k) 02En(k) [0*En(k)\"
- - Kk
k2 k2 ( k1 0k ) 3Fn (k)

N

AﬁﬁmZX%hwm<»mm

&
+{Ej(k) — Er(po)} XiBo,ex (o0 (Ej(K)D;(k)] ¢ . (1.16)

Here X[E,.6x(po)] (+) denotes the characteristic function of the inter-
val By <t < Epr(po)-
(i) Let kp := (672po)3 be the Fermi wave vector. Then in the limit of small
densities, (1.16) gives the Landau-Peierls formula:

2 (mimim3)s

Xu(po) = — ——kr +o(kr); (1.17)
2472c2 mim}
here [7,1} - are the eigenvalues of the positive definite Hessian matriz
i l1<i<3
{07,E1(0)}1<i j<s-

Remark 1. The functions ¢;(-) and 9;(-) with 1 < j < N which appear in
(1.15) are the same as the ones in (1.16). All of them (as well as Fn(-)) can
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be explicitly written down in terms of Bloch energy functions and their asso-
ciated eigenfunctions. One can notice in (1.16) the appearance of an explicit
term associated with the Nth Bloch energy function; it is only this term which
will generate the linear kp behavior in the Landau-Peierls formula.

Remark 2. The functions ¢;(-) and 0;(-) might have local singularities at a set
of Lebesgue measure zero where the Bloch bands might touch each other. But
their combinations entering the integrands above are always bounded because
the individual singularities get canceled by the sum.

Remark 3. The results in (i) and (ii) hold true even if some Bloch bands
are degenerate on a subset of full Lebesgue measure of Q*. But in this case
the functions ¢;(-),9;(-) and Fn(-) cannot be expressed in the same way as
mentioned in Remark 1. Their expressions are more complicated and require
the use of the orthogonal projection corresponding to Ej(-), see the proof of
Lemma 3.7 for further details.

Remark 4. When mj = mj = mj = m* holds in (iii), (1.17) is nothing but
the usual Landau-Peierls susceptibility formula:
2
e
X ~N———
m(po) 242 m*c?

Note that our expression is twice smaller than the one in [34] since we do
not take into account the degeneracy related to the spin of the Bloch electrons.

Remark 5. The assumption V € C>(T?) can be relaxed to V € C"(T3)
with » > 23. The smoothness of V plays an important role in the absolute
convergence of the series defining X (8, po) in Theorem 3.1, before the zero-
temperature limit; see [16] for a detailed discussion on sum rules and local
traces for periodic operators.

kr when kp — 0. (1.18)

Remark 6. The role of magnetic perturbation theory (see Sect. 3) is cru-
cial when one wants to write down a formula for X' (53, pg) which contains no
derivatives with respect to the quasi-momentum k. Remember that the Bloch
energies ordered in increasing order and their corresponding eigenfunctions are
not necessarily differentiable at crossing points.

Remark 7. We do not treat the semi-metal case, in which the Fermi energy
equals Ep(pg) = max&y = min€yy; for some N > 1 (see (1.13)). This
remains as a challenging open problem.

1.3. The Content of the Paper
Let us briefly discuss the content of the rest of this paper:

e In Sect. 2 we thoroughly analyze the behavior of the chemical potential
lloo When the temperature goes to zero defining the Fermi energy. These
results are important for our main theorem.

e In Sect. 3 we give the most important technical result. Applying the
magnetic perturbation theory we arrive at a general formula for X' (3, po)
which contains no derivatives with respect to k. The strategy is somehow
similar to the one used in [14] for the Faraday effect.
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e In Sect. 4 we perform the zero temperature limit and separately analyze
the situations in which the Fermi energy is either in an open spectral gap
or inside the spectrum. It contains the proofs of Theorem 1.2 (i) and (ii).

e In Sect. 5 we obtain the Landau-Peierls formula by taking the low density
limit. It contains the proof of Theorem 1.2 (iii).

2. The Fermi Energy

This section, which can be read independently of the rest of the paper, is only
concerned with the location of the Fermi energy when the intensity of the mag-
netic field is zero (i.e. w = 0). In particular, we prove Theorem 1.1. Although
we assumed in the introduction that V' € C°°(T?), all results of this section
can be extended to the case V € L>(T?).

2.1. Some Preparatory Results

Let £ — (8, ;&) :=In (1 + eﬂ(“_f)) be a holomorphic function on the domain
{£eC: e (—n/B,m/B)}. Let T the positively oriented simple contour
included in the above domain defined by:

= {§R§ € [6,00), I€ = ﬁ:w} U {mg N {w, 2ﬁ] } ,(2.1)

where § is any real number smaller than Ey := inf 0 (H(0)) < inf o(Hoo(w)).
In the following we use 0 := Ey — 1.

The thermodynamic limit of the grand-canonical density at 5 > 0, u € R
and w > 0 is given by (see e.g. [8]):

oo (B, €71, w) = |512| 5 5= Trp2(gs) XQ/dffFD(ﬁ,M;f)(Hoo(w)—@_l (2.2)
r
where §pp (3, ;&) == —B710:F(8, p; €) = (e#E=1 1 1)~1 is the Fermi-Dirac

distribution function and xqo denotes the characteristic function of 2. We
prove in [39] (even for singular potentials) that po (5, ,w) can be analytically
extended to the domain C \ (—oo, —e Fo(«)],

Now assume that the intensity of the magnetic field is zero (w = 0). The
following proposition (stated without proof since the result is well known),
allows us to rewrite (2.2) only using the Bloch energy functions k — E;(k) of
H(0):

Proposition 2.1. Let 3 > 0 and p € R. Denote by Q* the first Brillouin zone
of the dual lattice 2nZ>. Then:

(B0 = o Z / dkfrp (8, s E; (). (2.3)

Note that another useful way to express the grand-canonical density at
zero magnetic field consists in bringing into play the integrated density of
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states (IDS) of the operator Hs (0) (see (1.10) for its definition):

oo

poB.67,0) = = [ ANTEL (5,5 M ). (2.4

— 00

When the density of particles pg > 0 becomes the fixed parameter, the
relation between the fugacity and density can be inverted. This is possible
since for all 8 > 0, the map poo(5,-,0) is strictly increasing on (0,00) and
defines a C*°-diffeomorphism of this interval onto itself. Then there exists an
unique 2o (5, po) € (0,00) and therefore an unique poo (8, po) € R satisfying:

Poo (B, et (B:ro) ) = pg. (2.5)

We now are interested in the zero temperature limit. The following prop-
osition (again stated without proof) is a well known, straightforward conse-
quence of the continuity of n.(+):

Proposition 2.2. Let > Ey := inf 0(H(0)) be fixzed. We have the identity:

Jim pac(5,%,0) SZ [ Xm0 (B30 = ). (20)
J=1 O«

where X[g,,.)(-) denotes the characteristic function of the interval [Eo, p].

We end this paragraph with another preparatory result concerning the
behavior of n., near the edges of a spectral gap. This result is contained in
the following lemma:

Lemma 2.3. Let pg > 0 be fivred. Assume that there exists N > 1 such that
N (E) = po for all E satisfying maxEn < E < minEny1. We set ay =
max &y and by := minEni1. Assume that the gap is open, i.e. ay < by.
Then for § > 0 sufficiently small, there exists a constant C = Cs > 0 such
that:

Noo(aN) — Moo (A) > Clay — N)®  whenever X € [ax — J,ax] (2.7)
and
Noo(A) = Noo (by) > C (A —by)®  whenever A € [by,bx + 4] (2.8)

Proof. We only prove (2.7), since the proof of the other inequality (2.8) is
similar. Since ay = maxkeco+ En(k), the maximum is attained in a (possibly
not unique) point ko, i.e. ay = En(kg). This means that ay is a discrete
eigenvalue of finite multiplicity 1 < M < N of the fiber operator h(ky) =
%(—iV +ko)? + V. In particular, ay is isolated from the rest of the spectrum
since we assumed that ay < by < Eni1(ko). Now when k slightly varies
around kg, the eigenvalue ay will split into at most M different eigenvalues,
the largest of which being EFn (k). Thus from the second equality in (2.6) we
obtain:

Noo(aN) — Noo(A) >

1
(27r)3v01{k e A< EN(k) < aN}.
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We now choose ¢ small enough such that
O'(h(ko)) N [(IN —d,an + (5] = {EN(ko)}

We use analytic perturbation theory in order to control the location of the
spectrum of h(k) when |k — kq| is small (we assume without loss of generality
that ko lies in the interior of 2*). By writing

h(k) = h(ko) + (k — ko) - (—iV + ko) + (k — ko)?/2 =: h(ko) + W (k),
we see that we can find a constant C' > 0 such that
[W(k)(h(ko) —i)~'|| < Clk — ko, |k—ko| <1.

Take a circle v with center at ay and radius r = (ay — A)/2 < §/2. For any
z € 7, by virtue of the first resolvent equation:

(h(ko) — 2)" = (h(ko) — i) ™" + (2 — i) (h(ko) — ©) " (h(ko) — 2) ™"
and by using the estimate ||(h(ko) — 2) || = 2/(ax — A), we can find another
constant Cs > 0 such that:

—1 |k —k |
sup W (1) (ko) — )7 < Oy =55

It turns out that if |k — ko|/(any — A) is smaller than some € > 0, then
sup ||W (k) (h(ko) — 2) || < €Cs whenever |k — ko| < (an — N)e.

zey

lk —ko| < 1.

Standard analytic perturbation theory insures that if € is chosen small enough,
h(k) will have exactly M eigenvalues inside . Thus for all k satisfying
|k—ko| < e(any—A), we have o (h(k))N[ay—d,an]| C [(an+N)/2,an] C [N, an].
In particular, A < En(k) < ay for all such k’s. But the ball in Q* where
|k — ko| < (any — A)e has a volume which goes like (ax — A\)?, and the proof is
finished. O

2.2. Proof of Theorem 1.1

In this paragraph we prove the existence of the Fermi energy. We separately
investigate the semiconducting case and the metallic case.

2.2.1. The Semiconducting Case (SC). We here consider the same situation as
in Lemma 2.3 in which there exists N > 1 such that n. (F) = pg for all F sat-
isfying max &y < F < min&n41. We set ay := maxEy and by := min En 1.
Let 11(3) := ptoo (3, po) be the unique solution of the equation pu. (3, e”*,0) = pq.
We start with the following lemma:

Lemma 2.4.

any < pp = liﬁminf,u(ﬂ) < limsup pu(B8) =: p2 < by (2.9)

B—o00

Proof. We will only prove the inequality ay < 1, since the proof of the other
one (p2 < by) is similar. Assume the contrary: p1; < ay. Define e:=ay—uq > 0.
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Then there exists a sequence {3, },>1 with £, — oo and an integer M, > 1
large enough such that:

nlirrgou(ﬁn) =p; and wu(B,) <any—¢€/2<an, Vn>DM..
Since poo(B,e%#,0) is an increasing function of p, we have:
P0 = Poo (B, ) [0) < pog (B, (¥ =/2) ).
By letting n — oo in the above inequality, (2.6) implies:
po < noo(an — €/2) < noo(an) = po

where in the second inequality we used (2.7). We have arrived at a contradic-
tion. O

Now if ay = by, the proof of (1.13) is over. Thus we can assume that
an < by, i.e. the gap is open. We have the following lemma:

Lemma 2.5. Define cy = (an + by)/2. For any 0 < € < (by — an)/2, there
exists B > 0 large enough such that u(3) € [cn — €, ¢n + €] whenever 8 > ..

Proof. We know that p((3) exists and is unique, thus if we can construct such
a solution in the given interval, it means that this is the one. We use (2.4) in
which we introduce () and arrive at the following identities:

Noo(an) = po

— [ 6w M) = — [ (5 (3 ()
—Noo (bN)frD (B, 1(B); N ) + noo(an)frp (B, 1(B); an)
— [ (5, () M (1),
bn

where in the last term we used the fact that n.o(-) is constant on the inter-
val [an,bn], and this constant is nothing but pg. We can rewrite the above
equation as:

anN

[ IR (3.4 ) 1o () — o)}

-/ NTED (5 u(8): A {macbw) — moe(V)} (2.10)
by

where we used the fact that frp(8, u(8); —o0) = 1 and frp (B, u(B); ) <
Ce™*3 for large \.
In the left hand side of (2.10) we now introduce the explicit formula:
BO—n(8)) BA—an)

V) — — _BeBlan—n(B))
Ofrp (B, 1(B); A) = ﬁ(eg(,\fﬂ(ﬁ)) T2 pe (eBO=1(B) +1)2°
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while in the right hand side of (2.10) we use another expression:

e~ BO=A()
nfep (B, 1B N = =B g o=z

e—B—bnN)
(14 e=BA—u(B))2"

_ _ﬁe—ﬂ(bz\r—#(ﬂ))

Then (2.10) can be rewritten as:

anN

eﬁ()\_aN)
/ ? (eBO—n(B)) 4 1)2 {noc(an) —noo(A)}

— 00

e—BO—bx)
(1 + e BO—u(@))

_ oBL2u(B)~(an+b)} / I\

by

5{no0c(A) = 1o (b))}, (2.11)
or by taking the logarithm:

1 b efA—an)
n() = v+ 35 4 | [ i ) — 1 ()
7 o~ BA—bn)
[ s () — o)
bn

Let us define the smooth function f : [exy — €, ¢y + €] — R given by:

1 o BO—an)
flz) =cn + 25\ ™ / dkm{nm(aw) — Moo (M)}
y —B(A—by)
bn

We will prove that if 5 is large enough, then f invariates the interval [cy —e¢,
¢n + €], which is already enough for the existence of a fixed point. This would
also show that p(f) must be in that interval. But in fact one can prove more:
f is a contraction for large enough g.

The idea is to find some good upper and lower bounds when ( is large
for the integrals under the logarithms. We start by finding a lower bound in
for the first integral. Let 0 > 0 sufficiently small. Using (2.7) in the left hand
side of (2.11) we get:

anN anN

e,@()\fazv) C —Blan—N) 3
/d)\(eﬂ(,\_mw{nm(azv)noo@)}24 / e (an—A)" (2.13)

—o0 an—4

where we used that x > ay > X in order to get rid of the numerator. After
a change of variables and using some basic estimates one arrives at another
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constant C' > 0 such that for  sufficiently large:

o ofA—an) C
/ d)\m{nm(%\r) —Noo(A)} 2 5 (2.14)

By restricting the interval of integration to [by,by + 6] and by using (2.8),
we obtain by the same method a similar lower bound for the second integral
under the logarithm. Moreover, using the Weyl asymptotics which says that
Noo(A) ~ A2 for large A (see e.g. [27]), one can also get a power-like upper
bound in (8 for our two integrals.

We deduce from these estimates that there exists a constant C. > 0 such
that:

sup  |f(z) —en| < M, B> 1.
zE€[en—€,cn el ﬂ
Thus if 3 is large enough, f invariates the interval. Being continuous, it must
have a fixed point. Moreover, the derivative f’(z) decays exponentially with
0 uniformly in « € [exy — €,cn + €]. It implies that if 3 is large enough, then
lf'lloc < 1, that is f is a contraction. O

2.2.2. The Metallic Case (M). Consider the situation in which there exists
a unique solution Fj; of the equation n(Err) = po, and this solution lies
in the interior of a Bloch band. In other words, there exists (a possibly not
unique) integer N > 1 such that min €y < Epy < max Ey. We will use in the
following that the IDS no.(-) is a strictly increasing function on the interval
[min En, max En].

Let p(B) = peo(B,p0) be the unique real solution of the equation
Poo (8, €7#B) 0) = pg. Let us show that:

Ey < liﬂminf,u(ﬁ) < limsup u(8) < Epr, (2.15)
—00 B—o00
which would end the proof. We start with the first inequality.

Assume ad-absurdum that pq := liminfg_,oo u(8) < Ej. Then there
exists € > 0 and a sequence {f, }n>1 satisfying 3, — oo such that:

Jim pu(Bn) = g1y p(Bn) < By —€, Vo> 1
Since poo(B,e%#,0) is increasing with j, we have:
Neo(Ear) = po = lm_ poc (B, e, 0)
n—oo
< lim poo(Bn, €2 EM=9 0) = n o (Epr —e), (2.16)
where in the last equality we used (2.6). But the inequality no.(Fy) <
Noo (Epn —€) is in contradiction with the fact that n(+) is a strictly increasing
function near Fj;. Thus Ep < pg.

Now assume ad-absurdum that pp := limsupg_, . u(8) > Ey. Then
there exists € > 0 and a sequence {f,, },>1 satisfying 3, — oo such that:

Jim p(Bn) = p2, En+e<p(Bn), Vn= 1
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We again use that poo(3,e%,0) is increasing with p and write:
Noo (B +€) = lim poo (BnaeB"(EMJrE)aO)
< lim poc(ﬁna eﬂnﬂ(ﬁn)70) =po = noo<E]W>7 (2-17)
n—oo

where in the first equality we again used (2.6). But the inequality neo(Ep+e€) <
Noo (Ear) 1s also in contradiction with the fact that ne(-) is a strictly increasing
function near Fj;. Therefore s < Eyy. O

3. The Zero-Field Susceptibility at Fixed Density and Positive
Temperature

In this section we prove a general formula for the zero-field grand-canonical
susceptibility of a Bloch electrons gas at fixed density and positive tempera-
ture.

Here is the main result of this section:

Theorem 3.1. Let 8 > 0 and py > 0 be fized. Let poo = poo(5,p0) € R the
unique solution of the equation peo(f3,e°*,w = 0) = pg. Then for each inte-
ger j1 > 1 there exists four families of functions ¢;, ;(-), with | € {0,1,2,3},
defined on Q* outside a set of Lebesgue measure zero, such that the integrand
below can be extended by continuity to the whole of Q*:

ezl 1 °. ol _
¥ == (2) 5577 2 / e 3 gt (3 5, 09) 309, 321
with the convention (agf)(ﬁ,uoo;Ejl(k)) = (B, thoo; By, (k) := In(1 +

eBlitoe—Ey, (1))

This formula is a necessary step in the proof of Theorem 1.2 (i) and (%)
(this is the aim of the following section) when we will take the limit of zero
temperature.

The special feature of this formula lies in the fact that each function
¢j,,1(-) can be only expressed in terms of Bloch energy functions and their
associated eigenfunctions. For each integer j; > 1, the functions ¢;, o(-) and
¢;,,3(-) are identified respectively in (3.28) and (3.27). As for the functions
¢j,,1(+) with € {0, 1}, they can also be written down but their explicit expres-
sion is not important for the proof of Theorem 1.2. Note as well that the above
formula brings into play the Fermi-Dirac distribution and its partial deriva-
tives up to the second order. This will turn out to be very important when we
will take the limit 8 — oo in the following section.

3.1. Starting the Proof: A General Formula from the Magnetic Perturbation
Theory

We start by giving a useful formula for the thermodynamic limit of the grand-
canonical susceptibility. Let 3 > 0 and z := e’* € (0,00) the fixed external
parameters. Let I' be the positively oriented contour defined in (2.1), going
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round the half-line [Ey, 00), and included in the analiticity domain of the map
€ §(B,2;€) = In(1 + ze=7¢). Denote by Roo(w,§) i= (Huo(w) — )71 for all
¢ € p(Hxo(w)) and w € R. Taking into account the periodic structure of our
system, it is proved (see [7], Theorem 3.8) that the thermodynamic limit of
the grand-canonical pressure of the Bloch electron gas at any intensity of the
magnetic field B is given by:

1 4

POO(,B,Z,(U) = m%

r:[‘TL2(]R3) XQ/dgf(ﬁ7Z7§)Roo(w7§) ’ (32)

T

where ) is the unit cube centered at the origin of coordinates (xq denotes
its characteristic function). Although the integral kernel R (-, ;w,&) of the
resolvent has a singularity on the diagonal, the integration with respect to &
in (3.2) provides us with a jointly continuous kernel on R? x R3. One can see
this by performing an integration by parts in (3.2) and using the fact that the
kernel of R? (w,&) is jointly continuous. Moreover, one can prove [4-6] that
the thermodynamic limit of the grand-canonical pressure is jointly smooth on
(z,w) € (—eFo 00) x R.

Let w € R and £ € p(Hso(w)). Introduce the bounded operators Tw 1
(w,€) and T 2(w, &) generated by the following integral kernels:

Too,l (X7 y;w, f) = a<x - Y) : (va + wa(x))Roo (X7 yiw, 6) (33)

1
Too,Q(Xay;wag) = §a2(x - y)Roo(xay;wag)7 X 7& Yy, (34)
where a(-) stands for the usual symmetric gauge a(x) = 3e3 Ax = 1

(—x2,1,0). We introduce the following operators :

Woo,l(ﬂa Hy w) :

% / AE (B, 13 €) Roo (@, €) Too 1 (0, €) Too 1 (0, €)  (3.5)
I

Woo,2(B, psw) := %/dé“f(ﬂ,u;f)Roo(w@)Too,g(w,g) (3.6)
r

One can prove using the same techniques as in [15] that these operators are
locally trace class and have a jointly continuous kernel on R? x R3. By a closely
related method as the one in [4,5], it is proved in [39] that we can invert the
thermodynamic limit with the partial derivatives w.r.t. w of the grand-canon-
ical pressure. Then the bulk orbital susceptibility reads as:

(e)2 0P,

c Ow?

C
2 2
— (Z) m {TI‘LQ(]RS) {XQWoo,l(/Ba ,Ufaw)}

_TrLZ(]RS) {XQWOO,Z (/Ba My LU)}}
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We mention that the above formula is obtained using the so-called ‘gauge
invariant magnetic perturbation theory’ applied to the resolvent integral ker-
nel (see e.g. [15] for further details) which allows to control the linear growth
of the magnetic vector potential.

The quantity which we are interested in is the orbital susceptibility at
zero magnetic field and at fixed density of particles py. Note that the pressure
is an even function of w, thus its first order derivative at w = 0 is zero. This
explains why the susceptibility is the relevant physical quantity for the weak
magnetic field regime.

The orbital susceptibility at zero magnetic field and fixed density pg is
given by (see also (1.8)):

X (B3, po) : = XGC(B, ePreBrp0) ()

2 2
= (Z) m {TI‘LZ(]RfS) {XQWOO,l(/Ba,U‘OOaO)}

_T‘rLZ(R3) {XQWOO,2 (/87 Moo 0)}} . (37)

The formula (3.7) constitutes the starting-point in obtaining (3.1). The
next step consists in rewriting the local traces appearing in (3.7) in a more
convenient way:

Proposition 3.2. Let p, := —i0, with « € {1,2,3} be the cartesian components
of the momentum operator defined in L*(R®). Then we have:

Trrzmsy {xoQWso,1(53; too, 0) }

— o Trrae) X [ AETB i ) R (0.1 R0, 2 Rec (0,6)
T

X {p2Roo(0a g)leoo(Oa 5) - leoo(O, g)p2Roo(0a 5)}

X {leoo (Oa g)pQRoo (07 5) - pZRoo (07 g)leoo (Oa 5)}] (38)
and

11
Trr2@s) {IXQWeo,2(8, thoo, 0)} = _Z%TTL%R?*) st/dff(ﬁ,/ioo;f)
T

XRoo (Oa g)ROO (07 g) [pQROO (07 f)pQROO (05 6)

+p1Roo(O> f)leoo(Q f) - Roo(oa g)}
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Proof. We begin with the justification of (3.9). By rewriting (3.4) as
Tuca(%,%30,6) = L{es A (x = 3)} - {es A (5~ 3)HRoo(5,¥:0.)
= % (22 — 12)” + (21 — 11)?] R (x,y30,8),
from (3.6) it follows:

/ AE (B, 1 €) / dz Roo(x,2:0,€) (22 — 22)?

r R?
+(z1 — 21)°] Roo(2,%;0,£), Vx €R% (3.10)

ool =

Woo,2(xa X3 57 122 0) =

Let I € {1,2}. Denote by X the multiplication operator with x. Then for all
Z # X we can write:

(Zl — 1) Roo (2, X; O,f) = [X : el’ROO(O,g)] (Z’X>
= {Rx(0,§) [Hx(0), X - €] R (0,6)} (2, %).
We know that [Hoo(0), X - ;] = —ip;. Thus:

(21 = 1) Roo(2,%;0,8) = —i{Roo (0, §)p1 R (0, §) } (2, %) (3.11)

Using standard commutation rules, we deduce from (3.11) that for [ € {1,2}
and for all z # x:

(21 — #1)* Roo (2, %; 0, §)
= {2ROO(O? g)leoo(()?f)leoo(oa 5) - ROO(Oa g)Roo(O? 6)} (Z7 X)'
(3.12)

It remains to put (3.12) in (3.10), and we get (3.9).
Let us now prove now (3.8). Since the divergence of a is zero, then for
X #y we have:

Too1(x,y;0,8) = %Vx Hes A (x = y)} R (%,¥;0,6)

(332 - y2)e1 + (z1 — 1)

2 2

= va : |:_ e2:| ROO(X7y; 0,5)

From (3.5) it follows that for all x € R3:
Wao 136,53 4,11,0) = /dﬁf B p:8) /dZ1/sz (%, 22:0.8)

X {(Nzl e1)[— (Zl 2 — 222) Roo(0,6)(21,22)]
+(iVy, - 2)[(21,1 — 22,1) Roc (0, ) (21, 22)]}

{(iVa, - €1)[— (22,2 — 22) Reo (0, €) (22, %)]

+(iVa, - €2)[(22,1 — 1) Reo(0,€) (22, %)]}.
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Then by using (3.11), we get (3.8) from the following identity:
Vx € R3, Weo,1(x,x; 3, 14,0)

/dgmu, /dzl/szR (x,21;0,€)

{Zpl( o0 (0 7§)PzRoo(0,§))(Z1aZ2)—sz( 0 (0,§)P1 R (0,€)) (z1,22) }
{ip1 (R (0,8)p2 R (0,€)) (22,%) — ip2 (R (0,€)p1 R (0, §)) (22, %) }-
O

3.2. Using the Bloch Decomposition

We know that (see e.g. [10]) Hx(0) can be seen as a direct integral fgs dk (k)
where the fiber Hamiltonians h(k) acting in L?(T?3) are given by:

h(k) = %(_iv LRV (3.13)

Recall that h(k) is essentially self-adjoint in C°°(T?); the domain of its closure
is the Sobolev space H?(T?). For each k € Q*, h(k) has purely discrete spec-
trum. We have already denoted by {E;(k)};>1 the set of eigenvalues count-
ing multiplicities and in increasing order. The corresponding eigenfunctions
{u;(-;k)};>1 form a complete orthonormal system in L?(T?) and satisfy:

h(k)u; (- k) = Ej(K)u; (5 k).
The eigenfunctions u;’s are defined up to an arbitrary phase depending on k.
These phases cannot be always chosen to be continuous at crossing points, and
even less differentiable. For the following let us introduce another notation. Let

a € {1,2,3}, and let i,j > 1 be any natural numbers. Then for all k € Q* we
define:

7ri,5(as k) == /dxui(X; K)[(pa + ka)uj(x:k)] = (ui(-; k), (Pa + ka)u; (-1 k)).
Q
(3.14)

Note that due to the phases presence in the eigenfunctions u;’s, we cannot
be sure that the 7; ;’s are continuous/differentiable at crossing points. But all
these ‘bad’ phase factors will disappear when we take the traces (see (3.20)
and (3.23) below).

We now can write the local traces of Proposition 3.2 in the following way:

Proposition 3.3. Let 5 > 0 and py > 0 be fized. Let jioo = fico (5, po) € R be
the unique solution of the equation pso(B3,e*,0) = po. Then both quantities
(3.8) and (3.9) can be rewritten as:

11
TrL“’(R*“’) {XQWOO,I(ﬂvlLLOO?O)} = _ZW Z /dkC]17127]37J4 )

J1seeenja= 1Q

d
2271' ¢

. (3.15)
J )

(B (k) = &) (Bj, (k) — &) (Bjy (k) — €) (B, (k) —
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and

TI"L2 (R3) {XQWoo 2 6 Moo )}
B 6 ,uomf)
= 4 \Q* Z / 2im / §W+

o0

1 §(8, toos 5)
— C . 7 )
> / dkCj, 52 (k) 5— F/ - E.awg(

J1 ajzzlﬂ*

where the functions Q* 3 k — Cj, j, 4s.5.(k) and Q* 3 k — Cj, j,(k) are
defined by:

Civiorisnia (K) = € g1 o (LK) Ty 4 (20 K) — 75y 5 (25 k)75, 55 (13 K)

X {ﬁj&]& (2; k)ﬁjéhjl (1; k) - 7:"1'37]‘4 (1§ k)ﬁj47j1 (2; k)} (3'17)
and
Ciy o (k) = 75, g (LK) TG, 4y (LK) + 75y 4, (25 k)T, 5, (25 K)
LB (3.18)

We do not give more details since this result is just a straightforward
application of the following rather non-trivial technical lemma (recently proved
n [16]):

Lemma 3.4. Let B > 0 and p € R be fivred. For n,m € N with m,n > 1,
consider the local trace given by:

T = Trpagn 4 xa / AE (B, 1) (oo (0) — ) ™pis

r

X (Hoo(0) — §>_1 Do, (Hoo(0) — f)_l

Then under the assumption that V € C>(T3) we have:

1
Jm = g Z /dkﬁjhjg(al;k)---ffjn,jl(an;k)
Jirein =1
£(6, ;&)
x [ d¢ — .
/ (Ej, (k) — )™ (Ej (k) — &)+ (B, (k) — €)

T

(3.19)

where all the above series are absolutely convergent and 7; ;(a; k) is defined by
(3.14).
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3.3. Applying the Residue Calculus

Consider the expression of the susceptibility at fixed density (3.7) in which the
local traces are now given by (3.15) and (3.16). Remark that these quantities
now are written in a convenient way in order to apply the residue theorem.
Denote the integrands appearing in (3.15) and (3.16) by:

f(ﬂaﬂoo?f)
(Ej, (k) — &) (Ej, (k) — €)
f(B, toos §)
(Ejy (k) — €)% (Ej, (k) — &) (Ej, (k) — &) (Ej, (k) — )
J1sJ2,J3,Ja € N*.

gjl,]é(/ga,ufoo;g) = s J1.J2 e N*

hj1,j2:j3,j4 (/67 Hoos f) =

b

Note that g, j, (8, tteo; - ) can have first order, third order, or even fourth order
poles (in the case when j; = j2). In the same way, b, j, js.j. (5, fhoo; ) can
have poles from the first order up to at most fifth order (in the case when
J1 = jo = js = ja). Hence we expect that the integrals of 0, j, js.is (5, oo )
n (3.15) (resp. of g;, j, (5, oo - ) In (3.16)) to make appear partial derivatives
of §(8, poo; - ) with order at most 4 (resp. with order at most 3). But we will
see below that the factor multiplying (agf)(ﬁ, Loo; - ) is identically zero.

Getting back to the susceptibility formula in (3.7) and by virtue of the
previous remarks, we expect to obtain an expansion of the orbital susceptibil-
ity of the type (3.1). The next two results identify the functions c;, ;(-) coming
from (3.15) and (3.16):

Lemma 3.5. The quantity defined by (3.15) can be rewritten as:

Trrz(gs) {XQWoo 1(8, Moo)}

- 4|Q*| Z/ ngz (B boos Bjy (k) aj0(k) — (3.20)

]—1

where for all j1 € N* and k € QF, the functions a;, 3(-) and a;, 2(-) are given
by:

| (2K
0009 5= {10 3 0
Jj;#Jl
2 J (1;k)|2
2 FL - B9
J2#h

3 A o 2R (75, 5 (25 K) 75,5, (1K)
7’”'1,'1(151{)”'1,'1(2;1{) J1,J2 J2,J1
e m 3-22:1 Ejz(k) _Ejl (k)
J2#j1
(3.21)
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and

(K) +Cjy dn s (K) 4 Cis o inin (K)
a,l J17J1 J2 J3 71,72,71,73 J1,72,735]1
nalk { 2 Z (k) — Bj, (k) (Ej, (k) — Ej, (k)

Jj2=1 jz=1
Je#i1 JaFd1

oo

£y Cijr i (K) = Cjy gy o s (K) }

2T (B0 B )
J2 A1

(3.22)

Note that it is possible to identify in (3.20) all the functions a;, ;(-) for
Jj1 > 1 and I € {1,0} since such a result is based only on identities provided
by the residue theorem. However, the number of terms is large and we will not
need their explicit expressions in order to prove our theorem.

Now we treat the next term.

Lemma 3.6. The quantity defined by (3.16) can be rewritten as:

TrLz(]RS) {XQWoo.,Q (8, ,Uoo)}

4 |Q*‘ Z / Z ¢l ﬁ Noo?EJd (k)> bj1,l(k) (323)
where for all integers j1 > 1 and all k € Q* we have:

%3my:%{A

; (2;k>|2}, (3:24)

[e’e) A 2
o ]- 7TJ1 12 (2 k)| 1
binall)i= =3 2, ARy R (329)
J2#
o 2 ~ 2
L (Lik)|” 4+ (75,5, (2:k
by, o(k) = (2~ 5) ACL A LAY NP
= (B - B, (K)
J2#J1

Thus our Lemmas 3.5 and 3.6 provide an expansion of the type announced
n (3.1), where the coefficients are given by:

¢ (k) =a;, (k) +b;,,(k), 1€{0,1,2,3}. (3.26)

In particular, for all integer j; > 1 and for all k € Q*, the functions ¢;, 3(-)
and cj, o(-) are respectively given by:
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L 1 N . 2 - |ﬁj17j2(2;k)|2
“in.alk) = 3!{'”11711(1’1‘)' <1 " jzl Ej, (k) — Ej, (k)
-
J2F#1
) — 75K
A (2 K) [P 1+ A A
i 2 B0 5,®)

ja=1
J2#d1

R R o 2R (75, 4 (2:K) 75, 5, (1K)
— iy 1 1;k Ty i 2;k J1,J2 J2,J1
s (003, (50 3 =5 g
J2#J1
(3.27)

and

L S 7,5 (LK) + |75, 5, (2 k)2
A k [E— J1,J)2 ) J1,72 ’ _1
219 2{ JZI B, (k) = Bj, (k)
-
Je#i1

" i Ciar inns () = Ciit jr n,in (K)
= (Bplk) - Ej(k)?
J2F#d1

i Ciy i inida (&) +Chy iniiriia(K) +Cjy in iy (K)
+ J1:01,52,3 J1:42,71,J3 J1:J2:38:01 7
Z: Z: (Bj (K) = By, (k) (Bj (K) = Ej, (K))

J2#d1 Js#h

(3.28)

where for all integers ji, j2,j3,ja € N*, Q" 2 k +— Cj, j,.js.j. (k) is defined in
(3.17).

In order to conclude the proof of Theorem 3.1, it remains to use this last
result (its proof is in the appendix of this section):

Lemma 3.7. For all integers j3 > 1 and | € {0,1,2,3}, the maps Q* 3 k —
aj, (k) and Q* 3 k — bj, ;(k) are bounded and continuous on any compact
subset of Q* where Ej, is isolated from the rest of the spectrum.

Thus for all integers j; > 1 and k € Q*, the maps ¢;, ;(-) appearing in
(3.1) might be singular on a set with zero Lebesgue measure where E;, can
touch the neighboring bands. However, the whole integrand in (3.1) is bounded
and continuous on the whole 2* because it comes from two complex integrals
((3.15) and (3.16)) which do not have local singularities in k.

3.4. Appendix—Proofs of the Intermediate Results

Here we prove Lemmas 3.5, 3.6, and 3.7.
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Proof of Lemma 3.5. Let Q* 3 k +— Cj, j,.is.j. (k) be the complex-valued func-
tion appearing in (3.15):

Civinriaia (K) = {71 4o (LK) 755 s (20 K) — 75 s (25 K) 75, 55 (1K) }
X {ﬁj37j4 (2§ k)ﬁj4,j1 (1; k) - 7Arj37j4 (15 k)ﬁj4,j1 (25 k)} .
(3.29)

Note that this function is identically zero for the following combinations of
subscripts:

i=j2=js=js, H1=Je=Jjs#ja, J1=Js=ja#je  (3.30)
Therefore the expansion of (3.15) consists of partial derivatives of f(/3, tioo; )
of order at most equal to three. On the other hand, since the functions

Cirjrgna(-) and Cj, j, 4,5, (+) are identically equal to zero (see (3.30)), the
quadruple summation in (3.15) is reduced to:

- 1
Z le’j27j37j4(k) (2”‘_>

J1seeda=1

F(B, too; §)
d
Xr/é(Eﬁ( (B 0) — &) (B, (6) = ) (Bruk) — )

=Z:JZ i <2m> f(ﬂ,uoo;ﬁ)
J3#i1

=) (Bj(k) =€)

T Z Z Ci gz (K (m)/ ﬁ)% é)(k)

3
jl:lj‘j;;jll r 2 (k) = §)
S 1
T ) Z le,j27j3’j4 (k) (2271_)
J1se-Ja=1
at most 2 equal
subscripts
X /dg . f(8, 13 §) . (331)
(Ej, (k) — &)° (Ej,(k) — &) (Ej, (k) — &) (Ej, (k) =€)

T

By applying the residue theorem in the first term of the right hand side of
(3.31) we get:

3 s (5i) [ 46 o et

Js=1 Js
J3#d1

Cran 851, 00— B, () a8 P Ho=i B
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3 1 %
3 (B, () — B, (k))” 0€°

(B; toos Ej, (k))
. .0 .
+ others terms involving a—gl(ﬁ, Hoos ), with 1 <1 5. (3.32)

The function Cj, j, js.j, (-) appearing in front of g%; (B, poo; Ej, (k)) in (3.32)
corresponds to a;, 3(-) since:

* N ~ ~ ~ 2
Vk e ", le7j17j37j1 (k) = \J (1;k)7rj1,j3 (2; k) — 1,51 (2; k)’”jl,js(l; k)} .

Note that the function Cj, j, j,.;, () contributes to the term a;, 2(-), too.
By applying once again the residue theorem in the second term of the
right hand side of (3.31) we obtain:

Z Cvsgsizisn (K <2m>/ dé ﬁ)ﬂgé)(k)_g)?’

Ja2=1 J3
J2#J1
= 1 1 0%f
= 2 Cirnanin(K) {— (8, proo; Ej, (k))
2 2 (5, (1) — By (k) 06
J2#51
. .0 .
+ others terms involving a—gl(ﬂ, Hooi ), with 1 <1 5. (3.33)

The function Cj, j, j».j» (- ) appearing in front of % (8, phoo; Ej, (k)) contributes
to U’jl,Q(' )

It remains to isolate in (3.31) (where at most two subscripts are equal)
all combinations which provide a second order derivative of f(3, tieo; - ). These
combinations are:

J1=1J2 # J3,Ja5  J1=Js F J2, 045 J1 = Ja F J2.Js-
Finally, we once again apply the residue theorem and gathering all terms pro-
2
portional with %(ﬂ, loo; - ). The proof is over. O

Proof of Lemma 3.6. By separating the cases j; = jo and j; # ja, the double
summation in the right hand side of (3.16) reads as:

DD IR <zm)/ ST —ﬂ>uof;)<k>—s)

J1=1j2=1 J2

2 (zm)f o e
+Z Z Crga (K (2;)/ d B ( ﬁg)o;(fﬂ) (k) = &)

J1=1 j2=1 J2
Je#j1

(3.34)
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By using the residue theorem in the first term of the r.h.s. of (3.34):

1 F(8 too; €) 1 9%
(2277) /df m = ?8753 (ﬂa Hoos By (k))

This is only the one term which provides a third-order partial derivative of
(8, too; - ). The rest of the proof is just plain computation using the residue
theorem. We do not give further details. 0

Proof of Lemma 3.7. Let p, := —id, be the a component of the momen-
tum operator with periodic boundary conditions in L?(Q),« € {1,2,3}. Now
assume that E;, (k) is isolated and non-degenerate if k belongs to some com-
pact K C Q*. We have to investigate integrals of the type

Trr2(q) /dEf(ﬁ, fioo; €) (h(K) = €)™ pay (h(k) =€) -+ pa, (h(k) =€)
T
(3.35)

Let kg € K, and let I'y be a simple, positively oriented path surrounding
E;, (ko) but no other eigenvalue of h(ko). If |k — ko| is small enough, I'; will
still only contain Ej, (k). The projection II(k) corresponding to E;, (k) is given
by a Riesz integral. We have:

TI(k) = i / dz (h(k) — )1, (3.36)
Iy
and is continuous at kg in the trace norm topology. Moreover,
1
— -1 -
() (1) — €)1 = 5 k),
1 1 . (3.37)
(1= 1)kt &) = 5 [z —(hll) —2) "
I

Clearly, II(k)(h(k) — €)' is analytic in £ in the exterior of I';. We can decom-
pose the integral on I" in (3.35) as a sum of three integrals, one of which being
on a simple contour I'y around Ej, (kg), completely surrounded by I'y. The
other two integrals will never have Ej, (k) as a singularity, so they cannot con-
tribute to the formula of a;, ;(k). On the other hand, in the integral on I'y
we can replace the resolvents with the decomposition in (3.37) and use the
fact that (1 — II(k))(h(k) — €)= is analytic if ¢ lies inside I'y. Now one can
apply the Cauchy residue formula. For example, we can compute the integral
in which we have TI(k) at the extremities, and (1 — II(k)) in the interior; in
that case E;, = E;, (k) will be a double pole:

Trys(o) / A€ F(ETI(K) (k) — €)™ o (h(K) — €)*
Iy

(1= 10(k)) - pa, (h(k) — €)' I(k) = 27 {(35f)(Ej1 (K))Trr2(o)
< {TI(K)pa, (h(k) = Ej,) 7 (1 = TI(K)) - po,TI(k) }
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+(Ej (k))d%TrLz(Q) {T1(k)pa, (h(k) — )71 —TI(k)) - - (h(k) = )"

X (1= TU(K))Pas Yo, 10 } (3.38)
Thus one contribution to a;, 1(k) will be:

Trp2(g) {H(K)pa, (h(k) — E;,) 7 (1 — (k) - pa,II(K) }.

This expression does not use eigenvectors, only resolvents and projectors. Since
E;, is continuous at kg, the map

ko (1 TR (A9 — E5,00) ™ = o [z Z_bfj(k)wm oy
I

is operator norm continuous at kg, and the map k — II(k) is continuous in the
trace norm. By using standard perturbation theory (see e.g. [25]), the same
holds for the maps:

k= (1 —TI(k))(h(k) — Ej, (k)" pa,
and
K = po, (1 = TI(k))(h(k) — Ej, (k)" pa-

Thus the trace defines a continuous function; all other coefficients can be
treated in a similar way. O

4. The Zero-Field Susceptibility at Fixed Density and Zero
Temperature

In this section, we separately investigate the semiconducting and metallic cases
from the expansion (3.1). In particular, we prove Theorem 1.2 (i) and (ii).

4.1. The Semiconducting Case (SC)—Proof of Theorem 1.2 (i)
By using that frp (3, ;&) = —B710:5(3, 11; €), (3.1) can be rewritten as:

en 2 00 2 1
(6.0 = (5) 5 2 [ {Z T2 (B 5, 1)) 1109
J1=10 =0
_%f (ﬁvumth (k)) le’o(k)} . (41)

From (4.1), the proof of Theorem 1.2 () is based on two main ingredients.
The first one is that for any fixed u > FEy we have the following pointwise
convergences:

1

Jim 258, 1:€) = (1= X101 (6): (4.2)

ﬁh—>H;o fFD(ﬁa/ng) = X[Eo,#](£)7 v§ € [EO7OO) \ {M}a
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while in the distributional sense:

tim 2TED (B, 1:8)==0(—p),  lim lep
The second ingredient is related to the decay of the derivatives of the Fermi-
Dirac distribution: for all d > 0 and for all j € N* there exists a constant
Cj,a > 0 such that

(B §)=—0e6(E—p).  (4.3)

Blé—npl

(@u;&)‘SOJ;de T, (4.4)

dfpp
o€

sup
|6 —p|>d>0

Now assume that we are in the semiconducting case with a non-trivial
gap, that is there exists N € N* such that limg .o fteo (3, po) = (max&n +
min€n11)/2 = Er(po) and maxEx < minEn41. Since the Fermi energy lies
inside a gap, all terms containing derivatives of the Fermi-Dirac distribution
will converge to zero in the limit 8 — oo. Here (4.4) plays a double impor-
tant role: first, it makes the series in j; convergent, and second, it provides an
exponential decay to zero. Then by taking into account (4.2), we immediately
get (1.15) from (4.1). O

4.2. The Metallic Case (M)—Proof of Theorem 1.2 (ii)

Now we are interested in the metallic case. The limit 8 — oo is not so simple
as in the previous case, because the Fermi energy lies in the spectrum. The
starting point is the same formula (3.1), but we have to modify it by get-
ting rid of the third order partial derivatives of f in order to make appear a
Landau-Peierls type contribution. However, this operation needs the already
announced additional assumption of non-degeneracy (which will provide reg-
ularity in k) in a neighborhood of the Fermi surface:

Assumption 4.1. We assume that there exists a unique N € N* such that
lmg_oo oo (B, p0) = Er(po) € (min€n,max&y), which means that the
Fermi energy lies inside the Nth Bloch band Ex. We also assume that the
Fermi surface defined by Sp := {k € Q* : Enx(k) = Er(po)} is smooth and
non-degenerate.

Recall that En (k) is supposed to be non degenerate outside a (possibly
empty) zero Lebesgue measure set of k-points. Our assumption leads to the
following consequence:

dist {gp(po),uy:_llgj}:d1 > 0, dist {gp(po),U?.;N+1gj}:d2 > 0. (45)

Note that the minimum of the lowest Bloch band &; is always simple. If the
density pg is small enough then Assumption 4.1 is automatically satisfied since
the Bloch energy function k — FE(k) is non-degenerate in a neighborhood of
k = 0 (see e.g. [28]).

In fact, the non-degeneracy assumption is indispensable for to use of the
regular perturbation theory in order to express the functions defined by (3.24),
(3.25) and (3.21) (only in the case where j; = N) with the help of the partial
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derivatives of En(+) with respect to the k;-variables, for k in a neighborhood
of the Fermi surface:

OBn(k) _ . ~(i:k), i€ {1,2,3}, (4.6)
Ok; ’

0?En(k .

W 1+2Z—(k), i€{1,2,3}, (4.7)

J#N
En (k) _ i 2R {7;n (LK) 7w, (2K)}  9*En(k) (48)
Ok10ky = En(k) — E;(k) OkoOky '
J#N

Such identities have been studied in [16]. Note that the above series are abso-
lutely convergent if the potential V' is smooth enough ([16]).

Now using Assumption 4.1, we can group the coefficients corresponding
to the third and second order derivatives of f appearing in (3.1). This opera-
tion allows us to isolate a Landau-Peierls type contribution (the proof can be
found in the appendix of this section):

Proposition 4.2. Assume for simplicity that Ex is a simple band. Let Q* >
k — cna(k) and Q* 2 k — ey 3(k) the functions respectively defined by (3.28)
and (3.27) with j3 = N. Then:

82
/dk Z 351 (B boo; En(k)) en (k) = /dk 352 (B, poo; En(k))
Q* QO
1 0%E 9% E~n(k 1 /02E~(k 2
{3' ag; : a;:g( - 3'( akljz)ggz)) +“N72<k)}7 (4.9)

where Q* 3 k — a;, o(k) are the functions defined in (3.22).

From (3.1) and Proposition 4.2 we get an expansion for the orbital sus-
ceptibility at fixed density pg > 0 and inverse of temperature g > 0:

Proposition 4.3. Assume for simplicity that En is a simple band. For every
J1 € N* there exist four families of functions ¢;, ;(-) with | € {0,1,2,3}, defined
on Q* outside a set of Lebesgue measure zero, such that the second integrand
below is bounded and continuous on 0*:

(3,00 =~ (£)° %ﬁ

/dk 0oL (5, s B (1) [a 2l _ (i) —3fN<k>}

ok? k2 k1 0k
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46 [l | 303 ST (B B3, () 5,400
Q* J

Jj1=1 1=2 5
J1#N
o 1 alf
+2 Zg (85 poo; Ejy (K)) ejia(k) | o (4.10)
j1=11=0

where by convention (Gof)(b’,um; ) = (0, poos ) and:
-7:N( ) = 72aN2(k)

= Cn NJ2 Js k + Cn 1J2.N,Js (k) + CN7j2,j31N(k)
> Z (k) = En(k)) (Ej, (k) — En(k))

J2=1 jz=1
J25£NJ37£N
2,8,N,N (k) = Cn N o N (K)
+Z 6 B B kJQ . (4.11)
o (£, ( )— ~n(k))
Jo#EN

Note that we can use identities provided by the regular perturbation the-
ory in order to express the functions ¢;, ; (as well as Fy) appearing in (4.10)
in terms of derivatives of F; and u; w.r.t. the k-variable. But this formulation
will only hold true outside a set of k-points of Lebesgue measure zero, while
the formulation involving @; ;’s is more general, physically relevant, providing
us with bounded and continuous coefficients on Q* (see Lemma 3.7). Finally
keep in mind that the main goal is the Landau-Peierls formula, and it will
turn out that only the factor multiplying the second partial derivative of f will
contribute to it.

In order to complete the proof of Theorem 1.2 (i4), it remains to take the
limit when 8 — oo in (4.10). Since the Fermi energy lies inside the band &y
and it is isolated from all other bands, then using (4.3) and (4.4) we have:

0o 3
i % [k 33 28 00000 E109)61400 =0

tim 2 [ 2L (5 s B (0)
B0 BQ 852 s Mooy N

PEN(K) PENK) [02Eyn(k)\°
X{ ok ok2 ( Ok, Oks ) _?“TN(k)}

B do(k) [9?En(k) 0*En(k) [0*En(k)\”
o |VEN<k>|{ o (amon ) ‘3““‘)}
Sk

where Sg denotes the Fermi surface. Using these two identities together with
(4.2) in (4.10), we obtain (1.16).
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4.3. Appendix—Proof of Proposition 4.2
Using (3.26) we get:
: 0%f :
dkz 8€l /8» Moo EN(k)) cN,l(k) dkai§2 (ﬂ, Moo EN(k)) aN,Q(k)
O Q-
o' . 0% .
+ [ dk ; gt (B i Ex (1)) bva () + 55 (8, e By (k) (k) |
O =
Using (4.6) and (4.7), the functions by, (-),l € {2, 3}, can be rewritten as:
1 (9EN(K)\?  [0En(k)\®
bralk) =3 {( ok, ) T\ Tom :
1 1 (9*En(k) 9?En (k)
owat =5 {5 (T -1) -3 (S 1) -1
11 [9*Bn(k) | 9*En(k)
212 ok? ok3 '
Since En(-) € C3(R3/(27Z?)), a simple integration by parts gives us:
. [ 0Bk OF . DB (K)
vie(n2), [ dk T I (5 B (00) T
/ s I8 (5, s B (i) L2 K) (112)
852 y Moo N 8]{;12 .
whence:
3f
/ Ak et (8. ot B () by ()
Q*
B 82f ?En(k)  9?En(k)
Q

and:
/ dk Z agl (B, 1o B (K)) biv(K)

_gi/d 2 (ﬂ,uoo,EN(k)){ R + o2 } (4.13)
Q*
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On the other hand, using (4.6), (4.7) and (4.8), the function ay 3(-) can be
rewritten as:

an,3(k)
SIEDREE SECSHEE S
() (5 () |

Note that by a simple integration by parts:

IEN (k) 9°f
ok; 0¢3

OBy (k) 9*Ey (k)
ok;  Ok?

Vi#je{1,2}, /dkj

—T

7 0 [0EN(K) 0%Ex(k

/dka ae2 (8, ttoo; En (k)

L PEx(R) PEn(k) | 0By(k) 0 9?Ex(k)
k2 Ok? Ok, 0Ok; Ok?

— [y Gk (Bopai B 1)

—T

. {82EN(k) #En(k)  OEn(k) O 62EN(1<)} (4.15)

ok Ok? ok Ok Ok;ok;

By virtue of (4.14), using (4.15) and (4.12), we get:

0’ 11 2%
/ dk agi (B, proc; En (k) ana(k) = 25 / dk a5 (B, oo Bn (K))
Q*

><{262EN(1<) PEn(k)  OEN(K) a 2En (k)

ok2 k2 Ok, Oky Ok10ks
9Ey(k) 0 0°En(k) &*En(k) 0°En(k)
Oky Oky OkyOk, k2 k32

TN POA NERRYN(S)
853 u,uoov N

OEx (k) 9En (k) 9*En (k)
0k, Oky  Ok10ky

(4.16)

Q*
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Finally, by a last integration by parts:

[ OEn(k) 8 9 0°En(k

virie . [y SRR G pn0) g G
[0 [0EN(k) 0% O*En (k)
__/dk:j 7 { ok, 0E (B, pooi E (k))} Ol 0k

—T

[ (0%En(k) 0
=~ [ i {5 2L i En ()

IEN (k) OBy (k) 9°f , IEn (k)
8kj 8kZ 8753 (Ba/fcooa EN(k))} akjakz .

Then (4.16) is reduced to:

0°f 11 9%
/dk ¢3 (B, oo En(k)) an3(k) = A5 /d 352 (B, p1oo; En(K))
Q* Q*

L PEN) PEx (k) (9B (k) * 9’BEn(k)  9°En(k)
Ok? k2 k1 Ok Ok? ok [

(4.17)
By adding (4.13) to (4.17) we get:

oes

P ?En(k) ?En(k) [0?En(k)\”
Q*

/dk [Z ¢! (B, oo En (k) b, (k) + 0’1 (8, MW;EN(k>)aN73(k)]

and we are done. Note that the proof does not work if Fy can touch other
bands because we loose regularity. In that case the integration by parts have
to be done across a tubular neighborhood of the Fermi surface Sg, the price
being the apparition of some extra terms. These terms will though disappear
in the limit 6 — oo because they will decay exponentially with . O

5. The Landau-Peierls Formula

The aim of this section is to establish an asymptotic expansion of (1.16) in the
limit of small densities (py — 0). Here we prove the expansion (1.17), of which
(1.18) is a particular case which has already been suggested by Kjeldaas and
Kohn in 1957 [26].
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5.1. Proof of Theorem 1.2 (iii)

Let us recall that Ey = mingeq+ F1 (k) = E1(0), and E;(k) is non degenerate
near the origin with a positive definite Hessian matrix (see e.g. [28]). The same
reference insures the existence of the following quadratic expansion of Fj (k)
for k — 0:

02,
Ok;0k;

1
Ei(k) = Eo + 5;k" [ (0)} k+O (k') whenk—0
2! 1<4,5<3
As the Hessian matrix is symmetric, then up to a change of coordinates this

quadratic expansion can be rewritten as:

k2
ml* +0 (k') whenk —0 (5.1)

K2

3
1
Ei(k) :E0+§;

where [ﬂi*}
i l1<i<s
Consider the assumption of weak density py € (0,1). In this case the
Fermi energy defined by (1.12) lies in the interval (Ey, maxkeo+ E1(k)). When
po — 0 it follows that Er(pg) converges to Ey. The k-subset of * where
Ey < Ey(k) < Er(po) is therefore only localized near the origin.
From (5.1) we get the following asymptotic expansion of Er(pg) — Eq

when pg — 0 (the proof is given in the appendix of this section):

are the eigenvalues of the inverse effective-mass tensor.

Proposition 5.1. When py — 0, we have the following expansion:

1
2 1 (6772)§ 1 3
Er(po) — Eo = spg (9(3), - (5.2
ron) = Eo=spf +0(nf) o= T () )
In the particular case when m; = m* > 0 for i € {1,2,3} and by setting
kp = (672py)3:

1
Er(po) — Eo = Y ki + O (k) - (53)
m
Before proving Theorem 1.2 (iii), we need one more technical result (its
proof is also in the appendix of this section):

Lemma 5.2. Assume that Ey (k) remains non-degenerate on the ball B, (0) :=
{keQ* : k| <e} with eg > 0 small enough. Consider any continuous func-
tion F : B, (0) — C. Then when py — 0 we have the following asymptotic
eTPansions:

S[ %F(k) = Aps +o(pd) with A= /mimsmiavanF(0)ys

(5.4)
and

/&m%&mﬂﬁ&»ﬂb=3m+dm)
Q*
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8v/2
with B:szTm§m§$F(O)S%, (5.5)

where s is the coefficient defined in (5.2).

Now we are ready to prove the Landau-Peierls formula in (1.17). For this,
consider the formula (1.16). Remember that Fj(-) is non-degenerate and ana-
lytic in a neighborhood of the origin. Let us concentrate ourselves on the first
term appearing in (1.16):

ez21 1 do(k)
_(E> E(zw): \VE, (k)|

92E, (k) 02F,(k 92E; (k) >
X{ mc%( ) 6k§( - (8k18(lcg)> _3f1(k)}’ (5:6)

since only this term will have a nonzero contribution to the leading term in
(1.17). The other term will go to zero like pp; this can be shown using (5.5),
(5.1), and the fact that the coefficients ¢; 1 and ¢; o are continuous near 0 (see
Lemma 3.7).

Now consider the following function:

2E (k) 0%°E1(k)  [9?Ei(k)\’

F(k):= - — 3F1(k).
(k) k2 k2 k1 ks 1(k)

By taking into account that Fi(-) = —2a; 2(-) (see (4.11)) and by virtue of

Lemma 3.7, F(-) is continuous near the origin. According to (5.4), the only

thing we need to do is to compute F'(0). The determinant of the Hessian matrix
gives after a short computation:

0*Er(k) *Er (k) (0°Ei(k)
ok2  Ok2 Ok 0ks
Thus we can write:
N L iyt |
Faalow) == (5) gz (i)t | = 37100)| (6m) o +0 (o)

when py — 0.

2
) S + 0 (k?)  when k — 0.(5.7)

o0k
mymy

The only thing we have left to do, is proving that F;(0) = 0. The definition of
F1 can be found in (4.11), while the coefficients entering in its definition are
defined in (3.29).

Let us start by showing that for all integers jo, j3 > 2 we have:

C1,1,42,j5(0) = C1j,,55,1(0) = Cj,1,1,1(0) = C1,1,5,,1(0) = 0.

Indeed, in the expression of each of these functions it is possible to identify a
factor of the type 71,1(a;0), € {1,2} which are nothing but partial deriva-
tives of F4 at the origin, thus they must be zero. It follows that:

e Cuipr(0)
AO=2 Y momo) B0 moy Y
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Since:
Clvj2,17j3 (O) - 771,]2(1 0)7TJ2 1(27 0)ﬁ17j3 (2; O)ﬁ-j?nl(l; O)
+71 2J2 (2 0)71—]2 (17 O)ﬁl,jS (1' O)ﬁ—j3 1(2. 0)
— 2J2 (2 O)WJQ 1(170)7%1,% (2 O)WB 1(1 0)
21 (

7717]2(1 0) 270)7%17]3( ) j371(270)a
then (5.8) can be rewritten as :
2
(o SIIN [C SN
71,7(2;0) 71'37 1, 7T] 1(1 0)
=212 "oy~ X% ©
j=2 j=2 Ej( Ey
2
1, 2 O7rj1(1 0) (5.9)

j=2 J El(o)

But for k = 0 we may choose all our eigenfunctions (- ; 0) to be real. It means
that for all integers j > 2 and a € {1,2}, the matrix elements 7 j(c; 0) are
purely imaginary. As a result, the sums in (5.9) are real numbers and cancel
each other, thus F7(0) = 0. O

5.2. Appendix—Proofs of Intermediate Results

Here we prove Proposition 5.1 and Lemma 5.2.

Proof of Proposition 5.1. In (5.1) use the change of variables ki == \/k%, with
1 € {1,2,3}. This gives:

k) := Ei(y/mI k) = Eo + = {k2+k2+k3}+0(k4)

In spherical coordinates:

12

Ey(r,0,¢) = E0+2 +0O(r*) when r — 0. (5.10)

We would like to express r as a function of F1,0 and ¢. Clearly, the equation
E1(r(0,6),0,6) = Ep + A has a unique solution (0, ¢, A) if A > 0 is small
enough. This solution obeys a fixed point equation of the type:

(0,0, A) = V2A [1+ 0O (r3(0,¢,A))] (5.11)
which leads to the estimate:
r(0,6,A) = V2A[1+O(A)] when A — 0. (5.12)

We can finally determine A (thus the Fermi energy) as a function pg.
By setting 0 := —— it follows from (2.6):

\/mimsim3
/mimsms ~ -~
W/de[Eo,Eo+A] (El(k))-

Po =
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Using spherical coordinates:

V2A r(0,9,A)
,/m QO‘3 5 9
po = dd) df sin 6@ drr 4+ drr
0 V2A

This is the equation we have to solve in order to find A as a function of pq.
Then by standard fixed point arguments we arrive at the estimate (5.2) and
we are done. 0

Proof of Lemma 5.2. We only prove (5.4), the other estimate being similar.

As before, we prefer the new variables k; = \/kf where i € {1,2,3}. Denote
by E1(k) = Ey(k), by F(k) = F(k) and with Q* :== —%—_ Then we can

mimsms
formally write:

do(k) . _
o g P00 = / dk 3 (E(po) — Er(K)) F(K)

O*

— Vg, [ ks (gx(on) - B1(R)) F(R)
O

S— do(k) - -
= \/mimym} / ~71~{F(k)
{12652* s.t.E~'1(l~c):5F(Po)}
(5.13)

The quadratic expansion (5.1) implies |VpE; (k)| = || [1 +0 (122)} when
k — 0. Then:

do (k)
[VE (k)|

— JmTmEmiF(0) / dor (k) [k~ [1 + o(1)].

{keQr s.t. E1(k)=Er(po)}

F(k)

(5.14)

Using spherical coordinates, let us denote as before by (6, ¢, pg) the unique
root of the equation Ey (r(0, ¢, po),0,$) = Er(po). Then (5.14) can be rewrit-

ten as:
/ ’VEl
27 T

= \/m’{mgmgF(O)/dgb /d0 sin(@) (0, ¢, po) [1 + o(1)].

0 0
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Now by setting A := Ep(pg) — Ep and by using (5.12) when A — 0:

J % F(K) = /mimim? 427 F(0) VA[1 4 o(1)] .

Finally, we use (5.2) and the proof is over. O

Acknowledgements

H.C. was partially supported by the Danish FNU grant Mathematical Physics.
B.S. thanks Cyril Levy for fruitful discussions.

References

[1] Angelescu, N., Bundaru, M., Nenciu, G.: The Landau Diamagnetism. Commun.
Math. Phys. 42, 9-28 (1975)

[2] Adams, E.N.: Magnetic susceptibility of a diamagnetic electron gas—the role of
small effective electron mass. Phys. Rev. 89(3), 633-647 (1953)

[3] Briet, P., Cornean, H.D.: Locating the spectrum for magnetic Schrédinger and
Dirac operators. Commun. Partial Differ. Equ. 27(5-6), 1079-1101 (2002)

[4] Briet, P., Cornean, H.D., Louis, D.: Diamagnetic expansions for perfect quantum
gases. J. Math. Phys. 47(8), 083511 (2006)

[5] Briet, P., Cornean, H.D., Louis, D.: Generalized susceptibilities for a perfect
quantum gas. Markov Process. Relat. Fields 11, 177-188 (2005)

[6] Briet, P., Cornean, H.D., Louis, D.: Expansions for perfect quantum gases II:
uniform bounds. Asymptot. Anal. 59(1-2), 109-123 (2008)

[7] Briet, P., Cornean, H.D., Savoie, B.: Diamagnetism of quantum gases with sin-
gular potentials. J. Phys. A Math. Theor. 43, 474008 (2010)

[8] Briet, P., Cornean, H.D., Zagrebnov, V.: Do Bosons Condense in a homogeneous
magnetic field? J. Stat. Phys. 116, 1545-1578 (2004)

[9] Blount, E.I.: Bloch electrons in a magnetic field. Phys. Rev. 126, 1636-1653
(1962)

[10] Berezin, F.A., Shubin, M.A.: The Schrodinger Equation.1636-1653
Kluwer Academic Publishers, Dordrecht (1991)

[11] Combescure, M., Robert, D.: Rigorous semiclassical results for the magnetic
response of an electron gas. Rev. Math. Phys. 13(9), 1055-1073 (2001)

[12] Cornean, H.D.: On the magnetization of a charged Bose gas in the canonical
ensemble. Commun. Math. Phys. 212(1), 1-27 (2000)

[13] Cornean, H.D., Nenciu, G.: On eigenfunction decay for two dimensional mag-
netic Schrédinger operators. Commun. Math. Phys. 192(3), 671-685 (1998)

[14] Cornean, H.D., Nenciu, G., Pedersen, T.G.: The Faraday effect revisited: general
theory. J. Math. Phys. 47(1), 013511 (2006)

[15] Cornean, H.D., Nenciu, G.: The Faraday effect revisited: thermodynamic limit.
J. Funct. Anal. 257(7), 2024-2066 (2009)

[16] Cornean, H.D., Nenciu, G.: Faraday effect revisited: sum rules and convergence
issues. J. Phys. A Math. Theor. 43, 474012 (2010)



Vol. 13 (2012) A Rigorous Proof of the Landau-Peierls 39

[17] Doi, S., Iwatsuka, A., Mine, T.: The uniqueness of the integrated density of
states for the Schrédinger operators with magnetic fields. Math. Zeit. 237, 335—
371 (2001)

[18] Glasser, M.L.: Magnetic properties of nearly free electrons, nonoscillatory mag-
netic susceptibility. Phys. Rev. 134(5A), 1296-1299 (1964)

[19] Huang, K.: Statistical Mechanics. 2nd edn. Wiley, New York (1987)

[20] Hebborn, J.E., Luttinger, J.M., Sondheimer, E.H., Stiles, P.J.: The orbital dia-
magnetic susceptibility of bloch electrons. J. Phys. Chem. Solids 25, 741-749
(1964)

[21] Hebborn, J.E., Sondheimer, E.H.: Diamagnetism of conduction electrons in
metals. Phys. Rev. Lett. 2, 150-152 (1959)

[22] Hebborn, J.E., Sondheimer, E.H.: The diamagnetism of conduction electrons in
metals. J. Phys. Chem. Solids 13, 105-123 (1960)

[23] Helffer, B., Mohamed, A.: Asymptotics of the density of states for the
Schrodinger operator with periodic potential. Duke Math. J. 92, 1-60 (1998)

[24] Helffer, B., Sjostrand, J.: On diamagnetism and the de Haas—Van Alphen
effect. Annales de I'THP, Section Physique théorique 52, 303-375 (1990)

[25] Kato, T.: Perturbation Theory for Linear Operators. Springer, Berlin (1976)

[26] Kjeldaas, T., Kohn, W.: Theory of the diamagnetism of bloch electrons. Phys.
Rev. 105, 806813 (1957)

[27] Kirsch, W.: Random Schrédinger Operators. Lecture Notes in Physics, vol. 345,
pp. 264-370 (1989)

[28] Kirsch, W., Simon, B.: Comparison theorems for the gap of Schrodinger opera-
tors. J. Funct. Anal. 75, 396-410 (1987)

[29] Kuchment, P.: Floquet Theory for Partial Differential Equations. Birkhauser,
Basel (1993)

[30] Landau, L.: Diamagnetismus der Metalle. Zeitschrift fiir Physik A. Hadrons and
Nuclei. 64(9-10), 629-637 (1930)

[31] Misra, P.K., Kleinman, L.: Theory of the diamagnetic susceptibility of bloch
electrons. Phys. Rev. B 5(11), 4581-4597 (1972)

[32] Misra, P.K., Roth, L.M.: Theory of diamagnetic susceptibility of metals. Phys.
Rev. 177(3), 1089-1102 (1969)

[33] Nenciu, G.: Dynamics of band electrons in electric and magnetic fields: rigorous
justification of the effective Hamiltonians. Rev. Mod. Phys. 63, 91-127 (1991)

[34] Peierls, R.: Zur Theorie des Diamagnetismus von Leitungselektronen.
Zeitschrift fur Physik A. Hadrons and Nuclei. 80, 2-19 (1933)

[35] Resta, R.: Electric polarization and orbital magnetisation: the modern theories.
J. Phys. Condens. Matter 22, 123201 (2010)

[36] Roth, L.M.: Theory of Bloch electrons in a magnetic field. J. Phys. Chem. Solids
23, 433-446 (1962)

[37] Reed, M., Simon, B.: Methods of Modern Mathematical Physics, II : Fourier
Analysis and Self-Adjointness. Academic Press, San Diego (1975)

[38] Ruelle, D.: Statistical Mechanics—Rigorous Results. W.A. Benjamin,
New York (1969)



40 P. Briet et al. Ann. Henri Poincaré

[39] Savoie, B.: PhD thesis (2010)

[40] Wannier, G.H., Upadhyaya, U.N.: Zero-field susceptibility of Bloch electrons.
Phys. Rev. 136, A803-A810 (1964)

Philippe Briet and Baptiste Savoie

Université du sud Toulon-Var & Centre de Physique Théorique
Campus de Luminy, Case 907

13288 Marseille Cedex 9, France

e-mail: briet@univ-tln.fr

Horia D. Cornean and Baptiste Savoie

Department of Mathematical Sciences

Aalborg University

Fredrik Bajers Vej 7G

9220 Aalborg, Denmark

e-mail: cornean@math.aau.dk;
baptiste.savoie@gmail.com

Communicated by Jan Derezinski.
Received: December 7, 2010.
Accepted: April 15, 2011.



	A Rigorous Proof of the Landau-Peierls Formula and much more
	Abstract
	1. Introduction and the Main Results
	1.1. The Setting
	1.2. The Statements of our Main Results
	1.3. The Content of the Paper

	2. The Fermi Energy
	2.1. Some Preparatory Results
	2.2. Proof of Theorem 1.1
	2.2.1. The Semiconducting Case (SC)
	2.2.2. The Metallic Case (M)


	3. The Zero-Field Susceptibility at Fixed Density and Positive Temperature
	3.1. Starting the Proof: A General Formula from the Magnetic Perturbation Theory
	3.2. Using the Bloch Decomposition
	3.3. Applying the Residue Calculus
	3.4. Appendix---Proofs of the Intermediate Results

	4. The Zero-Field Susceptibility at Fixed Density and Zero Temperature
	4.1. The Semiconducting Case (SC)---Proof of Theorem 1.2 (i)
	4.2. The Metallic Case (M)---Proof of Theorem 1.2 (ii)
	4.3. Appendix---Proof of Proposition 4.2

	5. The Landau-Peierls Formula
	5.1. Proof of Theorem 1.2 (iii)
	5.2. Appendix---Proofs of Intermediate Results

	Acknowledgements
	References


