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Mean-field and Landau theory of PM-FM transition

II. BACKGROUND

In this set of lectures we will study statistical mechanics of magnetic insulators. These
are composed of local magnetic moments arising from atomic orbital charge currents and
intrinsic electron and nuclear spin. For simplicity we will denote the combined angular
momentum by dimensionless spin S and the associated magnetic moment p = S, where
i carries the units of magnetization with details that depend on the microscopics of the
moment (spin, orbital, etc), that will not concern us here. The Hamiltonian of an isolated

magnetic moment in the presence of a magnetic field is given by the Zeeman form,
H, = —p-B =SB, 1)

For quantum spins, as usual the micro-states are labeled by the total spin (with mag-
nitude squared eigenvalue S(S + 1)) and by a projection of S (conveniently taken along
B), that takes on 25 + 1 values s € {-5,—-S +1,...,5 — 1, S}, with energy eigenvalues,
Es = suB. For large S, the spectrum FEj is dense (AFE < kgT') and the sum over s states
reduces to an integral, that we expect to be equivalent to [ dQ2. For SuB < kgT it ranges

over the full 47 steradians of orientations of a classical spin, S.

III. CURIE PARAMAGNETISM OF LOCAL MOMENTS IN AN INSULATOR

For the noninteracting spin Hamiltonian, (1) the thermodynamics, heat capacity, mag-

netic susceptibility as well as other response and correlation functions are straightforwardly



computed. The thermodynamics is contained in the partition function, that for a single spin

is given by
or N —sunpepr  SIIL[(2S + DuB/(2kpT)]
Zy(B)=¢e BF _ Z e / = SnhiB) 2k T) , (2)

s=—5
For N noninteracting spins Zy = Z¥, the free energy Fiy = NI, and the magnetization

density is given by
m(B) = —ndF, /0B = nuSBg(SuB/kgT), (3)

where Bg(x) is the Brillouin function, Bs(z) = (1+ 55) coth [(1 + 55)z] — 55 coth(Z) A0

3(1+1/S)x. For § = 1/2 (the so-called Ising case), the partition function and magnetization

reduce to
2(B) = = [T 4 TN = 2cosh(uB/kpT))". ()
_ pN uB/kpT _ _—uB/kpT]| _ _i
m(B) = VZ(D) e e ] = 8BF, (5)
= nputanh(uB/kgT). (6)

It can be verified that above expressions display the correct quantum (low 7°) and classical
(large T') limits. In the latter, classical limit uB < kg7 the result reduces to Curie linear
susceptibility (using cothx ~ 1/z+x/3+...)

om 1,88+ _C
BB =3 T = (7)

with C' the Curie constant and m ~ x(7') B exhibiting a linear response in this regime. This

Xc(B = O,T) =

1/T linear susceptibility behavior is a generic experimental signature of independent local
moments, with the amplitude C' a measure of the size of the magnetic moment and the
associated spin. At finite 7" the susceptibility is finite and paramagnetic (i.e., magnetization
is along the applied magnetic field and vanishes with a vanishing field), only diverging
at a vanishing temperature. This captures the fact that in a classical regime, as T —
0 a nonzero magnetization is induced in response to an infinitesimal field, as disordering
thermal fluctuations vanish. For sufficiently low T" a quantum regime of large Zeeman gaps
uwB > kpT is reached, and magnetization density saturates at its maximum value of nuS,
and susceptibility and heat capacity vanish exponentially. In the opposite limit of high
temperature and low field, SuB < kgT, all states are equally accessible, entropy dominates
and the free energy approaches —kpT In(2S + 1). These limits are illustrated in Fig.1 and

Fig.2. As we will see below, interactions between local moments lead to a far richer behavior.
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FIG. 1: Reduced magnetization curves for three paramagnetic salts and comparison with Brillouin

theory prediction, from Ref.[20].
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FIG. 2: Magnetization and corresponding Curie susceptibility in gold (Au) nanoparticles, measured
at several temperatures up to H = 17 Tesla. Reduced magnetization curves for three paramagnetic

salts and comparison with Brillouin theory prediction, from Ref.22.
IV. SPIN-SPIN EXCHANGE INTERACTION

As a general “More is Different” (P. W. Anderson) theme of condensed physics, its

richness arises from interactions (gases are boring, but liquids are interesting). This of
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course also extends to magnetism where the rich array of magnetic phases observed in solids
is due to interaction between magnetic moments.
Now, based on magnetostatics one may naturally guess that interaction between spins

is due to dipolar interaction between the associated magnetic moments

Ho

] (1 o = 3(py - 2)(p2 - )], (8)

H dipole—dipole —

where r is the distance between and r is the unit vector connecting g, and po. Using up as
the scale for the magnetic moment and Bohr radius ry as a measure of inter-moment spacing

in a solid, an estimate of the dipole-dipole interaction energy is given by

Eipote—dipole = D X 107 eV ~ few Kelvin,
(9)

and is just quite insignificant for ordering on the eV energy scale (10,000 Kelvin) relevant to
magnetic solids, though can be important as a secondary scale for determining crystalline
magnetic anisotropy.

Although at first sight quite paradoxical (since classically it is spin-independent), it is
the much larger (order of eV) Coulomb interaction, together with quantum mechanics (via
the Pauli principle that brings the spin configuration into the problem), that is responsible

for magnetism in solids.

V. HEISENBERG MODEL

We leave the microscopic details of the spin exchange mechanism to a course on solid
state physics. The result is that spins at sites R; and R;, interact via the so-called Heisenberg

Hamiltonian
1

where J;; is the corresponding exchange energy that can be positive (ferromagnetic) or nega-
tive (antiferromagnetic), tending to align or anti-align ij spins, respectively. In the quantum
regime, this Hamiltonian is highly nontrivial (despite its deceptively simple quadratic form)

as S; are operators, and thus Hy is supplemented by a nonlinear spin-commutation relation
[S2,87] = i6ij€asyS7 (11)
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FIG. 3: Lattice of interacting spins (magnetic moments), exhibiting an antiferromagnetic (AFM)

classical order (figure from Subir Sachdev).

leading to quantum spin fluctuations even at zero temperature.

Even in the classical limit, (10) can be highly nontrivial, with potentially competing
exchange interactions, J;;, exhibiting rich phenomenology. As we will see below, the key
consequence of the exchange interaction is that (in contrast to noninteracting spins, that, as
we saw above, do not order in the absence of a magnetic field) a lattice of spins can undergo
a magnetic ordering phase transition below a critical temperature, T, into a configuration
that strongly depends on sign and strength of J;;, lattice structure and dimensionality.

We note that this ideal Heisenberg Hamiltonian has a full SU(2) spin-rotational invari-
ance, with spin orientation independent of the orbital (e.g., bond) orientations R;;. As
we discuss below, physical magnets exhibit important deviation from this idealization due
to spin-orbit interaction, that results in the so-called crystal-symmetry and other SU(2)
symmetry-breaking fields.

In the presence of an external magnetic field B, Hy must be supplemented by the
Zeeman interaction, (1), that for strong fields can overwhelm the exchange, aligning all the

moments along B.

VI. MAGNETIC ANISOTROPIES

In real crystals, spin-orbit interaction breaks full global SU(2) spin rotational invariance,

introducing coupling of spin orientation with the crystalline axes. The form of these, so-



called, crystalline anisotropies strongly depends on the atomic element, size of the spin,
symmetry of the lattice and order of the interaction. In a cubic lattice to quadratic order
in spins, no anisotropies appear (with lowest order appearing at quartic order as S3). In

tetragonal crystals, the Heisenberg model becomes

1 T QT z z
Honi = = > Ty (SPST+ SYSY+ ASESE) . (12)
2%
For A > 1 the ordering is along z axis (uniaxial axis of the tetragonal crystal), the so-called

“easy axis” Ising anisotropy. In the extreme limit of low energies the model reduces to the

Ising model

1
2

Since only commuting S? operators appear, in this Ising limit the model is classical (i.e., no
quantum fluctuations) and at 7" = 0 clearly exhibits classical magnetic order determined by
the form of the exchange couplings J;;.

Quantum fluctuations re-emerge in the presence of a transverse (to easy Ising axis) field,

described by the transverse-field Ising (TFI) Hamiltonian
1 z __Z x
HTFI = —5 E Jijo'i O'j — E hiO'Z-, (14)
ij i

where in the simplest case the exchange J;; can be taken to be local (nonzero only for nearest
neighbors, vanishing otherwise) and uniform transverse field h. In above we specialized to
a simplest case of spin-1/2, allowing us to express the Hamiltonian in terms of the Pauli
matrices %, 0¥, 0% (absorbing the factor p/2 into the parameters J, h). As we will see below,
this 1d quantum model maps onto 2d classical model and is therefore exactly solvable,
exhibiting a quantum (at 7' = 0) FM-PM transition as a function of h/J. Amazingly, via
Jordan-Wigner transformation it also maps onto a one-dimensional p-wave superconductor,
which is the easiest way to solve the 2d classical and the TF Ising models.

In the opposite case of |A| < 1, the spins order in the isotropic transverse to the uniaxial
axis, in which (to quadratic order in spins) the so-called “easy plane” ordering is isotropic.

In the extreme case the model reduces to the so-called XY model,

1 2 go L
Hxy = _§ZJ¢J‘ (Si S; +SZ‘JS;'/) - _512;‘]%58# : SJ'L' (15)
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In addition, for S > 1/2, a single-ion anisotropy Hi,, = —D > _.(S7)? can also appear in
tetragonal crystals. Because S? does not commute with S;-, such anisotropy D can drive a
quantum phase transition out of the XY-ordered ground state.

It is convenient to choose the quantization axis along the tetragonal uniaxial axis z and

rewrite the Hamiltonian in terms of spin raising and lowering operators

S =8y +i4S!, Sy =57 —iSY,

7

which reduces the Hamiltonian to
1 Ihoe Lol an o
H= _52% 5SS+ STS; +ASS] ). (16)
i,j

This form reminds us of the quantum nature of the Heisenberg and XY (but not Ising)
models. It also emphasizes its relation to the bosonic hopping problem, where spin exchange
corresponds to a destruction of S, quanta at site j and its creation at site i, and visa versa.
As we will see, beyond a planar ferromagnet, XY model has a large number of diverse
physical realizations, such as charge density waves, superfluids, spin-density wave, etc. For
example, the two-component real spin, S = (S, S,) naturally maps onto a single complex

superfluid order parameter ¥ = S, 4 4.5,.

VII. ISING MODEL

As we learned in the previous section, starting with an SU(2) invariant Heisenberg model
and adding Ising crystalline anisotropies, reduces it to an Ising model with commuting S,-
only spin components. Quantum fluctuations re-emerge in the presence of a transverse (to
easy Ising axis) field, described by the transverse-field Ising model (TFIM) Hamiltonian

1
Hrpr = —3 Z Jijoio; — Z (heoy + hoy), (17)
0]

7

where we have also added a longitudinal external field h.

In general (spatial) dimensions d > 2 this model is not solvable, even in the classical
limit, but it is in the quantum case of 14+1d (space+time dimensions) and also in the 14+0d
and 2+0d classical case of h, = 0, with the latter intimitely related to the former, as we will

see below.



A. Classical 1d Ising model

Let us first focus on the simplest case of a classical 1d model in a homogenous external

longitudinal field with nearest neighbors exchange interactions (dropping superscript “z”),

N
Hld = — Z [JO'iO'Z'Jrl + hO'Z] 5 (18)

i=1
with periodic boundary conditions (i.e., closed spin-1/2 chain on a ring), with N spins and
on+1 = 01, and thus last exchange term is —Joyo;. The corresponding partition function

is given by,

Z e Z 627{\;1[‘10750'1'+1+h0'i}’
{oi}
- Z T0102T0203 ce TaNzn = Trace[TNL
{oi}
= AV 42N, (19)

where I chose to measure energies J,h in units of thermal energy kgT, > (o} =
D oimt1 D ggtlr 5 Dogy—+1 COTesponds to N independent sums over N spins, and .
are two eigenvalues of T. The last expression for Z expressed it in terms of a trace of a Nth

power of a “transfer matrix” 7' read of by inspection to be given by

T,y = /07 Tahlote!) — [ 700 7L (20)

= (e" cosh h) 1+ (e‘] sinh h) o +e ot = (eJ cosh h) 1+b- a,
15

= a[(coshg) . #(sinh g)] = ae 9", (21)

where in above equality we expressed T in terms of Pauli matrices and the identity matrix
1, defined a pseudo-magnetic field b = (e77,0,¢e’ sinh h) (by analogy with quantum single
spin Hamiltonian in a field) and in the last equality used their properties to express T as
an exponential of a linear combination of Pauli matrices, with a2 = €2/ cosh? h — |2 =

€2/ cosh? h — €2 sinh®> h — e 27,



1. zero field h =10

For h = 0 the eigenvalues AL are easily evaluated, since eigenvalues of ¢* are 1, giving

Ay = 2cosh J and A\_ = 2sinh J, which gives,
Z(h=0) = (2cosh J)N + (2sinh J)V ~ (2cosh J)V, (22)

where largest eigenvalue A\, dominates in the thermodynamic limit, giving F'(h = 0) =~
N 1n(2cosh J).

I note that above result can be immediately obtained by using bond variables 7; = 00,41
as the basic degree of freedom. This is possible for open boundary conditions, where 7;
contains same information as o;, up to a factor of 2 due to the one end spin. The resulting

partition function is then simply

z=2 Y} e~/ 5T = 2(2cosh J)N Y, (23)

{ri=—1,1}
which in the N > 1 limit matches the exact one above computed in terms of o;.

For periodic boundary conditions, there are as many bond variables as spins (N) except
that there are two spin configurations for every set of bond configurations. However, there
is also an obvious but important constraint, HZN 7; = 1. This constraint must be faithfully
implemented. To this end we introduce C' = %va(l —7;), that counts the total number of
negative 7; bonds. We can use C' to project out the odd number of negative 7;’s configurations
(that don’t satisfy va 7; = 1) out of the partition function using projector P = %(1 + €m0
(which is 0 (1) if C'is odd (even)). Imposing this constraint on Z expressed in terms of 7;s
we recover the exact result Eq. (22), above.

Calculating the free energy F' = —kgT'In Z ~ —NkgT In[2 cosh(J/kgT)] and computing
the average energy E(T) and heat capacity Cy(T') we find

E(T) = —0InZ/08 ~ —N.Jtanh(J/kpT), (24)
Cy(T) = OE/OT ~ kgN(J/kpT)?/ cosh®(J/kpT), (25)

where the approximate result was computed in the thermodynamic limit, N > 1, dominated
by the largest eigenvalue A;. These have sensible behavior: as expected F(T) vanishes in
high T limit (no correlations between spins) and saturating at —JN in the low T' < J/kp

limit, and Cy-(T') displays the standard Schottky peak form (decaying exponentially, e=27//*¥57
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at low T and as 1/T? at high T'). The key observation is that these functions are analytic
in 7" and thus display no sign of a phase transition in a 1d Ising model, as expected from
our numerous further discussions.

We can also use transfer matrix methods to compute spin correlation functions. For

example, the average of a spin gives magnetization

1 1
m= (o) = 7 Z eJZfil TiTitl g = ETY [TN_’H_ngTk_l} 7

{oi=%1}
1 _ _

alv > (o|TN o) (ol slo) (o] TH o) = Y (olmlo) =0, (26)
t o=+ o=+

that one can also see purely based on symmetry, with o4, odd and Hamiltonian (and therefore
the Boltzmann probability) even under spin-flip (time reverseal) symmetry. I note that based
on this, one may naively conclude that a vanishing magnetization extends to any system with
even spin-flip symmetry. In fact this is indeed the case for any finite N system. However, as
we will see, in a proper thermodynamic limit (N — oo, followed by h — 0%), some magnetic
systems, ferromagnets and antiferromagnets exhibit ergodicity breaking, characterized by a
nonzero magnetization.

A two-point correlation function for a 1d Ising model is also readily computed,

1 1
(o10%) = 2 Z I T i g g ZTY [REGEE

{o,=%1}
1 N—I+1 / Hl—ky| ot ! k—1
~ 1 2 (I olnlo!) (o [TH10') (o ko) (o ),
+U,U’::&:
~ 30 (52) IHRIOOR = [GHmbE + [l ()
o'==+ + +
~ e l-HI/ET) (27)

where 73 is the 3rd Pauli matrix, and we used eigenstates of T' (which are |+) = 271/2(1, £1))
decomposition (analogue of Lehmann spectral decomposition) to find that magnetization

vanishes and the correlation function decays exponentially with correlation length,

1

= TN NN ~ 1 2J/kpT

() :

Alternatively and more simply one can compute the two-point correlator using bond de-

grees of freedom 7; = ;0,11 as in (23) with open boundary conditions (to avoid odd/even

11



constraint),

1
{Ul::tl}
1 B
= — Z e‘]zi‘ill”TkaH T = [tanh(J/kpT)]" = enltanh(/ksD] = o=n/&(T)
{ri==%1}
(29)

The correlation length £ is finite and analytic at all temperatures and at low T' diverges
exponentially, corresponding to the separation between decorrelating domain-walls of energy
2J. This is all consistent with the absence of phase transition in the classical, 1 4 0d Ising

model.

2.  finite longitudinal field h # 0

The eigenvalues of T in the presence of an external longitudinal field h are also easily
found (particularly utilizing connection to quantum single spin Hamiltonian in a field l;,

where Ey = +[b]), and are given by,

+ = 2/ s T
A e’ cosh(h) + V27 sinh® b + e~2/ (30)

A = e’ cosh(h) — Ve2/ sinh® h + e~27, (31)

from which the free energy F' ~ —kgTNlIn(\,) and all other thermodynamic quantities,
e.g., the magnetization (o) = —0F/0h can be computed. Simple analysis shows that for
h = 0 indeed the magnetization vanishes at all temperatures, as in a simple paramagnet.
This is consistent with the earlier findings and in particular the absence of the continuous

phase transiton and the absence of the magnetized phase in the 1d Ising model at zero field.

8. 140d classical Ising — 0+1d quantum spin in a field

We finally note that 1d Ising model transfer matrix can be put into an exponential

form T = ae_TH@, in terms of a constant a, arbitrary constant 7 (with condition that
N7 =), and a 2 X 2 matrix I:IQ = gn - &, using properties of Pauli matrices that e 9% =

(cosh g)1—n-d(sinh g). The latter can be interpretted as an equivalent quantum Hamiltonian
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of the 041 dimensional i.e., a single quantum spin problem in a magnetic field. For h = 0,
the transfer matrix

~

T=e¢l1+e 70",
is particularly simple, for which we find 7Hg = go®, with

1
g = ) In(tanh J) <> tanh g = —e %

a = V2sinh2J. (32)

The corresponding quantum partition function is
Z = Trace [e‘ﬁQHQ] ,

where up to a constant f[Q = —h,o", with h, = g, Bg = N. The latter relation dictates that
the quantum spin is at an effective quantum temperature that vanishes in the thermodynamic
limit NV — oo. The correlation length in this quantum approach is proportional to the inverse

of the excitation gap, which is set by g, giving £ ~ 1/g ~ €2/

, in agreement with classical
prediction, above, Eq. (28).

Thus we indeed find an amazing result, illustrated in Fig.4, that (as we will see later
in the course is quite general extending beyond Ising model) thermodynamics of the 1d
classical Ising chain is equivalent to that of a 0+1d single quantum spin a magnetic field

and temperature that vanishes in a thermodynamic limit.

B. Classical 2d Ising to quantum 1+41d Ising model in a transverse field

Transfer matrix treatment can also be used to solve an anisotropic 2d classical Ising
model, with sites labelled by (z,y) = (i,7), with N,, N, rows and columns and anisotropic

exchanges,
Np,Ny

Hoarsing = — »  [Jnolofsy + Juofol T, (33)

1,7=1
as was done by Lars Onsager in his tour-de-force solution in 1944. The 2d Ising criticality

is thus known to be characterized by highly non-mean-field critical exponents,

v=1,8=1/8,a=0~vy="7/4,6=15n=1/4. (34)
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FIG. 4: A mapping of a 1d classical Ising spin chain o*(z) onto a world-line of a single quantum

spin, 0*(7) in a transverse field h,.

A much simpler route that we will follow is by mapping the 2d classical Ising model onto
14+1d quantum Ising model in a transverse field, h,, the so called Transverse Field Ising
Model (TFIM). Following our above transfer-matrix representation, as illustrated in Fig.5,
we thereby obtain TFIM, with a quantum Hamiltonian given by,

Np

Hyppg = — Y [Jn676% + hi6}] . (35)

i=1
We note that Trotter transfer-matrix decomposition requires highly anisotropic exchange
couplings J, < Jj, a restriction that is not expected to change any of the qualitative

physics that we will find below.

C. 141d Transverse Field Ising Model (TFIM)

In somewhat simplified notation we study the TFIM Hamiltonian,

N
Hyppg ==Y | [J6767,, + ho!] (36)

i=1
where spin operators are represented by Pauli matrices, that on the same site ¢ satisfy the

standard angular momentum algebra, also anti-commute, and on different sites commute to
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FIG. 5: A mapping of a 2d classical Ising model o*(z, y) onto a world-line of a quantum Ising spin

chain, o*(z, 7) in a transverse field h,, the so called Transverse Field Ising Model (TFIM).

Z€ero.

[o¢" ,O'JB] = 2i€ap,0; 0;j, (37)

{o%, 2} = 2043 (38)

Because raising and lowering spin operators are given by ;- =
flips the eigenvalue of o7.
The Hamiltonian is invariant under global Z; symmetry of spin flip 0, — —0o., generated

by .
> =] (39)

which therefore commutes with the Hamiltonian, [H, P] = 0.

1. TFIM phases and phase transition

We first analyze the phases of the TFIM by considering limiting cases.
Quantum Paramagnet, PM
For h > J, the ground state is well approximated by independent spins in the transverse

field, and is thus quite clearly given by a product of lowest eigenstates of o7,

|PMGs>=H!—>>z=H7(|T)+|¢>)—!—>—>—>~-%>- (40)

—_
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This paramagnetic ground state is unique and invariant under spin flip P, i.e., P |PMgs) =
|PMgs).
At J = 0 the lowest excitation is a gapped single spin flip at position z from | —) to

| «), with a Zeeman gap Egal\g = 2h, corresponding to N degenerate eigenstates, labelled

by location x of the spin flip,
|PMex, ) = | == ... 2é—p— ... —). (41)

A nonzero J, splits this N-fold degenerate excitations, with the spectrum obtained
through a degenerate perturbation theory in H; = — Zfil Jo7o7,.,. To lowest order, we

diagonalize HTFT™ in this N x N subspace |x), discrete Schrodinger equation,
H™™M|z) = —J(jo = 1) + |o + 1)) + 2h|z), (42)

i.e., the N x N matrix (x| HT™™|2/) = H,p = —J(04—1.00 + Ops147) + 2h0, by standard
Fourier transformation, giving Hrppv(k)|k) = EPM|E), with eigenstates and spectrum given

by,

|k) = Ze‘“’“|x>, E;M = 2h — 2J cosk. (43)

T

47
§ 2R-23 =R

~
“h
FIG. 6: Spin-flip spectrum inside the PM phase of the TFIM.

Quantum Ferromagnet, FM
In the opposite limit of h < J, the Hamiltonian reduces to simple classical exchange.

The ground state is two-fold degenerate, clearly well approximated by a perfect FM (fully
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o, aligned) state, by a product of same eigenstates of o7,

|FMgs)y = H D= M. 1), (44)

where 1 picked all up states, but could have equally picked the degenerate all-down state,
|FMggs), = P|FMcs):. In contrast to the PM state, such FM ground state spontaneously
breaks the Z5 symmetry of the Hamiltonian.

At h = 0 the lowest excitation is a gapped single kink at position z, with a Zeeman gap

Egal\g = 2J, corresponding to N degenerate eigenstates, labelled by location = of the kink,

‘FMe)u (HJ ) |FMGS T = | \L\L iix/[\ s T) (45)

1<T
A nonzero h, splits this N-fold degenerate excitations, with the spectrum obtained
through a degenerate perturbation theory in H, = — ZN ha¥. To lowest order, we di-

agonalize Hrgpy in this N x N subspace |z), discrete Schrodinger equation,
H"™Mz) = —h(|z — 1) + |z + 1)) + 2J|x), (46)

i.e., the N x N matrix <a:|I:ITFIM|x') = H,w = —h(0y—14 + 0z414) + 2J9,, by standard
Fourier transformation, giving Hreny(k)|k) = EfM|k), with kink-wave eigenstates and spec-

trum given by,
= Z e k), EfM =2J — 2hcos k. (47)

I note that strictly speaking, for any nonzero transverse field, h and a finite system size
N, the neither of the two degenerate ferromagnetic states, |F'M )+, |FM), are actual ground
states. That, that is because for finite /N the transverse field couples these two states into
their odd and even linear combinations, much like in any two-level system (e.g., ground state
of a symmetric double-well potential are not left and right-well states but their symmetric
combination).

To mix these two N-spin ferromagnetic states requires N-th order perturbation theory

in the transverse field, with the effective Hamiltonian perturbation given by,
N
H!, = (0. (hZa) o)/ IV = h(h) TN 2L, (48)
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with eigenstates,

FM). = iQ (IFM); + |PM),). (49)

with corresponding eigenstates split by
E* = Ey(1 £ (h/J)™) (50)

exhibiting a spliting exponentially small in system size, AE = E~ — E* = h(h/J)N"! ~
e~ NMNowhere Ny = 1/log(J/h) for h < J. These are the so-called “Schrodinger cat”
states, whose macroscopic nature makes them extremely fragile to any local perturbation
that constitutes a measures, projecting them onto one of the two ferromagnetic components.
Even though these true + cat states have a vanishing magnetization, there are qualitatively
distinct form the paramagnetic states, above, that are a product of a + superposition of 1
and | on each individual site, Eq.40.

We also note that starting with the initial ferromagnetic (non-eigen) state |F'M)4, at a

later time ¢, the state is given by,

(6) = —= (7 EFM), + e EFM) ), (51)

1
vl
transitioning to |FM), at time ¢ with probability P(t) = [(FM_|¢(t))> ~ sin®(AEt/2),
which becomes on O(1) at time ¢, ~ h/AE ~ e"/No that is exponentially large in system
size. Thus, starting in a FM state, a thermodynamic system will remain in it effectively
indefinitely, and this we can think of the FM state, for all practical purposes as the thermo-
dynamic ground state.

Quantum Paramagnet-Ferromagnet transition

The PM-FM phase transition is accomponied by closing of the paramagnetic gap, Egal\g =
2h — 2J or by closing of the ferromagnetic gap, Eg;\g = 2J — 2h, at the quantum phase
transition that we estimate to be at h/J = 1. Below we will utilize duality prove that this
is indeed the exact location of the quantum critical point.

As an educated guess based on forthcoming classical discussions (that we will substan-
tiate in later sections) in the continuum this quantum Ising PM-FM phase transition is

described by an imaginary-time action,

Bh
Sote )] = [ drata | 570,07 + 5 (907 + 5+ (o). (52)
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FIG. 7: Mlustration of gap closing at the quantum critical point between FM and PM ground states
of the TFIM.

giving the partition function Z = [[de¢(x, 7)]e~*II/% with the transition controlled by the
reduced coupling r ~ h/J — 1. In above we generalized to an arbitrary spatial dimension d,

with the d-dimensional quantum Ising transition described by a ¢* theory in d+1 dimensions.

D. Kramers-Wannier duality

Classical 2d Ising model exhibits order-disorder Kramers-Wannier duality (discovered in
1941), that can be demonstrated by matching high- and low-temperature expansions of the
two phases, showing that they match.

Alternatively and more straightforwardly this duality can be demonstrated on the 141d
quantum TFIM, that we mapped 2d classical Ising model onto. To this end, we introduce a

kink creation operators

72?51‘-1—1/2 = H &f’ (53)

J<i
that lives on a dual lattice 7 = i + 1/2 in the middle of each bond, and creates a kink at
position 7 by flipping all the spins at position j to the left of i +1/2. We also introduce the
conjugate kink variable,
7 = 07041, (54)

i=i+1/2

that measures if there is a kink at i, with eigenvalues 1. For simplicity of notation,
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henceforth, we will drop the bar over i in 1.
We note that using the commutation relations of ¢ (as suggested by the notation),

77,7 also satisty Pauli algebra, e.g.,
{77, 77} = 0, [%-z,%g;i] =0. (55)

We also observe that 67 = 77" |, since creation of two adjacent kinks flips a sandwiched
spin.
In terms of these dual (disorder) operators, the TFIM Hamiltonian becomes,

N
Hyppg ==Y _ [J#7 +haf30] (56)

i=1
which is identical to the original Hamiltonian (after rotation of spin axis by 7/2 around y,

that interchanges x and z labels), with
J—=h, h—J (57)

We emphasize that this self-duality of the TFIM only goes through for the bulk part of the
system, but has subtleties (that we will ignore, focusing on the thermodynamic limit) at
the boundaries particularly for periodic boundary conditions, that gets twisted by 7. A
hint of the subtlety is that duality seemingly maps a unique PM ground state onto doubly
degenerate FM ground state.

One immediate utility of the J <+ h mapping is that we can deduce the exact location of

the critical point. Assuming that there is only a single FM-PM phase transition, we obtain

(h/J)e = (J/h). = c. This immediately implies
(h/J)e =1, (58)

as we claimed in Fig.7.

E. Jordan-Wigner transformation

As advertised above, the 1d TFIM can be solved by the Jordan-Wigner (JW) trans-
formation (1928) to a quadratic fermionic Hamiltonian, that describes a 1d spinles p-wave

superconductor.
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To gain some intuition, we note that Pauli operators of* anticommute on the same site,

38 and in particular for raising and lowering operators
( ) p g g op )
{Civci} ]-’ {ci 7ci} 07 (59>

where o;7| 1) = | 1), 07| 1) = | }), and (¢°)% = 0. This reminds us of spinless fermionic

operators ¢;, c that satisfy standard fermion anticommutation algebra

{ci,c;} dij, {ci ¢} =0, {CZ, ]}—0

and (¢;)? = (¢/)? = 0, and Fock states, ¢;|1) = |0), ¢/[0) = |1).
With identification of two Hilbert spaces | 1) — [1),] }) — |0). These relations suggest
expressing spin operators in terms of fermionic operators, o™ = cT o = ci, o; = QCTci — 1.

=0, fori #

j, tells us that this naive representation fails, since fermions anticommute on distinct sites.

However, some reflection on spin commutation relation on different sites, [o%, g ]
Indeed, spin-1/2 operators map onto “hard-core bosons”, excluded from occupying the same
site but infinitely strong onsite repulsion, rather than the Pauli principle of anticommuting
operators. This bosonic representation is not that helpful to us using it would still require
an imposition of the hard-core constraint, that is a challenge.

Amazingly, Jordan and Wigner (1928) solved the problem by a brilliant but relatively
simply fix. They introduced a JW “string” operator, giving the representation,

o';r = CTemZJ@ J 0'; = mzj<2 JCJC 0’; = ZC;rCi —1. (60)

This representation indeed allows one to map the TFIM onto quadratic, spinless fermionic
.I.

Hamiltonian expressed in terms of ¢;, ;.

Spin raising and lowering operators are associated with fermion creation and annihilation
operators and z-component of spin o7 is associated with fermion site filling number, n;
(shifted by 1). Indeed the “naive” (failed) representation must be supplemented with the

so-called “string operator” (the exponential multiplying > c] to ensure the correct spin-

i<i G
commutation (rather than fermionic anticommutation) algebra on different, i # j sites.

By carefully taking into account the Jordan-Wigner “string” we can demonstrate that
the string ensures that indeed above spin representation satisfies spin-1/2 algebra on the

same site, and with spins simply commuting on distinct sites.
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To see this, first note that on the same site i, strings involves fermion number operator
on site distinct (to the left) from the fermion operator and thus commutes with the fermion

operators. Thus,

[SZ-I—’ Sz_] — CTGWZJ<10JCJG ”TE]<’LCJCJC7: mZ]chc]c CTG’LTFZJ<ZC < (61)

= cle;— el =2n; —1 =257 = o7 (62)

as required for spin algebra. On distinct sites, ¢ < j, there is a nontrivial commutation

relation between the two strings and between a string and a fermion operator. To detail

this, we first note that on the Hilbert space |0),|1) a piece of the string at i, emimelei =
1— QCZCZ' = —o7, giving +1 for n; = 0, 1, respectively. Equivalently, we can demonstrate this
result by a Taylor expansion of the exponential. Thus, [e‘”czT ¢ cl] = e—imclei ol — cIe‘”CICi =
(1—2cl¢)el —cl (1 —2efe;) = —2¢] = —2¢/(1 — 2¢f¢;) = —2016_”6161', ie.,
efiﬂ'cgcicgr _ _C;fefifrc;rci N {ef'mc ci CT} —0.
Armed with this we find
[Sj, S];gz] _ C;[eiﬂ Yok<i chkefiﬂ i<y c}cl ¢ — eI i<y c}cl CjC;feiﬂ’ Yok c};ck’ (63)
— cchg'e”Zk<iCLcke—i7rZz<j cla y c;cle ™ s eletgin Tici chok = 0, (64)

as required for spins on different sites.
Using above JW representation and carefully taking care of the string (as for above com-
mutation relation), we can express the TFIM (for convenience interchanging the components

T 2)
N

Hrppy = — Z [Jo767,, + ho?], (65)

=1

in terms of the JW fermions. Utilizing
(e +e)(1 - 2cker) = (] — )
to get rid of the string in the first term, (62), and we find
Hrep == 32 [ (el = e)lelya + i) + el =) (66)

with a crucial minus sign in the first term coming from the JW string.
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Expanding (66), we obtain a Hamiltonian for a 1d mean-field spinless p-wave supercon-
ductor,
t s f PRAYES
HTFIM—pwaveSC = - Z 5(01 Cit1 + Cz‘+1ci) + pe;c; + 5(01 Civ1 T Ci—i—lci) ) (67>

where the hopping amplitude ¢t = 2.J, the nearest neighbor p-wave pairing amplitude A = 2.J,
and the chemical potential p = 2h. We note that the A pairing term breaks U(1) fermion
conservation symmetry modulo 2, i.e., can create and destroy Cooper pairs in this mean-field
model of a p-wave superconductor. This broken U(1) symmetry is a reflection of breaking of
corresponding U(1) S conservation symmetry of the quantum XY-model down to Z Ising
symmetry of the TFIM, latter corresponding to the remaining fermion parity symmetry of
(67).

Above fermionic Hamiltonian is straightforwardly solved for periodic boundary condi-
tions. We first Fourier transform c, = ﬁ > e*%cy, to decouple it into 2 x 2 quadratic

Bogoluibov Hamiltonians Hy, one at each k, and then diagonalize each Hy, obtaining

1 1
Hrpivi—pwavesc = Z {&:CLCk + §AkCLCT_k + §AZC—ka ; (68)
k
1 €, Ap Ck
= = ke , (69)
2 k % 1
= Z EkOéLOék + Eg, (70)
Kk

where the ground state is unique taking Bardeen-Cooper-Schrieffer (BCS) form |BCS) =
[locher |1+ vk/ukcikcg |c-Vacuum), By = — >, (Er—e€) is the corresponding ground state
energy, €, = —tcosk — p, and Ap = iAsink. Straightforward diagonalization of Hj also

leads to new Bogoluibov fermionic quasi-particles,
o = URCl + vch_k, (71)
where simple analysis gives eigenfunctions uj = 3(1 + €;/Ey), vi = 5(1 — €,/E}), and bulk

Ep = /€ + |A]2. (72)

As found in the previous subsection, the gap (minimium excitation energy) is finite in the

spectrum,

FM (=t < p < t) and PM phases (u > t, u < —t) energy, only vanishes at u = £t at which
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a quantum phase transition takes place. As discussed earlier, the gap is proportional to the
inverse of the Ising model’s correlation legth, and the ground state energy FEj straightfor-
wardly found, giving the free energy and therefore all of thermodynamics of the classical 2d
Ising model. Near p = £t the gap is at £ = 0 and is proportional to Eg,, ~ |J — h|, thus
giving correlation length exponent v = 1 for the 1d TFIM and 2d classical Ising model, to
be contrasted with the vy,g = 1/2.

F. Kitaev Majorana Chain

We conclude by noting that Hamiltonian (66), is naturally expressed in terms of real

and imaginary parts of the operator ¢; and clT ,
A . A .
=7+, d=vt-if, (73)

the “Majorana fermions”, after Ettore Majorana who first introduced them into physics in
1937, to describe Hermitian (real) fermions that are their own antiparticle.
The first J term is immediately written as —iv~/, and the transverse field h term

B

becomes —iyP~A, with the full Hamiltonian, the so-called Kitaev Majorana chain, given by

Hrrrvi—kitaeo = ZZ [J%;B%{‘H + h%'B%A] . (74)
This form illustrates the competition between the exchange J and transverse field h. The
latter drives Majorana gapped ’pairing’ between real and imaginary fermionic parts on the
same site 7. In contrast J driving pairing between imaginary component at site ¢ and a real
component at site ¢ + 1.

It is clear that for A > J when the h type pairing dominates, even the open chain is
fully gapped. In stark contrast, for h < J the nearest neighbor Majorana hybridization gaps
out the bulk modes but leads unpaired Majorana modes on the two ends of the chain, ;'
and v&. These can be combined into a complex physical fermion, d = ~{* + iv%, that is
completely delocalized across the whole chain. Examining the Hamiltonian (74), it is clearly
independent of d and is thus independent of whether this fermionic state is filled or empty.
We thus conclude that for —t < pu < t, the open Kitaev chain has a ground state that
(in thermodynamic limit) is doubly degenerate (for a finite chain the splitting is vanishins

exponentially in the length N of the chain), with the two states give by,
0) = |GSges), 1) =d'|GSpes). (75)
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These two states have been proposed to be used as a nonlocal topological qubit for topologi-
cal’” quantum computation, with its nonlocality making it robust against any local perturba-
tions and therefore fault-tolerant.[38, 39]. Generalizing to a network of M Kitaev chains, we
have M qubits with the ground state is 2*-fold degenerate. Braiding the Majorana modes
on the ends of these wires executes a unitary 2 x 2M transformation in this degenerate

ground state subspace, a proposed topologically protected quantum computation.

VIII. MEAN-FIELD THEORY OF FERROMAGNETISM IN CRYSTALLINE IN-
SULATORS

Along with the phenomenological richness of interacting systems, comes the challenge
of their solution. Except for one-dimension (where it can be solved by Bethe Ansatz) the
full quantum-mechanical Heisenberg model cannot be solved exactly. As we can seen even
the classical Ising model can only be solved in 1d or 2d. We thus embark on a variety of
approximate analyses of this and other models, predicting appearance of magnetic orders
and phase transitions between them. We defer a discussion of available exact solutions to
other lectures.

The simplest and oldest approximate treatment of interacting systems in general is
the so-called mean-field theory (MFT) approximation. The general idea is to replace the
many-particle system by an effective one-particle Hamiltonian in the presence of an effective
external field produced collectively by the remaining particles. The approximation is valid
away from the transition, deep in the classically well-ordered and classically disordered states,
where fluctuations are small. As we will see in the next lecture, MFT will break down near a
critical point of a continuous phase transition, requiring a more sophisticated analysis, such

as e.g., renormalization group theory, large-N approximation, etc.

A. Weiss mean-field theory

In the context of magnetic systems, MFT is known as Weiss mean-field theory (1907),
where one replaces interacting spin model by a single spin in presence of an effective, self-
consistently determined Weiss magnetic field.

To implement Weiss mean-field approximation on the classical Heisenberg model, we
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assume long-range magnetic order, characterized by a magnetization proportional to (S;),
with spin then given by
Si = (Si) + (8: = (84)),

a sum of the mean-field value and (presumed) small classical fluctuations. Inserting this
into the Heisenberg Hamiltonian in the presence of an external field and neglecting the

small fluctuations terms beyond first order, we obtain
1
Hinge = 5 D Ji(Si) - (8;) =D Ji(Sy)-Si—uB- S, (76)
ij irj ;
1
= 52 (S (S)) — #Ber- DS (77)
ij i
where the effective Weiss field is
1
Beff =B+ ; Z Jij<Sj>>
J

that quite clearly gives a self-consistent mechanism to induce magnetic order, (S;) # 0
even for a vanishing external magnetic field. The Weiss field on spin S; is generated by the
neighboring spins. Since the above mean-field Hamiltonian, (77) is for a single spin, it can
be solved exactly utilizing our earlier analysis, but now including an implicit self-consistency
condition through B.g.

Focussing on the ferromagnetic state, we take (S;) = Sy = m/u to be spatially uniform,
which allows us to directly utilize our analysis from Sec.III for Hamiltonian (77). From

Eq.(3) we immediately find magnetization density along the applied field

m = nuSBg [SuBeg(m)/kpT], (78)
= nuSBg [Su(B + Am)/kgT], (79)

which gives a self-consistent equation for m(B), with a constant A = Jy/(nu?) and Jy =
> Jij (= Jz for nearest neighbors exchange model with 2 the lattice coordination number).
We note that the magnetization, m(B) is nonzero for any finite B, with spins biased to point
along the external magnetic field. The above implicit equation can be solved graphically (or

numerically), which for B = 0 is illustrated in Fig.8.
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FIG. 8: Graphical determination of the mean-field magnetization m(B = 0,T) from the intersection
points of the Brillouin function Bg(z) and straight lines of temperature-dependent slope (figure

from Solyom, Solids State Physics I).

From its structure and

1

1
Bs(r) =~y 5(1 +1/8)z — e (25% + 457 +3S + 1)2?, (80)
1
= s [(1—a)m —bm?], (81)

(82)

it is clear that for sufficiently high 7" > T, (small prefactor in the argument of Bg), a > 0
and zero external field B = 0, there is only a single trivial paramagnetic solution m = 0
(Fig. 10). However, for T' < T, a < 0 and there is also a nontrivial, ferromagnetic m # 0
solution, that can be shown to minimize the free energy for 7' < T.. The critical Curie
temperature T, is easily found as the temperature at which the FM solution first appears

and is given by

kpT, = %anS(S—i— 1A, (83)
1
= %S(S +1) = gJO<SQ>, (84)

quite naturally determined by the exchange constant J and a square of the spin operator

with larger spin S (more classical) ordering at higher temperature.
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FIG. 9: Comparison of the measured magnetic properties of nickel [P. Weiss and R. Forrer, Ann.
de Phys. 5, 153 (1926)] with the results obtained in the mean-field theory for S = 1/2. (a)
Magnetization and (b) inverse susceptibility, as functions of temperature (figure from Solyom,

Solids State Physics I).

This analysis is particularly simple for S = 1/2, in which case Weiss mean-field self-

consistent equation is given by,
m = nutanh (B + Am)/kgT], (85)

which for B = 0 has a simple Taylor expansion, rearranged in a suggestive way,

%)
0~ —m+ Jo/kgTm — bm* = ~3 mpe[m)]. (86)

More generally, without Taylor expansion, utilizing the identity tanh(x) = d/dx [In cosh(z)],

Eq.(85) can be rewritten as a minimization of the mean-field free energy, given by

1 kT A
Foptlm] = §m2 - nf In cosh {%1 : (87)
1 b
~ —(1—Jy/kgT)m?* + —m?*, (88)
2 4

which has the famous Landau’s “¢?” form (b is a positive definite constant that varies

smoothly with 77), that we will encounter in the next sections.
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Repeating this expansion for small B, we find the so-called Curie-Weiss linear linear
response
m = xcwB,
with the susceptibility

_ X

that (in contrast to the paramagnetic Curie susceptibility x¢) diverges at T, > 0, where the

~|T-T,77,

system exhibits the paramagnetic-ferromagnetic continuous transitions. Above defines the
susceptibility exponent ~, characterizing the degree of critical divergence at T, that in MF'T
is given by v = 1. From above solution, for B = 0 we also find, that, while in the PM state
m = 0, in the FM phase the magnetization grows as (see Fig.9)

m o (T, — T2, for T < T,

and

moc BY3, at T =T..

Similar mean-field analysis can be carried out for other magnetic states, for example the

AFM Néel or spin-density wave states.

B. Fully-connected model: d — o

An alternative but equivalent approach to Weiss mean-field theory is to instead consider

a modified fully-connected Heisenberg model (sometimes referred to as infinite dimensional)

J
gfﬁz—ﬁZSi-sj—uB-Zsi, (89)
1,7 7
1
=-> [iJm+uB] .S, (90)
1 2
= —N §Jrn +h-m|, (91)

where m = % > ;Sj is the average magnetization, which therefore does not fluctuate, but
needs to be determined self-consistently. Note that the rescaling J — J/N ensures that this
fully-connected model has a well-defined thermodynamic N — oo limit. Naturally, since all

spins interact, the energy would otherwise go as JN?. Thus we scale down J by a factor of
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N (each exchange is vanishingly small) so as to get well-defined thermodynamic limit. Thus,
the fully connected Heisenberg model is exactly solvable, as it corresponds to an effective
single-spin problem in an internal magnetic field of constant magnetization m due to all the
remaining spins. Executing the same steps as for the Weiss MFT, above, we obtain the very
same self-consistent equation for m, exhibiting a PM-FM phase transition.

I note that above two approaches are quite common alternatives in physics: find an ap-
proximate solution to an otherwise unsolvable model, or find an exact solution to a modified
problem that is engineered to be exactly solvable.

We complement this canonical analysis by a microcanonical computation of the free
energy for the Ising case. To this end we first note that for the fully-connected model, the
energy as a function of m is exactly given by (91). The partition function and the associated

Gibbs free energy can be computed in two steps,

Z(h,T) = e BG(T) _ Ze*BH[{Ui}»h}, (92)
{03}

_ Ze—,BF(m,h,T) ZQ e PE(m;h) (93)

by first summing over all Q(m) = e“20™/kz microstates {o;} for fixed magnetization m,
which gives Helmholtz free energy, F(m,h,T) = E(m,h) —TS(m) (that we note is analytic
but not convex as function of m for T < T.; see Fig.10), and then summing over m to
obtain G(h,T'). This is possible for this model because the internal energy (91) is a function
of m only and the entropy can be computed exactly for the Ising spin-1/2 model through

multiplicity
N!

Q(M) == )
(N + M)/2I[(N — M)/2]!
a binomial coefficient counting the number of spin up/down configurations with a fixed M

and N. Utilizing Sterling formula, N! ~ (N/e)V with m = M/N < 1 gives

(94)

2N
Sm)/kp = S m) =In {(1 )N (1 = m)N(l—m)} )
=N {an— %(ler)ln(ler) - %(1 —m)ln(l—m)} ~ N |:1I12— %m — 1—12m +.

consistent with the expectation that the entropy is maximum (NkpIn2, corresponding to

random string of up/down spins) at m = 0, and precipitously quadratically decreasing
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with increasing magnetization m. Summing over m within the saddle-point approximation,

namely by minimization of the exponential, we obtain

1 kgT
G(h,T) = min,, F(m, h,T) ~ min,, §(kBT — J)m* + f—2m4 +...—hm

We thereby find that F(m, h,T) recovers the behavior found from Weiss MFT, and specifi-
cally for h = 0 predicts a PM-FM phase transition at critical temperature kgT,. = J, below
which the convex F(m,0,7) (minimum at m = 0) becomes concave (with maximum at

m = 0).

C. Variational mean-field theory

Another quite general approximate treatment is the variational mean-field theory, where
the upper bound for the free energy, F'is computed using a minimized variational free energy,
F,.. computed with a trial Hamiltonian, H;,.. To see how this upper bound is established we
approximate the classical partition function (there is a straighforward extension of variational

method to quantum statisticsal mechanics, where H is an operator),

1
Z =Trle "] =
' [6 } Ztr
Z 67<H7Htr>t7‘eth'r = efFvaT’ (96)

Ty [e—(H—Htr)e—Htre—Ftr} _ <6—(H—Htr)> —Ftr,

tr€

where the variational free energy
Fvar:Ftr+<H_Htr>tr > F;

provides the upper bound for the actual free energy, and Hy, is the trial Hamiltonian, with
respect to which the above expectation value is computed. In above we used the convex
property of the e™® function to conclude that (e=) > e~

The simplest trial Hamiltonian for the Ising model can be taken to be that of independent
spins in an effective magnetic field, Hy,, = —g >, 0;, with g treated as a variational parameter

to be determined by minimizing the variational free energy, F,,,. over g.

D. Landau mean-field theory

In thinking about the deeper meaning of its derivation, I note that the implicit self-
consistent MFT equation (79) for m(B,T) is actually a saddle-point equation for the free-
energy density f(m, B,T) with respect to m, i.e., corresponds to df/0m = 0. This allows
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one to compute f(m,B,T) by integrating the saddle-point equation. While this can in
principle be done exactly, this is unnecessary for our purposes here, as we are interested
in the behavior near the critical point, where the magnetization is small, m < 1. Thus,
Eq. (79) and Eq. (81) lead to a free energy that is quartic polynomial in the magnetization
m, with a quadratic coefficient proportional to 1 — Jy/T" and quartic one a positive constant.

While above mean-field analysis relies on a specific microscopic model, as was first argued
by Lev D. Landau (1937), above mean-field predictions are much more universal and are a
consequence of continuous phase transition. Guided by general symmetry principles, Landau
postulated that near a continuous phase transition the free energy density exhibits a generic
analytic expansion in powers of an order parameter, the magnetization, in the case of a
PM-FM transition,

1 1
f=fo+za(T)m® 4 Jbm' ...~ B-m. (97)

The form is dictated by the spin-rotational symmetry of the Hamiltonian for B = 0 (for
[sing case, m — —m is a symmetry for B = 0, dictating that no odd powers of m appear in
f(m)), with coefficients smooth functions of 7', and, crucially a(7T") = ao(1/T.—1), changing
sign to a(T' < T.) < 0.

As illustrated in the right part of Fig.10, in the Ising case for a(T" > T.) > 0, f(m) is
well-approximated by a parabola, with a single minimum at the origin, m = 0. In contrast,
for a(T < T.) < 0, the free energy develops a symmetric double-well form, minimized by a
finite magnetization, m = \/a_/b ~ |T — T,|'/2. Indeed it is easy to verify that above Weiss
mean-field theory exhibits this Landau form with specific coeflicients a(7'), b(T'), etc. given
by (81). Thus, this generic Landau theory indeed predicts the phenomenology near 7, found
above.

I note that a new crucial ingredient arises for the case of a multi-component vector
order-parameter, m. While MFT exponents remain the same, as illustrated in left of Fig.10
the Landau free-energy potential, exhibits zero-energy (the so-called) Goldstone modes,
corresponding to reorientation of the order parameter, that is, the motion along the minimum

of the “Mexican hat” potential.
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Viphi]

FIG. 10: A Mexican-hat potential and its cross-section controlling a continuous phase transition,
illustrated for a two component order parameter ® = (41, ¢2) (e.g., the normal-to-superfluid or
XY PM-FM). Massive (gapped) amplitude (Higg’s) and gapless Goldstone mode excitations re-

spectively correspond to radial and azimuthal fluctuations about ®g.

1. From Ising model to ¢* field theory

As an illustration of a systematic treatment of a lattice model and alternative derivation

of Ising mean-field theory, we study the classical the Ising model
1
HIsing == _5 ; Jijaiajv
irj

where 0 = +1 (representing spin up/down along z axis). The big advantage of the resulting
continuum field theory is that it will be the starting point for beyond-MFT analysis, taking
into account fluctuations, necessary particularly near a critical point.

While one can work directly with these Ising degrees of freedom o;, to expose the uni-
versal properties of this model, construct mean-field theory, study fluctuations and the
associated PM-FM phase transition, it is much more convenient to transform this model to
the so-called ¢* field theory in terms of a continuous scalar field ¢(r).

To this end we consider the partition function and manipulate it by introducing an

auxiliary field ¢;, using a Hubbard-Stratonovich (HS) transformation (which, despite its
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“intimidating” name, is nothing more than a Gaussian integral from the calculus that we will
develop on the homework and in the next lecture on phonon thermodynamics), which then
allows us to execute the sum over {o;} exactly, obtaining (see Gaussian calculus developed

in the next lecture and on the homework),

7 — Zeéﬁzm Jij0i0j7 (98)
{oi}
_ Zo_lz quie*%ﬁ_lzuJi;1¢i¢j+2io-i¢i’ (99)
{oi}
_ Zol/D¢i€_éﬂ_1 S, Ji bidi+>; Incosh ¢; = /D¢ieﬁHeﬁ(¢i). (1()())

In above, the inverse of a translationally-invariant exchange J;; = J;_; with Fourier trans-

form J(k) is straightforwardly inverted in Fourier space,
S5t = [ (K60
ij V) @em)t (k) .
For a short-range model, J;_; is expected to be short-ranged and therefore with a Fourier
transform that is well-defined at Ji—y and falls off with increasing k£ beyond a short-scale
microscopic length a. Thus, its generic form is given by
Jo
J(k) ~ ————.
(k) 1+ (ka)?
Combining this with Heg, we obtain (dropping unimportant constant and going to a

continuum limit i = x; — x)

Hep = %(kf’}? /k (14 (ka)?) ¢(—k)o(k) — kpTa™* /x In cosh ¢(x), (101)
— /X BK (Vo) + %—(k’f)?ﬁ — kpTa™*Incosh ¢(X)} ) (102)

where in the last line we went back to real (coordinate) space, took the continuum limit and
defined the stiffness

K= —(kBT)Qa%d.
Jo

Above continuum theory of the Ising model can be straightforwardly analyzed within mean-

(103)

field theory, by simply treating ¢ as spatially uniform (average magnetization), recovering
mean-field results in our earlier Weiss mean-field analysis, and in particular predicting the

PM-FM phase transition at 7.
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However, much more importantly, this model allows us to conveniently and systemati-
cally go beyond mean-field approximation by using the functional integral over ¢(x), (100) to
analyze the thermodynamics and the corresponding correlation and response functions. To
make progress we note that near the PM-FM phase transition ¢ is small (fluctuating around
zero in PM state and around a spontaneous small magnetization just below the transition
inside the FM state). Thus we can Taylor expand the effective potential for ¢ to lowest

nonlinear order,
Ly 1 4 6
In cosh ¢(x) = In2 + §¢ — E¢ + O(¢°). (104)
This then gives,

Heg = Higngld(x)] = /

1 1 1
~K(V¢)* + =t¢* + ~ug'| (105)
< |2 2 4
where fx = [d’z, and we defined standard coupling constants of this effective Hamiltonian
(often referred to as a ¢?-theory or Ising field theory)
kgT
Jo

t =kgTa™® ( — 1) . u=kpTa /3,

that (because of its generic nature) prominently appears in condensed matter and particle
field theory studies. We note that the “reduced temperature”, ¢ (not to be confused with
time) is positive for T' > T, = Jy/kp, corresponding to a vanishing magnetization, ¢ = 0 of
the PM phase and is negative for T" < T, corresponding to a nonzero magnetization, ¢ > 0 of
the FM phase. Thus we this derivation is consistent with Weiss MFT, and therefore recovers
the PM-FM phase transition at ¢ = 0, corresponding to critical temperature ~ Jy/kg.
Above scalar Landau ¢? field model naturally generalizes from a single component Ising
case of N =1 (not to be confused with number of sites in the lattice model) to a general N.
The result is an O(N) model for N-component field ¢ (O(N) stands for orthogonal group

of rotations, gz? — R- 5 under which the model is invariant),

—

Hooo 03] = [ |3K(VaP + 5df + Judli 4 ~F-d), (oo

with XY (O(N = 2)) and Heisenberg (O(N = 3)) models. As we will explore in further
lectures and on the homeworks, N > 1 case contains new important physics associated with

“massless” Goldstone modes.
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E. Beyond mean-field theory: critical phenomena and universality

Despite considerable success of Landau theory, it was appreciated as early as 1960s, that
it fails qualitatively near most continuous phase transitions, and more general phenomenol-

ogy is found in experiments, namely

M(T,B=0) « |T,—T|°, x(T)x|T—T.,|7", (107)
M(T =T, B) < BY°, C(T) o |T —T.|7°, (108)
§(Te, B=0) o< [T =T[™", (109)
(110)

where “critical exponents” 3,7, 4, «a, v deviate from their MF values (fyr = 1/2,ymr =
L, 0mr = 3, aqr = 0, vyp = 1/2), are universal, depending only on the symmetry and dimen-
sionality of the continuous phase transition, i.e., on its so-called “universality class”. They
satisfy a variety of exact relations: a+254+~v=2v=p(0—-1),dv =2—a,7v= (2—n)v. In
above we defined the correlation length & that characterizes the range of spatial correlations
that diverge at the phase transition. A beautiful set of theoretical developments[21, 33| in
the 1970s, led by M. Widom, Leo Kadanoff, Migdal, Michael Fisher, S. Pokrovsky, and Ken
Wilson (who received the 1982 Nobel Prize for his development of renormalization group),
led to a seminal explanation of experimental observations of universality and corrections to
Landau’s mean-field theory. These arise due to qualitative and singular importance of fluc-
tuations about mean-field predictions, a subject[21, 33] that we turn to in the next lecture

on critical fluctuations and the renormalization group.
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