Chapter 5

Thermal fluctuations of
classical Heisenberg magnets

For Heisenberg models that possess long-range order at zero temperature,
thermal fluctuations tend to reduce magnetic order. In three dimensions,
long-range order is destroyed above a critical temperature T, > 0, while
in two dimensions the Mermin-Wagner theorem shows that there cannot
be long-range order at any temperature 7' > 0. In these circumstances, one
might be tempted to believe that, in frustrated models for which the classical
ground is infinitely degenerate, hence disordered, thermal fluctuations can
only make things worse, and that such systems will remain disordered at
any temperature. This conclusion turns out to be completely wrong. Indeed,
Heisenberg systems have low-energy configurations around any ground state,
and thermal fluctuations induced by these low-energy configurations must
be taken into account when minimizing the free energy. But different states
that have the same energy can have very different low-energy configurations
surrounding them. As we shall see, this implies that a selection mechanism
can be induced by thermal fluctuations, potentially leading to some form
of order, an effect known as "order by disorder'. In 3D, this can be true
long-range order persisting up to a critical temperature 7. > 0, as in non-
frustrated models whereas, for the 2D models that we will consider in this
chapter, long-range order will strictly speaking only emerge in the limit 7" —
0". Still, if a selection mechanism operates, the low temperature properties
are expected to be similar to those of a non-frustrated Heisenberg model,
with a correlation that diverges exponentially with the inverse temperature.

95



Lecture notes on frustrated magnetism - Frédéric Mila

2 A
Z;
A4
!
9,'1
1
s
]
1
]
L .
¢ >y
X T~el
\\s/\
y

Figure 5.1: Definition of the local reference frame for a coplanar magnet.

5.1 Expansion around coplanar ground states

The basic idea to expand the energy around an ordered where the spin is
given by S; at site 7 is to express the scalar products that enter the energy in
terms of spin components Sfi,Sfi, S7 in a local reference frame (&, i, 2;)
such that S; is parallel to 2;, and to expand in the components perpendicular
to Z;. For simplicity, let’s see how this works for coplanar states. One can
choose a common axis, say Z; = &, and describe the ground state with local
axes §; and 2; rotated by 6; around & (see Fig.5.1). Then, the spin at site 4
can be expressed as

and the scalar product takes the form

Si.8; = SPST + SV SV g9+ S7ST 2.5y + SPST i 2 + STSY 2.9,

or, since
Zi=Z2cosb; +ysinb;, 1; =—Zsinb; + {cosb;,
the following form in terms of the angles 6;,

Si.8j = SIS + (SVSY + 8757 cos(9; - 0;) + (SVST ~ 7Y ) sin(6; - 0;).

Now, we want to describe fluctuations around a state where S;* ~ 1. So we
write

£
S; = Yi (5.1)
L-af -y
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in the local basis, and we expand the square root in x; and y;:

2 2
1-z —y?:l—%—%

to get

Szgj = xix; + Yy, cos(0; — 0;)
7 y@ 7 Y
+ -+ -= 1———— cos(6; —0;)
2 2 2
22 y? 2y
+ lyl( —?]—E] —yj(l 21 21) sin(6; — 0;).

This expression contains a term linear in y; of the form y;sin(6; - 6;),
leading to linear terms in the energy of the form

Yi Z Jz‘j Sin(@i - 9]').
J

Now, if we expand around a classical ground state, the energy has to be
minimal. But the energy is given by

1 |
= 5 Z JUSZS] = 5 Z Jij COS(GZ' - Gj).
7’7] /L?]

The minimisation of this energy with respect to the angles 6; leads to

8E 1

Z Jijsin(0; - 6;) = 0.

So the coefficients of the linear terms vanishes, and up to order 2 we are left,
up to a constant, with a quadratic expression in x; and y;:

1R

SZSJ Sfo + (SZy’S;J] + SZZZS]ZJ)COS(@ - 9])

2 2 AT
cos(0; - 0;) + x;zj + cos(0; - 9)(yzyj—71—%—gj—2]).

Let us look at two specific examples.
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5.1.1 Helical states
For a helical state of vector @, the energy can be written
E=- ZZJ [srsT +(S§’S§’+R +578 5 Ycos Q.Ry]
7 Rn " "

or, after expanding it to second order in the transverse components of the
spins,

E = —ZZJ 5 yzyHR COSQR + T
Z Rn

a1 ..
+cosQ.R, — 5 cos Q.R, (27 +y? + a:iar + yiRn)]

Let’s introduce Fourier transforms:

- 1 .
T = — » xp el xi=——= ) e iy,
N 22T 22
1 igr 1 —1G-T4
= = Ep— 7. € l, = — (& Yz
Yg \/Nzi:yn Yi N%: Yq
1 - o
—ik-Ry, _ k-Rp,
Jp o= Y. Jp e JRH—NZJ,;GZ
Rn 2
Then it is easy to show that
1
—ZZJ TiTih, = 5 2. Jd%T-g
i R, q
1 1Jdoupn+J:5
5 2 Tp Uiliag, 08 QR = 53 Ty
i Ry q
1 Js+J 5
—ZEJ cosQ.R, = i A
En 2 2
7 Rn
1Jd5+J 5
——ZZJR cos Q. Rn:v = _Z¥ quw_q
i Ry q

where we have used cos Q.R,, = (eiQR” + e‘i@R")/Q.
Finally, the energy can be written

N o1
=570+ 5 2.(aq wgw—g+ B yay-q)
q

with
J. ot J. ~

O@ZJ@-J@, ,BQZW—T—JQ
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Figure 5.2: One of the ground states of the J; — Jo model on the square
lattice when Jy > Jq/2.

5.1.2 J; - J> model on the square lattice

In this section, we consider the J; — Jo model on the square lattice for
Jy > J1/2. In this parameter range, two helical states with wave-vectors
(7,0) and (7,0) minimize the classical energy, but one can combine them
because the pitch vectors differ by half a vector of the reciprocal lattice,
leading to a continuous degeneracy defined by the angle # between the two
Jo sublattices so that cos(6; — ;) is equal to cosé on horizontal J; bonds,
—cos # on vertical J; bonds, and -1 on J; bonds (see Fig. 5.2). The resulting
energy in terms to x; and y; is periodic with one site per unit cell so that a
simple Fourier transform can be performed, leading after some algebra to a
similar expression

1
E=-2JN + 2 (ag 2go—g+ B Yy-q)
7

with

ag =2J1(cos gy + cosqy) +4J2cos gy cos gy + 4o
Bg = 2J1 cos g cos § — 2.J1 cos g, cos O — 4.J3 cos g, cos qy + 4.2

5.1.3 Free energy

In the case where there are several helical states, or a continuous family of
states as for the J; —Jo model with J, > J;/2, that minimize the ground state
energy, one needs to compare the free energies calculated from fluctuations

59



Lecture notes on frustrated magnetism - Frédéric Mila

around these states to find out which one is minimal. The free energy is
defined by F' = -kgT'In Z, with

7 - f ¢ PEC@i) T dasdy;

_ efﬁEo'/\deiefgzqaqbﬂqFfdei€*§Zqﬁd\yd|2
% 7

where Ej is the ground-state energy given by Ejy = %JQ for helical states
and Ey = -2J5N for the J; — Jo model.

To calculate these integrals, we need to change the variables of integra-
tion. Let’s concentrate on the integral over the x; variables for a moment.

Proposition

B
]- H d$i€_5 X aé‘xtﬂz
[

:2N/2[H'dRe(a:q) e‘ﬁZf;%’Re(xq)QfH'dIm(yq) e~ BTgaqlm(zg)®
q q

where Hq’ and Zd, correspond to products and sums over half the wave-
vectors so that, for two vectors ¢; and ¢s entering the product or the sum,

41 # —Ga.

Proof

. . o _ 2 _ 2 2 .
Since z; is real, x_g = z7. So wqr_g = |vg[” = Re(xg)” + Im(z4)”, z; can be
expanded as

P
(zge "M 4 cc.) = —Z’ [Re(zq) cosq - 7; + Im(zq) sing - 7]
q

Yo

T

2

1 '
i
and

1 1

Re(zq) = x;co8qG -y, Im(xzy) = x;sing - 7.
)= Taicosd i (o) =~ Tasing- 7
which implies

- =

cosq - T,

ORe(zq) 1
dr; VN

Olm(z,) 1
a.m -

Sin@-ﬁ.

60



CHAPTER 5. THERMAL FLUCTUATIONS OF CLASSICAL
HEISENBERG MAGNETS

Now, if we have N sites, the sum Zq' will contain N/2 terms. Let’s de-
note by ¢;, j =1,..., N /2, these vectors. The jacobian of the transformation
is the absolute value of the determinant of the matrix A defined by

1
—=cos(qg;-m;) f1<j<N/2

I

1 (5.2)
——sin (j'_NQ'F' lfN/2+1S]SN
JN ( j-N/ Z)
In matrix form, we can write this matrix
COSG1-T1 ... COSGnj2-T1 singi-r1 ... singyp T
A=—=|cosq T2 ... (5.3)
VN .
and its transpose
CcOSqi-T1  COS{qj:To
At - 1 COSGn/2 - T1 (5.4)

VN | singi -7

singny - T1
so that

1 L L e e e
(AAt)iJ =N >, [COS Gy, - 75 COS G, - T'j + SIN Gy - 78I G, - 75 ]

Since det A = det A!, this implies that the jacobian of the transformation is
given by
|det A| = N2

Finally,
> agleg? =23 aglegl? = 237 ag[Re(wg)? + Im(zq)]
q
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which implies

e

N[®

Sgaglegl? _ o-BYfagRe(zg)? B X aglm(zg)?
This completes the proof of the proposition.

So the calculation of the partition function reduces to the calculation of
gaussian integrals:

1/2
f dRe(z;) e PoaRe(@a)? :( u )

Bag

The integral on the imaginary part gives the same result, and the integral
over the y; coordinates can be evaluated in the same way, leading to

— o BE oN TT/ (™[ ™
g 1}(5%)(65@)

The logarithm of the free energy is thus given by

1 1
InZ = ~Ey + Nln(2) + NInkpT = Ylnag - 5 Y In g
G q

and the free energy by
1 1
F= EO - NkBTln(QTF) - NkBTlnkBT+ §k'BTZIHOéd+ Ek‘BTZIDB(j
q q

or

1 oG Bz
F=FEy- NkgTIn(2 kTS [In —L +1 —q)
0 B n( 7T)+23 %(nkBT—F nkBT

In frustrated magnets, if the ground state is infinitely degenerate, Ej is
the same for all ground states, but not the oy and 5 in general. This leads
us to the fundamental result of this chapter: Thermal fluctuations lift the
degeneracy in favour of the state that minimizes Y ;(In ag +1In 3;).

5.1.4 Order by disorder

Let us use the results of the previous sections to discuss two cases of order
by disorder for the J; — Jo model on the square lattice.
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Figure 5.3: Integral of In 35 as a function of 0 for Jy = J; = 1.

Selection of the helical states for Jo > J;/2

For Jo > J1/2, there is a one parameter family of ground states defined by
the angle ¢ between the two sublattices. «g is independent of 6, but not
Bg. It turns out that Y ;In; is minimal for 6 = 0 and 6 = 7 (see Fig.5.3).
These two states correspond to the two helices with pitch vectors (0,7) and
(m,0) respectively. This result is an example of a general trend: Thermal
fluctuations tend to favour the most collinear configurations.

The presence of two helical states is expected to lead to an Ising tran-
sition at finite temperature, a prediction that has been verified by classical
Monte Carlo simulations. One can actually simply define an Ising variable
on the dual lattice by

0; = sign[(S1; — S34).(S2i — Sui)]

where the spins §1i,§2i,§3i,§4i are the four spins around the plaquette 7
going clockwise from top left to bottom left. This Ising variables is equal to
+1 in the helical state of pitch vector (0,7) and to —1 in the helical state of
pitch vector (m,0) (see Fig. 5.4).

Selection of the collinear helices for Js = J;/2

For .J; = J1 /2, all helical states defined by pitch vectors Q of the form (kg, )
and (7,ky), i.e. on the boundary of the first Brillouin zone, are ground
states of the Heisenberg model. Since Jj is the same for all the ground
states, ag = Jj — JQ is independent of Q, and the selection is again due to
Bi = (Jy5+J;.6)/2 - J5- 1t turns out that ¥;In B is minimal for three
pitch vectors: (0,7), (7,0) and (m,7). Interestingly enough, the collinear
states are again selected by thermal fluctuations.
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Figure 5.4: Definition of the Ising variable for the J; —J2 model on the square
lattice o = sign[(S1 — S3).(52 — S4)] for the two helical states stabilized by
thermal fluctuations when Jy > J1/2.

Note that the degeneracy between the helical states (0,7) and (7,0)
and the Néel state (7, 7) is not protected by symmetry since the states are
different, and treating fluctuations beyond the harmonic level is expected
to lift the degeneracy, in agreement with Monte Carlo simulations, which
found that the Néel state is actually favoured over the helical states (0, )
and (m,0).

5.2 Models with non-coplanar ground states

What about more complicated systems with an infinite number of non-
coplanar ground states? Let us look at the kagome antiferromagnet. For
that system, the degeneracy is very high, and the ground state manifold in-
cludes many non-coplanar configurations. It also contains an infinite number
of coplanar configurations. Indeed, the energy is minimized if the sum of
the spins on each triangle is equal to zero. For coplanar configurations, up
to a global rotation, each spin has 3 possibilities, and the degeneracy in this
submanifold is the same as for the 3-state Potts model, which is known to
have a residual entropy. Let us study fluctuations around these states.

In all these states, the angles between a spin and its neighbours are all
equal to %ﬁ So the expansion of the energy is independent of the state. Up
to second order, it is given by:

J

E= 9 Y [(36i5 — Myj) @iy — 2M5yy;] (5.5)
i’j
with
1 ifi=j
r .., .
Mij =15 ifli-gl=1 (5.6)
0 otherwise
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The fact that it is independent of the state leads to the first important result:
Harmonic fluctuations do not select among the coplanar states.

To go further, we need to take into account the fact that there are 3
sublattices. If we define the Fourier transform of the matrix M by

(M(§)) a5 = Ze—zﬁ( iwa—Rj—m)MRi%ﬁj% (5.7)
R;

where R; is the position of the unit cell, and 7, is the position inside the
unit cell, one finds:

1 cos(w)  cos(a)
M(q) = | cos(qz) 1 cos(qz — qy) (5.8)
cos(qy) cos(qe — qy) 1

The energy can be rewritten

S orn - .
B =3 2[5t (31 Mg) g + 35 Mqiiq] (5.9)
q

where Zg = (24(71), 24(72), 24(73))" is the vector of the 2 components inside
a unit cell. The eigenvalues of Mj are given by:

Ao =0, /\i(cj):g(li 1= 45) (5.10)
with
Ag = 5 1= cos(ar) cos(ay) cos(as - )], (5.11)

There is a branch of zero modes for the y fluctuations. This is because, for
a certain type of displacement perpendicular to the plane, the coefficient of
the quadratic term in the expansion vanishes. The consequences of these
zero modes are far reaching:

1. When a mode is quadratic, it gives a contribution —%kz T InT to the
free energy. Indeed,

+00 +oo
7 / o BA? g 512 f oA g

so that 1
F= —kBTan = —EkBTlnT-i-
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This first term is the dominant one at low temperature.

By the same argument, when a mode is quartic, it gives a contribution
—}lkBTlnT to the free energy. Indeed,

7 o f+00 e_ﬁAx4dx _ 5—1/4 f+00 e—Au4du

o0

so that .
F= —kBTan = _ZkBTlnT + ...

Since, at low temperature,
1 1
—ZkBTlIlT < —§kBT1DT

configurations with zero modes are favoured at low temperature.

2. For the Heisenberg model on kagome, one can prove that no non-
coplanar state has as many zero modes as coplanar states. This sug-
gests that coplanar states are selected by thermal fluctuations, a con-
clusion backed by numerical simulations. This implies that the system
can be seen as a fluctuating nematic state since, in a coplanar state,
there is long range order in the operator S; x S’j, where sites ¢ and j
are nearest neighbours.

3. Furthermore, for the kagome model, one can safely assume that the
next order for a zero mode is quartic. Indeed:

- There can be no term 3? in the expansion. Otherwise one would not
be expanding around the ground state.

- Terms of the form zy? give, after a gaussian integration over r,
another contribution O(y*) since

/.'HX) *lAm2+jz (27’[’)1/2 2
e 2 dr=|— e2
S A

NN

4. The presence of zero modes has direct consequences for the low tem-
perature specific heat. Indeed, since the specific heat is related to the

free energy by
O*F
C=-T—,
oT?
the low-temperature contribution of a quadratic mode is %k:B, and
that of a quartic mode is %LkB' For the kagome, 1/3 of the y modes
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are quartic, i.e. 1/6 of the total number of modes. Since there are two
modes per site, the specific heat per site is given by

co (5 1. 1 1 11
o2 Sk 4 x k) = —k
N (6X2B+6X4B) 128

in excellent agreement with Monte Carlo simulations.
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