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Abstract. We analyze the thermodynamic behavior of a ferromagnetic mean-
spherical model with three distinct spin components and the addition of
Dzyaloshinkii-Moriya interactions. Exact calculations are performed for clas-
sical and quantum versions of this lattice model system. We show the onset of
space modulated structures at low temperatures.

Keywords: solvable lattice models, quantum phase transitions, spin chains,
ladders and planes

Contents

1. INtroduction «.ov.eeiuiieiiiiieiiiiiieeeeeneenseeenssssassssensesssssnsossnssnssnnns 2

2. Mean-spherical model with DM interactions........ccoiieeiiiiiieeninnenaenns 3
2.1. Critical ferromagnetic border............cooiii i 4
2.2. Critical border of a modulated structure.................oooooiiiiiiiii 5)

3. Quantum spherical model with DM interactions............cccovvvuinienen.. 7
3.1, Ferromagnetic SECHOT . ......uuuei ittt 9
3.2. Modulated SECTOT ... ... 10

*Author to whom any correspondence should be addressed.

© 2022 IOP Publishing Ltd and SISSA Medialab srl 1742-5468/22/073106+13$33.00


mailto:william2.castilho@usp.br
http://crossmark.crossref.org/dialog/?doi=10.1088/1742-5468/ac7e3e&domain=pdf&date_stamp=2022-7-21
https://doi.org/10.1088/1742-5468/ac7e3e

Spherical model with Dzyaloshinskii—Moriya interactions

A, CONCIUSIOIIS ¢t ttttttteetnnnneneeeeeennasseeeeessssssssessessssssssssssssnssscscanes .12
Acknowledgments ....uvuiuiiiiiiiiiiiiiiiiiiiiiiiiiiiiitiiiiiiitititiiiiaeaaaeas 13
R = <Y o X 1= 13

1. Introduction

The spherical model of ferromagnetism, which was proposed and exactly solved by Berlin
and Kac about seventy years ago [1, 2], still remains an excellent laboratory to test
some thermodynamic properties of phase transitions and critical phenomena. We then
decided to investigate a ferromagnetic mean-spherical model, with three distinct spin
components and the addition of Dzyaloshinkii-Moriya (DM) interactions [3, 4]. This
model system is still amenable to some exact calculations, both at the classical and at
a quantum level, which do indicate the presence of magnetically modulated structures,
which are the hallmark of the DM interactions [5, 6].

Spherical models with several spin components, and with ferromagnetic interactions,
have been considered in the earlier literature, and have been shown to lead to a simple
factorization of the canonical partition function [7]. A mean-spherical model has been
recently used by Aqua and Fisher [8] to account for some features of a lattice gas with
several components. We were then motivated to revisit these calculations for a mean-
spherical model, with the consideration of three spin components, and the addition of
DM interactions. The presence of extra couplings between two different sets of degrees
of freedom gives rise to a more involved and interesting problem. We were also moti-
vated by the increasing interest in the analysis of systems with DM interactions and
the description of the novel skyrmion excitations in the context of condensed matter
physics [9-11].

We consider the spin Hamiltonian

HZ—ngf'gfl—DZ(§;X§F+g) '2, (1)
77" 7

where the classical spin variables S, = (S%, SY, S%) are three-component vectors on the
sites 7 of a hypercubic lattice of N sites, J > 0 is a ferromagnetic exchange interac-
tion, the first sum is over nearest-neighbor pairs of lattice sites, and Z is a unit vector
along an axial direction. This is perhaps the simplest spin Hamiltonian to represent a
ferromagnetic model system with the addition of monoaxial DM interactions.

The partition function of this classical mean-spherical model is usually written as

= H [ / :O ds: / :O sy / :O dS,f} exp[H], (2)

[1]

with

H=—BH—s5) (S) s> (S 832(55)2= (3)

7 7
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where 5 = 1/kgT is the inverse of temperature, and s, s9, and s3 are three spherical
parameters. In this formulation, we have to take into account three spherical constraints,
which are given by

<Z<ss>2>=—a%1 == ¥, )

>

with similar equations for the y and z spin components,

<Z(S§)2> = —;;2 In 2= N, <Z(S§)2> = —(;; mZ=N. (5

In the first section, we analyze the phase diagram of this classical system in terms
of temperature 7' and a parameter p = D/J, which describes the strength of the chi-
ral interactions. We perform exact calculations to show the existence of a modulated
structure along the z direction at sufficiently low temperatures.

We then turn to the analysis of the quantum version of this mean-spherical model
with DM interactions. According to previous work for the mean-spherical ferromagnet,
a quantum version may be obtained by resorting to a standard canonical quantization
procedure [12-15]. The first attempt of such quantization was made by Obermair [16],
other early and notorious works are by Henkel [17] and Nieuwenhuizen [18]. The problem
is then formulated in terms of a set of coupled boson operators, which are duly diago-
nalized by known techniques of second quantization [19]. Again, we show the persistence
of spacial modulated structures in the low-temperature region of the phase diagram.

2. Mean-spherical model with DM interactions

The partition function of the three-component mean-spherical model with DM interac-
tions is given by equation (2) supplemented by the spherical constraints, equations (4)
and (5). We now introduce periodic boundary conditions, and write a Fourier represen-
tation,

SY% = 207 exp(iq - 7), (6)

where v = x,y, z, and the sum is over a symmetric Brillouin zone. The problem is then
reduced to the dlagonahzatlon of a quadratic form,

H= ﬁJZ(cos ¢ + cos g, + cos ¢.) (alo_q + o o’ it oqa_q>
+ —QBDiZ(sin q.) 050" — slz(agafa)
q
=) (070%5) = 553 (070%,). (7)
q

-

q
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With the introduction of a standard orthogonal transformation,

o

1 « - T . « «
QZW(R(I—*—ZIC])’ q#()v O'OZRO, (8)

where
R7 = R, I)=-I1°, 9)
with a = x,vy, 2z, we write the quadratic expression

H = BJZ(COS q; + cos q, + cos qz) [(Rg)Z + (Ig;)z + (R2)2 + ([31)2

q q
=0

+ (R;)” + (I)*] + 28D (sin q.) [RLIY — RUIY]
- &Z[(R;f)g +(I3)) — SQZ[(RZ)Q + (1)) — SSZKRg)Q +(13)%). (10)

Due to the DM couplings, this expression still requires a further transformation to be
written in a diagonal form.

2.1. Critical ferromagnetic border

In order to carry out the diagonalization of this problem, we consider two distinct
quadratic forms. One of these forms, which involves just the z components of the spin
variables, is already diagonal,

1 = [BJ(cos ¢, + cos g, + cos q.) — 33][(R§)2 + (15)2]. (11)
Introducing the spherical potential u; = s3/3, we require the inequality

3 > m?ax[J(cos ¢z + cos g, + cos q.)], (12)

which is the usual condition associated with the existence of a ferromagnetic phase
transition in the ferromagnetic spherical model.

The quadratic form (11) contributes to the partition function with a term that
depends on s3. We then write this contribution,

1 N
2 (2m)°

[1]

In

/d37 In[s3 — BJ(cos q, 4 cos g, + cos q.)] + - - -

(13)

Using equation (4) for the spherical constraint, and taking the maximum value of the
spherical potential p;, we obtain an integral expression for the ferromagnetic critical
border,

Jg=1 1 /01373_< ! (14)

2 (27)° COS @ + €08 g, + cos ¢.)’

https://doi.org/10.1088/1742-5468 /acTe3e 4
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which can be compared with the well-known result for the simple spherical ferromagnet
on a cubic lattice [2].

2.2. Critical border of a modulated structure

We now simplify the notation and write the remaining, non diagonal, part of the
quadratic form,

Q2= Az + ;) + C(23 + v3) + B(wiys — y122), (15)
with

A = BJ(cos q, + cos g, + cos ¢.) — s1, (16)

B = 28D sin g., (17)
and

C = BJ(cos g, + cos g, + cos q.) — Sa, (18)

in which z; = Ry, y1 = I/, s = RY, yo = 1?. In order to analyze this quadratic form, it
is convenient to introduce a 4 x 4 matrix,

A 0 0 ;B

0 A —}B 0

0 —-B C 0
2

=B 0 0 C

which is symmetric, with real elements, and can be easily diagonalized. It is straight-
forward to write the double-degenerate eigenvalues of this matrix,

1
Ay = BJ(cos g, + cos q, + cos ¢.) — 5(51 + $9)

1 2 PP e
i§[(sl — 89)" +4p8°D*sin" q.| . (20)

There are several consequences of the form of this expression for the eigenvalues.
Taking into account the symmetry between the exchange of variables s; and so, and the
form of the spherical constraints, given by equations (4) and (5), we can always make

s1= 5 = 5= B, (21)
and consider the much simpler expression

Ay = BJ(cosq, + cosq, + cosq.) —s £ D sin q., (22)

https://doi.org/10.1088/1742-5468 /acTe3e 5
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Figure 1. Transition border in the T'— p phase diagram.

from which we obtain a maximum limit for the spherical potential,

w> m7aX{J(cos ¢ + cos g, + cos ¢.) £ D sin ¢, }, (23)

which can also be written as

p > max{J(2+ cos ¢,) £ D sin q.}. (24)
q

Therefore, we have a wave solution for the magnetization along the axis of anisotropy,
with a wave number ¢, given by

D
tan ¢, = £—, (25)
J
which is a characteristic result associated with monoaxial DM interactions.

The free energy of this system contains terms of the form

1 N
n=E=--.— 1 B )3 /d37 In[s — BJ(cos g, + cos g, + cos ¢.) + BD sin ¢.]
T
1 N , .
C— = = [ d q In[s — BJ(cos g, + cos g, + cos q.) — D sin q,]
4 (2m)
T (26)

from which we have

1 1 . 1
ﬁ =7 3 /d37 :
4 (2m) p— J(cos g, + cos g, + cos ¢q.) + D sin ¢,

1
. 27
+,u—J(cosqx+cos ¢y +cos ¢q.) — D sin ¢, (27)

The critical border of the modulated transition is given by this expression, with the
largest values of the spherical potential, according to equations (24) and (25). In figure 1,

https://doi.org/10.1088/1742-5468 /acTe3e 6
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we draw this border in terms of temperature T and the parameter of chiral competition,
p = D/J. This is a typical result for a simple ferromagnetic system with monoaxial DM
interactions [20].

3. Quantum spherical model with DM interactions

In a quantum version of the classical mean-spherical model, the spin variable S¢ becomes
a position operator at lattice site 77, which is canonically conjugated to a momentum
operator P¢. We then introduce a set of momentum operators, P, with a = z,y, z, and
write the commutation relations

(S¢,85]1=0, [P PY]=0, [S¢ PS]=id770nu, (28)
where o and o' are the three Cartesian coordinates. With the introduction of a kinetic
energy term, we have the quantum Hamiltonian of this system,

Hq =Hi + Hs + Hs, (29)

with
1
M= 50) Prt i (S + i) (57 + iy (57)" (30)
MHo=—JY S Sx, (31)
(. 7")

and

My =—-D) [SiSY,. — SUSE.], (32)

where we adopt the same quantum parameter g > 0 for the three directions, but assume
three distinct spherical potentials. Although we use the same notation as in equation (1),
spin and momenta are standard quantum operators.

We now introduce bosonic operators of creation, (a2)', and of annihilation, a2, and
change to a language of second quantization. We then write

5t = (i)m[a% + (a)] (33)

2410

and

e (2’;)/[ ~ (@), (34)

for a = x,y, z. In the next step toward the diagonalization of the Hamiltonian, we adopt
periodic boundary conditions, and use a Fourier representation,

https://doi.org/10.1088/1742-5468 /acTe3e 7
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o = 7 S} explid ) (35)
q

in which the sum is restricted to the first, symmetric, Brillouin zone, and the new bosonic

operators, < 1% ¢, obey canonical commutation relations,
Ui y

[7)(?; 7)%] = 07 [(ng)Ta (U%)T] = 07 [7757 (U%)T] = 57,7/6&7' (36)
In the Fourier space, we finally have
1
M= > Nloma) "+ D3 oma)” [(0) % + (n75) 4 . (37)
a a 70
1 g\’ o, o RN
m=31 -5 (L2 ) Ta@D [ + o) )]
- 2\ 244 =t
19\’ = a\f, a \f a
~3\2, (7)[(777) n% 4+ (") 77,—(;} : (38)
« 72()
and
g2 1/4 i T
— . x Y _ x Yy T Yy
Hy = D( 4My> 72;0@ sin g {n7n_7 (%) (n_7> g
; 1 T €T 1 T €T 1 €T 1 T €T 1
+ (77”;7)T<77"7> + 0% (n‘%) — (%) ' — ' (ni7> + (0" 5) '’ } (39)
with the definition
J(q) = 2J(cos q, + cos qy + cos q.). (40)

Taking into account the couplings between terms dependent on +7 and of —7, we
have to consider the quadratic form

ST it + ) )+ )+ o) ]

2 1/4
. g .. AR g T_ .
D(4lﬁxlﬁy> (i sin g.) {777777 (777) (7777) ntgme

f : 1
() |

(41)

+ () (n%»)T + 1% (n%»)T — (%) 0% =" (7737)

https://doi.org/10.1088/1742-5468 /acTe3e 8
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3.1. Ferromagnetic sector

The quadratic form (41) has two different sectors, so that operators associated with the
z direction can be treated separately. We then write

Q = Qz + Qxyv (42)
with
QZ=A{@%Wﬁ+%m7fﬁ7}+BJ%WZW+@%V@Zﬁq, (43)
where
_ 1/2 R
A= o)1= L 37 (44)
and
_ 2 1 =
Br—(%w)4mﬂ7) (45)

It is immediate to use a standard Bogoliubov transformation [19] to write @, in a
diagonal form in terms of a new set of bosonic operators. According to this well-known
procedure, and discarding all the constant terms, we write

Q. =27 |(e3) a5 + (a29) a4 ], (46)

where {a%} is a set of transformed boson operators, associated with the energy
spectrum

A7={%P@—%ﬂ7ﬂ}w, (47)

which is the well known result for the quantum ferromagnetic mean-spherical model
[12-14].

We now use the energy spectrum, given by equation (47), and take care of the proper
constant terms of the spin Hamiltonian. We then have the diagonal form

H, = 27: Ag [(a%)*a% + ﬂ , (48)

from which we obtain the partition function

Z;::Il{iiemp{—6A7<n%—%)1}. (49)

7 n=~0

Taking into account the form of the spectrum of energy in this ferromagnetic sector, we
have

https://doi.org/10.1088/1742-5468 /acTe3e 9
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10 1
N = L In Z. = %: - coth(25>\71>>. (50)

In the classical limit, g — 0, we obtain a much simpler expression,
Z % n—3J(7)

which can be shown to lead to the same equation (14) for the ferromagnetic border as
we have obtained in the preceding section.

(51)

3.2. Modulated sector

We now sketch some calculations for the other sector of the quadratic form. As in the
classical case, there is a symmetry that relates the spherical potential variables. We then
make p; = py = p. Also, we simplify the notation to emphasize the couplings involving
four bosonic modes, and discard the vector symbols. We then write

Quy =4, {a;aq + aiqa ¢t bTb + bT_,Ib }
+ B, {aqa_q + aq _q + byb_, + bqu_q}

+ C, {aqb_q — ang —a_gby + al bT + aqbg — azbq — a_qbiq + aiqb_q},

(52)

with
AL = (2g)" [1 juf@], (53)
B, - —<2gu>”%f<7>, (54)

and

C, = iD(i) 1/2(sin q.). (55)

In order to analyze this four-component system, it is easier to write a set of
transformed bosonic operators,

Yy = wa, + b, + yal , + 2b, (56)
so that

Vo Qay] = Eq o5 (57)
where E, is a bosonic energy spectrum [19, 21]. We then write

lag, Qo) = AL a, + Bral ,+ O (=b, —bl), (58)

https://doi.org/10.1088/1742-5468 /acTe3e 10
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[bgs Quy) = AL by + B b, + Cy (a, +al,), (59)

[af_q, Qxy} =—A, aT_q —Bia, +Cy (b, + biq), (60)
and

(b Quy| = = ALV, = BLb, + € (—a, —al,), (61)

from which we have
[Alw—By+Ci(z—2)]a,+ [Ax — B, z+ C, (y — w)]b,
+[Biw—Ay+C(x— z)]aT_q +[Bix—Az+C (y— w)]bT_q
= E,|wa, + xb, + yaiq + zbiq . (62)
This equation may be written in a matrix form,

w

M

q

IS
N e 8 8

with

A C, -B, -C;
_|-¢. A C. -B;

—CJ_ BJ_ CJ_ _AJ_

From the eigenvalues of this matrix, we obtain the two branches of the spectrum of
energy of the diagonal bosonic system,

N = A7~ B} £2,/C1(~A% +24,B, — B?). (65)
Taking into account that C'; is a pure imaginary number, we can also write
N = A1 - B £2|C . |(A. — B,). (66)

We now take into account that A,, B, and C,, are given by equations (53), (54)
and (55), and write the expressions

—0? = DI sin? q-, (67)
1 2

AL — By = (2g1)"? {1 N ij@)} o) = J(T) = o1, (68)

4 4

https://doi.org/10.1088/1742-5468 /acTe3e 11
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0.0
- 0 b
q!

2.a

Figure 2. (a) A plot of the spectrum of energy in the ferromagnetic sector. (b) W
plot the spectrum in the modulated sector (solid and dashed lines represent positive
and negative values of the ratio D/.J).

and

[ﬂ?)]z =291 — gJ(q),
(69)

£~ B = (2gp) {1 - if@)} ~(20m)

4 164>

in which the form of C'; already gives an indication of the oscillation along the axis.
Using these expressions, we finally have the energy spectrum,

AT =29 [u ~ J(@)£Dsin qz} , (70)

which is a characteristic result for an oscillating alignment along the z axis. It is worth

pointing out the similarities with the energy spectrum of ferromagnetic sector, given by

equation (47). Also, it is easy to perform calculations to recover the classical spectrum.
With D = 0, we recover the well-known quantum ferromagnetic case [13],

v DI = 29 = 337 ()

If we restrict the problem to a linear chain, along the z direction, equation (70) can
be written as

[Acain (7)) = 2g[p2 — J cos g. = D sin ¢.], (72)

which indicates the oscillations along the z direction (and which is similar to the exact
calculations for the energy spectrum of an XY chain with DM interactions [22]).

In figure 2(a) we plot the spectrum of energy in the ferromagnetic sector for the
maximum value of the spherical potential. In figure 2(b), we show a similar plot, for
the modulated sector, with the maximum value of the associated spherical potential. In
this second figure, the minimum of energy is shifted to ¢, # 0, depending on the sign of
d=D/J.

https://doi.org/10.1088/1742-5468 /acTe3e 12
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4. Conclusions

We performed some exact calculations to investigate the phase transitions in a ferromag-
netic mean-spherical model, with the consideration of three distinct spin components,
and the addition of monoaxial DM interactions.

In the classical case, we show the existence of a modulated structure along the
z direction at sufficiently low temperatures. We then define a quantum version of
this model system, which can be analyzed by standard techniques of second quan-
tization. We obtain the quantum energy spectrum, and give arguments to show the
persistence of spacial modulated structures in the low-temperature region of the phase
diagram.
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