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Abstract: Some measurements have shown that the second-order exchange interaction is
non-negligible in ferromagnetic compounds whose microscopic interactions are described by means
of half-odd integer quantum spins. In these spin systems the ground state is either ferromagnetic
or antiferromagnetic when the bilinear exchange interaction is dominant. Instead, in ferromagnetic
systems characterized by bilinear and biquadratic exchange interactions of comparable magnitude,
the energy minimum occurs when spins are in a canting ground-state. To this aim, a one-dimensional
(1D) quantum spin chain and a two-dimensional (2D) lattice of quantum spins subjected to periodic
boundary conditions are modeled via the generalized quantum Heisenberg Hamiltonian containing,
in addition to the isotropic and short-range bilinear exchange interaction of the Heisenberg type,
a second-order interaction, the isotropic and short-range biquadratic exchange interaction between
nearest-neighbors quantum spins. For these 1D and 2D quantum systems a generalization of the
Mermin-Wagner-Hohenberg theorem (also known as Mermin-Wagner—Berezinksii or Coleman
theorem) is given. It is demonstrated, by means of quantum statistical arguments, based on
Bogoliubov’s inequality, that, at any finite temperature, (1) there is absence of long-range order and
that (2) the law governing the vanishing of the order parameter is the same as in the bilinear case
for both 1D and 2D quantum ferromagnetic systems. The physical implications of the absence of a
spontaneous spin symmetry breaking in 1D spin chains and 2D spin lattices modeled via a generalized
quantum Heisenberg Hamiltonian are discussed.

Keywords: ferromagnetic chain; 2D ferromagnetic lattice; spin Hamiltonian; double commutator;
Bogoliubov inequality; Hohenberg-Mermin-Wagner theorem; biquadratic exchange interaction;
continuous spin symmetry; canting ground-state

1. Introduction

The concept of long-range order is crucial to characterize phase transitions taking place in physical
systems as a function of temperature and described by means of an order parameter [1]. This aspect
acquires great importance for phase transitions undergoing in magnetic systems that represent the
majority of phase transitions in condensed matter physics. Importantly, the appearance of long-range
order is the manifestation of the occurrence of a phase transition and is related to a continuous or a
discrete broken symmetry in magnetic systems depending on the model (either quantum or classical)
used to describe the underlying physics of the phase transition (e.g., Ising model, Potts model, XY model,
Heisenberg model, etc.) [1]. Undoubtedly, the isotropic Heisenberg model, both in its original quantum
version and in its classical counterpart, represents one of the most powerful physical models applied
to magnetic systems undergoing phase transitions where short-range interactions prevail. Its isotropic
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Hamiltonian allows to easily catching the physics of the magnetic system under study. In this respect,
the Hohenberg—Mermin—Wagner theorem [2—4] (also known as Mermin-Wagner—Berezinskii or
Coleman theorem [5]) represents a hallmark in the field of condensed matter physics. Hohenberg [2]
used the Bogoliubov inequality [6] to show that, at finite temperature, there is no long-range order
in 1D and 2D Bose and Fermi systems. At the same time, Mermin and Wagner [3] considered the
case of spontaneous magnetization in the isotropic exchange Heisenberg model showing that there
cannot be a spontaneous symmetry breaking at finite temperature T for 1D and 2D ferromagnets with
either a ferromagnetic (F) or an antiferromagnetic (AF) ground-state. Mermin extended the results to
ferromagnets modeled via the classical Heisenberg model showing that a classical Bogoliubov-type
inequality holds using the Poisson brackets ruling out phase transitions for the ‘classical” limit of
the Heisenberg model, i.e., in the infinite-spin limit [7]. A proof of the Hohenberg—Mermin-Wagner
theorem for systems with film geometries has been given two decades ago for the Heisenberg, Hubbard,
s—f and Kondo-lattice models by Gelfert and Nolting [8]. In particular, in this work Gelfert and
Nolting have proposed an extension of the validity of the Mermin-Wagner system to the periodic
Anderson model with film geometry and to a superconducting pairing mechanism in Hubbard
films [8] and later have reviewed different cases of absence of finite-temperature phase transitions
in low-dimensional many-body models [9]. The extension to an excitonic insulating state was made
by Walker who used the Bogoliubov inequality to rule out the possibility of a phase transition in 1D
and 2D systems [10]. More recently, a generalization of the Hohenberg-Mermin-Wagner theorem to
1D and 2D quantum ferromagnetic systems in the presence of long-range dipolar interactions was
made [11], while Loss et al. [12] proved the absence of spontaneous magnetic order in a system of
lattice spins coupled to itinerant and interacting charge carriers.

On the other hand, in the 1960s, Harris and Owen showed that it was necessary to add a biquadratic
exchange interaction to explain the energy level spectrum of Mn pairs in MgO compounds [13,14].
On this basis, Huang and Orbach investigated the biquadratic superexchange arising from a balancing
mechanism between elastic and exchange forces in Mn pairs [15]. In the 1970s, high temperature
series expansions for dipole and quadrupole susceptibilities for arbitrary lattices modeled by means of
isotropic bilinear and biquadratic pair interaction for spin-1 ferromagnetic systems were derived [16].
A theoretical model dealing with a unified exchange picture was developed for classical ferromagnets
in [17] showing that it is natural, for a complete phenomenological description of exchange interactions
between ferromagnetic films separated by a paramagnetic spacer layer, to include higher-order
contributions in addition to the usual first-order Heisenberg term. More recently, it has been shown
that the biquadratic interaction must be included phenomenologically to explain the phase diagram of
Fe ferromagnetic bilayers with easy axis anisotropy antiferromagnetically coupled via different spacers
(e.g., Cr, Al, ... ) [18]. It has been proved, both experimentally and theoretically, that magnetizations
of the two Fe ferromagnets can be either in a canted ground-state due to the balancing between the
bilinear and the biquadratic exchange coupling or in a 7r/2 ground-state when the biquadratic exchange
interaction between ferromagnetic layers prevails over the bilinear one in systems with four-fold
anisotropy [18]. Later, the study of the excitation spectra of Mn, dimers in CsMng>3Mgq 7,Brs by
using the inelastic neutron scattering technique has confirmed that the biquadratic exchange stems
from a local exchange striction mechanism observed taking into account a magnetoelastic effect [19].
These recent findings and observations have stimulated several theoretical studies about the role
played by the biquadratic contribution on the dynamical properties of ferromagnetic films coupled via
antiferromagnetic Heisenberg exchange coupling.

On this basis, it is interesting to extend the Hohenberg—Mermin-Wagner theorem to quantum
systems modeled via a generalized quantum Heisenberg Hamiltonian including both isotropic bilinear
and biquadratic exchange short-range interactions. This is done for the case of a 1D chain of half-odd
integer spins and for a 2D square lattice system of half-odd integer spins with periodic boundary
conditions. First, it is rigorously proved that the generalized Hamiltonian modeling these systems is
invariant under the spin rotation generator showing that it commutes with the spin rotation generator.
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Then, it is rigorously shown, according to thermodynamics arguments, that there is absence of
long-range order at finite T (spontaneous magnetization in ferromagnets and sublattice magnetization
in antiferromagnets) in 1D and 2D magnetic systems with both bilinear and biquadratic exchange terms.
For 1D quantum spin chains and 2D quantum spin lattices it is proved that the order parameter vanishes
as the external magnetic field goes to zero following the same law of the Hohenberg—Mermin-Wagner
theorem where only the bilinear exchange term was included in the quantum Heisenberg Hamiltonian.
Hence, there is no spontaneous spin symmetry breaking at any T in quantum spin systems modeled
by means of a generalized quantum Heisenberg Hamiltonian including the biquadratic exchange
interaction. This result is not in conflict with the occurrence of phase transitions at finite T proposed by
Stanley and Kaplan for 2D lattices with nearest-neighbor ferromagnetic Heisenberg interactions [20]
and marked by a divergence of the susceptibility [21]. The proof of the existence of such a phase
transition was given by Frolich and Spencer [22] who discussed the Berezinski—Kosterlitz—Thouless
transition in a class of 2D models including the plane rotator and the Coulomb gas. This proof was
based on the general method for demonstrating the existence of phase transitions in anisotropic lattice
spin systems developed by Frolich and Lieb [23]. It is shown that the vanishing of the order parameter
at any T not only rules out either the F or the AF ground-state but also the canting (C) ground-state
occurring when the biquadratic exchange interaction is comparable to the bilinear one. The canting
angle is the angle forming between adjacent spins that reduces its amplitude with increasing the
amplitude of the external magnetic field. This is an important result because a novel ground-state
giving no long-range order is added to the phase diagram of a quantum ferromagnet.

Note that, in this respect, there is a proof given by Thorpe in the 70s who demonstrated the
absence of long-range order at finite T in 1D and 2D ferromagnetic lattices modeled by a generalized
quantum Heisenberg Hamiltonian containing isotropic spin-spin exchange interactions to all orders [24].
This proof was obtained by using the Bogoliubov’s inequality and developing a mathematical approach
based on writing terms of the spin equivalent of the spherical harmonics. A few years later, Krzemiriski
used the same mathematical method and came to similar conclusions demonstrating the absence of
long-range order also in multi-sublattice systems [25]. The absence of off-diagonal long-range order
and of long-range order was demonstrated in 2D ferromagnetic lattices described via the Heisenberg
model by Suzuki [26] who also showed that, in systems with higher spins leading to a different
definition of order parameter, off-diagonal long-range order can exist and the order parameter can
remain finite. Finally, the absence of spontaneous breaking of continuous and internal symmetries,
of crystalline ordering in 2D systems and uniqueness of equilibrium states was proved by Frolich
and Pfister [27] according to a unified approach based on Araki’s relative entropy concept. However,
for the systems studied in [24-27], the analysis was mainly mathematical and the physical effects of the
biquadratic exchange interaction were not investigated.

2. Generalized Quantum Heisenberg Hamiltonian

In this Section, the absence of long-range order in a 1D quantum chain of integer spins and in a
2D lattice of N quantum spins modeled via the generalized Heisenberg model that includes both the
isotropic bilinear and biquadratic short-range exchange interactions is rigorously proved. The proof
of the generalization of the Hohenberg—Mermin-Wagner theorem, valid for quantum ferromagnetic
systems with either ferro- or antiferromagnetic coupling in 1D and 2D [2,3], to the case of a generalized
quantum Heisenberg Hamiltonian is given by using the Bogoliubov’s inequality. The generalization of
the Hohenberg—-Mermin-Wagner theorem is preceded by the proof of the rotational invariance of the
generalized quantum exchange Hamiltonian under the spin rotation operator.

2.1. Generalized Quantum Heisenberg Hamiltonian: Bilinear and Biquadratic Exchange Interactions

In this subsection, the key physical quantities that can be applied to both 1D and 2D quantum
ferromagnetic systems of spins modeled via a generalized quantum Heisenberg Hamiltonian are
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defined. First, let us define a spin-density wave, a complex quantity characterized by a wave vector g
propagating along the z-direction by means of the operator [28]:

N-1 '
¢ IRigz 1)
i=0

with R; the ith position vector with the indexi=0,1, ... N — 1 ranging over the N spins and S the
z-component of the spin quantum operator S;. The generalized quantum Heisenberg Hamiltonian for
half-odd integer spin chains takes the form:

H=1Y V584 1Y 12505, - Boc 53 @

<i,j> <i,j>

where, on the second member, the first term is the isotropic bilinear exchange term, the second term
is the isotropic biquadratic exchange term and the last term is the contribution proportional to the
external magnetic field. Specifically, V ij pair of nearest-neighbors ]1,],(1) is the bilinear exchange constant
(in energy units) with J;» = J;(V (J;(M >0 (<0) corresponds to the AF (F) ground-state for the quantum
Heisenberg Hamiltonian) and ]ij(z), either > 0 or < 0, is the biquadratic exchange constant (in energy

units) with ]i]-(z) = ]]-i(z). Both ]l-]-(l) and ]Z-]-(z) have the lattice translational symmetry, }, is the sum
(,j)
over the nearest-neighbours j V¥ i with the factor % to not count twice the interaction, S; = (5;%, S;¥,
Si*) and S; = (S;%, S¥, S%) are the spin operators and Bext >0 the amplitude of the external magnetic
field (in energy units). Note that, unlike the usual convention, in the Hamiltonian of Equation (2)
the minus sign in front of both the bilinear and biquadratic exchange terms has been incorporated in
]l-j(l) and ]i]-(z), respectively so that the signs of ]ij(l) and | l,j(z) must be taken as opposite to those of the
usual convention.
The condition for short-range interactions on the bilinear and biquadratic terms reads:

2NZ|]11|‘R RJ| <% T(Z)Z%ZP(ZHR RJ| <00 @)

<i,j> <i,j>

-1
]()

must be fulfilled. The corresponding spin-density wave along the x-direction characterized by a wave

vector k is:
N-1

Sy =) etkRisy @
i=0

and the spin-density wave along the y-direction characterized by a wave vector k+ g takes the form:

1

N-
i (k+q)R;cy
k+q e S; (5)

i=0
From the Schwartz inequality, it is possible to derive the Bogoliubov inequality. This inequality
represents the starting point to show the absence of long-range order at any finite T for any 1D and
2D quantum spins magnetic system modeled by a generalized quantum Heisenberg Hamiltonian.
The Bogoliubov inequality reads [28]:

2 N
= kT

st < sty P ©

k+q

where kg is the Boltzmann constant, T is the temperature, [Sx Sy ] is the commutator between

x-and y-spin density waves of wave vectors —k and k + g, respectively, (S k—q> is the equal-time

k+q
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correlation function of the y-component of the spin density wave operator with < ... > denoting
the statistical (thermal) average, D(k) = % < [S{ o [7{ , Si” > is the double commutator defined
as a statistical average. The double commutator (in energy units) includes the Hamiltonian of the
generalized Heisenberg model and the spin-density wave operator giving thus information about the
dynamical properties of the quantum ferromagnetic system under study.

By means of Equation (1) the magnetization per site that plays the role of a complex order
parameter for the generalized 1D and 2D quantum Heisenberg Hamiltonian H = H (Bext) can be
defined as a statistical (thermal) average of the spin-density wave 57 along the z-direction divided by
the number N of quantum spins [28]:

_ 1 “H(Bext)/ (ksT) oz
mquZTr[e (Be) /(T) 52 | )

~H(Bext) /kp T] is the partition function. The order parameter defined in

where Tr is the trace and Z = Tr[e
Equation (7) is a key quantity to study phase transitions. It measures the degree of order of a physical
system undergoing a phase transition. It can be defined for both a classical and a quantum system
as in the present case. It is thus crucial to start from this fundamental physical quantity to prove the
absence of long-range order. Equation (7) expresses a statistical (thermal) average of the spin density
wave propagating along the z-direction that represents a low-energy ordered state of the quantum spin
system. It can be regarded as the average z-component of the spin operator expressing in this case
the net “magnetization” per site in a F state, AF state or C ground-state. For a ferromagnet the net
“magnetization” refers to the whole lattice, while for an antiferromagnet it refers to each sublattice.
The order parameter is in general associated with the ordered phase resulting from a symmetry
breaking phase transition but it can be defined also in phase transitions with no symmetry breaking.

The order parameter 1, becomes a real quantity in quantum lattices that are symmetric under
reflection about the origin so that the operator 57 is Hermitian. Owing to the definition of Equation (7),
the commutator between the x and the y spin-density wave components defined by Equations (4) and (5),
respectively reads:

(5t ) =it =iNm, ®)

Explicitly, the equal-time correlation function of the y-components of the spin density wave
operators reads:

(SpgSkg) =N (k+4q) ©)
with: ,
vy — 1 - _W(Bex )/(k T) Y Yy
SY(k+q) Be>l<t1§0+[N = Tr[e t)/ (X8 SkWS_k_q” (10)

In the following, basing on Equations (1)—(6), it is first proved the absence of long-range order
for a 1D quantum Heisenberg chain of spins and then for a 2D quantum Heisenberg lattice of spins
(with either ferro-or antiferromagnetic bilinear exchange interaction) in the presence of a biquadratic
interaction (generalized quantum Heisenberg Hamiltonian).

2.2. Rotational Symmetry and Invariance of the Generalized Quantum Exchange Hamiltonian

In this subsection, the rotational symmetry and the invariance of the generalized quantum
exchange Hamiltonian under a continuous spin rotation operation is proved. This Hamiltonian
includes both the isotropic bilinear and biquadratic exchange interactions for vanishing external
magnetic field. First, we consider the case of the 1D quantum chain of spins.

Let us consider a chain of N integer spins (one-dimensional quantum system) on a 1D spin
lattice with each site characterized by a spin operator S; (i = 0,1,2, ..., N — 1) and characterized by
nearest-neighbors interactions. The generalized quantum Heisenberg Hamiltonian for a 1D quantum
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chain of spins is written starting from the general Equation (2) by setting j = i + 1 with i + 1 the
nearest-neighbor of the ith spin and takes the form:

N-1 N-1
1 2
D= Y g 881+ Y 112 (88i:1)” = Bext S (11)
i=0 i=0

The proof consists of demonstrating that the spin rotation generator commutes with the generalized
exchange Hamiltonian of the 1D quantum chain subjected to the boundary condition Sy = Sy:

7_{1D _ 7.{( ) 1D 7_{(2) 1D (12)

exch = 7 “exch exch

with 7-{( )lD = Z ]1 z+1S ‘S 1 and We(xc)h = Z ]Z lH(S Sl+1) namely

[s“ ”Hexch] (13)

being the spin rotation generator defined, Ya spin component, as:

N-1

s =) st (14)

with a = x,y,z. The rotation operator in spin space or spin rotation operator Ug(i1,0) expanded to the
first order for small angular rotations is defined via 7 denoting the rotation axis given by the direction
of i1 and by means of a rotation angle 0 as:

Ug(it, 0)~ 1—i#S, it = (ny,ny,nz), S = (S%,8Y,57) (15)

The angle 0 parametrizes the rotations in a unique way for the values 6 <2 m.

Let us prove that the generalized quantum Heisenberg Hamiltonian is invariant under a continuous
O(3) rotational symmetry in spin space. As already anticipated in Equation (13), it is enough to prove
the commutativity of the generalized exchange Hamiltonian with the spin rotation generator S* (¥ «
spin component) appearing in the rotation operator Ug(#,0) of Equation (15) and the proof is general
(for more details about this point, see Section 3).

The commutator of Equation (13) can be decomposed into two commutators C; and C,, namely

[s2, HID, | = C1 + Cy. Here, C; = [s“ ﬂ(lzhm] and C; = [sa,wéighm]. Substituting S* expressed by
P jij+1

From the property of the Kronecker delta, viz. 6;; =1fori=jand 6;; =0 fori #jand §;j;1 =1

fori=j+1landd;j4q =0fori#j+1:

N-IN-T(
Equation (14) in the commutator C; we get: C; = Y, Y, {] ([5“61 i’ Sj S]+1] [S i j+1,S; S]+1])}.
J=

||
MZ

{]] ]H([S?, s]«-sj+1]+[s LS SJH])} (16)

Il
o

j

Taking into account that [S 1 S;-S ]'+1] = —[S?‘, S j'Sj+1] is fulfilled V ¢, it is the commutator C;
=0. )

N-1N-1 2 2
Analogously C, = Zo Y {]] ]H([Sf‘éi s (S]-~S]-+1) ] + [S?éi 1 (S]-.S]-+1) ])} can be written as:
1 =

Z

C2= Y 120 ([s0: (8787a) | +[s2 (87870) ])} (17)

T
[}
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The two commutators inside the round parentheses on the right-hand side can be rewritten,
according to a commutator identity, as:

[50,(87851)°| = [52,578 1] (878j41) + (8:8;41)[5¢. 8571 (18)

witht=7j,j+ 1.
2 2
Taking into account that, according to Equation (18), [S;?‘H, (Sj‘sj+1) ] = —[S?‘, (Sj'5j+1) ] Y a,

it is the commutator C, = 0. Hence, it has been proved that [S“, H1D ] = 0V a. This implies the

exch
invariance of the generalized Heisenberg exchange Hamiltonian under the rotation operation in the

spin space:

1D 1D
W’exch = (]-{exch (19)
being H ’l)l?ch = Ur Wel)zh Ule' Therefore, it has been rigorously proved that, in a quantum chain

modeled by a generalized exchange Hamiltonian, the second-order biquadratic term does not break
the rotational invariance of the exchange Hamiltonian. Straightforwardly, it can be shown that the
inclusion of the energy term proportional to the external magnetic field or of an uniaxial anisotropy
term breaks the rotational symmetry. This occurs because these terms fix a preferential spatial direction
along which the spins of the 1D chain tend to align so that [S“, 7‘(1D] # 0. Therefore, the external
field and the anisotropy fields are breaking symmetry terms of the generalized exchange Hamiltonian
acting as ordering fields.

Analogously to the 1D case, it can be proved the invariance of the 2D generalized exchange
Hamiltonian for a 2D quantum lattice of spins subjected to the periodic boundary conditions in the
presence of the isotropic biquadratic exchange interaction. The 2D generalized exchange Hamiltonian
for a quantum lattice can be written in the explicit form as:

D _ (1) (2) 2
Hoan =2, 0 )i/ SiSi+ ), ) T (sis)) (20)
where z is the number of nearest neighbors with z = 1,2, ... depending on the lattice studied and the
sum is over z/2 to not count twice the interaction.

Starting from Equation (20) and following the same steps as for the 1D case it can be shown that:

[5“, H?D ] =0 1)

exch
that implies the invariance of the generalized exchange Hamiltonian for the 2D quantum lattice of N
spins under the rotation operation in the spin space:

W,ZD — 7_{2D (22)

exch exch

2.3. Absence of Long-Range Order for a 1D Chain of Spins Modeled via a Generalized Quantum
Heisenberg Hamiltonian

In this subsection, it is demonstrated the absence of long-range order for a 1D chain of spins
described by the quantum Heisenberg Hamiltonian including both bilinear and biquadratic nearest
neighbors exchange interactions extending the proof given by Mermin and Wagner for the bilinear [3].
The Bogoliubov inequality of Equation (6) takes the compact form:

|m,,12 < kBiTSW(k +q) Dip(k) (23)
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with the double commutator Dip(k) given by:

Dip(k) =
N- N-1 N-1 ’
; e_szle [(]Z ]('1}+1S"Sj+1 + Z ]('2;41(5"5]41) ]’

1

N-1

ik-Rl X . _
) A f“” (24)

Bext[z e 1kR,Sx [Sz Z eszle”
=0

with 67541 =1forl=j+1and 6,541 =0 forl #j + 1. The double commutator can be decomposed
as Dip(k) = Dgg (k) + D% (k) + ng‘(k) with D ( ) (D ( )) related to the bilinear (biquadratic)
exchange contribution and leE)X‘ (k) related to the term proportional to the external magnetic field

contribution. In compact form:

N-1

1), 1 i k-(Risq1—R;) 7(1) Y
D) = 5 X5 ¢+ 88,5l > @
i, j=
2) 1Y kR 2) 2
i —R
DRk = Y ¢ kR ]+1<[ [(sj.sjﬂ) ,s;‘H” > 26)
i, j=0
and:
1 -1 N-1
Db (k) =~ Bext < Ze—l kRigy, [sg, ¢l FRigy 27)
i= i=0

where the rule <A + B + ... > = <A> + <B>+ ... has been applied. After calculating the inner
commutator on the second member of Equation (25) we get:

(1) 1k -R; z Yz
pW (k) NZ FRISE oy (535~ 5157 ) (28)
ij=

Applying a commutator identity similar to Equation (18) to the inner commutator on the second
member of Equation (26), after straightforward algebra the commutator takes the form:

[(5]"5]‘+1)2 5]+1] ((Sf+1)2 (Sfy+1)2) Sji (5?)2]_((5§)2_(5?) )[S;CH’ (Si“)z] (29)

S15%,1[878)41, 5%, |+ [8587:1,5%, [s1St

with [, (7)) = =i (5/57 + 575{) 1 = j,j+ 1. Hence
2 1 N-1 )
D) =i Y e <R RIsTs, 0 £(7, 53,1808, 55,5, )| > (30)
i=0
with:

_ Y Y Y Y
1S5 551157 50) = 51570575710 = 57500 + (578010 =575511) 3570-

2 y 2 y Y 2 y y Y (31)
Z Z Z Z Z Z
((sm) -(s!,) )(s]. 5:+535!)+ ((s],) -(s!) )(s] 1570+ 5745
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After calculating the inner commutator on the right side of Equation (27) yields:

DPet(k) = Bext< Wik [s5,87] > (32)

We get, via the calculation of the commutator, DB EXt(k) = NBext < Z el 9 Ri SZ >= Bext < S,Zi >=
i=0

Bext)mq| where the order parameter has been taken in modulus to represent a real quantity (see also
the following arguments that justify this choice). As the commutator between two spin operators on
different sites (i # j,j + 1) is zero, we get from Equation (28) fori=jandi=j + 1:

N-1
D800 = ) 3 1ol Ry )] 1) 151, 5550 <33>
j=0

where the complex exponential of Equation (28) has been replaced by the cosine function due to J; ;1
M = J;11,Y. Analogously, from Equations (30) and (31) for i = j and i = j + 1, by applying some
commutator identities, we obtain:

@ (1) —
Dyp (k) =

Yygy Yygy
(<s;s;f+1(s]s]+1 s;siﬂ) (s]s]+1 s§57+1)5;f5;+1>)>+

N-1 e . (34)
S (ST N Y I (G Gy (G T
(755 + 538Y)(SY, 5, + 57,50, )
where the rule <A + B+ ... > = <A> + <B> + ... has been applied.
Hence, the double commutator D1p (k) can be bounded by the following real and positive quantity:

DlD(k) < Bext |mq| +3 |k|2 Z |]] ]+1||R R]-H‘ ‘(S S]+1>‘+
(35)

)

BN z |]]]+1“R ~Ry1[(S8711)) < Bext |mg| +5 (S +1) Tk + 82 (54+1) 2T i

where |k]? = k2, IR; — R]-HI2 =R - Rj+1)2, IR; — Rj;1] is the spin nearest-neighbors distance,
0 _ AN 2 @ _ 1N [
] = Njéo ']jj+1|‘Rj_Rj+1) <cand ] = NEO ]jj+1)
short-range exchange interactions.

In the first inequality (35) a small and positive upper bound to the difference (cos[k-(R; — Rj41)]
— 1) (Equations (33) and (34)), that is at most equal to zero, proportional to |k|2/2|Rj - R]-+1|2

has been chosen within the framework of short-range exchange interactions. Hence, the upper
bound of the first inequality can be understood taking into account that, for the bilinear

2 o
|R]- - R]-+1| < 00, two conditions for

term, it is Dgg(k) < |k|2 Z |] ]+1||R R]H( ((S S]H)} where the last factor comes from

'(Sysy 4 5762 >| < |<SS

S TS50 , while, following a similar argument, for the biquadratic term, it

is D2 (k) < L2 Z |]] Ry~ Ry (8 851) -

The upper bounds of the second inequality of Equation (35) are, for DSD) (k), the maximum
eigenvalues of the operators (S; + S]-Jrl)2 and S;? related to the bilinear interaction so that

‘(S i'Sit1) | < S(S+1), while, for D% (k), the maximum eigenvalues of the operators (S; + Sj;1)*
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2
and S;* related to the biquadratic contribution so that ((S iS j+1) )< SZ(S + 1)2. Taking into account
Equations (23) and (35), the following strict inequality in terms of the order parameter holds:

1 _ _
| < oS k+a) {Bext |+ 5 (5+1) VP + 82 (5+1)2 ](2)|k|2} (36)

By summing over the wave vectors of the 1D Brillouin zone (sum of momenta) and by taking into

N-1
account that S(S+1) > & ¥ (S¥)%y = %Y. S¥ (k + g), the inversion of the inequality yields:
i=0 k

S(S+1)>

2
kgT
B )mq| l 1 (37)
&

-1 -2
N B Bealmy [ 5 s+ 1) TVIRP + 82 (5 4+1) 2 TPk
Converting, in the thermodynamic limit (N—o0), the sum of momenta into a 1D integral yields:
k
dk
7y 2 2 2722
Bext [mq| +S (S+1) T kP + S2(S+1)2] |kl

S(S+1) > kBT L

@ ,,1 (38)

where L is the length of the 1D unit cell and k< k1pz with kg7 the edge wave vector of the first Brillouin
zone (1BZ). The Mermin and Wagner result [3,28] is easily obtained by setting ]](. j)+1 =0V jimplying

7(2) —o.
We now consider the general case ]](,1].)+1 #0and ]]( # 0 with 2 ] l +1 | > I +1| that can occur for
quantum chains characterized by a generalized exchange Hamlltoman This case corresponds to a C
ground state where adjacent spins form any angles ¢; ;.1 one over the other. By solving the integral of

Equation (38) and by inverting the inequality leads to:

Nl—=

1 21S(S+1)3 ((7(1) +5(5+ 1)7(2)) Bext)
<

; l
kgT L arctan(ﬁ(s(s + 1)(7(1) +5(5+ 1)7(2))/ (Bext|mq|))2J

‘ q (39)

NI—=

In the limit of small Bext arctan(x) with x = E(S(S + 1)(7(1) +S(S+ 1)7(2))/(Bext(mq|)) is replaced
by 71/2 yielding:

o] < fin(1" 7%, 7.5) (Bewt)® (40)
where: .
" %(5(s+1))(]< )+5(s+1>j(2))3
fin(7". 77, 7,5) = — (41)
(kgT)3L53

with " =7, 7% =77 (V).

The power law for the order parameter of Equation (40) referred to the generalized quantum
Heisenberg Hamiltonian is the same as for the 1D Heisenberg Hamiltonian characterized solely by the
bilinear term and the coefficient f1p includes in addition the dependence on the biquadratic term.

Starting from the double commutator of the 2D ferromagnetic lattice system:

1

Dap(k) = < Z e kRigY, [[NZ

j=0

N-12z/2

z/2 N-1 ‘
Y ]J“l)s S+ ] (s s, Bt S5 |, ) e RS> (42)
1=1

=0 I=1 1=0
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and following, for the 2D quantum ferromagnetic lattice, the same steps done for the 1D chain of
quantum spins, the inequality of Equation (38) is replaced by:

K
kgT A 2 k dk 2m

2 |m‘7|f -(1),, 0 -(2) zf d(P (43)
(2m) o Bext || +S (S+1) T Ik + S (S+1) 2T |kf>0

S(S+1) >

where A is the area of the surface of the generic 2D spin lattice and the integration is over a circular
region (¢ is the azimuthal angle) of the 2D reciprocal lattice of radius k with k < kigz. Here, k1gy is the
edge wave vector of the 1BZ zone. The integration on the second member and the inversion of the
inequality yields:

S2(S+ 1)2(7(1) +5(S+ 1)7(2))

lm,|” < 4 (44)

kBTA In

(1) )
2 S(s+1)(] +5(s+1)]
14K ( )J

Bext|mg]

> 5(s+1)(f“>+s(s+1)7<2>

In the limit of small Beyt, In(1 + x), with x = C/Bext and C = k ]

q
by In x being x >> 1. For x — oo, In (C/Bext) — o0 and can be replaced by [In(C Bext)| having the same
behavior. By virtue of these approximations, relation of Equation (44) can be rewritten as:

,is approximated

‘mq| < fZD(T(l)/j(z)/ T/ S) L 1 (45)
(Jn(CBex)|)”
where: .
1 —(1) -(2)\2
o 2(m)2 S(S+ V(T +S(S+1)]
fool7, 7. 7,8) = ( : ) (46)

(kpT)ZAD

The law expressing the dependence on Bext given by Equation (45) is the same as for the 2D
quantum Heisenberg Hamiltonian characterized solely by the bilinear term and the only effect of the
biquadratic term is to change the coefficient C in front of Bext and the coefficient f7p.

According to the inequalities of Equations (40) and (45) valid for 1D and 2D quantum ferromagnetic
systems, respectively, it is always, both for the 1D quantum chain and 2D spin lattice with N spins,
Y T+0:

lim [ lim [|rmg(Bext, N)”] -0 (47)

N—oo Bext_70+

where the outer limit refers to the thermodynamic limit. The result of Equation (47) means that there is
no long-range order at any T # 0 for dimensionality 4 = 1,2 in quantum spin ferromagnetic systems
whose exchange Hamiltonian includes both the isotropic bilinear and biquadratic exchange terms.
According to the result of Equation (47), F ground-state, AF ground-state, and C ground-state arising
either from F or AF ground-state, appearing in quantum spin ferromagnetic systems modeled by a
generalized quantum Heisenberg Hamiltonian are ruled out at any finite T for d < 2.

In this way, a generalization of the Hohenberg-Mermin-Wagner theorem has been obtained
showing that, for 1D and 2D ferromagnetic quantum spin systems modeled via a generalized quantum
Heisenberg Hamiltonian, the order parameter: (1) vanishes as the external magnetic field tends to zero
and (2) fulfils the same laws as for the quantum Heisenberg Hamiltonian characterized by only the
bilinear exchange term. Taking into account the underlying physics, it is demonstrated that there is
absence of long-range order at any T # 0 when the quantum spins are also in a C ground-state and,
also in this case, there is no spontaneous spin symmetry breaking. The absence of long-range order
in these systems does not exclude the occurrence of any kinds of phase transitions as found in [20]
at finite T characterized by the divergence of the susceptibility for vanishing external magnetic field
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analogously to what occurred for the Mermin and Wagner case. Finally, note that the continuous
rotational symmetry of the generalized quantum exchange Hamiltonian not only implies its spatial
invariance under the spin rotation operation for the 1D and 2D systems, respectively (Equations (19)
and (22)), but also the absence of spontaneous spin symmetry breaking.

3. Results and Discussion

In this Section, the main results obtained for the 1D and 2D systems are discussed in more detail.
These results are related to the biquadratic interaction that has been incorporated into the exchange
Hamiltonian leading to a generalized second-order exchange Hamiltonian. The necessity of invoking
a biquadratic exchange interaction, in addition to a bilinear exchange interaction, to explain the energy
level spectrum of Mn pairs in MgO [13] led to the investigation of the origin of this novel interaction in
terms of superexchange interaction [15,29,30]. From the exchange energy minimization, this would
ideally correspond to a canted state between the electron spins of Mn pairs for comparable magnitudes
of the bilinear and biquadratic interactions.

Later, the existence of this type of interaction was confirmed to interpret the experimental data
based on magneto optic Kerr effect microscopy, magnetization curves and domain observations
in Fe/Cr/Fe ferromagnetic bilayers [18,31] and several other ferromagnetic bilayer systems with
different paramagnetic spacers (e.g., Fe/Au/Fe, Fe/Al/Fe, Co/Cu/Co, ect.) [18]. In these systems
characterized also by a non-negligible crystallographic anisotropy the biquadratic exchange interaction
favors the 90° ground-state between two adjacent ferromagnetic layers. On the other hand, there
are also ferromagnetic bilayers such as FeNi/Ag/FeNi where, due to negligible crystallographic
anisotropy, the biquadratic interaction favors a canted phase between the two magnetization of coupled
ferromagnetic layers when 2 | ] (2)| > | ] (1)| with J@ and J@ the bilinear and biquadratic exchange
constants, respectively. The biquadratic exchange interaction together with the higher-order exchange
interactions were theoretically interpreted as arising from the spin-asymmetry of the electron reflection
amplitudes at the ferromagnetic-paramagnetic interfaces. This modelization was used to describe
phenomenologically the interlayer exchange coupling between ferromagnetic layers separated by a
paramagnetic spacer [17,18].

The presence of the biquadratic interaction enriches the phase diagram of these quantum systems
adding new ground states besides the ferro-and anti-ferromagnetic ground states. This depends on the
relative sign and magnitude of the bilinear and biquadratic nearest-neighbors interactions. According
to the Hamiltonian expressed in Equation (2) in zero external magnetic field the case 2 ]52.) > ']1(1])' is
analyzed. This is the most interesting case because this state corresponds to the so-called C ground-state
where adjacent spins form equilibrium angles 0 < ¢;; < . Minimizing the generalized quantum spin
exchange Hamiltonian for 1D and 2D systems yields Vi, j:
jv

L]
(i j = arccos 0 (48)
2], ;

Figure 1 summarizes the ground states of a 1D chain of quantum fractional integer spins modeled
by means of a generalized quantum Heisenberg Hamiltonian that are attached to the ferromagnetic

atoms of the chain for Bext = 0. Figure 1a,b display the F and AF ground-state, obtained for ]S)H <0
and ].(2) =0and ] M 5 0and ] @ = 0, respectively. The AF ground-state forms considering

ii+1 ii+1 ii+1
two spin sublattices. Figure 1c,d show the C ground-state forming from a F ground-state for
]Z.(Brl < 0and ]ﬁll > 0 (0 < @;i41 < 1/2) and from an AF ground-state for ]i(grl > 0 and ]i(?ll >0

(/2 < @; i+1 < 1), respectively. We call the former the C-F ground-state and the latter the C-AF ground
state. In each state the amplitudes of equilibrium angles ¢; ;1 are different depending on the couple of
spin operators considered.
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(a) (b)
SO 81 Si Si +1 S N-2 SN—I S S SN—Z
‘ l 5.4 S
I 4h N - . - -
] l‘(_j" ‘\1)1 '] ICE>\ I’(-t‘l/\l ] l(Ni—é\ @;E}l I | T | I\/‘ ‘\ /‘l n om i/,“'tyl LI | :2‘ ‘\l'\li-/‘l " m
JE <0 ] =0 F ground state JP >0 J% =0 AFgroundstate
(c) 5 (d)
0 . S
S\r . SO Po1 S’ N2
i 7 ) @iis1
(o) ‘1\‘1 Ci) +1\ } & 4 Sl a8 & i+ /i\
[ I | --\.9/ @ = -\-' J e = N; N/I | I | o .\0/. \1/. ™ .\;u ,u+1|. n ./Né "@_{'_ﬁ' =
Jia<0 J4>0 2] >IJEL 1 C-F groundstate Ji4>0 ,J24>0  2]2,>J;}  C-AF ground state

Figure 1. Quantum chain ground states with the spin vector operators S; (i =0, 2, ... N-1) ideally
attached to the ferromagnetic atoms represented with brown circles subjected to periodic boundary
conditions. The lattice parameter of the chain is L and corresponds to the spin nearest-neighbors
distance. (a) F ground state (p; ;41 =0 V i) (b) AF ground-state (p; ;41 = 7 V 7). () C-F ground-state for

]1(11_1 > 0. (d) C-AF ground-state for]

For ]1 ; +1 >> ’ Jii +1’ @ii+1 — 7/2 so that the adjacent spins would 1deally form a right angle one

with respect to the other independently of the relative sign of ]l. ; +1 and ]i i1~ With increasing the
external magnetic field amplitude with the magnetic field along + z, the equilibrium angles ¢; ;1
reduce their amplitudes V i both for C-F and C-AF states.

With increasing Bext with the external field along the z-axis, the angles ¢; ;1 progressively reduce
their amplitude and, for high Beyt, the S; spins become parallel one to each other aligning along the
z-direction (¢;i+1 — 0V i). The same conclusions can be drawn to the 2D quantum spin ferromagnetic
lattice of any type (square, rectangular, rhombic, hexagonal, ... ) provided that i + 1 is replaced by the
number z of first neighbors depending on the lattice considered.

Finally, it is interesting to discuss practically the approximation of the spin rotation operator
(Equation (15)) used to prove the invariance of the 1D generalized exchange Hamiltonian Wél?ch under
a continuous spatial rotation in the spin space. Indeed, 7-(;)2}1 Hamiltonian models the chain spin
operators displayed in Figure 1 and their relative equilibrium configurations.

For spin systems, it can be defined, as is usual for quantum mechanical rotation operators [32],
a spin rotation operator Ug(i, 0) = e~' ? #S(the spin rotation generator S is dimensionless in our
representation) associated to a continuous spatial rotation R in the spin space. To prove that the
generalized exchange Hamiltonian of the 1D chain of spins, as the one shown in Figure 1, is rotationally
invariant, one should, in principle, demonstrate that Ug (7, 0) commutes with W{})?Ch.
this invariance, it is enough to take into account only the first-order series expansion, Ur (71, 0) ~1—ia-S
(Equation (15)). This would practically correspond to consider infinitesimal angles 66 in the rotation
operation. Indeed, if one includes the higher-order terms of the expansion of the spin rotation generator,
some commutator identities involving the product of operators can be applied. In this way, all terms
can be rewritten in terms of commutators between first-order spin generators that cancel out two by
two leading to [UR(ﬁ, 0), ?{el)zh] = 0. The same arguments can be applied to the 2D ferromagnetic

However, to prove

lattices of quantum fractional integer spins modeled by the Hamiltonian H ggh of Equation (20) leading
to [UR(n, ), H?P ] = 0.

exch
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4. Conclusions

In summary, in this paper the Hohenberg-Mermin-Wagner theorem was generalized for 1D and
2D quantum ferromagnetic systems modeled through a generalized quantum Heisenberg Hamiltonian
including isotropic bilinear and biquadratic interactions. This generalization was accomplished by
applying statistical arguments based on the use of the Bogoliubov inequality and of the double
commutator function. It has been shown that the generalized quantum Heisenberg Hamiltonian of
a 1D ferromagnetic quantum chain and of a 2D quantum ferromagnetic lattice of fractional integer
spins with nearest-neighbors interaction does not allow long-range order at any finite temperature T
and for any type of bilinear and biquadratic exchange coupling. The on-site magnetization vanishes
with the vanishing of the ordering field according to the same law as for the 1D and 2D quantum
Heisenberg Hamiltonian where only the bilinear interaction was taken into account. Hence, not only
ferromagnetism and antiferromagnetism are ruled out as occurs in the Mermin and Wagner case but
also a canting ground-state resulting from the balancing between the isotropic bilinear and biquadratic
interactions is ruled out. The canting ground-state can result either from the ferromagnetic or from
the antiferromagnetic ground-state depending on the sign of the bilinear exchange term. It has also
been shown that the rotational symmetry under the spin rotation generator proved for the generalized
exchange Hamiltonian in both 1D and 2D systems of quantum spins implies the absence of spontaneous
symmetry breaking at finite temperature. On the other hand, the 1D and 2D Hamiltonians are not
anymore rotationally invariant in the presence of an anisotropy contribution leading to a spontaneous
symmetry breaking for T # 0. These results could advance the understanding of continuous symmetries
in quantum magnetic systems.
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