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Several low-dimensional magnetic compounds exhibit magnetization plateaus as a result of the interplay
between frustration and quantum fluctuations. Here, we investigate the thermodynamic properties of diamond
chains on which competing interactions emerge from the local quantum hopping of interstitial S=1 /2 spins
which are intercalated between nodal Ising spins. Using an exact diagonalization and the decoration-iteration
transformation, we compute the temperature and external field dependences of the magnetization, specific heat,
susceptibility, and the full ground state phase diagram. Magnetization plateaus of 1 /3 are observed and related
to field-driven transitions among four possible ground states: saturated paramagnetic, unsaturated paramag-
netic, ferrimagnetic, and nodal antiferromagnetic. There is a range of hopping amplitudes and exchange
mismatches for which the 1 /3 magnetization plateau occurs between finite values of the external field. The
specific heat and magnetic susceptibility also show signatures of the competition between the possible ground
states.
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I. INTRODUCTION

The collective behavior of antiferromagnetically coupled
spins in low-dimensional systems has been a subject of long-
standing interest in condensed matter physics due to the wide
variety of possible scenarios these systems can display.1 One
of the most remarkable features is that the ground state of a
quantum antiferromagnetic chain does not exhibit a saturated
antiferromagnetic order, in contrast with its classical coun-
terpart. Further, the energy spectrum of quantum antiferro-
magnetic chains with half-integer spins is gapless. As a con-
sequence, the system responds continuously to an external
magnetic field up to a field value strong enough to promote a
saturated magnetization. On the other hand, the spectrum of
chains with integer spins exhibits a finite spin gap between
the ground and excited states, known as the Haldane gap.2,3

In the presence of an external field, the gap persists up to a
critical field value. In this regime, the system does not re-
spond to the external field. The magnetization curve displays
a plateau of zero magnetization up to this critical field value,
above which the gap is closed and the system starts to be-
come magnetized until a second characteristic field value
signaling complete polarization.

The phenomenon of magnetization plateau has attracted
much attention during the past decade. The emergence of the
magnetization plateau in trimerized S=1 /2 spin chains was
first numerically found by Hida4 and first analytically ex-
plained by Okamoto.5 It has been demonstrated that plateaus
at finite magnetizations can emerge also in trimerized integer
spin chains6 as well as in low-dimensional systems with
competing interactions7–11 and itinerant electrons.12 Such
plateaus are present even in frustrated chains with half-
integer spins on which the ground state can undergo a tran-
sition between a gapless state to a dimerized one upon in-
creasing the external magnetic field.13–16 Among the several
models with frustrated magnetic interactions, the spin-1 /2
quantum Heisenberg model in a chain with diamond topol-
ogy has been used as a simple prototype model to study the
interplay of frustration and quantum fluctuations17–19 as well

as the emergence of magnetization plateaus at finite magnetic
fields.20–22 This model presents a plateau at 1 /3 of the satu-
ration magnetization, which occurs between two critical field
values. In this regime, the ground state corresponds to a
dimerized state separated from the excited states by a spin
gap. At the upper critical field, the gap closes and the system
restarts to respond to the external field. A second plateau
at 2 /3 of the saturation magnetization develops in a region
of the parameter space before reaching the fully saturated
state.22 The thermodynamic behavior usually shows signa-
tures of the presence of the underlaying competing interac-
tions such as double peak structures in the specific heat
and susceptibility.23 A 1 /3 magnetization plateau was ex-
perimentally observed in the diamond chain compound
Cu3�CO3�2�OH�2, known as azurite.24 The experimental ob-
servations, which included also two peak structures in the
specific heat and magnetic susceptibility, were found to agree
well with the theoretical analysis based on exact diagonaliza-
tion and density matrix renormalization group techniques.

Recently, the occurrence of magnetization plateaus was
reported in model systems incorporating Ising-like spins,
including trimetrized,25 tetramerized,26 and diamond
chains.27–30 In these models, a decoration-iteration mapping
associated with a transfer matrix technique allows for an ex-
act analytical calculation of thermodynamical quantities. The
main qualitative difference to the behavior of the fully quan-
tum Heisenberg models is the fact that the zero-temperature
magnetization plateaus are connected by discontinuous
jumps, an aspect related to the localized nature of the mag-
netic excitations.15,31 The access to the analytically exact so-
lution for the thermodynamics of this class of models has
allowed a close investigation of the interplay between geo-
metric frustration, quantum fluctuations, and anisotropy ef-
fects for a wide range of values of the relevant physical
parameters. In particular, an enhanced magnetocaloric effect
has been reported when frustration comes into play.29

Frustration is usually introduced in spin models by con-
sidering competing two-spin interactions acting within unit
cells having localized spins. However, the spin-spin interac-
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tion is ultimately an effective coupling resulting from a pro-
cess of electron exchange between neighboring sites. Very
few rigorous analytical results are available for models that
explicitly consider electron exchange processes. Here, we
will introduce an exactly solvable model containing localized
Ising-like spins and exchanging electrons in a diamond chain
topology. We will show that the kinetic term produces anti-
ferromagnetic correlations between the exchanging electrons
leading to frustrated interactions. We will report the ground
state phase diagram as a function of the external magnetic
field and the mismatch of the Ising-like exchange couplings.
The model exhibits ferrimagnetic and unsaturated paramag-
netic phases with the occurrence of 1 /3 magnetization pla-
teaus. We will compute the lower and upper fields delimiting
the plateau regime as a function of the Ising-like couplings
and the hopping amplitude of the delocalized electrons. Fi-
nally, we will compute the temperature dependence of the
magnetization, specific heat, and magnetic susceptibilities,
analyzing their main prominent features on the basis of the
relevant energy scales involved in the model and the role
played by thermal fluctuations.

II. MODEL: DIAMOND CHAIN WITH MOBILE
INTERSTITIAL SPINS

In this work, we study a model with mixed localized Ising
spins and mobile S=1 /2 spins in the presence of an external
magnetic field H. The sites belong to a diamond-like chain
with localized Ising spins � occupying the nodal sites. The
interstitial sites of such diamond chain will be considered as
having a single s orbital with one electron per site. The elec-
trons of the interstitial sites are allowed to hop between the
two interstitial sites forming a diamond loop, but are forbid-
den to hop to the nodal sites. The hopping process is re-
stricted by Pauli’s exclusion rule to occur only when the two
mobile electrons have opposite spins. In such a case, a hop-
ping amplitude t accounts for the kinetic energy associated
with the electron mobility. The nodal electrons interact with
the mobile electrons through exchange couplings J1 and J2
along each bond orientation, respectively, as illustrated in
Fig. 1. In what follows, we will be particularly interested in
the case of antiferromagnetic couplings.

The pair of mobile electrons within a diamond loop can
assume six distinct configurations. Two of them correspond

to parallel spins. In these configurations, the mobility is sup-
pressed due to Pauli’s principle and the electrons remain lo-
calized, one in each interstitial site. In these configurations,
the interaction energy of the pair of interstitial electrons of
the ith cell with the nodal Ising spins can be written as

�↑ ,↑�Hi�↑,↑� = − �↓ ,↓�Hi�↓,↓� = − �J1 + J2���i + �i+1� ,

�1�

where �i and �i+1 stand for the left and right nodal sites of
cell i, respectively.

There are also four possible configurations with intersti-
tial spins aligned antiparallel to each other. If both electrons
occupy the same orbital, the exchange interaction with the
nodal sites cancel out. Therefore,

�↑↓,0�Hi�↑↓,0� = �0,↑↓�Hi�0,↑↓� = 0. �2�

On the other hand, when antiparallel interstitial spins occupy
distinct sites, there is a residual interaction energy due to the
coupling mismatch given by

�↑ ,↓�Hi�↑,↓� = − �↓ ,↑�Hi�↓,↑� = − �J1 − J2���i − �i+1� .

�3�

Finally, the antiparalell states are mixed by the electron
hopping between the interstitial sites. To take into account
the hopping process, the interaction Hamiltonian must con-
tain off-diagonal elements. Considering only single electron
hopping, these non-null off-diagonal elements are

�↑↓,0�Hi�↑,↓� = �↑↓,0�Hi�↓,↑� = t , �4�

�0,↑↓�Hi�↑,↓� = �0,↑↓�Hi�↓,↑� = t , �5�

as well as their complex conjugates. In the presence of an
external magnetic field H, the total Hamiltonian matrix can
be written as

H = �
i

Hi −
1

2
H��i + �i+1� − H�Si,1 + Si,2� , �6�

where Si,1= ±1 and Si,2= ±1 represent the spin orientation of
each interstitial electron of the cell i. Due to the presence of
off-diagonal terms, the stationary states of the cell Hamil-
tonian are composed of linear superpositions of the four
states with antiparallel interstitial spins, in addition to the
two parallel states. The possibility of electron hopping low-
ers one of the energy eigenvalues with respect to the ex-
change mismatch contribution, thus favoring the antiparallel
alignment of interstitial spins in the limit of large hopping
amplitudes.

III. GROUND STATE PHASE DIAGRAM

The above Hamiltonian model was exactly diagonalized,
and the eigenstates and eigenenergies were obtained as a
function of the external field H, coupling constants J1 and J2,
and the hopping amplitude t. We identified that there are four
possible ground states depending on the set of model param-
eters: a saturated paramagnetic state �SPA� with all spins

FIG. 1. Diagrammatic representation of the present diamond
chain model. The corner �nodal� spins are Ising-like and localized.
The exchange antiferromagnetic couplings are distinct along the
nonparallel arms of the diamond units. Interstitial spins with anti-
parallel spins are allowed to hop within the inner sites of each
diamond unit with hopping probability amplitude t. When they have
parallel spins �as shown in the third cell�, they are not allowed to
hop due to Pauli’s exclusion rule. The state vectors illustrate the
notation used in the text.
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aligned in the field direction; an unsaturated paramagnetic
state �UPA� with the nodal spins aligned in the field direction
and the interstitial spins aligned antiparalell to each other; a
ferrimagnetic state �FRI� with interstitial spins aligned paral-
lel to the field and the nodal spins aligned in the opposite
direction; and a nodal antiferromagnetic state �NAF� with the
nodal spins obeying an antiferromagnetic sequence and the
interstitial spins aligned antiparalell to each other. The ener-
gies per unit cell for these possible ground states are given
by

ESPA = 4�J1� − 2��J� − 3H , �7�

EUPA = − 2t − H , �8�

EFRI = − 4�J1� + 2��J� − H , �9�

ENAF = − 2��J2 + t2, �10�

where we have introduced the exchange mismatch �J=J1
−J2 and assumed �J1�� �J2� without any loss of generality.

In Fig. 2, we plot typical ground state phase diagrams in
the magnetic field H versus exchange mismatch �J plane.
There are three distinct regimes depending on the ratio t / �J1�.
For t / �J1��1 �Fig. 2�a�	, the phase diagram exhibits three
phases. For large magnetic fields, the SPA phase predomi-
nates. As the field is lowered, the system undergoes a transi-
tion to the FRI phase. The transition line corresponds to
ESPA=EFRI. At very low fields, the NAF phase sets up in the
regime of large exchange mismatches, with the transition
line given by the condition EFRI=ENAF.

For 1� t / �J1��2, the phase diagram presents all four pos-
sible ground states �Fig. 2�b�	. Below the SPA phase, the
ferrimagnetic state is the most stable only in the regime of
exchange mismatches ��J� / �J1��2− t / �J1�. Otherwise, the
UPA phase takes place. At low fields, the NAF phase remains
stable for large mismatches. At zero field, the NAF phase
emerges for ��J� / �J1��1− �1 /4��t / �J1��2.

For t / �J1��2, the ferrimagnetic state is no more stable for
any exchange mismatch. The typical phase diagram is shown
in Fig. 2�c�. Notice that the zero-field ground state is always
the nodal antiferromagnetic. As the field is increased, the
system goes to the unsaturated paramagnetic phase and, fi-
nally, to the saturated paramagnetic phase. It is important to
stress here that the antiferromagnetic phase has zero magne-
tization per site, while the intermediate ferrimagnetic and
unsaturated paramagnetic phases have 1 /3 magnetization per
site. This scenario favors the occurrence of 1 /3 magnetiza-
tion plateaus, as we will discuss in the following section.

IV. EXACT DECORATION-ITERATION
TRANSFORMATION

The thermodynamic properties of the present diamond
chain model can be obtained through its exact mapping onto
the one-dimensional Ising model with effective temperature
dependent coupling Jeff and external field Heff. Employing a
decoration-iteration transformation,32 the partition function
for the present model can be written as
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FIG. 2. Representative phase diagrams in the magnetic field H
versus exchange mismatch �J plane for distinct regimes of the
hopping amplitude. �a� t / �J1 � �1 for which the phase diagram ex-
hibits three possible phases: SPA, FRI, and NAF. �b� 1� t / �J1 �
�2 for which the phase diagram also presents a region at which the
UPA phase is stable. �c� t / �J1 � �2 for which the only possible
ground states are the SPA, UPA, and NAF. The NAF state has null
magnetization per site, while the FRI and UPA have 1 /3 magneti-
zation. The coexistence lines can be obtained by comparing the
energies per unit cell of each phase as given by Eqs. �7�–�10�. The
ground state becomes degenerated with the first-order phase transi-
tions occurring on these lines. �d� At the bottom, we sketch the unit
cell configuration for the four possible ground states.
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Z�T,J1,J2,t,H� = ANZIsing�T,Jeff,Heff� , �11�

where ZIsing is the partition function of the one-dimensional
Ising model, N is the number of plaquettes of the diamond
chain, and A, Jeff, and Heff are derived after performing the
partial trace over the possible states of the interstitial spins.
The decoration-iteration mapping is based on the fact that the
expression resulting from the partial trace can be put in an
Ising-like form given by

�
k

e−��k��i,�i+1� = Ae�Jeff�i�i+1+�1/2��Heff��i+�i+1�, �12�

where �=1 /kBT, and �k��i ,�i+1� stands for the kth eigen-
value of the plaquette Hamiltonian with a fixed configuration
of the nodal spins �. The above transformation has been
widely used to investigate the thermodynamic properties of
decorated Ising models, such as the occurrence of reentrant
transitions and compensation points33,34 as well as the effects
played by a transverse field, anisotropy, disorder, competing
interactions, quantum fluctuations, and free
surfaces.25,26,29,35–40 In the present model, the partial trace
extends over all six possible eigenvalues. The above relation
holds for any configuration of the pair of nodal spins �i and
�i+1. Therefore, the effective coupling, magnetic field, and
normalization constant can be readily obtained. In particular,
the effective field can be put in the form

e2�Heff =

�
k

e−��k�1,1�

�
k

e−��k�−1,−1� . �13�

Notice that in the absence of an external field acting on the
plaquette spins, the effective field will be null due to the
remaining up-down symmetry ��k�1,1�=�k�−1,−1�	. For the
effective exchange coupling between the nodal spins, one
obtains

e2�Jeff =
��

k
e−��k�1,1��

k
e−��k�−1,−1��1/2

�
k

e−��k�1,−1� , �14�

while the normalization constant can be written as

A2 = 
�
k

e−��k�1,1��
k

e−��k�−1,−1��1/2�
k

e−��k�1,−1�. �15�

The eigenvalues of the Hamiltonian plaquette for each con-
figuration of the nodal spins are summarized in Table I. The
explicit expressions for the effective coupling and magnetic
field are quite lengthy and do not bring any additional infor-
mation to deserve being shown. From the above equations,
and by exploiting the solution of the one-dimensional Ising
model, the complete thermodynamical behavior of the
present model can be analyzed.

V. 1 Õ3 MAGNETIZATION PLATEAUS AND RESPONSE
FUNCTIONS

In this section, we report on the behavior of some relevant
thermodynamic quantities which are able to reveal the com-

petition between the possible ground states of the present
diamond chain model. To this end, we will consider periodic
boundary conditions. The Helmholtz free energy can be ob-
tained from f�T ,H�=limN→	−

kBT

3N ln Z�T ,H�. The magnetiza-
tion m=−��f /�H�T, the magnetic susceptibility 


= ��m /�H�T, the internal energy u=− 1
3N �� ln Z /���H, and the

specific heat c= ��u /�T�H follow straightforwardly. All quan-
tities are computed per spin.

In Fig. 3, we plot the field dependence of the magnetiza-
tion per site for distinct temperatures in two representative
situations. In Fig. 3�a�, the zero-field ground state corre-
sponds to a ferrimagnetic phase for which the magnetization
per site is 1 /3 of the saturation magnetization. This state is
equivalent to the ferrimagnetic state reported to appear in
distorted diamond chains with antiferromagnetically coupled
localized Heisenberg S=1 /2 spins.22 The zero-temperature
curve exhibits a well defined 1 /3 magnetization plateau up to
the critical field, above which the saturated paramagnetic
phase becomes the stable equilibrium state. The magnetiza-
tion is discontinuous at the transition signaling the first-order
zero-temperature phase transition. At finite temperatures,
thermal fluctuations round off the discontinuity. However,
the 1 /3 magnetization plateau is still present in a wide range
of magnetic field values at low temperatures. The magneti-
zation curves for different temperatures cross roughly at a
single point, which signals the critical field.

In Fig. 3�b�, we show the magnetization curves for a set
of parameters for which the zero-field ground state is the
NAF phase. This state has zero magnetization per site. As the
field strength is increased, the ground state exhibits a transi-
tion to the UPA phase, which has 1 /3 magnetization per site.
In this state, the nodal spins are aligned parallel to the exter-
nal field, while the interstitial spins form dimers with zero
spin. This state has a close analogy with the one leading to
the magnetization plateau B discussed in Ref. 22. Due to the
Ising nature of the nodal spins of the present model, the
mechanism leading to the plateau A of Heisenberg distorted
diamond chains cannot be realized. At larger magnetic fields,
a second transition to the SPA phase sets up. The 1 /3 mag-
netization plateau is restricted to a range of magnetic fields
located between two finite values Hc,1 and Hc,2. The transi-
tions at Hc,1 and Hc,2 are both discontinuous. Once again,

TABLE I. Eigenvalues of the plaquette Hamiltonian for differ-
ent configurations of the pair of nodal spins. The first two eigenval-
ues correspond to the states where the interstitial spins are parallel.
The eigenvalue �6 corresponds to the eigenstate for which the elec-
tron hopping between the interstitial sites promotes a lowering of
the energy level.

�i=�i+1=1 �i=�i+1=−1 �i=−�i+1

�1 −2�J1+J2�−3H 2�J1+J2�−H −2H

�2 2�J1+J2�+H −2�J1+J2�+3H 2H

�3 −H H 0

�4 −H H 0

�5 2t−H 2t+H 2��J2+ t2

�6 −2t−H −2t+H −2��J2+ t2
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thermal fluctuations smoothen the magnetization curves and
just continuous crossovers are observed. The curves from
different temperatures also cross roughly at a single point
near the crossover from the 1 /3 magnetization plateau to the
saturation plateau. However, the crossing points near the
crossover from zero magnetization to 1 /3 magnetization are
quite spread, which might make the identification of the criti-
cal field from finite temperature measurements difficult.

In Fig. 4, we show the temperature dependence of the
magnetization per site for several field values. In Fig. 4�a�,
the Hamiltonian parameters were chosen in order to have a
ferrimagnetic ground state at zero field. The results show
clearly the two regimes corresponding to the ferrimagnetic
ground state and the saturated paramagnetic ground state.
Exactly at the critical field, the zero-temperature magnetiza-
tion is 2 /3 as the SPA and FRI states become degenerated. In
Fig. 4�b�, the parameter set was chosen to provide a NAF
zero-field ground state. In this case, there are three distinct
magnetic field regimes corresponding to zero, 1 /3, and satu-
rated zero-temperature magnetizations. At the lower critical
field value, the zero-temperature magnetization is �5 /15 due
to the degeneracy of the NAF and UPA states. This value is

in agreement with the magnetization per cell of antiferro-
magnetic Ising chains under the critical field. At this point,
the ground state is actually macroscopically degenerate with
all nodal spin configurations, except those which contain
neighboring nodal spins pointing opposite to the field direc-
tion, having the same energy.41,42 At the upper critical field
value, a 2 /3 zero-temperature magnetization reflects the de-
generacy of the UPA and SPA states.

At zero magnetic field, the system presents two possible
ground states depending on the exchange mismatch and hop-
ping amplitude, namely, the FRI and the NAF states. The
thermodynamic behavior of typical response functions can
reveal the competition between these two states. In Fig. 5,
we show the temperature dependence of the zero-field spe-
cific heat for t / �J1�=1.5 and different values of the exchange
mismatch �J. For ��J� / �J1��1− �1 /2��T / �J1��2, the ground
state is the FRI one. The NAF state becomes the ground state
in the opposite regime. In Fig. 5�a�, we show results for the
set of exchange couplings which leads to a FRI ground state,
while in Fig. 5�b�, the ground state is the NAF state. Notice
that the specific-heat curves develop a two-peak structure.
The main peak is related to the development of dimerlike
correlations between the nodal sites and the interstitial spins
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FIG. 3. Field dependence of the magnetization per spin for two
representative cases. �a� FRI is the zero-field ground state. In this
case, two distinct regimes are seen at zero temperature: a 1 /3 mag-
netization plateau below a critical field and the saturation plateau.
For finite temperatures, thermal fluctuations round off the magneti-
zation jump. �b� NAF is the zero-field ground state. Here, three
regimes are seen: a zero magnetization plateau at low fields, a 1 /3
magnetization plateau at intermediate fields, and the saturation pla-
teau. At finite temperatures, the curves cross roughly at a single
point signaling the upper critical field. The low field crossing is
somewhat spread.
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FIG. 4. Temperature dependence of the magnetization per site
for two representative cases. �a� FRI is the zero-field ground state.
In this case, two distinct regimes are seen, as in Fig. 3. At the
critical field, the zero-temperature magnetization is 2 /3 of the satu-
ration value due to the degeneracy of the SPA and FRI states. �b�
NAF is the zero-field ground state. At the lower and upper critical
fields, the zero-temperature magnetization per site is �5 /15 and
2 /3, respectively. These values correspond, respectively, to the de-
generacy between the NFA and UPA states, and between the UPA
and SPA states.
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satisfying the largest exchange coupling J1. Such correlation
is common to both ground states. As the temperature is low-
ered, the dimers become correlated. However, this additional
correlation is of distinct natures in the FRI and NAF phases.
The typical temperature for the development of this addi-
tional correlation is of the order of the energy difference
between these states EFRI−ENAF. At this temperature, the
specific heat presents a secondary peak signaling the ultimate
spin ordering. The second peak occurs at very low tempera-
tures when the exchange mismatch is close to the critical
value at which the FRI and NAF states are degenerate.

The zero-field magnetic susceptibility 
 also presents a
signature of the competition between the FRI and NAF
ground states. In Fig. 6, we report the temperature depen-
dence of kBT
 for several exchange mismatches. For small
mismatches, kBT
 diverges as T→0, as expected for a ferri-
magnetic phase. Above the critical mismatch, kBT
 vanishes
as T→0, signaling the nodal antiferromagnetic ground state.
At the critical mismatch, the T=0 limit of kBT
 reaches 1 /3
of the asymptotic high temperature value due to the degen-
eracy. The presence of competing ground states is reflected
by the observed nonmonotonic temperature dependence of
kBT
.23,43

VI. SUMMARY AND CONCLUSIONS

In summary, we introduced an exactly solvable spin chain
model containing localized and delocalized spins. The model

consists of a one-dimensional sequence of diamond-shaped
units. The corner-sharing positions of the diamond units are
occupied by localized Ising spins, while the two spins within
the inner sites of each diamond unit are allowed to hop from
one site to the other, although obeying Pauli’s exclusion prin-
ciple. These delocalized interstitial spins are coupled antifer-
romagnetically to the corner spins. The model considers the
general case of anisotropic exchange couplings. We re-
stricted our study to the case with no on-site Coulomb repul-
sion effects on the interstitial sites. While the inclusion of
such term is straightforward, its main effect is to favor the
localization of the interstitial spins.

In the absence of mobility of the internal spins within
each diamond unit, the system has a single ground state in
the absence of an external field. In this state, the internal
spins are aligned antiparallel to the corner spins. This con-
figuration represents a ferrimagnetic order whose magnetiza-
tion per spin is 1 /3 of the saturation magnetization. In this
case, the system presents no frustration. Whenever the inter-
stitial spins are allowed to hop within the inner sites of each
diamond unit with a probability amplitude t, there is a low-
ering of the local energy, thus favoring an antiferromagnetic
correlation between the interstitial spins. This kinetically in-
duced antiferromagnetic coupling, acting together with the
exchange coupling to the corner spins, introduces frustration.
As a result, a new ground state is possible, named a nodal
antiferromagnetic state, where the corner spins follow an an-
tiferromagnetic order and the interstitial spins are aligned
antiparallel to each other. This state has null magnetization
per site. At finite magnetic fields, the kinetic term also favors
the emergence of an unsaturated paramagnetic phase with
1 /3 magnetization, in which the corner spins are aligned
parallel to the external field while the interstitial spins are
antiferromagnetically correlated. By performing an exact di-
agonalization of the plaquette Hamiltonian, we computed all
energy eigenstates and reported a detailed phase diagram for
different values of the magnetic field, exchange mismatch,
and hopping amplitude.
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FIG. 5. Temperature dependence of the zero-field specific heat
per site for two representative cases. �a� FRI is the ground state. �b�
NAF is the zero-field ground state. A secondary peak appears in the
vicinity of the critical mismatch separating these two possible
ground states. Such peak appears at a temperature of the order of
the difference between the energies of these competing ground
states.
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FIG. 6. Temperature dependence of the scaled zero-field suscep-
tibility kBT
 per site for distinct exchange mismatches. The diver-
gence at low temperatures is typical of a ferrimagnetic ground state.
It vanishes as T→0 in the regime of nodal antiferromagnetic
ground state, while it goes to a constant value at the degenerating
exchange mismatch. The nonmonotonic behavior is the main signa-
ture of the presence of competing ground states. The inset is an
amplification of the nonmonotonic behavior slightly inside the NAF
phase.
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Using the decoration-iteration mapping, we computed the
exact partition function of the present model to obtain its
thermodynamic behavior. In particular, we showed that a fi-
nite hopping amplitude favors the emergence of a 1 /3 mag-
netization plateau within a range of finite magnetic field val-
ues. This feature reflects the competition between the
possible ground states introduced by the kinetically induced
frustration. At finite temperatures, the edges of the magneti-
zation plateau are rounded off by thermal fluctuations, with
the magnetization curves from distinct temperatures roughly
crossing at a single point, signaling the change on the under-
laying magnetic ordering. The temperature dependence of
the magnetization for distinct field values clearly shows the
regimes of zero, 1 /3, and saturated magnetizations. At the
magnetic field values corresponding to the edges of the 1 /3
magnetization plateau, the magnetization curves present in-
termediate values as T→0 due to the degenerated nature of
the ground state. The temperature dependences of the zero-
field specific heat present a two-peak structure which reflects
the competition between the two possible ground states. We
also reported the zero-field magnetic susceptibility, which
also exhibits a competing trend.

In conclusion, we have shown that 1 /3 magnetization pla-
teaus can emerge in a diamond chain model where frustra-
tion is induced by a hopping probability amplitude which

takes into account a delocalized nature of the spins. By re-
stricting the quantum hopping to occur within each diamond
unit, the model could be exactly solved and its thermody-
namic properties fully investigated as a function of the
Hamiltonian parameters. Such kinetically induced frustration
is expected to take place in more complex geometries. For an
extension of the present model to include the quantum hop-
ping of spins between neighboring unit cells, an exact solu-
tion is unlikely to be attainable for the thermodynamic quan-
tities. Also, an extension to the case of localized Heisenberg
nodal spins would not allow the use of the exact decoration-
iteration mapping. In such cases, one shall rely on numerical
results based on the study of finite systems, such as the exact
diagonalization of the full Hamiltonian and density matrix
renormalization group techniques. We hope the present work
will stimulate further studies of the occurrence of magneti-
zation plateaus in systems with localized Ising-like spins
coupled to itinerant electrons.44,45
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