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ABSTRACT 

Polycrystalline samples of the quasi-one-dimensional, spin 1/2 chain 

compound BaCu2V2O8 and the zinc doped Ba(Cu1-xZnx)2V2O8 (x = 0.05, 0.1, 0.15, 0.2, 

0.3 and 0.4), were synthesized using the solid state reaction method. Small size single 

crystals (~1.5mm3) were grown using the vertical Bridgman-Stockbarger method and 

the slow cooling method. Crystal structure and magnetic properties were characterized 

using powder x-ray diffraction and superconducting Quantum Interference Device 

(SQUID), respectively. Magnetic susceptibility measurements on the polycrytalline 

samples suggested that the magnetic behavior of this compound was best described by 

an isolated dimer model.The effect of substituting zinc for copper on the spin gap (Δ) 

showed that Δ was weakly dependent on x, which confirmed that the isolated dimer 

model was valid in order to explain the origin of the spin gap in this system. 
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CHAPTER I 

INTRODUCTION 

 

 

1.1 Spin Exchange 

 It was realized in the early days of quantum mechanics that the coupling 

mechanism between the magnetic moment in certain materials may lead to collective 

behaviours with macroscopic effects, such as ferromagnetism, where the moments line 

up parallel to each other, and antiferromagnetism, where neighbouring moments point 

in opposite directions. Classical dipolar interaction is too weak in order to explain the 

observed magnetic transition temperatures. This coupling is the so-called exchange 

interaction, introduced by Heisenberg and Dirac in the end of the 1920’s [1, 2]. The 

exchange interaction has a quantum mechanical origin which derives from the 

fundamental properties of the electron: the electron spin, the electron kinetic energy, 

Pauli exclusion principle and the Coulomb repulsion between electrons. Interactions 

between two atoms with spins S1 and S2 would produce an effective interaction 

potential of the form: 

 ܸ ൌ ሺܬ ሬܴԦሻࡿ૚ ∙  ૛ , (1.1)ࡿ

where J( ሬܴԦ) is the exchange energy, a function of the interatomic distance ሬܴԦ. The 

exchange energy is ferromagnetic if J is negative and antiferromagnetic if J is positive. 

 The exchange interaction can have different mechanisms, the two basic 

mechanisms are direct-exchange and indirect-exchange. In the direct-exchange, the 

ground state orbital wave functions of neighbouring atoms have a non-negligible 

overlap. The alignment of the spins is determined in order to minimize the interaction 

energy, depending on the nature of the non-interacting atomic states. The direct-

exchange interaction falls off rapidly with distance, so that the interaction between 

further neighbours is effectively zero. In the indirect-exchange, the nearest neighbour 

spins are situated at a distance ሬܴԦ, which is large compared to the mean radius of the 

atomic ground state wave functions. There are a number of indirect exchange 

mechanisms, these include the RKKY interaction which is an example of indirect  
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exchange in metallic Heisenberg magnets, double-exchange and super-

exchange which is relevant to magnetic insulators (localized magnetic moments). The 

exchange mechanism which is relevant for this work is the super-exchange so it will 

be explained with more detail. In super-exchange the actual exchange coupling results 

via non-magnetic ions (oxygen) that lie in between the magnetic ions (copper). The p-

wavefunction of the anion overlaps with the d-wavefunctions of the cations so that 

electronic transitions are possible (hopping). The interactions between cations are 

mediated by the intermediate anions through a virtual double occupation of orbitals 

[Fig 1.1]. 

 

 

a. Ferromagnetic super-exchange states: 

  

              ,                           , 

b. Antiferromagnetic super-exchange states: 

                                ,                           ,                           , 

 

Figure 1.1 Super-exchange between spins (arrows) of Cu+2 cations (small circles) 

mediated by an O-2 anion (big circle). 

 

 

1.2 One dimensional magnetism 

 The field of low-dimensional magnetism is one of the most active areas of 

today’s solid state physics. Real magnetic materials are three-dimensional (3D) but 

can behave effectively as low-dimensional systems if the dominant exchange 

interactions between the magnetic moments (spins) are intra-chain (1D) or intra-planar 

(2D). The field of low-dimensional magnetism can be traced back to the origin of 

  O-2 Cu+2 

S=0 S=1/2 S=1/2 

Cu+2 
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 quantum mechanics. In 1925 Ernst Ising studied the one-dimensional (1D) 

version of the model which is currently well known after his name in an effort to 

provide a microscopic justification for Weiss’ molecular field theory of cooperative 

behaviour in magnets [3]. In 1931 Hans Bethe wrote his well-known paper [4] 

describing the `Bethe ansatz’ method, which can be used in order to find the exact 

quantum mechanical ground state of the antiferromagnetic Heisenberg model [5]. In 

the following years theorists succeeded in extending the solution of Ising’s classical 

model to 2D, they have also succeeded in calculating correlation functions excitation 

energies, and thermal properties for the quantum mechanical 1D Heisenberg model as 

well as for some of its anisotropic generalizations. In another line of research theorists 

were able to establish the connection between quantum mechanical models in 1D and 

classical models in 2D. Around 1970 it became clear that the one and two dimensional 

models of interest may also be relevant for real materials which could be found in 

nature or be synthesized in a laboratory. These materials have made possible the 

verification and refinement of theoretical models for such systems. One-dimensional 

magnets provide the possibility to study ground and excited states of quantum models, 

possible new phases of matter and the interplay of thermal fluctuations and quantum 

fluctuations. Interest in the field increased with the discovery that high temperature 

superconductivity could probably be connected to the strong magnetic fluctuations 

which are possible in low dimensional materials. Examples of such one-dimensional 

materials include KCuF3 and Sr2CuO3 which are among today’s best realizations of 

the spin-1/2 antiferromagnetic Heisenberg model. Another widely investigated  quasi-

1D spin-1/2 antiferromagnet is CuGeO3, since in 1992  it was identified as the first 

inorganic spin-Peierls material [6] which is characterized by alternating deformation 

of the lattice along the chain direction, and singlet pair formations of the two S=1/2 

spins on the shortened link. The theorem of Mermin and Wagner [7] states an 

important characteristic of low-dimensional magnets, which is the absence of long 

range order (LRO) in models that have a continuous symmetry at any finite 

temperature, and sometimes the absence of long range order in the ground state [8]. 

The Mermin Wagner theorem: 

An infinite d dimensional lattice of localized spins cannot have LRO at any 

finite temperature for d < 3 if the effective exchange interactions among spins 
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are isotropic in spin space and of  finite range. 

 When anisotropy is incorporated into the model (dipole-dipole 

interactions, non-isotropic exchange constants, single-ion anisotropy, etc.) it is again 

expected to find cases where low dimensional systems exhibit LRO. 

 Another interesting phenomena in one dimensional spin chains is 

fractional spin excitation where, in a magnetic-field, the phase of a spin-1/2 

antiferromagnetic spin chain (see section 1.3) is fully polarized (spins parallel). In the 

fully polarized state the magnon can be represented as a firmly bound domain wall 

pair that propagates as a single entity. In this case the energy-momentum dispersion 

relation of the magnon will be discrete. In zero magnetic field, the spins are in the 

macroscopic singlet state Stotal=0, an excitation of ∆S = 1 above the singlet ground 

state (such as for a scattering of a neutron), may be imagined as a local spin flip 

surrounded by two domain walls. Due to the terms of the Hamiltonian that are 

transverse to the quantization axis the domain walls propagate individually and 

independently, in contrast to the fully polarized state where they propagate in pairs as 

a bound entity. The elementary excitation in zero-field ‘fractionalizes’ into two 

independent fermion-like objects known as ‘spinons’. The spinon carries spin-1/2 and 

can be associated with an individually propagating domain wall. Each spinon has a 

discrete energy-momentum relation and the excitation spectrum is composed of spinon 

pairs and will therefore be continuous. This characteristic continuous spectrum is 

observed at zero field, both experimentally (neutron scattering) and in exact 

calculations. An example of a system with fractional spinon excitations is 

CuSO4·5D2O [9]. 

 

 

1.3 Heisenberg model 

 The present work is restricted to the one-dimensional spin-1/2 Heisenberg 

model. A one-dimensional system (chain) composed of N localized and coupled spins-

1/2 is described by the Heisenberg model: 
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 

1
1

1 1 1 1

1 1 1
1

ˆ ˆ

ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ

ˆ ˆ ˆ ˆ ˆ ˆ

N

n n
n

z z x x y y
n n n n n n n n

N
x x y y z z

xy n n n n z n n
n

H J S S

S S S S S S S S

H J S S S S J S S




   

  




  

    





    

The spin operators 
, ,ˆx y z

nS act only on the spin placed on site n. The couplings are 

limited to nearest-neighbour spins, Jxy is the strength of the flip-flop term 

 1 1
ˆ ˆ ˆ ˆx x y y

n n n nS S S S   which interchange up and down spins (for example   to  ), Jz  

is the strength of the Ising interaction 1
ˆ ˆz z
n nS S  . The ratio Jz / Jxy is the anisotropy, The 

model is isotropic when Jz / Jxy =1, in which case it is known as the XXX model, and 

it is anisotropic when Jz / Jxy ≠ 1, usually referred to as the XXZ model (XYZ also 

exists when the coupling strengths in the three directions are different). In a 

Hamiltonian containing only the Ising interaction, the ground state of the model 

depends on the sign of the interaction strength, it is ferromagnetic, with all spins 

aligned in the same direction, when Jz < 0, and it shows an antiferromagnetic 

arrangement with antiparallel neighbouring spins when Jz > 0. 

 

 1.3.1 XXZ model 

 The XXZ model can be written in the form: 

  1 1 1
1

ˆ ˆ ˆ ˆ ˆ ˆ ˆ
N

x x y y z z z
n n n n n n B n

n n

H J S S S S S S g h S  


      
,  

 

Where an external field was added with an additional term in the Hamiltonian

ˆz
B n

n

g h S  , where h is the external magnetic field chosen parallel to the z direction. 

For Δ<−1 the XXZ chain is in the ferromagnetic Ising phase: the ground state is the 

saturated state with all spins aligned in either z or −z direction, For Δ> +1 the XXZ 

chain is in the antiferromagnetic Ising or Neel phase The ground states have Sz,total=0, 

 but finite sublattice magnetization. For −1 <Δ< +1 and zero external field 

the XXZ chain is in the XY phase.  

 

(1.2)(1.2)(1.2)

(1.3) 



Y

F

b

F

 

 

 

 

e

f

g

c

g

i

d

a

i

Yuval Shilon 

Figure 1.2 T

by Hc =±J(

Figure from

energy min

frustration 

geometric 

configuratio

geometric c

interaction. 

degeneracie

antiferroma

interactions

The bounda

(1 + Δ). Fo

m [10]. 

1.3.2 Alter

Certain loc

nimum, this 

arises due t

nature. If 

ons, then th

constraints 

This phe

es. A pro

agnetic He

s which is a 

ary between

or Δ<1 (XY

rnating exc

cal constrai

causes frus

to the topol

two terms 

he constrain

is that of a

enomenon 

ototype of 

eisenberg m

modificatio

n the ferrom

Y symmetr

change in th

ints may pr

stration to a

logy of the

in the Ha

nts are of d

an antiferro

can result

a frustrat

model with

on to the ide

magnetic ph

ry) the XY 

he S = 1/2 s

revent the 

arise in the 

e underlying

amiltonian 

dynamical n

omagnet in 

t in the 

ted model

h nearest 

eal S = 1/2 X

ase and the

phase exte

spin chain 

system from

system. In 

g lattice, the

tend to fa

nature. A-cl

a triangula

appearance

in one 

and next-

XXZ chain.

Intro

e XY phase 

ends down 

m reaching

the case w

e constrain

avour incom

lassical exa

ar lattice w

e of groun

dimension 

-nearest ne

. 

oduction/6 

 

is given 

to H=0. 

g a local 

where the 

ts are of 

mpatible 

ample of 

ith Ising 

nd state 

is the 

eighbour 

 



Fac. of Grad. Studies, Mahidol Univ. M.Sc.(Physics)/7 

  The Hamiltonian is: 

 

1 1 2 2
1

1 1 2
1

2

1

ˆ ˆ ˆ ˆ

ˆ ˆ ˆ ˆ

N

n n n n
n

N

n n n n
n

H J S S J S S

H J S S S S

J

J





 


 


 

 






  

Where α is the alternation parameter. The uniform AF Heisenberg chain is one limit of 

the alternating chain in which the two exchange constants are equal (α = 1, J1 = J2 ≡ 

J). At the other limit is the isolated dimer in which one of the exchange constants is 

zero (α=0). 

 

 1.3.3 Isolated dimer model 

 The case where α=0 in the alternating exchange S = 1/2 spin chain, is 

known as the isolated dimer model. In this case, the strongly alternating exchange 

results in the formation of spin pairs, each pair is called a dimer [Fig 1.4]. Assuming 

that the coupling between dimers is small, one can neglect for each dimer all states 

except the two lowest ones, the singlet (S=0) and triplet (S=1) states. The Hilbert 

space is reduced to four states per dimer and two energy levels which are separated by 

an energy gap (Δ) [Fig 1.3]. 

 

 

Figure 1.3 The singlet and triplet states in a spin ½ chain, due to dimerization. 

  

(1.4)
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Figure 1.4 Chain of spin dimers with exchange interaction J. 

 

 

1.4 Magnetization plateau 

 The phenomenon known as a magnetization plateau has been receiving 

much attention from both theoretically and experimentally. In low-dimensional spin 

systems with a spin gap, a sufficiently strong external magnetic field H = Hc closes the 

gap, above Hc a finite magnetization will appear, in this high field phase the 

excitations may again acquire a gap, this makes the magnetization per spin m “locked” 

in some field range. The occurrence of a plateau and the physics of a high field critical 

phase in a strongly alternating S=1/2 zigzag chain, is explained in the following. The 

energy of the triplet state (Sz=1) becomes lower than the energy of the singlet state 

(Sz=0) at H=J. If the case where the dimers are completely decoupled, there would be 

just one critical field Hc = J and at H=Hc the magnetization M would jump from zero 

to one. The point H=Hc will split into a small but finite field region [Hc,Hs] in the 

presence of a finite weak interdimer coupling. 

 

 

1.5 Thermodynamic properties of the Heisenberg S =1/2 chain 

 The susceptibility and specific heat as function of temperature χ(T) and 

C(T) are known exactly for the two limits of the alternating chain model. For the 

uniform chain (α=1), χ(T) and C(T) were estimated by Bonner and Fisher in 1964[11]. 

The exact solution for χ(T)  of the uniform chain was obtained using the Bethe ansatz  

J
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in 1994 by Eggert, Affleck and Takahashi [12]. For the dimer (α=0), 

Troyer, Tsunetsugu, and Wurtz[13] derived a general expression for χ(T). The exact 

solution at all temperatures is given by the equation: 

  χspin-dimer(T)= Ng2μB
2 / [kBT(3+eJ/kBT)], (1.5) 

where N is the number of spins which is twice the number of the formed dimer pairs in 

the chain. The two dimensional function χ(α,T) was formulated by Johnston et al[14] 

using Quantum Monte Carlo (QMC) simulations and transfer-matrix density-matrix 

renormalization group (TMRG) calculations in the intermediate regime 0 <α< 1 and 

for the entire temperature range T >0.01·J1/kB . 

 

 
( )/2 2

(7)
(8)

max

6 2 7
71 72 00(7)

(8) 7 2 8
81 82 00

max

4

0

4

0

2 3

0

, ( , )
4

/ ( )( / ) /
( , )

/ ( )( / ) /

1 3
( ) 1 2

2 2

( ) (1

fit t

B
spin m

n y
nn

m n z
nn

B

m
n nm

m

m
n nm

m

fit

Ng e
t p t

J t

N t N N t t
p t

D t D D t t

k T
t

J

N N

D D

  

 


 





   

 













     
     







    

  








3/4 1/4 2 2
1 2) (1 ) (1 ) (1 )g g        

 

 

The constants Nnm, Dnm, y, z,g1 ,g2 are numerically determined. A table with the 

calculated values of the parameters can be found in [14]. For the alternating chain 

systems, the spin gap for magnetic spin excitations from the S=0 singlet ground state 

to the lowest S=1 triplet excited states can be approximately expressed as follows: 

 
3 1

4 4
1 (1 ) (1 )J       ,   

which is the analytic solution for 0<α<0.9 . 

 

 

(1.6)

(1.7)
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CHAPTER II 

EXPERIMENTAL METHODS 

 

 

2.1  Introduction 

 By comparing experimental results with theoretical predictions, it is 

possible to determine the microscopic spin Hamiltonian parameters (Such as J, Δ and 

α) in BaCu2V2O8. This could help better understanding quantum magnetism in 

general. In this chapter the experimental methods which can be used in order to study 

the crystal structure (X-ray diffraction) and magnetic properties (SQUID, neutron 

scattering) of Ba(Cu1-xZnx)2V2O8 , are described. 

 

 

2.2  X-ray diffraction 

 A polycrystalline (powder) X-ray diffraction (XRD) experiment can be 

used for the determination of the crystal structure of materials. In an experiment the 

intensity of the beam, which is diffracted by a polycrystalline sample, is typically 

measured as a function of the Bragg angle (2θ), this is called the diffraction pattern. 

The presence of a crystalline phase is manifested in a diffraction pattern as a set of 

discrete intensity maximum, these are the Bragg reflections. Each intensity maximum 

has a specific location and intensity. When the atomic parameters, such as the 

coordinates of atoms in the unit cell and populations of different sites in the lattice of 

the crystalline phase are altered, this affects the relative intensities and/or positions of 

the Bragg peaks that correspond to this phase. A diffraction pattern consists of 

diffraction peaks (Bragg reflections) superimposed over a continuous background. 

Disregarding the background, the structure of a typical powder diffraction pattern may 

be described by the following components: positions, intensities, and shapes of 

multiple Bragg reflections. The three components contain information about the 

crystal structure of the material, the properties of the sample, and the instrumental 

parameters.  
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The peak positions can be used to determine the lattice parameters (a, b, c, 

α, β, γ), the peak intensity can determine the atomic parameters (coordinates of atoms 

in the unit cell and populations of different sites in the lattice). The peak shape can 

determine the crystallinity of the sample. 

  

 2.2.1 Instruments 

 In this work the measurements were made using Bruker D8 Advance 

powder diffractometer [Fig 2.1]. It has a Cu K radiation source (X-ray tube) which 

results in two peaks for each Bragg reflection Kα1 and Kα2 (Kβ radiation is filtered ). 

The radiation from the x-ray is diffracted at the sample and recorded by the detector. 

The sample rotates at constant angular velocity such that the angle of incidence of the 

beam changes whilst the detector rotates at a double angular velocity around the 

sample (Bragg–Brentano geometry [Fig 2.2]). The detector measures the intensity of 

the reflected radiation. Slits with different diaphragm width can be selected for the 

detector and aperture. 

 

 

 

Figure 2.1 The diffractometer consists of the goniometer (1), the tube (2), the slit 

system (3, 5), the sample carrier (4), and the detector (6). 

 

1 

2 
3 5 

6 
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Figure 2.2 Beam path on the diffractometer. 

 

 

 2.2.2 Data analysis 

 After the measurement is made and the diffraction pattern is plotted, both 

the positions and intensities of the Bragg peaks need to be determined. Phase 

identification is accomplished by fitting the diffraction pattern of Bragg reflections 

with databases. Each diffraction pattern can be characterized by a unique distribution 

of the positions and intensities of Bragg peaks, the peak positions are determined by 

the unit cell dimensions and reflection intensities are determined by the distribution of 

atoms inside the unit cell. Each crystalline phase present in the sample will contribute 

to the pattern. The next step is to determine the lattice parameters precisely. When the 

goal of the experiment is only to identify phases which are present in the 

polycrystalline sample, it may be achieved in a fast experiment, An overnight 

experiment is required for indexing (assignment of hkl triplets) and accurate 

refinement of lattice parameters. Using known unit cell dimensions, indexing is usually 
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an easy task. It can be done by a computer program automatically. The low 

Bragg angle peaks are usually well-resolved and are located far apart from one 

another. Indices should always start from a peak observed at the lowest Bragg angle 

and proceed toward the higher Bragg angles. Using all Bragg peaks which have been 

indexed and the associated observed Bragg angles, more accurate unit cell dimensions 

can be refined by means of the Rietveld method. In the Rietveld method all structural 

and instrumental parameters are refined by fitting a calculated profile to the observed 

data. It is one of the fastest and perhaps the most reliable tool in quantifying phase 

contents. The main principle of this method is that the intensities calculated from the 

crystallographic data, are scaled to match the corresponding observed intensities in the 

same diffraction pattern via a common scale factor (k). In order to minimize the 

function Φ, given by: 

 
calc obs

i iY kY  

 

2( )obs calc
i i i

i

w Y Y  
,   

 

where wi is the weight assigned to the ith data point, 
obs

iY  is the observed and 
calc

iY  

is the calculated intensity of a point i of the powder diffraction pattern. 

 

 

2.3 SQUID 

 The superconducting quantum interference device (SQUID) makes use of 

the physical phenomena of flux quantization as well as Josephson tunneling. The basis 

of the working principle of the dc SQUID is explained in the following. The dc 

SQUID consists of a superconducting ring, a Josephson junction is incorporated into 

each of the two arms. The ring is biased with a current Ib [Fig 2.3.a]. An external 

magnetic field H= B/μ0 is applied to the loop. The maximum supercurrent (Ic) that can 

flow across the ring is limited by the Josephson junctions to a maximum value which 

is given by the sum of the critical currents of the two junctions. The magnetic flux that 

flows through the SQUID ring causes Ic to modulate periodically, with a period that 

equals one flux quantum Φ0 = h/2e. The modulation is caused by an interference of the 

superconducting wave functions in the two arms of the SQUID. The voltage across the 

(2.1)
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 junctions (V) can be read out directly as a function of the external 

magnetic field or applied magnetic flux if the SQUID is biased with a current slightly 

above the maximum value of Ic. In that case the voltage oscillates with a period which 

is equal to Φ0 [Fig 2.3.b], counting the oscillations allows the evaluation of the flux 

change which has occurred. If a magnetized sample is moving through the ring the 

magnetic flux will be proportional to the speed and magnetization of the sample. To 

measure small changes in the applied flux Φa << Φ0, the bias current can be chosen to 

maximize the amplitude of the voltage modulation and the applied flux is set at  

(2n + 1)Φ0/4 (n = 0, 1, 2,...), so that the flux-to-voltage transfer coefficient |∂V /∂Φ|, 

which we denote as VΦ is maximizes. In this way the SQUID will produce a maximum 

output voltage signal δV = VΦδΦ in response to a small flux signal δΦ [Fig 2.3.c]. 

 

 2.3.1 Instruments 

 In this work the measurements were performed at Tohoku University, 

Japan using Quantum Design Magnetic Property Measurement System (MPMS). This 

system integrates the following components [Fig 2.4]: 

1. Temperature control module which regulates the thermal environment 

over the range of operation 1.9 to 400 Kelvin. 

2. The superconducting magnet system which provides reversible field 

operation to plus and minus 5.5 Tesla. 

3. The SQUID detector system  

4. The sample handling system (translator and transport) which allows 

automatic position calibration with resolution .0003 cm. 

5. Liquid helium system which provides refrigeration and gas handling 

system which provides gas flow control for temperature regulation. 

6. The computer control system. 
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2.4 Neutron scattering 

 The advantages of using neutron scattering for material characterization 

come from the basic properties of the neutron: 

1. Neutrons have no charge, they interact with the atomic nucleus and not 

with electrons. They are highly penetrating and produce very small disturbance in the 

sample. 

2. The neutron carries magnetic moment which can be used as a probe for 

the magnetic properties of the material, such as magnetic ordering, magnetic 

excitations and spin fluctuations. 

3. The magnetic scattering cross section and the nuclear scattering cross 

section have similar order of magnitude. Both nuclear and magnetic structure can be 

studied simultaneously. 

 In the experiment, the probability for a neutron which is incident on the 

sample with wave vector ki to be scattered to wave vector kf is measured [Fig 2.6]. 

From momentum and energy conservation: 

ħܳ ൌ ħ൫݇௜ െ ݇௙൯ (2.2) 

ħ߱ ൌ ħ

ଶ௠
൫݇௜

ଶ െ ݇௙
ଶ൯, 

where Q= ki-kf. For elastic scattering 0h  , for inelastic scattering 0h  . The 

cross section formula for the neutron scattering experiment [Fig 2.5] is given by: 

 
 

2

'
, '

,f
j j

j jf

kd
N b b S Q

d d k

 


 
    


,

 

where bj is the scattering length of the nuclei, N is the number of atoms in the system 

and S(Q,ω) is the dynamical structure factor which corresponds to the probability for 

energy transfer ħω and momentum ħQ in the scattering of a neutron. The cross section 

corresponds to the number of neutrons scattered per second into a small solid angle dΩ 

[Fig 2.5] with energy transfer ħω and ħ(ω+dω), divided by the flux of incident 

neutrons. The cross section can be divided to two parts- coherent scattering in which 

neutrons scattered from different nuclei interfere and incoherent scattering in which 

there is no interference and the intensities from each nuclei add up independently. 

Elastic coherent scattering can be used to study the equilibrium structure and inelastic 

coherent scattering can be used to study collective motion of atoms (phonons). 

(2.3)
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Incoherent elastic scattering is the same in all directions, so it usually 

appears as unwanted background in neutron scattering experiments. Incoherent 

inelastic scattering provides information about atomic diffusion. The dipole-dipole 

interaction between the neutron and nuclei gives rise to a magnetic cross section, the 

result of neutron scattering experiment is a  diffraction pattern with both nuclear 

and magnetic peaks which enables the solution of the material nuclear and magnetic 

structure. 

  

 

 
Figure 2.5 Scattering of neutron from a sample. 
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CHAPTER III 

LITERATURE REVIEW 

 

 

3.1 Crystal structure of BaCu2V2O8 

 BaCu2V2O8 compound was first synthesized by R. Vogt et al. in 1990 [15] 

and its crystal structure was reported to have tetragonal symmetry of space group I-

42d (#122) with a=b=12. 744Ǻ, c=8.148Ǻ and Z=8 [Fig 3.1]. The Cu2+ (S=1/2) ions 

are bridged by oxygen ions, forming CuO4 square plaquettes. V5+ ions (S=0) have two 

non-equivalent crystallographic sites which are coordinated inside oxygen tetrahedral. 

One-dimensional linear chains are made of the edge-sharing pairs of CuO4 square-

plaquettes and the VO4 tetrahedral (V(1) site) along the c axis, the linear chains are 

separated by another VO4 tetrahedral (V(2) site) [Fig 3.2]. 

 

 

3.2 Theoretical Model 

 BaCu2V2O8 is one of the promising candidates for spin-1/2 one–

dimensional Heisenberg antiferromagnetic (HAF) chain systems with a spin gap. A 

spin gap (Δ) can open up in HAF spin chains due to the difference between the 

nearest-neighbour and next-nearest-neighbour exchange interactions, which in some 

case causes the dimerization of a spin pair called a dimer. The spin-1/2 alternating-

exchange HAF chain Hamiltonian is written as H=J1·∑i(S2i−1 ·S2i+αS2i ·S2i+1) where the 

alternation parameter α≡J2/J1. The limit in which the exchange constants is zero (α=0) 

is called the isolated dimer. 
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Figure 3.1 Unit cell of BaCu2V2O8 Tetragonal symmetry, space group I-42d Lattice 

constants: a=b=12. 744Å; c=8.148Å 

 

 

Figure 3.2 (a) The CuO4 plaquettes form two parallel chains along the c direction 

bridged by V(1), V(2), and oxygens. (b) The exchange paths J1 and J2 alternate along 

the chain. 
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Figure 3.3 The dominant spin exchange paths of BaCu2V2O8 as proposed by Koo and 

Whangbo [19] (a) and He et al. [18] (b). Figure taken from [20]. 

 

 

3.3 Experimental results 

 He et al.[16][17] suggested that a large spin gap Δ is favourable for the 

increment of  doping concentrations, due to the fact that the depression of the spin gap 

which accompanies the appearance of various AF phases, has a linear relation with the 

increment of impurity doping. This may attract scientific interest for the investigation 

of new magnetic phenomena. In their search for compounds with a large spin gap, they 

have studied BaCu2V2O8  by means of magnetic susceptibility and heat capacity 

measurements on a powder and single crystal samples and reported a large spin gap of 

Δ =230K, they identified the dominant exchange paths and claimed that the magnetic 

susceptibility was well reproduced by a strongly alternating AF chain model with 

J1=260K for the Cu-O-V-O-Cu path, J2=52K for the Cu-O-Cu path and α =0.2 [Fig 

3.3.b]. However later reports show inconsistencies in the dominant exchange paths and 

alternation parameter α. 51V NMR study by Lue and Xie [18] examined both 

alternating-chain and dimer-chain models and suggested that both scenarios are 

suitable for the understanding of the spin gap nature in BaCu2V2O8, for the alternating-

chain model they calculated α =0.1 and Δ=370K and for the dimer-chain model they 

calculated Δ=450K. Koo and Whangbo [19]  based on extended Hückel tight-binding 

calculations, determined the dominant exchange path and found an alternation 

parameter close to α =0.1, The dominant exchange paths are different from those 

suggested by He et al. [Fig 3.3.a]. 

 The latest publication about this subject from Sarita et al. [20] points to 

problems with the data analysis of the susceptibility measurement by He et al. They  

(a) (b) 
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repeated the measurement and showed that the data is best fitted with the 

isolated dimer model using the general expression for χ(T) derived by Johnston et al. 

[14], which gives the exact solution of the magnetic susceptibility for all temperatures 

in the case of the one-dimensional (1D) S = 1/2 isolated dimer Heisenberg spin 

systems with a spin gap. Sarita et al. [20] obtained a gap Δ =470 K with α=0 which 

compares closely with the gap value of Δ =450 K obtained by Lue and Xie by their 

nuclear magnetic resonance (NMR) investigation using the isolated dimer model. In 

addition they calculated the dominant exchange path by calculating the effective Cu-

Cu hopping integrals using the self-consistent tight-binding linearized muffin-tin 

orbital (LMTO) method. They found that the dominant hopping parameter is the one 

mediated by the O-V-O complex [Fig 3.3.a label 3]. The next dominant interaction is 

the interaction between the two Cu ions in a Cu2O6 plaquette [Fig 3.3.a label 2] and 

the other hoppings are negligible resulting in the alternation parameter α=J3/J2=0.05 

which is close to zero and supports the isolated dimer model. Their calculations 

provides justification for the chain topology suggested by Koo and Whangbo [19] [Fig 

3.3.a] but a smaller value for α. 51V NMR studies by K. Ghoshray et al [21] in 

polycrystalline sample reveal the existence of nonzero spin densities, with unequal 

magnitudes, at the two vanadium sites, V1 and V2 and hence the participation of VO4 

tetrahedral in the intrachain and interchain exchange interaction. The data also shows 

clear signature of the reduction of Cu2+ spin susceptibility within the chain and 

indicate a comparatively weaker exchange path in between the chains. The shift data 

further confirms that there exists a nonmagnetic ground state. The spin gap from the 

shift data of V1 and V2 is valued Δ=215K, from the spin-lattice relaxation times 

Δ=380K, and from susceptibility Δ=230K. C. S. Lue et al [22] measurements of the 

thermal conductivity (κ) with heat flow parallel and perpendicular to the chain axis. A 

weak but non-negligible contribution to κ along the chain has been identified, 

attributed to the magnon heat transport. Hyun-Joo Koo [23] studied the importance of 

the O-V5+-O bridges and determined that the VO4 tetrahedral, are crucial for the spin-

exchange interactions and hence for deducing the spin-lattice models needed to 

interpret the magnetic properties. The different results from different groups are 

summarized in Table 3.1. 
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Table 3.1 Summary of results for BaCu2V2O8 from previous works. 

 Method Results  

He et al (2004-2006) 

[16,17] 

Magnetic susceptibility, 

Heat capacity  

Δ =230K 

α =0.2 (alternating-chain) 

Exchange paths (b)  

Lue and Xie (2005) [18] NMR Both alternating-chain and 

dimer are suitable: 

α =0.1 , Δ=370K 

Dimer , Δ=450K  

Ghoshray et al [21] NMR, Magnetic 

susceptibility 

Alternating-chain 

Shift data: Δ=215K 

Relaxation times: Δ=380K 

Susceptibility: Δ=230K. 

Koo and Whangbo (2006) 

[19] 

Electronic structure 

calculations  

Exchange paths (a)  

α =0.1  

Sarita et al (2008) [20] Magnetic susceptibility, 

Electronic structure 

calculations  

Dimer Δ =470K 

Exchange paths (a)  

 

 3.3.1 Zinc doped BaCu2-xZnxV2O8 

 A study of the zinc doped Ba(Cu1-xZnx)2V2O8 was made by means of 

magnetic susceptibility measurements by H. Sakurai [24] and NMR by Lue and Xie 

[25]. Both studies show that the spin gap is insensitive to the doping level. These 

results suggest that the dimer pair is almost isolated (α=0). However, there are 

problems with the data analysis by H.Sakurai. The χ(T) model for a 1D alternating 

chain, which is correctly described by  χ= AT-1/2exp(-Δ/T)+C/(T-Ө)+χ0, where χ0 is a 

temperature-independent term, C the Curie constant, Ө the Weiss temperature, and Δ 

the spin gap, is only valid for low-T (T<120K). In their analysis the susceptibility 

measurements for T<120K were fitted to a wrong model with the first term replaced 

with Aexp(-Δ/T). The resulting spin gap they calculated was Δ/kB=343K for the  
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3.5 Motivation  

 BaCu2V2O8 is one of the promising candidates for spin-1/2 one–

dimensional Heisenberg antiferromagnetic (HAF) chain systems with a spin gap 

Such one-dimensional systems can exhibit a variety of novel phenomena related to 

spin and charge correlation [27], such as the spin-Peierls state, the Bose-Einstein 

condensation of magnons, and the fractional spinon excitations in a quantum spin 

liquid state. It is important to study the spin dynamics and determine the microscopic 

spin Hamiltonian parameters in these systems in order to compare experimental results 

with theoretical predictions and for better understanding quantum magnetism in 

general. A spin gap (Δ) can open up in HAF spin chains due to the difference between 

the nearest-neighbour and next-nearest-neighbour exchange interactions, which in 

some cases causes the dimerization of a spin pair called a dimer. The origin of the spin 

gap in BaCu2V2O8 is still not completely determined, as can be seen from the results 

that were reported by different groups [Table 3.1]. There is a difficulty determining the 

most suitable model for this system, using only the previously mentioned experimental 

methods. Fitting the experimental results with theoretical models gives different 

results that can imply that both the isolated dimer model and alternating exchange 

model with α=0.1 and α=0.2 can be used. 

  In order to be able to better determine the most suitable model for this 

system, zinc doping of the compound can be used to introduce spin vacancies into the 

chain and study their effect on the exchange interactions. Previous studies on zinc 

doped BaCu2V2O8 have some problems in their data analysis and are also outdated in 

view of the more recent studies on the undoped BaCu2V2O8. 

 Due to the inconsistency and problems with all previous publications, the 

study of both undoped BaCu2V2O8 and the zinc doped Ba(Cu1-xZnx)2V2O8 was 

repeated in this work using susceptibility measurements, while performing the correct 

analysis. 

 Another method that can be used in order to determine the most suitable 

model is a direct measurement of the spin gap (Δ) using inelastic neutron scattering. 

This measurement is made preferably on a sufficiently large single crystal sample. 

This method will also be discussed in this work. 
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CHAPTER IV 

SAMPLE PREPARATION AND CHARACTERIZATION 

  

  

4.1 Polycrytalline BaCu2V2O8 

 Polycrystalline Ba(Cu1-xZnx)2V2O8 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.3 and 0.4) 

were synthesized by a standard solid-state reaction method using high-purity reagents 

(in order to increase the purity of the synthesized samples) of  BaCO3, CuO, ZnO  and 

V2O5 in the stoichiometric ratio. The chemical equation is:  

 BaCO3+2((1-x)CuO+(x)ZnO)+V2O5 = Ba(Cu1-xZnx)2V2O8 +CO2, where x= 0, 0.05, 

0.1, 0.15, 0.2, 0.3 and 0.4. The amount of zinc doping (x) was chosen in order to be 

able to collect data over a wide range (x=0 to x=0.4) while not changing the structure 

of the spin chain. Substituting copper ions (spin 1/2) with zinc ions (spin zero) in the 

same chain structure allows the study of the effect of spin vacancies on the exchange 

interaction. 

 

Table 4.1 List of chemicals for sample preparation 

Chemical Formula Purity Company 

Barium carbonate BaCO3 >99% Sigma-Aldrich 

Copper oxide CuO >99% Aldrich 

Zinc oxide ZnO >99% Sigma-Aldrich 

Vanadium oxide V2O5 >98% Aldrich 

 

The reagents were carefully weighed and mixed with ethanol, then 

carefully ground, and thoroughly homogenized in an agate mortar until the ethanol 

was dried [Fig 4.1]. The mixture was heated inside an alumina (Al2O3) crucible [Fig 

4.2.a] at 5000C for 24h in air using the box furnace [Fig 4.3] then cooled to room 

temperature and ground again. The mixture was then packed into a quartz crucible 

[Fig 4.2.c] and heated at 7500C for 60h with two intermediate grindings. There was no 

chemical reaction between the alumina and quartz crucibles and the polycrystalline  
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compound.  Intermediate grindings were used in order to increase surface 

area and assist with the chemical reaction process. In the case of an incomplete 

reaction (which can be determined by XRD), the sample was placed in the furnace for 

an additional heating cycle for 24h at 7500C 

 

 

 
Figure 4.1 (a) The reagents used to prepare the sample, (b) scale, (c) agate mortar. 

(a) 

(b) 

(c) 
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Figure 4.2 (a) Alumina (Al2O3) crucible, (b) platinum crucible, (c) Quartz crucible.  

 
Figure 4.3 Box furnace used to prepare the polycrystalline samples. 

 

 

(b) 

(a) 

(c) 
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4.2 Sample characterization 

 XRD measurements and data processing were made using the instrument 

describes in chapter II. Slits with diaphragm width of 1mm were selected for the 

detector and aperture. Each sample was placed in a sample holder of diameter 1.4cm. 

This gives a large enough sample surface area for the x-ray beam with the selected 

diaphragm width, at all scattering angles. The method described in Figure 4.4 was 

used in order to avoid preferred orientation of the particles (which could affect the 

resulting intensities in the diffraction pattern). The scan was made using the 

parameters in Table 4.2. Longer step time and larger scattering angle range were 

chosen for the undoped sample. This is because for the undoped sample, the date was 

used in order to get the best fit to the structure file and confirm the phase. For the 

undoped samples the data was used in order to make sure there are no impurities 

(complete chemical reaction) and also in order to fit the lattice parameters, this does 

not require long measurements. 

 

Table 4.2 XRD measurement parameters  

Parameter Undoped sample (x=0) Doped samples (x=0,05,0.1,0.15,0.2,0.3,0.4) 

2θ 5-800 18.5-640

Step size 0.020 0.020

Time/step 10seconds 5seconds 

 

 

 

Figure 4.4 The powder sample is placed in the sample holder without packing 

(pressing against a smooth surface). Excess powder is removed from the top of the 

sample holder with a single sweep by a glass slide. This ensures that the particles in 

the sample holder are randomly oriented as required. 
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 The measured diffraction patterns of the undoped and doped samples were 

fitted to the BaCu2V2O8 structure file (.cif) from the Crystallography Open Database 

[25] by means of Rietveld refinement (see chapter II) using FullProf [Fig 4.7, 8, 9, 10]. 

The results of the fits are given in Table 4.3. For the fitting procedure, the fitting 

parameters were refined in the following steps for each measurement (each parameter 

is added to the previous parameters): 

 1. Scale, peak shape function. 

 2. Three background coefficients 

 3. Zero (Sample position) 

 4. Lattice constants 

 5. U parameter 

 6. Atom positions 

 7. Preferred orientation with hkl=420 

Using this step process resulted in the lowest values for χ2. Samples with 

doping percentage up to 40% showed no impurity and gave a good fit to the structure 

file as can be seen from the low values of  χ2  [Table 4.3] which means that zinc was 

successfully substituted for copper [Fig 4.10]. The lattice parameters for each sample 

were estimated from the peak positions in the diffraction pattern. The results show that 

the lattice parameter a linearly decreases and c linearly increases with higher doping 

(x) [Fig 4.5, 6]. 

 

Table 4.3 fitted parameters. 

 χ2 a(Ǻ) a(Ǻ) standard 

deviation 

c(Ǻ) c(Ǻ) standard 

deviation 

x=0 1.4 12.76604 2.3·10-4 8.15093 1.8·10-4 

x=0.05 1.63 12.75398 2.9·10-4 8.16181 2.3·10-4 

x=0.1 1.58 12.74265 3.3·10-4 8.17575 2.5·10-4 

x=0.15 1.69 12.72991 4.0·10-4 8.18751 3.0·10-4 

x=0.2 2.36 12.71911 15.5·10-4 8.20139 10.8·10-4 

x=0.3 1.59 12.68227 4.7·10-4 8.22240 3.5·10-4 

x=0.4 1.69 12.65096 4.5·10-4 8.25001 3.5·10-4 

 



Yuval Shilon Sample preparation and characterization/32 
 

0 10 20 30 40
8.14

8.16

8.18

8.20

8.22

8.24

8.26

 

 
c(

A
)

x(%)

 

Figure 4.5 The lattice parameters c as a function of doping (x). Data with error bars 

(standard deviation ൈ 3) and  linear fits (solid line). c= 8.15056+0.00246x. 
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Figure 4.6 The lattice parameters a as a function of doping (x). Data with error bars 

(standard deviation ൈ 3) and  linear fits (solid line). a= 12.76811-0.00284x. 
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Figure 4.7 XRD diffraction profile of Ba(Cu1-xZnx)2V2O8 (a) x=0 and (b) x=0.05. 

Observed (red dots), calculated (solid line), and difference (blue). The vertical lines 

show the reflection positions. 

(a) 

(b) 
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Figure 4.8 XRD diffraction profile of Ba(Cu1-xZnx)2V2O8 (a) x=0.1 and (b) x=0.15. 

Observed (red dots), calculated (solid line), and difference (blue). The vertical lines 

show the reflection positions 

(b) 

(a) 
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Figure 4.9 .XRD diffraction profile of Ba(Cu1-xZnx)2V2O8  (a) x=0.2 and (b) x=0.3. 

Observed (red dots), calculated (solid line), and difference (blue). The vertical lines 

show the reflection positions 

 

(a) 

(b) 
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Figure 4.10 .XRD diffraction profile of Ba(Cu1-xZnx)2V2O8  x=0.4. Observed (red 

dots), calculated (solid line), and difference (blue). The vertical lines show the 

reflection positions 

 

 

Figure 4.11 Effect of zinc doping on the spin chain. Zn2+ ions (spin 0) replace Cu2+ 

ions (Spin ½) along the chain. The spin vacancies break the magnetic interactions in 

the chain. 
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4.3 Crystal growth of BaCu2V2O8 
 Single crystals of BaCu2V2O8 were prepared using two methods, the slow 

cooling method and the Bridgman-Stockbarger method. In the first step 5mol% V2O5 

was mixed together with the BaCu2V2O8 polycrystalline sample. This is in accordance 

with the results of He et al. [24] which show that using 5mol% V2O5 as self flux is 

favourable to the crystal growth. 

  

 4.3.1 The slow cooling method 

 The slow cooling method is made by melting the compound then cooling 

slowly through the melting point. For congruently melting materials (materials that 

maintain the same composition on melting). This will result in spontaneous nucleation 

(formation of a crystal) and crystal growth processes, if nucleation rates are slow and 

the growth is rapid, large crystals will result. Several trials were made in order to find 

the cooling rate that result in large crystals. The cooling rate has to be fast enough in 

order not to allow many nucleations to occur, and at the same time slow enough for 

the crystal growth process. 

The following are the steps used for the crystal growth of BaCu2V2O8 in the slow 

cooling method: 

1. The mixture was placed in a quartz crucible and heated in the horizontal 

furnace at the rate 2500C degrees per hour, this allows the mixture to heat gradually to 

the temperature above its melting point ~7620C 

2. The mixture was kept at constant temperature ~7620C for several hours 

to ensure that the mixture is completely melted. For this step a few trials were made, 

for ~20 hours time period of constant temperature the sample was completely melted 

but a chemical reaction of the mixture with the quartz crucible was also occurring. A 

time period of ~6 hours of constant temperature was sufficient for the mixture to melt 

completely without significant reaction with the quartz crucible. 

3. The mixture was cooled to room temperature at a rate of 0.5 degrees per 

hour. The slow cooling rate is chosen in order to keep nucleation rate low and at the 

same time to allow enough time for the crystal growth process. 

4. The crucible was wrapped with a sheet of paper and gently broken with 

a hammer in order to separate the crucible material from the sample and to separate 
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 single crystals from the rest of the solid compound. Small single crystals 
~0.5mm3 of BaCu2V2O8 were collected. 

 

 4.3.2 The Bridgman-Stockbarger method 

 The Bridgman-Stockbarger method involves heating powder material 

above its melting point and slowly cooling it from one end of its container, where 

a seed crystal is located. The seed crystal can be placed prior to the melting or it can be 

formed by spontaneous nucleation at the end of the container which has a conical 

shape [Fig 4.12], the low volume of the tip ensures that only few nucleations will be 

formed at the bottom of the crucible. A single crystal of the same crystallographic 

orientation as the seed material is grown on the seed and is progressively formed along 

the length of the container. The process can be carried out in a horizontal or vertical 

geometry, for example by lowering the container through a temperature gradient 

(Stockbarger method)  

 

 

Figure 4.12 Bridgman-Stockbarger method: lowering the container through a 

temperature gradient. 

 

 

 Several trials using the Bridgman-Stockbarger method were used in order 

to find the best combinations of temperature gradient, lowering rate, furnace settings 

and crucible material/volume. The following are the steps used for the crystal growth 

of BaCu2V2O8 in the Bridgman-Stockbarger method that resulted in the largest single 

crystals: 
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1. The mixture was placed in a quartz crucible with a conical shaped end 

and radius 5.5mm, so that it filled about 6cm of the quartz tube. These dimensions are 

chosen in order to have a large enough volume of mixture where single crystals can 

form. 

2. The crucible was placed in the Bridgman furnace [Fig 4.14] with the 

settings described below. The lower tip of the tube was placed slightly above (0.5cm) 

the melting point temperature ~760C0 according to the temperature profile of the 

furnace [Fig 4.13]. 

3. The crucible was lowered using the motor at the rate 0.5cm per day for a 

total of 12 days. So that the entire length of the mixture went through the melting 

point. 

4. The furnace was cooled down to room temperature and the crucible was 

removed. 

5. The crucible was wrapped with a sheet of paper and gently broken with 

a hammer in order to separate the crucible material from the sample and to separate 

single crystals from the rest of the solid compound. Small single crystals ~1.5mm3 of 

BaCu2V2O8 were collected [Fig 4.15]. 

6. The same process was repeated with a platinum crucible [Fig 4.2.b] 

filled to about 3 cm. The crucible was lowered for a total time of 6 days 

 

  4.3.2.1 Furnace settings 

  The furnace [Fig 4.13] was left open from the bottom and 

sealed from the top with thermal wool with only a small hole to allow for the sample 

rod to be lowered. This created a temperature gradient which was measured by 

lowering a thermocouple through the furnace [Fig 4.14]. 
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Figure 4.13 Furnace used for the Bridgman-Stockbarger method. (1) The furnace, (2) 

sample rod holder, (3) motor for lowering the sample, (4) thermal wool for sealing the 

top of the furnace. Bottom of furnace is left open. 
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Figure 4.14 Temperature profile of the furnace. 

 

 

 
Figure 4.15 Single crystal of BaCu2V2O8 with dimension ~1.5mm3 
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CHAPTER V 

SUSCEPTIBILITY MEASUREMENT 

 

 

5.1 Susceptibility measurement 

 The magnetization M as function of temperature T was measured for 

polycrystalline samples of Ba(Cu1-xZnx)2V2O8 (x = 0, 0.05, 0.1) using SQUID at 

constant applied field of H=1Tesla. At this field the XXZ chain is expected to be in the 

Neel phase (for J=41Mev, ߤ஻ܬ/ܪ ൎ 3.1 ∙ 10ିଷ , see chapter 1.3.1). The measurements 

were used to plot the susceptibility χ=M/H, in the range T from 5K to 320K. 

 

 5.1.1 Sample preparation  

 Each of the three samples of Ba(Cu1-xZnx)2V2O8 (x = 0, 0.05, 0.1) was 

prepared using the following steps:  

1.A small piece of teflon tape was cut and weighted using a 

scale [Table 5.1]. 

2.A few milligrams of sample were placed on the teflon and 

the total weight (teflon+ sample) was recorded [Table 5.1]. 

3.The teflon was wrapped around the sample and sealed inside 

a small capsule. The total weight (teflon+sample+capsule) was recorded [Table 5.1]. 

4.The capsule was inserted into a plastic straw [Fig 5.1]. 

5.The straw was mounted to the end of the sample rod [Fig 

2.4] and put into the sample chamber. 



Fac. of Grad. Studies, Mahidol Univ. M.Sc.(Physics)/43 
 

Table 5.1 Weight of prepared samples. 
Weight of sample     

Ba(Cu1-xZnx)2V2O8 

Weight of 

teflon[mg] 

Weight of 

teflon+ 

sample[mg] 

Weight of teflon+ 

sample+capsule[mg] 

Sample’s 

weight[mg] 

x=0  18.53 59.35 88.35 40.82 

x=0.05 28.32 89.10 120.70 60.78 

x=0.1 25.63 59.37 90.47 33.74 

 

 

 

Figure 5.1 Capsule with powder sample inserted into a plastic straw. 

 

 

 5.1.2 Measurement process 

 After each sample was placed into the sample chamber, the magnetization 

as function of temperature was measured using the following steps: 

  1. The sample was centered using the automated process. 

  2. The sample was cooled down to 5K. 

  3. The applied magnetic field was set to 1Tesla. 

  4. The magnetization was measured at 5K steps up to the final 

temperature 320K. 

  5. For the x=0 and x=0.1 samples, the magnetization was 

measured at 5K steps as the sample was cooled back down to 5K 

 An additional measurement was performed in order to determine the 

background due to the teflon and capsule. A piece of teflon with weight 21.02mg was 

put inside a capsule so that the total weight (teflon+capsule) is 46.80mg. The 

measurement was performed using the same steps (1-4) as for all samples. 
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5.2 Measurement results 

 The results of the measurement for all samples were plotted in the 

following graphs.
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Figure 5.2 Measurement results for Ba(Cu1-xZnx)2V2O8 (x = 0). Magnetization (black 

dots) with error bars (red bars) which are 3ൈ(standard deviation). In the temperature 

range 5-320K. 
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Figure 5.3 Measurement results for Ba(Cu1-xZnx)2V2O8 (x = 0.05). Magnetization 

(black dots) with error bars (red bars) which are 3ൈ(standard deviation). In the 

temperature range 5-320K. 
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Figure 5.4 Measurement results for Ba(Cu1-xZnx)2V2O8 (x = 0.1). Magnetization (black 

dots) with error bars (red bars) which are 3ൈ(standard deviation). In the temperature 

range 5-320K. 
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Figure 5.5 Measurement results for Ba(Cu1-xZnx)2V2O8 (x = 0.1). Magnetization (black 

dots) with error bars (red bars) which are 3ൈ(standard deviation). In the temperature 

range 5-320K (bottom line) and 320-5K (top line). 
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Figure 5.6 Measurement results for the background (teflon+capsule). Magnetization 

(black dots) in the temperature range 5-320K. Negative magnetization values due to 

teflon diamagnetism. 
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5.3 Data analysis 

 In this section the magnetization data for the three samples  

Ba(Cu1-xZnx)2V2O8 (x = 0, 0.05, 0.1) in the temperature range 5-320K (measurement 

from low to high temperature only) is analyzed. In order to plot the susceptibility as 

function of temperature, the background was first subtracted from each sample 

magnetization. Since each measurement contains a different amount of teflon the 

background was multiplied by the ratio of the teflon weight between sample and 

background measurements and later subtracted from the sample magnetization. After 

that the magnetization was divided by the value for the applied magnetic field (10000 

Oe) in  order to get the susceptibility χ=M/H. For example the susceptibility for 

the x=0 sample was calculated: 

χ ൌ
Mሺsampleሻ െ Mሺbackgroundሻ ൉ ଶଵ.଴ଶ

ଵ଼.ହଷ

10000
 

 In addition, in order to get the susceptibility with units of mol Cu, the 

following calculation was used: each mol of formula contains 2 mol of Cu for the 

undoped (x=0) sample, 1.9 mol Cu for the 5% zinc doped sample (x=0.05) and 1.8 

mol Cu for the 10% zinc doped sample (x=0.1). Each susceptibility measurement is 

multiplied by the grams per mol of the formula and divided by the sample weight 

[Table 5.1]. The susceptibilities calculations for the samples are summarized in the 

following table 

 

Table 5.2 Calculation of the susceptibilities in units of mol Cu. 

BaCu2V2O8 (x = 0) 

494.297 (g/mol) 
߯∗ ൌ ߯ ∙

494.297
2 ∙ 40.82 ∙ 10ିଷ

 

 

BaCu1.9Zn0.1V2O8 (x = 0.05) 

494.482 (g/mol) 
߯∗ ൌ ߯ ∙

494.482	
1.9 ∙ 33.74 ∙ 10ିଷ

 

 

BaCu1.8Zn0.2V2O8 (x = 0.1) 

494.666 (g/mol) 
߯∗ ൌ ߯ ∙

494.666	
1.8 ∙ 60.78 ∙ 10ିଷ
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Figure 5.7 Temperature dependence of magnetic susceptibility of  Ba(Cu1-xZnx)2V2O8,  

x = 0 (circles), 0.05 (triangles), and 0.1 (squares) from 5K to 320K. The solid lines 

represent the result of fitting to the equation χ(T)=χ0+χcw(T)+χspin-dimer(T). 

 

 

 Plotting all three graphs of ߯∗ሺܶሻ together shows the effects of the zinc 

doping on the susceptibilities [Fig 5.7]. The plots for ߯∗ሺܶሻ were fitted with the 

following model using Matlab. 

 χ(T)=χ0+χcw(T)+χspin-dimer(T), 

where χ0 is the temperature independent term, χcw(T)=C/ (T−Ө) is the Curie-Weiss 

term which models the upturn below 60K, and χspin-dimer(T)=Ng2μB
2/ [kBT(3+eJ/kBT)], 

(see chapter 1.5) The results of the fit are summarized in Tables 5.3, 5.4 and 5.5 
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Figure 5.8 Temperature dependence of magnetic susceptibility of BaCu2V2O8 (open 

circles) with a fit (solid line) to the isolated dimer model. R2=0.9999. 

 

Table 5.3 Fitted results for the isolated dimer model for BaCu2V2O8 (x = 0).  

Parameter  Fitted value Error (range) 

χ0 0.000113 (0.00011, 0.000116) 

C 0.001868 (0.001756, 0.00198) 

Θ 0.03802 (-0.2545, 0.3305) 

Ng2μB
2 1.816 (1.809, 1.823) 

J/kB 482.4 (481.2, 483.7) 
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Figure 5.9 Temperature dependence of magnetic susceptibility of Ba(Cu1-xZnx)2V2O8 

(x=5) (open circles) with a fit (solid line) to the isolated dimer model. 

 

Table 5.4 Fitted results for the isolated dimer model for Ba(Cu1-xZnx)2V2O8 (x=5).  

Parameter  Fitted value Error (range) 

χ0 -2.13e-005 (-2.701e-005, -1.558e-005) 

C 0.03048 (0.03026, 0.0307) 

Θ -0.4105 (-0.4501, -0.3709) 

Ng2μB
2 1.771 (1.759, 1.783) 

J/kB 469.3 (467.1, 471.5) 
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Figure 5.10 Temperature dependence of magnetic susceptibility of Ba(Cu1-xZnx)2V2O8 

(x=10) (open circles) with a fit (solid line) to the isolated dimer model. 

 

Table 5.5 Fitted results for the isolated dimer model for Ba(Cu1-xZnx)2V2O8 (x=10).  

Parameter  Fitted value Error (range) 

χ0 -3.48e-005   (-4.262e-005, -2.697e-005) 

C 0.05357   (0.05327, 0.05387) 

θ -0.1944   (-0.2235, -0.1653) 

Ng2μB
2 1.626   (1.609, 1.642) 

J/kB 465.4   (462.1, 468.6) 

 

 

 To see the susceptibility which is due to only the spin exchange, the curie 

term was subtracted from the susceptibility of BaCu2V2O8  [Fig 5.8] using the fit result 

for the curie parameter [Table 5.3]. 
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Figure 5.11 Temperature dependence of magnetic susceptibility of BaCu2V2O8 (open 

circles) with a fit (solid line) to the isolated dimer model. Filled circles are the data 

after subtraction of the fitted Curie term. 

 

 5.3.1 Fit to the alternating chain model 

 The data were also fitted to the alternating chain model [see Chapter 1.5]. 

The following Matlab [Fig 5.12] script was written in order to simulate the models for 

the susceptibility data. It is noted that for α=0 the alternating chain model is identical 

to the isolated dimer model from the previous section. A comparison to the simulated 

results for low values of α (the gap value is set Δ=482.4K) is also plotted [Fig 5.13] 

The result of fitting the model with the data show that the best fit is achieved when 

α=0 for all samples (doped and undoped). Fitting the data for both parameters α and J, 

at the same time and forcing ߙ ് 0, results in the best fit for α=0.2 and Δ=416K. This 

fit is not as good at the fit to the isolated dimer model as can be seen from lower 

values of R2 and from the examination of the plot [Fig 5.14]. 
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% S=1/2 alternating AF chain susceptibility, to be used with fitvar file 
% c: alpha(alternation parameter) , b: Jmax/Kb , a: N(g^2)(Mb^2)/4Kb  , 
% to: weiss temp , imp: Nimp , xo=zero susceptibility 
df=1-(0.5*c)-(2*(c^2))+((3/2)*c^3); % delta fit parameter  
d0=((1-c)^(3/4))*((1+c)^(1/4))+(g1*c*(1-c))+(g2*(c^2)*((1-c)^2)); % delta zero parameter 
for j=1:6 %Nn 
    NN(1,j)=0; 
        for i=0:4  
        NN(1,j)=NN(1,j)+N(j,i+1)*(c^i); 
        end 
end 
for j=1:7 %Dn 
    DD(1,j)=0; 
        for i=0:4  
        DD(1,j)=DD(1,j)+D(j,i+1)*(c^i); 
        end 
end  
  
pm11=1+(((N(7,2)*c+N(7,3)*c^2).*(d0.*(b./t)).^y).*((b./t).^7));  
pm12=0; 
for i=1:6 
    pm12=pm12+NN(1,i).*((b./t).^i); 
end 
pm1=pm11+pm12; % Pm nominator 
  
pm21=1+(((D(8,2)*c+D(8,3)*c^2).*(d0.*(b./t)).^z).*exp((d0-df).*(b./t)).*((b./t).^8)); 
pm22=0; 
for i=1:7 
    pm22=pm22+DD(1,i).*((b./t).^(i)); 
end 
pm2=pm21+pm22; %Pm denominator  
  
pm=pm1./pm2; 
e=(exp(-df.*(b./t))).*(a./t);  
%e=(exp(-df.*(1./(t.*kb)))).*(a./t);  
s=e.*pm; % complete function 
%plot(t,s); 
cw=(imp*a)./(t-to); %  currie weiss term 0.1% impurity 
ss=s+cw+xo; % full fit 
%figure(2) 
%plot(t,ss); 
figure(3) 
plot(t,ss,bacuvo(1:64,1),bacuvo(1:64,2)); 
  
dimer=xo+cw+(exp(-b./t).*((4*a)./t)).*(1./(1+(3*exp(-1.*(b./t))))); 
figure(4) 
plot(t,dimer,t,ss); %dimer model vs alternating 

 
 
Figure 5.12 Matlab script for the simulation of the alternating chain model and the 

dimer model. All parameters are inserted to the variable file (fitvar.mat) as well as the 

susceptibility data for the sample. 
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Figure 5.13 Fit of magnetic susceptibility of BaCu2V2O8 (dots) to the alternating chain 

model with different value of alternation parameter α (lines). The gap is set to 

Δ=482.4K 

 

 
Figure 5.14 Fit of magnetic susceptibility of BaCu2V2O8 (dots) to the alternating chain 

model with α=0.2 and Δ=416K. R2=0.9994. 
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CHAPTER VI 

DISCUSSION 

 

 

6.1 Sample preparation 

 Polycrystalline samples of BaCu2V2O8 and zinc doped samples of                

Ba(Cu1-xZnx)2V2O8 (x= 0.05, 0.1, 0.15, 0.2, 0.3 and 0.4) were prepared using the solid 

state reaction method, XRD measurements of samples with doping percentage up to 

40% showed no impurity and gave a good fit to the structure file as can be seen from 

the low values of  χ2 [Table 4.3] which means that zinc was successfully substituted 

for copper [Fig 4.10]. The lattice parameters for each sample up to 40% were 

estimated from the peak positions in the diffraction pattern using the Reitveld 

refinement. The results show that the lattice parameter a linearly decreases and the 

lattice parameter c linearly increases with higher doping (x) [Fig 4.5,6]. Single crystals 

of BaCu2V2O8 were prepared using two methods, the slow cooling method and the 

Bridgman-Stockbarger method using 5mol% V2O5 as self flux. The chemical reaction 

between sample and quartz crucible starts to occur at the melting point temperature. 

For the slow cooling method, a time period of ~6 hours of constant temperature was 

sufficient for the mixture to melt completely without significant reaction with the 

quartz crucible, however only very small single crystals ~0.5mm3 were obtained. In 

the Bridgman-Stockbarger method both quartz and platinum crucibles were used, both 

gave similar results and small single crystals ~1.5mm3 were obtained. Reaction 

between sample and quartz crucible was occurring in this method. However, the 

crystals were removed from the inner part of the crucible where the reaction was not 

significant. The single crystals obtained in this work are still much smaller than the 

reported results from He et al. [24] who grew high-quality large single crystals of with 

dimensions 25x10mm by the top-seeded growth method. 
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6.2 Magnetic susceptibility of BaCu2V2O8 

 The magnetization of BaCu2V2O8 shows no hysteresis [Fig 5.2] and the 

magnetic susceptibility data [Fig 5.3] give a good  fit ( R2=0.9999)  to the isolated 

dimer model χ(T)=χ0+χcw(T)+χspin-dimer(T). A fit is also possible with an alternating 

chain model with α=0.2 and Δ=416K, however this results in a lower value for 

R2=09994. A broad maximum is observed around 280K which is due to the low 

magnetic dimensionality (see Chapter 1.4). Below this broad maximum, the 

susceptibility decreases rapidly with decreasing temperature and an upturn appears 

below 60K which originates possibly from natural defects and/or small amounts of 

paramagnetic impurities, most likely due to isolated Cu ions. This upturn is modelled 

with the Curie-Weiss term: 

 χcw(T)=C/ (T−Ө)  (6.1) 

 C=[μB
2g2J(J+1)Nimp]/3kB 

Where C is the Curie constant. J =1/2 is the angular momentum of the Cu ions and the 

number of impurities Nimp can be extracted from the fitted value of the Curie constant 

[Table 5.3]. The Lande g-factor is taken to be 2.2 , a typical value for Cu in the 

crystalline environment. The Curie-Weiss constant Ө is approximately zero from the 

result of the fit as expected (no phase transition for T>0 for non interacting spins). 

Subtracting the Curie term from the susceptibility [Fig 5.11] shows that the 

susceptibility decreases as the temperature goes to zero and reaches an approximately 

constant value for T<60K. This constant value (χ0) can be attributed to the core 

diamagnetic susceptibilities for individual ions in BaCu2V2O8, in addition to the Van 

Vleck paramagnetic susceptibility. 

The susceptibility results are in agreement with the isolated dimer model, 

this suggests that the ground state is a spin singlet (Stot=0) which explains the 

magnetization plateau in the range T<60 where M=χ0H. As the temperature rises 

above T>60 the Cu dimers start to get excited to the triplet state (Stot=1). After all 

dimers reach the triplet state the magnetization stays constant for the range 

280K<T<320K which is the typical plateau for low magnetic dimensionality. The fit 

to the isolated dimer model gives an energy gap between the singlet ground state and 

the triplet state Δ/kB=482K. This result is in agreement with a similar study by Sarita 

et al [21].  
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6.3 Magnetic susceptibility of zinc doped Ba(Cu1-xZnx)2V2O8  

 The magnetic susceptibility data [Fig 5.9 and 10] give a good fit 

(R2=0.9999) to the isolated dimer model χ(T)=χ0+χcw(T)+χspin-dimer(T), for both x=0.05 

and x=0.1. The fitted values for the spin gap Δ [Table 6.1] are weakly dependent on x 

[Fig 6.1]. This result indicates that the spin vacancies have little effect on the 

interdimer interactions and the dimer pair is almost isolated, which suggests that the 

isolated dimer model is suitable for this system. The number of impurities Nimp can be 

extracted from the Curie constant (C). The percentage of impurity was calculated from 

Nimp(%)=Nimp/NA  where NA is the Avogadro constant and the percentage of dimer pairs 

is N(%)=N/NA. The plot of parameters N(%) and Nimp(%) against x shows that N(%) 

decreases while Nimp(%) increases with x [Fig 6.2]. This is due to the substitution of 

copper with zinc which reduces the number of dimer pairs. The Curie-Weiss constant 

Ө is approximately zero for the undoped compound and has small values for the doped 

samples [Table 6.1], which could be the result of the increase in density of the 

unpaired copper ions which have weak interactions.  

 

Table 6.1 Fit parameters for magnetic susceptibility data of Ba(Cu1-xZnx)2V2O8. 

Parameter x=0 x=0.05 x=0.1 

Δ/kB (K) 482.4 ±1.3 469.3 ±2.2 465.4  ±3.3 

Ө(K) 0.03802 ±0.3 -0.4105 ±0.04 -0.1944  ±0.03

N(%) 100.02 ±0.39 97.5 ±0.66 89.5 ±0.94 

Nimp(%)   0.4 ±0.07 6.7 ±0.05 11.8 ±0.02 
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Figure 6.1 The dependence of the spin gap (Δ/kB) on doping (x) of Ba(Cu1-xZnx)2V2O8 

(x = 0, 0.05, 0.1). The broken line is a guide to the eye.  
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Figure 6.2 The dependence of N(%) on doping (x) of Ba(Cu1-xZnx)2V2O8 (x = 0, 0.05, 

0.1). The broken line is a guide to the eye. 

 



Fac. of Grad. Studies, Mahidol Univ. M.Sc.(Physics)/61 
 

0.00 0.02 0.04 0.06 0.08 0.10

0

2

4

6

8

10

12

 

 

N
im

p(
%

)

X 

 

Figure 6.3 The dependence of Nimp(%) on doping (x) of Ba(Cu1-xZnx)2V2O8 (x = 0, 

0.05, 0.1). With linear fit (solid line) to Nimp(%)=0.78+ 110.47x. 

 

 

6.4 Conclusion 

 The study of the one dimensional spin gap compound BaCu2V2O8 was 

performed by means of magnetic susceptibility measurements on powder samples. The 

isolated dimer model gave a good fit to the data. The ground state is a spin singlet with 

an energy gap Δ/kB =482K due to dimerization of the chain. The effects of substituting 

zinc for copper on the spin gap were studied by means of susceptibility measurements 

of Ba(Cu1-xZnx)2V2O8 (x = 0, 0.05, 0.1). The results show that Δ is weakly dependent 

on x, which suggests that the spin vacancies have little effect on the interdimer 

interaction, hence the isolated dimer model is suitable for this system. Figures 6.4 and 

6.5 illustrate the effect of the zinc doping in the alternating exchange and isolated 

dimer model. Zinc doping breaks the interaction along the chain, in the alternating 

exchange picture, the interdimer interaction will affect the excitation spectrum and the 

spin gap will depend strongly on doping amount. In the isolated dimer picture, the 

number of dimers reduces as the doping amount increases. The magnitude of the gap 
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 for each dimer is unaffected. From the fit of the dimer model, the number 

of free spins Nimp increases with doping which is also an indication that the isolated 

dimer model is more suitable. The ratio between the percentage of impurity and 

doping is Nimp(%)/x(%)=1.1 [Fig 6.3]. In the alternating exchange picture, substituting 

zinc for copper does not cause a large amount of free spins to be formed in the chain, 

the spins remain coupled due to J2.  In contrast, in the dimer picture substituting one 

zinc ion for a copper ion corresponds to a creation of one free spin.  

 Zinc doped samples of Ba(Cu1-xZnx)2V2O8 (x= 0 .05, 0.1, 0.15, 0.2, 0.3 and 

0.4) were synthesized, however susceptibility measurements were only made for x= 0, 

0.05 and 0.1. It is expected that susceptibility measurements on the samples with 

higher amount of doping will result in spin gap values that continue to show the same 

trend (Figure 6.1, weak dependence of the spin gap on doping amount). This will help 

confirm the conclusion in this work that the isolated dimer model is the most suitable 

for this system. 

 

 

Figure 6.4 Alternating exchange model with zinc doping. Interdimer interaction will 

affect the excitation spectrum. 
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Figure 6.5 Isolated dimer model with zinc doping. The magnitude of the gap for each 

dimer is unaffected. 
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 7.1.1 Proposal  

 Several studies about the origin of the spin gap in BaCu2V2O8 were made 

by different groups by means of magnetic susceptibility [2-4] and heat capacity 

measurements [3], nuclear magnetic resonance (NMR) [5-7], and electronic structure 

calculations [2,8]. However there are inconsistencies in the suggested dominant 

exchange paths and alternation parameter [4]. These different studies find the gap in 

the range between Δ/kB=230K and 470K depending on their methods and fit model 

(isolated dimer/ alternating exchange). So far no one has directly measured the gap 

using inelastic neutron scattering. At 4SEASONS, inelastic neutron scattering 

measurements on a polycrystalline samples of BaCu2V2O8 would for the first time 

allow a direct measurement of the spin gap. An energy range of the spectrometer is 

most suitable for measuring the spin gap at ~41meV. The result can be used to 

determine the correct model for this system and the origin of the spin gap. Recently a 

measurement of the spin gap in the material NaTiSi2O6
 , which is a realization of a 

spin-Peierls system, was performed using neutron spectroscopy on a polycrystalline 

sample at ARCS in the Spallation Neutron Source (Oak Ridge National Laboratory, 

Oak Ridge, TN) and a spin gap of 53meV was directly measured [9]. We propose a 

similar measurement on our compound using 4SEASONS. 

 

7.1.1.1 Method and time estimate of the beamtime   

  At 4SEASONS, we will perform the proposed measurements 

on a polycrystalline sample with a total mass of about 10g. The measurements will be 

conducted with the incident energy Ei about 100 meV, which should enable us to 

clearly observe the spin gap excitations with a reasonable counting time. We expect to 

find the gap around 41meV in accordance with our previous magnetic susceptibility 

study. In addition, we will take advantage of the spectrometer capacity of making 

simultaneous measurements at different Ei, which would help us to explore a large 

dynamic range, where unexpected spin dynamics may emerge. The sample will be 

cooled to base temperature using a closed-cycle cryostat, and we will complete the 

measurements at the base temperature and high temperatures for background 

subtraction. We request a total of 4 days of beamtime at 4SEASONS for these 

measurements. We note that we are trying to grow a large single crystal sample, which 
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 7.1.2 reviews 

 The following are the J-PARC committee comments. 

Technical Review Report: They want to measure the powder sample at two 

temperatures (base T and higher T) with Ei = 100 meV. Although this compound is a 

spin half system, the measurements for two days are enough.  

Referee 1 Comments: Investigation on one of interesting issues in low dimensional 

quantum magnetic systems. Experiment itself is promising. Therefore, it is worth 

doing in higher priority. 

Referee 2 Comments: This proposal is on the spin excitations in the 1D alternating 

Heisenberg AF chain compound BaCu2V2O8. There are several candidates 

for the gap origin for this compound, and to conclusively pin down the origin the 

inelastic neutron scattering is definitely necessary. This proposal seems rather old-

fashioned, but low-dimensional quantum systems have always brought us unexpected 

something new, so I recommend this proposal to be performed. 

Referee 3 Comments: Similar proposal on the same compound by using single crystal 

was submitted by different group in 2014B and it was accepted. I do not know what 

was going on that proposal, though. The present author prepared polycrystalline 

sample and I’m afraid that they may not obtain more meaningful data than the 

different group did in 2014B. 

Referee 4 Comments: To determine the spin gap, inelastic neutron experiment using a 

powder sample is proposed. As stated, it would be nice if proposers can prepare single 

crystals. This would provide much information including magnitudes of the magnetic 

interactions. 10 g of powder samples sounds enough to conduct an experiment even at 

HRC, where the proposers can determine the gap value detailedly.  
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