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Abstract 

The interplay between superconductivity, magnetism and crystal struc­

ture is a central issue in the study of the high Tc cuprates. The transition metal 

compound La2-xBaxCu04 (LBCO) was the very fir thigh Tc superconductor , 

discovered by J. G. Bednorz and K. A. Muller in 1986. However, it has been 

much less extensively studied than other high Tc materials, due to the diffi­

culty of growing large single crystals. With our Image Furnace facility, we have 

successfully grown high quality, large LBCO crystals (with xrv0.095 , 0.08, 0.05 

and 0.025) on the underdoped side of the well known 1/8 (x=0.125) anomaly 

in this material 's phase diagram. 

Using our rotating anode X-ray source at McMaster University we have 

performed high-resolution X-ray diffraction studies on our x=0.095 and 0.08 

samples and on a 1/ 8 doped LBCO (x=0.125) crystal grown by our collabora­

tors. The X-ray study mapped out a sequence of tetragonal and orthorhombic 

crystal structures with temperature, which were known from earlier measure­

ments. 

We have also performed neutron scattering studies at several Labo-
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ratories on x=0.095 , 0.08, 0.05 and 0.025 samples. We observed ela t ic spin 

incommensurate Bragg peaks in all samples, and inelastic measurements on the 

x=0.095 sample allowed us to explore the material's low energy spin fluctua­

tions. The elastic neutron scattering results of higher doped samples (x=0.095 

and 0.08) indicate that "collinear" static incommensurate magnetic ordering 

develops below the low temperature structural phase transit ion, and this or­

der persists into the superconducting state. Static incommensurate magnetic 

order is also observed in the La2_xBaxCu04 (x=0 .05 and 0.025) compounds 

with ordering wavevectors which are rotated by 45° about the commensurate 

(0.5,0.5 ,0) position, with respect to that in the superconducting x=0.095 and 

0.08 samples. These spin modulations are one dimensional in the x=0.05 and 

0.025 samples , with ordering wavevectors lying along the orthorhombic b* di­

rection. Such a rotation in the orientation of the static spin ordering as a 

function of increasing Ba doping, from diagonal to collinear is roughly coinci­

dent with the transit ion from an insulating to a superconducting ground state 

and is similar to that observed in the related La2_xSr:xCu0 4 system. The 

low energy, inelastic neutron scattering studies show that t he dynamic spin 

susceptibili ty for x=0.095 is constant within t he superconducting state and 

decreases as the temperature rises above Tc· 
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Chapter 1 

Introduct ion 

1.1 General outline 

The complex interplay among spin, charge, and lattice degrees of free­

dom in the quasi-two dimensional copper-oxide high temperature supercon­

ductors have been the subject of intense interest since the discovery of super­

conductivity in t he La2_x BaxCu04 system some 21 years ago (Bednorz and 

Miiller, 1986) . Both La2-xBaxCu04 and La2-xSrxCu04 display a fascinating 

series of structural, magnetic and superconducting phase transit ions as a func­

t ion of temperature (Kastner et al. , 1998). While La2_x BaxCu04 was the first 

layered cuprate high Tc uperconductor to be discovered difficult ie associ­

ated with the growth of high quality single crystals have significantly limited 

its study. As a result the La2_xBaxCu04 family is much less well studied than 

the La2_xSrxCu04 family and other high temperature superconductor families 

which have an extended history of being grown and characterized in single crys­

tal form (Kastner et al. , 1998) , such as the YBa2Cu30 7_ 0 and Bi2Sr2CaCu20 8 

families (Birgeneau et al. , 2006; Eschrig, 2006; Fong et al. , 1999; Castellan 
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et al. , 2006). 

While the Sr and Ba doped La-214 compounds have much in common, 

there is a remarkable difference in their temperature-doping phase diagram. 

Both systems undergo a high temperature phase transition from a tetragonal to 

an ort horhombic crystal structure with decreasing temperat ure. Both systems 

also have an anomaly near 1/ 8-doping (x=0.125) , but in the case of LBCO, 

the nature of the anomaly is that t he superconducting transit ion temperature 

drops precipitously to rv lK from rv28 K for concentrat ions to either side of 

x=0.125. LSCO in contrast shows only a modest rvl0% dip in Tc near this 

concentration. In LBCO, this anomaly is known to coincide with the appear­

ance of a second low temperature t etragonal phase. This indicates t he subtle 

role of the lattice in influencing the low temperature electronic properties and 

highlights the need to study both the Ba and Sr doped compounds. 

This thesis reports significant progress made in single crystal growth of 

the Ba doped La2_xBaxCu04 family and also in X-ray and neut ron scattering 

st udies using the result ing La2_x BaxCu04 single crystals. The high resolut ion 

X-ray study fo cusses on a comparison between the structural and supercon­

ducting phase diagrams in polycrystalline and single crystal materials, critical 

phenomena associated with the High Temperature Tetragonal (HTT) phase 

---+ the Middle Temperature Orthorhombic (MTO) phase transit ion, and the 

nature of the Low Temperature Tetragonal (LTT) phase in x=0.125 and 0.095 

samples at low temperatures. eut ron scattering studies concentrate on the 

evolut ion of magnetism in La2_xBaxCu04 as a function of doping. Similar 

to underdoped La2-xSrxCu04 system, elastic neutron scattering studies show 

incommensurate (IC) magnetic peaks which rotate by 45 degrees from along 

the diagonal direction to along t he collinear direction as Ba doping increases. 
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This change is coincident with the transit ion from the spin glass regime to t he 

superconducting regime in this system. Most of this work has been published 

in scient ific journals (Zhao et al. , 2007· Dunsiger et al. , 2008a) or will be pub­

lished in near future (Dunsiger et al. , 2008b). Some completed work is not 

reported in this thesis. This work includes recent neutron scattering studies 

on very lightly doped La2_xBaxCu04 (x=0 .0125) single crystals. 

The remainder of this chapter will briefly introduce t he crystal structure 

and magnetic phase diagram of underdoped La2_xBaxCu04 materials and will 

compare these results with corresponding results on La2_xSrxCu04 . 

1.2 The crystal structure of La2-xBaxCu04 

Figure 1.1 a) shows the crystal structure of undoped La2Cu04 . As can 

be seen, it contains two dimensional Cu02 layers. The crystal structure is rel­

atively simple compared wit h other high Tc cuprates such as YBa2Cu30 7_ c5 or 

Bi2Sr2CaCu20 s. One of the many interesting propert ies of the La2_xBaxCu04 

family is the sequence of structural phase transit ions which this material dis­

plays on cooling below room temperat ure for underdoped Ba concentrations 

(x < 0.18). As shown in figure 1.1 b), previous studies on polycrystalline 

La2-xBaxCu04 shows three different structures, which proceed on cooling from 

the HTT phase (space group, f 4/mmm) , to the MTO phase (space group , 

Bmab) and finally to the LTT phase (space group, P42fnern) (Axe et al. , 

1989a,b; Suzuki and Fujita, 1989a,b; Adachi et al. , 2001 ). During the HTT to 

MTO phase transit ion, t he unit cell of La2_x BaxCu04 doubles, and the lattice 

parameter aortho ~ J2~etra · In the HTT phase, the a lattice parameter is 

directed along the nearest neighbor Cu-0-Cu direction with the value about 

3 
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300 

250 
La2_xBaxCuO 4 

Lil2~ HTI 200 

• Cu 2+ -
0 02- ~ 
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0 02-

100 • La 3+ 

~ 
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50 TT 
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0 
0.05 0.1 0.15 0.2 0.25 0.3 

x 

Figure 1.1: a) Crystal structure of undoped La2Cu04 . Ba2+ replace La3+ in 

the La2_xBaxCu04and introduces holes into Cu02 plane. b) Phase diagram 

of La2_xBaxCu04 . Td1 and Td2 refer to two structure phase transit ions and 

Tc is the superconducting transition temperature. The data used for this plot 

is based on Adachi et al. (Adachi et al. , 2001) which reported on work using 

powder samples. 
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3.78A. On the other hand, in the MTO and LTO phase, a and b point along 

next near neighbor Cu-Cu direction as shown in figure 1.1 a). 

The HTT--+MTO and the MTO--+LTT phase transition temperatures 

are referred to as Td1 and Td2 , respectively. The HTT--+ MTO transit ion is 

continuous, while the MTO--+LTT transit ion is known to be st rongly discon­

tinuous. These structures are closely coupled to the magnetic and electronic 

properties of the La2-xBaxCu04 and La2_xSrxCu04 families. The phase dia­

gram of the La2_xBaxCu04 system contains a dome of LTT phase, which is 

centred around x=0.125. This Ba-concentration corresponds to a steep depres­

sion of the superconducting Tc as a function of concentration, known as the 1/8 

anomaly (Axe et al. , 1989b; Moodenbaugh et al. , 1988). The La2-xSrxCu04 

system shows a much smaller rv 103 dip in Tc at x=0.125 and the absence 

of the LTT phase at low temperatures ( agano et al. , 1993; Radaelli et al. , 

1994) . The 1/8 anomaly within the LTT phase also corresponds to strong 

incommensurate magnetic long range order at temperatures just below the 

completion of the MTO-LTT phase t ransition (Fujita et al. , 2004; Tranquada 

et al. , 2004). Clearly, the structural, magnetic, and superconducting properties 

of the La2-xBaxCu04 and La2-xSrxCu04 systems are strongly coupled. 

The critical phenomena associated with the HTT-MTO transit ion have 

been previously studied in undoped La2Cu04 as well as in La2_xSrxCu04 in 

single crystal and polycrystal form (Birgeneau et al. 1987; Vaknin et al. , 1987; 

Boni et al. 1988; Braden et al. , 1994· Ting and Fossheim, 1993; Thurston 

et al., 1989), as single crystals of these materials have existed for some time. 

These studies show the HTT--+ MTO phase transition to be characterized with 

an order parameter critical exponent (3 varying from 0.28 to 0.37 (Birgeneau 

et al. , 1987; Vaknin et al. , 1987; Boni et al. , 1988; Braden et al. , 1994; Ting and 
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Fossheim, 1993· Thurston et al., 1989). Studies on polycrystalline samples of 

La2_xBaxCu04 by Susuki et al. produced estimates for /3 ,...., 0.33 (Suzuki and 

Fujita, 1989a,b) , which are consistent with expectations for 3D universality 

(Collins 1989). 

1.3 Magnetic structure 

Figure 1.1 a) al o shows the magnetic structure appropriate to La2Cu04. 

Cu2+ has 3d9 electronic configuration. The one unpaired electron of Cu ion has 

a spin 1/2 and is coupled via antiferromagnetic exchange with the near neigh­

bor Cu ions. Because of the strong Coulomb interaction, the unpaired electron 

localizes at each Cu site. La2Cu04 is a classical antiferromagetic Mott insula­

tor with a eel temperature T N= 325K. (Kastner et al., 1998) Previous neutron 

scattering study shows the magnetic structure in undoped La2Cu04(Vaknin 

et al. , 1987) to be relatively simple two sublattice antiferromagnets character­

ized by a commensurate Bragg peak at (0.5, 0.5, 0) , also refered to as (1T' , 7r), 

in reciprocal lattice units within the high temperature tetragonal basal plane. 

vVhen La2Cu04 is doped with Ba, the substit utional ion of Ba2+ for 

La3+ introduces holes in Cu02 layers and severely disrupts the long range 

antiferromagnetic ordering. As a result the commensurate Bragg peak at (0.5 , 

0.5 , 0) splits into incommensurate magnetic peaks as illustrated in figure 1.2. 

The origin of the incommensurate magnetic structure as a function of doping 

in high Tc cu prates is still under debate. 

One explanation for the origin of the incommensurate structure is the 

so called stripe phase model at low temperature in doped La2-xBaxCu04 or 

La2-xSrxCu04. Wit hin the stripe picture of doped two dimensional Mott 
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k 

0.5 

0.5 h 

Figure 1.2: The schematic diagram of incommensurate magnetic peaks in 

(h , k, 0) plane. The closed and open circles illustrate t he collinear and diagonal 

splitting directions, respectively 
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insulators, the non-magnetic holes in these materials organize into quasi-one 

dimensional stripes which separate antiferromagnetic insulating ant iphase do­

mains (Kivelson et al. , 2003). Adjacent antiferromagnet ic regions are 7f out of 

phase with each other giving rise to a magnetic structure with incommensurate 

periodicity, where the supercell dimension is twice the hole stripe periodicity. 

This incommensurate magnetism has been carefully studied in La2_xSrxCu04 

system, where the incommensurate magnetism can be either static or dynamic, 

as evidenced by either elastic or inelastic peaks in the neutron scattering re­

spectively and now appears to be a common feature of the La2_xSrxCu04 

family of compounds. Specifically, for lightly doped La2_xSrxCu04 , elastic in­

commensurate magnetic Bragg features first appear split off from the (0.5 ,0.5) 

position in diagonal directions relative to a tetragonal unit cell (Matsuda et al. , 

2000; vVakimoto et al. , 2000). At higher doping in the underdoped supercon­

ducting regime, the peaks rotate by 45° to lie along directions parallel to the 

tetragonal axes or Cu-0-Cu bonds such that elastic magnetic scattering ap­

pears at (0.5±5,0.5,0) and (0 .5,0.5±5,0) (Kimura et al. , 1999). For optimal 

and higher doping the static order disappears , but dynamic incommensurate 

correlations nevertheless persist (Kimura et al. , 1999· Wakimoto et al. 2004). 

Another interpretation for these incommensurate spin ordered states is 

spin-density-wave (SDW)ordering. SDW order was init ially proposed to ex­

plain the slightly incommensurate antiferromagnetic ordering in elemental Cr 

(Fawcett 1988) which is found to be similar to the magnetism observed in the 

cuprates . In the SDW model, the ordered magnetic state is described in terms 

of electron-hole pair excitations about an underlying Fermi surface (Norman 

and Pepin, 2003). The ampli tude of the SDW order can be understood as orig­

inating from approximate nesting of separate electron and hole Fermi surfaces. 
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In Cr alloys such an ordered state can be modified by adjusting the Fermi 

surface energy t hrough the substitution of Cr with its neighbouring elements. 

The SDW wave vector can change from incommensurate to commensurate in 

Cr alloys. A comparison of the magnetic excitation spectrum in Cr alloys to 

that in high Tc cu prates reveals very similar phenomena and many people 

believe the similar mechanism might underly the complex magnetic ordering 

in superconducting cuprates. 
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Chapter 2 

The crystal growth of 

underdoped La2- xBaxCu04 

single crystals 

2.1 Introduction 

In order to study the crystal and magnetic structure of La2- xBaxCu04 

system, we need grow the high quality single crystals with a variety of different 

doping levels. This chapter discusses the growth or large single crystals of 

La2_xBaxCu04 using the traveling solvent floating zone technique. We have 

successfully grown large La2_xBaxCu04 single crystals with several different 

doping levels. The range of our crystals covers composit ions in the insulating 

spin-glass-like regime to the superconducting regime. More importantly, all 

single crystals grown are sufficiently large to be uitable fo r neutron scattering 

studies (see Chapter 5). The last section in this chapter also presents the 

susceptibility measurements of La2_xBaxCu04 single crystals with different 

10 
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doping levels, which characterizes their bulk magnetic propert ies. 

2.2 The traveling solvent floating zone method 

The t raveling solvent floating zone (TSFZ) method is an advanced 

single crystal growth technique. As shown in figure 2 .1, the TSFZ method 

employs an opt ical image furnace system. It uses fo cused light to heat the 

materials. The optical image furnace contains the following parts: a) high 

power halogen lamps and precisely aligned fo cus mirrors, b) rotatable upper 

and lower shafts to support the feed and seed rods, c) quartz tube to enclose 

the growth environment . The opt ical image furnace system usually has two or 

four ellipsoidal mirrors and corresponding halogen lamps. Before the growth, 

a pre-annealed rod of starting material is hung on the upper shaft and used as 

a feed rod. Another pre-annealed rod or small crystal with same compound 

is attached to the lower shaft and employed as a seed rod . Depending on the 

materials, a small piece of the flux with similar composition to the starting 

material maybe needed at the beginning of the growth. During the crystal 

growth, the feed rod is translated through a hot zone produced by fo cussed 

light from the halogen light-bulbs, by either moving the shaft or t he mirrors. 

The rod melts at the upper side of the zone and solidifies at the lower side. The 

temperature of molten zone is controlled by the DC power of halogen lamps. 

The feed and seed rods rotates in opposite direction to obtain a good mixing 

of t he molten materials and a homogeneous heating of the molten zone. The 

growth environment is enclosed wit hin the quartz t ube in the presence of a 

specific gas at a specific pressures depending on the materials used. 

·with t he TSFZ technique, the molten zone is kept in place by its surface 

11 
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Ellipsoidal 
mirrors 

Seed rod 

McMaster University - Physics and Astronomy 

Feed rod 

Figure 2.1: A schematic diagram for the TSFZ method. 
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tension and it has several advantages relative to other growth techniques. The 

most important advantage is that t here is no contact between a container and 

the material of interest during the growth process. This means that a relatively 

contamination-free crystal can be produced. Furthermore, the molten zone 

travels through the feed rod, which means that the composition is continuously 

dissolved in the solvent and grown out of the solvent. If the doped feed rod is 

homogeneously distributed, the grown single crystal should be homogeneously 

doped. The TSFZ method can be used to grow large single crystals, which 

makes it part icularly well suited to neutron scattering studies which require 

large volumes of sample for meaningful studies . There is no theoretical limit 

to the length of the crystals grown by the TSFZ method. In practice, the 

single crystals grown usually have typical dimensions of several centimeters 

long and 4 to 6 mm in the diameter. The diameter of single crystals is limited 

by the size of molten zone. However , t he optimized growth condit ion is set 

by a variety of parameters such as t he lamp power t he growt h rate, the gas 

pressure and the rotation speed of both the feed and seed rods. Thus, the 

ent ire growth process is quite complex and can be very difficult to perform 

and optimize. In addit ion, t he growth process can require several days due 

to a slow gwwth rate, which is always t he case for high Tc superconductor 

materials. 

2.3 The preparation of starting materials 

We studied several high quality La2_x BaxCu04 single crystals. During 

the course of this thesis, I will discuss single crystals with five different doping 

levels, that is specifically x=0.125 0.095 , 0.08, 0.05 and 0.025. All crystals 
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were grown by using traveling solvent, floating zone image furnace techniques. 

The x=0.125 sample was grown separately and the details of this growth have 

been previously discussed (Fujita et al. , 2004; Tranquada et al. , 2004). 

All La2_xBaxCu04 single crystal growths followed similar processes and 

procedures and employed polycrystalline La20 3 , BaC03 and CuO as start ing 

materials to make the initial, polycrystalline feed rod and solvent. For the 

production of the feed rods the start ing materials were mixed in the proper 

rat io appropriate to each growth with the exception of t he x=0.095 and 0.08. 

The x=0.095 and x=0.08 feed rods were prepared with start ing materials at a 

rat io of La: Ba= l.875: 0.125. These materials were mixed ground , and annealed 

at 980°C for 12 hours in air. This process was repeated in order to ensure 

homogeneous feed rods. To compensate for Cu evaporation during the crystal 

growth the pre-annealed feed rods were mixed with extra CuO. A fur ther 

13 to 23 mol CuO was added to the start ing polycrystalline materials and 

thoroughly mixed to prepare the final feed rods. The final feed rods were 

heated to a temperature of 1190°C, at a rate of 100°C/ hour. They were held 

at this temperature for 12 hours. We also employed a solvent, formed from t he 

original polycrystalline feed rod , with CuO added so as to reach a final ratio 

of constit uent atoms (La2_xBax) :Cu= 3:7 for each Ba concentration. After 

mixing and sintering, small disks of the solvent weighing ,......, 0.4 g were cut out 

and used as solvents in the subsequent single crystal growths. 

2.4 The single crystal growth 

The single crystal growths were carried out using a four-mirror im­

age furnace (Crystal System Inc.). Small La2Cu04 or La2_xBaxCu04 single 

14 



Ph. D Thesis - Y. Zhao McMaster University - Physics and Astronomy 

crystals were employed as the seed rod for all growths. All growth rate were 

lmm/ h with a counter-rotation speed of 25 rpm for both feed and seed rods. 

Each growth process took up to four days to complete. To achieve a successful 

growth , we examined several growth protocols and resulting opt imized growth 

conditions are listed in table 2.1. 

Table 2.1: Summary of single cryst al growth condit ions of La2- xBaxCu04 

x Starting materials Power Rate Gas and pressure 

0.095 Lai.s15 Bao.125 Cu 0 4 

+ 13 Cu0 

0.08 

+23 Cu0 

0.05 

+ l.53 Cu0 

0.025 

+ 1.53 Cu0 

77rv 

79.13 

82rv 

833 

773 

773 

lmm/ hour 0 2 165 kPa 

lmm/ hour 0 2 182 kPa 

lmm/ hour extra dry 0 2 182 kPa 

lmm/ hour extra dry 0 2 171 kPa 

Upon completion of the growths, the as-grown single crystals were kept 

above l00°C in a furnace to prevent hydrolysis of the material which is known 

to be problematic for single crystals of La2_xBaxCu04. As shown in figure 2.2, 

all crystals had similar dimensions of 80 mm long by 5 mm in diameter as­

grown. For the x=0. 095 and 0.08 samples , wit hin the first week following 

completion of t he growths, the init ial "' 30 mm of the single crystals turned 

to dust as a result of hydrolysis of a second phase. The undamaged part of 

all crystals was stable. These had approximate dimensions of 50 mm long 

by 5 mm in diameter for x=0.095 and 55 mm long by 5 mm in diameter for 
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x=0.08. The lower doping crystals, x= 0.05 and 0.025, were much more stable 

after growth due t o lower Ba concentrations. These crystals were sufficient ly 

large to allow for advanced characterization by neutron scattering techniques 

which will be discussed in more detail in Chapter 5 of t his thesis. 

It is worth making a special note regarding the x=0.095 and 0.08 sam­

ples. While these two crystal growths were initiated with similar start ing 

materials, and t he growths followed similar procedures, the Ba/La ratio, as 

ident ified by T d1 and Td2 , were different at the ,....., 153 level, see Chapter 

4. This originates from Cu evaporation during the growt h. All the phase 

transit ions observed (structural, magnetic, and superconducting) are never­

theless very sharp in temperature, indicating excellent homogeneity of con­

centration within t he individual single crystals. The chemical analysis result 

of the x=0 .095 sample shows different Ba concentration with x=0.075, however 

the result also gives a larger deviation. Based on the accurate measurements 

of T dl on x=0.095 and 0.08 samples, which will be discussed in more detail in 

Chapter 4, we determined the doping levels of t hese two samples. 

2.5 Single crystal characterization 

After resulting single crystals were stabilized, the volume of the single 

crystals were cut into various sizes for different experiments . The largest piece 

was used for neutron scattering experiments, while small pieces cut from near 

the end of the crystal growth were used for X-ray and magnetization mea­

surements. The grmvth direction mainly depends on the direction of the seed 

rods which were employed. For all the crystals, which will be discussed in this 

thesis, have growth directions along t he (1,1,0) within HTT phase. 
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a) X=0.095 

b) X=0.08 

C) X=0.025 

Figure 2.2: Some samples of as grown La2_xBaxCu04 single crystal with 

doping levels a) x=0.095, b) x=0.08 and c) x=0 .025. All crystals are grown 

using TSFZ method and have similar dimensions, '°"' 80 mm(L) x 5 mm(D) , 

after growing. 
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Figure 2.3: SQUID measurements of La2_xBaxCu04 samples with a) x=0.095 , 

b) x=0.08, c) x= 0.05 and d) x=0.025. 
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Figure 2.3 shows the ac susceptibility measurements with four differ­

ent doping levels using the Superconducting Quant um Interference Device 

(SQUID) magnetometer. All crystals used for SQUID measurements as shown 

here are taken from the same growth used for our X-ray and neutron studies. 

We studied crystals displaying both the spin-glass-like and superconducting 

regimes of the phase diagram. For single crystals samples with relatively high 

doping, x=0.095 and 0.08, the SQUID susceptibility measurements show dia­

magnetic response during zero field cooling protocols (2.3 a and b). The re­

sults of t he SQUID measurement indicate a bulk superconducting transition 

at Tc=27 K and 29 K for x=0.095 and 0.08 crystals, respectively. With the 

lower doping levels x=0.05, a weak superconducting phase transit ion occurs 

around 20 K , as evidenced by the weak diamagnetic response which is roughly 

two orders of magnitude smaller than that displayed by the x=0.08 sample, 

as shown in figure 2.3 c). Subsequently history dependent behaviour develops 

below 10 K in the x=0.05 sample and a peak in the susceptibility is observed 

at 5 K , indicating a spin-glass ground state. At the lowest Ba concentration, 

SQUID measurements indicate that the x=0.025 sample also undergoes a spin 

glass-like transition below "'10 K as shown in figure 2.3 ld). o signature 

of long range antiferromagnetic order is observed up to 300 K in the x=0.025 

sample, setting a lower limit on the doping level of x>0.02, by comparison 

with the suppression of the Neel order in La2-xSrxCu0 4 . 

All the crystals which are described in this thesis are the best quality 

single crystals at each doping level. We did several growths for every doping 

levels, each with ident ical growth conditions. After the as-grown crystals were 

surveyed with X-ray and neutrons, only the best quality single crystals at each 

doping level were selected to perform the comprehensive X-ray and neutron 
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experiments. These experiment results will be discussed in Chapter 4 and 5. 

The single crystal samples used for the experiments are also extremely stable 

and give the consistent results from the different measurements regardless of 

the time or the experiment methods. 
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Chapter 3 

X-ray and neutron scattering 

techniques 

3 .1 Introduction 

X-ray and neutron scattering techniques are essential experimental tools 

to study a wide range of phenomena in condensed matter research. Both X­

rays and neutrons use their wave-like form to inform on the structure of ma­

terials. X-rays interact with electrons in the material. X-ray diffraction typi­

cally allows people to study the crystalline structure of materials , although it 

possible to perform magnetic X-ray diffraction experiments under favourable 

conditions. While the neutron has no charge but a magnetic moment, and it 

can interact either with the nucleus through the strong interaction (nuclear 

scattering) or with unpaired electrons t hrough a magnetic interaction (mag­

netic scattering). eutron scattering can also be classified as elastic scatter­

ing or inelastic scattering depending on the energy transfer involved. Elastic 

neutron scattering can be used to determine the crystalline or magnetic struc-
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ture of materials. Inelastic neutron scattering allows people to measure the 

elementary excitations in materials, primarily phonons and magnons in crys-

tals. Before we discuss our X-ray and neutron scattering study results on the 

La2_xBaxCu04 single crystals which we grew, this chapter will discuss the 

X-ray and neutron scattering t echniques themselves. I will also introduce the 

triple-axis and time-of-flight spectrometers used in our experiments. 

3.2 Basic principles of X-ray and neutron scat-

tering 

X-ray and neut ron scattering follow similar basic concepts in quantum 

mechanics . Treated as wave-forms, X-ray and neutron wavelengths and their 

momenta have t he following relation. 

P' = nk', 1f1 = 
2
; (3 .1) 

where k is the associate wave-vector. During the scattering process, the in­

cident wave-vector and energy k, E, scattered wave-vector and energy k' , E ' 

as well as the moment um and energy transfer Q, 6E respectively, must obey 

momentum and energy conservation (See Fig 3.1). 

Q= k -k' 

6E = E - E' = { nc(k - k' ) 

2~ (k2 - k'2) 

(X-ray) (3.2) 

(neutron) 

The energy transfer , 6 E can be zero, positive or negative. Zero energy transfer 

scattering denotes elastic scattering or diffraction. Non-zero energy transfer 
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scattering denotes inelastic scattering and posit ive and negative energy trans­

fers depend on whether the X-ray or neutron gives energy to the sample or 

takes energy from the sample. 

Q 

Figure 3.1 : Schematic diagram of scattering geometry 

In elastic scattering case, .6E=O, and the X-ray or neutron is scattered 

from a static crystal. Maximum elastic scattering occurs when there is con­

structive interference from parallel planes a distance d apart, giving rise to the 

familiar Bragg's law 

>. = 2d sin(e) (3.3) 

Comparing X-ray and neutron scattering, X-ray interacts with elec­

trons in the crystal and are used primarily to determine the crystal structure 

of materials. The neutron has charge zero and a spin 1/2 magnetic moment 

and it can interacts with nuclei and magnetic moments in materials. eutron 

scattering is used to determine the magnetic ordering and spin excitations in 

crystals as well as to determine nuclear , or chemical structure. It is part ic­

ularly important in determining the structure of materials composed of light 

elements such as oxides and hydrogenous materials. 
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3.3 X-ray scattering technique 

3.3.1 X-ray scattering formula from crystals 

The elastic X-ray scattered intensity formula can be derived following 

three considerations: 1) The scattering by a single electron, 2) The scattering 

by an atom, 3) The scattering by a small cryst al. A detailed discussion of 

these can be found in many X-ray scattering books, for example (Zachariasen, 

1945) . 

First consider monochromatic incident X-rays scattered by an electron 

at the origin with charge - e and mass m . The incident plane wave of X-rays 

(3.4) 

act on the electrons. Where Ea is the incident electric field vector and k 

is incident wave vector . The electron oscillates due to the electric force it 

experiences. The oscillating electron radiates an electromagnetic wave with 

the same frequency, i. e. the scattered X-rays 

. - -e2 - w2 . .- -
eiwot Es = (u x --Ea) x u-a eiwot-ik·R 

mw6 c2 R 
(3. 5) 

Where R = Ru, iZ is the unit vector pointing to scattering direction. The av-

erage intensity of scattered radiation is I = 8~ E 2. Using the above equations, 

the scattered intensity is 

r = r (e2sin ¢)2 
s a mc2R (3.6) 

where <,b is the angle between Ea and scattering direction iZ. 

With unpolarized X-rays we take the average value of sin2 <,b , and equa-

tion 3.6 becomes: 

1 = 1 (~)2 ( 1 +cos
2

20 ) 
s a mc2R 2 (3.7) 
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where 2() is the scattering angle. This is the famous J. J. Thomson scattering 

formula for X-rays . It shows the scattered intensity to be independent of the 

incident frequency. Al o it shows t he intensity to be inversely proport ional to 

the square of the particle mass. That 's why the X-ray scattering only considers 

interactions wit h electrons, rather t han with much heavier nuclei. 

ext , we consider X-ray scattering by an atom, which means scattering 

from a number Z of different electrons which are bounded in a small volume. 

Each electron can be treated as a free electron and we use the same free electron 

scat tering formula. The total intensity will be the sum from each individual 

electron. However t he scattered wave from electrons at different positions will 

acquire different phases. This phases difference makes the scattered intensity 

weaker at finite scattering angle. The total scattered intensity can be written 

as 

l s = Io(m:: R )2( 1 +c; s2 2() )! 2 (3.8) 

where f is called atomic form factor wit h a general expression 

(3.9) 

The value of the f decreases as the scattering vector cf increases. The maximum 

value of f depend on the electron density wit hin t he atoms. Heavy atoms 

wit h more electrons will have higher values than light atoms. Because of this 

property, X-ray scattering is not particularly sensit ive to light atoms, especially 

materials containing H. 

Finally, we consider X-ray scattering from a small crystal. Atoms are 

placed at periodic po it ions in the lattice. Using a similar discussion to that 

we described before, t he intensity of the scattering close to a maximum, IQ 
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may be written as 
· 2 1N Q- -

I 1
2rr sm 2 i . ai 

IQ =l F.Q s . 21- -
i sm 2Q · a i 

(3. 10) 

where FQ is called structure factor 

(3. 11) 
n 

With large number, N, of unit cells in the volume of a small crystal, 

the intensity IQ peaks up at ~Q · ai = mr. This should be compared with the 

reciprocal lattice postion G = I:: ni27r / a i This means that, when t he transfer 

wave vector transfer Q = k5 - ki is equal to a reciprocal lattice point G, 

the intensity of the scattering reaches a maximum. Replacing the value of 

Q = 27r sine I>.. and G = n27r Id, we get the familiar Bragg's law 2d sine = n>.. . 

3.3.2 X-ray sources and the experimental configuration 

X-ray sources used for scattering measurements usually are either in-

house rotate-anode generators or synchrotron radiation sources. Synchrotron 

radiation is provided at large-scale accelerator facilities and results in very 

high intensity X-ray beam. In-house rotating-anode X-ray generators are used 

at universities and small laboratories. The X-ray scattering measurements 

on La2_xBaxCu04 single crystals reported in this thesis were carried on a 

rotating-anode X-ray generator with a Cu target at McMaster University. 

The basic constit uents of an X-ray generator are an intense source 

of electrons, a large voltage potent ial V to accelerate the electrons to high 

energy, and a target or a anode which rotates. Electrons strike the target and 

generate a cont inuous spectrum of radiation due to the rapid deceleration of 

t he electrons. The wavelength of this radiation depends on the energy loss of 
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the electrons, 6 E = hv . Since the energy loss of electrons in these processes 

are not same, the radiation has a continuous energy spectrum. The lowest 

wavelength is limited by the maximum accelerat ion voltage V. So t he lower 

cutoff wavelength Amin is defined as 

he 
eV = hvmax = -­

Amin 

he 
Amin = eV 

(3.12) 

When t he acceleration voltage exceeds a specific value, which depend 

on the target materials, a characteristic spectrum to the radiation appears in 

the form of sharp and intense peaks. This characteristic spectrum originates 

from the electron transitions between the inner shell electronic states of atoms. 

Using a classical shell model, we can describe the electronic structure of atoms 

as a series of shells which are labeled as K, L, M, ... corresponding to increasing 

distance from nucleus. The electronics in the K, L, M shells also correspond 

to principle quantum numbers n=l , 2, 3 ... When an accelerated electron has 

sufficiently high energy, it can knock an electron out of an inner shell state to a 

higher energy state. An electron at a higher energy level will fill up the vacancy 

left behind and X-ray photons with an associated energy corresponding to the 

energy difference between levels will be emitted. Because the energy of these 

X-ray photons depends on the energy gap between t he appropriate levels, these 

emitted X-ray photons are monochromatic and characteristic of the materials 

which make up the target. Tearly all the X-ray scattering studies use the 

characteristic spectrum of the t arget as they mostly require a monochromatic 

incident beam. 

The characteristic lines are labeled according to the lower electronic 

level involved in the t ransition process. For example, K0 and K,e radiation 

27 



Ph. D Thesis - Y. Zhao McMaster University - Physics and Astronomy 

indicates electron jumps from the L and M shell to the K shell, respectively. 

The common Cu K radiation used in our lab has following characteristic wave­

length. 

K o:1 : l. 54051A 

K o:2 : l. 54433A 

K {31 : 1.39217 A 

(3.13) 

The doublet of Cu K o: radiation originates from the fine structure of L shells 

of Cu atoms. 

Often in X-ray scattering measurements, the X-ray beam after the tar­

get is further selected for a single incident wavelength using a single crystal 

monochromator, such as pyrolytic graphite crystals or Ge single crystals. In 

this thesis, we will discuss high-resolut ion X-ray diffraction measurements. In 

order to measure the Bragg scattering angle W as precisely as possible, we 

must separate t he K o:1 and K o:2 components of the incident radiation. We 

used perfect Ge (111) as our monochromator. Furthermore, we employed 2 se­

ries of slits to block the K o:2 beam after the monochromator and narrow down 

the incident beam reducing its angular divergence. With all above carefully 

adjusted , we produced a 1 mm wide K o:1 X-ray beam at the sample, without 

K o:2 contamination. 

3.4 Neutron scattering techniques 

3.4.1 Properties of neutrons 

The neutron has zero charge and an s=l / 2 magnetic moment. Un­

like X-rays which interact with electrons in crystals, neutrons directly interact 
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with nuclei or t he magnetic moments associated with unpaired electrons in 

magnetic atoms. So neutron scattering has two relevant cross sections: those 

pertaining to 1) nuclear scattering and to 2) magnetic scattering. For nuclear 

scattering, neut rons interact via the strong interaction with nuclei and the 

scattering depends on the nuleiar isotope of the atom in question. This means 

that not only can neutron scattering detect the light elements but it also can 

distinguish between isotopes of the same elements . Magnetic neutron scatter­

ing can provide t he information on the magnetic ordering and excitations in 

magnetic materials. 

The propert ies of neutron make it a very desirable tool to probe t he 

structure and dynamics of materials. For typical thermal neut rons, t he de 

Broglie wavelength is of the order of inter-atomic distances in solids and liquids. 

People use the wavelength, wave-vector , velocity, energy and characteristic 

temperature to characterize the moment um and energy of neut rons. Their 

relationship between these are 

1 h2 fi2k2 
E = ksT = - mv2 = -- = --

2 2m).2 2m 
(3. 14) 

with the neutron mass and values of the constants h, k8 inserted these rela­

tionships become 

1 1 1 1 
A= 6.283-k = 3.956- = 9.045 m = 30.81 rm 

~ v v E vT 

E = 0.086l 7T = 5. 227v2 = 81.81 ;
2 

= 2.072k2 

(3.15) 

The quant it ies in these equations have the following units: A in A, k in 

1010m- 1 , v in kms- 1 , E in meV and T in K. The neut ron energy is some-

times expressed in terms of its frequency with THz as unit . The appropriate 

conversion between meV and THz is 1 THz=4.132 meV. 
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3.4.2 Nuclear scattering 

Neut ron scattering results usually are expressed in t erms of a cross -

section . The definit ion and derivation of the cross-section used in t his thesis 

closely follow the discussion in the book by Squires (Squires, 1978). The 

total scattering cross-section CY tot, differential cross-section dCY / dfl and partial 

differential cross-section d2CY / ( dD.dE' ) are defined as 

CYtot = (total number of neutrons scattered per second)/ <P 

(number of neut rons scattered 

per second into solid angle dfl) / <Pdfl 

(number of neutrons scattered per second into 

solid angle dfl with final energy E' + dE' )/<PdD.dE' 

(3.16) 

where <I> is the flux of incident beam and dfl is a small solid angle in t he 

scattered neutron direction e, ¢. The relations between these definit ions are 

CY tot = 1 ( ~~ )dD 

dCY ( 00 d2CY 
dfl = )

0 
(dD.dE' )dE' 

(3.17) 

Using a similar discussion to that used in discussing t he X-ray scattering 

formula, we first consider scattering from a fixed nucleus. In this simple case, 

the wavelength of the neutrons is usually much larger than the object causing 

the scattering. In this case t he scattered wave is a spherically symmetric S 

wave. The incident wave and scattered wave can be written as 

• 1, ik·z 
'f'inc = e 

• 1, _ -~ eik·r 
'f'sc -

(3.18) 

r 

where b is a constant value with units of length which is called the scattering 

length and is different for each nucleus. Typical values of b lie in the range of 
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10- 15m. The negative sign used in the equation above is required such that a 

posit ive value of b corresponding to a repulsive potential. If the neutrons have 

a velocity v, the cross-section is 

du vl7j;scl
2 = b2 

d fl v/ 'lj;incl2 
(3.19) 

U tot = 47l'b2 

This equation shows that the total scattered intensity is proport ional to the 

square of scattering length b. Since t he value of b varies from nucleus to nu-

deus, it is possible to measure isotope effects using neutron scattering. In 

contrast to X-rays, the value of b in hydrogen is very large. eut ron scatter­

ing has becomes a very important tool to detect H within t he structure and 

dynamics in solids or liquids. 

ext we consider the neutron scattering by a general system. The 

incident neutrons are characterized by a wavelength >. and a wave-vector k. 

After scattering the final state of the neutron changes to A' and k' . Using the 

definit ion of different ial cross-section we have 

(3.20) 

where Wf, >.-.k' ,>.' is the number of neutrons per second changing from state k. >. 
to k'.>.' . <P is the flux of incident neutrons. By applying Fermi's Golden rule 

and insert ing the density of final state at k', we get 

(du) = k' (_!!!__) 21<k'>.' /Vlk>. > 12 
dD. >.-.>.' k 271' n2 

(3.21) 

Using E and E>. for the initial energy of the neutrons and the system, and E' 

and E>.' for the final energy of the neutrons and t he system and, wit h energy 

conservation, we get partial differential cross-section 

( 
du ) k' ( m ) 2 

- - 2 
dDdE' >.-.>.' = k 27l' fi2 I< k'A' /V/k >. >I 6(E>. - E>.' + !iw ) (3.22) 
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where 1iJ..,; = E - E' . 

By assuming t he potential V is of short range, and comparing this ex­

pression with differential cross-section expression for fixed atoms in Equ. 3.19. 

We see V can be written as 

27f fi2 

V(T) = -M(f') 
m 

(3 .23) 

This potential is known as t he Fermi pseudopotential and will be used in later 

discussion. The positive value of b results from a repulsive potential. 

In order to obtain a general form of partial differential cross-section, we 

substitute Equ. 3.23 into Equ 3.22. Then we apply a Fourier t ransform to the 

potential and use the integral expression of the delta function in energy. Also, 

we need to sum over the .A , A' to get an equation suitable for real experiments. 

Finally, the partial differential cross-section can be written as 

(3.24) 

where Q = k - k' is scattering vector. R is posit ion of the nucleus in material. 

Now imagine that we have a scattering system wit h a large number of 

nuclei of just a single element . The scattering length b varies from one nucleus 

to another due to isotopes or nuclear spin states. The measured cross-section 

is very close to the average value using b instead. Assuming no correlations 

between b value at different nuclei 

(3.25) 
. · I 
J=J 
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Equ 3.24 changes to 

The first term in the above equation is the coherent cross-section while the 

second term is the incoherent cross-section. Then we can separate the two 

terms into 

(3.27) 

where 

(
- 2 

(Jcoh = 47!' b) ' (3 .28) 

Equ 3.27 shows that the coherent scattering includes correlations from all nu-

clei. It gives the information as to interference effects in t he system. However, 

the incoherent scattering depends only on the correlations from same nucleus 

at different times. As such, it does not give any interference information. 

If we write Equ. 3.27 in the form 

( 
d(J ) = (Jcoh k' NS(Q w) 

dD.dE' coh 47!' k ' 

( 
d(J ) = ()inc k' N Si( Q W) 

dD.dE' . 47r k in c 

(3.29) 

where 

(3.30) 
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S ( Q, w) and Si ( Q, w) are known as the scattering functions and are closely 

related to the coherent and incoherent cross-section. S ( Q, w) is also called 

the dynamic structure factor. These expressions are only determined by the 

properties of the materials and are not by the properties of neutrons or the 

scattering process. 

Finally, we consider scattering from a single crystal with a Bravais 

lattice. The instantaneous posit ions of the nuclei j can be written as 

(3.31) 

where 'UJ is the displacement of the nucleus from its equilibrium position f. So 

the correlations in a Bravais lattice crystal only depends on f- I'. Also within 

the harmonic approximation of the crystal, the coherent scattering function in 

Equ. 3.30 is 

where 

S(Q,w) = 2~ne-2wl_:)iQ·f100 e<[Q·uo(O)J[Q·uj(t)J>e-iwtdt 

J 

2W =< [Q · u0 (0)] 2 > 

(3 .32) 

(3.33) 

e-2w is known as the Debye-Waller factor. It is the term in Equ. 3.32 which 

contains t he effects clue to thermal vibration of the nuclei. Since < [u0 (0)]2 > 

increases with temperature, the Bragg scattering intensity decreases but is not 

eliminated. 

If we expand the term e<[Q·uo(O)][Q·uj(t)J> in 

e<[Q·iio(O)][Q·iI1(t)J> =I::~! ( < [Q. ·uo(O)][Q. 'Uj(t)] >) m (3.34) 
m 

the mth term gives the contribut ion to the scattering from m-phonon process. 

The first two terms, m=O and m=l gives the elastic and the one phonon 
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scattering functions. For elastic scattering, m=O, and this term equals the 

constant value 1. This gives the Bragg's law as we discussed in the X-ray 

scattering section. For one phonon scattering, m=l , the term gives < [Q · 

u0 (0)][Q · ui(t)] > and will produce thermal factors < ns(Q) > and 1+ < 

ns(Q) >, 

- 1 
< ns( Q) >= fiw- /3 

e Q - 1 
(3.35) 

corresponding to phonons being absorbed or emitted , respectively. These fac­

tors are also known as Bose factors for the process of creating or absorbing 

Bose-Einstein particles. 

3.4.3 Magnetic scattering 

Neutrons are not only scattered by nuclei but also by magnetic moments 

in solids. The magnetic dipole moment operator of the neutron is 

en 
µ N =--

2mp 
(3.36) 

/ is a positive constant value equal 1.913. µ N is the nuclear magneton. mp is 

proton mass. (} is the Pauli spin operator with eigenvalues ±1. 

The magnetic dipole moment operator of an electron is 

en 
µ e=--

2m e 
(3.37) 

µ B is the Bohr magneton. m e is the mass of electron. s is the spin angular 

momentum operator with eigenvalues ± ~. 

The magnetic interaction between neutrons and unpaired electrons 

comes from both spin and orbital components of the electronic magnetic mo­

ment. The magnetic interaction potential can be written as 

_ - µo _ [ (s x R) 1 p x Rl 
Vm = -µN · B = -

4
7!' '"'(µN2µB(J · \l X 1RT3 + /i1RT3 (3.38) 
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The first term in the square bracket is t he spin contribution while the second 

is the orbital contribution. 

Similar to the Equ. 3.22 we used for nuclear scattering, the magnetic 

scattering partial differential cross-section is written in the form 

This is the cross-section for neutrons scattered by the magnetic interaction 

with all electrons. The incident and scattered neutrons are described by the 

state k, a, >. and k' , a' , x , respectively. 

Substit uting the magnetic potent ial Vm 3.38 into 3.39 and performing 

the summation gives the result 

where 

fj _1_ = L eiQ·fi [ Q x (Si x Q + n~ (Pix Q J 
i 

µo e2 
ro=--

47rme 

(3.41) 

The operator fJ _1_ is related to the magnetization of the scattering system. Q 

is the unit vector in t he direction of scattering vector Q. r 0 is the classical 

electron radius with value 2.818 x 10- 15m. Comparing Equ. 3.41 with that 

corresponding to nuclear scattering, we see that r0 and b are of the same 

order of magnitude. Therefore, the scattering intensit ies due to nuclear and 

magnetic scattering are comparable. In addi tion, the geometry of fJ _1_ shows 

that it is always perpendicular to the scattering vector Q. This means that 

only the component of magnetic moment perpendicular to Q scan can be 

detected by the neutron. This feature of magnetic neutron scattering make 
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it possible to determine the magnetization direction in t he magnetic crystals 

under favourable condit ions. 

Similar to t he nuclear scattering function, we can use t he magnetic 

scattering function to describe the cross-section. 

(3.42) 

where 

S(Q,w) = 2~!{-2WL(8a{J - QaQfJ )L eiQ.f 
a {J J 

x j 00 

e<IQ·uo(O)J!Q·uj(t)J> < Sg(O)SfJ (t) > e-iwtdt (3.43) 
. J 

is magnetic scattering function. Like nuclear scattering function, S ( Q, w) is 

ent irely determined by the magnetic propert ies of materials without the refer­

ence to either the incident or scattered neutrons. g is Lande splitt ing factor. 

F(Q) is magnetic form factor. It is related to the unpaired electron density in 

atoms. Compared to the form factor f (Q) in X-ray scattering, the magnetic 

form factor also falls rapidly as increase scattering vector Q. 

For elastic magnetic neut ron scattering, the calculation takes the limits 

of t -t oo. < 50(0)51(1;) > becomes independent of time as < 50(0) >< 

S1(t) >. The elastic magnetic scattering function changes to 

This means that the intensity of elastic magnetic scattering is generally pro­

port ional to the square of the staggered magnetic moments <Si. > 2
. 

For inelastic magnetic neutron scattering, S( Q, w) is related to the 

imaginary part of t he dynamic spin suscept ibility, x" ( Q, w) , through the flue-

37 



Ph. D Thesis - Y. Zhao McMaster University - Physics and Astronomy 

tuation dissipation theorem. 

- x"(Q, w) 
S(Q, w) = 1 - eliw/ kBT (3.45) 

Integrating over all wavevectors gives the local susceptibility, x" ( w). 

3.4.4 Triple-axis and time-of-flight spectrometers 

Triple-axis and time-of-flight spectrometer are two types of neutron 

spectrometers which are used to measure the scattering function S( Q, w). 

They both can be used for elastic and inelastic neutron scattering studies 

to meet different experimental requirements. The triple-axis spectrometer is 

typically used at continuous reactor-based neutron sources. In contrast , time­

of-flight spectrometers measure the scattering of neutrons with pulsed incident 

neutrons. The time-of-flight spectrometer can be placed at a continuous neu­

tron source using mechanical choppers to pulse the incident beam with an 

ensuring cost in flux. 

Triple-axis spectrometers are comprised of a monochromator, a sam-

ple rotation stage, an analyzer, detectors and collimators. Figure 3.2a) shows 

the layout of a triple-axis spectrometer. The three axes are located at the 

monochromator, the sample and the scattered beam monochromator or ana-

Iyer. Monochromators and analyzers are usually single crystals or pyrolytic 

graphite. eutrons from the reactor have a Maxwellian distribution spectrum 

of energy. The incident and scattered wavelength, A, A' , are selected by Bragg's 

scattering at the monochromator and analyzer. The corresponding scattering 

angles are 2() M and 2() A for the monochromator and analyer, respectively. The 

wavelength the magnitude of the wave-vector and the energy of the neutrons 

are related as shown in Equ. 3.15. The direction of the incident and scattered 
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Figure 3.2: Schematic diagram of a triple axis a) and a direct geometry time-of 

flight spectrometer , such as DCS b) 
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wave-vector , k, k' are determined by the geometry of the beam direction before 

and after the samples. Thus, k k' can be easily controlled by the triple-axis 

spectrometer. By simply applying the relation shown in Equ 3.2 the wave­

vector transfer Q and energy transfer fiw can be selected to perform the desired 

measurements. 

One advantage of the t riple-axis spectrometer is its flexibility. Usually 

the measurements are performed in constant E or constant Q modes. For 

constant E mode measurements, scans are performed with the energy transfer 

fixed and the Q of the scattering is scanned. In contrast, constant Q mode 

measurements scans in fiw space ·with a fixed momentum transfer Q. The 

neutron scattering experiment generally collects data within a four dimensional 

parameter space ( Q, fiw). 

One disadvantage of the t riple-axis spectrometer is that higher or­

der contamination of neutrons occurs during Bragg scattering at both the 

monochromator and analyzer crystals. In Bragg's law, neutrons with wave­

length >..jn with n=l , 2, 3.. . all meet the scattering condit ion and can be 

collected at detectors. For example, in elastic scattering neut ron scattering 

data collect at a particular Q point are contaminated by data which come from 

nQ with n=2,3 .. . In order to reduce the neutrons with higher order scattering 

wavelengths, pyrolytic graphite fil ters or Beryllium fil ters are usually used for 

thermal or cold neutron scattering experiments, respectively. 

In addit ion, real crystals are not perfect. Both t he monochromator and 

the analyzer crystals as well as sample itself have mosaic. Mosaic spreads mean 

the Bragg scattering occurs over a finite range of scattering angles. Collimators 

are placed along the neutron path to reduce the divergence of the beam. The 

resolut ion function, R( Q, w), of the triple-axis spectrometer is determined by 
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the configuration of t he spectrometer and how it is setup (Cooper and athans, 

1967). 

During neutron scattering experiments the intensity measured is the 

convolut ion of the scattering function with the resolut ion function (Rogge, 

1994) 

I (Q,w) ex: j S (Q - Q' ,w - w')R(Q' ,w)dw'dQ' (3.46) 

We performed our t riple-axis neutron scattering on La2_xBax Cu04 sin­

gle crystals at Chalk River Laboratory with the C5 and the N5 spectrometer, 

and also at LLB in France with t he 4Fl spectrometer. C5 and N5 are typical 

t riple-axis spectrometers, while 4Fl at LLB uses a double monochromator with 

parallel crystals to reduce the space required by the spectrometer. At Chalk 

River , we used thermal neutrons to study superconducting La2_xBaxCu04 sin­

gle crystal samples with x=0.095 and 0.08. The t hermal neutron scattering 

study of the La2-xBaxCu04 x=0 .05 single crystal sample at Chalk River was 

less successful due to relatively poor resolut ion. With improved resolut ion 

on the cold neut ron source at LLB the neutron scattering results for x=0.05 

sample were much improved. Table 3.1 is the summary of experiment setups 

for t riple-axis measurements on the La2_x BaxCu04 single crystals. For all ex­

periments, we use pyrolytic graphite(002) as our monochromator and analyzer 

crystals. 

Time-of-flight spectrometers use the t ime at which a neutron arrives at 

the detector and its speed to determine the neutron energy. Such measure­

ments can be performed in either direct geometry or inverse geometry. For a 

direct geometry layout , incident neutrons have a fixed energy and scattered 

neutrons are recorded by detectors wit h different energies and scattered an­

gles. In contrast, for an inverse geometry layout, incident neutrons are a" white 
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Table 3.1 : Summary of experiment setups for t riple-axis measurements on the 

single crystals of La2_xB8.:z: Cu04 

Doping Instrument collimation (0
) E1 (meV) comments 

x=0.095 C5 at Chalk River open-0 .8-0.85-1.2 14.7 elastic 

x=0.095 C5 at Chalk River 0.54-0.48-0.54-1.2 14.7 nw=2.07 meV 

x=0.095 C5 at Chalk River 0.54-0.79-0.85-2.4 14.7 nw=3.l meV 

x=0.095 N5 at Chalk River open-1.5-3 .6-open 14.7 (HHL) 

x=0.08 C5 at Chalk River open-0.8-0.85-1.2 14.7 elastic 

x=0.05 4Fl at LLB open-1-1-open 5 cold source 

beam" with a recorded time scale, while scattered neutrons are measured with 

a single energy. An advantage of time-of-flight spectrometers is the capabil­

ity to measure both the elastic and the inelastic signal at same t ime. Also 

t ime-of-flight spectrometers completely avoid the higher order contaminations 

problems as they need not use Bragg's law to determine energy. 

Figure 3.2b) shows the layout of Disk Chopper Spectrometer (DCS) 

at NIST center for neutron scattering. DCS use direct geometry from a cold 

neutron source at the NIST research reactor. Monochromatic incident neu­

trons are selected by a series of choppers. The momentum and energy t ransfer , 

Q, nw, after scattering by the samples are determined by their arrival time at 

the instrument's 913 detectors located at scattering angles from -30 to 140°. 

We used DCS measure the light ly doped La2_xB8.:z:Cu04 single crystals. 

This thesis focused on three doping levels, x=0.08, 0.05 and 0.025 for which we 

obtained results with DCS. The summary of DCS configuration we employed 

is listed in Table 3.2. ·where ,\nc is the incident neutrons wavelength. 6 E is 
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energy resolut ion. 

Table 3.2: Summary of experiment setups for DCS measurements on the single 

crystals of La2-xBaxCu0 4 

Doping Ainc (A) 6E (µeV) 

x=0.08 4.8 118 

x=0.05 4.8 118 

x=0.025 6.2 58 

Comparing t he triple-axis and the time-of-flight spectrometers such as 

DCS, a DCS-type spectrometer can easily explore a large range of Q space 

and this feature can be very important in searches for incommensurate Bragg 

peaks as occurs in underdoped cuperates, like La2_xBaxCu04 single crystals 

which are studied in this thesis. However, the detectors of DCS spectrometer 

are installed at the detector bank with fixed angles. The angular resolution of 

DCS is relatively low and inflexible compared to the t riple-axis spectrometer 

operated with typical collimation. 

43 



Chapter 4 

X-ray scattering studies of 

structural phase transitions in 

4 .1 Int roduction 

This chapter mainly discusses the high resolution X-ray scattering stud­

ies of structural phase transit ions in relatively highly doped La2_xBaxCu04 

single crystals with x=0.125, 0.095 and 0.08. Power law behaviour in t he 

orthorhombic strain, 2(a-b)/(a+b) , is observed over a remarkably wide tem­

perature range of the MTO regime in the phase diagram. We find crit ical 

exponents associated with HTT to MTO phase transition in all three samples 

which are consistent with three dimensional XY universality. We compare 

the complex temperature-composit ion phase diagram for the location of struc­

tural and superconducting phase transit ions in underdoped La2_xBaxCu04 

single crystals and find good agreement with results on polycrystalline sam-
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ples previously studied by other groups (Suzuki and Fujita, 1989a, b). The last 

section of this chapter briefly discusses the orthorhombic strain as a function 

of doping levels. At low doping levels, x < 0.05 , the high value of Td1 and the 

absence of Td2 make the determination of doping levels much more difficult. 

Using t he calculated orthorhombic strains at low temperat ure, we can estimate 

the doping levels of the relatively light ly doped samples. 

4.2 High resolution X-ray scattering measure­

ments 

Single crystal samples with approximate dimensions 8 mm x8 mm x l 

mm for x=0.125, and 5 mm x 5 mm x l mm for x=0.095 and 0.08, were cut from 

large single crystals of La2_xBaxCu04. These were sequentially attached to the 

cold finger of a closed cycle refrigerator and mounted within a four circle x-ray 

diffractometer in reflection geometry. Cu Kai (A=l.54041A) radiation from an 

18kW rotating anode x-ray generator was selected using a perfect germanium 

(111) single crystal monochromator. The energy of x-ray beam was about 

8.047 KeV with a penetration depth around 5 µm in La2_xBaxCu04 single 

crystals. A Bruker Hi-Star multi-wire area detector was placed on the detector 

arm, 76 cm from the sample allowing an angular resolut ion of approximately 

0.01 degrees to be achieved. All measurements focused on the (3 3, O)HTT 

Bragg peak of the samples, using notation appropriate to the high temperature 

tetragonal phase. As we were interested in crit ical phenomena, the sample was 

mounted in a Be can and in the presence of a helium exchange gas and the 

sample temperature was stabilized to "' 0.005 K for all measurements. 
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4.3 Identification and nature of phases 

Two dimensional maps of the scattering around the (3, 3, O)HTT Bragg 

peaks of all three x=0.125 0.095 and 0.08 La2_xBaxCu0 4 samples were ac­

quired as a function of temperature. Figure 4.1 shows four representative scans 

at different temperatures for the La2_x BaxCu04 x=0.125 sample located in 

three different phases. Each data set consisted of a sample angle rock through 

the Bragg peak which was integrated out of the horizontal Bragg diffraction 

plane and plotted as a function of scattering angle, 28 and rocking angle n. 

Figure 4.1 a) and b) are collected just above and below the HTT to MTO phase 

transition. Figure 4. 1 c) shows that the samle is fully in the MTO phase. The 

fact of two Bragg features can be seen within the MTO phase is indicative 

of twinning of the crystal in orthorhombic phase. However by directly exam­

ining figure 4.1 a) and b) , we cannot precisely estimate the phase transition 

temperature. A longitudinal cut t hrough this two dimensional data set was 

performed, giving rise to the longitudinal scans shown in figure 4.2 b) for t he 

x=0.125 sample, and figure 4.3 b) for the x=0.095 sample. Similar data sets 

taken over a more restricted temperature regime for the x=0.08 sample are of 

similar quality, but are not shown. 

These data sets can be put together to display the full temperature 

dependence of the longit udinal scans, and this is what is shown in figure 4.2 

a) and figure 4.3 a) for the x=0.125 and x=0.095 samples, respectively. These 

data sets clearly show the bifurcation of a single Bragg peak into two, and 

then back into one, as the temperature is decreased from room temperature 

to 20 K, signifying the sequence of phase transitions HTT--tMTO--tLTT. As 

previously described, the fact of two Bragg features can be seen in a single 
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a) 235 K b) 215 K 

0 

c) 105 K d)SK 

28 

Figure 4.1: High resolution 2 dimensional X-ray diffraction map of (3, 3, 0) 

of La2_xBaxCu04 , x=0.0125 at different temperature . a) 235 and b) 215 K 

are just above and below HTT to MTO phase transition, c) 105 K is in MTO 

phase and d) 8 K is in LTT phase. 
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Figure 4.2: (a) , High resolution longitudinal scans of the (3, 3 O)HTT Bragg 

peak in single crystal La2_xBaxCu04 , x=0.125 are shown as a function of 

temperature. (b) Representative longitudinal scans at T=290 K, 120 K and 

20 K from which the color contour map in (a) was made. 
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Figure 4.3: (a) , High resolution longitudinal scans of the (3 , 3, O)HTT Bragg 

peak in single crystal La2_xBaxCu04 , x=0.095 are shown as a function of 

temperature. (b) Representative longitudinal scans at T=290 K 120 K, and 

20 K from which the color contour map in (a) was made. 
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longitudinal scan within the MTO phase is indicative of twinning within the 

orthorhombic phase, although the two twin domains which are observed do 

not possess equal volume fractions within the crystal· one Bragg feature is 

considerably stronger in intensity than the other. A minority and majority 

twin domain is clearly present, but the relevant volume fraction can change 

from one thermal cycle to the next. For example, the x=0.095 data set shown 

in figure 4.3 a) shows data from two independent thermal cycles one ending 

with a lowest temperature of,....., 200 K, while the next beginning a new thermal 

cycle at 200 K. In the first of these, the high angle Bragg peak is the majority 

domain, while in the second cycle, the lower angle Bragg peak is the majority 

domain. 

The fact that we observe both twin domains in the MTO phase means 

that the peak positions, the lattice parameters, and consequently the or­

thorhombic strain, 2(a-b) / (a+b), can be determined as a function of tempera­

ture by using Bragg's law. Longitudinal scans of the form shown in figure 4.2b 

and 4.3b were fit for the purpose of extracting the peak positions in 2B and 

therefore the d spacings are associated with the MTO phase. 

,\ = 2dsinB 

!::::.(T) = 2a - b = 2sinBb(T) - sinBa(T) 
a+ b sin Bb(T) +sin Ba(T) 

(4.1) 

This is straightforward for data far removed from the HTT to MTO phase 

transition, as the two peaks are well defined and separated, as can be seen in 

the middle panels of figure 4.2b and 4.3b. Closer to the phase transition, one 

peak may appear as a shoulder to the other, and it is more difficult to ascribe 

unique values to the two lattice parameters (See Fig4.1 b) . We fit these data 

in two different ways in order to attain robust values for the lattice parameters 
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close to the transition. One of these was to simply fit the longitudinal scans 

to sums of Lorentzians or Lorentzians raised to an adjustable exponent , while 

a second technique was to look for zeros in the derivatives of the intensity as a 

function of 2(). These gave consistent results for the lattice parameters, giving 

us confidence t hat the orthorhombic strain could be estimated accurately close 

to the transition. However , this technique also gives non-zero values for the 

orthorhombic strain, albeit relatively small ones, within the HTT phase. 

The result of this analysis is shown for all three samples in figure 4.4a. 

The single (3, 3, O)HTT Bragg peak breaks into (6, 0, O)Mro and (0, 6, O) MTO 

near Td1 =232 K, 272 K and 305 K in the x=0.125, 0.095, and 0.08 samples, 

respectively, before reforming into a single (3 , 3, O)Lrr Bragg peak near T d2=60 

K, 45 K and 35 K respectively. 

Examination of figures 4.2-4.4 shows two qualitative features of the 

evolving structures. Note that for ease of comparison, the 20 range of the 

scattering in figures 4.2 and 4.3 are the same. First , the orthorhomic strain 

decreases quite substant ially with increasing Ba concentration. The lowest 

temperature strain, for example, in the x=0.125 sample is roughly half that of 

the x=0.095 sample. Secondly and more importantly, the longitudinal profile 

of the (3, 3, O)LTT peak at the lowest temperatures measured, well within the 

LTT phase, is considerably broader than the corresponding profile of (3, 3, 

O)HTT· This is t rue for both the x=0.125 sample and the x=0.095 sample as can 

be seen by comparing the top and bottom panels of figure 4.2b (for x=0. 125) 

and figure 4.3b (for x=0.095) . This shows that the LTT phase is either an 

admixture of a tetragonal and an orthorhombic phase as was suggested by 

electron microscopy on an earlier generation of La2_x BaxCu04 crystals (Zhu 

et al. , 1994), or that it is itself othorhombic with a very small orthorhombic 
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Figure 4.4: (a) The orthorhombic strain vs. temperature is plotted for 

La2-xBaxCu04 x= 0.125, 0.095 and 0.08 single crystal samples. The open 

and filled symbols represent warming and cooling cycles, respectively. The 

orthorhombic strain is obtained by fitting longitudinal scans, shown in fig­

ures. 4.2 and 4.3. (b) The same orthorhombic strain vs. temperature as in 

(a) but now plotted vs T /T dl and the strain. has been scaled (for the x=O .125 

sample, by a factor of 2.4) to emphasize universal behavior for T/Td1 greater 

than 0.8. 
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strain. In either case it is not as "tetragonal ' as the HTT phase, and is 

consistent with the "less orthorhombic" low temperature structures proposed 

previously for La2_xSrx-yBayCu04 single crystals (Fujita et al. , 2002a). 

4.4 Critical phenomena at the HTT --t MTO 

phase transition 

Previous work on the HTT--7MTO phase transit ion in polycrystalline 

La2_xSrxCu04 and La2_xBaxCu04 samples show the ort horhombic strain to 

scale as t he square of the order parameter (Birgeneau et al. , 1987; Boni et al. , 

1988; Suzuki and Fujita, 1989a,b). Consequently we examined the critical 

behaviour of the orthorhombic strain in our La2-xBaxCu04 single crystals by 

fitting t he measured st rain as a function of temperature to: 

T d1 -T 213 
!J. (T) = !J. 0 x ( ) + B ackground 

Td1 
(4 .2) 

where t he square of the order parameter, !J. , has been described before (see 

Equ. 4. 1) , and t he background accounts for fini t e strain wit hin the HTT phase 

introduced by the fi tting process described above. The results of this fitting 

is shown in figure 4.5, which shows t he orthorhombic strain as a function of 

reduced temperature (T-Td1)/Td1 in the region of small reduced temperature 

close to T dl. Clearly this description of the data is very good. It results in 

accurate estimates for both f3 and Tdi · These are Td1 =232.3 ± 0.7 K, 271.7 

± 1.0 K, and 305.4 K ± 1.0 K for the x= 0. 125, 0.095 and 0.08 samples, 

respectively. The extracted values for /3 are 0.35 ± 0.03, 0.34 ± 0.04 and 0.28 

± 0.06, respectively. 

Using these values of Td1 for each of the three samples, we can scale the 
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Figure 4.5: The orthorhombic strain is plotted vs reduced temperature, (T­

T di/T d1) for the x=0.125, 0.095, and 0.08 La2_xBaxCu04 samples at small 

values of reduced temperature, near Tdl· The open and filled symbols show 

data from warming and cooling cycles, respectively. Fits of the data to the 

form of the order parameter squared vs reduced temperature, Eq. 4.2 used to 

extract values of /3 are shown as the solid lines. 
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plot of orthorhombic strain vs temperature, figure 4.4a, so as to give scaled 

orthorhombic strain vs T / T dl , which is shown in figure 4.4b. We see that 

above T / Td1 ,....., 0.8 the orthorhombic strains for all t hree samples collapse to 

a single curve. We therefore expect universal behaviour in this regime, which 

is borne out by the similarity in the extracted values for the critical exponent 

f3 at all three Ba concentrations. 

The uncertaint ies associated with the critical exponent /3 are largely 

determined by t he uncertainties in the critical temperature, T dl , derived from 

the fi ts to the critical behaviour. We performed fi ts to Eq. 4. 2 using Td1 set 

to a range of values around the approximate phase transit ion temperature, 

and then allowed the fit to adjust the other parameters in Eq. 4.2. This 

gives a monotonically increasing estimate for f3 as a function of increasing T dl . 

Best estimates for f3 and Td1 are given by the minimum in the goodness-of-fi t 

parameter x2 which we define as: 

2 l.:: (~measured - ~calculated) 2 x = -----------
N 

(4.3) 

where is the number of data points. 

f3 and x2 are shown as a function of Td1 for the x=0.125 (top panel) , 

x=0.095 (middle panel), and x=0.08 (bottom panel) samples in figure 4.6. The 

uncertainty in f3 is determined by the corresponding uncertainty in Td1 , and it 

is roughly 103 for the x=0 .125 and 0.095 samples where we have an extended 

data set throughout the MTO phase, and roughly 203 for the x=0.08 sample 

where the data set is restricted to temperatures close to T dl. 

Investigation of t he critical propert ies at t he HTT--t MTO phase transi­

tion in polycrystalline La2_xSrxCu04 (Birgeneau et al. , 1987; Boni et al. , 1988) 

and La2_x BaxCu04 (Suzuki and Fujita, 1989a, b) ant icipated 3D XY universal-
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Figure 4.6: The dependence of critical exponent f3 and goodness-of-fit parame­

ter x2 are shown as a function of the assumed value of Td1 for x=0.125 (upper 

panel), x=0.095 (middle panel) and x=0.08 (lower panel) La2_xBaxCu04 single 

crystal samples. The uncertainty in f3 is largely determined by the uncertainty 

in crit ical temperature T dl . 
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ity on the basis of a Landau expansion appropriate to this ferroelastic system. 

These early results on polycrystalline systems were consistent wit h the {3=0.35 

expected from 3D XY universality (Le Guillou and Zinn-Justin, 1977, 1980). 

However , these earlier estimates for {3 spanned the range from 0.28 to 0.37, 

ignoring uncertaint ies associated with t he estimates, which covers all standard 

3D universality classes: Heisenberg (rv0 .37), XY (rv0.35) Ising (rv0.32) and 

which begins to approach values consistent with t ricritical phenomena (0.25) 

(Collins, 1989). 

Figure 4.7 shows the ort horhombic strain, 2(a-b)/(a+b), plotted as a 

function of t he reduced temperature, (Tdi-T)/Td1 , on a log-log plot in order 

to identify the expected power law regime. For comparison a straight line 

appropriate to {3=0.35 and 3D XY universality is also plot ted. For each sam­

ple, two data sets are plotted, one for a warming run and one for a cooling 

run. We observe very similar power law behaviour in all three samples, and 

behaviour which is very much consistent with 3D XY universality as ant ici­

pated t heoretically. We also see, at least for the x=0.125 and 0.095 samples 

for which we have data over the ent ire MTO phase regime in temperature, 

that a single power law is a remarkably good descriptor of the data over a very 

large temperature regime. There appears to be a slight increase in slope for 

reduced temperatures greater than ""' 0.2, but overall , power law-like growth of 

the orthorhombic strain is observed over almost two decades in reduced tem­

perature. This is in contrast to most cri tical phenomena, wherein asymptotic 

crit ical behaviour is expected to cross over to a mean field-like regime, as one 

moves away from the crit ical temperature. 

Taken together our or thorhombic strain measurements show critical be­

haviour at the HTT--+MTO phase t ransit ion in single crystal L3Q_xBaxCu04 
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Figure 4. 7: The orthorhombic strain is plotted as a function of reduced tem­

perature, (Tdi-T )/Td1 , on a log-log scale for the x=0.125 , 0.095 and 0.08 single 

crystal La2_xBaxCu0 4 samples. The open and filled symbols show resul ts from 

warming and cooling cycles, respectively. For comparison power law behavior 

showing /3=0.35 , indicative of the theoretically expected 3D XY universality 

class, is indicated as t he straight line on this log-log plot. 
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over a broad range of concentration which is characterized by ,6=0.34 ± 0.04. 

This result clearly demonstrates 3D universality, and is consistent with 3D 

XY universality which is expected based on Landau theory. It is also largely 

consistent with previous experimental work on single crystal and polycrystal 

La2- xSrxCu04 and polycrystalline La2_xBaxCu04 , much of which cent red on 

measurements of superlattice Bragg peak intensities within t he MTO struc­

ture, as opposed to measurements of the orthorhombic strains (Braden et al. , 

1994; Thurston et al. , 1989). Superlattice Bragg peak intensit ies near cont in­

uous pha e transitions can be difficult to interpret , as they can be influenced 

by extinction and by fluctuations above the phase transit ion. This latter ef­

fect manifests itself in upwards curvature and difficulty ident ifying a precise 

phase transit ion temperature, which in t urn can lead to uncertainty in critical 

exponents. 

4.5 Phase diagram and comparison to poly­

crystalline materials 

It is of interest to compare the La2_xBaxCu04 phase diagram known 

to characterize pre-existing polycrystalline samples (See Fig 1.1 b )with that 

determined for t he high quality single crystals in the present studies . A rather 

detailed comparison can be carried out , as two structural and one supercon­

ducting transit ion temperature characterize La2_xBaxCu04 samples in this 

underdoped concentration range. The phase transitions measured for the sin­

gle crystals in this study are summarized in Table 4. 1. The crit ical exponent 

,6 relevant to the HTT--+ MTO structural transition is also shown in the same 
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table for reference. 

Table 4. 1: Summary of structural and superconducting phase transit ion tern-

peratures in single crystal La2- xBaxCu04 

x Td1(K) Td2(K) 

0.125 232.3 60 

0.095 271.7 45 2 

0.08 305.4 35 2 

4 1 0.35 ± 0.03 

27 2 0.34 ± 0.04 

29 2 0.28 ± 0.06 

1 From Ref. (Fujita et al., 2004) 

2 From Ref. (Dunsiger et al., 2008a) 

The superconducting transition temperatures were determined from 

SQUID magnetometry as described in Chapter 2 for the x=0.095 and x=0.08 

samples, and reported by Fujita et al. (Fujita et al. , 2004) for the x=0.125 

sample. The strongly first order YfTO~LTT t ransit ion is measured both by 

the abrupt change in the orthorhombic strain seen in figure 4. 2 and 4.3, for the 

x=0.125 and x=0.095 samples, respectively, as well as by the appearance of 

the (0, 1, 0) superlattice Bragg peak intensity (See Chapter 5) for the x=0 .095 

and x=0.08 samples, and as reported by Fujita et al. for the x= 0.125 sample 

(Fujita et al. , 2004) . 

Figure 4.8 shows the La2_xBaxCu04 phase diagram with HTT, MTO, 

and LTT phases indicated. The HTT~MTO and MTO~LTT transitions 

are shown as filled squares for the three Ba concentrations measured. The 

discontinuous t ransition at Td2 is indicated as a bar, in order to show the onset 

to completion of the transition, which is "" 10 K wide. T d2 in Table 4.1 is the 

midpoint of the t ransition. The superconducting t ransitions are given by the 
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open circles, and they indicate the onset of the superconductivity, which is also 

what is listed in Table 4.1. Previous results for these same phase boundaries as 

determined for polycryst alline La2_x BaxCu04 samples are shown as t he solid 

lines in figure 4.8. These results were extracted from Adachi et al. (Adachi 

et al. , 2001 ) and are reproduced here. 

As can be seen on inspection of figure 4.8, the agreement between the 

structural and superconducting phase boundaries in polycrystalline samples 

of La2- xBaxCu04 and the new floating zone image furnace grown single crys­

tals is remarkably good. The absolute values for T d2 are systematically high, 

at the 10% level for the polycrystalline materials as compared to the single 

crystals, but overall the full level of agreement is excellent. In par ticular 

we see that good agreement between the two for T dl means that this tran­

sit ion can be used as an accurate marker for the Ba concentration in single 

crystal La2- xBaxCu04 , as Tdi has such strong Ba dependence. The image 

furnace single crystals were grown without crucibles, and are expected to be 

of higher purity than the corresponding polycrystalline materials grown from 

a flux melt in a crucible. The similarity between the overall phase diagrams in 

polycrystalline and image furnace grown single crystal La2_xBaxCu04 , implies 

an insensitivity of these phase boundaries to t his level of imperfection . 

4.6 Orthorhombic strain vs. Ba concentration 

For more highly doped La2- xBaxCu04 materials (x=0.125, 0.095 and 

0.08), Td1 associated with Td2 and Tc are perfect markers for doping levels. 

However , wit h decreased Ba concentration , especially when x < 0.05, the Td1 

is much higher than room temperat me. Measuring Td1 is much more difficult 
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Figure 4.8: Phase boundaries identifying structural and superconducting 

phases of La2-xBaxCu04 single crystals are plotted on the phase diagram 

derived from previously studied polycrystalline samples. The structural tran­

sit ions at T dl and T d2 are indicated by filled squares, while superconducting 

Tc's are indicated by open circles. The first order transition at Td2 is indicated 

by a bar rv 10 K wide, showing t he onset to completion of the phase transition. 

Solid lines showing phase boundaries from polycrystalline La2_xBaxCu04 are 

taken from Adachi et al. (Adachi et al. 2001) 
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using normal sample environments. In addition, with doping levels moving 

out of the superconductivity dome, LTT phase also disappear , which indicate 

the absence of Td2 and Tc as shown in figure 4.8. 

In Section 4.3, we found that the orthorhombic strain, 2(a-b)/(a+b), 

in the x=0.125 sample is much smaller than x=0.095 sample. This result 

suggests that the orthorhombic strain is also doping dependent, and it can 

be used as another calibration of doping levels. In fact, the orthorhombic 

st rain is more suitable at lower Ba concentrations. Combining both X-ray and 

neutron diffraction data, we can plot the maximum orthorhombic strain as 

the function of doping levels x and this is shown in figure 4.9. For t he x~0.05 

samples, we calculate the orthorhombic strain using the (1, 1, O)HTT Bragg 

reflection obtained with neutron diffraction data at the lowest temperature we 

could reach (See chapter 5). For higher doping samples, we use the data sets 

collected in the MTO phase and just above the Td2. The undoped La2Cu04 

data point is taken from literature (Kastner et al. , 1998). Compared to the 

linear relation between the orthorhombic strain and Sr concentration in the 

La2-xSrxCu04 system (Fujita et al. , 2002b) (See figure 4.9 open circle and 

dash line), we see the doping dependence of the orthorhombic strain in the 

La2_xBaxCu04 system is slightly curved downwards as the doping increases. 

This result may be due to the orthorhombic strain not being fully developed 

in La2- xBaxCu04due to the presence of t he LTT phase. ever theless, we can 

estimate the magnitude of Ba concentration using the ort horhombic strain. It 

is also interesting to note that t he superconducting transit ion temperatures 

display a similar t rend as the orthorhombic strain as a function of doping as 

shown in figure 4.8. The dividing point near x=0.125 probably indicates a 

significant change in the nature of t he superconducting ground state near this 
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Figure 4.9: Orthorhombic strain maximum m La2-xBaxCu04 and 

La2- xSrxCU04 (closed and open circles , respectively) and superconducting 

transit ion temperature in La2_xBaxCu04 (close square) as a function of dop­

ing. The x=0.125, 0.095 and 0.08 data was taken from X-ray measurements 

discussed in this chapter. Lower concentrations employed neutron scattering 

data. The solid line is a guide to the eye. The La2_xSrxCu04 data is taken 

from Fujita et al. (Fujita et al. , 2002b). The dash line indicates the linear rela-

t ion between the orthorhombic strain and the doping levels in La2_xSrxCu04 

system 
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concentration. 

4. 7 Discussion 

High resolut ion single crystal x-ray diffraction measurements were car­

ried out on x=0 .08 and 0.095 , as well as on a high quality x=0.125 single crys­

tal. These measurements fo cused on the (3 3, O)HTT Bragg peak and showed 

the evidence of the HTT--tMTO--tLTT sequence of structural phase transi­

tions known to be relevant to underdoped La2_xBaxCu04 . The measurements 

also clearly show anomalous longit udinal broadening of the (3, 3, O)LTT Bragg 

peaks in the x=0.095 and x=0.125 samples at low temperatures, indicating 

that the LTT phase is not a simple tetragonal phase, but rather an admixt ure 

of tetragonal and ort horhombic phases, or an orthorhombic phase with very 

small orthorhombic strain. Crit ical orthorhombic strain measurements near 

the cont inuous HTT--tMTO phase boundary show clear 3D universality, with 

universal behavior observed in the orthorhombic strain vs T / Td1 for the three 

x=0.125, 0.095 and 0.08 samples . The best estimate for a common crit ical ex­

ponent {3 for these samples is {3=0 .34 ± 0.04, which is consistent with 3D XY 

universality expected theoretically for such ferroelastic transit ions. A detailed 

comparison of the La2_xB~Cu04 phase diagram incorporating structural and 

superconducting phase boundaries at this underdoped concentration regime 

indicates excellent agreement with pre-existing data based on polycrystalline 

samples. Using both X-ray and neutron diffraction data, we have calculated 

the maximum orthorhombic strain in these samples as a function Ba concen­

tration. This result can be used to estimate t he Ba concentration in the lightly 

doped range of La2-xBaxCu04 materials, where it is difficult t o estimate from 
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structural and superconducting transition temperatures. 
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Chapter 5 

Neutron scattering studies of 

underdoped La2-xBaxCu04 

5 .1 Introduction 

This chapter discusses neutron scattering results on underdoped single 

crystals of La2-xBaxCu04 . We performed neutron scattering measurements on 

x=0.095, 0.08, 0.05 and 0.025 samples. The purpose of this study was to mea­

sure the incommensurate magnetic structure in La2_xBaxCu04 single crystals 

with different doping levels and to investigate the evolution of magnetism as 

function of doping in the underdoped La2_xBaxCu04 system. 

These results show that high temperature superconducting samples of 

La2_xBaxCu04 with x=0.095 and 0.08, show static incommensurate spin or­

dering developing along the "collinear" direction below similar temperature 

T N ,....., 39 K within low temperat ure tetragonal phase. The incommensurate 

spin orderings in both samples is insensitive to the onset of superconductivity. 

More surprisingly, the spin ordering in the x=0.095 sample is shown to be 
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insensit ive to application of an external magnetic field up to 7 T applied along 

c-axis. Such magnetic field independent behaviour is in marked contrast to 

the magnetic field enhanced and induced incommensurate spin ordering with 

similarly doped La2_xSrxCu04 samples (Lake et al. , 2002). In addit ion dis­

persive spin excitations are observed in L~-xBaxCu04 , x= 0.095, at the same 

incommensurate wavevector as describes the long range order and t hese per­

sist above 60 K. The associated dynamical spin suscept ibility of the low energy 

spin excitations is seen to saturates below Tc. 

eutron measurements were also performed on light ly doped samples 

of La2_x BaxCu04 corresponding to x=0.025 and 0.05, where we observe t he 

incommensurate spin ordering to rotate by 45°, with respect to the ordering 

within the x=0.095 and 0.08 superconducting samples, to lie along the "diag­

onal" direction at low temperature. Such a rotation in t he orientation of t he 

static spin ordering as a function of increasing Ba concentration, from diag­

onal to collinear , is roughly coincident with the transition from an insulating 

to a superconducting ground state. This effect is similar to that observed 

in well studied La2_xSrxCu04 system (Matsuda et al. , 2000), indicating that 

this phenomenon is a more generic property of underdoped La-214 cuprates. 

However , t he incommensurate wavevector 6 how different Ba doping depen­

dence in these two regimes. <5 is seem to be only weakly dependent on the Ba 

doping in the superconducting regime, different from the behaviour seen in 

La2_xSrxCu04 superconductors. At lower doping levels, <5 is proport ional to 

Ba concentration as was also t he case in the La2_xSrxCu04 materials in this 

doping range. 

In order to maintain a consistent definition of <5 value, we use the HTT 

unit cell , square lattice, notation throughout our discussion, where a'.:::::'.brv3.78 

68 

http:ac:::brv3.78


Ph. D Thesis - Y. Zhao McMaster University - Physics and Astronomy 

A and c = 13.27 A. The results reported in t his chapter have been published 

in the scientific literature (Dunsiger et al. , 2008a) or are in preparation. 

5.2 Neutron scattering studies in the super­

conducting regime of La2- xBaxCu04 

eutron scattering experiments on the La2_xBa:i:Cu04 superconduct­

ing samples with x=0.095 and 0.08, were carried on using the C5 and 5 triple 

axis spectrometers and the thermal neutron source at the Canadian Neutron 

Beam Center , Chalk River Laboratory. All experiments performed at Chalk 

River were used pyrolytic graphite (002) planes as both monochromator and 

analyzer , and a with constant E1=14. 7 meV was employed in all measure­

ments . A pyrolytic graphite filter was placed in the scattered beam to reduce 

contamination from higher order neutrons . The detailed configurations used 

in these experiments are listed in Table 3.1 

5.2.1 Elastic neutron scattering results 

We first discuss the elastic neutron scattering measurements of incom­

mensurate magnetic Bragg peaks in La2-xBaxCu04 wit h x=0.095 and 0.08 

single crystals. The samples were initially oriented wit h the (hkO) reciprocal 

space plane coincident with the horizontal scattering plane. Figure 5.1 shows 

elastic neutron scattering scans along t he h direction at T=3.8 K and along 

t he k direction at 8 K in the x=0.095 and 0.08 single crystals, respectively. 

The incommensurate magnetic Bragg peaks appear at (0.5±5, 0.5, 0) for the 

x=0.095 sample and at (0.5, 0.5±5, 0) for the x=0.08 sample. Analogous mag-
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netic peaks are also observed at (0.5, 0.5±0, 0) for x=0.095 and at (0. 5±o, 0.5, 

0) for x=0.08. These incommensurate magnetic peaks as shown in figure 5.1 

were fi t t o a Lorenzian form 

A "' 
S(Q ) = 7f [Q _ (0. 5 ± o)]2 + r;,2 + B ackground (5. 1) 

where o is incommensurate wave-vector and r;, is half width at half maxi-

mum (HWHM), which is inverse of the correlation length within the basal 

plane. All peaks widt hs were resolut ion limited with 0=0.112(3), r;,=0.0055 

A-1 (x=0.095) and 0=0.107(3) , r;,=0.0063 A-1 (x=0.08). The corresponding 

static spin correlation lengths within the basal plane exceed 180 A for x=0.095 

and 158 A for x=0.08 samples. The value of o decreases as the Ba concen-

tration is reduced in La2_xBax Cu04 system as we expected. However the 

doping dependence of o is weaker in our samples of La2_xBaxCu04 compared 

to La2_xSrxCu04 wit h similar doping levels. 

The temperature dependence of the elastic incommensurate magnetic 

peaks and (0, 1, 0) superlattice structural Bragg peaks in x=0.095 and 0.08 

samples are shown in figure 5.2 and 5.3, respectively. The intensity of the 

magnetic Bragg peak is proport ional to the volume average of the square of 

the ordered staggered magnetic moment as we discussed in Chapter 3. The 

(0, 1, 0) superlattice structural Bragg peak is indicative of the orthorhombic 

to low temperature tetragonal phase transition (Td2 ) , which is discontinuous 

in nature (Axe et al., 1989a) and has been discussed in Chapter 4. Figure 5.2 

shows that the spin order at (0.612, 0. 5, 0) (x=0.095) develops cont inuously 

with temperature below TN=39.5±0.3 K with Td2 rv45 K. For reference, the 

superconducting t ran it ion at Tc rv27 K is also indicated on the figure as a 

dashed line. Similar to our results on t he x=0.095 sample, we see that the 
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Figure 5.1: (a)Static incommensurate magnetic peaks with 8=0.112(3) in 

La2-xBaxCu04 x=0.095 at 3.8 K, along (h, 0.5, 0) as shown in (c). (b) Simi­

lar static incommensurate magnetic peaks with 8=0.107(3) in La2_xBaxCu04 

x=0.08 at 8 K along (0.5, k, 0) as shown in (d). The solid line in (a) and (b) 

are fitting results using a Lorenzian profile as described in text. 
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spin order at (0.5 , 0.607, 0) in our x=0.08 sample develops cont inuously below 

T N ,..,.,39 K with Td2 ,..,.,35 K as shown in figure 5.3. For both samples, the 

onset of spin ordering, T N correlates most strongly with the completion of 

the transition to the low temperature tetragonal phase, and the incommen­

surate spin order coexists with the superconductivity below Tc. Associated 

incommensurate charge ordering has not been observed. The temperature de­

pendence of the .spin ordering is qualitatively similar to that observed in the 

x=l/8 compound (Fuj ita et al. , 2004) , where the superlattice peak intensity 

becomes non-zero below rv 50 K. 

A comparison of the magnetic Bragg peaks intensity in the x=0.095 

and 0.08 samples, as shown in figure 5.1, 5.2 and 5.3, shows that the scattered 

intensity is much weaker in the x=0.08 sample than in the 0.095 sample. In 

order to directly compare the temperature dependence of the two samples, we 

need to scale the magnetic peak intensities with their sample volumes. We can 

use either the integrated intensity of an acoustic phonon near a strong nuclear 

Bragg peak or the supperlattice structural Bragg peak intensity to calculate 

the volume fraction. During this study we collected inelast ic phonon scatter­

ing at (2 , 0.15, 0) and obtained a ratio of sample volumes V0.095 :V0.08 rv l :l.2. 

This ratio is also similar to the value given by the (0, 1 0) peak intensit ies. 

Figure 5.4 a) shows the magnetic Bragg peak intensity in the x=0.095 and 

0.08 samples scaled by their volume ratio . Surprisingly the magnetic scat­

tering in the x=0.08 sample is roughly a factor of four less intense than that 

of the x=0.095 sample. We do not understand the reduced magnetic Bragg 

intensity for the x=0.08 sample. Extinction does not play a role. Such a 

reduction in the elastic magnetic scattering also implies that the associated 

inelastic scattering signal is prohibitively weak to be observed. We also plot 
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Figure 5.2: a)The temperature dependence of the net elastic incommensurate 

magnetic scattering in La2_xBaxCu04 x=0.095, at (0.612,0.5,0) , as well as 

that of b) the (0,1 0) structural Bragg peak which marks the orthorhombic to 

low temperature tetragonal structural phase transition. ote that a constant 
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normalized peak intensities in both samples so that their functional form may 

be directly compared (See figure 5.4 b). As can be seen, both the temperature 

dependence of the order parameter and the phase transition temperatures are 

very similar despite the difference in the strength of the elastic magnetic Bragg 

scattering. We therefore conclude the two electronic energy scales for these 

crystals at x=0.08 and x=0.095, set by the superconducting Tc and T N, are 

surprisingly similar. It is not clear why a 43 decrease in 6 should produce 

an four-fold decrease in the magnetic Bragg intensity. One possibility was 

that the ordering in the x=0.08 sample was beginning to develop in the diag­

onal directions, however a search revealed no additional magnetic intensity in 

diagonal directions. 

An interesting difference between the La2_xBaxCu0 4 single crystal sam­

ples with x=0.08 and x=0.095 is that the spin ordered state in the x=0.095 

sample grows within a fully developed LTT structure, as T wv39.5 K and Td2"' 

45 K. By contrast , in the x=0.08 La2_xBaxCu04 sample the MTO to LTT 

structural phase transition begins near T N on decreasing temperature and is 

only completed at temperatures below ""' 20 K. The situation for x=0.125 

La2_xBaxCu04 is similar to the x=0.095 case, as T N"' 50 K at which temper­

ature the MTO-LTT t ransit ion for x=0.125 is largely complete. The first order 

nature of the MTO-LTT structural phase transition implies coexisting struc­

t ures over the temperature regime at which the spin order forms for x=0.08 

La2_xBaxCu04 . It is then possible that the result ing structural heterogeneity 

interferes wit h the full development of spin order giving rise to a substant ially 

reduced magnetic Bragg intensity as compared with the x=0.095 sample. How­

ever, we also note that variability (Lake et al. , 2002) in the elastic magnetic 

Bragg intensity has been reported from La2_xSrxCu04 sample to sample with 
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similar nominal doping levels of xrv 0.1 and the 1a2_xSrxCu04 system does 

not display the 1TT phase at low temperatures. 

Unlike the long range correlations within Cu02 planes, the inter-plane 

correlations are very short, which give rods like magnetic scattering extend­

ing out of the (h, k, 0) plane from t he magnetic incommensurate positions. 

To observe this scattering along 1 , t he crystal was reoriented in the (h, h, l ) 

scattering plane and then t ilted "' 7° at constant 1 to intersect t he incommen­

surate peak posit ion for h=0.39. Measurements along the solid line illustrated 

in figure 5.5 b) of the form (h, h/(1 - 28) , l) at fixed 1 for1=2 , 2.25 , 2.5 and 

3 are shown in figure 5.5 a) at T=3.5 K and at 1=3 for T=50 K to extract 

a background. Since t he peak intensity is independent of 1 , the scattering 

taking the form of an elastic rod along the 1 direction, the static spin order 

at low temperatures is two dimensional. ote that the intensity in figure 5.1 

a) is greater relative to that in figure 5.5 a) for the sample oriented in the 

(h , k, 0) plane. This arises because the neutron spectrometer has a broad ver­

tical resolution which integrates the signal in t he 1 direction, perpendicular 

to the scattering plane. 

5.2.2 Magnetic field effects on incommensurate spin or­

der in t he single crystal of La2-xBaxCu04 with 

x =0.095 

One of the most surprising results of t his study is that the incommen­

surate spin struct ure shows no magnetic field dependence up to 7 T , applied 

vertically along the c* axis . either cooling nor warming the sample in a 

magnetic field has an effect on either the temperature dependence of the spin 
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Figure 5.5: a) Elastic scans of the form (h , h/(l - 25) l), as shown with the 

solid line in b) , which demonstrate the rod-like, two dimensional nature of 

the elast ic magnetic scattering, as described in the text. The scans have been 

displaced by 300 counts upwards for clarity. The dashed line in b) illustrates 

that the scattering plane is slightly miss-set from the (h k 0) plane and passes 

throughout one of the incommensurate magnetic Bragg peaks 
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ordering, or the Bragg intensity in La2_xBaxCu04 ,x=0.095, as shown in fig­

ure 5.6. This result is in marked contrast wit h the behaviour of underdoped 

and optimally doped La2_xSrxCu04 where pronounced field dependent effects 

are observed. 

For underdoped La2_xSrxCu04 (x=0.12,0.10), the ordered magnetic 

moment associated with preexisting static spin order is enhanced on applica­

tion of a magnetic field (Katano et al. , 2000· Lake et al. , 2002, 2005). The 

spin order within the vortex state of La2_xSrxCu04 (x=0 .10) (Lake et al. , 

2002) indicates long in-plane correlation lengths, greater than both the su­

perconducting coherence length and the intervortex spacing at the maximum 

magnetic field employed in this type of study 14.5 T . As the coherence length 

is a measure of t he size of the vort ices Lake et al argued the static magnetism 

must therefore reside beyond the extent of the vortices themselves (Lake et al. , 

2002). ·w hereas the La2_xBaxCu04 (x=0 .095) correlation length for static spin 

order which we measured is similarly long the underlying physics is clearly 

different and the spins appear to order independent of vortex creation. 

For the optimally doped La2-xSrxCu04 compound (x=0.163), the ap­

plication of a magnetic field enhances the dynamical spin suscept ibili ty but 

does not induce static order (Lake et al. , 2001 ). Most dramatically, in a slightly 

underdoped sample (x=0.144) , Khaykovich et al. (Khaykovich et al. , 2005) re­

port the development of a static incommensurate spin structure above a crit ical 

field of 2.7 T . The authors therefore argue that La2_xSrxCu0 4 (x=0.144) may 

be tuned through a quantum crit ical point, at which there is a magnet ic field 

induced transit ion between magnetically disordered and ordered phases. Their 

results are interpreted in terms of a Ginzburg-Landau model due to Demler 

et al (Demler et al. , 2001), which assumes a microscopic competition between 
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spin and superconducting order parameters. The predicted magnetic intensity 

increases as b.l ,..._, H / Hc2 ln(Hc2/ H) (Demler et al. , 2001), which is consis­

tent with experiments on La2_xSrxCu04 . ate that the intensity changes 

most rapidly with magnetic field at low fields on a scale set by Hc2 · In the 

La2_xBaxCu04 family of compounds, the lower critical field is Hci ,..._, 0.04 T , 

while the upper crit ical field Hc2 is in excess of 40 T (Takagi et al. , 1987). 

The upper critical field is of the same order of magnitude in optimally doped 

La2_xSrxCu04 (Boebinger et al. , 1996). Thus an applied magnetic field of 7 T 

should be sufficiently large to have seen such an effect in La2 _xBaxCu04 . 

Whether magnetism and superconductivity coexist in the same micro­

scopic regions of the Cu02 planes or are phase separated is a topical subject of 

research. The issue of microscopic spatial segregation has been examined using 

a combination of neutron scattering (Khaykovich et al. 2002) and µSR (Savici 

et al., 2002) techniques in La2Cu04+y · As a local probe µSR is sensit ive to 

heterogeneous structures. The magnetic ordering in LaCu04+y (y=0.11) and 

La2_xSrxCu04 (x=0.12) has been reported to occur in reduced magnetic vol­

ume fractions of 40 and 18% respectively (Savici et al. , 2002). Khaykovich 

et al argued that an applied magnetic field enhances t he spin ordering pri­

marily in the nonmagnetic regions (Khaykovich et al. , 2002), consistent with 

the above observations. We speculate that no magnetic field dependence has 

been observed in La2_x BaxCu0 4 x=0.095 because the non-magnetic volume 

fraction is too low. A systematic study of the variation of the spin ordering 

with magnetic field i · therefore of interest with emphasis on the correlations 

between this effect and the magnetic volume fraction. 
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5.2.3 Inelastic magnetic neutron scattering from single 

crystal La2- xBaxCu04 with x=0.095 

The magnetic excitations were studied using constant energy trans­

fer neutron scattering scans performed through the incommensurate ordering 

wavevectors. Horizontal collimation sequences of 0.54°-0.48°-8-0.54°-1.2° and 

0.54°-0.79°-8-0 .85°-2.4° were used at energy transfers of 2.07 and 3.1 meV re­

spectively (see Table 3.1, yielding corresponding energy resolut ions of ,..__, 1 and 

,..__, 1.5 meV full width at half maximum (FWHM). The representative scan 

along (h , 0.5 0) and nw=2.07 and 3.1 meV at T=25 Kin figure 5.7 a) and b), 

respectively show that t he low energy dynamic spin response peaks up at the 

same wave-vector , (0.5±0.112, 0.5, 0), as the static spin structure. At higher 

energy transfers the signal declines rapidly. The measured dynamic structure 

factor S(Q w) is related to the imaginary part of the dynamical suscept ibil­

ity x" ( Q, w) t hrough the fluctuation-dissipation theorem as we discussed in 

Chapter 3. For quantitative analysis, t he data have been fi t to the resolut ion 

convolut ion of 

s ( Q w) = x" ( Q, w) 
' 1 _ e-liw/ ksT 

(5.2) 

where the suscept ibility (Fujita et al. , 2004) is: 

4 

x" (Q ,w) = x" (w) ~ (Q - Q
0
:)2 + ,,,2 

(5.3) 

and Q0,n represents the four incommensurate wave vectors (0.5 ± 6 0.5, 0) and 

(0.5, 0.5 ± 6, 0). This assumes the magnetic excitations consist of four rods of 

scattering running along the c* axis. 

The temperature dependences of fi tting parameters x" (w), 6 and "' are 

plotted in figures 5.8 a), b) and c) respectively. x"(w) is proportional to the 
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Figure 5.7: a) Representative inelastic scans at T=25 K also along (H, 0.5, 

0) and at nw= 2.07 meV and b) nw=3. l meV. The solid lines are the results 

of fitting the data as discussed in the text . 
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integral of x" ( Q , w) over Q in the ( h, k, 0) scattering plane; 5 and K use the 

same definitions as we discussed for elastic magnetic scattering. For reference, 

both the spin ordering transition at Twv 39.5±0.3 K, and the superconduct­

ing transition near Tc"" 27 K are indicated as dashed lines on this plot . At 

both 2.07 meV and 3.1 meV, the dynamical susceptibility, x"(w), increases 

continuously as the temperature is reduced below "" 60 K , becoming roughly 

constant and non-zero below T c "" 27 K. This is similar to measurements in 

both overdoped La2Cu04+yi where a levelling off of the dynamic incommen­

surate spin response has been reported below Tc"" 42 K (Lee et al. , 1999) 

and also in La2_xBaxCu04 (x=0.125) in the normal state (Fujita et al., 2004). 

In the latter compound, as a function of frequency there is relatively little 

change in x"(w) at low temperature (8 K) , whereas it drops rapidly in the 

present x=0.095 sample. As the temperature is raised, x"(w) varies linearly 

with frequency at lower energy transfer below 10 meV in the x=0.125 sample 

for T> 65 K, whereas it declines with increasing w in x=0.095 for all T < 60 

K. These low energy excitations have some of the characteristics of the spin 

waves observed in the parent compound La2Cu04 (Yamada et al. , 1989) as 

one warms through the Neel temperature, where instantaneous spin correla­

tions with the character of t he Neel tate persist into the paramagnetic regime 

(Shirane et al., 1987). 

The form of x" ( w) varies dramatically as a function of doping in the 

related La2_xSrxCu04 compounds. In the optimally and slightly overdoped 

La2-xSrxCu04 samples (x=0.15,0.18) (Yamada et al., 1995, 1997) , there is a 

characteristic energy of "" 7 me V below which the dynamic susceptibility is 

dramatically reduced in the superconducting state - the opening up of a spin 

gap. However, on the underdoped side of the superconducting dome there 
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is finite spectral weight in the spin response at all low energy transfers (Lee 

et al. , 2000; Hiraka et al. 2001). 

The magnetic properties of the YBa2Cu306+x family show significant 

differences from the La2- xSrxCu04 and La2-xBaxCu04 systems such as the 

absence of incommensurate elastic Bragg scattering. Still, the YBa2Cu30 6+x 

system is well studied and a comparison can be made to our measured low 

energy dynamic susceptibility in La2_xBaxCu04 (x=0 .095). Recent neutron 

scattering measurements (Stock et al. , 2006) on YBa2Cu30 6.5 with T c = 59 K 

(xeff'"'"' 0.06 for comparison to La2-xSrxCu04 and La2-xBaxCu04) also show 

a suppression of the dynamic susceptibility at the commensurate (0.5 , 0.5 , 0) 

posit ion below '"'"' 15 meV. Measurements on very underdoped YBa2Cu30 6.35 

(Stock et al. , 2007) with Tc=18 K show a cone of spin excitations out of the 

commensurate (0.5 , 0.5) position in reciprocal space similar to t hat observed 

in insulating YBa2Cu30 6.15 (Shamoto et al. 1993). 

Figure 5.8 b) and c) show that the incommensurate wave-vector , 6 and 

the inverse correlation length, "'' correlate most strongly with the disappear­

ance of the static spin order near T N'"'"'39 K, which is not surprising. Above TN 

the increase in K may indicate that stripe correlations are weakened by ther­

mal fluctuat ions that broaden the hole distribution about antiphase domain 

boundaries. As described in detail in Ref. (Savici et al. , 2007) and references 

therein, the appropriate functional from to describe the scattering may de­

pend on the dimensionality of the system, as well as disorder. However using 

a Lorentzian form allows direct comparison with related compounds (Fujita 

et al. , 2002c, 2004). Analysis using a Lorentzian function raised to the power 

3/2 gave qualitatively similar results. Such a form has been observed in two 

dimensional random field Ising model systems. 
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5.3 Neutron scattering from La2-xBaxCu04 in 

the spin glass regime 

Neutron scattering measurements on La2_xBaxCu04single crystals with 

relatively low doping, x=0.05 and 0.025, were carried on the DCS spectrom­

eter at NIST and the 4Fl triple axis spectrometer at LLB, both on a cold 

neutron source. We chose cold neutron source instruments in order to utilize 

longer wavelength neutrons which were anticipated to be helpful in resolving 

the low incommensurate wave-vector, o, expected for lower Ba concentrations. 

Definitive measurements of the incommensurate spin structure are progres­

sively more difficult at lower doping, as the incommensurability o is propor­

t ional to the doping level x (Yamada et al. , 1998). In order to directly compare 

with superconducting samples our La2_xBaxCu04 x=0.08 sample was also 

measured with the DCS spectrometer. All measurements are performed with 

the samples aligned with the (h , k, 0) basal plane coincident with horizontal 

scattering plane. Detailed DCS and triple-axis spectrometer configurations 

are listed in Table 3.1 and 3.2 

5.3.1 Elastic neutron scattering studies using the DCS 

spectrometer 

We first discuss our results obtained using DCS measurement. As de­

scribed in Chapter 3 the DCS spectrometer can easily explore a broad range 

of Q space, which is well sui ted to searching for incommensurate magnetic 

Bragg peaks. Reciprocal space maps collected by DCS spectrometer at Trv 

1.5 K are shown in figure 5.9 , where in all cases we have integrated over the 
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elastic scattering between -0.1 meV :S l1w :S 0.1 meV. 

We start with the x=0.08 ample to confirm our thermal triple-axis 

experiment results discussed early in this chapter. As shown in figure 5.9 c), 

magnetic Bragg peaks occur at (0.5±5,0.5,0) and (0. 5, 0.5±5, 0) with 5 = 

0.107(3), measured using >.=4.8 A incident neutrons with an energy resolution 

of 118.2µeV FWHM. This indicates static collinear incommensurate spin order, 

with ordering wavevectors parallel to a:;etra· A single (1, -1 , 0) structural Bragg 

peak is evident in figure 5.9 c), indicating the x=0.08 sample is in its LTT phase 

at 1.5 K. These results agree with our thermal neutron t riple-axis measurement 

results (Dunsiger et al. , 2008a) . 

Figure 5.9 a) shows the elastic reciprocal space map centered on (0.5, 

0. 5, 0) from the lightly doped La2_xBaxCu04 (x=0.025) compound, using 

>.=6.2A incident neutrons with energy resolution 58.4µeV FWHM. Additional 

measurements were taken with both 6.2 A and 8 A incident neutrons, in two 

different Brillouin zones, centered on both (0.5, 0.5, 0) and (0. 5, -0.5, 0), 

which gave consistent results (not shown here). Unlike the collinear magnetic 

peaks observed in the x=0.08 sample, a remarkable isolated pair of diagonal 

incommensurate magnetic Bragg peaks are evident near (0.5-5 / J2, 0.5+5 / J2, 

0) with an incommensurabili ty 5=0.017(1), in tetragonal notation. This is 

clear evidence for a static, one dimensional, diagonal incommensurate spin 

modulation along bortho , which rotate 45° respect to btetr· uclear Bragg peaks 

associated with four MTO twin domains in t he x= 0.025 sample are visible 

near (1, 1, 0) (>.=4.8 A) are shown in the Figure 5.9 as well. The integrated 

intensity of the majority twin peak is ,....., 4 t imes larger than t he minority peaks. 

This accounts for the single pair of incommensurate magnetic Bragg peaks: the 

magnetic scattering from this x=0.025 sample closely resembles that from a 
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Figure 5.9: Reciprocal lattice space maps in the (h , k, 0) plane, integrating over 

-0.1 meV :S nw :S 0.1 meV and taken at Trv 1.5 Kin La2_x BaxCu04 x=0.025 

(a) , 0.05 (b) and 0.08 (c) respectively. Diagonal magnetic Bragg scattering 

near (0 .5± ~, 0.5=f ~ 0) in the x=0.05 sample (b) and collinear magnetic 

Bragg scattering near (0.5±8,0.5 ,0) and (0 .5,0.5±8 0) in the x=0.08 sample 

( c) have been circled for clarity. 
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de-twinned MTO structure with a unique b-direction. 

The same type of reciprocal space map is shown in figure 5.9 b) for 

the x=0.05 sample, again using with >.=4.8 A incident neutrons. Two nuclear 

Bragg peaks are now clear, centred around the tetragonal (1, -1 , 0) posi­

tion, associated with two out of four possible twin domains in the sample of 

La2- xBaxCu04 (x=0.05) at T=l.5 K in its MTO phase. The relative intensi­

ties of the two (1 -1 , 0) peaks indicate t he two twin domains have comparable 

volume fractions. Magnetic Bragg peaks arising from static incommensurate 

spin order are again observed along the diagonal directions, that is along each 

of t he bartho a,"Xes. One pair of magnetic Bragg peaks is associated with each 

twin domain , such that a one dimensional spin modulation occurs only along 

the orthorhombic b axis, as clearly illustrated in Ref (Wakimoto et al. , 2000). 

Such diagonal stripes have been predicted theoretically (Poilblanc and 

Rice, 1989; Zaanen and Gunnarsson, 1989) and have also been observed in 

insulating La2_2xSrxNi04 (Tranquada et al. , 1996; Yoshizawa et al. , 2000) . 

The pattern i very similar to that observed in underdoped La2_xSrxCu04 

(0.02'.Sx:S 0.055) (Wakimoto et al. 1999; Matsuda et al. , 2000; Wakimoto et al., 

2000) , where the diagonal spin modulation is also along the orthorhombic 

b axis and is considered to be an intrinsic property of t he entire insulating 

spin glass region, in contrast to the parallel spin modulation observed in the 

superconducting phase of La2-xSrxCu04. 
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5.3.2 Elastic neutron scat tering studies of La2_xBaxCu04 

wit h x =0.05 using the 4Fl triple-axis spectrom e­

ter 

Complementary cold t riple axis neutron scattering experiments were 

undertaken on the same La2_xBaxCu04 (x=0.05) single crystal using the 4F l 

spectrometer at the LLB. The (002) reflection of pyrolytic graphite was used 

for both monochromator and flat analyzer (Ei=E1= 5 meV) . We employed 

open - 60' - 60' - open collimation along the beam path from source through 

sample to detector , yielding an energy resolut ion of 105 µeV with elastic scat­

tering. Cooled Be filters were placed in both the incident and scattered beams 

to remove contamination from higher order neut rons. The spectrometer was 

aligned to concentrate on a single twin domain wit h orthorhombic coordinate 

unit cell with aortho = 5.3380A, bortho = 5.4125A. Representative elastic scans 

along the orthorhombic and tetragonal b* axes are shown in figure 5.10 a) 

and b) respectively, and has been converted with tetragonal notation where 

atetr = aortho/ .J2 ~ 3. 78.A. Well resolved elastic magnetic peaks are clearly 

visible in figure 5. 10 a) , corresponding to the static spin modulation along the 

orthorhombic b~rtho direction. By contrast the intensity centred on the com­

mensurate position in figure 5. 10 b) is due to the tails of the incommensurate 

peaks. There is no evidence of any coexistence of diagonal and collinear spin 

ordering and this result agree wit h our DCS measurement. Elastic scans along 

either directions at 28 K show flat background (see figure 5.10) indicating no 

higher order contamination neutrons collected at (0.5, 0.5, 0) posit ion. 

Quantitatively, the data in figure 5.10 a) have been analysed using a 

resolution convolution of four , one dimensional Lorentzian functions similar to 
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Figure 5.10: Static incommensurate magnetic peaks with 8=0.039 in 

Lai.95Ba0.05Cu04 at T=l.5 K along a) the orthorhombic'diagonal' direction, 

scan-C b) t he collinear' direction scan-D . The solid line is fitting results de­

scribed in the text . The circles in c) and d) schematically show the posit ions 

of the four diagonal, incommensurate peaks 
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superconductor samples (Equ. 5.1) 

(5.4) 

to ext ract values for the incommensurate wavevector t5 and inverse corre-

lation length "'· Q c1,n represents t he four incommensurate wave vectors at 

(1 , ±J2c5, O)ortho and (0.987 ± J28 cos e, 0.0075 ± J28 sine, O) ortho · The lat-

ter contribut ion arises from the the wings of the second domain, charac­

terised by a nuclear Bragg peak centered at (1.974, 0.015, O)ortho, such that 

tan e = 0.015/ 1.974. This functional form assumes the magnetic scattering 

consists of rods running along the c* axis as used before. The magnetic peaks 

are relatively sharp and practically resolution limited, with an incommensu-

rability 8=0.0389(6) r.1.u. in tetragonal notation and a HWHM /'i,=0.0063(16) 

A- 1 , equivalent to a correlation length of 159(50) A within the basal plane. 

This is of a comparable magnitude as that observed in the superconducting 

state of La2_xBaxCu04 (x= 0.095, 0.08) as discussed before (Dunsiger et al. , 

2008a). However , it should be noted that the values quoted for the related 

La2-xSrxCu04 x=0.05 compound are much shorter (Wakimoto et al. , 2000; 

Bao et al. , 2007), between 25 - 35 A. 

The temperature dependence of the incommensurate magnetic elastic 

scattering is shown in figure 5.11 for the x=0.05 and 0.025 samples, which dis-

play the diagonal incommensurate spin structures. Triple axis measurements 

of the magnetic Bragg intensity at (0.526, 0.474, 0) in the x=0.05 sample 

may be compared with DCS measurements of the intensity integrated between 

- 0.1::; fU.,;::; 0.1 meV as the energy resolution is similar . 

Figure 5. 11 shows the decrease of the static incommensurate magnetic 

Bragg intensity in the x=0.05 sample on warming to T=lO K, consistent with 
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Figure 5.11: The temperature dependence of the net elastic incommensurate 

magnetic scattering in La2_xBaxCu04 x=0.05, measured at (0.526, 0.474, 0), 

using triple axis (open squares) and DCS (filled squares) neutron diffraction 

techniques. Integrated intensity between -0.1 :::; fiw:::; 0.1 meV as a function 

of temperature in La2_xBaxCu04 (x=0.025) measured using the DCS spec­

trometer (filled circles). The intensity has been normalized by the maximum 

intensity at lowest collecting temperature. 
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the temperature dependence of the break between the FC and ZFC suscep­

t ibilit ies shown in figure 2.3 c). For temperatures beyond 10 K, a cont inued 

weak fall off of the intensity with increasing temperature is observed to ,...., 25 

K, beyond which no vestiges of the static signal are easily observable. Our data 

for the temperature dependence of the incommensurate magnetic scattering 

in the x=0.025 sample is less extensive, but qualitatively similar to that of the 

x=0.05 sample, as may be expected due to the similarity in the temperature 

dependence of t heir ZFC vs FC suscept ibilit ies and therefore their spin glass 

ground states. 

5.4 Incommensurability as a function of dop­

ing in La2-xBaxCu04 

It is also interesting to examine the correlation between Ba-content, x, 

and incommensurability, o, in La2_xBaxCu04 and compare these relationships 

to those reported for La2_xSrxCu04. Figure 5. 12 shows the incommensura­

bility o vs Ba-content, x and we compare our results with those of several 

underdoped La2_xSrxCu04 samples at Sr concentrations. Data from x=0.125 

sample of La2_xBaxCu04(Fujita et al. 2004) and some preliminary measure­

ment results with x=0.0125 and 0.035 samples are also included. 

Despite differences at higher doping levels, the overall o vs x behavior 

is very similar in this range of underdoped La2- xBaxCu04 and La2- xSrxCu04. 

The same transition, from diagonal to collinear incommensurate spin order­

ing is roughly coincident with the transit ion from an insulating spin glass 

ground state to a superconducting ground state near xc,...., 0.055 for both 
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Figure 5.12: Incommensurability, 8 vs Ba/Sr concentration x, plotted using 

the current results and those from the literature as described in the text. The 

transit ion from diagonal to collinear incommensuration in the La2- xSrxCu04 

system near x=0.055 (Matsuda et al. 2000) is shown as the shaded vert ical 

line. 
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La2-xBaxCu04 and La2-xSrxCu04 families as shown by the vert ical line 

in figure 5. 12. The complex low temperature structural phase diagram of 

La2_xBaxCu04 with LTT phase and near-complete suppression of supercon­

ductivity near x=0.125, clearly does not interfere with the rotation of the 

incommensurate spin ordering as a function of doping. 

For superconducting samples with x> 0.055 the incommensurate spin 

ordering is consistent with a picture of collinear (as opposed to diagonal) 

incommensurate spin ordering. In this Sr-content regime, 8 tracks x well, 

assuming stoichiometric oxygen content (Yamada et al. , 1998; Kimura et al. , 

1999; Matsuda et al. , 2000; Wakimoto et al. , 2000). At higher doping levels 

the incommensurate wave-vector 8 in t he x=0 .08 and x=0.095 La2_xBaxCu04 

samples shows relatively lit tle x-dependence. Indeed , we observe 8 values 

which are only rv 9 3 less than that displayed by x=0.125 La2_xBax Cu04 , 

thereby departing significantly from the approximately linear 8 vs x relation 

characterizing t he underdoped L~-xSrxCu04 studies. 

It is possible that this difference between underdoped La2_xBaxCu04 

and La2-xSrxCu04 also arises due to the MTO-LTT structural phase tran­

sit ion, occurring in La2- xBaxCu04 but absent in La2- xSrxCu04. It is also 

conceivable that it arises due to ome small oxygen off-stoichiometry, such 

that our samples have the composition La2_x BaxCu04+Y• with oxygen stoi­

chiometry greater t han 4. Such excess oxygen would give rise to an effective 

hole doping given by X e f f = x+ 2y. To bring the 8 values for x=0.08 and 0.095 

back onto t he linear relationship between 8 and X e ff seen in La2_xSrxCu04 , 

small, but posit ive values of y: 0.013 and 0.0075 for t he x=0.08 and x=0.095 

La2_xBaxCu04+y samples respectively would be required. This is too small to 

be detectable and runs counter to what is concluded in La2_xSrxCu04+y · In 
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underdoped La2_xSrxCu04+y, the superconducting Tc is maximized by anneal­

ing in oxygen at which point the measured o vs Sr concentration, x, lie on the 

straight line (Yamada et al. , 1998) . Consequently, as grown La2_xSrxCu04+y 

tends to be oxygen deficient (y< O) and annealing in oxygen results in sto­

ichiometric La2_xSrxCu04 . This is also expected to be t rue for underdoped 

La2_xBaxCu04+y, which would imply t hat the deviation of o vs x from a linear 

relationship is int rinsic to stoichiometric La2_xBaxCu04 , a surprising result. 

For lower doped La2_xBaxCu04 with x< 0.055, the incommensurate 

wave-vector o agrees suprisingly well with the straight line relation 5 = x/ vf2. 

The factor of vf2 comes from the diagonal modulation where cl-spacing along 

(1, 1, 0) direction is approximately vf2 times cl-spacing along (1, 0, 0) or (0, 

1, 0) direction. These results in light ly doped L~-xBaxCu04 samples also 

confirm we obtain the right order of Ba doping levels in this regime. 

5. 5 Discussion 

We have observed the static incommensurate spin order in all four 

La2-xBaxCu04 single crystal samples. In high Tc superconductor samples, 

x=0.095 and 0.08, static spin order is arranged along the collinear direction 

and coexists with superconductivity at low temperatures. In lower doping 

samples, x=0.05 and 0.025, static spin order appears along diagonal direction. 

The superconducting and magnetic phase t ransition temperature as well as 

incommensurate wave-vector o for each sample are listed in Table 5.1. 

One significant finding of this study is the field independence of the 

incommensurate magnetic order in the x=0.095 sample, in contrast to what has 

been reported for other superconducting La-214 cuprates. St udies of the spin 
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Table 5.1: Summary of superconducting (Tc), magnetic (TN) phase transit ion 

temperat ures and incommensurate wave-vector o 
x Tc(K) TN(K) 0 ( r.l. U . ) tetr 

0.1251 ,__,4 50 0.118 

0.095 27 39.5 0.112 

0.08 29 ,__,39 0.107 

0.05 "'20 rv 25 0.035 

0.025 > 40 0.0125 

1 From Ref. (Fujita et al. , 2004) 

ordering as a function of magnetic field in other superconducting systems with 

large magnetic volume fractions should prove illuminating. In addit ion, t he 

x-dependence to t he incommensurability appears to be substantially weaker 

than that seen in La2_xSrxCu04 , where a linear relationship is observed over 

this range of concentration . 

Another interesting results i the single pair incommensurate spin order 

observed in x=0.025 sample. vVhile Bragg peak (1 1, 0) indicates the sam­

ple with possesses a twin structure, however , magnetic scattering show single 

magnetic ordering domain present at low temperatures. Even though minor 

difference are evident, t hese results are in broad agreement with the evolut ion 

of incommensurate spin order in other well studied high temperature La-214 

cuprate superconductors such as La2_xSrxCu04 or La2Cu04+y, implying that 

the phenomenon is a generic feature of the underdoped La-214 cuprates . 
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Chapter 6 

Conclusion 

After being discovered over 20 years ago, high Tc cu prates are remain 

one of the most important challenges in condensed matter physics. Most 

surprisingly, t he original " Zurich material" high temperature superconductor, 

La2_xBaxCu04 , has not been extensively studied due to the relative difficulty 

of obtaining high quality single crystals unt il recent ly (Fujita et al. , 2004; 

Tranquada et al. , 2004). In this t hesis we reported the successful growth of 

large, high quality La2_xBaxCu04 single crystals with series of doping levels 

by using TSFZ techniques. Being one of t he few teams who can grow high 

quali ty La2_xBaxCu04 single crystals gives us great advantage as the crystals 

allow us to carry on comprehensive neutron and X-ray scattering studies on 

the original family of high temperature superconductors. 

By using high resolut ion X-ray scattering studies on La2_x BaxCu04 at 

relatively high doping (x=0.0125, 0.095 and 0.08) we ident ify three existing 

structural phases (HTT, MTO and LTT) with two phase transition tempera­

tures, Td1 and Td2 · After carefully analyzing the critical orthorhombic strain 

near the cont inuously HTT~ MTO phase boundary, we obtain a common 
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critical exponent f3 = 0.34 ± 0.04, which is consistent with 3DXY univer­

sality expected from relevant theory. eutron scattering experiments were 

carried out on all La2_xBaxCu04 samples we produced using either t riple-axis 

or time-of-flight methods. Some samples were measured using both neutron 

scattering techniques. We observed incommensurate spin ordering developing 

in all La2-xBaxCu04 samples at low temperature. Our neutron scattering 

experiment results on La2_xBaxCu04 single crystals could be compared to re­

sults on the much more extensively studied La2_xSrxCu04 system. In both 

cases, incommensurate spin order transforms from being aligned along t he 

diagonal direction to along the collinear direction around a crit ical doping 

xrv0.055, which is approximately coincident with the transition from the insu­

lating spin glass to the superconducting state. Despite some minor differences 

at higher doping levels, the overall incommensurability 5 vs. the doping level 

x behaviour in our La2_xBaxCu04 single crystal samples is also similar to the 

results t hat has been reported in the La2_xSrxCu04 system. In addit ion, by 

examining t he calculated orthorhombic strain ~ ' as t he function of the dop­

ing levels, x, we found another scale to calibrate the Ba concentration in our 

La2_xBaxCu04 single crystal samples. This scale is particularly useful for the 

low doped (x;S0. 5) La2_xBaxCu04 single crystals due to the absence of T d2 

and Tc in such a low doping range. 

Our neutron scattering results on La2_xBaxCu04 single crystal samples 

show several important differences relative to resul ts on La2_xSrxCu04 . One 

unexpected result is the magnetic field independent incommensurate mag­

netism in the superconducting sample of La2_xBaxCu04 wit h x=0.095, in 

contrast to other superconducting La-214 cuprates. Another interesting re­

sult is t he observation of a single pair of diagonal incommensurate magnetic 

101 



Ph. D Thesis - Y. Zhao McMaster University - Physics and Astronomy 

Bragg peaks in the lowest doping sample (x=0 .025). Although the sample 

is orthorhombic and twinned, only two incommensurate magnetic peaks are 

detected along the diagonal direction instead of the expected four peaks, sug­

gesting an intrinsic "one dimension" incommensurate magnetic structure in 

lightly doped La2-xBaxCu04 materials. 

In this t hesis, we have studied and discussed the structural and mag­

netic propert ies of high quality La2_xBaxCu04 single crystals as the function 

of doping. Compared with the literature on La2_xSrxCu04 single crystals, the 

experimental results on La2_xBaxCu04 remain limited especially for neutron 

scattering data on large single La2_xBaxCu04 crystals. With the availability 

of high quality La2_xBaxCu04 single crystals, further extensive studies can 

be carried out which should fully elucidate the evolution of magnetism and 

superconductivity as the function of doping in the La2_xBaxCu04 system. 
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