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High temperature magnetic susceptibility data from 300-600 were collected, and 

fit to the Curie-Weiss law (equation 6.2) (inset Figure 6. 1 ): 

c 
x=T-B 6.2 

The values found for the Curie constant and Weiss constant were 2.76(1) emu K/mol and 

-10(2) K, respectively. The Curie constant is slightly lower than the expected spin-only 

value for Ru5
+ (S = 3/2: C = 1.875 emu K/mol) and Ni2

+ (S = 1: C = 1.000 emu K/mol) of 

2.875 emu K/mol. The negative Weiss constant indicates antiferromagnetic behaviour. 

Again, both of these values could be affected by the presence of slight impurities. 

The product of susceptibility (X) and temperature (T) versus temperature appears 

in Figure 6.2. At higher temperatures, the data lie below the line denoting the spin-only 

Curie constant, indicating antiferromagnetic interactions. However, the plot rises to a 

sharp peak above the line at 152 K. This indicates some ferromagnetic behaviour, and is 

rather strange, given the peak itself is a sign of antiferromagnetism. Again this could be 

due to an impurity, and may not reflect the magnetism of the phase of interest, 

SrLaRuNi06. As the temperature decreases, the data continue to slowly rise, until a 

rather sharp drop at about 85 K that continues below the Curie constant line. This could 

indicate antiferromagnetic ordering in the sample, which could be due to SrLaRuNi06. It 

did not appear in the magnetic susceptibility graph perhaps due to the presence of 

impurity phases that dominated the signal. The derivative of xT with respect to T versus 

temperature graph or the so-called "Fisher heat capacity"21 is plotted in the inset of 

Figure 6.2. Again, a prominent lambda-like anomaly centred at 148 K is clear, which is 

most likely due to the presence of SrRu03. Unfortunately, no other features are visible. 
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Figure 6.1. ZFC/FC magnetic susceptibility of SrLaRuNi06. Inset - Inverse susceptibility 
plot for SrLaRuNi06. The line is the fit to the Curie-Weiss Law. 
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Figure 6.2. xT versus temperature plot for SrLaRuNi06. The horizontal line denotes the 
spin-only Curie constant for this system. Inset - Fisher heat capacity for SrLaRuNi06. 
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Magnetization data, sweeping the field from 0 to 5.0 T and back, at temperatures 

of 5, 50, 140, 160 and 250 K were collected, as seen in Figure 6.3. At low temperatures 

(5 and 50 K), there is some small hysteresis, but virtually no remenant magnetization. At 

higher temperatures ( 140, 160 and 250 K), the plots are clearly linear, indicating 

paramagnetic behaviour. This seems to indicate that a change in magnetic order occurs 

between 50 and 140 K, not at 152 K, as much of the previous magnetic data appears to 

imply. 

Variable temperature powder neutron diffraction measurements were performed 

to elucidate the ordered magnetic structure of SrLaRuNi06. Figure 6.4 displays a plot of 

low angle data at various temperatures, clearly indicating the presence of new magnetic 

reflections. These reflections could be indexed on a new unit cell with ordering vector, k 

= (1/2 0 1/2). This magnetic structure has been seen in double perovskite compounds 

before.22
-
24 Attfield and coworkers performed powder neutron diffraction experiments on 

the double perovskite, SrLaRuCo06, with the same monoclinic P2 1/n symmetry, and (1/2 

0 112) propagation vector for the magnetic unit cell.22 In this study, the authors found 

equally good fits to the data from four different spin representations. Since the 

monoclinic cell distortion is so small, (h kl) and (h k-l) magnetic reflections are not well 

resolved, and the four models are indistinguishable from the data. In addition, 

refinements with all spin only at Co, all spin only on Ru or some intermediate 

combination gave equally acceptable fits to the experimental data. This reinforces the 

fact that there is a high degree of correlation between the two magnetic ions. 
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Figure 6.3 . Magnetization curves recorded for SrLaRuNi06 at 5 K (black squares), 50 K 
(red circles), 140 K (green triangles), 160 K (blue inverted triangles) and 250 K (purple 
left arrowhead). 
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Figure 6.4. Powder neutron diffraction data for SrLaRuNi06 at 4 K (blue circles), 54 K 
(green inverted triangles), 80 K (pink triangles) and 283 K (black squares). The labelled 
peaks are the new magnetic Bragg reflections, indexed as indicated. 
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Figure 6.5. Temperature dependence of the magnetic peak indexed as (112 0 112) I (-112 0 
112) in SrLaRuNi06, indicating the critical temperature of ,...,84 K. 



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 200 

Unfortunately, due to the pseudo-orthorhombic symmetry of the SrLaRuNi06 unit cell, as 

well as the high degree of correlation between the two different magnetic moments, a 

unique solution is not possible in this case either. However, the temperature dependence 

of the new reflections was interesting (Figure 6.5). The intensity of the reflections 

disappeared at 84 K, signalling the critical temperature of SrLaRuNi06. What is 

interesting from this magnetic study is that the bulk magnetic data was completely 

overshadowed by the behaviour of SrRu03 and required a neutron diffraction experiment 

to demonstrate bulk antiferromagnetic order and determine the critical temperature for 

this order. 

6.5 Conclusions 

The compound, SrLaRuNi06 was synthesized, as well as structurally and 

magnetically characterized. Room temperature powder neutron diffraction confirmed B­

site ordering of the Ru5
+ and Ni2

+ ions. Unfortunately, the presence of a small amount of 

ferromagnetic SrRu03 masked the bulk magnetic properties of SrLaRuNi06. Despite 

this, variable temperature powder neutron diffraction data found that SrLaRuNi06 

exhibits long-range antiferromagnetic order below 84 K. New Bragg reflections could be 

indexed to a magnetic unit cell with ordering vector (1/2 0 112). However, due to pseudo­

orthorhombic symmetry of the unit cell and a high degree of correlation between the Ru5
+ 

and Ni2
+ magnetic moments, a unique structure could not be determined. 

This chapter highlights the importance of neutron diffraction experiments in the 

investigation of magnetic properties. Often, magnetic susceptibility or magnetization 
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measurements are highly influenced by the presence of ferromagnetic compounds, even 

in minute quantities relative to the bulk of the sample. Accounting for and quantifying 

these contributions is often difficult. Variable temperature powder neutron diffraction 

measurements were critical in this study, not only in determining the nature of the long-

range order, but the critical temperature for this order as well. 
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Chapter 7 

Magnetic Studies of the Ordered Rocksalt Oxides, Na2Cu2 Te06 and 

Na3Cu2Sb06 

This chapter summarizes the candidate's contributions to the manuscripts 

"Synthesis, Structure and Magnetic Properties of the Layered Copper(II) Oxide, 

Na2Cu2 Te06", published in the journal Inorganic Chemistry (lnorg. Chem. 2005, 44, 

5042-5046) and "Electronic Structures and Low-Dimensional Magnetic Properties of the 

Ordered Rocksalt Oxides Na2Cu2Te06 and Na3Cu2Sb06", published in Physical Review 

B (Phys. Rev. 2007, B76, 104403). As part of a scientific collaboration, the candidate 

measured the magnetic properties ofNa2Cu2Te06, analyzed the data and wrote the 

magnetic discussion for the Inorg. Chem. manuscript. For the Phys. Rev. journal article, 

the candidate entered into many detailed discussions of the magnetism with the 

corresponding author, as well as assisting with magnetic data collection, analysis and 

manuscript preparation. 

Reproduced with permission from Xu, J.; Assoud, A.; Soheilnia, N.; Derakhshan, S.; 

Cuthbert, H. L.; Greedan, J.E.; Whangbo, M. H.; Kleinke, H. lnorg. Chem. 2005, 44, 

5042-5046. Copyright 2005 American Chemical Society. 

Reproduced with permission from Derakhshan, S.; Cuthbert, H. L.; Greedan, J.E.; 

Rahaman, B.; Saha-Dasgupta, T. Phys. Rev. 2007, B76, 104403(1-7). Copyright 2007 by 

the American Physics Society. 
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7.1 Abstract 

A new quaternary layered transition-metal oxide, Na2Cu2 Te06, was synthesized 

by the Kleinke group at the University of Waterloo. 1 The structure is composed of 

~ [Cu2Te06] layers with the Na atoms located in the octahedral voids between the layers. 

Alternatively, it can be described as an ordered rocksalt oxide with one vacancy. The 

magnetic susceptibility shows Curie-Weiss behavior between 300 and 600 K with an 

effective moment of 1.85(2) f.JB per Cu2+ ion and a Weiss constant, 9c, of -87(6) K. A 

broad maximum at 160 K is interpreted as short-range one-dimensional antiferromagnetic 

(AF) correlations. This short-range order was analyzed in terms of an alternating chain 

model, with the surprising result that the stronger intrachain coupling involves a super­

superexchange pathway with a Cu-Cu separation of >5 A. The J2/J1 ratio within the 

alternating chain refined to 0.10(1), and the spin gap is estimated to be 127 K. 

The analogous compound, Na3Cu2Sb06, was synthesized at McMaster University 

in the Greedan lab and its magnetic properties investigated.2 Again, a broad peak in the 

magnetic susceptibility data (in this case, near 92 K) indicated dominant short-range, 

low-dimensional AF behaviour. The data fit very well to an AF-AF alternating linear 

chain model with J1/k = - 79 K and J2/J1 = 0.39. High temperature data (> 300 K) 

exhibited Curie-Weiss behaviour with 9c = -55(2) K. Recently, another group 

investigated both of these compounds and reported that an AF-ferromagnetic (F) linear 

chain model gives equally good agreement to the low temperature data and included 

analysis of heat capacity data that also supported the AF-F model.3 However, Derakhshan 

et. al. demonstrated that the Weiss constants derived from the high temperature 
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experimental susceptibility data are consistent with the Jvalues obtained from the AF-AF 

model, and not the AF-F model. 

7 .2 Introduction 

Ternary and quaternary compounds involving cuprates have been heavily 

investigated, as the Cu02 layers are responsible for the high-Tc superconductivity 

observed in compounds such as YBa2Cu30 7 and related materials.4
'
5 In contrast, the 

quaternary cuprate-tellurates and cuprate-antimonates have been relatively unexplored. 

The synthesis ofNa2Cu2Te06 represents the first compound of this structure type for 

cuprate-tellurates, as Na3Cu2Sb06 is for the cuprate-antimonates. Figure 7.1 shows the 

Na3Cu2Sb06 structure, which can be considered as an ordered rocksalt oxide. It basically 

consists of layers of edge-shared Cu06 and Sb06 octahedra, separated by Na+ ions in 

octahedral voids. One Na+ site is vacant in Na2Cu2 Te06. The magnetic Cu2+ ions lie in 

planes of composition Cu2Te06
2
- or Cu2Sb0/-, and due to site ordering with the Te6+ or 

Sb5+, form a slightly distorted honeycomb lattice topology. 

Magnetic oxides with an ordered rocksalt structure often exhibit low-dimensional 

behaviour due to either the topology of the cation ordering or to orbital ordering, 

especially with Jahn-Teller active ions. The distorted honeycomb magnetic lattice of 

copper ions is expected to exhibit strong magnetic fluctuations, characteristic of low­

dimensional spin systems, due to the low co-ordination of the coppers. In addition, d9 
-

Cu(II) centres are classic Jahn-Teller ions, resulting in a [ 4 + 2] coordination of the 



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 206 

copper ions. Consequently, the magnetic ordering of these compounds should be 

strongly affected by both this cation and orbital ordering. 

Upon closer examination, there are five distinctive magnetic exchange pathways 

within the distorted honeycomb lattice of copper ions (Figure 7 .2). Two such pathways 

(J4 and J5) are relatively long and involve fully occupied dz2 orbitals, and as such, their 

contribution to the overall magnetism of the compound is negligible. The three most 

significant nearest-neighbour interactions are Ji, J2 and J3. Depending the on the signs 

and relative magnitudes of these exchanges, 0, 1 or 2 dimensional magnetism may be 

possible (Table 7 .1 ). 

Table 7 .1. Possible Dimensionalities of the Cu2
+ Spin Correlations. 

Relative Interaction Magnitudes 

J2 :::::::J3 >> ]; 

J1 =h >> J.3 
Ji> J1 >> h 
h >>h:::::::J3 

Magnetic Model 

2D honeycomb 

lD chain 

1 D alternating chain 

OD dimer 

Experimental magnetic susceptibility of the two compounds suggests a dominant dimeric 

or zero-dimensional interaction. Calculations confirm that J1 is the strongest exchange 

pathway, relative to Ji or J3• Closer inspection indicates that a one-dimensional linear 

chain model provides a somewhat better fit. 1 
'
2 However, there does exist some 

controversy regarding the sign of the second-neighbour interaction, Ji. 
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a) 

Na 

b) 

Figure 7.1. Edge-sharing octahedra in Na3Cu2Sb06, viewed along a) the a direction and 
b) the c direction. Na2Cu2 Te06 would have one Na vacancy and Te in place of Sb. 
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0 . 
Sb 9 

Figure 7.2. Schematic representation of the possible Cu-Cu interaction pathways in the 
ab plane ofNa3Cu2Sb06. The tellurate, Na2Cu2 Te06' would look identical in this plane. 
The thick solid lines denote the shortest Cu-Cu contacts, the thin solid lines show Cu-0 
and Sb-0 connectivity, and the dashed lines represent the shortest interchain Cu-Cu 
distance. The three magnetic interaction pathways, labelled J 1, J2 and J3 are designated 
by double-sided arrows. 
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One group fit the low temperature magnetic susceptibility data forNa2Cu2Te06 to an AF­

AF alternating linear chain model, with J2/J1 = 0 .10( I). l A second group reinvestigated 

the magnetic properties and pointed out that distinguishing between an AF-AF and an 

AF-F model is very difficult, based only on the fit quality. In fact, the AF-F model does 

indeed provide an excellent fit, albeit with very different values for the fitting parameters 

(i.e. Ji!Jz -- --0.80, for both Na2Cu2 Te06 and Na3Cu2Sb06). In addition, their fits to low­

temperature heat capacity data appear to support the AF-F model. 3 

In an attempt to resolve this controversy, further calculations of the various 

exchange pathways was undertaken as well as a deeper analysis of the experimental 

magnetic data. The observed Weiss constants, derived from Curie-Weiss fits to high­

temperature susceptibility data, were compared to the values predicted using the J's 

obtained from the various fits to the low-temperature data.2 

7 .3 Experimental 

Magnetic Measurements 

Variable-temperature magnetic susceptibility data for Na2Cu2Te06 and 

Na3Cu2Sb06 were collected using a Quantum Design MPMS SQUID magnetometer. 

Zero-field cooled (ZFC) and field cooled (FC) data were obtained over the temperature 

range of 5-300 K at an applied field of 750 Oe (Na2Cu2 Te06) and from 2-300 Kat 1000 

Oe (Na3Cu2Sb06). High temperature (300-600 K) susceptibility data were collected 

using an oven insert at 17500 Oe (Na2Cu2Te06) and 1000 Oe (Na3Cu2Sb06). 
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7.4 Magnetic Results and Discussion 

Na2Cu2Te06 

Examination of the high temperature magnetic susceptibility data of Na2Cu2 Te06 

from 400 to 600 K (Figure 7.3) shows adherence to the Curie-Weiss law with a 

temperature independent (Pauli) paramagnetic term (XnP ): x = Cl(T- 0) + XTIP· The 

fitting parameters found are XTIP = 4.0(3) x 10--4 emu/mol, the Curie constant, C = 

0.855(8) emu·K/mol and the Weiss constant, e = -87(6) K. The Curie constant is 

consistent with a 'spin-only' effective magnetic moment, µcff, of 1.85(2) µB per Cu2
+ (S = 

1/2). This gives a Lande g-factor of 2.14(1) for this compound, which is within the range 

expected for Cu2
+. 

The zero-field cooled (ZFC) magnetic susceptibility from 5 to 600 Kand field 

cooled (FC) susceptibility from 5-300 K ofNa2Cu2Te06 are shown in Figure 7.4. There 

is very little difference between the two curves, so for the purposes of discussion, the 

ZFC curve will be considered. At low temperatures (5-35 K), the curve shows a sharp 

increase in susceptibility that can be attributed to a paramagnetic impurity. The main 

feature of the curve is a broad maximum in the susceptibility, which is centered near 160 

K. This is indicative of short range antiferromagnetic (AF) order in Na2Cu2 Te06. 
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Figure 7.3. High temperature inverse magnetic susceptibility ofNa2Cu2Te06. The fit to 
the Curie-Weiss law is the red line. 
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Figure 7.4. ZFC magnetic susceptibility (from 5 to 600 K) and FC susceptibility (from 5 
to 300 K) ofNa2Cu2Te06. 
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The Cu2
+ ions lie in the ab plane (Figure 7.2). Also indicated on this Figure are 

three interaction pathways to consider. Two of these involve a linear chain along the b-

axis, J1and Jz, and one interchain pathway, J 3• Ji involves a super-superexchange 

pathway, Cu-O-Te-0-Cu, with a Cu-Cu distance of 5.817 A and a Cu-0 ... 0 angle of 

approximately 139°. Ji corresponds to a Cu-0-Cu linkage with a considerably shorter 

Cu-Cu distance of 2.858 A and a Cu-0-Cu angle of 91.3°. Finally, J3 also involves a 

Cu-0-Cu pathway with Cu-Cu= 3.214 A and a Cu-0-Cu angle of nearly exactly 90°. 

The spatial dimensionality of the short range order depends on the relative 

magnitudes of the three exchange constants (Table 7.1). To aid in determining these, the 

method of magnetic dimer analysis was applied.6 Here, the extended Ruckel model is 

used to calculate the interaction between the magnetic orbitals, (~e), and the exchange 

constants are estimated from the expression, J ~ -(~e)2/Ueff· As Uerr is constant for a 

given magnetic ion, the trend in ~e is a semiquantitative representation of the trend in J. 

The magnetic orbitals are taken as the d / _ y 
2 orbitals of Cu2

+. The results are presented 

in Table 7.2. The Te orbitals were not included in the calculation of J1• 

Table 7.2. Relative Strengths of Cu-Cu Exchange Pathways in ab Plane ofNa2Cu2Te06. 

Pathway (Ae)2 Relative 
(meV)2 

10200 

3320 

130 

1 

0.33 

0.01 
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Clearly, J3 can be ignored, thus eliminating the honeycomb lattice model. The 

small value of J3 can be understood in terms of the spatial relationship of the magnetic 

dx 2 
-y 

2 orbitals, which lie in the Cu04 plane involving the short Cu-0 distances. These 

planes are essentially parallel in the J3 dimer (Figure 7.2). The relatively large value of J1 

may be attributed to the good overlap geometry of the Cu-0-0-Cu linkage. The Cu-0-

Cu angle of 90° can explain the relatively small J2 value. 

At this stage, an alternating chain model appears to be appropriate and as a first 

effort, the data were fit to the published function7 beginning with Ji!J1 = 0.3. In addition 

to the expression for the alternating chain, a Curie-Weiss term, C/(T - B) was included to 

account for the low temperature upturn as well as a temperature independent term (TIP). 

This model refined to Ji!J1 = 0.10(1) (shown in Figure 7.5) which now suggested that a 

simple dimer (Bleaney-Bowers) model8 should also be tried. 

A fit was attempted using this model yielding a very similar result. The fitting 

parameters for the two models are compared in Table 7.3, suggesting that they are nearly 

equivalent. 

Table 7.3. Comparison of the Fitting Parameters for the Simple Dimer (Bleaney-Bowers) 
Model and the Alternating Chain Model. 

Model g JlkB JiJJ1 
(K) 

Dimer 

Alternating 
Chain 

2.02(1) -130.1(2) 

2.03(1) -134.6(3) 

0.0 

0.10(1) 

c 
(emu·K/mol) 

0.010(3) 

0.0070(4) 

I) 

(K) 

0.72(14) 

1.2(2) 

TIP 
(emu/mol) 

0.00060(1) 

0.00066(2) 
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Figure 7.5. ZFC magnetic susceptibility ofNa2Cu2Te06 between 5 and 300 K (black 
circles). The solid line is the fit to the AF7 AF alternating chain model, including a 
Curie7Weiss and TIP term to model the upturn at low temperatures. Fitting parameters 
can be found in Table 7.3. 
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Figure 7 .6. Comparison of the low temperature fits for the single dimer model (J2/J1 = 0) 
[left] and the alternating chain model (J2/J1 = 0.10(1)) [right]. 
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However, a further test comparing the low-temperature fits to the experimental data for 

the two models (Figure 7.6) indicates that the alternating chain model appears to be 

slightly better. This is reasonable as only at low temperatures will the effect of a small 

but finite J2 be manifest.9 In conclusion, the magnetic short-range order present in 

Na2Cu2 Te06 is best described as weakly one dimensional, an alternating chain with J1/J1 

"'0.1, although the zero dimensional dimer model is nearly as good. 

Finally, it is possible to estimate the so-called "spin gap'',~' which is the effective 

energy difference between the ground singlet, S = 0, state and the lowest excited triplet 

state, S = 1, from the relationship10
: 

~ = J1 (1 -J21J1)314(1 + J1/J1) 114 7.1 

to be 127 K. Thus, one would not expect long-range order to develop in this material at 

low temperatures. 

Na3Cu2Sb06 

The high temperature inverse magnetic susceptibility data ofNa3Cu2Sb06 from 

310 to 600 K (Figure 7.7) fit very well to the Curie-Weiss law. The fitting parameters are 

C = 1.019(4) emu·K/mol for the Curie constant and{}= -55(2) K for the Weiss constant. 

This Curie constant corresponds to an effective magnetic moment, JJcrr, of 2.02(1) µB per 

Cu2
+ (3cf, S = 112 ). This is higher than spin only value of 1. 73 µB, which is typical 

behaviour for Cui+. The negative value for the Weiss constant is indicative of 

predominant AF interactions. 

Concerning the low temperature data (2-300 K), since there was no significant 

difference between the ZFC and FC data sets, only the ZFC data will be considered for 
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the purposes of discussion (Figure 7.8). The sharp increase in susceptibility at low 

temperatures (2-19 K) can be attributed to a paramagnetic impurity. A broad maximum in 

the susceptibility is present near 92 K, which is indicative of the low-dimensional, short 

range antiferromagnetic nature of the magnetism of this compound. 

Due to strong similarities with the data for the tellurate, the AF-AF alternating 

chain model was applied in this case as well. A Curie-Weiss term was added to model the 

sharp upturn at low temperatures. This should not be confused with the Curie-Weiss fit of 

the high temperature data. As well, a temperature independent term, xr1P , was added. 

The following function was employed: 7 

Ng 2 µ~(A+ Bx+ Cx2
) Cimpurity 

% M = 2 3 + + X TIP 
k8T(I + Dx +Ex + Fx ) T - Bimpuri~r 

7.2 

where g is the Lande g-factor; Nµp. 2/ks = 0.375; x = IJ1llksT and the constants are as 

follows (with a= J1/J1 and 0 ~ a ~ 0.4): 

A= 0.25 

B = -0.12587 + 0.22752a 

C=0.019111-0.13307a+0.50967a2
- l.33167a3 + l.0081a4 

D = 0.10772 + l.4192a 

E = -0.0028521 - 0.42346a + 2.1953a2 
- 0.82412a3 

F= 0.37754- 0.067022a + 6.9805a2 
- 21.678a3 + 15.838a4 
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Figure 7.7. High temperature inverse magnetic susceptibility ofNa3Cu2Sb06. The fit to 
the Curie-Weiss law is the red line. 

0.006 

~ 
0 0.005 
5 -..... = 
~ 0.004 .._. 
c .... 
:E 0.003 .... ..... c. 
~ 

; 0.002 
r:J:J. 

0.001 

0 50 100 150 200 250 300 

Temperature (K) 

Figure 7.8. ZFC magnetic susceptibility ofNa3Cu2Sb06 between 5 and 300 K (black 
circles). The solid line is the fit to the AF-AF alternating chain model, including a Curie­
Weiss and TIP term to model the upturn at low T. Fitting parameters are in Table 7.4. 
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This is a general model, which includes the OD dimer with a= 0 and simple lD chain 

with a= 1. The fit to the ZFC data is shown in Figure 7.8. The parameters are 

summarized in Table 7.4, which includes the results for the tellurate material for 

comparison. 

Table 7.4. Obtained Values from the AF-AF Alternating Chain Model Fit to ZFC 
Susceptibility Data ofNa2Cu2Te06 and Na3Cu2Sb06. 

Compound g IJ1VkB a c (} %TIP 

(K) (emu·K/mol) (K.) (emu/mol) 

Na2Cu2 Te06 1 2.03(1) -134.6(3) 0.10(1) 0.0070(4) 1.2(2) 0.00066(2) 

Na3Cu2Sb06 1.972(6) -79.6(6) 0.39(1) 0.027(1) -2.3(1) 0.00022 

The values for the antimonate material are in good agreement with those obtained by 

Miura et al. for the same model. 3 

Extended Huckel Tight Binding Magnetic Dimer Model 

At this stage, computational estimates of the various J's are needed in order to 

interpret these results. In previous work on the tellurate material, 1 the extended Hiickel, 

spin dimer analysis6 was employed. In these computations the inter site hopping energy, 

(8e), is estimated using the CAESAR package. 11 Assuming that J ~ (8e)2/Ue./fand that Ueff 

is constant, the relative magnitude of the various J's can be determined. Calculations on 

the spin dimer model for the antimonate yielded the results shown in Table 7 .5 which are 

compared with those reported for the tellurate. 1 
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Table 7.5. (Ae)2 for the Various Exchange Pathways in Na2Cu2Te06 and Na3Cu2Sb06 
Calculated Using the Spin Dimer Model. 

Na2Cu2Te06 Na3Cu2Sb06 

Pathway 
(Ae)2 

Relative 
(Ae)2 

Relative 
(meV)2 (meV)2 

Ji 10200 1 5224 1 

Ji 3320 0.33 295 0.06 

J3 130 0.01 16 0.003 

Note that in both compounds, J 1, which involves the longest Cu-Cu pathway is, 

nonetheless, the largest interaction by far. Second in magnitude is Ji of order,.... 0.1 of Ji, 

while J3 is much smaller:,...., 0.01 of J 1• Comparing the tellurate and antimonate phases the 

calculated J1 (Sb )/J1 (Te) ratio is 0 .54 compared to the experimental ratio of 0. 5 9, which is 

an acceptable agreement. However, the observed and calculated J 1/J2 ratios ("a" in Table 

7.4 and "Relative" in Table 7.5) are in poor correspondence. 

As mentioned, Miura et al. 3 have studied the magnetic behaviours of both 

Na2Cu2 Te06 and Na3Cu2Sb06. They have pointed out, correctly, that it is very difficult to 

distinguish between the AF-AF and AF-F alternating chain models based solely on the 

fitting of the low temperature susceptibility data. Furthermore, it was argued that analysis 

of the magnetic component of the specific heat data can be used to discriminate between 

the two models and these data were interpreted in favour of the AF-F model with J 1 and 

J2 of comparable magnitudes (a -- - 0.8). This approach is not without difficulty. In 

particular, the isolation of the magnetic contribution from the total specific heat can be 

problematic, as a good lattice match material is needed, given that the magnetic 

contribution to the specific heat extends to rather high temperatures. For this purpose 
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Na3Zn2Sb06 was chosen, which is isostructural with Na3Cu2Sb06 but of course there is 

no static Jahn-Teller distortion at the Zn2
+ site, which will influence the phonon spectrum 

and introduce some uncertainty into the subtraction procedure. 

Apart from these potential experimental difficulties, it should be noted that neither 

computational method predicts a J2 that is of comparable magnitude to Ji with either sign 

for both materials. As well, there exists a rather simple experimental test that can 

distinguish between the AF-AF and AF-F linear chain models for these materials. By 

analysis of the high temperature susceptibility, the models can be compared to the mean 

field result for the Weiss temperature, Be. In the high temperature regime (T > 300K), the 

Curie-Weiss law describes the data very well. The relationship between the Weiss 

constant and the various exchange constants, Jm, is well-known and given by: 12 

B = 2S(S + 1) -f J 
3k L..i 2 m m 

B m=l 

7.3 

where B is the Weiss constant, Zm is the number of m'h nearest-neighbours of a given 

atom, Jm is the exchange interaction between mth neighbours and N is the number of sets 

of neighbours for which Jm i- 0. For both systems with S = 112 and z1 = z2 = 1 (i.e. 

neglecting the J3 contribution), the relationship is simplified to: 

7.4 

In Table 7.6, the observed Bvalues are compared with those derived from equation 4 and 

the J's obtained from the fits to the low temperature data with both the AF-AF and AF-F 

linear chain models. 
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Table 7.6. Comparison of Observed and Calculated Weiss Constants (B) for the AF-AF 
and AF-F Linear Chain Models for Na2Cu2Te06 and Na3Cu2Sb06. 

AF-AF AF-F AF-AF AF-F 

J1/k (K)* -135 -136 -80 -83 

Ji/k(K)* -14 108 -31 105 

Beale (K) -75 -14 -56 11 

Bobs (K) -87(6) -87(6) -55(2) -55(2) 
*Note that in Miura et. al. 3 the exchange Hamiltonian is written as J(S; · S1) whereas, in 
Xu et. al. 1 and Derakhshan et. al. 2 -2/(Si · Sj)is used. Therefore, the J values quoted in 3 

will be of the opposite sign and of twice the magnitude as those in 1 and 2• The values in 
this table have been converted accordingly. 

Clearly, the AF-AF linear chain model is in much better agreement with the 

observed Weiss temperatures for both materials. In fact, the value derived from the AF-F 

model for the antimonate is actually of the opposite sign to that experimentally observed. 

7 .5 Conclusions 

The magnetic investigation of the new quaternary layered transition-metal oxide, 

Na2Cu2Te06, synthesized by the Kleinke group at the University of Waterloo, was an 

interesting examination of short-range, low-dimensional magnetic order. 1 The magnetic 

susceptibility shows Curie-Weiss behavior at high temperatures with a reasonable 

effective moment of 1.85(2) µ 8 per Cu2
+ ion and a Weiss constant, Sc, of -87(6) K, 

indicating dominant antiferromagnetic correlations. A broad maximum at 160 K is 

interpreted as short-range one-dimensional antiferromagnetic (AF) correlations. This 

short-range order was analyzed in terms of an alternating chain model, with the surprising 

result that the stronger intrachain coupling involves a super-superexchange pathway with 
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a Cu-Cu separation of>5 A. The Ji/J1 ratio within the alternating chain refined to 

0 .10( 1 ), and the spin gap is estimated to be 12 7 K. 

The analogous compound, Na3Cu2Sb06, was synthesized at McMaster University 

in the Greedan lab and its magnetic properties investigated. 2 Again, a broad peak in the 

magnetic susceptibility data (in this case, near 92 K) indicated dominant short-range, 

low-dimensional AF behaviour. The data fit very well to an AF-AF alternating linear 

chain model with Jilk= -79 Kand h/J1 = 0.39. High temperature data(> 300 K) 

exhibited Curie-Weiss behaviour with 0c = -55(2) K, also indicating dominant 

antiferromagnetic interactions. 

Another group investigated both of these compounds and reported that an AF­

ferromagnetic (F) linear chain model gives equally good agreement to the low 

temperature data and included analysis of heat capacity data that also supported the AF-F 

model. 3 It is interesting to note that because the one antiferromagnetic interaction is so 

dominant (from calculations on these systems by all of the groups involved), the 

magnitude and even the sign of the second, less dominant pathway is extremely difficult 

to unambiguously determine. In fact, as previously mentioned, Miura et. al. 3 have 

pointed out that it is very challenging to distinguish between the AF-AF and AF-F 

alternating chain models based solely on the fitting of the low temperature susceptibility 

data alone. Only through experimental data fitting, combined with calculation and other 

experimental data, can more definitive conclusions be drawn. 

It is in this way that Derakhshan et. al. demonstrated the Weiss constants derived 

from the high temperature experimental data could be used to distinguish between the 
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AF-AF model and the AF-F model.2 On the basis of both analyses (low temperature 

susceptibility fitting, as well as high temperature Weiss constants), it can be concluded 

that the AF-AF alternating chain is the appropriate model for both compounds. 
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Chapter 8 

Conclusion 
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8.1 Conclusions 

New oxides with the "pillared perovskite" structure were synthesized and 

characterized. Based on the perovskite structure type, these new materials possess layers 

of discrete magnetic ions, separated by large distances connected by convoluted magnetic 

superexchange pathways. Nonetheless, through the diamagnetic pillaring unit, long­

range magnetic order was observed for most of these compounds. The use of a multitude 

of techniques (such as powder X-ray diffraction, SQUID magnetometry, heat capacity 

measurements and variable temperature powder neutron diffraction) was required to 

elucidate as much information about these new substances as possible. 

The candidate undertook a more definitive study of two previously known 

compounds (LasRe3Co016 and LasRe3Ni01 6)
1
, and the synthesis and characterization of a 

new family of compounds based on this structure type. An important result was the 

observation of a new magnetic structure for the Ni member - the first of its kind for any 

pillared perovskite material. In addition, the longer, more convoluted interplanar 

exchange pathway through the diamagnetic "pillar" was shown to play an important role 

in the overall magnetic ordering of these compounds. 

As well, a new family of pillared perovskite compounds was synthesized and 

magnetically characterized. By varying the 3d transition metal, the effect of the spin 

quantum number S, on the resulting magnetism could be studied. One set of four new 

materials was realized through substitution of magnetic Re5
+ within the perovskite layers 

with diamagnetic Ta5
+. There were significant synthetic challenges that arose in the 

investigation of LasRe3_xTaxB016 (B =Mn, Fe, Co, Ni), and detailed microscopic studies 
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to determine the extent of the Ta5
+ substitution using SEM-EDS and TEM-EDS were 

undertaken. In addition, a Nb5
+ compound (LasRe3-xNbxMn016) was also synthesized 

and fully characterized by powder X-ray diffraction and SQUID magnetometry, as well 

as SEM-EDS and TEM-EDS, in an attempt to discern the extent of substitution on the A5
+ 

site within the perovskite layers of these compounds. Despite these synthetic difficulties, 

pillared perovskite materials LasRe3_xTaxB016 (B =Mn, Fe, Co, Ni; x,..., 0.5) were 

generated and analyzed using powder X-ray and variable temperature neutron diffraction, 

SQUID magnetometry and heat capacity measurements. The Ta-based system was very 

similar to the all Re-based pillared perovskites studied previously, with approximately the 

same critical temperatures for long-range magnetic ordering with the same B2
+ ion, 

similar metamagnetic transitions and the same ordered magnetic structures. These data 

corroborated the idea that the longer interlayer superexchange pathway through the 

diamagnetic "pillar" is important in determining the overall magnetism of the pillared 

perovskite system. This series represents the first attempt at substitution of the A5+ cation 

in a pillared perovskite. 

Continuing the theme of researching interesting, supposedly low-dimensional 

compounds that magnetically order, a lanthanum rhenium oxide based on the dimeric 

"pillar" of the pillared perovskites was investigated.2 The material, La3Re20 10, was 

synthesized for the first time as a phase-pure powder using conventional solid state 

methodologies. In this compound, there is one unpaired electron delocalized within the 

Re20 10
9
- unit. Measurements of the magnetic properties showed that this material 

exhibits both short- and long-range order, with the former setting in at about 18 K. 
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However, the magnetic structure could not be determined by unpolarized powder neutron 

diffraction. Based on experimental fits of the susceptibility to a low-dimensional linear 

chain model, and theoretical investigations of the character of the metal-metal bonding 

orbitals and spin exchange interactions, the long-range structure was postulated to consist 

of antiferromagnetic 1-D chains which couple together antiferromagnetically. This 

investigation highlights the complementary relationship between experimental 

observation and theoretical calculations, as the insight gained through DFT modelling 

and EHTB spin dimer analysis led to a deeper understanding of the magnetic behaviour 

of La3Re2010. 

The double perovskite, SrLaRuNi06, was also synthesized and its magnetic 

properties studied. Unfortunately, the presence of a small amount of ferromagnetic 

SrRu03 impurity dominated the bulk magnetic data. However, low temperature powder 

neutron diffraction measurements were able to determine the critical ordering 

temperature for the material. This study showed the power of neutron diffraction in the 

investigation of magnetic materials, where interpretation of bulk magnetic data can be 

hampered by a ferromagnetic secondary phase. 

The candidate also collaborated with other researchers, investigating the magnetic 

properties of the low-dimensional, ordered rock-salt oxides, Na2Cu2 Te06 and 

Na3Cu2Sb06.
3'4 Interestingly, although the magnetic Cu2

+ centres are arranged in a 

hexagonal "honeycomb" type array, the short-range magnetic order consists of an AF-AF 

alternating chain. These findings are still the subject of some controversy in the 

literature, as other experimental and theoretical groups researching the strengths of the 
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various superexchange pathways propose alternative models of the magnetic behaviour in 

these compounds. 5•
6 The candidate's contribution has sparked much healthy debate and 

lively discussion regarding the nature of low-dimensional order within these materials. 

Overall, this thesis reflects the candidate's extensive work on the synthesis of new 

transition metal oxide compounds and comprehensive magnetic characterization. Despite 

large distances between magnetic centres and convoluted magnetic superexchange 

pathways (often through diamagnetic centres), long-range order was observed in many of 

these systems. This body of work highlights the importance of continued research into 

the solid state synthesis of new materials and investigation of their magnetic properties. 

Often, interesting, unexpected and novel magnetic behaviour is observed, adding to the 

knowledge and understanding of the fascinating physical phenomenon of magnetism. 

8.2 Future Work 

There are some obvious extensions of this body of work, particularly in the area 

of pillared perovskites. As this is the first time substitution of the A5
+ cation in a pillared 

perovskite was attempted, there are many opportunities for further research in expanding 

this structure type. Only the Mn member of the LasRe3_xNbxBOt 6 series was synthesized 

and partially characterized. As with the La5Re3-x TaxB016 series, the dependence of the 

magnetism on the spin quantum number (S) could be studied by changing B to Fe, Co or 

Ni. X-ray powder diffraction, SQUID magnetometry, variable temperature powder 

neutron diffraction and heat capacity measurements could all be performed to verify the 

structure and study the properties of these new compounds. 
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Another extension of the pillared perovskites could be substitution of a 4+ cation 

(such as Ti4+) within the perovskite layers. Without changing the starting stoichiometry, 

this would result in one extra electron in the pillared perovskite system, which would be 

expected to reside within the metal-metal bonded dimer 'pillars'. One extra, unpaired 

electron within the dimers would make them paramagnetic, and could have a significant 

impact on the resulting magnetic properties of the synthesized compounds. For example, 

the layers are normally coupled antiferromagnetically through the diamagnetic pillars. 

Once paramagnetic, would the dimers then participate in the coupling, so the layers are 

now coupled ferromagnetic with respect to each other? 

Preliminary results of a series ofLa5Re3_x TixB016 (B =Mn, Fe, Co, Ni, Mg) 

suggest that this is not the case. Again, synthetic studies (X-ray/neutron powder 

diffraction, SEM-EDS, TEM-EDS) indicate that only partial substitution ofTi4
+ (x ~ 0.5) 

within the perovskite layers occurs. However, magnetically, all compounds have about 

the same critical temperatures as their La5ReJR0 16 analogues. Interestingly, it appears 

that the Mn member has the same magnetic structure by powder neutron diffraction as 

well. No magnetic peaks were visible in the other series' members, however, that may be 

due to poor sample crystallinity and weaker values of the moments, rather than the 

absence of any magnetism. Further study and refinement of this series should prove to be 

very interesting. 

An expansion of the research involving the magnetically unusual lanthanum 

rhenium oxide, La3Re20 10 could be the successful solid-state synthesis of its osmium 

analogue, La30s2010. All attempts at generating La30s20 10 thus far have led to the 



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 230 

destruction of the quartz tube containing the reaction and a multitude of products along 

with the desired phase. The best oxidizing agent for this reaction has been Ag20 and 

continued synthetic efforts to generate a pure phase compound could yield a positive 

result. Magnetic characterization of La30s2010 could generate some interesting and 

unexpected phenomena. 

Much research has already been done in the area of Ru-based double perovskite 

compounds, however, one extension of this chemistry could be the substitution of other 

Af+ (such as Mn, Fe and Co) for Ni2+ in SrLaRuNi016• In addition, double perovskites 

are related to pillared perovskites. Both have layers of comer-shared octahedra, however, 

in the pillared perovskite, these layers are separated by edge-shared octahedral dimer 

'pillars'. In double perovskites, the layers are connected directly. Maintaining the same 

charges on the two metal sites (5+ and 2+) in the double perovskite should lead to 

octahedral site-ordering within the layers as well, and the newly generated compounds 

would serve as a more 'condensed' version of the pillared perovskites studied. The 

synthesis and magnetic characterization of double perovskites such as SrLaReM016 (M = 

Mn, Fe, Co, Ni) and SrLaReo.5 Tao.sM0 16 (M =Mn, Fe, Co, Ni) would be a novel look at 

the 'pillared' perovskites without any pillars! 
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