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Chapter 3 

Magnetic properties of Nd2_xCexCuOz 

3.1 Introduction 

The R2CUO4 (214) parent compounds of the high-Tc superconductors are commonly 

viewed as quasi two-dimensional (2D) systems with a strong Cu-Cu exchange inter

action in the C11O2 plane and a relatively weak Cu-Cu interplane interaction. This 

is known to result in an antiferromagnetic long-range ordering of the Cu spins in the 

plane with a Néel temperature (Tjv) in the temperature range 250 - 320 K [1], In gene

ral, the R-Cu exchange coupling is weaker than the coupling within the Cu sublattice 

but stronger than the R-R coupling. 

Concerning the R sublattice, it is worthwhile to recall the well-established fact 

that the presence of rare-earth elements in the 214 compounds favors the T ' type of 

structure. The interaction of the 4 / electrons of the rare-earth ion with the electric 

field produced by the charge distribution around the ion can give rise to large magnetic 

anisotropics. The effect of this field, hereafter termed the crystal field (CF), has been 

observed in inelastic neutron scattering, Raman spectroscopy, infrared spectroscopy, 

specific heat and magnetic susceptibility data (see Ref. [2] and references therein). 

Therefore, the CF effect is often used as a probe for the intrinsic properties of the 

system. 

Among the 214 family, Nd2Cu04 is a unique and interesting system. It exhibits 

spin reorientation transitions in the Cu magnetic sublattice at 30 K and 75 K [3. 4] 

and an ordering of a non-collinear magnetic structure in the Cu sublattice [5]. The 

magnetic moment of Cu is about 0.4 /iß in the whole range of temperature up to Tjv 

while the magnetic moment of Nd is about 1.3 ßß at 0.3 K. The ordered moment 

decreases with increasing temperature [4]. The influence of the Cu sublattices on the 

Nd moment has been observed by neutron scattering experiments [6, 7], as well as by 

optical spectroscopy [8, 9]. The exchange interaction between Nd and Cu in Nd 2 Cu0 4 

has been the subject of intense experimental and theoretical studies because of its 

contribution to the intriguing magnetic properties of this compound including the spin 

reorientation transitions. 
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The addition of charge carriers into the parent compound Nd 2 Cu0 4 by means of 

Ce doping alone, without reducing the oxygen concentration, has induced interesting 

changes in its properties such as the line-broadening of the inelastic neutron scattering 

spectra [10, 11, 12], a metallization effect [13], a structural change [14, 15], a multiple 

peak structure in optical spectroscopy [16, 17] and a reduction of the Cu molecular 

field [18]. Some of these findings have still to be explained. Another subtle issue to be 

addressed is the controversy between the neutron study [19] and the ß-SR measurement 

[20] over the persistence of antiferromagnetic ordering of Cu with respect to Ce doping. 

In the following' section, the CF interaction of the 4 / electrons of Nd3 + in as-grown 

Nd2Cu04 as well as its Ce doped species will be presented. The CF model is fitted 

with the infrared spectroscopic data of the undoped system to yield a complete set 

of CF parameters [21]. For the Ce-doped sample, two different sets of CF parame

ters corresponding to two different sites of Nd ions induced by the dopants [16, 22] 

are determined on the basis of a local crystallographic deformation [14, 15]. For the 

study of the Kramers doublet in the case of the undoped sample, an anisotropic ex

change interaction is introduced in terms of a single electron spherical tensor operator 

which is applicable to all the 4 / 3 + configurations of Nd3 + . A least square fit of the 

observed doublets by this operator will be shown to provide a good description of the 

splittings [23]. In the case of the Ce-doped sample, the splittings of Kramers doublet 

are observed in the "environment" of the Cu sublattice, like in the undoped case. It 

will be argued that in the doped sample, the splittings of the Kramers doublet can be 

used as a signature of the persistence of antiferromagnetic ordering [17]. A correlation 

between the sites created by the Ce doping and the electrical properties will be dis

cussed. In the last section, the temperature dependence of the magnetic susceptibility 

of Nd2-.rCexCu04_,5 will be presented. 

3.2 CF at Ndd+ sites in N d 2 _ , C e r C u 0 4 s 

The magnetic properties of R2Cu04 are strongly influenced by the incomplete 4 / -

shell of the rare earth atom. Due to the strong shielding by the outer 5s and 5p 

electrons, the CF represents merely a perturbation of the free-ion 4/-shell state and 

the ionic magnetic moment can be considered localized as well. 

The effect of CF which is produced by the charge distributions around the 4 / 

electron at position r ; is represented by 
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where p(r') is the charge density of the surrounding electrons. The sum is to be 

taken over all the 4 / electrons of the ion. The factor \r{ - r' | is expanded in spherical 

harmonics. After carrying out the radial integration. Eq. (3.1) can be written in the 

factorized form as follows 

k 

/here 

k q=-k i 

A? = e(-iy J ^ fir. 

~k\R4f\
2r2dr (3.3) < n > = rt I A4 ƒ 

and 

\ 

The effects of external charge on the 4 / electrons and the average of the radial part are 

represented in A*k and < rk >. respectively. The spherical harmonic, Yk. is written 

in the normalized form c\ with fi, = {6i: fa) stands for the angular coordinates of the 

rector r,. By using the Wigner-Eckart theorem, the geometrical dependencies of the 

operator ck(fl) can be factored out and replaced by a tensor operator, C(k). The crystal 

field Hamiltonian can be written as 

ffCF = £Bfc?Cf (3-5) 
k.q 

where Bkq = A*k £ , < rk > will be called the CF parameters, which describe the CF 

interaction in the compound, and the tensor operator. Cf\ operates for the f-electrons. 

The matrix elements of C*f > within the 4 / configuration are calculated within the free-

ion states characterized by the quantum states \aSLJJz >, where a represents the set 

of quantum numbers necessary to distinguish states of the same L and S. The formulae 

used to calculate these matrix elements are given in appendix A. The CF Hamiltonian 

in Eq.(3.5) has the advantage compared to the Stevens operator equivalents that it 

takes into account the J mixing, i.e. the mixing of different free-ion levels by the CF 

interaction. 

In the case of the Nd3 + ion, the orbital quantum number, I, is 3, the sum over fc 

is different from zero only for k = 2, 4 and 6. In view of the tetragonal symmetry 

of Nd3 + ion in Nd2_xCe : rCu04. which expresses the existence of a four-fold axis of 

rotation about the z axis at the R site, the sum over q is nonzero if g/4 is integer or 

zero for the four-fold axis of rotation . Therefore, for the Nd3 + ion in this symmetry. 

Boo, B_i0. S.«, Bm. and B64 are the CF parameters to be determined. 
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Multiplet Symmetry Experiment Theory 

r6 0 -1 

r7 119 119 
4T 

h/2 r6 168 171 

r7 216 215 
r6 747 748 

r6 1995 1993 

r6 2006 2004 

r7 2013 2008 
4T 
^11/2 r7 2077 2080 

r6 2383 2384 

r7 2414 2414 

r6 3918 3918 

r7 3924 3921 

r6 3950 3951 
4T 
il3/2 r7 3964 3965 

r6 4329 4333 

r7 4338 

r- 4410 4412 

r7 5754 5756 

r7 5824 5828 

r6 5868 5865 
4 T 
J-15/2 r6 5914 5914 

r6 6400 6395 

r- 6460 

r7 6570 6571 

r6 6585 6585 

Table 3.1: Nê+ ion CF levels (in cm. l) in NdqCuOi as observed experimentally and 
calculated with the CF parameters of Table 3.2 [21] 
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CF parameter NdsCuO, 

-B20 -335(22) 
-B40 -2219(33) 
B44 1634(22) 
Beo 224(12) 
Bë4 1494(9) 

Table 3.2: The CF parameters (in cm l) obtained from, the infrared measurement. The 
brackets indicate the uncertainty [21]. 

3.2.1 U n d o p e d case : N d 2 C u 0 4 

There are now available several sets of CF parameters obtained from different spec

troscopic data reported in the literature (see Ref. [9] and references therein). They 

differ nevertheless in absolute values and in signs. These discrepancies are to be as

cribed to incomplete experimental information on the CF splitting. Recently, 24 out 

of 26 doublets of the CF excitation energy associated with the AI multiplet have been 

identified from infrared spectroscopies [21]. This new finding complements previous 

neutron and Raman studies where fewer CF levels were observed. These levels are 

listed in Table 3.1 along with the result of fitting of these observed levels by Eq.(3.5) 

with the corresponding CF parameters given in Table 3.2. These parameters resolve 

the controversy with the results of other studies. 

3.2.2 Ce doping case : Nd 2 _. T Ce a .Cu0 4 

The observation of the CF effect in the Ce doped Nd2Cu04 parent compound has 

stimulated the use of CF as a probe to investigate the normal state properties of 

the T' superconductor. Adding extra charges to the undoped compound results in 

a line-broadening of the inelastic neutron scattering spectra. It was agreed that the 

broadening of the excitation spectra is due to the presence of different local electric 

field environments on the Nd3 + sites. Correspondingly, there are different sets of CF 

parameters describing each environment. Among the newly created sites, there is a 

set of CF parameters which is also found in the undoped compound. This site is later 

called the unperturbed site. While the other site later will be referred as the perturbed 

site. 

In the Ce doped case, Furrer et al. [11] interpreted this result in terms of different 

charge distributions. Boothroyd et al. [12] claimed that the two sets of parameters 

given by Furrer et al. do not describe adequately the observed spectra. Firstly, the 
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energies of some of the transitions in Ndi.85Ceo.i5Cu04 are too low to justify the use 

of the Nd 2 Cu0 4 parameters to describe the undisturbed Nd3 + sites. Secondly, the 

parameters describing the disturbed sites lead to a reduction of the ratio between the 

intensities of the 26.5 meV (~ 214 c n r 1 ) and 20 meV (~ 162 cm - 1 ) transitions, con

trary to what was observed experimentally. Boothroyd et al. also showed that the set 

of parameters proposed by Balakrishnan et al. obtained from the magnetic suscepti

bility for Nd1.85Ce0.i5CuO4 [24] failed to reproduce the intensity ratios of the measured 

transitions in their experiment. In the meantime, Jones et al. [13] observed an inho-

mogcneous broadening in the optical spectra, but they did not detect any CF induced 

changes in the transitions frequencies. While Stadiober et al. [25] concluded that the 

doping only shifted some of the transitions energies without generating inequivalent 

sites. 

More recently, Jandl et al. [16] have observed a multiple peak structure in Ndx.gs 

Ce0a5CuO.4 in electronic Raman scattering data and later in the infrared spectra [17]. 

Being able to eliminate the effect of sample imperfection, the result confirms the exis

tence of different environments for Nd3 + ions in Ce doped sample. In order to explain 

the origin of the different environments, the local deformation of the crystallographic 

structure as investigated by neutron diffraction [15] is adopted [22]. The local deforma

tion is investigated by the pair distribution function analysis of the neutron diffraction 

data. The local deformation can not be seen by the laboratory X-ray diffractometer 

discussed in chapter 2. The result from the neutron diffraction showed that on the 

basis of the Cm2i space group. 40 % of the Nd3 + ions are located in the undisturbed 

domains, and the remaining 60 % of the Nd3 + ions are divided among three inequivalent 

sites of Ci and C s symmetry in the disturbed domains. The disturbed domains involve 

the oxygens in the C u 0 2 planes whose prominent feature is a vertical displacement 

of the in-plane oxygens of about 0.1 A. On the basis of a superposition model that 

neglects ions situated outside the coordination polyhedron of the Nd3 + ion [26], the CF 

interaction in the above symmetry sites can be described by the tetragonal symmetry 

Hamiltonian. As a result, the CF parameters of the Nd3 + ions at the perturbed sites 

can be expressed in terms of those available on the unperturbed site. Although the 

experimental result on the local structure deformation predicts three disturbed sites, 

the infrared absorption data show only one perturbed site. A comparison between the 

superposition model calculations and the experimental infrared data indicates that the 

perturbed sites only belongs to the Ci symmetry [17]. The resulting CF parameters 

for the undisturbed and the disturbed sites are summarized in Table 3.3. Similar in-

equivalent sites for the CF are also found in Prj.gsCeo.isCuOj by Raman spectroscopy 

[27. 28] and by inelastic-neutron-scattering [29] as well as in ErBa2Cu306+<5 [30]. 
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CF parameter Site I Site II Nd 2 CuO, 

B20 -226(18) -226 -335(22) 
B40 -2323(35) -2188 -2219(33) 
Bu 1567(31) 1537 1634(22) 
Beo 218(7) 245 224(12) 
B64 1525(6) 1472 1494(9) 

Table 3.3: The CF parameters in crrT1 for different local environment of the Nd?+ 

ion in Ndi.^Ceai^CuOi. Site I corresponds to the unperturbed site while site II is 
influenced by the Ce doping. For a comparison, the CF parameters of the Nd2CuOn 
are listed in the last column. The brackets indicate the uncertainty [17]. 

3.3 Kramers doublet splittings in Nd2-a;CexCu04_(5 

3.3.1 U n d o p e d case : N d 2 C u 0 4 

It is known that the 4 / 3 energy levels of Nd3 + in Nd 2 Cu0 4 remain 2-fold degenerate 

according to Kramers theorem [31]. The splitting of the Kramers doublet is only 

possible by means of magnetic interactions. The Raman study on the splitting of the 

ground state ( 4 ± 1 cm - 1 ) has confirmed that the splitting is due to the Cu molecular 

field [8]. This provide sufficient information to resolve the controversy found in the 

studies of the Kramers doublet on the basis of inelastic neutron scattering data. While 

Boothroyd et al. [12] argued for the presence of the splitting based on their molecular 

field analysis by taking into account the magnetic ordering of Cu ions. Hoffmann et al. 

[32], as well as Loong and Soderholm [33] claimed that the magnetic ordering of Cu 

has no measurable effect on the CF splitting of the Nd3 + energy levels. The result of 

the Raman study is further confirmed by a study of infrared spectroscopy [34], where 

splittings of the Kramers doublets of the order of few c m - 1 in the J = 9 / 2 , 11/2. 13/2 

and 15/2 multiplets were clearly observed (4th column in Table 3.4). The observation 

of kinks in the temperature dependence of these doublet splittings at 30 K and 75 

K as well as the detection of the individual spin reorientation transitions in the Cu 

magnetic sublattice at the same temperatures [34] are both additional manifestations 

of the Nd-Cu coupling. The spin reorientation transitions have been examined using 

a mean field model within which the isotropic part of the exchange term vanishes for 

symmetry reasons. The anisotropic interaction arising from the orbital degeneracy of 

the Nd3 + ions is represented by a pseudodipolar term [2]. An analysis of the above 

mentioned doublet splittings [34] revealed that the dominant contribution to the Nd-
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Cu coupling is provided by the anisotropic terms in the exchange Hamiltonian, in 

qualitative agreement with Sachidanandam et al. [2]. 

Anisotropic exchange interaction 

The single ion perturbation Hamiltonian used to analyze the splittings of the Kramers 

doublet in Nd2Cu04 consists of the CF and the exchange interaction. 

H = HCF + Hexch- (3-6) 

Since the splittings are investigated at 4.2 K, that is above the ordering temperature 

of the Nd sublattice (~ 1.2 K), the contribution of the molecular field from Nd is small 

compared to the molecular field from Cu. Therefore, the exchange Hamiltonian will 

be described by the interaction between the molecular field generated by the Cu spins 

at the Nd site. The interaction between the Nd - Nd spins will be neglected. 

In the following, we first show that an isotropic mean-field approximation, fre

quently used in similar studies, is entirely inadequate in our case. Using this approxi

mation we can write 

Hexch = ßBhexgsS. (3.7) 

hex is the effective exchange field from the Cu-sublattices. acting on the spin S of the 

Nd3 + ion. Within the J multiplet, Eq.(3.7) can be expressed in terms of J, 

fl«* = ßBhmol(J)gjJ (3.8) 

where J is the operator of the total angular momentum of the Nd 3 + . g.j is the Lande 

factor and hmol(J) is the molecular field from the Cu spins. The relation 

hmol{J) = ^(gj - l)hex (3.9) 
9.J 

holds where gs = 2.0023 and hex is the effective exchange field mainly contributed 

by spins from the Cu-sublattices. Jandl et al. fixed hex to be 5.7 T, in order to fit 

the observed splitting of the above value of the ground state [34] to their experimental 

splitting of the ground state Kramers doublet (~ 5.5 cm - 1 ) and the magnetic moment of 

Nd (~ 1.3 HB) at 0.4 K [4]. A corresponding prediction for the doublet splittings using 

Eqs.(3.8-3.9) is displayed in the 5th column in Table 3.4. It is interesting to note that 

the relative direction of the molecular field hmcl is determined by the sign of the factor 

( f l j -1) in Eq. (3.9). The gj and the \hmol\ values are 0.73, 0.965, 1.108, 1.201 and 4.22 

T. 0.41 T. 1.11 T. 1.9 T for J = 9 /2.11/2.13/2 and 15/2. respectively. This means that 

hm°l varies in both magnitude and relative direction from one J multiplet to another. 

Beside the anisotropy imprinted by the CF, the significant variation in \h \ values 

causes that the predicted splitting of the doublets within the I multiplets to be non-
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uniform. In particular, the variation of the splittings exceeds an order of magnitude for 

J = 11/2. The discrepancy between the predicted doublet splittings and the observed 

splittings for J = 11/2 is clearly an evidence that the isotropic form of the exchange 

interaction in Eq. (3.8) is inadequate to describe the exchange interaction between Nd 

and Cu in the Nd2Cu04 compound. The inadequacy of the isotropic approximation for 

the exchange interaction in Nd2Cu04 demonstrates the well known but often ignored 

fact that the exchange Hamiltonian has to be in general extended by anisotropic terms 

(see. e. g.. Refs. [35, 36] ). The anisotropy of the coupling is associated in our case 

with the orbital moment of the /-electrons involved. 

In order to give a better description of the Nd-Cu exchange interaction in NCI2CUO4 

we replace Eq. (3.8) by a more extended formula developed for the R-Fe interaction 

in garnets [35, 36] 

k 

Hexch = - 2 £ £ a»,Cr^(f)S(0-hmo, (3.10) 
k q=~k i 

where a^qS are the exchange anisotropy parameters. T^(i)'s are unit irreducible tensor 

operators which act on the Nd wave function and S{i) is the spin operator of the Nd 

electron. The summation over i covers all stands of /-electrons. The molecular field 

direction is represented in terms of a unit vector, i.e. hmoi(T) = hmo\(T)/hmoi(0). We 

note that Eq. (3.10) includes the isotropic term, k = q =0. 

In this work, the doublet splittings are described by an effective anisotropic ex

change Hamiltonian using Eq.(3.10). The exchange term describes the exchange inter

action of the 4 / electrons of a Nd3 + ion with the surrounding cluster of the Cu ions. 

This exchange interaction is polarized by a magnetic coupling within the Cu sublattice 

which is much stronger than in the isotropic exchange interaction. Within this scheme, 

the considered perturbation to the single-ion Hamiltonian includes the CF and the 

anisotropic exchange term in Eq.(3.5) and Eq.(3.10), respectively. The unit vector in 

the exchange term is directed along the easy magnetization axis (in this case along the 

crystallographic a axis). The Nd site symmetry C4„ implies that there are five and six 

independent parameters in HQF and Hexch, respectively. The formula used to calculate 

the matrix elements of the operator in Eq. (3.10) are given in appendix B. 

A least-squares procedure described in appendix C has been adopted to fit the 

observed splittings of the eight observed Kramers doublets using the scheme described 

above. The CF parameters used in this fitting are taken from Tabel 3.2. Our attempts 

to fit these splittings with a single exchange parameter a00 failed miserably as expected 

from the above-mentioned symmetry consideration [2]. The inclusion of Q 20: &40 and 

a60 lead to only partial improvement of the fit, characterized by the root mean square 

(mis) of 1.18 cm"1 . The results of the final fit encompassing all six parameters a^.q 

which give a rms value of 0.26 c m - 1 are summarized in Table 3.4. The same results 

can be obtained by changing the sign of the exchange parameters. The corresponding 
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J CF level Observed Observed 
Multiplet symmetry doublets splittings 

Calculated Calculated 
splittings splittings 

using Eq.(3.8) using Eq.(3.10) 

±9/2 

4Ill/2 

% 3/2 

l l5 /2 

r6 
5.5 5.5 5.65 

r6 1988" 
1991" 
1993.5 
1997 

3.5 0.82 3.67 

r7 2001" 
2004.5" 
2007 
2010.5 

3.5 0.67 3.51 

r6 2014 
2018 

4.0 0.82 3.74 

r7 2076.5 
20.78.5 

2.0 0.74 2.12 

r7 2410" 
2415.5 
2418.5 

3.0 0.07 2.9 

r6 3948.5" 
3951.5 
3954 

2.5 1.32 2.66 

r6 5864.5" 
5872 

2.0 2.05 1.32 

Table 3.4: Splittings of the Ncf+ Kramers doublets in Nd^CuOn as measured by infrared 
transmission spectroscopy and calculated by using Eq. (3.8) and Eq.f3.10) in cnT1. 
The index a indicates transitions involving the 5.5 cmT1 ground, state level. 

best-fit values of akq are given in Table 3.5. An independent test of these parameters 

is provided by the Kramers doublet splitting at 6585 cm - 1 . A very small calculated 

value of 0.11 c m - 1 for the splitting compares quite well with experimental finding of 

vanishing splitting within the experimental accuracy [34]. It is envisaged that infrared 

measurements in applied magnetic fields should provide a further test on the reliability 

of the best-fit values of a^q. 

3.3.2 C e dop ing case : N d 2 - x C e x C u 0 4 

The presence of antiferromagnetic ordering in the Ce doped Nd2- ICe xCu04 had 

been a controversial issue between two different group of authors. Skanthakumar et 

30 
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exchange parameter Nd 2 Cu0 4 

a oo -7(3) 

«20 -491(130) 

«40 -177(33) 
Q'44 -257(12) 

«60 15(16) 

«64 47(13) 

Table 3.5: The best-fit values for the exchange parameters (in cm l). The uncertainty 

is given in the brackets. 

J Multiplet Symmerty Observed doublets Observed splittings 

5 

4 

4T lg/2 r6 

r6 1979* 

1985 
4 I l l /2 1989 

r7 
2002* 
2008 

r6 
2014 
2017 

4T il3/2 r6 3940* 
3943* 
3946 
3949 

4I1 5 /2 r6 5859 
5867 

Table 3.6: Nd3+ Kramers doublets splitting in NdLS5Ce0.i5CuO4 in cm l with the ex
perimental uncertainty of ± 1 cm"1 [17]. 
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O 50 100 150 200 250 300 

T(K) 
3.5 4.0 4.5 5.0 

1/T(10" 3 K" 1 ) 

Figure 3.1: The temperature dependence of the in-plane resistivity for 
NdaCuOA : (a) in linear plot from 7 to 296 K and (b) in an Arrhenius 
170 to 296 K. The dashed-lines are guides to the eyes. 

5.5 6.0 

as-grown 
plot from 

al. [19] reported from their neutron study the absence of antiferromagnetic order for 

7.5 % Ce doping, whereas Luke et al. [20] suggested from their //-SR experiments the 

appearance of a static moment around 100 K for the same level of Ce doping. 

A description of the Kramers doublet splittings using the exchange interaction 

between Nd and Cu in the Nd 2 Cu0 4 has shown that the changes in the Cu molecular 

field can be signified by its perturbation effect on the CF. This change is associated 

with the change in the antiferromagnetic state of the Cu spins. This means that 

the observation of the Kramers doublet splittings can be used as a local probe to the 

presence of antiferromagnetic states. The infrared studies of Nd2_.TCe,,,Cu04 have found 

that up to 15 % Ce doping level the Kramers doublet splittings are only observed for the 

unperturbed site [17]. The Kramers doublet splittings observed for the unperturbed site 

of the NdL85Ce0.15CuO4 are listed in Table 3.6. The results show that the magnitude 

of the observed Kramers doublet splittings of the unperturbed site in the 15 % doped 

sample are comparable to the ones in the undoped sample displayed in Table 3.4. This 

result has clarified that the antiferromagnetic ordering is present up to 15 % doping 

level. The existence of antiferromagnetic ordering in Nd2_xCej.CuC\i. from undoped up 

to 15%, has made it interesting to investigate the behavior of its electrical resistivity. 

These results will be useful to give a better understanding on the nature of the normal 

state properties of superconductivity in cuprate systems. 

The temperature dependence of resistivity for antiferromagnetic Nd 2 Cu0 4 is shown 

in Fig. 3.1. The resistivity increases exponentially from room temperature to 120 K. 
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O 50 100 150 200 250 300 

T(K) 

r\̂  (b) ; 

• i "45' / 
' c -5-0 [ / | 238K 

\ ; 

' 3 4 5 6 7 8 9 \ . 

1/T(10'3K') -

10 100 

T(K) 

30 

- 25 

20 

15 

10 

Figure 3.2: The temperature dependence of the in-plane resistivity for as-grown Ndi.w 
Ceo.o8 CuOi : (a) in a linear plot and (b) in a logaritmic plot from 7 to 296 K. The 
inset in figure (b) is the Arrhemus plot from 120 to 296 K. The dashed-lines are guides 
to the eyes. 

0 50 100 150 200 250 300 

T(K) T(K) 

Figure 3.3: The temperature dependence of the in-plane resistivity for as-grown Ndi.S7 

CeaxsCuOi : (a) in a linear plot and (b) in a logaritmic plot from 4-2 up to 296 K. 
The inset in figure (b) is the Arrhenius plot from 120 to 296 K. The dashed-lines are 

tides to the eyes. 
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O 50 100 150 200 250 300 1 

T(K) T(K) 

Figure 3.4: The temperature dependence of the in-plane resistivity for as-grown Ndi^ 
Ceo.isCuOi : (a) in a linear plot and (b) in a logaritmic plot from 4-S K to 300 K. The 
dashed-line is guide to the eyes 

and more rapidly below 120 K. Figures 3.2 and 3.3 show the linear and logaritmic 

temperature dependence of the in-plane resistivity for 8% and 13% Ce doping. At low 

temperature the resistivity is found to follow a logarithmic temperature dependence. 

The absence of a deviation from log(l /T) in the resistivity is in agreement with an 

earlier report for a single-crystalline sample grown by the flux technique [37] as well as 

for a thin film [38]. The same linear relation between p and log(l /T) at low temperature 

has been observed in many of the high-Tc compounds, such as in La2_ ISr rCu04 [39, 40] 

and Bi2Sr2Cu06+Ä [41]. This relation is suggesting a possible contribution from two-

dimensional weak localization, induced by disorder [42], It should be noted that the 

variation of the resistivity at low temperature is much stronger in the 8% than in the 

13% Ce doping. This indicates that the localization effects are stronger in the 8% than 

in the 13% Ce doping. 

Turning our attention to the high temperature region, the sample with 8% and 13% 

Ce doping are nonmetallic (or "insulating" with dp/dT < 0) whereas with 15% Ce dop

ing sample is metallic (with dp/dT > 0). It clearly reveals that in the 15% Ce doping 

the resistivity changes from metallic to nonmetallic with decreasing temperature. The 

Arrhenius plot of the resistivity (lnp - 1/T) at high temperature for the undoped com

pound, the 8% Ce doping, and the 13% Ce doping are shown in Fig. 3.1(b), the inset 

in Figs. 3.2(b) and in 3.3(b), respectively. The data are convincingly linear above 250 

K for the undoped compound, above 235 K for the 8% Ce doping and above 200 K for 

the 13% Ce doping. In this temperature range, the electrical conductivity is mainly 

34 



driven by the thermal activation energy. The difference in temperature ranges might 

indicate that the thermally activation effects become small at increasing the Ce doping 

concentration. 

It appears that the additional extra charges introduced by Ce-doping in the Nd2 

C u 0 4 compound has changed the parent compound from an insulator to a bad metal 

at low temperature while still being in the antiferromagnetic state. In connection to 

the previous discussion, this state is related to the unperturbed site. Since in the 

unperturbed site the electronic structure is characterized by the insulating undoped 

case, therefore the existence of the unperturbed site in the Ce-doping case can be 

associated with the "insulating" site. In other words, the effect of Ce doping creates 

the perturbed site which is nonmagnetic and "less resistive" while still having the 

unperturbed site which is still magnetic and "resistive". This suggests that in the 

Nd2-a;Cea;Cu04 system, there is a phase separation in which a part of the system 

becomes non-magnetic and conducting whereas the other part remains magnetic and 

insulating at least up to the 15 % Ce doping level. 

3.4 Magnetic susceptibility in Nd2-TCexCu04_d-

The magnetic properties of the high-Tc compounds in the normal state are deter

mined by the role of their local magnetic moments. In the absence of rare earth ele

ments, the nature of magnetism of the normal state is completely given by the Cu-ions. 

The normal-state magnetic susceptibility, x(T) , can be described as a sum of terms 

associated with contributions from the core, Xcore- the Van Vleck contribution. Xw, and 

that from the spin, Xspin- While Xcore and Xw a r e temperature independent, and the 

Xspm term has a temperature dependency expressed by Xspin(T) = XPauii(T) + X2D(T) 

[43]. The Pauli susceptibility, XPauU, in this expression represents the electronic con

tribution associated with the electronic density of states and X'2D(T) takes care of the 

temperature dependent magnetic susceptibility of a 2D Heisenberg antiferromagnet. In 

the presence of rare earth elements, the nature of magnetism of the normal state is dom

inated by the rare-earth ion. The magnetic susceptibility in this case generally features 

a much larger value, almost two orders of magnitude bigger than the magnetic suscepti

bility of La 2 - jSr T Cu0 4 where La3 + ions are nonmagnetic. The magnetic susceptibility 

of Nd2^a,.CeJ.Cu04 has been investigated on both polycrystalline [44, 45, 46. 47] and 

single crystal samples [10, 24, 48, 49, 50]. Generally, all of the measurements reported 

so far indicated the CF effect up to T= 120 K and display the paramagnetism of Nd3 + 

for temperatures above 120 K. The effective moment ranges from 3.4 to 3.77 fiß for the 

undoped sample and from 3.25 to 3.6 fiß hi the Ce-doped cases. Further, Ravindran et 
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Figure 3.5: The temperature dependence of (a) magnetization and (b) inverse dc-
susceptibility of Nd2Cu04 measured in an applied magnetic field of 100 Oe parallel 
to the ab and perpendicular to the ab plane. 

al. reported a decrease of the effective magnetic moment upon Ce doping and oxygen 

reduction. They attributed this observation to the presence of Ce4 + rather than Ce3 + 

in the compounds. In this work, the magnetic susceptibility of Nd2_a ;CexCu04 with 

J - = 0 . 0.08, 0.13. and 0.15 is investigated from the temperature dependence of the mag

netization. These measurements were carried out using a commercial Quantum Design 

MPMS-5 magnetometer. 

Figures 3.5 - 3.9 show the magnetization M(T) and the inverse susceptibility curves 

l/x(T) of Nd2_2.Ce.rCu04 single crystal with different Ce-doping levels. There is no 

hysteresis found between the zero field cooled and field cooled measurements indicating 

the absence of weak ferromagnetism as observed in other heavy rare earth-214 com

pounds [51]. It is shown in these figures that l / x (T) is described by practically the 

same linear dependency on T for T > 120 K irrespective of the directions of H. Below 

120 K, however, the curves exhibit the effect of an anisotropic CF. It is know that 

l/x{T) can be written as 

+ 
<-Nd 

X(T) XCF{T) C Nd 
(3.11) 

where TNd = T-Q with 6 is the Curie-Weiss temperature and CNd = Nß2
eff/3kB is a 

Curie constant of the Nd system with A'T and kB being the number of Nd ions per mole 

and the Boltzmann constant, respectively. A linear fit to l/x(T) gives the effective 
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Nd2-.TCe;cCu04 Me/Z-L @± Me//// e„ 

x=0.00 3.40 55.04 3.33 41.98 
x=0.08 3.83 56.58 3.73 49.20 
x=0.13 3.67 40.36 3.67 36.30 
x=0.15 3.71 42.71 3.68 36.46 

x=0.15 3.71 35.07 3.67 35.02 
as-reduced with Tc <• - 21 K 

Table 3.7: Effective moment, ßej;. and Curie-Weiss temperature, 0 , determined from 
a linear fit of 1/\(T) vs T in the temperature range between 120 K and 350 K for a 
magnetic field perpendicular and parallel to the ab-plane; for the reduced sample the 
temperature range is between 120 K and 300 K. 

moment fiefj and 0 . The results of the fitting for Nd2_xCea:Cu04 single crystals are 

tabulated in Table 3.7. 

It is seen from Table 3.7 that the effective moment obtained for the undoped case 

is smaller than the Ce-doped case. The results are in contradiction to the common 

argument that increasing the Ce concentration should decrease the effective moment 

since the Ce ions are supposed to be of valence 4+ and non-magnetic. In order words 

the presence of Ce simply reduces the number of magnetic Nd ions and hence their 

effective total moment. In order to explain our experimental result the simple argu

ment must be replaced by a more adequate one. To this purpose, we invoke the CF 

interaction and the exchange interaction between Nd and Cu, introduced earlier. It 

was pointed out in the previous section that in the unperturbed sites the CF excita

tions and the splittings of the Kramers doublets do not vary with the Ce concentration. 

Furthermore, the difference in CF excitations between the unperturbed and perturbed 

sites are about 10 to 30 c m - 1 (1 K ~ 1 cm"1) . In the paramagnetic regime above 120 

K. all the CF excitation levels are equally important, and, therefore, the variation of 

the effective magnetic moment is expected not to vary too much as a function of Ce 

doping. The change of the effective moments in the Ce-doped case could only be due 

to the contribution from the perturbed site. 

The effective magnetic moments shown in Table 3.7 are bigger than those reported 

earlier by Ravindran et al. [47] in polycrystalline samples. They further reported that 

the effective moment becomes smaller in the as-reduced sample whereas in this work the 

values are nearly the same as for the as-grown sample. We suggest that the reduction 

of the effective moment in the as-reduced polycrystalline is possibly due to a different 

stoichiometry or inhomogeneity of Ce and oxygen distributions in the reduced sample 

as indicated by the much lower Tr value which is onlv 9 K. This difference between our 
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and their samples may also account for the other discrepancies mentioned above. 

Returning to the low temperature region (T < 120K). all figures display a pro

nounced anisotropic CF effect on the l / x (T) curves, even at the Ce-doping level up 

to x=0.20. This effect has been reported previously in more or less the same range 

of temperature for the undoped sample [12, 24] as well as for the Ce doped sample 

with .r=0.15. It is interesting to note, however, that the anisotropic effect decreases 

consistently with increasing x. 

3.5 Conclusion 

The infrared spectroscopy has shown to be a good technique to utilize the CF analy

sis for probing the intrinsic properties in Nd2-a :Cea ;Cu04. In the Nd 2 Cu0 4 (undoped 

compound), the infrared transmission has revealed the splittings of the Kramers dou

blets of the order of few c m - 1 within the J-multiplets. A general exchange interaction 

expressed in terms of the single electron spherical tensor operator is studied to de

scribe the splittings. A good description of the splittings is obtained after considering 

the anisotropic terms of the tensor operator up to 6"' order. Upon the Ce doping in 

Nd 2 Cu0 4 . the infrared data show two different local environments on the Nd3 + sites; 

the perturbed site which is influenced by the Ce, and the unperturbed site which re

mains like in the undoped case. The observation of the Kramers doublet splittings 

in the unperturbed site up to 15% Ce doping indicates that the antiferromagnetism 

persists up to the 15% doping level. The results of electrical resistivity and magnetic 

susceptibility can be described qualitatively by considering the perturbed and the un

perturbed sites. A close look to the electrical resistivity suggests the occurrence of a 

phase separation in the Nd 2 - x Ce x Cu04 system: part of the system becomes nonmag

netic and conducting while the other remains magnetic and insulating. 
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Appendix A 

The matrix elements of the tensor operator can be written in general as 

(fNaSLJJz\C^\fNa'SL'J'J'z) = (-l)J~J> {fNaSLJ\\V^\\fNa'SL'J' 

(/l |C ( f c»| |/)( J
L * Jj,\ (A-l) 

where 

(/l|c«||/) = (-1)' W ( J o o ) ' (A_2) 

and the matrix elements of unit tensor operator 

J J' k 
{faSLJ\\\J^\\fNa'SL'J') = ( - l f w ^ JW\ , 

(fNaSL\\XJ{k)\\fNa'SL'J') (A-3) 

with 

/ J v a5L | |U w | | / J ' o ' 5L ' ) 

= N J2(-i)L+B (fNLS{\fN-1LS,lLS) UNL'S'{\f'lLSJL'S' 
LS 

! \ I L'i[ {k'A) 

a b c 
where the notation [a] stands for 2a+l. The factors in the bracket symbol 

d e f 

and < > represent 3j-symbol and 6j-symbol, respectively. The 3j-symbol and 
[ d e ƒ J 

6j-symbol can be calculated by using the available formulae described in Ref. [52]. The 

(lNLS{\lN-1LS,lLS) and (lNL'S'^l^LSAL'S') are the coefficients of fractional 

parentage [52]. The result of the unit tensor operator, Eq. (3.5), can be found in the 

tabulation [53]. 
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Appendix B 

The matrix elements of the anisotropic exchange Hamiltonian of Eq.(3.10), calculated 

for the atomic state \f3LSJMj > : 

(H, exchange fL'S'J'Mj, 

k K 

-2Y,Y,^(fLSJMJYJn
k\i)sf{ 

k q=-k \ i 

- 2 E E ^ E EM)^+VH, 
k q=-k r=k-lp=-r \ H H F 

J r J' 
-Mj p -Mj (-1) J-M, 

fLSJ 

where the irreducible matrix 

fLsj Y.[T{k) 

J2 [T{k) x aW] M fL'S'J' 

and 

xa«]W 
fL'S'J' 

I L' k ) I 

S S' K }(LSJ 
J J' r 1 \ 

y^y(fc) x s («0 L'S'J' 

LSJ •yT(k) X s («) Z/S'J' 

= n f_l\L+S+l+s+k+K 

E (-i) I+s fLS{\fLS. ILS) (fL'S'{\flS. WS') 

L L' k 
1 1 I 

S S' K 
s s S 

(I\\TW\\I) 

(B-l) 

(B-2) 

(B-3) 

In this study, the non-zero irreducible matrix elements (eq. B-2) for Nd3+ are 

calculated for K=1 with the quantization axis of s in the x- direction. The results 

calculated with this Hamiltonian are shown in Table 3.8. 
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Multiplet k r Reduced matrix elemet 

%/2 0 1 -1.6217 

2 1 0.1404 

2 3 -0.1031 

4 3 -0.2213 

4 5 0.0935 

6 5 0.5895 

6 7 -0.1337 

4 I , l / 2 0 1 -0.2281 

2 1 0.0756 

2 3 0.0344 

4 3 -0.1506 

4 5 -0.1099 

6 5 0.4351 

6 7 0.4036 

I l3 /2 0 
2 

1 
1 

0.7596 
0.0030 

2 3 0.0986 

4 3 -0.0590 

4 5 -0.1608 

6 5 0.2905 

6 7 0.4173 

4 I l 5 / 2 0 
2 

1 
1 

1.5089 
-0.0821 

2 3 0.1379 

4 3 0.0980 

4 5 -0.1954 

6 5 -0.2017 

6 7 0.5166 

Table 3.8: The diagonal reduced matrix element of double tensor operator in Eq.B-2. 
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Appendix C 

Least Square Fitting Procedure 

The calculation of the Kramers doublet splittings is carried out by using the Hamil-

tonian in Eqs. (3.10). A least square procedure is employed to find the exchange 

parameters akq in Eq. (B-l) in order to fit the observed Kramers doublet splittings in 

Table 3.4. In the case that small changes in the parameters Aa s , linear changes in the 

doublet splittings. Aet, are assumed, then one can write : 

ydaS/ 

where e,: = (eo6s - eca(c)j, i and s stand for the observed doublet splittings and the 

number of exchange parameters, respectively. Eq. (C-l), can be written in a linear 

equation as 
^ dti dei . v ^ „ det 

Ç C ^ A ^ ç A ^ - ^ 
which can be written in a matrix representation as : 

PrsAs = Zr (C-3) 

where Prs = d€%ldaTd<iijdas. Zr = de./da,., and As is a set exchange parameters. 

From Eq. (C-3). a standard least-square procedure can be formed by writing a normal 

equation : 

p-^PrsA, = P;s
lZr (C-4) 

P^Prs is a real symmetric matrix with a nonzero determinant. The normal equation 

will thus have the solution A s = 0 only when P~3
lZr =0. When As ^ 0, a correction 

is made to the parameters by adding the difference of the calculated new parameter to 

the initial parameters iteratively until Ei(fo6s ~ ecaic)i is a minimum. 
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