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Summary

Magnetic susceptibility measurements of RBa,Cu;0,_, (where R =rare
earth ion) indicate that these compounds are paramagnetic above 7T,. When
R =Dy, Er or Nd, there appears to be a considerable degree of anisotropy
in the magnetic susceptibility between the ¢ axis and the a—b plane. This
property may help align these compounds in external magnetic fields. The
nature and extent of this anisotropy is of major theoretical interest. In this
paper, we report on calculations of the magnetic susceptibility in the para-
magnetic regime of the RBa,Cu;0,., (where R=Dy, Er and Nd and’
0 <x < 1). The point charge model was employed utilizing the Stevens oper-
ator equivalents. The calculations show that the crystalline field acting on
the 4f electrons of the rare earth ions plays a reasonable role in modifying the
susceptibility to temperatures up to 300 K, The susceptibility was also found
to be anisotropic. The crystal field coefficients evaluated from the point
charge model appear to be consistent with experimental results for R = Dy,
Er and Nd and for oxygen stoichiometry between 6 and 7.

1. Introduction

Magnetic susceptibility measurements of RBa,CujO,_, compounds
(where R =rare earth) indicate that they are paramagnetic above the super-
conducting transition temperature T, [1]. Measurements reveal a consider-
able degree of anisotropy in the magnetic susceptibility between the ¢ axis
and the ¢—b plane in aligned powder samples or aligned sintered samples
[2 - 5]. The nature and extent of this anisotropy is of major theoretical
interest. In this paper, we report our recent work on the calculation of the
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magnetic susceptibility in the paramagnetic regime for RBa,Cu;0,_, (where
R=Nd, Dy and Er and x = 0 or 1). The crystal field parameters (B’ s) were
calculated on the basis of the point charge model. The present calculations
indicate that the crystalline electric field acting on the 4f electrons of the
rare earth ions produces a significant anisotropy in the susceptibility and
plays a reasonable role in modifying the susceptibility to temperatures up to
and exceeding 300 K.

The point charge model, despite its questionable validity, has success-
fully shown that the second order crystal field terms predict maximal suscep-
tibility along the ¢ axis for high 7, superconductors with rare earth ions
having negative second-order Stevens factors, such as neodymium and dys-
prosium. The situation is analogous to that found for the Nd,Fe,,B-based
permanent magnets [6, 7]. For ions having positive second-order Stevens
factors, e.g. erbium, the situation is reversed, the anisotropy favoring a
planar moment. Thus, relatively simple point charge calculations can give an
indication of the experimental anisotropies likely to be observed in the
R-Ba-Cu-O superconductors which give the materials an Ising-like or XY-
like character.

2. Calculations

The calculations were performed using a modified version of a com-
puter. program described in an earlier publication [8]. The free-ion wave-
functions are perturbed by both the crystal field and the applied magnetic
field [9]. The matrix elements of the magnetic hamiltonian are added to
those of the crystal field to form the complete hamiltonian, which is then
diagonalized by standard methods, to obtain the eigenvalues and eigen-
vectors. Once the eigenvalues and eigenvectors are determined, the free
energy and magnetic moment are calculated. The components of these
moments are obtained from the expectation values of J,, J, and J_. The
expectation values of J,, J. and J_ in turn, are calculated from the compo-
nents of the corresponding eigenvector. The magnetic moment follows
directly.

3. Results and discussion

Both tetragonal and orthorhombic modifications of the 1-2-8 super-
conductors were considered. The structural parameters were obtained from
neutron diffraction values for YBa,Cu;O4 and YBa,Cu O, [10 - 12].
Charge assignments were taken as R>*, Ba?*, 02", and Cu®/?* and Cu”/3*
for the tetragonal and orthorhombic cases respectively. Copper sites were
thus taken to have averaged values (different copper sites were not dis-
tinguished by charge) and oxygen was assigned a valency of —2 as a first
approximation.
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Comparison of calculated ground state moments for RBa;Cuz0;— (R = Nd, Dy and Er

forx=0orl)

Compound Ground state moments (Ug cell™*)
my my me

ErBa,Cu;04 5.5906 5.5906 0.6351
ErBa,Cu304 3.1270 7.1332 0.4694
DyBa,Cuz0, 0.5259 0.5259 8.6645
DyBa,Cu30, 0.0784 0.0537 9.9872
NdBa,;Cu304 1.0038 1.0038 1.3658
NdBa;Cu30, 0.9594 0.6740 2.4792
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Fig. 1. Caleulated reciprocal molar susceptibility (x™!) (shown in solid lines) with exper-
imental values (symbols) taken from  Tarascon. et al. [1]. Values are indicated for
RBa,Cu307-%: (R =Nd; Dy and .Er) over the temperature range 100 - 300 K. Curves and
data are for R = Nd in orthorhombic form and for R = Dy and Er-in tetragonal form.
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The calculated ground state magnetic moments are given in Table 1 for
RBa,Cu,0, (tetragonal) and RBa,Cu;0, (orthorhombic) where R = Nd, Dy
and Er. From Table 1, one finds the preference for neodymium and dys-
prosium moments to allgn along the ¢ axis and the preference for erbium
moments to lie in the a—b plane at T'= 0 K. This correlates with low temper-
ature magnetic structure determined by neutron diffraction [13]. The results
for R=Ce, Pr, Nd, Tb, Dy, Ho, Er, Tm, and Yb have been calculated and will
appear in an extended version of this work.

Our initial results for susceptibilities are shown in Fig. 1 for R = Nd, Dy
and Er where calculated curves are compared with representative exper-
imental values from the literature [1]. In our calculations, the average molar
susceptibility follows a Curie law with Curie constants slightly lower than
the free ion values in agreement with the experimental data in the temper-
ature range shown. The absolute values of susceptibility are good to within
approximately 10% of the experimental values for R = Dy and Er and within
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Fig. 2. Calculated axial anitrosopy (Xc/{Xan)) Us. temperature for orthorhombic structures
(lines drawn to guide the eye).
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approximately 25% for R =Nd. The relatively large difference between
experimental and calculated values of susceptibility in the case R = Nd may
be viewed in two ways: (i) it has recently been shown that the orthorhombic
neodymium compound is rather sensitive to stoichiometry [14] and
secondary phases could cause the experimental value to be in error or, (ii)
the present calculation neglects magnetic interactions between the RE ions.

The calculated anisotropy in susceptibility between the ¢ axis and the
a—b plane is shown in Fig. 2 for the orthorhombic case in the temperature
range 100 < T < 1000 K. The a-b plane susceptibility is taken as the average
between the g and b directions.

The anisotropy in the ¢—b plane is shown in Fig. 3 and should be partic-
ularly significant for the XY-like systems [15].

Having obtained the energy levels, the partition function, free energy,
heat capacity, and entropy of the material were calculated and compared
with experiment. The calculated splittings lead to heat capacity and entropy
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Fig. 8. Calculated in plane anisotropy (Xa/Xp) Us. temperature for orthorhombic structures
(lines drawn to guide the eye).
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curves which agree qualitatively with the experimental Schottky anomaly
due to the first excited doublets for R = Nd [16], Dy [17] and Er [14].

Crystal field calculations based on the point charge model for
RBa,CujO,_, are capable of describing qualitatively the paramagnetic
anisotropies observed in experiment. This may allow even the simple theory
to have some predictive value for paramagnetic alignment and could have
implications for magnetic ordering.
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