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Abstract. We present details of our predictions forthe crystal-field-split levelsin RBa>Cu,O, 
compounds with R = Nd" (t' 'I9,>) and Pr" (f"H,) based on the previously reported 
crystal-field split energy levels of fl"1, for Ha" in HoBa,Cu,O,. Our predictions of the 
overall distributionofcrystal-fieldlevelsprovide the framework forinterpretationofinelastic 
neutron scattering spectra ofNdBa2Cu,0, and PrBa,Cu,O,. For NdBa,Cu,O, the inelastic 
scattering peaks are clearly seen and can be well assigned in terms of the energy levels of 
fs4lgj2 by a small re-scaling of the predicted crystal-field parameters to adjust the overall 
width of the calculated spectrum. In the case of PrBa,Cu,O, several important inelastic 
scattering features, particularly the lowest energy ones, are so unusually broad and weak 
that it was difficult to identify them without predictions of this type. Enough features in the 
scattering spectra have now been assigned far us to obtain fitted values for the crystal-field 
parameters of Pr'' and Nd" in RBa,CulO,. As tests of these new assignments we discuss 
predictions of the anisotropies of magnetic susceptibility and the thermodynamic functions 
far the paramagnetic phase of PrBa,Cu,O,. Finally, a primitive model for interactions 
between Pr'' ions is used to give an initial interpretation of the saturation moment that has 
been reported for the antiferromagnetically ordered phase of PrBa,Cu,O,. We conclude 
that standard crystal-field theory correctly applied to the f' configuration of the Pr'' ions 
fully explains the unusual magnetic properties of PrBa,Cu,O,. 

1. Introduction 

In our experimental paper [l] (referred to here asI), magneticsusceptibilityandneutron 
scattering studies of RBa,Cu,O, (R1230,) for R = Ho, Nd and/or Pr are presented. 
Unusual properties of the Pr compound and the relationship of its magnetic properties 
to the absence of superconductivity in this material have been discussed at length [l]. 

Our understanding of the magnetic and thermophysical properties for these R1230, 
materials depends crucially on knowledge of the electronic structure at low energies 
(E < 100 meV) along with the corresponding excitation energies for the rare earth, R. 
Experimentally, relatively little effort has been directed toward determining the f- 
electron energy level structure for the rare earth components in these materials, as 
compared to the efforts made to learn about the Fermi surface and other electronic 
properties. In part, this situation arises from a high absorption of light in the interesting 
energy range that creates experimental problems in obtaining optical spectra for R1230, 
materials. From a theoretical viewpoint, initial interest in the electronic properties of 
these materials has focused on the CuO planes and chains, where it is widely believed 
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that the superconductingcarriers are located [2]. Two recent developments havecreated 
a need for more detailed information on the electronic properties of the rare earth R in 
R12307. 

First, the non-superconducting behaviour of the R = Pr and Cm membcrs of the 
series has focused interest on the electronic properties of R in a search concentrated on 
understanding what is different about these f-elements [>SI. Although both these 
members are isostructural with the superconducting Y analogue (YBa2Cu307), they are 
not superconducting. Recently it  was proposed that the absence of superconductivity in 
these samples arises from an interaction between the magnetic f-electrons and the 
electrons in the CuO planes [e]. An understanding of this interaction seems essential 
to resolve the question of why these two f-electron elements have a profound influence 
on the superconductivity of the host materials, whilst other rare earths do not. 

The second development to focus attention on the electronic properties of R in 
R1230, involves the coexistence of superconductivity and three-dimensional (3D) mag- 
netic ordering of the R moments at low temperatures. Several of the R ions, including 
Pr, Nd, Gd, Dy, and Er, have been shown to exhibit long range 3D ordering of the f 
moments at low temperaturescoexistent with the superconductingstate [7]. An under- 
standing of both the nature of the magnetic ordering and its apparent lack of influence 
on the superconducting critical temperature (T,) requires a detailed understanding of 
the low-lying energy levels of R. The antiferromagnetic order of pure Pr1230, is 
particularly interesting by way of contrast to these cases of coexistence of super- 
conductivity and magnetic ordering. Pure PrlUO, has an unusually high ordering 
temperature (TN - 11 K) and a low value for its ordered moment, i.e. 0.74 wB, where 
gB is the Bohr magneton [8,9]. The relation between these ordered-state properties and 
the absence of superconductivity for pure Pr1230, may be highly significant. 

Inelastic neutron scattering (INS) is the best known method for direct measurements 
of the low-energy electronic excitation spectrum, particularly for optically opaque 
materials like R1230,. However, interpretation of INS data for 'R123b7 materials has 
been by no means straightforward. Although well defined crystal-field excitations have 
been observed in most of the R1230, magnetic high-T, superconductors, acceptable 
assignments of the observed features tocrystal-field split energy levels have been difficult 
toobtain, exceptperhapsin thecaseof Ho12307[10]. In the caseofnon-superconducting 
pure Pr1230,. the situation is even more complicated because INS measurements reveal 
no strong, well defined peaks up to -200 meV. Given these difficulties in understanding 
the neutron scattering results and with the two aforementioned developments in mind, 
we have conducted a systematic study of the crystal-field level structure for f-electron 
states in the R12307 system for R = Nd, Pr and Ho. 

Neutron inelastic spectra for Nd1230, at 15 K from the intense Pulsed Neutron 
Source (IPNS) located at Argonne National Laboratory are reported in I. Sharp crystal- 
field peaks have been observed at 12,u).8,36and 117 meV. These peak energies agree 
well with those previously reported up to 40 meV [I l ,  121. except for a feature near 
5.8meV [12]. This feature is absent from our spectra of Nd12307 but appears in our 
spectra of Nd,,,Ba,,,Cu,07. On the other hand, the small peak at 12 meV in figure 1 of 
paper I arises almost entirely from scattering of the Nd3+ ions in Nd1230, even though 
it occurs at just the same energy as another crystal-field excitation associated with 
disordered Nd ions residing at the Ba sites. No additional peaks in Nd12307 are observed 
up to about 200 meV. 

Neutron inelastic scattering spectra observed for Pr12307 obtained at IPNS are 
presentedinfigure2ofpaperI. Additionalrmsdataobtainedat 15and25 Karereported 
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here in figure 1. Amost noteworthyfeatureof all thisdata is thelackofany strong, sharp 
peaks. Instead we see an intense, broad component of magnetic excitation in the 15 K 
spectrum (figure l(a)) from -2 to -10 meV and much weaker, broadened features in 
the 25 K spectrum (figure l(6)) at about 35,45,50,65,80 and, perhaps, 105 meV. In 
our experimental paper, we present evidence and analysis based on several observations 
that thefeatureat 35 meVisnot amagneticscatteringfeature associatedwiththe crystal- 
field energy levels [ 11. Our results up to 110 meV are consistent with recent observations 
in similar experiments by Paul era1 [13] at the ISIS facility of ,the Rutherford Appleton 
Laboratory. 

According to a brief, preliminary report, about inelastic neutron scattering experi- 
ments on Y1230, and Pr1230, performed at ISIS, there is evidence at 2 K for five 
resolved, crystal-field peaks for Prl’BO, at energies of 65,85,105, 113, and 123 meV 
[13]. These authors also state that there may be a sixth peak a1 about 130 meV. Like the 
datapresented here andin paper I ,  their datashow unusually broad featuresso that they 
speak of ‘considerable intrinsic width of the peaks.’ The data of Paul er a1 [13] show a 
significant feature near 35 meV in the Yl230,  spectrum at 2 K that is consistent with 
ourobservationsforY1230,and withourassignmentofthe35 mevfeature forPr1230, 
toalattice mode [I]. Combiningbothsetsof data, we findevidence forperhapsasmany 
as ten crystal-field transitions associated with Pr in Pr1230, between 15 and 150 meV. 

In addition to the aforementioned studies, magnetic neutron scattering data on 
energy transfer in the range 0-10 meV have been reported for Pr1230, with good 
statistics for both energy loss [I21 and energy gain [14] by the scattering material. At 
50 K a broad double-humped feature centred around 2.5 meV is found in both energy 
transfer regions. Both experimental groups were unable to make any definitive assign- 
ment of the features in their data because they were unsure of the number of crystal- 
field levels to expect in this energy range. 

In the next section about crystal-field analysis we show that, based on the scaled 
crystal field from Ho1230,, we expect to find two low-lytng excited electronic states for 
PrlUO, in this energy range. When one knows to look for just two low-lying excited 
energy levels, interpretation of the data becomes straightforward. From the double- 
humped spectra one excited level can be assigned near 1.4 meV, and the other near 
3.9 meV. Our assignments are shown in figure 2(a) for energy gain and figure 2(b) for 
energy loss. A 2.5 meV hot-band feature is produced by transitions connecting the 
excited levels at 1.4 and 3.9 meV. It is worth noting that the combined effectsof thermal 
weighting and magnetic transition strengths make this hot-band feature an important 
component in both energy transfer spectra. 

We have simulated these observed spectra by summing Lorentziad line shapes 
centred at the assigned energies with relative intensities proportional to the Boltzmann 
population factor times the transition strength calculated in section 2 from crystal-field 
analysis. The simulated spectra, as shown in figures 1 and 2, seem to give satisfactory 
representations of the observed, broad spectra. For powder samples, we use an equal 
average over each crystallographic direction for the effective transition strength. The 
full Lorentzian widths at half maximum (FWHM) are 3.9, 8.0 and 3.8 meV for figures 
l ( a ) ,  l(b) and 2, respectively. The 3.9 and 8.0 meV widths for the scattering features in 
figure 1 are the root of the sum of squares of the appropriate instrumental widths, about 
0.9 and 7 meV, respectively, and the intrinsic width for Pr12307, about 3.8 meV. On 
the other hand, only the intrinsic width is significant for the spectra in figure 2 because 
the instrumental width in these cases is about an order of magnitude smaller than the 
intrinsic width for each of the six scattering features of Pr1230, that are found in this 
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Figure I. Measured scattering function Sin arhi- 
trary units for PrBa2Cu,0j. The positive and 
negative energyscale representscrystal-fieldexci- 
tations and de-excitations, respectively, The 
broken curves represent estimated background 
due to phonon scattering in the same energy 
region. The instrumental energy resolution 
(WHM) is indicated by horizontal bars. The simu- 
lated spectrum is based on Lorentzian line shapes 
with M'HMof  3.9018.0 meV in (a) or (b). respect- 
ively, that combines the appropriateinstrumental 
widthof0.9or7.0meVwith an intrinsicuidthof 
3.8meVforthefeaturesofPr1230,. 

Figure% (a) Magnetic scattering for PrBa,Cu,O, 
at 50 K observed by inelastic neutron u t t e r ing  
(S(Q, w )  inarbitraryunits). fromfigure3of[14]. 
(6) Background-corrected spectrum: the broken 
curve indicates the magnetic contribution. show- 
ingkTX"/E = S(Q,o)[l - exp(-E/kT)] kT/E, 
from figure 4 of [ IZ ] .  In both (a) and (b) the 
positive and negative energy scale indicates crys- 
tal-field excitations and de-excitations, respect- 
ively. Positions and relative magnetic transition 
strengths for the assigned energy levels of f i  'H, 
forPrBa2Cu307 have beenshownb) vertical bars, 
Simulated spectra are shown as full curves, based 
on Lorentzian line shapes with full width at half 
maximum of 3.8 meV. 

energy-transfer region, i.e. between -8 and + 10 meV. Thus, we believe that the spectra 
from the literature [12,14] provide important information on the strength of interaction 
between individual Pr atoms and the rest of the atoms in Pr1230,. We return to this 
point in our discussion of magnetic and thermodynamic properties in section 3. 

Magnetic ordering of the Pr moments in PrlUO, occurs below 17 K [8, 9,151. The 
positions of the lowest energy levels for the Pr ions can be strongly effected by this type 
ofmagneticordering. We are tryingto understand the propertiesofthe R1230,materials 
in terms of the crystal-field split energy levels of the appropriate f" configuration. Thus, 
it is important that we are basingour assignments forPrlZ0,onenergy-transfer spectra 
for samples at 25 and 50 K ,  well above the magnetic ordering temperature. In the next 
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section we work through the details of applying crystal-field theory to the R l S O ,  
compounds. In section 2 we also show that our newly assigned low-lying energy levels 
for PrlUO, are consistent with the crystal-field assignments for Ho1230, as given by 
Furreretal [lo]. 

Although much is known about the theory of crystal-fields in rare earth compounds 
(see for example the review by Fulde [16]) it is often difficult to know from what size 
crystal-field and free-ion parameters to start in making assignmentsof neutronscattering 
results for any particular material. In the case of R1230, we can use work of Furrer et 
a1 on Hol230, to tell us about the appropriate size of the crystal field [lo] and work of 
Carnal1 et al on lanthanide ions doped in LaF, to tell us about the appropriate free-ion 
parameters [17]. 

In the following section, we present details of scaling crystal-field parameters from 
one rare earth compound to analogous compounds of other rare earth ions. We use 
this technique to relate parameters for Ho3+, Nd3+ and P r t .  These semi-empirical 
parameters are used to calculate transition energies and intensities leading to assign- 
ments of the observed crystal-field levels within the lowest-lying Russell-Saunders 
multiplet for the corresponding R1230, compounds. We have been able to give crystal- 
field assignments for Nd1230, and PrlUO,, as well as new, slightly improved assign- 
ments for €501230~. Magnetic susceptibilities have been calculated as a function of 
temperature for all three compounds. The calculated and experimental magnetic sus- 
ceptibilities for powder samples have been shown to agree in paper I [l]. 

In the present paper, we are mainly concerned with two objectives. Firstly, to give 
a careful formulation of crystal field theory as it applies to the R1230, materials so that 
reliable energy-level assignments can be made for R = Nd and Pr and secondly, to make 
predictions for additional properties of Pr1230, that provide more rigorous tests of its 
electronic structure in our view. We base these predictions on crystal-field parameters 
for Pr1230, that are slightly revised from the values given in paper I .  These new crystal- 
field parameters for Pr1230, are what can be called 'consensus' values obtained by 
analysing various experimental inelastic neutron scattering data in the literature. 

In section 3 we discuss the predicted magnetic anisotropy and thermodynamic func- 
tions in the paramagnetic phase of this material. We make comparisons with available 
data on the specific heat of Pr1230,. Experiments to measure the anisotropy of the 
magnetic susceptibility would be very helpful in confirming our symmetry assignments 
forthe three lowest energylevelsofPr1230,. We show that thelow-temperatureordered 
moment found for Pr1230, [8] is consistent with our crystal-ficld analysis for Pr3+ ions. 
Thus we support the conclusion stressed in paper I that there is no need to invoke 
PI"+ ions to explain the magnetic properties of Prl230,. Standard crystal-field theory 
correctly applied to P?+ ions fully explains neutron scattering and all other magnetic 
data for this unusual material in its paramagnetic phase. 

2. Crystal-field analysis 

We have extended the crystal-field computer programs developed for energy-level 
calculations by Crosswhite and Crosswhite [18] so that we can also calculate magnetic 
properties of the f" configurations. The method that we use relies on two key assump- 
tions. Firstly, that the f" electronic states are well removed from other electronic states, 
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and secondly, that the crystalline electric field can be treated as a small perturbation of 
the f" free-ion energy levels. The Hamiltonian used has the form 
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H = Ho + H a  + Hso + Hi,  + HCF. 

Here, H o  is the spherically symmetric one-electron part of the Hamiltonian, involving 
the kinetic energy of the electrons and the central Coulomb field. 

H E L =  fkFk 
k=0.2.4.6 

and 

Hso = AsoCf. 

The adjustable parameters Fk and cf correspond to Slater-Condon electrostatic and 
spin-orbit integrals, respectively;f, andAso represent matrix elements for the angular 
parts of these electrostatic and spin-orbit interactions. The term HLN takes into account 
several higher-order corrections needed accurately to describe the free-ion energy 
levels, as explained in detail elsewhere [17]. For our purposes here it is sufficient to note 
that the adjustable parameters associated with HIN are LY, p and y as well as Ti (i = 2.3, 
4,6,7,8), M" (h = 0,2,4). and Pf(f = 2,4,6), as used in f-element spectroscopy. The 
appropriate values of these and all other free-ion parameters used in our calculations 
have been approximated by corresponding energy-level parameters for Ln3+ : LaF3given 
in table 1 of thesurveybyCarnalleral[17]. Althoughourdataare notextensiveenough 
to permit us to observe highly excited electronic states of the R1230, systems or to 
assign values for the large number of free-ion parameters, we do need to take these 
parameters into account to obtain reliable eigenfunctions and magnetic properties for 
the lowest electronic states of the f" configuration. 

The part of the Hamiltonian with which we are most concerned is the crystal-field 
term 

HcF= B:C:(i). 
k.q.i 

C!(i) gives the matrix elementsof the qth component of a spherical tensor of rank k for 
the ith electron. The symmetry of the site occupied by the f-element determines which 
of the adjustable parameters B: can have non-zero values. 

The crystal-field site symmetry of the rare earth in the Y1230,-type orthorhombic 
structure is mmm (&) [19]. A crystal field with this symmetry is characterized by nine 
real parameters: E:, E:, Bg, E:, E ; ,  E:, E? ,  B:, Bg. (It is worth noting here that the 
values of these non-zero crystal-field parameters have a symmetry property also. Simul- 
taneously reversing the signs of B: ,  B:, B6,, and leaves all the crystal-field energy 
levels and magnetic-dipole transition strengths unchanged. These two phase choices 
correspond to a rotation by 90" around the z-axis for thex- and y-axes used to define the 
crystal-field parameters.) A site with this symmetry will, in principle, fully split the Pr" 
ground term (4f2, 3Hq) into nine energy levels, and the Nd3+ ground term (4f3,4I,,J into 
five Kramers doublets. Since we have either too many observed features (ten or more) 
for Pr1'23O7, or too few (only four observed lines from Nd1230,) we cannot initially 
determine the nine crystal-field parameters for these compounds directly from our 
measured spectra. Instead, we have started from the level assignments for Ho1230, 
based on the detailed measurements of Furrer et a! [lo] to obtain values for the E t  
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parameters of Ho3+. Then we have re-scaled these values to approximate the parameters 
expected for Nd3+ and Pr3+. 

As explained in paper I ,  we chose no3+ as our reference because its ground-state 
tenn yields the largest number of crystal-field energy levels in the rare earth series and 
because Ho1230, has been the subject of a careful, detailed study [lo]. Initially, we 
looked at several different starting points from which to interpret the inelastic neutron 
data presented by Furrer et a1 [lo], but after investigating several approaches, we found 
that while we could find other sets of assignments and corresponding parameters which 
reproduced the peak positions, only the assignments reported by the previous authors 
satisfactorily reproduced both the peak positions and the relative intensities, as these 
authors had already observed [lo]. However, Furrer et al use the Stevens operator- 
equivalents formalism [ZO], which only considers effects within the ground-termJmulti- 
plet off". We, on the other hand, include up to the 100 lowest energy states of the f" 
configuration (or, for the f2 configuration, all 91 states) in our calculation of magnetic 
properties. To obtain parameter values consistent with our calculations we had to re-fit 
the nine crystal-field parameters. We used the assignments of ten observed excitation 
energies made by Furrer etal and followed standard procedures [18] to adjust the nine 
crystal-field parameters. This least-square fit has only one degree of freedom. The 
parameters represent the data for Ho1230, quite well and another test for them, as 
discussed below, comes in the comparison between our data for Nd and Prl230, 
compounds with calculations basedon crystal-field parameters that we have extrapolated 
for these lighter rare earths based on the values for Ho'+. 

It is important to note the different conventions for defining crystal-field parameters 
used in the Stevens operator-equivalent formalism and in the irreducible-tensor formal- 
ism. This relationship has been well analysed by Kassman [Zl]. We adopt his practice of 
using A: for Stevens parameters and E: for tensor parameters. This practice differs 
from that of Furrer et a1 but agrees with that used by Carnall el a1 [17]. In order to call 
attention to our use of tensor crystal-field parameters and to facilitate comparison of ow 
values with other tensor parameters deduced from optical spectroscopy, we give our 
energy parameters in units of cm-l even though we tabulate the calculated and observed 
energy levels in units of meV (1 meV = 8.066 cm-I). In table 1 we give the crystal-field 
parameters of Furrer et a1 [lo], translated into the tensor conventions, in the second 
column. In columns three and four we give our two sets of re-fitted crystal-field par- 
ameters for Ho;'. The first re-fitted set of E: values is based directly on the original 
detailed assignments of Furrer el al. The second set of re-fitted E: values is based on a 
slight readjustment of the detailed positions for the energy levels as suggested by the 
calculated magnetic transition strengths for each transition. The desirability of this 'fine 
tuning' in the assignments for Ho1230, was indicated by our analysis of Pr1230,. It is 
clear that the changes in the values of the crystal-field parameters produced by our re- 
fitting procedure has not changed the overall distribution of large versus small values or 
the signs of the larger parameters. Probably the differences between the parameter set 
given by Furreretalandourparameter setsfor H0123O~arewellwithin theexperimental 
uncertainties about the locations of peak positions for the higher excited states. 

Table 2 lists the calculated 17 lowest energy levels obtained by using these crystal 
field parameters together with the free-ion parameters for [-Io3+ from the tabulation of 
Carnall etal [17]. All these calculations of optical and magneticpropertiesof Ho1230, 
have been carried out using the 92 lowest-energy basis states. In table 2 we also give the 
calculated magnetic transition strengths parallel and perpendicular to the principal 
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Table 1. Crystal-field parameters for Ho’?, Nd”. and Pr“ in the RlU0,crystal environ- 
ment. All values are given in cm-’. 

Ho3’ Nd]‘ P6‘ 

This work 
~ ~~ 

Crystal Ref. Best Best Best 
held P O 1  Rehtt assign$ Scaled fit Scaled fit 
parameters (cm-’) (cm-’) (cm-’) (cm-’) (cm-’) (cm-’) (cm-‘) 

B: 333.7 
B: - 1763.2 
8; 448.8 
B: 59.27 
B: 18.38 
B: 972.7 
B: -26.26 
B! 1199.6 
B: -12.4 

458.5 434.8 406.4 416.8 440.3 451.60 
-2120.0 -1907.5 -2559.3 ~ -2712.4 -3015.9 -2773.13 

500.9 471.6 841.9 620.7 1067.0 786.64 
91.95 76.6 81.51 148.4 88.24 160.81 

-35.59 -297.4 -42.95 11.74 -50.62 13.83 
988.8 1050.1 1193.1 1669.4 1406.1 1491.3 
-86.30 -252.6 -145.0, -268.6 -183.8 -340.39 
1311.1 1305.1 2203.6 1918.2 2792.8 2612.54 

-2.25 -14.78 -3.72 82.6 -4.79 104.72 

t This work obtained by refitting the assignments of Furrer a a1 [IO] using 92 states 
t This work obtained by revising the assignments and then fitting. 

optical symmetry axis. These transition strengths are given from each of the three lowest 
energy states to the other states within the group of 17 states that were accessible for 
inelastic scattering in the experiments of Furrer er al. Table 2 also includes, in the first 
column, the observed transition energies identified by Furrer et al. 

When we scale the crystal-field parameters for Ho3+ to obtain corresponding values 
for Ps’ and Nd3+, there are two contributions to the change of parameter values that 
we must consider. 

(i) Variations in the external, electric field that arise from the crystal environment 
around the felement. 

(ii) Effects of the lanthanide contraction on spatial extent of the f-orbital wave- 
functions as one advances through the rare earth series. 

This change in the f-orbital wavefunction influences how sensitive f-electron energy 
levels are to their environment. There are only small changes in the lattice constants in 
passingfromHo1230, toPr12307 [4,22]. Moreover,our molecular-orbitalcalculations 
for R1230, with R = Y, Pr, Nd, Ho and Cm indicate very little change in charge 
distributions for the rare earth compounds studied [6]. Therefore, we have assumed 
initially that the external electric field is effectively constant for the cases of interest 
here. We focus our attention on estimating the effect of changes in the radial extent of 
the f-orbitals. 

Since we are trying only to account for gross trends in the behaviour of f-wave- 
functions within the lanthanides, it seems sufficient, and is most convenient, to look at 
classic Hartree-Fock results. In their table VI1 Freeman and Watson give calculated 
values of the radial averages ( rk) ,  k = 2,4 ,6  for selected lanthanide 3+ ions [U]. This 
tabulation includes values for Pr3+ and Nd3+ but not Ho”. We have interpolated an 
average of values listed for Dy3t and Er’+ as our estimate for the corresponding values 
for Ho3*. On this basis we expect the second-rank crystal field parameters, i.e. 
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Bi and B:,  for Pr3+ and for Nd3+ to be 1.56 and 1.44, respectively, times the cor- 
responding parameters for Ho3+. For fourth-rank parameters these ratios are 2.31 and 
1.96; and for sixth-rank parameters they are 3.46 and 2.73. W-hen we used crystal-field 
parameters for Nd1230, obtained by multiplying the corresponding Ho values by the 
appropriate ratios, the calculated energy levels agreed with the general pattern of 
transition energies observed for Nd1230,. But the calculated energy levels spread over 
a larger energy range than did the observations. Clearly the Hartree-Fock calculations 
overestimate the influence of the lanthanide contraction on the crystal-field parameters. 
This overestimation is sometimes corrected by using shielding constants, uk, that are 
different for each tensor rank k [24]. We decided for simplicity to multiply all of our 
extrapolated crystal-field parameters by one adjustable re-scaling factor to make the 
overall width of calculated spectrum for Nd1230, agree with the experimental width. 
The valueof0.6156for thisre-scalingfactorgivesgood agreement between the observed 
and calculated energy levelst. 

Our scaled crystal-field parameters for Nd3+ based on scaling ratios relative to Ho3+ 
of 0.886, 1.207 and 1.681 fork = 2 ,4  and 6, respectively, are given in the fifth column 
of table 1. In table 3 the corresponding calculatedenergy levels (column 4) are compared 
to the observed transition energies (columns 1-3). The agreement with the observed 
transition energies seems good except for the difference in position of the first excited 
energy level (observed at 12 meV and calculated near 4 mevj. This scaled calculation 
yields a ground state magnetic moment along the crystallographic c axis of 1.71 ,uB that 
disagrees with the saturation moment of 1.1 pB observed for the antiferromagnetic 
ordered state of Nd1230, [28,29]. Therefore, we have tried to improve our crystal-field 
ParametersforNd'l'by varying the parameters B:, Bi and Bit0 fitthe observed inelastic 
scattering peak positions. Column 6 in table 1 gives our 'best fit' crystal-field parameters 
for Ndl230,. Crystal-field parameters that were not varied in this case have been 
obtained by scaling the corresponding best-fit parameters that we obtain below by fitting 
the observed spectrum of Pr1230,. In table 3 column 5 gives the 'best fit' calculated 
energy levels for Nd1230, and columns 6-9 give the corresponding transition strengths 
connecting the two lowest levels with excited levels arising within the 419iz ground-state 

t Thequestion naturally arises: how reasonable is the purely empirical valueofO.6156 for the re-scalingfactor 
that we have introduced for Ndfi? This re-scaling factor wrrects the Hartree-Fock scaling ratios for 3 t  ions 
to produce calculated crystal-field levels in closer agreement with those observed experimentally. This re- 
scaling corresponds to reducing the influence of the lanthanide contraction to account for effective charges 
less than 3 t  on the lanthanide ions, such as those indicated by our molecular orbital calculations for R12307 
crystals [6,25]. This type of adjustment of the Hartree-Fock ratios for the ( r k )  radial averages of 3 t  ions is 
not usuallymade in studiesofthe influence ofcrystal-field splitlingon magneticsusceptibilities that adequately 
explain the observed relationships between properties of analogous compounds of different lanthanide 
elements. See for example, [26] and 1271. However, in studies of primarily magnetic properties, any values 
for crystal-field parameters are observed much less directly than they are in cptical absorption studies, such 
as those analysed by Carnall er a1 [I71 for Ln'* in LaF,. Using the ratios of parameters for Pr'+ and Nd" to 
those for Hd+  as given by Carnall er al, we conclude that our re-scaling of the Freeman-Watson Hartree- 
Fock values seems very reasonable. I n  this comparison we have averaged over all permitted values of q ,  for 
eachvalueofk,usingtheratiosB~(Ln)/B~(Ho),ofthevaluesgivenintablel of[17]forLn = PrandNd. In 
thisway for PrtoHo,wefindratiosof 1.014,1.455,and 1.595fork = 2,4,and6. respectively; correspondingly. 
for Nd to Ho. we find 0.758, 1.393 and 1.620. In order to simplify the comparison with calculated values, we 
average these numbers for Pr and Nd to obtain empirical values of 0.886, 1.424. and 1.607. for scaling ratios 
of second, fourth and sixth rank tensor parameters between the lighter and heavier lanthanide compounds. 
The correspondingcalculatedvaluesare 1.500,2.135, and 3.095 for the Freeman-Watson results for 3 1  ions; 
and0.923,1.314, snd 1.905, after re-scaling by0.6156. The agreement between empirical andcalculated ratios 
is clearly better after re-scaling. 
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Table 2. Observed and calculaled energy levels for Hol230, and calculated magnelic 
transition strengths within the ground term, for Ho". The calculated energy levels are 
all non-degenerate with the indicated symmetry classification for our assigned best fit given 
in column 4. The calculated transition strengths are given originating from the three lowest 
energy levels: A ,  the ground level; B,  the first excited level; and C, lhe second excited level. 

Energies 
This work Magnetic transition strengths (j~;) 

Observed 

.. . .  
0 0 0 0 3 0  0 0 10.61 0 14.17 
0.5 0.13 0.20 0.73 2 0 10.61 0 0 29.20 0 
1.8 1 .a 1.62 2.03 4 0 14.17 29.20 0 0 0 
3.8 3.M) 4.06 3,.79 1 14.02 0 0 6.26 0 1.60 
4.3 3.81 4.16 4.23 3 0 0 0 15.17 0 5.47 
8.1 7.61 8.14 8.37 1 21.74 0 0 0.42 0 8.86 
10.8 10.28 10.56 11.36 2 0 3.42 0 0 6.86 0 
11.6 10.75 11.52 12.05 4 0 5.84 4.07 0 0 0 
- ~ 50.99 54.87 53.86 3 0 0 0 0.31 0 2.79 
- 51.44 57.62 56.61 1 0.37 0 0 0.09 0 0.59 
59 53.42 58.61 58.76 4 0 1.14, 2.22 0 , 0 0 
59 53.54 58.90 59.26 2 0 , 0,86 ....,.. 9 . , , , , , , . ,  4 , . , .  2.89 0 
- 53.71 59.02 61.51 3 0 0 0 0.64 0 0 
- ~~ 57.m 63.73 62.76 1 0.25 0 0 1.62 0 0.09 
70 62.81 69.31 69.01 2 0 0.51 0 0 3.11 0 - 63.35 69.98 69.82 4 0 0.25 2.84 0 0 0 
73 65.88 72.91 73.16 1 1.57 , 0 ,, , ,  P 1.51 , 0 1.17 

t This work obtained by refitting the assignments of Furrer et 01 [IO] using the 92 lowest-energy crystal-field 
states of Pn. 
i Thisworkobtained by revising the assignmentsandrefittingusingthelow~t92states. 

term of Nd3+. Now the agreement with the inelastic scattering data isexcellent for both 
positions and relative intensitiesof the observed transition. Figure 1 ofour experimental 
paper [l] illustrates the comparison. Moreover, the calculated value of 1.11 pB for p,, 
also agrees with observations of the antiferromagnetic ordered moment [28,29]. 

Crystal-field parameters for Pr12307 were predicted by combining scaling ratios 
from the Hartree-Fock results with the re-scaling factor determined by comparison with 
the experimental spectrum for NdlWO,. The resulting scaling ratios for the L?: values 
of Pr3+ relative to those of Ho3+ are 0.960,1.422 and 2.130, for k = 2 ,4  and 6, respect- 
ively. The extrapolated crystal-field parameters, as given in the seventh column of table 
1, were then used to predict the expected energy levels for Pr1230,. The predicted line 
positions are listed in the second column of table 4. In the first column oftable 4, we give 
the observed peak centres that are assigned to correspond with our calculated levels. In 
general, with the exception of the first excited level, the agreement between observed 
and calculated energies is satisfactory. But the comparison between the observed peak 
sizes and the calculated transition strengths associated with these initial predictions is 
less satisfactory. For example, the intensity calculated for the level at 110meV in this 
first prediction is greater than that for the levels near 80 and those near 65 meV. 
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Table 3. Observed and calculated energy levels for Nd1230, and calculated magnetic 
transition strengths within the ground term, 419,2, for Ndli. The calculated energy levels 
are all doublets with no distinctions in symmetry classification. The calculated transition 
strengths are given originating from the two lowest levels: A,  the ground level and B ,  the 
first excited level. 

Obs energies Calcenergy Magnetic transition strengths (pi) 

This 
(111 P21 work* Scaled Best fit IPIII‘ IP~I ’  IPII~’ lM’ 
(meV) (meV) (mev) (meV) (meV) A B 

0 0  0 0 0 1.23 1.68 0.039 0.003 
5.849 

12 12.6 12 3.85 12.18 0.039 0 . 0 3  1.16 1.88 
20 21.5 20.8 2523 20.41 2.72 0.21 0.45 1.08 
36 36 38.36 36.16 0.19 1.12 1.08 0.69 

117 117.4 116.98 0.73 0.19 0.022 0.88 

t See our experimental paper I [l]. 
$ See text for assignment to Nd ions on Ba sites. 

Table 4. Observed and calculated energy levels for Pr1230, and calculated magnetic tran- 
sition strengths within the ground term, IH,. for P P ,  The calculated energy levels are all 
non-degenerate with the indicated symmetry classification r,,. The calculated transition 
strengths are given originating from the three lowest enerey levels: A, the ground level; 5, 
the fint excited level; and C, second excited level. 

O b  Calc energies Magnetic transition strengths (pk) 
energy Symmetry 
(mev) Scaled Fitted r,, 1P,d2 I P J  IPlIl2 IPrlZ /P111* IPLII’ 
Seetext (mev) (mev) n A B C 

0 
1.4 
3.9 

35t 
45 
50 
65 
80 
85t 

1059 
113t0 
1Wtf 

0 0 1  0 
0.115 1.4 4 0 
3.68 3.8 2 0 

44.37 44.8 1 0 
53.22 49.8 3 0.12 
66.83 64.8 2 0 
76.40 79.6 4 0 
85.32 84.5 3 1.85 

110.00 104.5 1 0 

0 0 1.65 0 2.10 
1.65 0 0 4.40 0 
2.10 4.40 0 0 0  

0 0 0.13 0 0.12 
0 0 0.64 0 0.30 
0.54 0.64 0 0 0  
0.40 0 0 0.52 0 
0 0 0.20 0 0.42 
0 0 0.67 0 0.54 

t See text for assignment. 
t: Taken from [13]. 

We found that a relativelv small adiustment of the assignments in terms of the 
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We have followed the conventions for symmetry classifications for &-states that are 
described by Furrer et a1 [lo]. Calculated transition strengths are listed from the three 
lowest energy ‘levels to the other levels arising within the ground term for fZ, ’Ha. By 
taking into account thermal occupation at 25 K for the excited levels, we now find good 
agreement with the intensities as well as the positions of the assigned spectral features, 
as illustrated in figure I(b). Some of these assigned features such as those near 45 and 
50 meV are very weak and have transition strengths from the lowest crystal-field level 
that are, respectively, 0 and 1/50 times the strength to the excited level at 85 meV. We 
are not assigning the spectral feature near 35 meV to an electronic level of Pr1230, as 
explained above. 

In the next section we use the crystal-field states of the f?  configuration of PP+ 
corresponding to our assignments of inelastic neutron scattering features to calculate 
magnetic and thermodynamic properties of Pr1230,. 
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3. Magnetic and thermodynamic properties of F’rl230, 

Using eigenvectors of f’ crystal-field states in the van Vleck formalism [l, 301, we 
have calculated magnetic susceptibilities of Pr.” in Pr1230, both parallel and perpen- 
dicular to the crystal-field z-axis, and xI, respectively; as well as, calculated xavc = 
011 + 2xL)/3. Recent work on the relation of crystal-field parameters for tetragonal and 
for orthorhombic Ho1230, [31] leadsus to conclude that the z-axis to which our crystal- 
field calculations refer is the c-axis of the crystal. Thus, we identify withx,. Moreover, 
the corresponding calculated parallel magnetic moments can be compared with 
the observed low-temperature ordered moment along this c-axis in the 
antiferromagnetically ordered phase of Pr1230, studied by Li eta1 using neutron dif- 
fraction [8]. 

The anisotropy of the calculated susceptibility depends strongly on the choice of 
ground state for P13+. But the average susceptibility xave is rather insensitive to these 
changes. Magnetic susceptibility observations for powder samples are compared to the 
calculated values of xabe in I [I]. 

The predicted values of xu and ,yI for the fitted crystal-field parameters of Pr1230, 
are roughly equal around 100 K, with X I I  being smaller than xL for lower temperatures 
and a little larger, for higher temperatures. The predicted magnetic anisotropy is much 
greater for our initial estimate for crystal-field parameters of Pr1230,. This estimate 
was obtained by scaling tensor crystal-field values for Ho1230, and is reported in the 
seventh column of table 1. These scaled crystal-field parameters lead to XII  about twice 
zL near 4Ooe and about 5/4 times as large near 300 K. Figure 3(a) gives plots of the 
average susceptibilities for comparison to experimental values obtained with powder 
samples. Figure 3(b) show plots of the corresponding predicted magnetic anisotropies. 
We think that experimental investigation of the magnetic anisotropy for Pr1230, would 
be useful to confirm symmetry assignments for the observed crystal-field energy levels, 

Our crystal-field calculation reported in the previous section of this paper and 
summarizedin paper Icompletely ignores the typeofinteractions between f-electronson 
differentpr atoms that produce magneticordering. When these cooperative interactions 
are ignored we find, as previously mentioned, that the crystal-field predicts very small 
splittings of the three lowest lying states: qt and yo, say. These crystal-field states have 
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Figure 3. Calculated magnetic susceptibilities for Pr1230, as functions of the inverse tem- 
perature. They are shown for both the original scaled parameter set W )  and the best-fit 
parameterset&q?. PlotsaregivenforthreesusceptibilitiesineachoseX,. = &> t x, t Xu)/ 
3. A = xI. and x, = x ~ . ~  = &: + xyV2. 

eigenfunctions that can be reasonably represented (i.e. with 90% reliability) in terms of 
components of the 3H4 states as follows: 

1 
q _ - - ( I J = 4 , M =  +3)+15=4 ,M=-3) )  

* -v2 
and 

1 qo = - (IJ = 4, M = +2) + IJ = 4, M = -2}). 
v 2  

How well do these q?, qo states represent magnetic properties of the lowest-energy 
states in our crystal-field calculation? First of all, all diagonal matrix elements of the 
magnetic moment vanish for these p.. qo states (as they must for any non-degenerate 
crystal-fieldeigenstate). Since thegfactorfor 'HH,statesis0.8, we have 0.8 x 3 = 2.40 pB 
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for pi connecting these two q =  states in this model. This value is to be compared with 
2 . 1 0 . ~ ~  that comes from our 91 state calculation of magnetic properties. Perpendicular 
components of the magnetic transition moments connecting the two qL states vanish by 
symmetry. Between q,and qt the parallel transition moments vanish by symmetry and 
the perpendicularcomponentsare 0.8 x d3.5 = 1.50pB, to be comparedwith 1.45and 
1 . 2 8 . ~ ~  from our 91 state calculation of magnetic properties. 

The states of the individual neighbouring PSt ions, represented by p2 and qo. can 
be coupled in the crystal lattice by a cooperative interaction between neighbouring Pr 
ions. Competing influences of the isolated-ion crystal field and the interaction between 
ions determine the actual renormalized wavefunctions and resulting saturation moment 
for the antiferromagnetic ordered phase. Within the framework of our model, inter- 
actions between the ions are proportional to the square of the transition moment 
connecting the crystal-field eigenstates. We consider only the ordering associated with 
the p, transition moment between the p= states, since it can be expected to produce an 
interaction between ions more than twice that for the pL that connects the qo and q? 
states and also because the measured ordered moment for Pr1230, lies along the crystal 
c axis that corresponds to our pi [8]. 

Our approach to analysing the cooperative phenomena is based on what has been 
called the two singlet-level model (see references [16] and [32]). The model for the 
mixing of the low-lying crystal-field qt states is made more specific in terms of the 
crystal-field splitting energy AcF between these pt states and the interaction energy of 
a particular Pr ion with its nearest neighboring Pr ions E,.  The effective single-site energy 
matrix then takes the following form in this q3 basis: 
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[+? - A I C F / ~  E, 1. 
Let us think of the single-site Pr-ion ground state in the magnetically ordered crystat 

as having two eigenvalues E- and E , ,  with their respective eigenfunctions Yu_(0) and 
Yt(0) that are mixtures of the two q? crystal-field states: 

Y _(e)  = q. cos 0 - pc sin 0 

and 

Y+(O) = pi cos Q + q -  sin 0 

where 

0 = 1 arctan(2EI/AcF). 

Then 

Et = ?+(A& + 4E:)'". 

In this model, the ground-state ordered moment is given by 

PCS = (Y- (8) lp2 IY- (0)) = -K(q - lp2 Iq +) + (q+ I p a  Iq - )) sin 20. 
SothatpGs = -p,sin20,intermsofthe transitionmomentp,,that hasavalueof2.10pB 
inour91-state crystal-fieldcalculation. The observed low-temperature ordered moment 
is [pz] = (0.74 -C 0.08) pB [8]. Equating the magnitudes of [pJ and pes, we find a cor- 
responding mixing angle of 0 = %10.3". In the previous sections, we showed that ACF 
between the states cp- and q+ is 3.9 - 1.4 = 2.5 meV or 29 K. Combining these values 
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for 0 and ACF, we find EI = k5.5 K (some 0.47 meV) for the effective interaction 
betweenneighbouringPr3+ ions. Wenote that thisvalue for the Pr-Pr interactionenergy 
is a factor of eight smaller than the Lorentzian full width at half maximum (FWHM) 
3.8 meV that we found above for the neutron inelastic scattering features of Pr1230, in 
figure 2. 

If the Pr-Pr interaction energy is substantially smaller than the intrinsic width of 
the neutron scattering features, other non-Pr contributions must be considered. It is 
tempting to speculate that they arise from the conduction electrons as well as the Cu and 
the 0 atoms. This point of view is consistent with the requirement for a mechanism that 
produces 3D ordering along the c axis for distant Pr moments to involve interactions 
with the intervening Cu, 0 and other electrons in the crystal. 

This interpretation of the low-temperature ordered moment still leaves unanswered 
questions about the relationship of the effective interaction energy to the observed 
Nkel temperature and other thermodynamic properties of Pr1230, Low-temperature 
specific heat measurements have recently been reported for dilute samples of 
(Y,-,Pr,)Ba2Cu307forx = 0.3[33]. BasedonDebyetemperaturesof 330 KforPrl230, 
and 350 K for Y12307, we have predicted thermodynamic functions for the para- 
magnetic phase of these materials [34]. Our preliminary comparisons show satisfactory 
agreement of the observed and calculated values for corresponding specific heat func- 
tions at temperatures just above the magneticorderingtemperature. We areencouraged 
by these initial tests of the correctness of electronic thermodynamic functionscalculated 
from the energy-level assignments given here for Pr1230,: 

Calculated thermodynamic functions based on our assignments are consistent also 
with recently published specific heat observations up to 20 K [8, 151 as well as with other 
measurements on the paramagnetic phase up to 30 K [35]. By way of contrast, however, 
our predicted thermodynamic functionsfor pure Prl230,disagreewith the first reported 
specific heat and estimate of the entropy change associated with the magnetic ordering 
transition in the vicinity of 17 K published in 1988 [9]. These comparisons are shown in 
figure 4. 

In figure 4 we reproduce observed specific heat curves from the literature [8, 15,9 
and35]inparts(a),(b),(c)and(d),respectively.Ineachpanoffigure4wehaveoverlaid 
our predicted specific heat curves. Three calculated curves are shown. These are the 
total specific heat as a function of temperature, T; the lattice contribution; and the 
contribution from the three lowest-lying energy levels of the f'-configuration. We have 
used the Debye heat capacity function CV/3R [36] to estimate the lattice contribution 
with a Debye temperature OD of 330 K. We have used three non-degenerate electronic 
energy levels at 0, 21.4 and 49.9 K to model the Pr?' ion. Because of the flexibility 
inherent in our choice of OD, slight differences between these thermodynamic levels 
and the assigned energy levels given in column 1 of table 4 are not significant for the 
comparisons we are making here. 

We can only expect agreement between our calculations and observations in the 
paramagnetic phase. Figure 4(d) is very useful in making this comparison since the 
observations extend up to 30 K. Comparison of observations for Tless than 20 K seems 
to indicate that in this lower temperature range the sample for 4(d) may not have reached 
equilibrium following each change in temperature. The specific heat anomaly associated 
withantiferromagneticorderingat about 17 Kseems rather toosmallin4(d) ascompared 
to the other observations. 

It is worth noting here that an important test of any model for the electronicstructure 
of Pr1230,is how well it corresponds to the observed third-law entropy for the material. 
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Temperature (K) 
Figure 4. Observed and calculated specific heat Nmes for Pr1230r. Observed specific heats 
are reproduced from the foilowingsources: (a) figure 3(a) of [8], (b) figure 4(a) of [15], (e) 
figure l(a) of [9] and (d) figure lO(a) of [35]. In all cases we use a Debye temperature of 
330 K. Separale curves show the Debye-function heat capacity for the lattice (broken) and 
electronic heat capacity of the three level system (chain curve) (see text), 

Our model for the crystal-field levels of Pr'+ ions in the paramagnetic phase should be 
compared to the measured third-law entropy after the measured specific heat begins to 
agree with the calculated specific heat, i.e. at about 30 K and above. Unfortunately the 
recent, careful low-temperature studies of specific heat only went up to 20 K [S,  U]. 
Nevertheless, a rough preliminary understanding of the entropy comparison for the 
paramagnetic phase can be obtained by studying figures 4(a) md (b). 

The third-law entropy at a given temperature T corresponding to specific heat 
measurements from effectively 0 K up to Tis given by the l/Tweighted area up to that 
temperature under the curve of the specific heat as a function of T. [37]. Thus, we can 
look at figures 4(a) and (b) to determine how much difference there will be in the 1/T 
weighted areas under the measured and the predicted specific heat curves. There are 
two regions of difference in the curves. For an area centred around about 8 K the 
predicted specific heat is greater than the measured specific heat. For an area centred 
around 17 K the measured specific heat is greater. The l/Tweighting makes the area at 
the higher temperature approximately half as effective for increasing the entropy as that 
at the lower temperature at which the two specific heat curves differ. Although it is 
somewhat subjective until careful specific heat measurements are published up to 30 K, 
it looks as though the area of difference between the two specific heat curves around 8 K 
is about half of the area of difference around 17 K, provided that the two curves do come 
together at a temperature between 25 and 30 K. If this estimate is correct, by 30 K or so, 
the measured and predicted third-law entropies would agree. As shown in figure 4(d) 
the measured and the predicted specific heat curves do seem to have equal values, slopes 
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and curvatures between25and30 Kso that thecurvesand their integralsshouldcontinue 
to agree above 30 K. It will be interesting to see how these thermodynamic comparisons 
hold up for more complete data. 

4. Discussion and summary 

We have explained the details of the scaling procedure that provides the framework 
within which we have assigned the observed inelastic neutron scattering peaks of 
NdlUO, andPr1230,. These assignments are completely consistent with corresponding 
assignments by Furrer el a1 for similar data of the analogous Ho compound [lo]. We 
think that analysis of crystal-field levels for other rare-earth ions substituted into the 
R1230, lattice will also be aided by predictive energy-level calculations based on 
appropriately scaled B: parameters. Now that fitted values for these parameters are 
available for both light, Pr and Nd, and heavy, Ho, members of the lanthanides, we 
hope that a simple linear scaling proportional to the change in the number of f-electrons 
may be adequate for initial estimates. The involved procedure that we used, relying on 
Hartree-Fock results to extrapolate the values for Ho to the lighter lanthanides, may 
not be needed again for this class of compounds. 

Based on the available neutron scattering data for the paramagnetic phase of 
Pr1230,. we have given ‘consensus’ values for the crystal-field parameters in this phase 
anddeducedanintrinsicLorentizian width of 3.8 meVforthe neutroninelasticscattering 
features of Pr1230,. The resulting crystal-field eigenfunctions and eigenvalues have 
been used in standard crystal-field theory to predict the anisotropic magnetic sus- 
ceptibility and other properties for P?’ in PrlUO,. Previously we showed that the 
calculated magneticsusceptibilitiesfor powder samples agree very well with those found 
experimentally [I]. Our simple crystal-field model for Pr3+ ions predicts the unexpectedly 
low effective paramagnetic moment found experimentally for Pr1230,. 

In this paper we have predicted the anisotropies of the magnetic susceptibility for 
Pr1230, and showed how these anisotropies can help to distinguish between competing 
modelsfor describing the lowest three energy levelsof the fz configuration io this crystal. 
These three electronic stateswould all be degenerate in the cubic crystal-field that forms 
the dominant component of the observed local electric field. The details of how this 
threefold degeneracy is lifted in the R1230, lattice are most physically important. Thus, 
there is good reason to hope that experimental studies of magnetic susceptibilities 
of single-crystals, or at least oriented samples, of Pr1230, will substantially advance 
confidence in the details of the non-cubic parts of the crystal-field environment of the 
Pr3+ ions in this lattice. 

Also in our present paper, we discuss a primitive two-singlet-states model for inter- 
actions between neighbouring P$+ ions. This model allows us to understand the rela- 
tively small low-temperature ordered moment observed for the antiferromagnetic 
phase. Thus, we provide additional support for our conclusion that standard crystal- 
field theory correctly applied to the fz configuration for Pr’+ ions fully explains the 
unusual magnetic properties of Pr1230,. The fundamental feature of the anti- 
ferromagnetically ordered phase is that each Pr ion site experiences a strong local 
magnetic field parallel to the c-axis of the crystal. This strong local magnetic field causes 
renormalization of the crystal-field states. States that are linked by sizeable off-diagonal 
matrix elements of pil, the magnetic moment parallel to the c axis, are mixed with each 
other to form these renormalized states. The competition between the original crystal- 
field splittings and the induced magnetic moment splittings results in some specific 
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amountofmixingin theorderedstate. Wefoundthatamixingofonly3%,corresponding 
to a mixing angle of & 10.3", was sufficient to account for the observed ordered moment 
of 0.74 pB found in the antiferromagnetic phase [SI. 

Taking the argument a little farther we reason that the very strong local magnetic 
field at each Pr site in the lattice strongly influences all five crystal-field states that are 
connected to each other by large off-diagonal magnetic moments (1.8. 2.1, 2 . 5 ~ ~ )  
parallel to the c axis. Because the excited states at 1.4 and 3.8 meV are linked by an off- 
diagonal of 2.1 pB, these two states are renormalized, as explained in section 3, to 
producetheobservedorderedmoment intheantiferromagneticphase. Thethreeexcited 
states at energies of 44.8,49.8 and 104.5 meV in the paramagnetic phase are linked by 
off-diagonal values of pj~ of 2.5 and 1.8 pB, respectively. Thus we expect these states to 
be mixed with each other and shifted in energy in the antiferromagnetically ordered 
phase. 

Two clear features at higher scattering energies in the 2 K spectra reported by Paul 
et a1 [13], particularly, 113 and 123 meV, are not consistent with energy levels of the 
paramagnetic phase asanalysed here. These featuresdonot fit intoour assignedcrystal- 
field levels for isolated P?' ions in the paramagnetic phase nor do they show up in the 
25 K spectra for the paramagnetic phase as reported in figure l(b). It will be very 
important to learn whether these features dependon the transition toa  low-temperature 
ordered phase of Pr1230,. 

We have given several predictions for thermodynamic functions based on our view 
of the electronic structure for the paramagnetic phase of Pr1230, that should be tested 
experimentally. Initial comparisons with published data are encouraging and indicate 
the need for additional measurements of the specific heat in the range 20-35 or  40 K. 
Tests of our predictions for the third-law entropy in the neighbourhood of 30 K will be 
very important in confirming or providing data to modify our model for the electronic 
properties of individual Prst ions i n  the paramagnetic phase. 

We arc striving for a sound understanding of the electronic properties of isolated Pr 
ions in the paramagnetic Pr1230,. Investigators studying cooperative phenomena like 
magnetic ordering and superconductivity can then build with confidence on such a 
foundation. Inourstudies,we havefoundavalueof3.8 meVfortheintrinsicLorentzian 
FWHM associated with neutron scattering featuresof Paramagnetic Pr1230,. This intrin- 
sic width is about eight times larger than the Pr-Pr interaction that can account for the 
ordered moment in antiferromagnetic Pr1230,. We hope that these observations may 
helplead toaphysicallycorrect model for understanding cooperative phenomena in  this 
interesting substance. 
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