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Heat capacity, electrical resistivity, and magnetic susceptibility of NdAls have been measured over the temperature range
4-300 K. The results are used to elucidate the influence of the hexagonal crystal field in NdAls on the 49,2 ground-state
multiplet of the Nd¥* ion. Measurements indicate that the crystal field interaction is stronger than exchange but the latter
is sufficient to produce antiferromagnetic ordering below 4 K, primarily within a I's doublet state. Using a Hamiltonian
with second-, fourth-, and sixth-order terms three sets of crystal field parameters are obtained which are in reasonable
accord with experiment. Examination of the crystal field intensity parameters in the context of the point charge model
seems to indicate that nonelectrostatic terms are significantly involved in the crystal field interaction. As an aid to the
general analysis, heat capacity measurements were made on Ndg.4Lag.¢Als.

L. Introduction

Numerous studies have been made in this laboratory in
recent years dealing with the influence of the crystal field (CF)
interaction on the behavior of rare earth intermetallics.! The
CF interaction has been shown to influence the bulk magnetic
properties (susceptibility, etc.), heat capacity (Cp), and
electrical resistivity (p). By studying the temperature de-
pendence of susceptibility (x), Cp, and p it has often proved
possible to elucidate many of the details of the CF interaction.

Indeed, this wide variety of experimental data is certainly
necessary if accurate parametrization of the CF interaction
is to be achieved. Previous modeling has been largely based
upon the simplified point charge—single ion concept. It should
be pointed out, however, that although this model seems to
be satisfactory in some important cases,2? its utility is not
universal among the metallic rare earths, There have, in fact,
been a number of studies#’ in which the experimentally
determined CF parameters cannot be explained within the
confines of the purely electrostatic interaction model, These
discrepancies point out the desirability of more extensive
studies of the CF interaction in metallic rare earth systems.

The present paper constitutes the third in a series of reports
dealing with the CF effects in RAl3 compounds with R = Ce,
Pr, and Nd. These crystalline materials provide the unique
opportunity of studying an isostructural system in which the
CF interaction is either the sole or predominant factor involved
in determining the thermal dependence of the macroscopic
properties referred to above. The most simple case is ex-
emplified by PrAl3® in which the nonmagnetic ground state,
giving rise to Van Vleck paramagnetism, is induced solely by
the CF interaction. A more complicated situation is presented
by CeAls7 where the experimental data reflect the combined
effects of CF and Kondo interactions. Finally, measurements
on NdAlz are reported in this communication. As in the
previous two RAl3 cases, we find the CF effects to be the
predominant influence on the measured properties. However,
in this case exchange is stronger as is evidenced by the ap-
pearance of antiferromagnetic ordering below 4 K. As will
be demonstrated, parameters appropriate to the description
of the CF interaction can be calculated on the basis of the
presented data. For this purpose we rely mainly upon heat
capacity measurements since the CF parameters are most
accurately determined from these data. The resistivity
measurements, although of quantitative value, cannot be
rigorously applied to CF parameter calculations because of
the difficulty in obtaining a suitable estimate of the phonon
and residual contributions to the measured p and in separating
these from the spin-disorder term; the latter is the contribution
which is affected by the crystal field interaction. This inability
to separate the contributions is unfortunate, for the calculated
spin-disorder resistivity possesses a strong eigenfunction de-

pendency (see eq 10) and is potentially of great utility in
determining the correct CF parameters.

The results of susceptibility experiments have been presented
primarily to provide information in regard to the magnetic
interactions in NdAls. As has been pointed out elsewhere,$
for temperatures above 10 K the calculation of polycrystalline
susceptibilities is in most cases rather insensitive to the choice
of CF parameters. This is indeed the situation in NdAls, as
is shown in Figure 3.

In regard to the magnetic properties of NdAls, our results
are at variance with those obtained in an earlier study of
Buschow and Fast.2 They observed the susceptibility to behave
in a typical Curie-Weiss manner for temperatures in excess
of 60 K. Below this temperature, however, significant de-
viations were observed which could not be explained on the
basis of magnetic ordering, CF effects, or a combination of
these effects. We can only conclude from the relatively
straightforward behavior of our samples (see Figure 3 below)
that this previous work was conducted on impure multiphase
material..

II. Experimental Section

The rare earth starting materials had a stated 99.9 wt % purity
with respect to other lanthanides. With the exceptions of La and Sm
(approximately 0.03 wt %) all other rare earth impurities either were
not detected or were less than 0.01 wt %. The crucible material during
the purification process was Ta and represented less than 0.8%, while
all other detectable elements were evident in amounts less than 0.01
wt % (Si, Fe, Mg, Ca, and Al). No attempt was made to analyze
the quantities of the gaseous impurities. The stated purity of the
aluminum starting material was 99.999 wt %.

Using induction heating and a water-cooled copper boat, the el-
ements were melted together under a purified argon atmosphere to
form the compound. By limiting each ingot to an approximate mass
of 6 g, this technique provided melts which could be maintained for
a period of 1 or 2 min with vigorous stirring and virtually no con-
tamination from the cold boat. The resulting heat treatment was found
to be important for the formation of single-phase samples. The optimal
conditions consisted of annealing the samples which had been wrapped
in tantalum in an argon atmosphere for a period of 3 weeks at 800°C,
Nearly 80 g of NdAls and 6 g of Ndo.aLaosAls were prepared in this
manner. X-Ray powder diffraction measurements showed both
compositions to be single phase within the limits of this analytical
method (approximately 4%),

Heat capacity data were obtained employing two adiabatic cal-
orimeters operating in overlapping temperature ranges. Between 15
and 300 K we feel justified in claiming an accuracy of nearly 0.2%
as has been determined by measurements of a National Bureau of
Standards sample of benzoic acid. In the lower temperature range
(2-15 K) our accuracy has been established as about 19%. More details
of these measurements and instruments have been given elsewhere.%,10

The resistivity was measured on an elongated bar (~1 cm X 2 mm?)
by the familiar four-terminal dc method, while the susceptibility data
were obtained by the Faraday technique employing a powdered sample.
Both types of measurements were repeated on separate samples to
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ensure results characteristic of NdAls. The reproducible nature of
these data indicated that the prepared ingots represented well-
homogenized low-impurity materials.

IIL. The Crystal Field Hamiltonian

The customary Hamiltonian, based upon a “one-particle
potential”, used to describe the CF interaction in rare earth
systems is!!
Hor= £ 3 BMOLm )

n=0 m=+n

The quantities On™ are the well-known Stevens operator
equivalents which are provided in terms of the total angular
momentum operators. O™ is dependent only on the
ground-state multiplet of the rare earth ion. The angular
dependence and thus the description of the strength and nature
of the CF interaction are contained in the coefficients Bx™.
This form of the Hamiltonian is general to the extent that it
is developed from a potential equation which in no way restricts
the nature of the charge distribution of the surrounding en-
vironment. Very often in the literature, however, attempts are
made to place significance on the coefficients Bs” with the
help of the “point-charge model”. It is within the confines
of this model that the nature of the interaction is strictly
defined. It should be noted that the operator-equivalent
technique (embodied in eq 1) of treating the CF interaction
is valid only for calculations in which J is “a good quantum
number”, i.e., the case in which the CF perturbation is small
compared to the energy difference between the multiplets. For
the purposes of the present study this restriction represents
no loss of generality since the J = 9/2 ground multiplet of Nd3+
lies nearly 3000 K below the first excited (J = !1/2) multiplet.

The number of nonvanishing terms in eq 1 becomes
manageable by considering the site symmetry of the rare earth
ion. The characteristic crystalline structure of the “light” RAl3
compounds is the Ni3Sn type.12 With the axis of quantization
along the hexagonal ¢ axis, the point symmetry at the rare
earth site is Des and eq 1 reduces to

JCCF(NdAl;;) = 320020 + B40040 + 360060 + 866066 (2)

In this equation the coefficients are connected to the familiar
parameters6:13 W, x, and y by the defining relations

(1-lyhw
B =T
2 F2
o VW
B, F.
(1 - elyw
B =
6 Fé
B(,é =M66,B60

The numerical factors F2, Fa, and Fgs have been conveniently
tabulated,!4 while M¢® can be easily calculated. The general
effect of the CF interaction in NdAls is that the tenfold
degenerate ground-state multiplet #Is/2 is split into five Kramer
doublets. By diagonalizing the matrix corresponding to the
Hamiltonian in eq 2, the eigenvalues and eigenfunctions for
various values of W, x, and y are obtained.
IV. Results and Discussion

Our determination of the Schottky and magnetic heat
capacity contributions in the RAl3 compounds is based upon
the assumption that the phonon and electronic components are
suitably estimated by the measured heat capacity of the
isostructural, nonmagnetic LaAls. This assumption has been
thoroughly considered and justified for PrAls in a previous
paper.” The same considerations would appear to apply to
NdAls. Proceeding on this assumption our measurements
indicate that we account for about 94% of the expected
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Figure 1. Comparison of the experimental excess heat capacity
of NdAl, and Nd, ,La, (Al, (between 1 and 11 K) with the
calculated CF-only contribution for each of the proposed schemes.
The modification when dynamical exchange (see text) is included
is also shown.
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Figure 2. Comparison of the measured and calculated crystal
field heat capacities for NdAl, between 6 and 300 K.

magnetic and CF entropy [R In (2/ + 1)]. The actual heat
capacity data are presented in Figures 1 and 2, for the
temperature ranges 1.8~11 and 5-300 K, respectively. In both
of these figures the results are presented as the excess heat
capacity of the neodymium-containing compound over that
of nonmagnetic LaAls. For NdAls two well-separated and
distinct maxima are observed, at 3.7 and 35 K.

Although the shape of the lower temperature peak is not
that of a usual A anomaly, it can nonetheless be concluded (see
the x values in Figure 3) that it results from an antiferro-
magnetic order—disorder transition, which is occurring pri-
marily within the ground-state CF doublet. Such a process
leads to a Zeeman splitting of this doublet and thus to an
associated theoretical entropy of R In 2 or 5,77 J/(K mol).
The entropy connected with this experimental peak, however,
amounts to almost 8 J/(K mol). This clearly indicates ad-
ditional contributions arising from thermal excitations into a
low-lying CF state. '

At this point we note that the convention followed in the
several diagrams is that experimental results or data obtained
from experimental measurements are represented in the figures
as solid lines. Where appropriate, data points are included
but usually not in their entirety. Calculated results are
represented as some form of broken line.

In an attempt to clarify the origin of the unusual shape of
the 3.7 K anomaly, measurements were performed on the
compound Ndo.4Lao.sAls. It is supposed that the substitution
of nonmagnetic lanthanum for neodymium suppresses the

" exchange interaction and therefore lowers the Neel temper-

ature, without appreciably altering the crystal field effects.
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Figure 3. Inverse susceptibility per mole vs. temperature for
NdAl,. The calculated quantities have already been adjusted for
the “best fit” values of the molecular parameter indicated in
Table 1.

The results for the ternary system, shown in Figure 1, indicate
that the Neel temperature is somewhat below 1.7 K. However,
the magnitude of AC) for the ternary system indicates that
there is an appreciable contribution to the heat capacity in the
temperature region originating from the population of higher
CF states. It is probably this which confers the unusual shape
on the 3.7 K anomaly and gives rise to the excess entropy above
R In 2. Tt then becomes necessary to describe the low-
temperature properties of NdAls in terms of a crystal field
interaction which provides a first excited doublet roughly 10
K above the ground state.

The distribution of the higher CF states is mainly deter-
mined by a least-squares fitting of the information presented
in Figure 2. The maximum occurring at 35 K is a charac-
teristic Schottky anomaly and results from the thermal
population of higher CF states as temperature increases. An
important feature of this peak is the prolonged tail on the
high-temperature side, which indicates that the overall splitting
of CF states is in excess of 100 K. The rapid drop in ACp to
zero at 140 K and the subsequent continuation of measurable
quantities above 185 K is a troublesome feature complicating
the analysis; these complications are probably the consequences
of the imperfection of the assumption that Cp for LaAls
properly represents the electronic and phonon contributions
for NdAls. Even so, the temperature region of major interest,
between 0 and 100 K, contains, as noted above, over 90% of
the maximum possible entropy of R In (2J + 1), Thus the
failure of ACp to decrease smoothly to zero above 100 K should
have only a small effect on the outcome of the fitting pro-
cedures.

The results of magnetic measurements are shown in Figure
3 as inverse susceptibility vs. temperature. Although these
measurements indicated nearly free ion behavior at high
temperatures, below 60 K small positive deviations from
Curie-Weiss behavior were observed. This anomalous be-
havior persisted down to the Neel temperature, ~4 K. The
effective moment of 3.45 us, calculated from the linear portion
of the curve, compares favorably with the theoretical value
of 3.62 us.

The resistivity results are shown in Figure 4. 1t is obvious
that for temperatures above 100 K the usual linearly tem-
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Figure 4. Total measured resistivity for NdAl,.

oS {Joutes /K mote)

|

[

|I ———1II & IV
i

EXPERIMENTAL

0 20 L0 60 80 100

Figure §. Calculated and experimentally determined thermal
response of the excess entropy for NdAl,.

perature dependent phonon scattering term is the principal
contribution to the resistivity. In this region the contribution
arising from the paramagnetic scattering or spin-disorder
resistivity is nearly temperature independent. This is the
situation when the Boltzmann factors are essentially equal for
all CF states and the several states are populated statistically
by the ions in the assembly.!5 At lower temperatures, however,
the Boltzmann population factors are different for the several
states and hence their populations vary significantly with
temperature. This variation of population with temperature
means that the spin-disorder contribution is temperature
dependent, which leads to the noticeably nonlinear measured
resistivity. The paramagnetic scattering of the conduction
electrons is mainly responsible for the large values of resistivity
down to low temperatures. The abrupt drop in the experi-
mental values near 4 K is characteristic of the rapid decrease
in this spin scattering of the conduction electrons accompa-
nying the onset of magnetic order.

The calculation of appropriate eigenvalues and eigen-
functions according to eq 2 is greatly facilitated by first
considering the thermal response of the magnetic entropy. This
information can be derived from our heat capacity data and,
as has been indicated, should eventually reach the value R In
10 at high temperature. At lower temperatures, the magnetic
entropy will have a sensitive dependence on the CF eigenvalues
through a Boltzmann-type relationship and, therefore, can
often yield some valuable information about the lower energy
CF states. Figure 5 is a plot of this excess entropy as a
function of temperature between 0 and 80 K. Of particular
interest is the rapid increase of AS from lowest temperature
to 12 K. The rapid accumulation of R In 2(3 K) is, of course,
the result of the antiferromagnetic order—disorder transition.
That this buildup of entropy should continue and, in fact, reach
R In 3 by 5 K leads, as noted above, to the conclusion that
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Table I. Crystal Field Parameters for NdAl,
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Crystal field coefficients

Best-fit molecular field

- Scheme

W,K X y parameter, —A; emu/mol
1 16.3+ 1.1 0.20 £ 0.05 0.35£0.04 301
11 -15.1+1.3 -0.20 £ 0.08 0.36 £ 0.04 6.0x2
1 -6.6 £ 0.6 0.07 £ 0.03 0.85 +0.06 40«1
v 6.2+ 0.6 -0.10 £ 0.03 - 0.93 £ 0.07 5.0+1

the first excited CF doublet must be in the vicinity of 10 K.
In addition, the splitting between the ground state and the most
excited state appears to be of the order of 100 K, as is indicated
by the significant entropy being added near 80 K. Placing
these two conditions upon the solutions of eq 2 greatly reduces
the number of acceptable sets of CF parameters (W, x, y).
These parameters can then be refined by using a least-squares
fitting procedure of the heat capacity and susceptibility data.
Equation 3 describes the functional dependence of the Schottky

Cer= [R/T2.§ (giEize-Ei/T/Q) -
=1

(Zusermo)’] ®

heat capacity upon the eigenvalues. Here, gi represents the
degeneracy of the ith CF state, E; is the energy in kaysers,
and Q is the partition function. R and T are, of course, the
gas constant and temperature, respectively. This relationship
has the feature that the shape and temperature position of the
calculated Schottky maximum are very sensitive to the ei-
genvalues E; and thus to W, x, and y. For the calculation of
the polycrystalline susceptibilities, we consider the effect of
the applied field to be a small perturbation on the CF-only
states. In the small-field approximation the susceptibility is
given by the general formula!6

¥ €D [((En—Em) 2e-En/kT/Q> )

(paermey]-

Jn

>
nm -E_,
Ep#Em

2g2 /~‘B -En/kT/Q

(4)

Here g is the Lande factor for the rare earth icn and the Jum
are the matrix elements connecting the nth and mth CF states.
Because of these matrix elements the calculated susceptibility
becomes dependent on the actual form of the CF eigen-
functions, and thus one expects the fitting of such data to be
valuable in the determination of appropriate W, x, and y
values. Unfortunately, the approximations that are necessary
to calculate x values for polycrystalline samples severely limit
the sensitivity of this approach. For the purposes of these
powder experiments we must solve eq 4 for both parallel (Jz)
and perpendicular (Jx) orientations of the external field with
respect to the axis of quantization. The total CF-only sus-
ceptibility (xcF) is then considered to be the following geo-
metrical average of these orientations

Xcr = ax1 + %/3x1L )
To compare these values with experiment, suitable allowances
of exchange effects are made by employing the molecular field
model. The resulting xcated includes the familiar paramagnetic
molecular field parameter A and is given by

Xeated = Xcr/(1 = AXcF) (6)
A reasonable estimate of \ is readily obtained by extrapolating
the experimental susceptibility to 7 = 0 K and yields the value
A = -4.0 emu/mol.

The CF parameters resulting from least-squares fitting
procedures using eq 2-6 are shown in Table I. For the fitting

‘of the heat capacity data the parameters W, x, and y were
varied, while the additional parameter A must be included for
the susceptibility data. The uncertainties shown in the table
repesent the limit by which the parameters can be varied
without significantly affecting the fit of the experimental data.
Major emphasis is placed on the temperature position and
shape of the Schottky maximum and on the determined value
of . The attempt has been made to keep Acaled very near the
value obtained experimentally. It should be sufficient to say
that the “next best” set of CF parameter yielded nearly a 20%
increase in standard deviation over those sets indicated in Table
I. The macroscopic properties calculated according to these
schemes are compared with experiment in Figures 1-3. It is
important to reiterate that Figure 1 actually presents two sets
of experimental data. We have taken the results for NdAl3
to be indicative of the combined effects of CF and exchange
interactions between 2 and 5 K. In this same temperature
region we have assumed that the data for Ndo.4L.ao.6Als are
representative of the CF-only situation, i.e., CcF(NdAl3) =
2.5[ACp(Ndo.4LaosAl3)]. Thus one might be tempted on first
sight to question the applicability of schemes I and II since
they would give rise to a Schottky maximum near 3.2, whereas
no such peak is observed in the lanthanum-containing ternary
system. There are, however, two considerations which can be
invoked to bring the treatment represented by curves I and
II into agreement with experiment: (1) that the replacement
of 60% of the neodymium ionsg by lanthanum does not really
leave the CF interaction unaltered as we have assumed; (2)
that for T > T~ there is a significant perturbation resulting
in some way from the molecular field, i.e., from the interactions
of the paramagnetic Nd3* ions. Each of these possibilities has
an interesting implication. Since we have observed no structure
or significant lattice parameter change between the parent and
diluted compound, the first consideration might lead one to
believe that the CF interaction in NdAl3 contains significant
contributions from nonelectrostatic mechanisms. In the
electrostatic description we expect the interchange of two
physically and electronically similar ions like Nd3+ and La3+
will not appreciably change the strength of the interaction,
unless there was an altering of the crystal symmetry or in-
teratomic distances. The alternatives to an electrostatic
mechanism have been conveniently reviewed!” and are rapidly
gaining increased consideration. If, on the other hand, we
accept the second explanation, then we should modify our
calculations according to recent suggestions!8 which attempt
to account for thermal fluctuations in the expectation value
of the total angular momentum operator (J). These con-
siderations predict a dynamical exchange field Hdyn defined
by

Hayn = gup - ) %)

whose probability distribution [W(Hayn)] follows the rela-
tionship

Hyg |
W(H, ~ _“dyn
( dyn) exp[Zk T}\] 8)
Our new Hamiltonian for 7 > TN then becomes
-> >
Hrsrg=Her — ?g/*‘Bden'Ji )]
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Table II. Eigenvalues and Eigenvectors Resulting from the Parameters Indicated in Table I Eigenvector Representation?

Scheme Eigenvectors Energy, K Coefficients B.°/B,° B./B°
I I’ 167.4 220358
Iy 93.4 b=0934
r, 60.8 s 0195 7.69 X 107 5.25
. 7.7 d=0.981
r, 0.0
i T, 157.9 2=-0.394
T 824 b=-0.919
r, 77.2 s 029 8.03 x 107 ~5.40
L, 7.6 d=-0.956
r,: 0.0 :
Bt I lggg 2=-0.287
) P b=-0.958 o
. . os oma 2832 x 10 3.84
T 2.7 d =-0.701
rg? 0.0 ’
v Iy 125.7 220294
ry 97.1 b =0.956
r, 43.2 e ~94.86 X 1073 -6.20
r, ) =0.
oy o d =0.548

@ Eigenvector representation follows the conventions: T',= 2"/, Ty' = %2123y £ R/ Ty %= BM1F°) + la-it "/, Pyt = 7cl+®/ ) ¢

d179/,; T,F = Wd1-1£3)) + lel1%3f ).

The effect of the second term in eq 9 on the calculated heat
capacity can be seen in Figure 1. Here the curve composed
of the crosses is calculated for the CF parameters of scheme
I using Hayn = 500 kOe at 10 K. Although this value of Hayn
may be unrealistically high, it nonetheless indicates that an
improvement in the quality of fit can be obtained by including
dynamical exchange terms. It is impossible, however, on the
basis of these data to determine whether the first, the second,
or a combination of both explanations is the more appropriate
for NdAls,

The calculated higher temperature heat capacity (Figure
2) needs no special comment since each scheme in Table I
provides rather similar ACp behavior for T > 15 K. The
temperature position of the Schottky maximum corresponds
with the experimental value of 35 K, and the general shape
up to 80 K is reproduced. As has been mentioned, we were
unable to rationalize the measured ACp behavior above 100
K.

Some interesting distinctions between these sets of CF
parameters are observed when calculating the thermal response
of the CF entropy (Figure 5). Both schemes III and IV lead
to a rapid accumulation of CF entropy between TN and 6 K,
whereas the entropy increment for the other schemes is more
gradual and more consistent with experiment. The differences
between the eigenvalues and eigenfunctions of the four possible
parameter sets are shown in Table II.  The existence of a
low-lying first excited doublet in IIT and IV is the cause of
their high entropy at low temperatures. We wish to avoid
placing too much emphasis upon the discrepancy between these
schemes (III, IV) and the experimentally obtained entropy
since the latter quantity includes extrapolated values between
1.7 and 0 K. If one assumes that the real splitting between
the ground and first excited states is indeed very small, then
larger experimental entropy values than those allotted for by
our extrapolation process would be observed below 1.7 K.
Unfortunately, this temperature is the lowest obtainable with
present equipment. g

For the susceptibility calculations shown in Figure 3, the
A values were chosen so that the calculated curves would
correspond with experiment over the widest temperature range.
At higher temperatures curves I, III, and IV were so nearly
coincident that they have been shown as a single line. This
coincidence is extended to low temperatures and can only be
distinguished in the enlarged graph between 2 and 16 K.
Curve 11 represents the least accurate fit for the experimental
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Figure 6, Comparison of the spin-disorder resistivity ratios for the
schemes indicated. The estimated curves are derived from the
experimentally measured resistivity using various approximations
(6 g) for the phonon contributions.

data through the whole temperature range. It is encouraging
to note that part of the curvature in the measured 1/x curve
at low temperatures can be explained on the basis of CF
effects.

Finally, we interpret the effects of the crystal field on the
measured resistivity in terms of a spin-exchange interaction
involving the local moment—conduction electron system. This
formalism!3 provides a temperature-dependent spin-disorder
resistivity contribution [psi(7)] which is described by
paMe = (mg IYlsJlmg, TYpify (10)

Mmemg. Ll

where ms, T'i and ms', T'' are the initial and final conduction
electron—local moment states, pi is the Boltzmann population
factor of the ith CF state, and fir is a function of the energy
change associated with the scattering process. Because of the
temperature dependence of pifir, eq 10 approaches a constant
value (pst®) for T much greater than the overall CF splitting
temperature. The ratio psi(7)/psl°, plotted in Figure 6, is equal
to the right-hand side of eq 10. The corresponding experi-
mental quantity is determined by subtracting the phonon (/)
and residual (po) terms from the measured data. The latter
has been estimated by extrapolation to T = 0 K, while we
assume the former to follow a Gruneisen—Block type
relationship!®

_KT Q_R)
o= 536 (7 )
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Table IlI. Point Charge Calculation of the Effective Charge on the Aluminum Ions
No conduction electron shielding
Next nearest Shell of radil{s-a b Shell of radius' 6a b
Parameter Nearest neighbor  neighbors (12 (30 Al + 14 Nd ions) (8274 Al + 2902 Nd ions)
and Scheme (12 Alions)® Al + 8 Nd'ions)® K=0 K =0.93 K=0 K=0.93
I +2.08 ~5.03 -2.29 +2.51 ~0.36 +2.13
B.0 1T -1.90 -12.79 +6.60 -3.92 —5.45 ~3.50
2 MII -0.19 -9.47 +2.79 -1.69 -3.26 -1.06
v +0.09 -8.92 +2.16 -0.72 -2.91 —0.66
I -5.12 —5.59 ~5.28 —6.35 -4.39 -5.99
Bo II —4.88 -5.35 ~5.03 ~6.05 —-4.20 -5.71
4 JII +1.76 +1.29 +1.73 +1.90 +1.25 +1.79
v +2.59 +2.12 +2.58 +2.88 +1.93 +2.72
I -7.62 ~7.42 -17.37 -10.6 -7.39 -10.6
Bo I +7.06 +7.26 +7.20 +10.1 +7.20 +10.6
s }II +3.59 +3.76 +3.76 +5.21 +3.76 +5.21
v -3.26 ~3.06 -3.04 -4.47 ~3.05 —4.47
3 Za11 = ap). ® Zu calculated using a value of +3 for Nd ions.

The constant X is obtained from the high-temperature ex-
perimental data and eq 11 is then solved for various values
of #r. The resulting estimated psi(7)/pst° curves are also shown
in Figure 6. Because of the uncertainty in 4 the utility of the
experimental results for comparison with theory is somewhat
limited. Several reasonable values of § have been chosen. As
can be seen, for all values of the characteristic phonon
temperature (6r) chosen, the estimated curves show a
“flattening-off” of the resistivity ratio between 20 and 5 K.
Calculations based on schemes I, III, and IV show this same
feature; scheme II does not, suggesting it to be inapplicable.
Mention should be made of the good fit of the remaining
schemes to the estimated curve for §r = 400 K between 5 and
30 K and the shift to the curve for §r = 500 for T > 70 K.
This confirms that the characteristic temperature 6r is de-
pendent on temperatures which can arise because of the
changing importance with temperature of the Umklapp
processes. This would lead to a significantly smaller 6r at low
T than at high 7. One could thus envision a temperature-
dependent 6r(7) which would bring our calculated (I, 111, and
IV) and estimated [400 < 6r(7) < 500] curves into good
agreement.

In view of the general interest in the classical electrostatic
crystal field interpretation, we have examined the implications
of our experimental parameters (Table I} in terms of the point
charge model (PCM).11,14" Based upon a Nd3* ion, the PCM
predicts the aluminum charge to have the values shown in
Table III for (a) various extents of the lattice sum and (b)
different estimations of the conduction electron shielding. The
latter calculation employed a screened Coulomb potential
approximation with a shielding parameter (X) very near that
expected for a free-electron gas.20 Additional calculations
incorporating reasonable variations in the closed-shell shielding
parameter, the conduction electron shielding parameter, and
the charge on the neodymium ions provided no significant
improvement in the values iridicated in Table III. Clearly, only
scheme III provides consistently positive values of Za1 (we
expect Zal = +3), and then only if the lattice sum is evaluated
out to the specific value a. It appears that this correspondence
is entirely coincidental and tends to conclude that the point
charge approach represents an inacceptable modeling of the
CF interaction in NdAls.

V. Conclusion

Interpretations of heat capacity, susceptibility, and resistivity
data allow us to describe the crystal field interaction in NdAl3
with three possible sets of parameters. Although each scheme
may provide a satisfactory fit for a particular experimental
measurement, no one scheme is clearly favored when con-
sidering the full variety of the data presented. Moreover, the
CF interaction cannot be satisfactorily interpreted on the basis

of the point charge model. A sizable contribution of the CF
seems to come from nonelectrostatic origins. It is likely that
the present data can be made use of in developing a suitable
theoretical basis for the CF interaction. A necessary pre-
liminary to this will be the selection of a single set of W, x,
and y parameters appropriate for all the observed quantities,
This, of course, was the intended goal of our investigation.
Various limitations in the extraction of crystal field dependent
quantities from the measurements prevent the achievement
of this goal. Inelastic neutron-scattering experiments planned
for the near future may enable the relevant parameters to be
established unambiguously.
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