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The La!®® nuclear-magnetic-resonance (NMR) Knight shift and spin-lattice relaxation time
(T) in LaPb; were measured from 1.5 to 300°K. The isotropic and anisotropic Pb2"" Knight
shifts were measured at 1.5, 4.2, and 77 °K and T'{ was measured at 1.55°K. Also presented
are measurements of the La T in Laln; from 1.5 to 300 °K which are more complete than pre-
viously reported. These measurements are compared with previously reported measurements
for LaSn;. The La!®® Knight shift (+0.010% at 4.2°K) in LaPhy has a temperature dependence
roughly five times that found in LaSng and Lalng even though the bulk susceptibility is consid-
erably smaller. For LaPbs, the La 73T product is nearly temperature independent (74T
=0.59 sec °K at 4.2 °K) and is about half that found in LaSng. For Laln, 74T increases by 50%
between 1.5 and 300 °K and has a temperature dependence similar to LaSns. The isotropic and
anisotropic Pb Knight shifts (K ,=+0.70% and 3K,,=+0.43% at 4.2 °K) are nearly temperature
independent. The Pb relaxation time in LaPbg (T;T=63x10™* sec°K) is about four times faster
than in Pb metal, indicating a larger s-contact contribution than in Pb metal and a large neg-
ative Knight-shift component. The La NMR and bulk~susceptibility data are partitioned using
the customary approximation for transition metals. We find the results for Lalng and LaSng
are quite similar suggesting that in both these materials the La d-orbital susceptibility is much
larger than the d-spin susceptibility and that exchange-enhancement effects are probably not im-
portant. For LaPbs, d-orbital effects are less important than the d-spin contributions. In all
three compounds the La d-spin contributions to the NMR properties and the bulk susceptibility

are of similar magnitude.

I. INTRODUCTION

The LaX, intermetallic compounds (X=Sn, In,
Pb, Tl, etc.) have been the subject of a number
of recent experimental and theoretical studies
which have attempted to determine their magnetic
and superconducting properties.!~® Because of
their interesting properties, band-structure cal-
culations for some of these compounds have also
received considerable attention.®” In this paper
we present the results of nuclear-magnetic-res-
onance (NMR) studies of these compounds which
allow a comparison of the microscopic behavior
of the band electrons at the La and X sites in dif-
ferent compounds and a determination of the

various spin and orbital contributions to their
NMR and bulk magnetic properties.

The most intriguing property of the LaX; in-
termetallic compounds is the coexistence of a
fairly high superconducting transition tempera-
ture T, and a large temperature-dependent para-
magnetic susceptibility x for some of these com-
pounds. Several authors®~'° have shown that for
alloys of these compounds both T, and X vary
radically with changing electron/atom (e/a) ratio
and that maximum values of T, and X occur at
nearly the same e¢/a ratios. For LaSns;, LaPhb,,
and Lalng; the superconducting transition tempera-
tures are 6.45, 4.05, and 0. 68 °K, respective-
ly, #* and the susceptibilities at 4. 2°K are 3.3
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X107, 1.1x10™, and 4.2x10™* emu/mole, re-
spectively.® These results for LaSn, and Laln,
are particularly interesting in that the paramag-
netic susceptibility estimated from the bare den-
sity of states at the Fermi surface would indicate
a spin-susceptibility contribution of less than

10™* emu/mole. These large susceptibilities were
originally thought to arise from an exchange-en-
hanced La d-spin susceptibility. This interpreta-
tion seemed reasonable as Toxen and Gambino
were able to obtain a fit to the magnitude and
temperature dependence of the bulk susceptibility
of Lalng, assuming a parabolic La d band and a
large d-spin exchange enhancement. ! However,
the NMR data for Laln; appeared to be incon-
sistent with this assumption. The same difficulty
with this model of a large exchange enhancement
of the La d-spin susceptibility arises in LaSns.
The results of Welsh et al.? (hereafter referred
to as WTG) show that the assumption of a domi-
nant La d-orbital paramagnetic susceptibility
leads to a consistent partitioning of the s- and
d-band contributions to the La NMR properties
and the bulk susceptibility, as well as a reason-
able result for the density of La d states at the
Fermi energy.

In Sec. II, we present the experimental results
for LaPbg; and more complete spin-lattice-relaxa-
tion-rate data for Laln; than previously re-
ported.® In Sec. II, the La and Pb NMR proper -
ties are discussed, and the various spin and or-
bital contributions to the La NMR properties are
determined for LaPbg and Laln;. Finally, we
compare the results for LaPb; and Lalng with the
results for LaSn; and WTG. % We find that with
the same assumptions employed in partitioning
the spin and orbital contributions to the La NMR
Knight shift, spin-lattice relaxation rate, and bulk
susceptibility in LaSn;, consistent results are also
obtained for LaPb,; and Laln;. This suggests that
the large temperature-dependent susceptibility
present in some of the LaX3; compounds arises
mainly from the La d-orbital contribution and not
from an exchange-enhanced d-spin susceptibility.
Instead, the La d-spin contributions to the mag-
netic properties of these three compounds appear
to be similar,

II. EXPERIMENTAL RESULTS

The preparation of the LaX; samples and studies
of their crystal structure and metallurgical prop-
erties have been discussed elsewhere.® For the
NMR measurements, 40-u-size particles were
obtained by grinding the bulk material and sieving
the resulting powder (325 mesh). The powder was
then annealed in a tantalum crucible at 450 °C for
72 h. Sample deterioration was prevented by

o

storage of the samples under helium gas. The
continuous -wave (cw) NMR measurements were
carried out using either a Varian cross-coil
spectrometer or a marginal oscillator. The
pulsed NMR measurements were made using a
single-coil phase -coherent spectrometer. Signal
averaging was accomplished using either a box-
car integrator or a Fabritek model No. 1072 in-
strument computer with a 1-psec/channel resolu-
tion.

In the Cuj Au crystal structure of the LaXj; in-
termetallic compounds, the La atoms occupy sites
of cubic symmetry while the X sites have axial
symmetry. The cw La'® line shape in LaPb, is
symmetric with a peak-to-peak separation of the
derivative of the La line which varies from 3.1
+0.1 Oe at 300°Kto 3.4+0.1 Oe at liquid-helium
temperatures. The field independence of the La
linewidth indicates a lack of any second-order
quadrupolar or paramagnetic impurity broadening.
The La linewidth behavior is similar to that of
LaSn, (2.6 Oe at 4. 2°K)'? and Laln, (7.0 Oe at
4.2°K).® The calculated dipolar peak-to-peak
linewidths for LaSns, LaPbs, and Lalng are 0, 75,
0.60, and 3.1 Oe, respectively, for a Gaussian
line shape, *

Measurements of the La'® Knight shift in LaPhb,
were made from 1.5 to 430 ° K using the La'*® NMR
in an aqueous solution of LaCl; as a reference.

In Fig. 1 the La'® Knight shift is shown as a
function of temperature. In Table I the La Knight
shift is listed for several temperatures., The
temperature dependence of the La Knight shift in
LaPhb, varies from +0. 208% at 430 °K to +0.002%
at 1.5 °K, which is about five times the variation
found in either LaSn; or Lalns. Since the para-
magnetic part of the bulk susceptibility increases
with decreasing temperature (see Sec. IN), dK/
dx is negative. This generally indicates a d-core
polarization contribution to the La Knight shift.

The Pb®" isotropic Knight shift K,,, and aniso-
tropic Knight shift K, in LaPb; were measured at
77 °K and liquid-helium temperatures using the
La NMR of the sample as a reference. The ratio
of vpy in PbSO, to vy, in LaCl; was taken to be
1.4752. This value was obtained using 6.014
MHz in 10 kOe for y;, and 9.0047 MHz in 10 kOe
for the value of vp, in Pb metal, * which has'a
Knight shift of 1.47% relative to PbSO,.!® Traces
of the Pb NMR line were obtained by integrating
the Pb spin echo following a 90°-~180° pulse se-
quence. From a comparison of these traces with
computer-generated resonance lines, we have
determined the isotropic and anisotropic Pb Knight
shifts listed in Table 1.1 A better fit to the Pb
line shape is obtained assuming an intrinsic
Gaussian line shape than with the assumption of
a Lorentzian line shape. The full width of the
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FIG. 1. La!®® Knight shift at
7.5 MHz vs temperature in LaPbg.
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Pb line at half-maximum intensity is 10+ 2 Qe.
Both K, , and K,, appear to be nearly temperature
independent from 1.5 to 77 °K with the values
K,,=+0.72% and 3K, ,=+0.43% at 1.5°K. The
isotropic Pb Knight shift in LaPb; is about one-
half of the metallic Pb Knight shift of +1.47%.'®

The La!®*® nuclear-spin-lattice relaxation time
T, was measured at several temperatures from
1.5 to 295 °K. The recovery of the spin echo was
observed following either a 180°-90°-30° pulse
sequence, or with a 90°-30° pulse sequence fol-
lowing a train of 90° pulses of length 7 which
saturated the NMR signal. The recovery of the
echo was exponential over the nearly two orders
of magnitude observed. The same T, values were
obtained at 4.3 and 8.5 MHz indicating no field or
frequency dependence of T;. The product of Ty T
is nearly temperature independent in contrast to
the temperature dependence of T; T found in
LaSns'? and Laln,. For LaPb,, the values of
T, T are listed in Table I and vary from 0. 64
sec °K at 295 °K to 0. 59 sec°Kat 1.6 °K. Alsolisted
in Table I are the values of the Korringa product
K2T, T/S.'® The fact that the Korringa product
is much less than unity is indicative of a large
d-core polarization contribution.'® For Laln,
the temperature dependence of T, T differs con-
siderably from that found in LaPbg, but is quite
similar to that of LaSn; as shown in Fig. 2. For
both LaSng and Lalng, T,7T increases by roughly
50% as the temperature increases from 1.5 to
295 °K and has a magnitude of from 2 to 3 times
that of LaPb;. The La Knight shift, spin-lattice
relaxation time, and Korringa product are given
at 4. 2°Kfor LaSng in Table II. In contrast to the
values of the Korringa product for LaPb; and
LaSng, the Korringa product for Lalng is greater
than unity.

The Pb®" nuclear-spin-lattice relaxation time
was measured at 1,55 °K following a 180°-90° -

]
400

180° pulse sequence. The recovery of the Pb
echo was exponential with a relaxation time of
T,=4.1+0.2%x107 sec so that T,T=63x10™*

sec °K. Measurements at 4.3 and 8.5 MHz gave
the same result within experimental error indi-
cating no field dependence of the relaxation time.
An exponential recovery may appear surprising

in view of the large value of the anisotropic Pb
Knight shift, but as discussed in Sec. III the very
short value of T, implies the existence of iso-
tropic-Pb-Knight-shift contributions much larger
than the anisotropic Knight shift. A comparison
of the value of T,T for Pb in LaPb; with the value
of T,T=253%107* sec °K for Pb metal?® shows that
the Pb relaxation rate is nearly four times faster
in LaPbs. Thus both the Pb Knight shift and spin-
lattice relaxation rate in LaPb; differ consider-
ably from their values in Pb metal.

III. DISCUSSION

In order to discuss the data for the LaX; com-~
pounds we follow the customary scheme employed
with transition metals for partitioning the bulk
susceptibility, Knight shift, and spin-lattice re-

TABLE L. Summary of the NMR data for LaPbs. Num-
bers in parentheses indicate the estimated uncertainties
in the preceding digit. The quantity S is given by
S=(ni/4rkg) ye/ve)’.

T(°K) K (%) T T (sec °K) KT\T/S
La®®® 296 +0.156(3) 0.64(3) 1.18x10!
77 +0,045(3) 0.60(2) 9.2x10%®
4.2 +0.010(3) 0.59(2) 4,5%x10™
1.55 +0.002(3) 0.59(2) 2x10%
TCK) Ki%) 3Kx(%) T T(sec°K) K*T\T/S
77 +0.68(3) +0,45(4)
b2 4.2 +0.70(1) +0.43(2)
1.55 +0,72(1) +0,43(2) 63 %10 0.056
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FIG. 2. La'®® spin-lattice relaxation time for LaPh;,
Lalng, and LaSng plotted as T T vs temperature. The
dashed lines are determined by partitioning the NMR and
X data as described in the text with the assumption that
F, is temperature independent. The data for LaSn; are
taken from Ref, 12,

laxation rate into the s-contact hyperfine contri-
bution'® and the core polarization'® and orbital®
hyperfine contributions from the p and d bands
within the tight-binding model. As discussed in
WTG, 12 this approach appears to be reasonable
for LaSng and allows a consistent partitioning of
the NMR and susceptibility data. In terms of the
various paramagnetic susceptibility contributions
X;, the Knight-shift terms are given by

K= (ug N)TH X, (1)
and the spin-lattice relaxation rates are given by

Ry=(T\T);*= (4n/h) (v, 1) 2k [H N (O)]2F;  (2)

for noninteracting electrons. 2 The quantities

H{! are the appropriate hyperfine fields (in Oe/
ug), the N,;(0) are the s-, p-, or d-electron den-
sity of states at the Fermi energy (per spin direc-
tion), and the F; are the inhibition factors for the
p and d contributions resulting from the orbital
degeneracy at the Fermi energy.'®#'# In the
presence of conduction-electron exchange en-
hancement, the spin (but not the orbital) contri-
butions to the relaxation rate can be written as®

R;=S"K{Q(a,)F,, 3)

where S = (7/47k5)(7, /v,)? and the quantities

Q(a;) reflect the wave-vector dependence of the
exchange-enhanced susceptibilities. The conduc-
tion-electron exchange enhancement is given by

o

(1 —=a;)!, and for free-electron metals with
spherical bands, @(a;)~1 - a, for small «,,*
Within the approximations expressed by Eqs.
(1)-(3), we will first discuss the partitioning of
the LaPb; data, then the Laln; data, and finally
compare these results with those obtained for
LaSn, in WTG. 2

A. LaPb,

The temperature dependence of the bulk sus-
ceptibility of LaPb, from Toxen and Gambino® is
shown by the broken line in Fig. 3 after correc-
tion for the estimated core diamagnetic contribu-
tion of —0.98x10"* emu/mole. Because this cor-
rection is comparable to the resulting paramag-
netic part of the bulk susceptibility, the uncer-
tainty in the magnitude of x shown in Fig, 3 is
fairly large. The sharp increase of x at low tem-
peratures (4.3x 107 emu/mole at 4. 2 °K) results
from the presence of paramagnetic impurities.
The solid line in Fig. 3 shows the bulk suscep-
tibility corrected for the estimated paramagnetic
impurity contribution which is approximated by a
Curie-law term of magnitude 2.3%x107%/T emu/
mole, With this correction the bulk susceptibility
is no longer a monotonically increasing function
of decreasing temperature. This situation occurs
in a number of the alloys of the LaX,; compounds®
and is thought to result from the diamagnetic con-
tributions of pockets of very-low-effective-mass
electrons or holes having a strong temperature-
dependent density of states at the Fermi energy.
That such a situation may exist in LaPb; is not
surprising as a very small increase in the ¢/a
ratio by the addition of a few percent of ThPb,
has been shown to result in a large diamagnetic
susceptibility.® Thus the temperature dependence
of the susceptibility of LaPb; apparently results
from a combination of temperature-dependent
paramagnetic and diamagnetic contributions.

(An alternative explanation involving the possi-
bility of magnetic ordering around 100 °K would
appear to be very unlikely in view of the smooth
variation of the La Knight shift in this tempera-
ture range, the nearly temperature-independent
value of the La 7'y 7, and the relatively high super-
conducting transition temperature. )

An estimate of the magnitude of the paramag-
netic susceptibility x, in LaPb; at 0 °K can be
made by noting that in both LaSn; and Lalng the

TABLE II. Summary of the La'®® NMR data in LaSn,
(from WTG Ref. 12) and Lalng (Ref. 13).

K% dK/dx (mole/ emu) T T (sec°K) KT\T/S
LaSn;  +0,228 -1.72 1.25 0. 40
Laln, +0,402 +3.15 1.05 1.28
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FIG. 3. Bulk susceptibility of
LaPbs vs temperature (from Ref,
3). The triangles are data cor-
rected only for the diamagnetic
core contributions. The circles
are data corrected for the para-
magnetic impurity contributions as
well. The dashed line is the esti-
mated paramagnetic contribution X,
to the bulk susceptibility.
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La Knight shift scales with the bulk susceptibility.
In both compounds the value of dK/dx given in
Table II is constant and very small. While in
these systems the temperature dependence of the
paramagnetic susceptibility can be determined
unambiguously, this is not the case in LaPb;. In
Fig. 4 a plot of the La Knight shift versus the
bulk susceptibility corrected for both the core
diamagnetic and paramagnetic impurity contribu-
tions suggests that for the higher temperatures

(> 250 °K), dK/dx may be nearly constant. If we
assume that dK/dy, is constant with the high-tem-
perature value, the extrapolated value of X, at

1 1
400 500

1.5°K would be about 1.3%10™* emu/mole. This
compares reasonably well with the value of X,
=1,0%x10"* emu/mole determined from the es-
timated bare density of states at the Fermi en-
ergy of 0.39 states/eVatom spin (obtained from
specific-heat measurements? after correction for
the electron-phonon enhancement®). As a re-
sult, any enhancement of x, above the bare-den-
sity-of-states value in LaPbj is probably small,
unlike the cases of LaSn; and Lalns.

The assumption that dK/dy, is constant implies
that the temperature dependence of the diamag-
netic contribution is important only below 250 °K

~T=428°K
+0.20
&
e FIG. 4. La'3® Knight shift in LaPhg
g 242°K vs x corrected for both the dia-
- magnetic core and paramagnetic im-
<, +0.I0F purity contributions.
c T=165°K->=e
X . N
N
—— AN
N
T=1.5°K N
L\/ 1 1 L 1 Rl 1 1 ) N s
0] 5 6 7 8 ] 10 1 12 13 X10

X (emu/mole)
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and leads to the temperature dependence of x,
shown by the dashed line in Fig. 3. From the
high-temperature value of dK/dx = 35 mole/emu,
the effective La d-core polarization hyperfine
field of —v,%NdK/2dx can be estimated to be

- 2.0%10° Oe/up assuming all the temperature
dependence of x, results from the La 4 band.
This value is within a factor of 2 of the value of
—-3.5%10° Oe/uLg used in WTG for the d-core
polarization hyperfine field which was determined
from a free-atom spin-unrestricted Hartree-
Fock calculation of Mallow and Freeman. %

From the magnitude and near temperature in-
dependence of the La relaxation rate, it is clear
that the nearly zero La Knight shift observed at
liquid-helium temperatures is a result of a for-
tuitous cancellation of negative and positive
Knight-shift contributions. From the negative
value of dK/dx, we assume that the temperature
dependence of the La Knight shift is dominated by
the temperature dependence of the d-core polar-
ization contribution.?® Since the La relaxation
rate is nearly temperature independent, the dom-
inant contribution to the relaxation rate must be
associated with a positive Knight-shift contribu-
tion, i.e., either the s-contact or d-orbital
Knight shifts (K, or K,,,). Estimates of the or-
bital hyperfine field from the (7"3) values of
Freeman and Watson® suggest that H{S:™ = 25
X (r"%) is between 1.35X10° and 2.4x10° Oe de-
pending on whether the La(54°) or La2?*(54%) con-
figuration is assumed. These values assume a
reduction factor of 0,75 in order to account for
the expansion of the d orbitals in going from the
free-atom to the metallic environment. (The
values of Hi3™? obtained from WTG in partitioning
LaSn, range from 0.5X10° to 0.95%x10° Oe. !?)
These theoretical values of H{SX® indicate that
H{%Y is less than H{%. From Eq. (2), one would
then expect the orbital contribution to the relaxa-
tion rate to be smaller than the d-core polariza-
tion contribution. Thus the s-contact interaction

appears to be the dominant relaxation mechanism.

If the La d-orbital effects are neglected entirely,
the Knight shift and spin-lattice relaxation rate
can be partitioned between the temperature -inde-
pendent s-contact and temperature -dependent
d-core polarization contributions using Eqs. (1)
and (2) neglecting any exchange-enhancement ef -
fects (a;=0). The results of this partitioning at
4, 2°Kare listed in Table II for a@;=0 and F,
=0. 2 (fivefold orbital degeneracy). Taking the
temperature dependence of the d-core polariza-
tion contribution to the La Knight shift from Fig.
1, the temperature dependence of 7,7 calculated
from Egs. (1) and (2) is shown by the dashed line
in Fig. 2 (assuming F, is temperature indepen-
dent). From Eq. (1), at 1.5 °K the value of K,

=-0.435% indicates a La d-spin contribution to the
paramagnetic susceptibility of about 7x10° emu/
mole (using H{%) = —3,5x10° Oe/1p) so that about
half of the spin susceptibility is associated with
the La d band. The remaining spin susceptibility
arises from the La s and p bands and the Pb s and
p bands. The assumption of any sizable d-orbital
contribution to the Knight shift requires a larger
d-core polarization contribution and hence a more
temperature-dependent relaxation rate than ob-
served (as long as all exchange-enhancement ef-
fects are neglected). For the same reason any
s-d hybridization leading to a temperature depen-
dence of the s-contact contribution to the La Knight
shift and relaxation rate must be small. The
value of the K = +0. 435% agrees well with the es-
timated extrapolated value of K, for x - 0 of
+0.4% although this agreement may be fortuitous
considering the uncertainty of the absolute mag-
nitude of the paramagnetic susceptibility term and
the value of dK/dx,.

Within the partitioning scheme for LaPb; dis-
cussed above and the approximations involved in
determining a value for dK/dX,, this quantity should
give the value of the d-core polarization hyper-
fine field. While the estimated value of H{J)
from dK/dx is within a factor of 2 of the value ob-
tained from the free-atom calculation, this differ-
ence may be real. Since the d-core polarization
contribution to the La spin-lattice relaxation rate
is consistent with the estimate of Hys = —3.5
%x10° Oe/up, the difference could result from a
small temperature-dependent orbital Knight shift
if a small temperature ~dependent exchange en-
hancement of the La d-spin susceptibility exists.
For a value of the enhancement parameter «,
=0.30 and an orbital Knight shift of K,
=+0, 100% at 4. 2 °K, the agreement with the relax-
ation-rate data of Fig. 2 is maintained with the
assumption that K, is roughly proportional to x.
This fit indicates an orbital susceptibility 70% the
size of the d-spin susceptibility. The resulting
values for the spin and orbital contributions to the
NMR properties and bulk susceptibility are given
in Table III. These two cases (i.e., a;=0and
a,=0.3) set reasonable limits to the various NMR
and X contributions in LaPb;.

From the value of K2T,T/S=0.056 in Table I
for the Pb NMR it is clear that the conduction-
electron contributions to the Pb NMR properties
in LaPb; are different than in Pb metal where
K%T,T/S=0.93. The size of the isotropic Knight-
shift contributions can be estimated from the
magnitude of the relaxation rate which is nearly
four times faster than in Pb metal.® This in-
dicates that if the s-contact interaction is domi-
nant in LaPb; as it is in Pb metal, then the value
of K, is about 2.5% and a large negative contribu-



8 NMR IN THE LaX; INTERMETALLIC COMPOUNDS 1683

TABLE III, Results of partitioning the bulk susceptibility and La NMR data at 4. 2 °K for LaPhg, Lalng, and LaSng
assuming no exchange enhancement of the La d-spin susceptibility. The quantities are defined in the text. The value of
H{ZEP =0,95%10° was used in partitioning the LaSng data and the results for LaSn; were taken from Ref. 12.

K (%) R=(T,T) }(sec°K)~! x(10"4 emu/mole)
K, =+0.435 Ry =1.43 Xs =0.12
= K, =-0.425 R, =0.27 Xa =0.66
Korp= 0 Rorp=0 Xorb=0
L F;=0,
aPby Fg=0.2 K, =+0.435 Ry, =1.43 Xs =0.12
@;=0.3 K, =—0.525 Ry =0.27 Xs =0.83
K= +0. 100 Romp™ 0 Xorn=0. 58
K, =+0.263 R, =0.53 Xs =0.07
Lalng F,=0.3 K, =-0.428 R, =0.42 Xg =0.68
Kom= +0.568 Rormp,=<0.03 Xorb=3. 32
K, =+0.263 R, =0.44 X =0.07
LaSn, F,;=0.2 K, =-0.480 R, =0.35 Xe =0.76
Korb— +0. 423 Rorb=<0' 02 Xorb=2. 48

tion to the Pb Knight shift exists of about —1.8%.
The existence of such a large negative Knight-
shift term is puzzling. As pointed out by
Tterlikkis et al., ® who calculated the Pb Knight
shift and relaxation rate for Pb metal, relativistic
contributions from the Pb p electrons can give
negative Knight-shift contributions although these
effects should be small compared to the s-contact
Knight shift. It is also possible that negative con-
tributions could arise from p- or d-core polariza-
tion hyperfine interactions, *® transferred hyper-
fine effects, ® or the higher-order spin-orbit in-
teraction terms discussed by Tterlikklis et al. %
Finally, we note that one would expect the aniso-
tropic hyperfine interactions would have little ef-
fect on the relaxation rate because of the large
ratio of K, /3K,,~5. Consequently, the Pb spin-
lattice relaxation should be nearly isotropic and
governed by a single relaxation time.

B. Laln,

The problems that arise in attempting to parti-
tion the LaIng NMR and susceptibility data within
the framework of Eqs. (1)~(3) are similar to the
problems discussed in WTG!? that arise for the
partitioning of the LaSn; data. In both compounds
the bulk susceptibility is much larger than that
calculated from the bare density of states at the
Fermi energy. While x was originally thought to
arise from a strongly exchange-enhanced La d -
spin susceptibility, it was not found possible to
partition the data for LaSng within the tight-bind-
ing model even assuming a strong hybridization
of the s and d bands. A consistent partitioning
of the NMR and y results was obtained only if the
La d-orbital susceptibility was assumed to be
dominant. Asdiscussedin WTG, the tight-binding
model for LaSn; would be expected to give atleast
qualitatively correctresults. Asisevidentfrom

Table Iand Fig. 3, the NMR resultsfor Laln; are
similar to those for LaSn;, the maindifferencesbeing
adifferent sign for the small values of dK/dx and
some difference in the Korringa product. In ad-
dition, the bulk susceptibilities are similar al-
though in Lalng X is not well approximated by a
Curie-Weiss law while in LaSng x is Curie-Weiss
above 100 °K. 2 It is not surprising then that the
LalIng results cannot be partitioned on the basis of
a strongly exchange-enhanced La d-spin suscep-
tibility as had been proposed earlier.!' The as-
sumption that the La d-orbital susceptibility is
larger than the La d-spin susceptibility does lead
to a consistent partitioning of the La Knight shift,
spin-lattice relaxation rate, and the bulk suscep-
tibility. Following the approach discussed in
WTG!? for the partitioning of LaSn,, the La Knight
shift is assumed to be of the form

K=K+ HL/usN) Xg+ HE” /upN) Xors - (4)

We assume K is temperature independent and

hence neglect any s-d admixture effects. With
this assumption x,; and X,,, must have the same
temperature dependence in order that dK/dx be

. constant. Obtaining K, from the extrapolation of

the La Knight shift to its value for x— 0 and taking
H{S™ as the parameter to be varied, the Lalng
data have been partitioned as shown in Fig. 5(a)
where the various K; are plotted versus the bulk
susceptibility. The parameters used and the re-
sulting values of these La Knight-shift, spin-lat-
tice relaxation-rate, and susceptibility contribu-
tions at 4. 2°K are given in Table III. For com-
parison, the results for LaSng with the same value
of H{E® are shown in Fig. 5(b) and the resulting
NMR and susceptibility contributions at 4.2 °K
are given in Table III. While the LaSn; data can
be partitioned for Hi3® values from 0.5X10° to
0.95%10° Oe, 12 the latter value has been used for
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the results shown in Fig. 5 and Table III. This
choice of H{%:™ results in orbital inhibition factors
of F;=0.3 for Laln; and F;=0. 2 for LaSn;. The
value of F;=0.3 corresponds to the d states at the
Fermi surface having either #,, or mostly ¢, sym-
metry and F;=0. 2 corresponds to a uniform oc-
cupation of the d states.!®# The nonrelativistic
band -structure calculations by Gray and Meisel®
for LaSn; and the relativistic APW band-structure
calculations by Freeman and Koelling” for Laln,
and LaSng both indicate that one of the e, states
has a lower energy than the {,, states and would
be expected to be occupied at a lower e/a ratio.
For LaSn; the result that F;=0. 2 is not unrea-
sonable, since the ¢/a ratio is larger in LaSn,
than in Laln;. Another interesting feature of the
spin-lattice-relaxation data is the variation of the
La relaxation rate with the bulk susceptibility.
Whereas in LaSng R =a +bx2, 2 this is not the case
in Laln; as is shown by the dashed lines though
the T, T data of Fig. 2. Instead, the relaxation
rate in Lalng rises too sharply with increasing x
at low temperature. This increase in R could
easily result from small s-d admixture effects
giving a smaller value of K, (~0.225% at 300 °K)
at higher temperatures, or from a more uniform
d-state occupation (F,~ 0. 2) at higher temper-
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FIG. 5. Comparison of the estimated La!®® Knight-
shift components for Lalng and LaSng vs X assuming
H{gP'=0,95%10° Oe. The results for LaSn, are taken

from Ref, 12.
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atures.

The results given in Fig. 5 and Table III should
be considered to be only approximate because of
the neglect of possible s-d admixture effects,
spin-orbit coupling, and exchange-enhancement
effects. 2 Also, with the approximations given
in Eq. (4), the Laln, data can be partitioned for
values of H,‘,‘};"’ larger than the value chosen here
if F, is closer to its maximum value of 0.5,
which would be the case if only e, states were
filled.'®# It is particularly interesting to find
that the NMR data and the bulk susceptibility of
LaSn; and Laln; are similar and that the same
partitioning scheme gives consistent results, be-
cause these compounds do have different e/a ra-
tios and studies of the bulk properties®~%27 and
NMR properties® of the alloy system LaSng_,,In,,
show that the behavior of these properties varies
radically with increasing e/a ratio. The main
differences between the NMR properties of LaSn,
and Lalng result from the fact that in LaSng the
d-core polarization contribution to the La Knight
shift is slightly larger than the d-orbital contri-
bution giving a negative value of dK/dx and a value
of the Korringa product less than unity, while in
Lalns the reverse situation holds. Reference to
Table III shows that the other NMR and suscepti-
bility contributions are similar.

C. Comparison of LaSn;, Laln;, and LaPb,

A comparison of the results presented here for
LaPb;, LaSn;, and Laln; suggests that in many
respects these intermetallic compounds are quite
similar. Reference to Table III shows that the
estimated values of K; and R, are nearly the same
and the d-spin contribution to the bulk suscepti-
bility is similar in each compound. In view of the
large differences in the superconducting transition
temperatures of these compounds the role of the
La d band appears to be of less importance than
that of the nontransition-metal element in determin-
ing the superconducting properties. In LaSn; and
Laln; we find that the largest paramagnetic contri-
bution to the bulk susceptibility results from the
d-orbital susceptibility. This is consistent with
the very small values of dK/dx found in LaSn,
which arise from the near cancellation of the d-core
polarization and d-orbital contributions. However,
in LaPb; the magnitude of the d-orbital suscepti-
bility is small and the total paramagnetic suscepti-
bility is close to the value calculated from the bare
density of states. Of particular interest is the fact
that the estimated value of dK/dx is much larger
for LaPbg which provides a lower limit for H2)
which is within a factor of 2 of the value expected
from the free-atom value of H%).

An important consequence of the partitioning
scheme for LaSn; and Lalng is the assumption in-



6 NMR IN THE LaX, INTERMETALLIC COMPOUNDS 1685

volved in Eq. (4) that the temperature dependence
of X; and X, is the same. Only with this assump-
tion can the magnetic properties of LaSns and Laln,
be partitioned consistently within the tight-binding
model®'?12 anq the estimated value of the d-core
polarization hyperfine field. Such a result would
be quite unusual for a Van Vleck orbital suscepti-
bility. In addition, the magnitude of X, is larger
than the value (S 10°* emu/mole) expected for a Van
Vleck susceptibility near the beginning of a tran-
sition-metal series. This problem was discussed
in WTG* where it was pointed out that the calcula-
tions of Hebborn et al.? show that orbital suscep-
tibilities involve several terms whichare quite com-
plex and depend on the derivative of the wave func-
tions at the Fermi surface. Grobman® has shown

at least one of these terms (x, of Hebborn et al.?°)
other than the Van Vleck term can be paramagnetic.
This term can also have the same temperature de-
pendence as the density of states and hence y, (if
a,=0) under certain conditions. The numerical
evaluation of the full orbital susceptibility calculated
by Hebborn et al.? awaits a much better knowledge
of the conduction-electron wave functions than is
available at present.
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