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Magnetic-susceptibility, electrical-resistivity, and 2’Al Knight-shift and spin-lattice-relaxation results on
the pseudobinary cubic Laves phase compounds U,_, Pu, Al, are presented. Samples in the annealed and
in the self-irradiation-damaged state were studied. The results are consistent with spin fluctuations of
the 5f electron state associated with the actinide ions. The strength of the coupling between the
s-wave conduction electrons at the Fermi energy and the 5f state is found to increase rapidly with
plutonium concentration. In atomically well ordered PuAl, the coherence of the s-f hybridization is
destroyed by spin-fluctuation scattering above 10°K. The 5f states behave as incoherent virtual bound
states centered at the Fermi level in damaged PuAl, and the Pu-rich alloys. Antiferromagnetic order is

found at 6°K for U,,Pu,;Al,.

I. INTRODUCTION

The early members of the 5f-electron “actinide”
series do not form localized magnetic moments nor
order magnetically in the pure metallic state, pre-
sumably because the 5f electrons overlap to form
narrow bands.! In some alloys and many interme-
tallic compounds local moments do exist on the ac-
tinide atoms, and long-range magnetic ordering
occurs. This is due in part to the larger actinide-
actinide distance which reduces the 5f overlap.

One such compound is NpAl,, which forms in the
cubic Laves phase structure and orders? ferromag-
netically at 56 °K.

It has been shown by Gossard et al., 3 that UAl,
(isostructural with NpAl,) does not form local 5f
or 6d moments nor does long-range magnetic or-
der occur. Preliminary measurements®® by the
authors on U,_ Pu Al, indicated that magnetic or-
dering occurs for x=0.3 at 6 °K, whereas PuAl,
is similar magnetically to UAl,, i.e., no long-
range magnetic order. Yet the resistivity-temper-
ature curve for PuAl, (see Fig. 1)has a remarkable
shape for a material without magnetic order. Ina
recent paper, ® it was proposed that the resistivity-
temperature curve for PuAl, is dominated at low
temperatures by spin fluctuation (pec T'2), and that at
higher temperatures abreakdown occurs in the 5f-6d
(or -7s) hybridization due to broadening of the 5/
level.

It is the purpose of this paper to present exten-
sive results on the U;_ Pu Al, system. They in-
clude bulk properties—electrical resistivity and
magnetic susceptibility—as well as pulsed nuclear
magnetic resonance of the common 27Al nucleus.
Since the proposed dehybridization in PuAl, should
be a strong function of atomic order in the system,
the measurements were repeated on samples which
had been disordered by the self-irradiation damage
accumulated during storage. The systematic trend
of the s-f hybridization at the Fermi energy as plu-
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tonium is substituted for uranium is shown to play
a dominant role in the electrical resistivity, Knight
shift, and spin-lattice relaxation rate. As the plu-
tonium concentration is increased the virtual bound
5f state changes from nonresonant to resonant in
behavior until in PuAl, it becomes coherently hy-
bridized at T=0 °K with the conduction-band states.

In Sec. II we present the experimental procedure.
Section III contains a presentation of electrical re-
sistivity, magnetic susceptibility, and nuclear-
magnetic-resonance results. The experimental
results are discussed in Sec. IV. The conclusions
are summarized in Sec. V.

II. EXPERIMENTAL PROCEDURE

A. Sample Preparation

Carefully weighed amounts of the constituent
metals (99.99%-pure Al and 99.9%-pure Pu and U)
were arc melted together in an argon atmosphere
to form buttons of the various alloys. These were
turned over and remelted three times to ensure
homogeneity. Resistivity specimens measuring
~1.5%x1,5%X10 mm were spark cut from the buttons
and lightly polished mechanically to remove sur-
face material. No encapsulation was necessary
since all resistivity measurements were done in a
glovebox.

Approximately 1 g of each alloy was sealed in an
aluminum capsule for magnetic susceptibility mea-
surements while an approximately equal amount
was powdered (200 mesh) and sealed in an Epoxy
capsule for NMR measurements. X-ray powder
patterns were obtained for each composition in or-
der to verify that the alloys were single phase.
The lattice parameter varied smoothly from
7.811 A for UAl, to 7.831 A for PuAl,.

B. Electrical Resistivity

The standard four -probe dc method with pressure
contacts was used in resistivity (p) measurements.
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The measuring apparatus and temperature control
methods are described elsewhere.” Temperature
control was better than + 1 °K, while maximum er-
ror in the absolute resistivity was +2%. Measure-
ments were made in the range 1.2-300 °K. Both
well-annealed (or freshly prepared) specimens and
specimens damaged by self-irradiation were stud-
ied. Self-irradiation damage in these brittle ma-
terials was obtained by merely allowing the speci-
mens to sit for several months at room tempera-
ture. Damage thus obtained did not anneal out be-
low room temperature. Self-damage was com-
pletely removed by annealing the specimens at

800 °C for 10 h at 10 Torr. Because of the rapid
rate of self-damage, data for annealed specimens
had to be obtained within days after the alloy was
arc melted or annealed.

C. Magnetic Susceptibility

Magnetic susceptibilities (x) were measured iso-
thermally by the Faraday method in fields up to
14.5 kOe. Relatively large corrections were needed
for the chain and aluminum capsule so that repro-
ducibility was only about +5x10°® emu/g. Although
the effect of damage was less dramatic on x than on
p, the same procedure of rapidly obtaining data
was followed.

D. Nuclear-Magnetic-Resonance Techniques

The nuclear-magnetic-resonance (NMR) mea-
surements were made at 4, 8, and 12 MHz with a
phase-coherent cross-coiled pulsed-NMR spectrom-
eter. A boxcar integrator was used to enhance
the signal-to-noise ratio. Radio frequency mag-
netic fields H; of up to about 140 Oe were used.
The magnetic field was supplied by a Varian elec-
tromagnet with Fieldial control. The 2’Al nuclear-
resonance profiles were obtained by integrating
either the free induction decay (FID) or the echo
following a two-pulse sequence. A boxcar gate
much greater than the FID time was used while the
magnetic field was swept. 7; measurements were
made by saturating the nuclear spin system with a
comb of 90° pulses and measuring the recovery of
the longitudinal magnetization M(7) at a time 7 later
with a two-pulse sequence. Single-exponential re-
covery was found in all cases. Below room tem-
perature, T; measurements were made by immers-
ing the Epoxy encapsulated powdered samples in
various cryogenic liquids.

III. RESULTS
A. Electrical-Resistivity Results
1. Annealed Specimens

The p-vs-T curves of the (U, Pu )AL alloys are
shown in Fig. 1 for x=0 and 1 and in Fig. 2 for
x#0or 1. For x=0and 1, p goes to zero at 7=0
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aside from a residual resistivity term, since the
compounds are atomically well ordered. The re-
sistivities of both UAlL, and PuAl, vary® as 7' near
T=0. The large peak and dramatic drop in p in
PuAl, is not associated with a magnetic transition
as the NMR and y data clearly show. There is an
upturn in the p-vs-T curve of PuAl, at ~270 °K as
phonon scattering begins to contribute significantly.

In all compounds above x=0.1 a negative dp/dt
is observed for at least part of the range of tem-
peratures measured (Fig. 2). The decrease in p
with increasing T is not exponential. For the Pu-
rich alloys no minimum is observed up to 300 °K
although dp/dt is nearly zero at high 7. The shal-
low minimum for x=0.3 appears to be a result of
an interplay between two anomalous scattering
mechanisms.

Kinks are observed in p for x=0.7. The tem-
peratures at which they occur are plotted in Fig.

8 as a function of composition. Kinks or peaks
are also observed in y at these temperatures (see
section on y). For x=0.5 a resistivity peak is ob-
served at 7=1.5 °K.

The addition of PuAl, to UAl, causes minor in-
creases in resistivity at high temperatures, with
Mathiessen’s rule approximately obeyed. Below
~100 °C, a total breakdown of Mathiessen’s rule
occurs, particularly at the PuAl, end of the series.
The breakdown of Mathiessen’s rule is even more
obvious in radiation-damaged samples.
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FIG. 1. Resistivities of annealed PuAl, and UAL, as a
function of temperature.
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2. Self-Damaged Specimens

Resistivities of the self-damaged alloys and
compounds are shown in Fig. 3 for x=0.1to x=1.0
(UAlL, does not self-damage sufficiently in the time
allowed since the half-life of 2**U is 4.5x10° yr
compared to 2.4x10*yr for 2**Pu). Some speci-
mens were allowed to damage for 3 yr prior to mea-
surement, but it was found that at least in PuAl,,
saturation damage is obtained in 3 months. The
most dramatic change due to self-damage is ob-
served in PuAl,, where the sharp drop below 8 °K
has completely disappeared. In PuAl, the anneal-
ing procedure described above completely removes
the self-damage.

Figure 4 is a plot of Ap=p.n.0e = Panneatea 1N U
cm for x=0.1, 0.3, and 0.5. The absolute uncer-
tainty in Ap is ~1-2 pQcm for all curves. It can
be seen that radiation damage results in very un-

usual behavior. While one normally expects the
resistivity to increase with damage owing to vacan-
cy and interstitial scattering, we see that in all
cases except x=0.1, Ap is strongly negative and
decreases below ~50 °K. For x=0.1 it is negative
at high temperatures but positive at low tempera-
tures. Mathiessen’s rule would state that Ap
should be positive and roughly constant at all tem-
peratures. Above 150 °K all curves of Ap are rel-
atively flat. Clearly then, we have two scattering
components being affected by radiation damage:

(i) 2 normal atomic disorder scattering term caus-
ing a resistivity change Ap; which is constant and
positive with temperature; and (ii) a term (Ap,)
which is negative, and which (except for x=0.1)
decreases far more rapidly at low temperatures
than at high temperatures. The scattering associ-
ated with Ap, is certainly the dominant scattering
mechanism. For x=0.7 (not shown in Fig. 4),
lApy] > 1Ap,| above 150 °K.
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== FIG. 3. Resistivity vs
temperature of Uj_,PuAl,
damaged by self-irradia-
tion. No damage data were
obtained for UAl,.
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B. Magnetic-Susceptibility Results

1. Annealed Specimens

Plots of magnetic susceptibility (x) vs T are
shown in Fig. 5. Above ~50 °K all the curves,
with the exception of UAl,, can be fit to the equa-

tion

X—XO:C/(T—O) ’

where y, is a constant conduction band term. From

the slope C one obtains the effective paramagnetic

Appfd cm)

moment p.,. Table I lists the values of xo P,
and © obtained from a computer fit of the data to
the above equation.

Peaks or kinks are observed in y at low temper-
atures in all curves at temperatures that roughly
correspond to kinks observed in the resistivity (see
Fig. 8). (In PuAl,, i.e., for x=1, x merely
changes slope at ~40 °K.)

2. Self-Damaged Specimens

Self-radiation damage again causes considerable

T
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FIG. 4. Plot of Ap
= Pself-damaged — Pannealed VS
temperature for x=0.1,
0.3, and 0.5. For x>0.5,
Ap is qualitatively similar
- to that of x=0.5. Note that
for x=0.1 the curvature is
of opposite sign from that
of the other curves.
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TABLE I. Parameters obtained in fitting x above the peaks to the equation x —x,=C/(T -0).

Potg 0.1 Location of
Xo per per kink or peak,
Compound in 10" emu/g"! actinide Pu atom 9, °K inyx, °K
x;o(uAl2) 0+£0.2 coe cee eeo
x=0,1 0 3.0 9.3 -208 s
x=0,3 1.6 2,0 3.7 -72 6
x=0.5 1.4 1.8 2.5 -50 15
x=0.7 1.3 1.4 1.7 -35 20
x=0.9 1.2 1.0 1.1 -30 34
x=1.0 (PuAl,y) 0.5 1.1 1.1 ~150 40

changes in x, primarily for x £0.7. The curves
are shown in Fig. 6. While in most cases the dam-
age results in either a smearing out or elimination
of peaks or kinks in y, we find that for x=0.3 dam-
age results in a large exaggeration of the peak at

6 °K. This is the composition for which the NMR
signal disappears at 6 °K, indicating magnetic or-
dering.

For x>0.3 the peaks in y generally disappear
after damage. In the damaged samples the initial
variation of y with temperatures goes as yo(1 - CT")
near T=0. Inthe Pu-rich alloys n generally equals
~2.0 (Fig. 7). For x=0.9 (not shown), n~2.2.

C. Nuclear-Magnetic-Resonance Results
1. Absorption Spectra

The resonance spectra for the cubic Laves-
phases U, Pu_Al, compounds fall into two.catego-
ries (see Fig. 8): those that have essentially no
magnetic broadening and do not form a magnetic
echo following a % 7-7 pulse sequence, and those
that are broadened magnetically and do have a mag-
netic echo.

a. No magnetic broadening. The spectra for
UAl, at 4.2 °K (Figs. 9 and 10) are guite ideal pow-
der patterns exhibiting first- and second-order
quadrupole broadening and small anisotropic Knight
shift. Second-order quadrupole shifts of the satel-
lites are distinguishable. Also shown in Figs. 9
and 10 are the computer-generated synthetic pow-
der patterns.® Table II lists the values of the mean
electric field gradient (efg) g4, the fractional width
of the efg distribution Aq/q,, the axial Knight shift
K,, and the second moment (Av3)¥2 of the unper-
turbed Gaussian resonance line used in the convolu-
tion. The parameters are those that best fit the
spectra for all the compounds at 77 °K. Here Ag/
G0=2{0¢»Y%/q,. That is Aq/qy=1."7 times the half-
width-at-half-maximum intensity of a Gaussian
distribution of efg’s.

The spectra for PuAl, at 77 °K (see Figs. 11 and
12) exhibit a marked dependence on sample history
due to the self-radiation damage caused by the de-

cay of #°Pu. Also exhibited in Figs. 11 and 12 are
the computer-generated powder patterns for the
central transition. It is interesting to note that the
spectra of the damaged PuAl, (Fig. 12) is not de-
scribed by a Gaussian distribution of electric field
gradients, but, in fact must have a significant com-
ponent at the zero value of efg. It appears, that in
addition to a random disordering of the lattice due
to radiation damage, there is a greater than random
probability for an aluminum atom to sit in a cubic
environment. One way this could occur is by dis-
placement of an aluminum atom to a plutonium site.

25 T T T T T
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X,1078 (emu g~!)
)

1
250

1 1l 1
0 50 100 150 200
TEMPERATURE, °K

FIG. 5. x vs T for annealed U;_,PuAl,.
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FIG. 6. x vs T for self-irradiation damaged specimens
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The plutonium sites have cubic point symmetry.
The intermediate compositions between UAl, and
PuAl, show broadening due to a distribution of efg’s
resulting from the chemical disordering on the ac-
tinide sublattice. The 77 °K spectra can, however,

be fit rather well by a Gaussian distribution of efg’s.
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FIG. 7. Log-log plot of magnetic susceptibility vs
temperature of three compositions of damaged U;_ ,Pu,Al,y.
The susceptibility at T=0 has been subtracted. Straight
lines correspond to a slope of 2.0. For x=0,9 (not
shown) slope is 2.2,

ments.

The parameters in the computer fits are given in
Table II. From the values of Ag/q, We see there
is no apparent tendency for chemical ordering near
the x=0.5 composition.

For all the compounds the Knight shift K is lin-
ear in the susceptibility x.° In Table II the slope
a of the K-vs-y curve as well as the intercept
x(K=0) is given as a function of composition. We
have also listed x,,, the second-order Van Vleck
temperature-independent susceptibility, obtained in
the manner of Gossard ef al.® It is clear that
x(K=0) and y,,, have the same qualitative composi-
tion dependence, and thus the uncertainties in de-
termining x,., from x(KX=0) need not concern us
here.

b. Magnetically broadened. Referring to Fig.

8, the spectra broaden smoothly with decreasing
temperature in the temperature range marked
“magnetic broadening.” The onset of magnetic or-
der has been found in the two samples of

Uy, 7Pug 3Al, measured at approximately 6 °K and in
one of the two samples of U, 3Pu, ;Al, measured at
approximately 4 °K. The onset of magnetic order
is observed by the sudden disappearance of the res-
onance signal upon cooling. In Fig. 13 the reso-
nance patterns of U Py, ;Al, at 7 and 6 °K are
shown. The computer fit to the spectra at 7 °K re-
quires a small amount of magnetic broadening cor-
responding to a Gaussian line shape with second
moment of (45 kHz)?, i.e., (37 Oe)?.

Magnetic broadening approaching a magnetic
transition is not unusual for a chemically inhomo-
geneous system such as the disordered compounds
with 0.3 =X¥=1, where the aluminum nuclei have a
distribution of internal magnetic fields. However,
for PuAl, where the high-temperature spectra show
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FIG. 9. (Top) Experi-
mental Fourier transform
(see text) of PNMR quadru-
pole echo for UAl, at 4.2°K
and 12 MHz., Magnetic
field increases to the left.
Data obtained with a repeti-
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a well-ordered compound, we find linewidths ap-
proaching 1000 G at low temperature. In Fig. 14,
we display the temperature dependence of the line-
width for PuAl, at 12 MHz. Also plotted is a Curie
Weiss-type plot of the reciprocal linewidth, where
the residual ~ 50-G linewidth is that due to the sec-
ond-order quadrupole broadening of the central
transition at 77 °K. Note that in UAl, and

Uy, oPug ;Al; no magnetic broadening is found down
to ~2 °K.

It is important to note that the spin phase-coher-
ence time T,, (the rate of decay of the Hahn echo
as a function of pulse separation), measured in the
temperature regime of extreme magnetic broaden-
ing is comparable to its value at temperatures of
77 °K and above and is at least one order of magni-
tude longer than the inverse linewidth. This indi-
cates that the broadening is due to an inhomoge-
neous magnetic interaction and not due to lifetime
effects.

2. Spin-lattice Relaxation

In Table II we list the value of T,T for the 27Al
nucleus at 77 °K for all compositions studied. The
temperature dependence for T,T for UAl, and PuAl,
has been reported.® Whereas for UAL, we find no
simple dependence of (7,7)™! on susceptibility Xs
for PuAl, we find a quadratic dependence of (TlT)'l
on x. No field dependence of (7,T)™! has been found
between ~3.6 and 10. 8 kOe.

IV. DISCUSSION
A. Electrical Resistivity and Magnetic Susceptibility

In order to understand the ternary system
(U,,Pu,)Al,, our attention must first focus on the
end points which we have already considered in a

tion time of 160 msec, a
boxcar gate of 160 usec, and
a time constant of 10 msec.
Central transition truncated.
(Bottom) Synthetic powder
pattern obtained with

avh N/2=3 5 kHz, a0
=0.89% 10* cm=3, and K,,
=+2,0%x 10", Central
transition truncated.

previous paper. As stated, we have attributed® the
T2 behavior of the resistivity at low temperatures
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FIG. 10. (Top) Experimental Fourier transform (see
text) of PNMR free induction decay for UAl, at 4,2 °K and
12 MHz. Central transition only. Magnetic field in-
creases to the right. Data obtained with a repetition
time of 120 msec, a boxcar gate of 160 usec, and a time
constant of 10 msec. (Bottom) Synthetic powder pattern
obtained with the same parameters as in Fig, 9. Central
transition only. Major divisiononfield axisis 3. 8 Oe.
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TABLE II. Resonance parameters for U;_,Pu,Al, at 77 °K.

X 0.0 0.1 0.3 0.5 0.7 0.9 1.0
40(10% cm)2 0.91 0.92 0.93 0.85 0.80 0.72 0.73
Aq/qq 0. 00 0.15 0.25 0.30 0.20 0.10 0.00
K (107 +1.0 ~0 ~0 ~0 ~0 ~0 -2.0
(Avh)L/? (kHz) 3.5 ~3.4 ~3.3 ~3.1 ~3.1 ~3.1 3.0
(T, T)? (sec°K)™ 1.18 1.96 2.85 4.20 4,46 6.67 7.14
Kgo(1072)P 0.82 0.92 0. 92 1.07 0.93 0.62 0.58

4111

®Nuclear electric quadrupole moment of 2’Al is 0,149 X 10 cm?,
PKnight shifts are referred to the gyromagnetic ratio Y=11.094 MHz/10 kOe.

to spin-flip scattering of conduction electrons from
localized spin fluctuations (1sf) in the narrow f
bands in both UAl, and PuAl,. At slightly elevated
temperatures it is necessary to invoke spin-fluctua-
tion-induced dehybridization of f bands to under-
stand the resistivity of PuAl,. The ternary system
(U,.,Pu,)Al, then shows us a progression of behavior
from resonant to nonresonant scattering as we go
from PuAl, to UAl,.

A brief summary of the behavior expected in re-
sistivity and magnetic susceptibility in both alloys
and well-ordered intermetallic compounds in the
presence of 1sf is in order here. Kaiser and
Doniach!® have shown for the case of dilute alloys
that for 7 <« Tg (the characteristic temperature cor-
responding to the maximum in the 1sf spectral den-
sity), two cases must be distinguished: (i) a reso-
nant case where the Fermi level lies in the middle
of a virtual bound f state and potential scattering is
at 2 maximum, and (ii) an off-resonance case where
the Fermi level is not near the middle of the f
state and there is little or no potential scattering.
At T=0 there is no scattering from lsf since the
spectral density is zero. The lsf contribution to
the scattering rate 1/7 varies as T2 for small T.
For the resonant case this additional scattering
broadens the f state, pushing it off the resonance so
that 1/r<1/7,(1 ~AT?2). For case ii, Kaiser and
Doniach show that 1/7x1/7,(1+BT?). Similarly,
the magnetic susceptibility x either varies as
(1 - CT?) for case i, or flattens out below Tg for
case ii. Above Tg, a Curie-Weiss behavior for y
is expected.

For atomically ordered compounds the energy
bands in the one-electron picture are well defined
near T =0 and a well-defined Fermi surface is
formed. Thus, 1/7—~0 apart from a small residual
resistivity. Doniach'!*!? shows that for 0< T < T,
one expects 1/7«T? and for T2 T,, 1/7x T.

Above T, the resistivity may flatten out or even de-
crease as the mean free path of the f-band electrons
approaches the interatomic spacing.

As pointed out, UAl, appears to be dominated by
spin-fluctuation scattering. Near T=0, the re-
sistivity first varies as T2 and then follows the

pattern predicted by Doniach!? for materials where
no dehybridization occurs. Since y flattens out
near T=80 °K, then, based on Doniach’s model,
T~ 80 °K.

o
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FIG. 11. (Top) Experimental Fourier transform (see
text) of PNMR free induction decay of annealed PuAl, at
12 MHz and 77°K. Central transition only. Magnetic
field increases to the right. Data obtained with a repeti-
tion time of 10 msec, a boxcar gate of 120 usec, and a
time constant of 30 msec. (Bottom) Synthetic powder pat-
tern obtained with (Avy)/%=3.0 kHz, ¢,=0.73% 10%
cm™, and Kgy=—2.0X% 10", Major division on field axis
is 4.0 Oe,
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TABLE III. Resonance results for Uy, PuAl,.

0.0 0.1 0.3 0.5 0.7 0.9 1.0
qoad® 426 432 439 404 383 347 353
Agy/yap® 0.0 38 65 71 45 20 0.0
@ (emu/mole)-! 2.9(2) 2.7(2) 3.3(3) 3.8(2) 5.0(2) 5.1(5) 11,2(4)
% (0) (10" emu/mole) 7 () 6 () 9 () 8 (1) 8 (1) 4 (1) 4 Q)
Xorp (10~ emu/mole) 10 9 11 10 9 5 4
Kiy, T,T/S° 14.7 11.1 7.71 6.94 4,88 1,47 1,23

%90 from 77°K resonance data, a) from room-temperature x-ray powder patterns.
YHalf-width at half-maximum intensity of a Gaussian distribution of efg’s.
77 °K results; S is the Korringa constant equal to €v,/Y,)(k/4ky).

The PuAl, resistivity, however, can be fit (see
Ref. 6) between 1 and 4 °K to the equation

@

where p,, A, E, and 6 are constants. The expo-
nential term becomes dominant by 2 °K, indicating
a scattering process in addition to spin fluctuations.
While the functional form for the process of dehy-
bridization is not yet known it appears likely that
the exponential term is associated with this pro-
cess. Experimental evidence for dehybridization
is obtained from p and x of self-irradiation dam-
aged PuAl,. Both these properties vary as (1 - T2)
near T=0 for the damaged PuAl,, indicating that
the f states have formed virtual-bound levels cen-
tered very nearly at the Fermi energy thus giving
rise to resonant potential scattering. The damaged
compound is now behaving as a disordered alloy.
Since the damaged and well-ordered material be-
have nearly identically above ~30 °K, we conclude
that the coherence of the hybridized band states in
the well ordered compound has been destroyed for
T 230 °K, and resonant scattering from virtual-
bound states is dominant. The negative slope of
the p-vs-T curve is a consequence of additional

p=po+AT2+Be¥T |

S PR SR PR e R R R

spin-fluctuation broadening of the f levels which
are then pushed off resonance.

Doniach'? argues that the dehybridization effect
itself is spin-fluctuation induced in the well-or-
dered compound. He assumes a 7'2 law for the
broadening of the f levels by the spin fluctuations:

T, =A(T/Ts)? . (2)

As T increases to hecome comparable with

(Ep - e,) (where Ep is the Fermi level and ¢; is the
center of the unhybridized f level), the depression

in the density of states formed by the hybridization
begins to fill. The effect is to pull the Fermi level
toward €,;. Since 1/7is given by

1 v2
;= Im —X

Ep — ¢, -il'; (3)

where v,; is the hybridization energy, Doniach
points out that as (Ep — e,) becomes small com-
pared to T';, 1/7is given by

1/7=03,/T, , (4)

which is just the resonance-scattering value ob-
tained by Kaiser and Doniach!® for dilute alloys.
As UAl, is added to PuAl, we create essentially

FIG. 12, (Left) Experi-
mental Fourier transform
(see text) of PNMR free in-
o "t ductiondecay of damaged

s PuAl,. Experimental

K parameters identical to
those in Fig. 11, Magnetic
field increases to the
right. (Middle) Synthetic
power pattern obtained
with (Av})/2=3, 0 kHz.
40=0.87%x 10% cm™, K,
=—2x10", and Ag/q,
=0.5. (Right) Same as
(middle) but with an addi-

tional component with ¢
=0 and relative weight of
0.03. Major division on
horizontal axis is 6.6 Oe,
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FIG. 13. Experimental Fourier transform (see text)
of PNMR magnetic echo for Uy ,Puy 3Al,. Magnetic field
increases totheright, (Top) T —Ty=0°K (middle) T — Ty
=~1°K, Dataobtainedwitha repetitiontime of 40 msec, a
boxcar gate of 20 usec, and atime constant of 10 msec. (Bot-
tom) Synthetic power pattern obtained with (A1?)/2=45kHz,
40=0.82x10% cm™, andK,,=0. Major division on field
axis 73.8 Oe.

a disordered alloy sothat a well-defined Fermi
surface is not formed and the f bands remain as
virtual-bound states down to the lowest tempera-
tures. The resistivity at 7=0 therefore remains
large. For x=0.9 and 0.7 the f levels probably
remain very nearly centered around Ej since the
resonant potential scattering is undiminished
(ppmlz — Pai10y 1S reasonably constant above 10 °K
for both these alloys).

For values of x =0.5 there is a definite shift of
€; relative to Ep since the low-temperature scat-
tering begins to drop drastically. For x=0.3 the
f level has shifted sufficiently that only a trace of
resonant potential scattering remains, while for
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x=0.1 there is no longer any evidence for it. This
result is consistent with the small degree of hy-
bridization in UAl, (see discussion for NMR re-
sults) where the f band is centered away from the
Fermi level.

The damaged specimens show a tendency toward
saturation in p near T=0 for x=0.7. Further, the
saturation value of the resistivity is in each case
considerably lower (10-20%) than the peak value
of the annealed specimens. A (1 - T2) variation is
also observed in the magnetic susceptibility for
these same alloys near T=0 (Figs. 6 and 7).

These results can be understood in terms of Egs.
(2)-(4) by assuming that in the damaged state the
broadening of the f levels is a combination of a
spin-fluctuation term plus a constant term result-
ing from lattice disorder and lattice expansion,
i.e.,

T,=A+B(T/Ts)? . (%)

Because of lattice expansion the quantity (E; - ¢;)
may also change somewhat with damage. In any
event we can see from Eq. (4) that the existence
of a scattering term due to lattice disorder will de-
crease 1/7 at the lowest temperatures. For very
small T this term is likely to be much larger than
the 72 term, hence the approach to saturation. It
does not seem necessary to assume a change in T
to describe the data of damaged specimens.

For x=0 and 0.1 the f level is off resonance so
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FIG. 14. Linewidth and reciprocal excess linewidth
vs temperature for PuAl, at 12 MHz,
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that any scattering in addition to spin fluctuations
can only increase the resistivity near T=0. Fig-
ure 4 shows Ap= (Dyamaged = Pannear oa) fOr x=0.1 to
0.5. It is obvious that vacancy and interstitial
scattering indeed gives a positive contribution to

p near T=0 for x=0.1. It is expected that a sim-
ilar result would be obtained for UAl,. An experi-
ment is planned to bombard UAl, with neutrons to
obtain a damaged specimen.

In the damaged samples, at high temperatures,
there are at least two competing contributions to
Ap: (i) a lattice disorder term (vacancy, intersti-
tial, and substitutional scattering) which is posi-
tive, and (ii) a negative temperature-dependent
term resulting from a decrease in spin-fluctuation
scattering due to damage. The second term comes
about because the competition between local and
itinerant behavior in the actinides is critically de-
pendent on the distance between actinide atoms. If
a Pu atom, for example, displaces an Al atom, the
Pu-Pu distances in its vicinity are decreased lead-
ing to greater f-f overlap and an increase in spin-
fluctuation temperature. If we assume that at high
temperatures the resistivity is primarily due to
1sf scattering, then for Uy ¢Pu, ;Al, the decrease
represents ~ 4% of the resistivity. Thus something
less than 2% of the actinide atoms (we assume that
each misplaced actinide atom reduces the magne-
tism on at least two actinide sites) must sit on
aluminum sites in the damaged state, a result not
inconsistent with NMR data. For alloys where res-
onant scattering occurs the situation is more com-
plex and does not lend itself to analysis.

Some features of the data remain unexplained.

In particular, kinks in the resistivities of annealed
specimens are observed roughly corresponding in
temperature to kinks or peaks in magnetic suscep-
tibility and onsets of magnetic broadening in the
NMR spectra. In the damaged state these kinks
appear to be associated with the onset of (1 - T2)
behavior of both resistivity and susceptibility.

B. Nuclear Magnetic Resonance
1. Electric Field Gradient

In Table III we list the values of the efg’s at
77 °K multiplied by the cube of the lattice param-
eter determined at room temperature. (For a de-
tailed discussion of electric field gradients in met-
als, see Cohen and Reif, ** Langer and Vosko, *
Watson et al., '® and Watson and Freeman. '¢) Also
listed are the half-widths at half-maximum Ag,,,
of the assumed Gaussian distribution of efg’s used
to fit the spectra. Barnes et al.!” have calculated
the point-charge contribution to the efg at the B site
in the C-15 structure. Defining 7,,,,=¢,.:: 25, they
find

Nyate= Z4(~53.775) + Z5(115.62) . (6)
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Here Z, and Z, are the effective point charges at
the A sites and B sites, respectively. The assign-
ment of point charges or alternatively valencies
in a metal is quite difficult. The A-site contribu-
tion to the field gradient is given to approximately
1% by the first two shells of A atoms with multi-
plicity 6 and 5, respectively. The B-site contri-
bution to 7,,,, is given to approximately 2% by the
first two shells of B atoms with multiplicity 6 and
12, respectively.

Following the treatment of Watson, Gossard,
and Yafet!® (WGY), we write the measured efg as

q=(1 _‘y-o)qlatt+(1 _RQ)q, ’ (7)

where (1 —y.) and (1 - Ry) are the Sternheimer
antishielding and shielding factors, respectively;
G1at¢ 18 the point-charge contribution; and ¢’ is a
local field gradient caused by the redistribution of
occupied conduction electron states near the Fermi
surface. (We neglect ¢, and q" of WGY that arise
from nonspherical potential and orbital distortion,
respectively.) The reader is referred to the paper
by WGY™ for detailed discussion of ¢'. Briefly,

q' is the shielding response of the conduction elec-
trons within the spherical potential of the aug-
mented-plane-wave (APW) sphere to the external
potential imposed by the field gradient of point
charges. It is therefore linear in - ¢,,,, and re-
lated to the densities of states at the Fermi level
for the various bands. Using this oversimplified
approach, we write for the total field gradient mul-
tiplied by a3,

n=(1 "Yc)TI1an+(1 —Ro)nlattB Gi (EF) . (8)

Here B is a product of an orbital symmetry factor
a and the radial integrals (%) (»"3) at the aluminum
site, and G§,(Eg) is the p projection (strictly
speaking non-s-projection) of the density of states
at the Fermi level at the aluminum site. Taking!®
(1~7.)=3.36, (1-Rg)=~1, (»¥{(r3)=39.66x10°
cm™ from Herman and Skillman!® 3p! Al atomic
wave functions, «=0.064 for spherical p bands, 1
and assuming 7 <0 we find the values of G§,(Eg)
shown in Table IV for rare-earth and actinide di-
aluminides.

Note the use in Table IV of the valence +3 for
the rare-earth ions and +4 for the actinide ions.
The aluminum valence is taken +3 in both cases.
The assignment of the + 4 valence for the actinide
ions is an arbitrary one but leads to reasonable re-
sults. The valence assignment is merely an at-
tempt to estimate the average amount of charge
virtually localized on the ion. Focusing on the
rare earths'"2%2! we see rather constant values of
G},(Eg). The small decrease of G§,(Ep) from La
through Lu may reflect the diminished 4f-electron
character in the conduction band as one goes across
the rare-earth series. For the actinides, the
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TABLE IV. Electric field gradients in rare-earth and
actinide dialuminides, AAl,.

equ/h qag zZ, G’AI(EF)
A (MHz) States/eV atom
Y 3.97% 372 +3 0.147
La 4,63° 483 +3 0.163
Ce 4,728 477 +3 0.162
Pr 4,60° 459 +3 0.160
Nd 4, 56% 451 +3 0.158
Er 3. 56% 326 +3 0.140
Tm 3. 45% 314 +3 0.138
Yb 2.30° 217  +3/+2 0.124/0.117
Lu 2, 85% 255 +3 0.130
U 4.7 426 +4 0.180
UpoPuyy 4.77 432 +4 0.182
Up,7Pup;  4.82 439 +4 0.183
UpsPugs 4.40 404 +4 0.176
UgsPug; 4.14 383 +4 0.171
UpPugy 3.73 347 +4 0.164
Pu 3.78 353 +4 0.165

*Barnes and Lecander (Ref, 17).
bJaccarino et al. (Ref. 20).
¢Jones et al. (Ref. 21).

range of |gajl falls between that of Nd and Er, yet
we expect a greater 5f character in the conduction
band for U than the 4f character found for Nd.
Thus, we suggest the +4 valence is more appro-
priate for the actinide ions. This assignment leads

TABLE V. Spin pol
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to values of G%,(Er) somewhat larger than found in
the analogous early rare earths. The narrow range
of ga} for the U;_ Pu Al, compounds is consistent
with a nearly equal point-charge assignment for the
uranium and plutonium ions.

The broad widths of the efg distribution at inter-
mediate values of X are larger than calculated from
a simple distribution of uranium and plutonium on
the A sublattice. Consideration of the individual
terms in the point charge calculation of q,,, leads
to the conclusion that near x=0.5 a few percent
(~5%) of the ions may in fact be on the wrong sub-
lattice. In the C-15 structure the ratio of atomic
radii to the coordination 12 radii suggests that the
interchange of atoms to the wrong sublattice is pos-
sible. Also, some residual radiation damage may
be present in these intermediate compositions.

2. Knight Shift and Spin-Lattice Relaxation

The values of o =dK/dy shown in Table V have a
very strong composition dependence on the Pu-rich
side. We will assume that at each composition «
is the sum of two contributions

(9)

Here a,, is the indirect or effective interband ex-
change contribution®® (quantum-mechanical ex-
change and weak interband mixing) relying on the
contact interaction of the conduction electrons at
the Fermi energy with the nucleus. ay,, is the re-

Q= Qegxt Qryyp

arization at 2'Al in 4 Al,.

O oy ahyb H:fll Jsfc Hmd fs° H’,‘}'}/hfs
(G*/erg) (GY/erg) (kOe) g,° eV) (kOe) (1072 (1072)
Ge 0.84 0.0 —28 6/7 -0.07  +110.0
Pr 0.94 0.0 -21 4/5 —-0.05 0.0
Nd 1.07 0.0 —16 8/11 —0.04 0.0
Gd -1.16 0.0 -13 2 —-0.03 0.0
Tb —0.72 0.0 -12 3/2 —0.03 0.0
Dy —0.49 0.0 -11 4/3 —-0.03 0.0
Ho ~0.57 0.0 —-16 5/4 —0.04 0.0
Er —0.39 0.0 -13 6/5 —0.03 0.0
Tm -0.31 0.0 -12 7/6 -0.03 0.0
U +2.9 0.0 +32 2 +0.08 0.0 0.0 0.0
Uy, 9Puy, +2.7 0.0 +30 2 +0.08 0.0 0.0 0.0
Ug,7Pug, 3 +2.4 +0.9 +27 2 +0.07 +10 0.96 2.2
Up,sPug, 5 +2.1 +1,7 +23 2 +0. 06 +19 2,11 4,2
Uy, 3Puy, +1.8 +3.2 +20 2 +0.05 +36 4,53 8.0
Uy, Puy,s +1.5 +3.6 +17 2 +0. 04 +40 5.63 8.9
Pu +1.3 +9.9 +15 2 +0.04  +111 16.44 24,7

*H%=[gs/(gs—1)INUga,,. Rare-earth val

PRussell-Saunders values assumed for the
the actinides.

CHs=2Hp,q J,fxw/gzugN; Xos taken as 55.8
dH§= lgs/(@r=1)] Nugtyg,.
°H,

eff

paired spin (per actinide nearest neighbor).

ues from Jones (Ref. 24).
rare-earth ions; spin-only value assumed for

x 10~% emu/mole; Hpgy=0.45% 10° Oe,

=6Hpgofs/(25); Hypgg=0.45% 10% Oe, 25=2 for U**, 25=4 for Pu®,; f,=fraction of un-
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sult of strong hybridization of the 5f wave function
with the s-wave conduction electrons at the Fermi
energy.!® The contact hyperfine interaction is as-
sumed to be responsible for the nuclear coupling.
In our analysis we will assume that «,, dominates
in UAl, and a4, dominates in PuAl,. That is, we
believe that the fourfold increase in a at PuAl, rel-
ative to the value at UAlL, is indicative of a much
tighter coupling of the Al nucleus to the 5f electrons
in PuAl,. By comparison the isostructural rare-
earth dialuminides® have values of « of order 1
mole/emu, which is typical of an effective exchange
interaction.

Using a localized spin-fluctuation model, !! the
susceptibility in PuAl, is given by

x(g, w)=2p3(Fw, +iwEp/qua)" , (10)

where w, is the spin fluctuation frequency, E is the
Fermi energy, and vy is the Fermi velocity. It
can be shown® that the spin-lattice relaxation rate
is given in terms of the static susceptibility x, by

(Tl T)-l = (a‘;",,,_,/21rs) x% ) (11)

where S is the Korringa constant, S=(y,/v,)?
(7/47kg) =3.9%1078 (sec. °K)™L.

In order to fit the experimental relaxation be-
havior in PuAl, we require a value of a,,,=9.9
(erg/G®)! in Eq. (11). For UAI, we do not find a
x° dependence of (T;7)™!. Using ay,,, in Eq.(11),
yields values of (7,7)™! much smaller than found
experimentally. We therefore assume «,,
=@ = @p,=1.3 (erg/G?)™ in PuAl, and linearly ex-
trapolate «,, with composition to the measured
value in UAl,, ¢ =2.9 (erg/G?)™!, assumed to be
entirely due to exchange (see Fig. 15).

In order to treat the effect of interband exchange
coupling on T, in UAl,, we use a molecular-field
model to remove the effective exchange interaction
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between the f-band and s-band electrons. The re-
sults is an effective s-s interaction which yields
an enhanced s-band susceptibility of the form

- Xg(ﬂ, w)
Xs(4 @)=y ot/ EuENZ xq, 0, (g, w) (12)

where J /g2 piN=Npga,,/ Hyx® .

The nuclear spin-lattice relaxation rate 1/7, is
proportional to wi! = x!’ (g, we), Where w, is the nu-
clear Larmor frequency. Equation (12) leads to a
relaxation rate given by®

1/T,=1/T3([1 - (/P uE N? x:(q, 0)x4(g, 0)]2 »
13

where the factor between the angular brackets is
averaged over g vectors spanning the Fermi sur-
face, and 1/7? is the value of the relaxation rate
for a noninteracting s band.

Equation (13) is evaluated® by averaging over a
spherical Fermi surface using a,, =2.9 (erg/G?)™
for UAl,. Approximating the ¢ dependence of
xs°(q,0) and x;(g, 0) by the Lindhard function gives
a fair accounting of the dependence of (7,7)! on
x;(0, 0) for UAl,. For PuAl, Eq. (13)yields a
negligible contribution to (7,7)™ using o, =1.3
(erg/G?)™.

In Table V we compare the values of the effective
hyperfine fields per unit of spin H,, at ¥’Al in vari-
ous dialuminides. Here H,, is given by

Heu=NgJuaa/(gJ -1) . (14)

We have taken the Russell-Saunders g values for
the rare earths and assume a spin-only g value of
2 for the actinides. Because of the high degree of
localization of the 5f state, the g value may, in
fact, have quite a different value than 2. We note
that the values of H,,, are negative for the rare-

@

alerg/ 2!

»

FIG. 15. Composition
dependence of exchange and
hybridization contributions
to @ =dK/dx in U;_,PuAl,.
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earth dialuminides and positive for the actinide di-
aluminides. This indicates that the spin polariza-
tion at the aluminum site is antiparallel to the spin
of the paramagnetic ion in the actinides.

Within the uniform spin polarization model, Hg,
is related to the effective exchange coupling by

HEFy = 2Hy (T 50/ 2215 N)X0s (15)

where J; is the effective exchange interaction con-
stant, 2 H,, is the contact hyperfine interaction in
aluminum (0.45%108G), and y,, is the uniform s-
band susceptibility x(0, 0). Approximating y,, by
three times the value in aluminum metal (55.8x107®
emu/mole) consistent with the fit to (T,7)! in UAL,
we find the values of J shown in Table V.

Assuming the electron-nuclear interaction is of
the contact type, the fraction of spin transfer f; to
the %7Al site per actinide ion nearest neighbor is
given by

HYY/ Hyo =61/ (29) , (16)

where H,, is taken as 0.45x10% G. There are six
nearest-neighbor actinides to the Al, and 2S is the
number of 5f electrons. The average number of
5f electrons associated with the virtually localized
state is taken as 2 for U and 4 for Pu. The values
of f, (see Table V) appear to increase sharply near
PuAl, to a maximum of about 0.16. The composi-
tion variation of H"} or f, is consistent with the re
sistivity results. That is, hybridization of the s
electrons with the f electrons at the Fermi energy
increases dramatically with increasing Pu concen-
tration. The lack of hybridization for x =0.1 may
be due to insufficient overlap of 5f wave functions
associated with the plutonium ions. That is, the
lack of formation of this band at dilute Pu concen-
tration prevents the establishment of hybridization
with the s band.
3. Inhomogeneous Magnetic Broadening of PuAl,

The Curie-Weiss-type plot of excess linewidth

in Fig. 14 yields
526 Oe - °K  CH
AH-50= T-4°K T-©

at an applied field of 10.8 kOe, where C is the
Curie constant. If we assume for a computational
estimate that the defect associated magnetic mo-
ment couples to the Al nucleus in PuAl, with the
same transferred hyperfine coupling that charac-
terizes the Knight-shift susceptibility relation, then
we can divide the Curie constant by the value of «
for PuAl, (see Table IlI). We find cp?, =(C/a)
X (Np%/3k5)1=0.034. That is, the observed line-
width in PuAl, at low temperatures could result
from a distribution of “impurity” moments. If the
“impurity” had an effective moment p,, =1 (in units
of the Bohr magneton), the concentration ¢ would

)
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be of order 3 at.%. In fact, the impurity in the
present case may be a region of crystallographic
disorder rather than another chemical element.
The above treatment is intended to give only an
order of magnitude estimate for the impurity mo-
ments.

V. CONCLUSIONS

The results of resistivity, susceptibility, Knight
shift, and nuclear spin-lattice relaxation in Pu-
rich U,_Pu Al, compounds are consistent with a
picture of an s band strongly coupled to a virtually
localized state (assumed to be of 5f character) at
the Fermilevel. For theuranium-rich compounds the
5f state is centered well off the Fermi level and the
coupling to the s-wave conduction electrons at Ex
is small. In PuAl, the coherence of the s-f hybrid-
ization is destroyed by spin-fluctuation scattering
above 10 °K. Atomic disorder, due to radiation
damage or chemical substitution, destroys the co-
herence at all temperatures. The loss of coherence
causes resonant virtual-bound-state formation in
the Pu-rich compounds. Eventually, as tempera-
ture is increased spin-fluctuation scattering causes
the virtual-bound states to shift off resonance yield-
ing negative values of dp/dT.

The relatively constant value of gaj in the
U;_,Pu,Al, compounds indicates a similar valence
state (point charge) for uranium and plutonium.
Thus a plutonium ion has approximately two more
5f electrons localized in real space than does a
uranium ion. As the plutonium concentration in-
creases the effective moment decreases. This may
be due, in part, to broadening of the 5f state result-
ing from increased overlap between the 5f wave
functions of the Pu ions as x increases. Broaden-
ing and overlap of the spin split 5f states is con-
sistent with the drop in y., for x=0.9. However,
the s-f hybridization at the Fermi level increases
with increasing plutonium concentration. The re-
sult is a peak in magnetic-ordering temperature at
intermediate concentration, i.e., near x=0.3. Lo-
cal regions of short-range magnetic order may also
occur for large x associated with crystallographic
disorder.

Finally, we note that the 5f electrons of the acti-
nides experience both strong spin-orbit coupling
(as do the 4f electrons of the rare earths) and
strong crystalline electric field interactions (as do
the outer d electrons of the transition metals). The
competition between atomic and bandlike behavior
of the 5f electrons is highly sensitive to its crystal-
lographic environment. This leads to well localized
bound states in the actinide NaCl-type compounds
and relatively weak spin-fluctuation behavior of
itinerant 5f electrons in the actinide metals. The
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actinide-cubic Laves phases have intermediate mag-
netic behavior, characterized by virtual-bound state
formation and strong spin-fluctuation phenomena.
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