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in dislocations of diferent types is obviously of para-
mount interest. It is our hope that this can be established

by further experimental and theoretical study.

That is, from (A2),

n =I. '/2~~ g
—'&

q (A5)
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But since
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The Lagrangian, L, of a set of kinks at positions, x;, is we find, after differentiating (AS) with respect to time,
that

We wish to determine the time development of the
macroscopic density, n (x). Since

Hence, the kinetic energy, T, of the system is

T=p (pp/2mI, )
e(x) =Q; 5(x—x,), (A2)

apart from self-energy terms, which we can ignore, the
total potential energy, V, may also be rewritten as or

= (1/2m&L'~') Q qq'4 P,.N. ..,
q q

L/2

(A9)

L/2

V=- dx
—L/2

L/2

L/2

dx' U(i x—x'i)sz(x)e(x'). (A3)
where

T= (1/2mI, )
L/2

LI2

rs(x) (r)4/r)x)'dx, (A10)

L/2

LI2
e(x)e—'& dx (A4)

Our aim will be to express the kinetic energy in terms
of similar collective variables, and hence derive the
equations of motion.

We introduce the complex Fourier transform, e„by
means of the relation

I-1/2
-LI2

4 (x)e
—'&'dx. (A11)

Equation (A10) will be recognized as the kinetic energy
of a Quid when expressed in terms of a velocity potential
4 (x)/m&. The equations of motion for I and 4 may be
found from the Hamiltonian, B= T+V. After the sub-
stitution mj, s(x) = 84/coax, the latter yield Eqs. (2) and
(3) of the text.
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The nuclear magnetic resonance of Al2' in UA12 has been observed in the range of temperatures 4-300'K.
Large Knight shifts (E)were found with a temperature dependence not of a Curie-Weiss type. This behavior
and the temperature independence of the linewidth, when considered in conjunction with susceptibility (x)
measurements, indicate (1) no localization of the magnetization of the U (Sf and/or 6d) electrons and (2)
no magnetic ordering exists. These results are contrasted with those obtained on the isostructural XAl2
(X=rare-earth ion} metals. Using a simple model, certain features of the band structure and the egectjve
exchange interaction between itinerant f and s electrons may be deduced. From the extrapolated limit of
the linear E vs p curve a large positive temperature-independent contribution to x is obtained which is
attributable to the Kubo-Obata orbital paramagnetism to be expected in metals with unfilled degenerate
bands.

INTRODUCTION

~'XpERIMENTAL evidence of an appreciable ex-
~ change interaction between the localized spin

moments of the rare-earth ions and the conduction

electrons has been obtained. from nuclear magnetic
resonance (NMR) studies' of the XAlr intermetallic

' V. Jaccarino, 3.T. Matthias, M. Peter, H. Suhl, and J. H.
Wernick, Phys. Rev, Letters 5, 251 (1960).
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where EII and E& are the Knight shifts at 0=0 and
zr/2, respectively. In order to evaluate the importance
of the anisotropic Knight shift contribution to the
linewidth, we have plotted in Fig. 3 vsbi vs. i s' for a
number of different frequencies. Equation (1) shows
(neglecting momentarily the third term) that the slope
of the resulting plot measures the anisotropy of the
Knight shift, and that the pp6p intercept at vp'= 0 is pro-
portional to the square of the quadrupole interaction.
The quadrupole interaction deduced in this way agrees
well with that obtained from measuring the 6rst-order
satellite splittings, while the small slope indicates that
En Ei is less than 0.03%%u~ and is thus a negligible line-
width mechanism. The third term in Eq. (1) is less than
0.1% of the observed linewidth and was justifiably
neglected. .

The fractional shift E of the Al2' NMR is given as a
function of temperature in Fig. 3. (The position of the
Al' NMR in a Cr-doped KAlSO4 solution is used as a
reference with respect to which E is measured. ) Though
the magnitude and temperature dependence of E is
considerably in excess of that which is observed in, say,
Al metal' there is nevertheless no evidence for a Curie-
Weiss law behavior as was found in the rare-earth Al~
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Pro. 3. A plot of vobv vs vo' for the (1/2 ~ —1/2)AP'
NMR in UAlg at 20'K.

'W. H. Jones, Jr., and F. J. Milford, Phys. Rev. 125, 1259
(1962).

'o R. G. Barnes, W. H. Jones, Jr. , and T.P. Graham, Phys. Rev.
Letters 6, 221 (1961).

which is located 16/25 of the distance from the low-fre-

quency to the high-frequency derivative peaks.
Another possible source of linewidth of the central

component is an anisotropic Knight shift. In the
presence of combined second-order quadrupole broaden-
ing and anisotropic Knight shift broadening, the line-
width for I=S/2 (after subtracting nuclear dipole and
field modulation contributions) would be' "
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FIG. 4. A plot of Knight shift vs temperature, susceptibility vs
temperature and Knight shift vs susceptibility. (The arrows on
each curve indicate the appropriate axes).

alternatively, the exchange interaction between itiner-
ant f and s electron bands, and (3) evidence for a large
contribution to the susceptibility arising from the tem-
perature-independent orbital paramagnetism of the
partially filled degenerate Sf band.

1. Band Character of the Uranium Sf and
6d Electrons in UA1~

The free uranium atom has the atomic configuration
5f'6d'7s' outside the closed radon core. Relative to the
rare-earth 4f electrons the wave functions of the Sf
electrons are rather extended" and, in uranium metal,

'~ For a discussion of the Knight shifts in metals see W. D.
Knight, in Solid State Physics, edited by F. Seitz and D. Turnbull
(Academic Press Inc. , New York, 1956), Vol. 2.

'z H. J.Williams and R. C. Sherwood (private communication)."A graphic demonstration of the relative spatial extent of the
4f and 5f wave functions is found in the electron paramagnetic
resonance of Nd'+ and U'+ as impurities in a CaF2 lattice. In the
U'+ case the resonance exhibits a F"hfs whereas the Nd + reso-
nance is devoid of this eGect. The F'9 hfs is known to occur because
of the overlap of f wave functions with the F 2s wave function.
B.Sleaney, P. M. I.lewellyn, and D. A. Jones, Proc. Phys. Soc.
(London) $69, 858 (1956).

metals. Furthermore, at the lowest temperature (4.2'K)
the resonance is still observable and has, in fact, not
broadened. This indicates no ferromagnetic or anti-
ferromagnetic ordering has occurred. To check this
conclusion the susceptibility has been measured between
1.4 and 300'K by Williams and Sherwood" Their
results are shown in Fig. 4 as well. No indication of
ordering was found in their measurements.

If we plot E vs x we And a linear relation to hold.
(See Fig. 4.) The extrapolated limit at E=O corre-
sponds to a susceptibility x,= 2.1X10 ' emu/g.

INTERPRETATIOÃ AND DISCUSSION

&Ye present here an interpretation of these results
and their relevance to the previously reported work on
the rare-earth A12 metals. Three distinct features of the
NMR and susceptibility measurements are apparent
and will be discussed separately: (1) band character
of the U 5f and 6d electrons, (2) the degree of admixture
of Al 3s wave functions into the U 6d and 5f bands or,
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for example, we may expect appreciable band character
for the 5f electrons whereas in Gd metal we know the
4f electrons to be comparatively localized with small
overlap between adjacent Gd atoms. The electronic
properties of the actinide metals uranium, plutonium
and neptunium react this distinction.

Ridley' has calculated wave functions for body-
centered cubic uranium metal by determining the
Hartree self-consistent Geld for four different atomic
configurations using the Wigner-Seitz boundary condi-
tions. For the configuration (5f') (6d') (7s') for example,
she has found the bandwidths of the f, d, and s functions
to be in the ratio 1:9.8:22.7. FriedeP6 in his treatment
of the n, P, and y phases of uranium metal has proposed
that, in addition to the wide 7s band, there is a hybrid

Sf 6d ban—d with appreciable structure in the density
of states vs. energy curve. For point of reference his
73(E) vs E curve for n uranium is shown in Fig. 5(a).

Undoubtedly the band structure of UA12 will be still
more complex than that of U but certain qualitative
features immediately suggest themselves and will be
useful in the discussion of the NMR and susceptibility
results. We propose that the band structure of UA12

may be schematicized by an 73(E) vs. E curve as is
given in Fig. 5(b): to wit, a very wide 7s band, a some-
what narrower 6d band, and a very narrow 5f band.
The three intersections with the Fermi surface are indi-
cated. The numbers immediately under the band label
for each n(E) curve suggest a range of occupation
numbers for the filled parts of the band with the proviso
that a total of 6 electrons per uranium atom are to be
accommodated in the three bands. As the d and f bands
require a total of 1.0 and 14 electrons, respectively, to
be Glled the designated narrow peaks in the density-of-
states curve should be considered as sub-bands, to
Gll which perhaps only 2 to 4 electrons per atom are
required. In any case, the comparative complexity of
the structure and the symmetry properties of the f and
d wave functions will almost certainly lead to consider-
able structure in the respective 73(E) curves. No detailed
significance is to be attached to the shape of the f and d
band N(E) curves or their relative positions, either with
respect to each other or to the 7s band curve.

2a. Admixture of Al 3s Wave Function into the
Uranium Band Wave Functions

Since no evidence for localized U spin moments exists
in UA12 we are led to interpret the Knight shift vs
susceptibility relation using a band model. A scheme for
doing this has been given in the case of the V3X inter-
metallic compounds" and we may adapt this procedure
to UA12. Let us suppose that the susceptibility arises
from three separate intersections of the Fermi surface

"E.C. Ridley, Proc. Roy. Soc. London (London) A247, 199
(1958).

» J. Friedel, J. Phys. Chem. Solids 1, 178 (1956).
16 A. M. Clogston and V. Jaccarino, Phys. Rev. 121, 1357 (1961).
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with the Is, 6tE, and Sf band, that is x=x,+xq+xf,
with xf being temperature dependent as a result of the
rapid variation in the 73(E) curve in the vicinity of EF
for the Sf band and x,+xs being temperature inde-
pendent. Furthermore, let us assume a certain fraction
f3,7 f3,6$ and fs, sf of the Al 3s wave function to be
admixecl into the 7s, 6d, and Sf bands (fs, ;,+fs, pq

+fs, , sf 1). Th——en the Knight shift of the Al may be
expressed as

~&Ai= ~x.+Pxs+Yxf,
with

n = (MP/2P B) (2MAi+MU) (HHF fs„.,

(Mo/213B) (2MA1+ M U) $+H Ff3s6d&,
P= (Mo/213B) (2MAi+MU)$IIHFfs, , sf&

(3)

(4)

(5)

where HHF is the hyperfine field for an Al 3s electron,
%~i and MU are the atomic weights of Al and U,
No= mass of unit atomic weight, p, ~ is the Bohr mag-
neton, and $=—P [4(0)[3],&.i/[[O(0) [3].6, . Since only

graf is temperature dependent, the slope of the E vs x
plot yields y directly. Using Knight's value for the
corrected hyperfine interaction constant A(3s) for Al
in Al metal A(3s)=0.0948 cm ', corresponding to a
hyperfine Geld Ply=2. 54&(i0' Oe, and our measured
value of bZ/IAx= 1.1)&10'/(emu/g) we have fs, sf
= (1/&)&&1.65X10 '. For an assumed value of &=0.6
we find fs, , sf ——2% which appears to be a very reason-
able admixture parameter. Neither n nor P is determined
unambiguously from the data. We will discuss this point
in the last section.

2b. Exchange Interaction Between Itinerant f
and Itinerant s Electrons

An apparently alternative explanation of the ob-
served relation between K and p may be had from
assuming an s fexchange intera-ction between the two

FIG. 5.Schematic density-of-states vs energy curves for (a) a—U
(after Friedel, see reference 15), (b) UA13. The numbers of elec-
trons in the filled parts of the bands are indicated under the band
labels.
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itieerant electron systems. This problem has been for-
mulated for the d group metals by Shimizu'~ and some-
what more generally by Clogston. "In analogy with the
rare-earth localized 4f electron-conduction 6s electron
excha, nge interaction we may treat the Sf electrons in a
tight binding approximation in which the exchange
interaction is given by

TAaz.z I. A comparison of certain of the magnetic properties of
three XAl~ metals. For the rare-earth metals J (J=L+S) and J,
are good quantum numbers. S, is obtained from the relation
(J,J,~S, ~ J,J,) =J,(S J)/J(J+1). Thus, the change in sign of
AE/Ag, l for PrA12 relative to GdA12 arises from the difference
in sign of (S J), depending on whether the 4f shell is less than
half-ulled or not. The sign of the spin polarization at the aluminum
site relative to that at the magnetic site in each case is also given.

PrA12 GdA12 UA12

—g Jss Ssrss",

where Sqr and Ss ' are the spin operators and Jss is
the exchange integral between Sf and 7s electrons with
wave vectors k and k', respectively. (The s conduction
band is assumed to have 7s character at the U site and
3s character at the Al site. ) The order of magnitude of
JJ,I, is presumed to be the free atom J~f,y, divided by
the number of uranium lattice points Ã.

Again, the large temperature-dependent x would
result from a high density of states at E=Ep in the
relatively narrow Sf band and enhanced by the ex-
change interaction between the f electrons. H the mag-
netization of the s band is much smaller than that
of the f band and, in the absence of s fexchang-e,
initially temperature independent, then it is easy to
show from the expressions for the mean magnetization
in the two bands, in the presence of exchange, that

(6)

and correspondingly

Is, =K,s(1+XKp'),

where ) =Jsf p,/Nag, Ized' is the "molecular held" con-
stant and X,' and Xf' are the unenhanced suscepti-
bilities. The slope dK./dxP=)K, s may be used to
determine JGJ 7„-. Now g, will be close to the free-
electron g value, but gf may reQect the absence of
complete quenching of the orbital angular momentum,
because of the large value of the spin-orbit coupling in
heavy atoms, and deviate appreciably from g, ."The
extrapolated E vs x curve does rot have a positive
intercept on the E axis, for reasons we will discuss in the
next section, and we cannot deduce a value of E, as a
consequence. Nevertheless, we may assume that E, is
similar to the values found in the rare-earth aluminum
metals; namely K,' 0.1'P~. With this—value for K,s and

gf=g, =2.0 we 6nd Jsf r,=+0.6 ev.
In Table I, we give a comparison of certain proper-

ties of the Al NMR in three XA12 metals. For the rare-
earth metals it is to be noted that the polarization in
the conduction band at the aluminum site is opposite
to that of the spin magnetization at the rare-earth
site. Agreement with the experimental results in the
rare-earth case was found by assuming a polarization
that was spatially uniform but required that J4f 6 be

rr M. Shimizu, J. Phys. Soc. Japan 16, 1114 (1961).' A. M. Clogston (unpublished private communication)."Q. Lehmann, Phys. Rev. ll6, 846 (1959).

Character of
magnetic electrons

J.
S,

s, (Al site)
&Is /&xmor

4f (iocaiized)

T

0.82

4f (iocaiized) Sf (band)
~ ~ ~

T

—0.32 3.8

3. Large Contribution to the Temyerature-
Indeyendent Susceytibility

A striking feature of E vs x plot is the extrapolated
intercept on the x axis corresponding to E=O. To
properly interpret this, we must first correct for the
contribution to E arising from x„,. There will also be a
contribution that is temperature independent arising
from an admixture of Al 3s wave function into the 6d
band. The simplest assumption to make is that the

~ K. Yosida (private communication) .
~~ P. W. Anderson and A. M. Clogston, Bull. Am. Phys. Soc.

(to be published).

negative. ' ' It has been suggested that this dilemma has
its origin in the fact that the polarization induced in the
s conduction band by the f sexchan-ge interaction is
decidely not uniform even in a dense magnetic material
like GdAls (see discussion in reference 2). Recently
Yosida" has calculated the polarization for GdA12,
treating the conduction electrons in the free-eLectron
approximation with an assumed q (wave number) de-
pendence of the exchange interaction which is constant
for q&2kJ and vanishes for q)2k'. He has found the
spin density in the conduction band at the Al position
opposite to that at the Gd position. This range of g for
J(q) roughly corresponds to a range in position equal to
that of the radius of the 4f shell. However, in the case of
UAls, where the spatial extent of the Sf electrons is
considerably greater, the range in q of J(q) will be
appreciably decreased. This has the effect of reducing the
spatial variations in the conduction electron polariza-
tion. For UA12, we might expect these considerations to
lead to a positive spin density at the aluminum site.

It has been convenient in our treatment to consider
admixture effects and exchange polarization as alterna-
tive descriptions of a single physical phenomenon. More
likely both effects exist simultaneously and contribute
independently to the observed result. For the local mag-
netic ion-conduction electron case this point of view has
been advanced by Anderson and Clogston" with par-
ticular regard to the manganese in copper problem.
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fractional admixture of 3s wave function into the 5f and
6d bands to be the same, i.e., fs, , ps= fs. , sy and the
remaining fraction (1—2fp, , sr) to be the amount of Al
Bs in the 7s band. Again only XJ (T) is assumed tempera-
ure dependent. This is schematicized in Fig. 6.

The large residual susceptibility corresponding to
the intercept on the x axis at E=O still has to be
explained. %e believe its origin is to be found in the
analog in metals to the Van Vleck temperature-inde-
pendent paramagnetism. The theory of this has been
given by Kubo and. Obata. '2 In a partially ulled band
matrix elements exist, that are linear in the applied
Q.eld, of the components of the angular momentum
between states (which for 4=0 are initially degenerate)
in the occupied parts of the band and those in the un-
occupied parts of the band. The magnitude of the
orbital paramagnetism does not depend on the density
of states at the Fermi surface but rather on the mean
separation 6 of the "degenerate" levels and would not
be particularly temperature dependent evenfor a narrow
band. The unenhanced (by exchange) spin susceptibility
of the Sf electrons is, at T=O'K, xr'=2tta'rt(Ep), and
the magnitude of the Kubo-Obata orbital paramag-
netism is xt""——2tttt'X~ (O~L, ~i) ~, '/6, where E is the
number of 5f electrons per U atom in the 61led part of
the band. Since the orbital paramagnetism of the U 5f
electrons corresponds to circulating moments centered
on each U atom the fields produced are localized to the
U atoms and therefore do not contribute to the Knight
shift at the Al sites."

The observed intercept yields a value of x" 3X10 '
emu/g which, using the order of magnitude expression.
for y", predicts a 6 0.37 eV if we take X=2 and

~
(O~l..~i) ~. '=2. H we assume there is no exchange

contribution to the susceptibility of the f electrons so
that we may associate the maximum in the suscepti-
bility xt', ,„with the Nt(Et;) we may calculate the
width ii of the 5f sub-band. (See Reference 16, p. 1360.)
If it takes approximately four electrons to completely
fill this sub-band and there are 8 6+16Al atoms in the

22 R. Kubo and Y. Obata, J.Phys. Soc. Japan 11,547 (1956).
~ A study of the Kubo-Obata contribution to the Knight shifts

and susceptibilities in d-group metals and intermetallic compounds
has been made. A. M. Clogston, A. C. Gossard, V. Jaccarino, and
Y. Yafet, Phys. Rev. Letters 9, 262 (1962).

Z
Lt
& 0.8

gg x 10~

0 1 4s 3 4 5 6 7 8 9 10 11 12 '13 14
i 1 . 1 1

0.6
tL.

X
tt)

l
0.4

x
Qz

0.2

ice:&,

FIG. 6. The AP' Knight shift vs susceptibility for UAl& with the
separate contributions to E and y delineated. The shaded area is
meant to indicate an uncertainty in the magnitude of the tempera-
ture-independent d and/or f contributionto the susceptibility.

which yields a value of 8=0.057 eV if we take (7'')
=8&(10 " emu/g. Though the estimates of 8 and A

admittedly are crude, their relative magnitudes indicate
that an appreciable part of x~"" comes fromstates not
contained within the narrow peak'in the f band that
is responsible for the large x&'. It would be extremely
useful to have independent corroborating evidence from
measurements of speci6c heat, etc.'4
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"Note added t'rt proof The elect. ronic specific heat of UA12 has
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unit cell, then it will require 32 f electrons per unit cell.
Then 8 is given by

32
Xf,max)

(Mp/tait') (8Mu+16M~t)


