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The large conduction-electron polarization observed in many intermetallic actinide compounds with well
localized 5f moments is analyzed using a phenomenological model for the electron density of states. The
model is applied to PuP and successfully predicts appreciable polarization effects existing in the paramagnetic
phase. Possible consequences of this model in our understanding of the electronic structure of other actinide

compounds with the NaCl-type structure are discussed.

I. INTRODUCTION

Experimental investigation of the magnetic pro-
perties of metallic actinide systems has established
that the electronic structure of the actinide ions
is considerably more complicated than that of the
rare-earth ions.! The rare-earth ions, even in
metallic systems, adopt ionic ground configura-
tions, and the 4f electrons are well localized.

The magnetic properties of rare-earth inter-
metallic compounds can be interpreted satis-
factorily with a localized-4f-electron model. On
the other hand, the 5f-electron wave functions in
actinide elements are spatially more extended than
the corresponding 4f wave function in the rare
earths. The large extension of the 5f wave function
is responsible for the large modification of the
atomic 5f electron states by the crystalline electric
field, by 5/-5f and 5/-6d overlap between two
actinide sites, and by hybridization with the s and
p electrons of the ligands. The sensitivity of the
5f electrons to their crystalline environment re-
sults in a variety of magnetic behaviors which

may not be easily interpreted with a single-band
or localized-5f-electron model.>"® The effects

of strong angular anisotropy of the 5f-electron
orbitals on the exchange interactions and on the
magnetic properties of NaCl-type compounds have
been discussed by Chan’ and later substantiated

by neutron-scattering experiments.® The purpose
of the present paper is to focus attention on the
polarization of the conduction electron by the 5/
electrons both in the ordered magnetic phase and
in the paramagnetic phase in NaCl-type compounds.

The direct evidence of large conduction-electron
polarization is shown by the difference in the value
of the magnetic moment in the ordered state as
measured by magnetization and neutron scattering
experiments. The magnetization measurement
gives the net total magnetic moment whereas the
neutron measurement performed at small scat-
tering angle and extrapolated to zero angle gives
the localized magnetic moment. The difference

in these two measured magnetic moments, Ap
=M yot =M 10ey C€aAn provide a measure of the con-
duction-electron spin polarization (CEP). This
difference is generally negative and can be as |
large as —0.4u 5. This negative moment implies
that the majority spin of the conduction electrons
is antiparallel to the local moment. The large
negative conduction-electron polarization exists
in several actinide compounds as well as in the
interstitial regions of transition-metal ferromag-
nets. In PuP, a comparison between neutron-
diffraction and magnetization experiment yields
Ap =(~0.35+0,07) 5.°

For an understanding of this large polarization
effect in actinide compounds, we study the elec-
tronic structure of PuP in terms of a model cal-
culation. We have chosen this system for our
investigation since there exists a large body of
experimental data on Knight shift, nuclear spin-
lattice relaxation time, magnetization, and neutron-
scattering form factors. The analysis presented
here can be applied to any other actinide com-
pounds.

II. EMPIRICAL DETERMINATION OF DENSITY OF STATES

In order to understand the conduction-electron
polarization in both ordered and paramagnetic
phases of PuP, we need some information about
its electronic structure. Unfortunately, no band-
structure results are yet available on this com-
pound. However, it is possible to obtain qualitative
features about the band structure for PuP from
the calculations of Davis'® on uranium compounds
with NaCl structure. The conduction band consists
of primarily d and s electrons. The d band is
split into #,, and e, with the #,, band lying below
the Fermi energy E,. The s band lies higher than
the #,, band and is, in general, close to the Fermi
energy. :

We assume that the density of states is com-
posed of an s-like free-electron band and a quasi-
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localized 6d state. The 5f electrons, as mentioned
earlier, are localized well below the conduction-
band continuum and are not expected to contribute
to the observed conduction-electron polarization.

To calculate the density of states of s and d
electrons at the Fermi energy separately we make
use of the results of nuclear magnetic resonance
(NMR) and magnetic susceptibility experiments.
The exchange coupling parameter, J,, between the
localized 5f electrons and conduction electrons
can also be calculated on the basis of the uniform
polarization model. '

The magnetic susceptibility x and the Knight shift

of the ligand nucleus K in intermetallic actinide com-

pounds can be given by

K=K,+K
0 fo (1)

X=XotXss
where K, and x, represent contrjbutions from s
electrons and are approximately temperature in-
dependent. K, and x,, on the other hand, are gen-
erally temperature dependent and are thought to
arise from localized 5f electrons. In the indirect
exchange coupling model, K, can be expressed
by the relation’!

d.

d—x-f =J (O)N(E)H

d(S)/H

2=, @

where N,(E,) is the s-electron density of states
for one spin direction at the Férmi level and H,
is the contact hyperfine field. JS,(O) is the ex-
change coupling parameter per spin determined
by the Fourier component of the effective s-f ex-
change integral for momentum transfer §=K -K’
=0.

The expression for the spin projection and sus-
ceptibility of the localized f" configuration is®

S%Z =EZJ(% Zr:e'Er/kT ;'{I‘]uz[r')(l'" [s,|T)
g e

e Er/RT _ g~ Er* kT
En-Ep

®3)

and
2 1 _ ’
Y= (g D T (Tl | T

” ~Er/RT _ o~ Ep* /eT
"l | T2 e—— )
+;; I< '“‘, H Er"‘Er
4)

where 2" sums over states I that are identical
to or degenerate with Il"), and 2. sums over
states [ IV) that are distinct from and nondegenerate

with |T'). Z is the partition function.

A detailed analysis of the neutron elastic mag-
netic cross section of PuP measured at 4.2 K, in-
cluding the effects of intermediate coupling and
J mixing, allows an identification of the electronic
ground state of the Pu ion.® In fitting the experi-
ment and nonperturbative crystal-field theory
quantitatively, the sign and the approximate mag-
nitude of the two cubic-crystal-field parameters
were determined. The values for the two crystal-
field parameters are A,(»*)~-450 cm™ and |4,
(°)| <30 cm™'. With this crystal-field strength
and in the absence of the exchange field, the I',
and I'; levels are quite closely spaced (~15 cm™)
with T'; lower in energy. In the present analysis,
we use A, (r*)=-450 cm™ and A (%)= ~5 cm™ to
calculate the eigenvectors and eigenvalues of the
Pu®* ion in PuP. From the energy-level diagram,
we obtain

ASH/H_ 4 4. (5)
X

d
Combining this result with the experimental value!?
for dK/dx =16.7 (emu/mole)™, and taking H,,,
=760 kOe, we find from Eq. (2)

I HO)N(E,)= -8.697 X 102, (6)

To calculate the s-f exchange coupling parameter
J4(0) and the s like density of states N (E,) sep-
arately, we make use of the measured spin-lattice
relaxation time, 7' T at the phosphorous site
due to the coupling with the localized 5f electrons.
This is given by'!

UID) st V(B 7,00 T

d 2z 1
x 2z [GEOT. )

In the crystal-field model, the expression for the
spectral density G¢* for the localized f" configura-
tion is

2(1 ’
ng(o)zz(ﬁ;e-Er/kT; [(r‘szlrl>|2

, ~Er/kT _ o-ET*/kT
r|s,|r 2"————-—).
+ 22 @S =

®)

For the localized spins in the paramagnetic phase,
we obtain

2 G501 =4.241 X 10°% &V/K.. ©)

Substituting Eq. (9) and the experimental value!!
of d(T,T)/dT = 2.3 x10™* sec™* in Eq. (8), we obtain

T2, (ON3(E,) =9.262 X 10" eV™!. (10)
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Equations (6) and (10) can now be combined to yield
J4(0)==17.1 x 1072 eV/spin

and (11)
N (E;)=1.22 states/(eV atom spin).

The apparent large value of N (E,) is due to the
overlap of the f electron of the actinide ion with
the s electron of the phosphorous. Thephysical in-
terpretation of N(E;) in terms of effective mass
is given in Sec. III.
The density of states of d electrons at the Fermi

energy N,(E;) can be obtained using the uniform
polarization model in the ferromagnetic region,

A =J,(O)N(E,)(S,)=0.39), . (12)

Here N(E,) is the total density of states for elec-
trons of both spins at the Fermi energy. The

value of Au is obtained by subtracting the saturation
value of 0.42u ; from the calculated value of 4 ,
=0.81u ; using the crystal-field parameters speci-
fied earlier. Using calculated values of (S,)
=-1,543 at 5 K in the ordered state, we obtain

J(O)N(E) = -0,253. (13)

From Eq. (11) and the sign of (S,), it is clear that
the conduction electrons are ferromagnetically

J

coupled to (S,) and antiferromagnetically coupled
to p,. Since both s and d electrons lie fairly close
to the Fermi energy, we assume that

T 4(0)=J,,(0) =J,,(0). (14)

The total density of states N(E;) can now be ob-
tained from Eqs. (11), (13), and (14),

N(E,) =3.56 states/(eV atom). (15)

Using Egs. (11) and (15) we obtain the following -
result for the density of 6d electrons per spin
at the Fermi energy,

Ny(E)=0.55 states/(eV atom spin). (16)

In calculating N,(E ), we have made the implicit
assumption that the total density of states at the

Fermi energy is composed of s- and d-like elec-
trons.

III. MODEL DENSITY OF STATES AND CONDUCTION-
ELECTRON POLARIZATION

In order to calculate the contribution to the total
moment due to conduction-electron polarization,
we use the molecular field theory and a model
density of states. The total Hamiltonian for the
localized and conduction electrons is given by

1 1 - e RErE )
H=Ho+ 3 elnn =3 270808, - 22 RV CE R [Sial a1 —alte) + Sial ey + Siahrag, )
Y] i, i kR

—%#E 2 e F Rt a,y —aliay) —gu H Y (L4259, (1
i

N

where H, is the crystal-field Hamiltonian. The
third term is the exchange interaction between
the localized spins arising from sources other
than the conduction electrons. The fourth term
describing the conduction-electron polarization
also contributes to the exchange term through a
second-order process. The last two terms in-
corporate the effect of an external magnetic field
applied along the z direction. It is to be noted here
that we neglect the orbital polarization in the first
approximation. The Green’s function of the con-
duction electrons in the molecular field approxi-
mation can be obtained as

(1/27)8,,
E-E, 1 H +J (0)(S,) ’

(@psial))= (18)

where +(~) corresponds to the conduction electron
with spin 4(¥).
Using the above equation and the following model

T

for the energy dependence of the density of states,
the polarization of the conduction electrons can be
calculated in.a straightforward manner. Since

the s electrons are relatively free and d electrons
fairly localized, we express the dispersion of s like
density of states N (E) by a parabola and the d den-
sity of states N,(E) by a truncated Lorentzian

i.e.,

N, (E) = (1/27%)(2m*/#2)* RE* 2 (19)

and
1 (2m*\*”2  E3”Q,
=— (22 _ZE_ %
v 21r"‘(h'2 ) (E —E,)?+ A%
N{E) for Ey—A<E<E,+A
=0, otherwise.
(20)

Here m* is an adjustable parameter which has
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the significance of the effective mass m*/m of
the conduction electrons. &, is the volume per
atom which for PuP equals 152.243. The peak in
the d density of states occurs at energy E, and &
is a measure of the width of the resonant d states.
The partial density of states in Egs. (19) and (20)
are shown schematically in Fig. 1 for illustration.
Our model density of states contains four param-
eters, namely, m*/m, E,, E,, and A, Out of
these, three parameters can be fixed independently
by using the empirical values of s and d density
of states at the Fermi energy as given by Eqs. (11) and
(16) and by noting that the total density of states N(E)
=N (E) + N,(E) must integrate to give four states per
atom (Pu is inthe 3+ and P is inthe 5+ state), i.e.,

E E
[ NEaE+ [ N(E)AE=1 states/atom .
o 0

(21)

Since our subsequent calculations show that the
value of conduction-electron polarization is in-
sensitive to the choice of the Fermi energy, we have
taken E, =2 eV for the remaining calculation. Using
this value for E, and Eq. (11) we integrate the s
density of states in Eq. (19) and find m*/m =5.01

and 3.25 states/atom having s character. This
result combined with Eq. (21) yields 0.75 d states/
atom. Thus, using Eq. (20), we have

E
0.75= [ ¥ N/E)dE
o
=i._(2m*)3/2 Es/zgo
22 \- 72 A

x{tan"[(E - E,)/A] —tan™*(-1)}. (22)

Solving the nonlinear Eqs. (22), (20), and (16), we
obtain A=2.45 eV and E,=3.67 eV. It should be
noted here that if we take an alternate model of
the density of states with d electrons lying below
the tail of the s band, i.e., E, to be negative, no
reasonable value of the parameters could be found.
Using Egs. (17), (18), and (19), we obtain the
following contributions to the moment due to the
polarization of s and d conduction electrons.

1C
M,=3 ESF%E{[EF+;LBH+JCf(O)(Sz>]3/2

- [EF - gH —ch(O) <Sz>]3/2§“'3 (23)
and

Md =.2_(:Kd (tan'l EF+ IJ'BH+J2£(O)<Sz> -Eo

—tan™!

- —J(OXS.} —
Ep—uH ‘icf( )¢S, Eo)“B’

(29

N (E)

. T

T
Er E——

FIG. 1. Schematic electron density of states for PuP.
The sp-like band is assumed to be parabolic, whereas
the d-band has the shape of a truncated Lorentzian.

with
C,= (1/21r2)(2m*/ﬁz)Ei,./zn0 .

In the ordered phase in the absence of an ex-
ternal field, we obtain

M,=0.12p (25)
and
M,=0.2Tp . (26)

Thus the total contribution to the moment from
the conduction-electron polarization is 0.39u
and the moment is antiparallel to the localized
moment derived from neutron scattering experi-
ments. This agrees very well with the experi-
mental value of (-0.35+0.07)u 5. Since the uniform-
polarization model used in Eq. (12) is essentially
the same as the molecular field approximation
we get the same total contribution to the moment
from the conduction-electron polarization as used
in Eq. (12). This good agreement should be treated
with caution not only because we have used a model
density of states but because we have also neglected
contributions from orbital effects. Nevertheless,
the fact that this simple model based on a mole-
cular field approximation is capable of yielding
a large negative conduction-electron polarization
is encouraging. Furthermore, the value of the
polarized moment is not sensitive to the details
of the band structure since the uniform-polariza-
tion model does not take into account the fine
structure in the density of state.

We now use this band model to calculate the
magnetic susceptibility due to the conduction
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FIG. 2. Comparison of calculated and experimental
reciprocal susceptibility (1/x) as a function of tem~
perature. The open circles are experimental values
taken from Ref. 12.

electrons in the paramagnetic phase. In this
phase a 5f-electron spin moment ¢S,) is induced
by the external field H and this is likely to cause
polarization of the conduction bands. We, there-
fore, expect to get a term proportional to (S,)

in the total susceptibility x. Using expressions
for M, and M, as given in Egs. (23) and (24), and
making the assumption that u ;H < A, we get the
following contributions to x in the paramagnetic
phase arising from the conduction electrons, as
well as local moments,

Xe=Xpaui* Xcep * Xions (27)
where

Xpaus = N(ER)L% (28)
and

Xcgp = =N(E ) 1((S)/H)u 5 . (29)

Using the parameters described earlier, xp,.,,
and xcgp can be evaluated as a function of tem-
perature. Ignoring the effect of temperature on
the band density of states at the Fermi energy,

we find that xp,,,, is temperature independent
while x.pp depends on temperature through (S,)/H.
Xion(T) in the paramagnetic phase of PuP is cal-
culated as a function of temperature using the
eigenvector and eigenvalues of the Pu3* ion derived
from the neutron scattering experiment mentioned

earlier. For comparison with experiment in the
paramagnetic phase, we have shifted the zero of-
the inverse of x,,,(T) to the experimental mag-
netic ordering temperature. The various contri-
butions to susceptibility are compared with the
available experimental data. in Fig. 2. It is clear
that the conduction-electron polarization con-
tribution to paramagnetic susceptibility is large
and essential for a quantitative understanding of
the experimental data.

We have thus been able to develop a model of
the density of states for PuP which can consistently
explain the conduction-electron contribution to the
ordered moment in the ferromagnetic phase and to
the susceptibility, x in the paramagnetic phase
and is consistent with the *'P Knight shift and T,T.
One can make the following coriclusions about the
electronic structure of PuP on the basis of this
model density of states.

(i) The conduction-electron polarization in PuP
is large due to the fact that the coupling param-
eter J,,(0) is fairly high. The d band is fairly
narrow and contributes less than the s electron
to the conduction-electron polarization. The same
picture might hold good in other actinide compounds
where fairly large conduction-electron polarization
effects are observed.

(ii) There are expected to be many consequences
of a narrow band with E, lying at a critical position
of the density of states. Shifting of the Fermi
energy E, or altering the width of the d band by
applied pressure or doping with another element
may produce drastic effects on the conduction-
electron polarization. The structural transition
associated with the magnetic transitions in NpX
compounds'® may be due to the occurence of a
narrow d band (or more correctly %, ¢ band).
Particularly the occurrence of a tetragonal phase
in NpAs around 142 K is possibly associated with
the effect of conduction-electron polarization on
the density of states with change of magnetic struc-
ture.

(iii) The relative contribution of the s electrons
to the CEP is fairly high and consequently any
calculation of the polarization effect should include
both s and d electrons. This is in contrast to the
case of rare-earth intermetallic compounds where
the contribution from s electrons is relatively
small,

(iv) Both s and d bands are close to the Fermi
energy E, with the tail of the s band lying below
the peak of the #,, band. The existence of a
narrow f,, band near E, is essential not only for
explaining a significant portion of the conduction-
electron polarization, but also for accounting
for the sign and magnitude of the crystal-field
parameter A,(*).!* In addition, consistent ex-
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planation of all experimental results for PuP

is only possible if the s band lies below the d band.
In this regard, the band structure calculated

by Davis'® for NaCl-type actinide compounds would
not be able to explain the experimental results

in PuP. The calculation of the conduction-electron
polarization presented here rests on the mole-
cular-field-type decoupling of the localized and
conduction-electron spins. For the case of fairly

large interaction between localized and conduction-
electron spins, it is necessary to go beyond mole-
cular field approximation. Such a calculation is
presently under investigation.
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