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Chemical bonding in UFe,_,Ni, Al is interpreted within the framework of nonempirical calculations
of charge-density distribution, performed by means of the modified statistical method. Maps of constant
density in the principal planes of the crystal structure are presented. It is shown that an electron-density
(ED) distribution exhibits a pronounced charge transfer from the [Al-Fe(Ni)] plane towards the [U-
Fe(Ni)] plane as the Ni concentration in the alloy changes up to x =0.3. As a result of such a transfer,
the ED distribution in the latter plane becomes largely nonuniform. Chemical bonding within the [Al-
Fe(Ni)] group of ions shows mostly a covalent character. Thus, such regions determine, to a large ex-
tent, the electric-field gradient at the ’Fe nuclei. Results of theoretical investigations of chemical bond-
ing peculiarities in the UFe,_, Ni, Al alloys are compared with Mdssbauer-effect data. On this basis we
have attempted to explain the anomalous behavior of the lattice parameters in the solid solutions

UFe,_Ni, Al

I. INTRODUCTION

The uranium ternary compounds (UTM) containing a
transition metal (7)) and a main-group element (M) en-
compass a large class of intermetallics, exhibiting unusual
physical properties, particularly a variety of magnetic
behavior. The reason for this lies in the peculiarities of
interactions of 5f electrons with the ligand electrons. In
particular, the anisotropic hybridization between these
electrons acting in a similar way to a crystal-field effect!
may play an important role.

However, the occurrence of a large family of UT, M,
intermetallics also gives evidence about the unique char-
acter of chemical bonding in these phases. Without
knowledge of the latter it is rather difficult to understand
sufficiently clearly the observed nature of their magnetic
behavior.

The basic understanding of the modern theory of
chemical bonding is the knowledge of the charge- and
spin-density distribution in the unit cell.? Their funda-
mental role is the basis of functional theory.?> According
to this work, the electron-density (ED) distribution deter-
mines the properties of the ground state of a crystal.
This distribution also illustrates all the peculiarities in
chemical bonding, clearly emphasizing the general
characteristics of interionic interactions.

The ED distribution of all electrons can be observed by
x-ray-scattering experiments. However, the problem of
resolving small changes in the valence ED from the total
density is beyond experimental accuracy in these interme-

0163-1829/95/51(5)/3013(8)/$06.00 51

tallic compounds. As many examples have shown,? a lot
of information can be obtained by means of ab initio cal-
culations. Some chemical bonding characteristics ob-
tained in this way can be confirmed experimentally and
supply a fundamental ground for their proper interpreta-
tion. One such experiment is the quadrupolar splitting
(QS) of a M0ssbauer spectrum line, being proportional to
the electric-field gradient (EFG) at a Mdssbauer nucleus.

Solid solutions like UFe,_, Ni Al can be regarded as a
representative example in the family of UT, M, ternary
compounds. The above alloys present a series of
anomalies in their physical properties, especially those
connected with a significant deviation from Vegard’s law
and a nonlinear dependence of the quadrupolar splitting
on the composition. %>

In the present work, we report the results of theoretical
ED calculations performed for the UFe,_,Ni, Al alloys
and we compare the results obtained with the Mdssbauer
data.*> This allows us to draw important conclusions
about the peculiarities of chemical bonding in these
uranium ternary intermetallics.

II. BASIC THEORETICAL ASSUMPTIONS

The problem of determining the ED distribution in a
crystal is traditionally closely connected with the solution
of a one-electron problem within the local-density ap-
proximation.® In the past ten years, first of all due to the
development of the linear muffin-tin orbital (LMTO)
method,” self-consistent solutions became possible for
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crystals containing several tens of electrons in the unit
cell (see, for example, Ref. 8). However, these calcula-
tions remain complicated since the solutions of a secular
problem of high dimension must be solved for a large
number of points in the Brillouin zone. There is a possi-
bility to avoid these difficulties using a simplified theory
in which the interelectronic potential is directly connect-
ed to the ED distribution.

Such a connection can be obtained in the framework of
simplified approximations of the nonuniform electron
gas. There are well-known cases of such approximations.
In the case of a weak potential, it is possible to use a per-
turbation theory (PT), which well describes the ground-
state properties of simple metals. However, PT fails in
the case of semiconductors, dielectrics, and transition
metals. The second way of ED calculations is a quasi-
classical approximation, that is better known as the sta-
tistical method or Thomas-Fermi approach (TFA). The
criterion of its applicability is that the potential changes
are very slow.? Of course, it is also exact in the long-
wavelength limit. Less obviously, as some practical cal-
culations have shown, this method reflects with high ac-
curacy the response of the electron subsystem in semicon-
ductors to the self-consistent potential.!® In the latter
case, this potential cannot be regarded as being small, but
only a few components of its Fourier series expansion
play a decisive role. The error increases with the appear-
ance of the meaningful short-wave part of the potential
expansion. In such a case, a significant improvement can
be achieved in a theory in which the potential is
represented as the sum of two components. One of them
is smooth, but with varying amplitude, while the second
is small, but can rapidly fluctuate.

Such a theory has been presented in a previous work, !!
and its general form is given in Ref. 12. Here we will give
only those formulas that are important to understanding
the scheme of the present calculations.

Let us consider the Dirac density matrix y(77'e) and
its related Green function ['(F,7",¢):13

v(F,F a)————I f F(r 7,e)de , (1)

where Im denotes the imaginary part. The electron den-
sity is the diagonal element of y (7,7, €).
In the case of free electrons V(7)=0, and

(7, 7,e)=T (7,7 ,e)= —exp(ikR)/2mR (3) ,
where R =|7—7'| and k?=2¢. In the general case
(7, 7,e)=T(F,7,¢)
+ [ ToF, 7", ) V(FD(F", 7, e)dF" . 2)
If we rewrite this equation in the form
(7, 7,e)—T(F,7,¢)
=U(F) [ dF'T (7, 7", e)T(F",F,e)
+ [ @7 To(F, 7", e)D(F", F,e) [ V(F)—UF)] ,
(3)
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where U(7) is an arbitrary function, and assume that
U(7) is such a function that the second integral on the
right-hand side of Eq. (3) can be considered as a small
perturbation, then the solution can be formally written
down up to any order:

L i (F,7€) @)
j=0

According to Eq. (1) we get the corresponding expression
for y(7,7'e) with

_— k(F)
! )_
v (7, 7se =

x [ [

O(k(7')?)

k(r )ESI

J+1

dry
- [V(r, U(F)] Iy

27S,

I=1
(5)

|"1"’1—1|
=7,0(x)=1if x >0 and if x <0, and

where ]1 is the spherical Bessel function, S;=
Tit1 =F,T

EAF)=k2—2U(F)=2[e—U(F)] . (6)

The expression (5) resembles a form of perturbation
theory for y suggested by March, Young, and Sampan-
thar.'> There are two distinctions between them. First,
the formula (5) includes local momentum % (7') defined by
the expression (6), instead of the constant Fermi momen-
tum k. Secondly, we have V(7;)— U(F) instead of V(7).
Therefore the present theory may be considered as a reor-
dered perturbation theory in which the zeroth-order term
yields the Thomas-Fermi ED for potential U(F). Using
the possibility of free choice for U(F), in particular, we
may put U(7)=V(7) to obtain the original TFA in zero
order or U(7)=0 for the standard perturbation theory.

For actual numerical applications it is most efficient to
restrict the TFA series to the first order, preserving in ex-
pression (4) the terms with j =0,1 only. Then we get

(ry= R _E@P o JLEFIF—7)
P 62 43 17_?‘|2
X[V(F)—U(F))dF’ (7)

if e> U(7) and p(7)=0. The zeroth order of this expres-
sion coincides with the one that describes the electron
density of an electron gas in the field U(7) in the TFA.

In Ref. 11 the following expression has been proposed
for U(7):

JiQElF—7])

UF)=—— 2# R

V(7 )dF' . (8)
If U(7) satisfies this equation exactly then the second
term in Eq. (7) disappears. This complicated integral
equation for U(7) simplifies greatly if we take an average
value (k) instead of k in the right-hand side of Eq. (8)
and preserve the second term in Eq. (7).

We know that
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V(F)=V,(F)+ [ p(F)/|F—F|dF'+ Vc(p(F)) , 9)
where V), (F) is the ion-core potential, the integral defines
the Coulomb and Vx(7) is the exchange-correlation po-
tential. The formulas (7), (8), and (9) correspond to a first
order TFA and allow one to find the ED with the help of
a proper self-consistent procedure. 12

In all expressions mentioned above we suppose that the
electron states are singly occupied. For the case of closed
shells, where for every orbital both spin directions are
possible, the expressions (5) and (7) must be doubled.

We apply this method to the analysis of chemical
bonding as well as to the quadrupole interactions in
uranium intermetallic compounds, namely, to the case of
UFe, _,Ni, Al solid solutions.

III. GENERAL DATA
It is well known'4" !¢ that these compounds crystallize
in a hexagonal structure of HoNiAl type (space group
P62m) with three formula units per unit cell (see Ref. 4).
This structure is schematically shown in Fig. 1. The U
and Al atoms occupy the positions (3g) and (3f), respec-
tively, while the transition-metal (here Fe and Ni) atoms
are distributed in the (1b) and (2c) sites, forming two
basic atomic planes, i.e., the (U-Fe) and (Al-Fe) planes,
with different local environments.

These differences are reflected in >’Fe Mdssbauer spec-
tra in the different intensities of Mossbauer lines, as well
as in their splittings due to quadrupolar interactions (Fig.
2). In Ref. 5 it was pointed out that the substitution of Fe
by Ni atoms causes a nonmonotonic change of quadru-
pole splitting which implies different probabilities of Ni-
atom distribution at the (1) and (2c) sites in the crystal
unit cell (Fig. 3). A similar behavior is observed in the
concentration dependence of lattice parameters a and c
(Fig. 4), giving rise to an important deviation from
Vegard’s law. As is the case of Agg(x), the lattice param-
eters a and ¢ below and above x ~0.3 follow a straight-
line dependence, but at x ~0.3 a discontinuity in slope
occurs with a maximum for the a@ axis and a minimum for

Iron or Nick el [ ]

L ]
Aluminium o 3f (y.0,0)(0y,0).(y.5,0)
Uranium ® 3g (x,0.02,00,x.%2),(3.%.V2)

FIG. 1. Crystal structure of the Fe,P (HoNiAl) type. The
marked Fe-Fe plane, drawn perpendicularly to the basal atomic
layers, is used in the analysis (see text).
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FIG. 2. *"Fe Mdssbauer spectra for UFe, ¢sNij osAl, consist-
ing of two different quadrupole splittings associated with the
crystallographic positions (1b) and (2¢) (dashed lines).

the c axis (Fig. 4). Nevertheless, we think that the sharp
break in Ags(x) observed at the same composition is not
directly connected with the respective dependence of the
lattice parameters, although the latter dependence should
somehow influence the magnitudes of the QS. It seems
that the main reason is the change in the electron-density
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FIG. 3. Mgdssbauer data for UFe,_,Ni,Al: (a) Quadrupole
splitting of Fe atoms at the (2c) positions, and (b) occupancy
probability of the crystallographic sites (1) and (2¢) by Ni
atoms depending on the composition x.
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FIG. 4. Schematic change of the lattice parameters a and ¢
for UFe,_,Ni, Al as a function of Ni concentration.

distribution around the respective atomic sites (see Ref.
17).

An analysis of the area under the resonance curve (Fig.
2) leads to the conclusion that with increasing x the Fe
atoms are first substituted by Ni at the (1) position (U-
Fe plane). Consequently the Mossbauer spectra allowed
us to estimate the probability that Ni substitutes at the
(1b) or (2c) sites in the process of exchanging with the Fe
atoms.

Although the lattice parameter of the UFeAl unit cell
can be regarded as well determined, neither the accurate
positions nor the distribution of U and Al atoms in the
unit cell are well known. For example, in the paper by
Dwight et al.'® the values x;=0.58 and y,,;=0.25 are
given for the internal parameters of the isostructural
compound HoNiAl, while slightly different values of y 4,
are reported in other literature (see, e.g., Ref. 18).

Thus, with the exception of some internal parameters
(positions of the U and Al atoms in the unit cell), we have
enough crystallographic data to perform nonempirical
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calculations for the UFe,_,Ni, Al alloys. The deviation
from stoichiometry of the alloys with 0<x <1 is de-
scribed within a virtual-crystal method: the pseudopoten-
tial of each lattice site is treated as a weighted average of
ionic potentials, where the weight is taken equal to the
probability of a site occupation by the relevant ion.

There is another nontrivial problem, namely, about the
choice of ionic pseudopotentials for U, Fe, and Ni which
is discussed below. Similar to previous work,!” we use
for the ions of metals the well-known simple form!® of the
potential, namely,

Vys(r)=—Z'/max(R'r) . (10)

This contains two parameters: the core charge Z' and its
radius R’. This expression is of course very simplified for
describing the peculiarities of one-electron spectra, but
for the valence ED distribution it is quite adequate. It al-
lows us to reveal with enough accuracy the differences in
the sizes of atoms as well as in the charges of cores. For
Fe, Ni, and Al we take Z'=3, while for U ZV=4. The
values of Z are connected to the valence or, qualitatively,
to the number of electrons which change their states con-
siderably by forming chemical bonding. In this meaning,
it is preferable to use values of Z which are as large as
possible, for example, Z =6 for U. But in such a case the
potential becomes deeper and its Fourier expansion be-
comes more slowly convergent. Our calculations show
that for ZU=6 the distribution of two additional elec-
trons is nearly spherically symmetric around the nucleus.
Therefore the results obtained for the EFG and con-
clusions about chemical bonding are practically the same
as for ZU=4, but for the latter case the Fourier conver-
gence is much better.

In order to determine the parameters R’ we applied the
following procedure. Using the data of Ref. 20, we find
the differences between the x-ray-scattering amplitudes of
atoms and their Z-charged ions. These differences may
be expressed by the Fourier transform of the valence elec-
tron densities. Furthermore, we computed valence ED’s
for the U, Fe, Ni, and Al atoms using potentials of the

FIG. 5. Valence electron
scattering factors for Al, Fe, Ni,
and U as a function of sin6/A.
The full lines represent those
taken from the Ref. 20, while the
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form (10) with the theory described above. Then we fit
the R values to achieve the minimum deviation between
the scattering factors calculated in this manner and their
tabulated values. We have obtained the following values:
RFe=2.0, RNi=1.90, RA'=2.2, and RU=2.8 a.u. The
results of this procedure are shown in Fig. 5. It allows us
to draw a conclusion about the accuracy of the described
theory in the case of isolated atoms. If one uses a more
complex form of the potential than Eq. (10) and the same
procedure for finding its parameters, then the above fit
may be improved considerably. However, our attempts
in this direction did not qualitatively change the main re-
sults that we will describe below.

IV. RESULTS

A. Stoichiometric UFeAl:
The peculiarities of its chemical bonding

Valence charge-density maps in the basal (Al-Fe) plane
as well as in the parallel (U-Fe) plane, obtained as a result
of self-consistent calculations for y ,; =0.30, are shown in
Fig. 6. The following observations can be made.

ey

(1) The valence ED distribution in the (U-Fe) plane is
relatively uniform (the amplitude of the ED varies by
about 30% around the average value). Strong covalent
interactions are certainly absent. The chemical bonding
in this plane has clear metallic character.

(2) In the basal (Al-Fe) plane (the variation of the ED is
about 70% around its average value), the maxima of
valence ED charge are distributed along the directions
between nearest-neighbor Al-Fe atoms, with a corre-
sponding bond charge. Therefore the chemical bonding
in this plane can be characterized by a large homopolar
component. Hence we conclude that substitution of Fe
by Ni atoms will give a larger gain for the (1b) positions.
This conclusion is fully confirmed by Mdssbauer experi-
ment.*>

Despite these qualitative conclusions the charge distri-
butions obtained allowed us to calculate the EFG at the
Fe nuclei, which can be derived from the obtained QS of
Mossbauer lines. For this purpose we use the Fourier ex-
pansion of p(¥) in terms of reciprocal lattice vector G and
use the formula for the EFG

Vi(F)=4w3pzG,G,; /G%exp(iGF) . (11)

FIG. 6. (a) Contour plots of
the electron-density distribution
in two types of crystallographic
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planes of UFeAl, and (b) and (c)
three-dimensional electron-den-
sity distribution.

ED (e/cell)
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FIG. 7. Calculated electric-field gradient (EFG) at the Fe site
for UFeAl as a function of the parameter y ;.

The component connected with the field of ionic cores
(lattice part) was found by the Ewald method.?! The
main eigenvalues obtained by diagonalization of the ten-
sor V;;(¥), named V,,, in dependence on the position of
Al (y,;), are shown in Fig. 7. The magnitude of the QS

being proportional to V,, is given by the expression??
AEy=e>V(1+7*/3)Q(1—y )V, /2 . (12)

Here Q is the quadrupole moment of the nucleus, y . the
Sternheimer antishielding factor, and 7 the asymmetry
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FIG. 8. Room-temperature and 13 K *’Fe Mdssbauer spec-
tras for UFe, sNij sAl. The dashed lines for the 13 K spectrum
clearly show that the sign of the QS for the (1b) and (2c) sites of
Fe atoms is opposite. The RT spectrum is shown for compar-
ison.
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parameter. Since the value of the term Q(1—y ) is not
known with sufficient accuracy, we will concentrate on
relative data. For example, the experimental |Ayg| value
of 3"Fe Mdssbauer spectra for UFeAl at position (2¢) is
twice that at position (15). From Fig. 7 it is clear that in
the reasonable range of y,; values this ratio of 2 occurs
around y,;~0.27, 0.30, and 0.42. For a choice of the
most proper value of y,; it is worthwhile to draw atten-
tion to the sign of the EFG at different crystallographic
sites and on the direction of the main axis of the EFG
tensor in relation to the easy direction of magnetization.
From Moéssbauer experiments on UFe, sNi, Al at tem-
peratures where it is magnetically ordered (Fig. 8) we
note that the best fitting of spectra can be achieved if one
assumes the V,, has different signs at the (1) and (2¢)
sites. This in turn allows us to conclude that the most
consistent EFG values are obtained for either y ,,=0.27
or 0.42.

B. Solid solutions UFe,_ , Ni, Al

An analysis of the area under resonance curves of
Mossbauer spectra, obtained for UFe;_,Ni, Al (Fig. 3),°

(a)

Fe

(im

Fe—Fe Plane

UFeAl
(b)

Fe

U~

IR\, F{\%
-

WA=

Fe—Fe Plane

—

UFeo_7Nio_3A| — UFeAl

FIG. 9. Two-dimensional maps of the electron-density (ED)
distribution in the (Fe-Fe) plane especially chosen (see Fig. 1).
They are shown for two cases, (a) UFeAl and (b) UFe, ;Ni, ;Al,
while (c) gives the difference in the ED distribution between
these two alloys. Note the differential ED at the (1) positions.
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FIG. 10. Calculated EFG as a function of x assuming
different values of y,,. Compare this figure with Fig. 3(a), where
the experimental QS versus x curve for Fe at the (2c) site is
presented for UFe,_ Ni, Al solid solutions.

indicates that for x <1 Ni exchanges for the Fe ions first
of all at the (1b) sites. In fact, the calculations of the
valence charge distribution have been shown that the Fe
atoms have a considerably stronger bond at (2¢) than at
(1b). Therefore the Ni atoms would favor the (1b) sites.

The model pseudopoetntial of Ni can be regarded as
being “deeper” than that of the Fe atom. This simply
reflects that Ni has a smaller ionic (atomic) radius and is
also slightly more electronegative than Fe. Therefore the
occurrence of the Ni atoms at the (15) positions not only
increases the ED by introducing additional valence elec-
trons but also leads to a charge transfer from the basal
plane towards the U-Fe(Ni) plane (Fig. 9). In conse-
quence of this transfer both planes attract each other
more strongly, diminishing considerably the parameter c.
This process continues until all the (1b) positions are ful-
ly occupied by Ni ions, i.e., at x =1. For higher substitu-
tion, Ni can only exchange for Fe at the (2c¢) sites,
transferring charge again into the [Al-Fe(Ni)] plane, and
thus make the distribution of electrons in the unit cell
more uniform. This weakening of the attraction between
the planes causes the parameter ¢ to increase while the
parameter a decreases.

We have made calculations of the EFG, depending on
the Ni concentration, using the values of occupation
numbers from experiment® [see Fig. 3(b)]. The results of
these calculations are shown in Fig. 10, where with
Ya1=0.3 or 0.4 the EFG (taken as the QS) for UFeAl and
UNiAl agrees qualitatively with experiment (one should
remember that we compare the relative variables). How-
ever, the dependence of quadrupolar splitting on the con-

centration x is in contrast to the Mdssbauer data [com-
pare Fig. 3(a)]. It appears that the absolute value of the
EFG at the Fe(2c) site is nearly constant (y =0.3) or di-
minished (y =0.4) when x increases up to 1, in contrad-
iction with Mdssbauer measurements. We suppose that
this discrepancy is caused by neglecting the changes in
the internal parameters of the U and especially the Al
atoms as a function of x. If we assume that y,; changes
linearly form 0.30 to 0.25 (and from 0.25 to 0.30) in the
subinterval of 0<x <0.33 (0.33<x <1.0), qualitatively
good agreement with experiment (see Fig. 10) is achieved.

V. CONCLUSIONS

The comparison of the theoretical results with the
Maossbauer experimental data allows one to draw the fol-
lowing conclusions.

(1) The valence charge distribution in the [Al-Fe(2c)]
basal plane is nonuniform to a large extent and the chem-
ical bonding between Al and Fe can be characterized by a
large covalent component, while chemical bonding be-
tween U and Fe in the [U-Fe(1b)] plane is mainly of me-
tallic character.

(2) The difference in the ED distribution gives evidence
that the Fe atoms are more strongly bound in the basal
(Al-Fe) plane than those in the (U-Fe) plane. Therefore,
Ni in the UFe,_,Ni, Al alloys substitutes first for Fe at
the (1b) sites.

(3) The exchange of the Fe atom at the (1b) sites by Ni
causes a polarization of the electron cloud from the basal
(Al-Fe) plane towards the [U-Fe(Ni)] plane. In conse-
quence, a stronger attraction between the crystallograph-
ic layers occurs which leads to a decrease in the lattice
parameter ¢ and simultaneously to an increase in a. On
the contrary, the occupancy of the (2¢) positions (x > 1)
by Ni raises the ¢ value due to the subsequent reduction
of the polarization mentioned above.

(4) The free parameter of the Al atoms, y,;, is assumed
to change slightly when the ¢ (a) parameter changes.

(5) The concentration dependence of the quadrupole
splitting (or EFG) is first of all influenced by the probabil-
ity of the occupancy of (1b) and (2c) sites by Fe (Ni) in
the unit cell and to some extent by the variation in the
lattice parameters.
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