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0
Results of elastic diffuse scattering of polarized neutrons with 4.25-A wavelength on Ni-Ti

with 3.87 and 7.72 at. % of Ti and Fe-Ti with 0.84, 1.33, and 1.73 at. '!o of Ti are reported. The

data indicate quite different behavior of the impurity in the two matrices. In the nickel-based

alloys the titanium atom has negligible magnetic moment while in the Fe-Ti alloys we observe a

moment enhancement at the Ti sites at low impurity concentration. Also the environmental ef-

fects are different in these two alloys. In Fe-Ti alloys, these are negligible at low impurity con-

centration and appear at higher impurity concentration while in the Ni-based alloys we observe

an opposite effect. These results are discussed within a band model using coherent-potential ap-

proximation and we obtain an overall good description of the magnetic-moment distribution in

these two alloys except in the dilute limit in Fe-Ti alloys,

I. INTRODUCTION

The elastic diffuse scattering of polarized neutrons
is a useful tool to study the effect of impurities on
the magnetic properties of a ferromagnetic matrix, It
is well known that the addition of the element on the
left-hand side of the 3d metal series (Sc, Ti, V, Cr)
to the ferromagnetic metals (Fe, Co, Ni) diminishes
the magnetic moment of the host metal. This di-

minution is qualitatively well understood in terms of
the virtual bound states (VBS) model of Friedel', in

quantitative terms there are some discrepancies as
discussed by several authors (see, e.g. , Demangeat
and Gautier'). The coherent-potential approximation
(CPA) on the other hand allows one to make more
detailed calculations of the magnetic-moment distri-
bution and its variation with impurity concentration,
as well as the effect of impurity on the band structure
of the alloy. This is of special interest in the case of
alloys with well-separated centers of gravity of the
bands because of VBS formation. In the case of Fe-
V alloys the CPA theory' predicts the existence of a
large negative moment on vanadium which decreases
rapidly (in absolute value) with impurity concentra-
tion ~hereas the Fe moment increases slightly at low
V concentrations and thereafter decreases. ' In the
framework of the CPA this behavior of the magnetic
moment is connected with a transfer of spin-up eg

electrons from the impurity to the host band. This
transfer results in an increase of the magnetic mo-
ment of iron, asphericity parameter, and in the for-
mation of a negative moment on vanadium. At
higher impurity concentration this process vanishes

and the moments on both iron and vanadium as well
as the asphericity parameter decrease. '

In order to study these effects more systematically
we have undertaken, on the experimental side,
polarized-neutron diffuse-scattering measurements
and on the theoretical side the CPA calculations for
Fe-Ti and Ni-Ti alloys. In these alloys the centers of
gravity of the bands are more separated than in Fe-V
alloys, the separation being more important for Ni-Ti
alloys, Thus an important charge transfer from im-
purity to the host band should be expected,

On the other hand, it is interesting to compare the
environmental effects around the titanium impurity
in these two alloys. Comly et al. ' pointed out, from
the study of magnetic-moment disturbances around
impurity sites in Ni-based alloys, that these are posi-
tive or negative depending on whether the VBS has
formed or not. In an early study of Fe-Ti alloys by
Collins and Low on an alloy with 1 —2 at. '/0 of Ti and
a more recent one by Child and Cable, ' both being
unpolarized-neutron diffuse-scattering measurements,
such a magnetic-moment disturbance was not em-
phasized. The possibility of having short-range order
was mentioned by Schurer et a/. in the hyperfine-
magnetic-field study of an alloy with 3 at. o/() of Ti.

Recently we found, from diffuse scattering of po-
larized neutrons on two alloys with 2.88 and 4.92
at. '/0 of Ti, a positive moment disturbance around
impurity sites extending to the second shell of
atoms. 9

The magnetic-moment distribution and environ-
mental effects in Ni-Ti alloys have been studied re-
cently by Livet and Radhakrishna' by means Of
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polarized-neutron diffuse scattering on a sample with
2 at. % of Ti. The authors report a negative moment
disturbance extending to the third shell of atoms but
their data do not follow the curve plotted by Comly
et aI. 5 for several Ni-rich alloys.

The main difference between Ni- and Fe-rich alloys
arises from the crystal structure and the consequent
difference in the band structure; the first are fcc and
the second are bcc. However the local environment is
similar in both the alloys and the first shell of atoms,
which is most perturbated, lies at the same distance
(-2.5 A) from the central atom. The second differ-
ence arises from the number of electrons filling the
band and the resulting magnetic moment. The d
barid of Ni is nearly filled whereas that in iron con-
tains about two electrons less and the bulk magnetic
moments are 0.58p, B and 2.18p,~ for Ni and Fe,

respectively, at room temperature.
In this paper we report the results of polarized-

neutron diffuse-scattering measurements on three
Fe-Ti alloys with 0.84, 1.33, and 1.73 at. % of Ti and
two Ni-Ti alloys with 3.87 and '7.72 at. o/o of Ti. The
results of similar measurements on Fe-Ti alloys with
2.88 and 4.92 at. 'io of Ti have been reported previ-
ously.

II. GENERAL EXPRESSIONS
FOR THE DIFFUSE NEUTRON CROSS SECTIONS

According to Gautier" the elastic diffuse differen-
tial cross section of polarized neutrons from a disor-
dered ferromagnetic binary alloy can be expressed as
follows:

da dm

c incoh

2 2

+C~C; (b~ —b;) S(k)+
q
f(k)b, p(k) +2e(b~ —b;)

q
f(k)b, p(k)

2mc 2mc

where for a polycrystalline sample

S(k) =1+QNenR
R

and

bp(k) =(p, —p,;)S(k)

+ QNs(I —ns)(gp", —sp~)

(2)

(3)

describes the local distribution of the magnetic mo-
ments due to the disturbances caused by the impurity
atoms. In this function p, is the average magnetic
moment of an o.-type atom and Sp, R& is the averaged
modification of the moment of an u-type atom due
to the presence of an atom of type P in the 8th sheil
surrounding it.

The difference between the spin-dependent dif-
ferential cross sections

In the expressions (1)—(3) k is the modulus of the
scattering vector, k =4m sin8/A. , f(k) is a magnetic
form factor for the alloy, . C and b are the atomic
concentration and nuclear coherent scattering length
of the n component of the alloy (n =i,m), and the
subscripts (i,m) refer to the impurity and matrix,
respectively. ye~/2mc~ is the usual constant equal to
0.2695 x 10 '

p, B'cm and o-;„„h is the incoherent nu-
clear cross section of the alloy. e = +1 stands for the
incident neutron spin direction parallel or antiparallel
to the sample magnetization, respectively, S(k) is a
function describing the chemical short-range order in
which NR is the number of near-neighbor atoms at a
distance R from a central one, and aR is the short-
range order parameter which measures the deviation
from a perfect disorder. '~ The function i) p, (k)

dg d(r d(T

d dO
1

=4C C;(b b;) y, f(k—)b p(k) (4)
2mc

is directly proportional to the perturbation function
Ip(k) and can be used to determine the difference
between the individual average magnetic moments
provided that the difference between the nuclear
scattering lengths is sufficiently large.

The polarized-neutron method is favorable for
studying the magnetic diffuse scattering from Fe-Ti
and Ni-Ti alloys because the nuclear scattering
lengths b and b; have opposite signs (see Table I).
But as it can be seen from Eq. (4) and the following
one for the half sum of the spin-dependent differen-
tial cross sections

1 ~ da 1 do do
2 ~ dQ 2 dQ i dQi+

t
' do.

, incoh

+C C; (b -b;)'S(k) + ",f(k)bp(k)
2mc

(5)

one cannot separate the nuclear hand the magnetic contributions to the diffuse scattering. However this drawback
of the polarized-neutron method can be eliminated if the value of the magnetic term (ye'/2mc') ( p,„—p, ;) com-
pared to the value of the difference of the nuclear scattering lengths b b = b —b; is sufficiently small. In that
case one can neglect the last term in Eq. (5) and the half sum —, /do/dQ can be used to evaluate the short
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TABLE I. Physical quantities used in the scattering-
cross-section determination. .

III. EXPERIMENTAL PROCEDURE
AND CORRECTIONS

element b

(10 i2cm)
~inc ~abs

(b)
28

(A')

Fe
Ni
Tl
V

0.951
1.03

—0.335
—0.052

0.4
4,725
3.05
5.07

6.01
11.12
14.345
12.2

0.71
0.59
0.90
1,14

2

=4C C(b —b)
2mc

i

x f(k) p~ —p, ; —x/3' NR . (6)

where

/3 = (pm pi)~R +(I &R)gp

with

R g R 5 R (8)

and the only information is the difference between
the magnetic moments of the host and the impurity
atoms. If however nii —= 0 for all R then Pii =gp, ,
the perturbation being purely magnetic. In other
cases the method should be coupled with
unpolarized-neutron or x-ray diffuse-scattering meas-
urements in order to obtain the chemical short-
range order parameters.

range order function S(k). This approximation is

good for Ni-Ti alloys because Ap, = p, —p, ; is small
and 5b is large, but it is not applicable to Fe-Ti alloys
where 4p, is large and both the nuclear and the mag-
netic terms are comparable. In that case Eq. (4) can
be rewritten as follows:

The polarized-neutron diffuse-scattering measure-
ments were performed on the multidetector spec-
trometer installed at the end of the cold-source neu-
tron guide, Belenus II, of the reactor EL3 in Saclay. "
The multidetector, made up of 400 cells covers a 28
range of 80' with a resolution equal to 12'. ' With
the Heus(er Cu2MnA1 alloy polarizing monochroma-
tor mounted in a vertical permanent magnetic field of
2.4 kOe an incident beam of neutrons with

0
wavelength of 4.25 A and a polarization antiparallel
to the applied field of 94% was obtained. " The re-
versal of the neutron polarization direction was
achieved using the conventional resonance method. '

The polycrystalline samples of Ni-Ti alloys were
prepared by Ferrier de la Bathie from Cristaltech
Grenoble and those of Fe-Ti alloys by the Depart-
ment of Metallurgy in Saclay (DMECN) from 99.99%
pure slabs. The alloy concentrations were determined
by chemical analysis. In the case of Fe-Ti alloys,
where the impurity concentration is low, this analysis
was done taking the samples from the two ends of
the ingot. The difference was found to be very small
(see Table III).

The principal characteristics of the samples are
given in Tables II and III. The bulk moments were
determined by the extraction method on small parts
cut from measured samples and the lattice constants
were calculated using da/dc =0.09aF, for Fe-Ti alloys
(Arrott and Noakes'7) and da/dc =0.0985aN; for
Ni-Ti alloys (combined data of Poole and Hume-
Rothery'~ and Taylor and Floyd'9). The saturation

magnetization measurements of Fe-Ti alloys were
performed at room temperature (RT) and the results
follow the curve d p, /dc = —3.42 pa. 9 In the case of
¹iTialloys the bulk moments were determined at
room and at liquid-helium temperatures. The low-

temperature data agree well with the recent measure-
rnents by Gregory and Moody and those at RT
differ slightly from the values determined by Mari-
an. ' We note here that the value for the bulk mo-
ment given in Table II of the ¹iTialloy with 7.72
at. % of Ti corresponds to the magnetization in an

0
TABLE II. Lattice constants (A) and magnetic moment distribution in Ni-Ti alloys. The mag-

netic moments are given in p,~.

at. % Ti p.

{room temp. )
IL

(liquid-He temp. )

3.87
7.72

3.537
3.551

0.383 (5)
.0.185 (8)

0.444(5)
0.267 (6)

o.4o2(7)
0.21(1)

—0.08(2)
—0.09(4)
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0
TABLE III. Lattice constants {A) and magnetic moment's (p~) in Fe-Ti alloys.

I analysis
at. % of Ti

II analysis
at. % of Ti

Average at. %
concentration

of Ti
HFe

0.85
1.30
1.78

0.83
1.36
1.68

0.84(1)
1.33{3)
1.73(5)

2.868
2.869
2.87

2.146(8)
2.132(6)
2.118(7)

2.383(9)
2.383(8)
2.383(11)

—2.08(22)
-1.42(23}
-1.38(24)

external field of 13 kOe which was used in our
diffuse-scattering measurements. The saturation
magnetization is about 10% greater. From the RT
value for p,N; =0;583@,B and our value at 3.87 at. % of
Ti we obtain d p, /dc =—5.1iMa while Marian's value
at 4.84 at. % of Ti gives d p, /dc =—4.5pa. The low-

temperature measurements of Gregory and Moody
yield a value of d p, /dc = —4.3iMa if one considers
only the part of the magnetization which changes is
linear with titanium concentration (up to 8 at. % of Ti).

The diffuse-scattering measurements were per-
formed on cylindrical specimens of diameters 5

and 6 mm for Fe-Ti and Ni-Ti alloys, respectively,
mounted in a vertical magnetic field of 13 kOe per-
pendicular to the scattering vector. For the Fe-Ti al-

loys the measurements were done for one position of
multidetector in the scattering vector range

0
0.2 ~ k ~2 A ' and for the Ni-Ti alloys on two posi-

0
tions (0.2 ~ k ~2.3 A '). The measured inten-
sities of scattered neutrons with up- and down-spin
directions (flipper on and off, respectively) were put
on an absolute scale by comparison with a vanadium
standard of the same dimensions using the values
from Table I for data conversion. Standard correc-
tions for temperature effects, incomplete beam polar-
ization and flipping efficiency, background, multiple-

scattering effects, and transmission and absorption
with spin-dependent p, R's were done. The absorp-
tion correction was made using the analytical formu-
las given by Rouse et al. 2' whereas for the multiple-
scattering effects the formulas and table given by
Blech and Averbach" were used. In our experimen-
tal set up (the polarization perpendicular to the
scattering plane) and the scattering vector range the
inelastic contribution arising from the spin-wave exci-
tations are negligible and spin independent; This is
peaked at small values of k for iron and nickel
(Stringfellow, 2 see also discussion by Child and Ca-
ble7). The only contribution is that arising from pho-
non and magnetovibrational scattering. The first is

spin independent and contributes only to the sum of
differential cross sections while the second is spin
dependent and contributes to both the sum and the
difference of differential cross sections. 'In order to

IV. Ni-Ti ALLOYS

As mentioned in Sec. II, the magnetic term in the
sum of differential cross sections [Eq. (5)] is negligi-
ble compared to the nuclear one in the case of ¹iTi
alloys. Thus using one half of this sum it was possi-
ble to determine the chemical short-range order
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FIG. 1. Difference of differential cross sections for Ni
and Fe. The line for Fe represents a fit of a formula

F(k) = A (1 —e " )f(k), with A = 4.18 b, 8 = 0 0011 A
2

and f(k) =1 —0.07k2. The bars are the statistical errors
only and each experimental point is an average of counts
from 8 cells.

evaluate this contribution we have performed similar
measurements on pure nickel and iron samples. The
results for I (do./d A) are plotted in Fig. 1. It is seen
that this contribution is small in the case of nickel
and is significant in the case of iron, especially at
larger values of k. With the assumption that in our
relatively dilute alloys corresponding contributions
will be nearly the same as for the pure matrix (cf.,
Cable and Child 5) we substracted them from the
measured cross sections for alloys.
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in Fig. 2 (solid lines). The bars in Fig. 2 are the sta-
tistical errors only and the experimental values are
averaged from eight cells of the multidetector.
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FIG. 2. Difference of differential cross sections for Ni-Ti
alloys. The lines represent a fit as described in text. Other
details as in Fig. 1.

parameters. The least-squares fit of Eq. (5) to exper-
imental data sho~ed that this order is negligible in
the two alloy concentrations studied (see Table IV).
n~'s thus obtained were used in fitting the formula
(4) to experimental data of b, (do./d 0) shown in Fig.
2. In the fitting-procedure we used an alloy magnetic
form factor f(k) =- I —0,05k' close to that of pure
Ni. The least-squares-fitted parameters for
magnetic-moment disturbance are also given in Table
IV together with those for an alloy with 2 at. % of Ti
studied by Livet and Radhakrishna. ' All the results
are coherent and indicate a decrease in the magnetic
moment disturbance with increasing alloy concentra-
tion. The calculated values of A(do. /d 0) are plotted

V. Fe-Ti ALLOYS

In the case of Fe-Ti alloys the magnetic term in Eq.
(5) is not negligible in comparison to the nuclear one
and the separation of the two terms is not possible.
Thus we have used only the difference of differential
cross sections and we fitted them using Eq. (6). The
experimental values of h(do.

/deal)

are plotted in Fig.
3 for all the alloys investigated in the present study.
As before the bars denote the statistical errors only
and the experimental values are the average over
counts from eight cells of the multidetector.

In the least-squares fit of Eq. (6) to the experimen-
tal data we introduced the shells surrounding the cen-
tral atom successively looking at the variation of X'

value. For all the alloys we have used the same mag-
netic form factor f (k) = I —0.07k2 which is close to
that of pure Fe (the same we used before for more
concentrated alloys9). For the alloy with 0.84 at. % of
Ti the value of X2 was not sensitive to the number of
shells taken into consideration which indicates the ab-
sence of magnetic-moment. disturbance. The data for
the second alloy with 1.33 at. '//0 of Ti were more sen-
sitive to the fitting procedure and X2 value was slight-

ly worse in the case without magnetic-moment distur-
bance. The most sensitive data were for the third al-

loy with 1.'73 at. % of Ti. The lowest value of X for
this alloy was obtained with two first shells of atoms
indicating the presence of a magnetic-moment distur-
bance. In the last case the introduction of the third
shell of atoms did not change the value of X' modify-

Rl R2
ing only slightly the values of P

' and P
' with much

smaller value of P 3. This behavior is well under-
stood in the light of the fact that our measurements
were performed in a limited scattering vector range.
%e note here that the value of 4p, = p, —p, ; does
not depend on the number of shells introduced in the
computation; the parameters P show a tendency to
cancel themselves, especially for the two first alloys.

TABLE IV. Averaged magnetic perturbation (p&) and short-range order parameters in Ni-Ti al-

loys.

at. % Ti AR
2

AR
3

2' 0.613(40) —0.140(8) —0.006(30) —0.048(28)
3.87 0.487 (10) —0.108{4) —0.028(15) —0.021(4) —0.004(18) 0.016(82) 0.002 {18)
7.72" 0.299(11) —0.067(4) —0.027(18) —0.010(5) —0.011(7) 0.014(33) 0.003(7)

'Livet and Radhakrishna (Ref. 10).
bAt H =13 kOe.
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listed in Table V (except those for an alloy with 4.92
at. % of Ti) represent the magnetic-moment distur-
bance. In the case of the alloy with 4.92 at. % of Ti
the sum was slightly peaked at k = 1.2 A ' indicating
a possible presence of the chemical short-range
order. 6
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VI. INDIVIDUAL MAGNETIC MOMENTS

Combining the two sets of data, the bulk magnetic
moments p, and the difference of average moments
b p, as determined from the diffuse-scattering meas-
urements, one can find individual average magnetic
moments

50—
1.73%

0.5 1.0

k [Aij

2.0

For these two alloys one can conclude that there is
no magnetic-moment disturbance. Such moment dis-
turbance occurs in the third alloy with 1.I3 at. % of
Ti. On the other hand the large values of hp, indi-
cate existence of the magnetic-moment enhancement
on Ti sites which decreases with increasing impurity
concentration. The least-squares-fitted parameters
are listed in Table V together with those for the two

alloys measured previously ' and calculated values
of h(do/d 0) are plotted in Fig. 3 (solid lines). We
note here that in the measured alloys the perturba-
tion is magnetic in origin, the sum of differential
cross sections being almost flat. Thus the parameters

TABLE V. Averaged magnetic perturbation (p~) around
a Ti impurity in Fe-Ti alloys,

at. % Ti p 2

0.84
1.33
1.73
2.88'
4.92'

4.46(14)
3.80(17)
3.76(24)
2.98(6)
2.7S(9)

o.o9(i 1)
0.07(8)
0.08(6)
0.046(16)
o.ios {i2)

-o.o6(i s)
—0.04(12)
—0.03(3)

0.009(3)
o.oo6(s)

'Kajzar and Parette (Ref. 9).

FIG. 3. Difference of differential cross sections for Fe-Ti
alloys. The arrows indicate the difference of differential
cross sections at k =0 calculated from d p, /dc as described in
text.

where p,Q'ff is the diffuse nonlocal magnetic moment
seen in the polarized-neutron Bragg-scattering meas-
urements.

For the Fe-Ti alloys we have assumed
pg'ff —0.2p~, ' the same for all Ti concentrations.
In fact in similar Fe-V alloys" this value was found
to be close to that of pure iron up to 5 at. % of V. In
the case of Ni-Ti alloys the situation is more compli-
cated. For pure Ni the value of p&;ff is —0.105p,q as
determined by Mook. ' Moreover, there is no evi-
dence to show how this value depends on the impuri-
ty concentration. This dependence should be signifi-
cant because th|: average moment in these alloys de-
creases rapidly with concentration at room tempera-
ture. In order to avoid any introduction of an un-
certainty in the data we have neglected the diffuse
moment. The calculated values of individual magnet-
ic moments for Ni-Ti alloys are given in Table II and
those for Fe-Ti alloys in Table III. It is seen that in
iron matrix titanium carries a large magnetic moment
decreasing rapidly with increasing impurity concentra-
tion and coupled antiparallel to the host moment.
This moment is much more important than that
found for more concentrated alloys indicating a mo-
ment enhancement on impurity sites in the dilute
limit. In Ni-Ti alloys the impurity atoms bear a small
negligible negative moment. In fact the values given
in Table II should be increased by the diffuse mo-
ment. For the alloy with 7.'72 at. % of Ti there is an
uncertainty connected with the fact that this alloy ac-
tually was not entirely saturated in an applied field of
13 kOe (the saturation value of bulk moment is
about 10% higher than that reported in Table II).
Thos the values given in Table II correspond to the
magnetic moment at an external magnetic field of
13 kOe.

VII. THEORETICAL CONSIDERATIONS

The coherent potential approximation (CPA) has
been applied successfully to study the electronic
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Parameters used in CPA calculations (energy units are rydbergs).

Fe
Ni
T1

0.295
0.11
0.03

0.028
0.011
0.02

0.0012
0.0038
0

0.48
0.4
0.52'

7.2
8.85
3

—0.03
0.016

—0.16

'In bcc phase, in fcc phase 8'~; = O'
N; =0.4Ry, 5 = —0.123Ry.

structure of disordered-3-d-metal alloys. Within
Hartree-Pock approximation for the Hubbard model
it was possible to explain the concentration depen-
dence of individual magnetic moments in several bcc
Fe-based' and fcc ¹ibased" alloys. Moreover the
introduction of the orbital degeneracy and calcu-
lation using a realistic density of states function al-
lowed us also to explain the concentration depen-
dence of the electronic specific heat and asphericity
of the magnetic-moment distribution. These quanti-
ties are very sensitive to the shape of the density of
states function used in the CPA calculations. We
have performed also such calculations for Ni-Ti and
Fe-Ti alloys. Up to now it was not done for these al-
loys and it seemed to us to be of interest because of
the large charge difference between the alloy ele-
ments and occurrence of VBS. -

Here we sketch briefly the method of calculation.
More details are to be found in an earlier paper. '

The self-energy X~ (Z) for a disordered binary

,8, alloy is obtained by solving the CPA equation

X~ (Z) = e „—[aq „—X~ (Z)]

. (10)

where F„(Z) is the Slater-Koster function for the al-
loy. Within the Hubbard model and in the Hartree-
Fock approximation the center of the gravity of the
subband I with spin cr is

e; „=a;„+U,n; +(U; —J;)(n; —n; „)
+ Z X [(I—C) I;"„(n„t„—n„ t„)

i WA, B

+CJ;;(n„„n„„)],—

where following Sacchetti' we also introduced the
nearest-neighbors exchange interaction.

In formula (ll) a;„are the centers of gravity of the
subband p, , U; is the intra-atomic Coulomb correla-
tion energy, J; is the intra-atomic exchange interac-
tion energy, J& is the nearest-neighbor exchange-
interaction energy, Z is the number of nearest neigh-
bors, + signs refer to the up- and down-spin energies,
respectively, C is the impurity concentration, the

indices i and j stand for the alloy elements A and 8,
p, for the subband, and o- for the spin direction, n;
is the total number of electrons on atom i with spin

Pl;~ = P1I~~ (12)

and n; „is that in the subband p, .

~ „=(I—C)eg ~+Can ~ (13)

F„.(z) = t-" Z-X„(z)-e (14)

where p„(a) is the density of states function of the
subband p, before alloying.

Solving simultaneously the set of transcendental
Eqs. (10) and (14) one obtains the partial density of
states functions

F„(Z)
I —[e; „—X„(z)F~ (Z)],

,

and corresponding occupation numbers

f'CF

n; „=J p; „(e)f(a,T) de, (16)

where f(e, 'r) is the Fermi-Dirac distribution func-
tion, and eF the Fermi energy in the alloy determined
from the condition that the total number of electrons
in the band is conserved

n' = X (1 —C) n„+Cna

= X (1 —C)n„„+Cna „ (17)

The knowledge of the occupation numbers n; „al-
lows us to calculate the individual magnetic moments

nt; = X(n; t~ n; t„)— (Ig)

is average energy of electrons with spin o- in the sub-
band p, .

The Slater-Koster function I'„ is given by following
equation:
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the total magnetic moment

m =(1 —C)m" +Cms, (19)

I

~ i

as well as the asphericity parameter being the eg part
of the total magnetic moment

-- -gy 0

In fact in cubic alloys we have to deal with twofold
degenerate eg orbitals and threefold degenerate t2~ or-
bitals with different spatial distribution of electron-
spin density.

In the numerical calculations we have used the
density of states for Ni calculated by Hodges et al.
and that for Fe derived from band-structure calcula-
tions by Tawil and Calhway'" (the same we used for
Fe-V alloys). For titanium in bcc phase we used the
density of states for the neighboring element vanadi-
um calculated by Wakoh and Yamashita" and in fcc
phase that of Ni. As emphasized in an earlier paper'
the only free parameter in the calculation is the
difference between the centers of gravity of one sub-
band

'p=e, „e„,(p—er o.r=r,g) .

The others can be determined self-consistently if the
electronic characteristics of pure elements are known.
These are well known for pure Ni (p, =0.68pa and

p =0.19)29 and Fe (p, =2.37ps and p =0.53)27.

There is no such information about Ti in bcc and fcc
phases. %e assumed that in both phases Ti is non-
magnetic and the eg subband lies lower, similar as in
vanadium with 65% of eg electrons. The last assump-
tion has no influence on the magnetic-moment distri-
bution. This can influence only the electronic specif-
ic heat, this one being mainly determined by the host
band if the Fermi level lies below the virtual band as
is the case, and the asphericity parameter. At least
in the case of Ni-Ti alloys the impurity atoms bear a
negligible magnetic moment and the asphericity is
determined by host atoms. Thus this assumption has
also no significant influence on the results. In the
bcc phase one can expect that the electronic structure
of titanium is similar to that of vanadium. Even if
there are some small differences they do not influ-
ence significantly the results of calculations because
of low Ti concentration (the bcc phase persists only
up to about 13 at. % of Ti).3' By analogy with vana-
dium we assumed that the 3d band of Ti contains
nro; =3 electrons (cf., also Kajzar and Mizia39). The
one free parameter from two hp, 's (p, =eg, t2g) we
have chosen in such a way as to get d p, /dc in agree-
ment with experimental values. All parameters used
in the calculation are listed in Table VI. As we men-
tioned before the bcc phase in Fe-Ti alloys persists
only up to about 13 at. % of Ti. In order to get a
better picture of the concentration dependence of cal-

culated quantities we have performed our calculations
up to 20 at. % of Ti. The results of computations of
individual magnetic moments are plotted in Figs. 4
and 5 for Fe-Ti and Ni-Ti alloys, respectively. In
both cases good overall agreement is seen between
measured and calculated values except in the dilute lim-

it in Fe-Ti alloys (Fig. 4). The calculated moment is

smaller in absolute value than the measured one.
Also the decrease of titaniurri moment is more im-

portant than the theoretical one. Increasing the value
of Coulomb correlation energy U&; it is possible to
obtain a larger moment on the impurity atom with
however the same concentration dependence; the
curve is only shifted. Even varying the parameter
b, p, it was not possible to get a more rapid decrease of
titanium moment. It seems to us that if CPA gives a

0.$

0.2

at%Ti

I

10 12

FIG, 5. Magnetic-moment distribution in Ni-Ti alloys.
Solid lines represent calculated values, O-. bulk moments
[Marian (Ref. 21)},5 - bulk moments (present study), ~-
individual magnetic moments fLivet and Radhakrishna (Ref.
10) and present study}, S - Mook {Ref. 29) (pgpjp+ jMdjff).

I

10

at% Ti

FIG. 4. Magnetic-moment distribution in Fe-Ti alloys.

The solid lines are calculated values, - present study and

Kajzar and Parette (Ref. 9), Cl - Child and Cable (Ref. 7), 5-
Collins and Low(Ref. 6), 4 - Shull (Ref. 27).
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X = K p(KF)
2 2 (21)

where ~ is the Boltzmann constant, is plotted in Figs.
6 and 7 for Ni-Ti and Fe-Ti alloys respectively. The
experimental data for Ni-Ti alloys are taken from
Gregory and Moody. For Ni-Ti alloys we have ob-
tained a good description of electronic specific heat

good description of concentration dependence of indi-
vidual magnetic moments for more concentrated al-

loys, it fails in the dilute limit. In fact, starting from
1.73 at. % of Ti the concentration dependence of ti-
tanium moment is nearly the same (within errors) as
predicted by CPA.

In the case of ¹iTithe agreement between theory
and experimental data is much better. The theory
gives a small negligible negative magnetic moment on
titanium atoms in agreement with experimental data.
Also the calculated concentration dependence of the
bulk moment is in good agreement with experimental
data. A small disagreement is seen for the alloy with
7.72 at. % of Ti. This is probably due to the fact that
our sample was not entir'ely saturated and we have
neglected the diffuse moment. According to the
value of d p, /dc the ferromagnetism in Ni-Ti alloys
disappears at C,„;,=11 at. % of Ti, whereas our calcu-
lation yields for C,„;, a lower value (—9.3 at. % of Ti).
In fact, in the neighborhood of the critical concentra-
tion, the ferromagnetic solution matches the
paramagnetic one and can explain why C„;, is lower
than the experimental one and why the calculated
variation of d p, /dc is no more linear for the concen-
trations above 8 at. % of Ti. However the extrapolat-
ed value of d p, /dc (dashed line in Fig. 5) gives a
nearly correct value of C„;,.

The electronic specific heat, which is directly pro-
portional to the number of electrons at the Fermi
level p(aF)

1,0

I

10

at% Ti

20

FIG. 7. Calculated ratio of electronic specific heat of alloy

to that of pure iron in Fe-Ti alloys.

up to 8 at. % of Ti. Above this concentration the cal-
culated specific heat decreases while the experimental
data show a nearly constant behavior. This disagree-
ment is due to the transition from the ferromagne-
tism to the paramagnetic state and corresponding
lowering of the number of electrons at the Fermi lev-
el while the experimental data were taken at liquid-
helium temperature where ferromagnetism persists at
over 15 at. % of Ti (Gregory and Moody" ).

In the case of Fe-Ti alloys the electronic specific
heat decreases more slowly than in Fe-V alloys. The
fact is in agreement with experimental data (quoted
by Gautier"). Also we got for Fe-Ti alloys a con-
stant decrease of X up to 20 at. % of Ti while in Fe-V
alloys, it reaches a minimum at 10 at. % of V.

The calculated concentration dependence of the as-
phericity parameter p is plotted for both alloys in Fig.
8. For ¹i&ialloys we obtained a slight increase of p
up to 3 at. % of Ti. Such an increase of the aspherici-
ty parameter was observed in an alloy with 2 at. % of
Ti by Livet and Radhakrishna who found

p =0.205(pN;=0. 19). Above 3 at. % of Ti the cal-
culated asphericity parameter decreases.

0.6- Fe -Tt

0)
O
E

I
E

10 at% of Ti

FIG. 6. Electronic specific heat in Ni-Ti alloys. Solid lines
represent calculated values and the points are measured
values by Gregory and Moody (Ref. 20). The data have
been adjusted for the corresponding value of pure nickel.

10

at%Ti

FIG. 8. Calculated variation of the asphericity parameter
in Fe-Ti and ¹iTialloys (solid lines). - Shull (Ref. 27),
k - Mook (Ref. 29), and 8 - Livet and Radhakrishna (Ref. 10).



20 MAGNETIC-MOMENT DISTRIBUTION AND ENVIRONMENTAL. . . 2011

To our knowledge there is no experimental data for
the concentration dependence of the asphericity
parameter in Fe-Ti alloys. Our calculations give a
slightly different behavior of p as a function of the al-
loy concentration than in Fe-V alloys. ' Similarly to
the case of Fe-V alloys this parameter increases at .

low impurity concentration. However this increase is
less pronounced than in Fe-V alloys and stops at
about 5 at. % of Ti where p starts to decrease, and
above 15 at. % of Ti we obtained again a slight in-
crease of p. The last result may play a role in desta-
bilizing the bcc phase of Fe-Ti alloys.

VIII. DISCUSSION

We have performed polarized neutron-elastic
diffuse-scattering measurements on two Ni-Ti alloys
with 3.87 and 7.72 at. % of Ti and three Fe-Ti alloys
with 0.84, 1.33, and 1.73 at. % of Ti. These measure-
ments together with bulk magnetization data allowed
us to determine the average individual magnetic mo-
ments, magnetic-moment disturbance, and in the case
of Ni-Ti alloys the chemical short-range order, found
to be negligible. The present data together with the
previous ones indicate quite different behavior of Ti
impurity in both matrices. The main differences are
the following: (i) The value of the impurity moment.
In an iron matrix, impurity atoms bear a large neg-
ative moment decreasing rapidly with increasing alloy
concentration. In contrast in the nickel matrix the Ti
moment is negligible. (ii) The magnetic-moment dis-
turbance has opposite signs in these alloys and is
more extended in Ni-Ti alloys, up to tiie third shell
of atoms. In Ni-based alloys the magnetic-moment
disturbance decreases with increasing alloy concentra-
tion while in iron matrix this occurs at higher impuri-
ty concentration (starting from 1.73 at. % of Ti).

The experimental data together with performed
CPA calculations show the existence of VBS in both
alloys. The charge transfer from the impurity to the
host atoms is more important in the Ni-Ti alloys as
expected.

The difference in the impurity behavior in both
matrices can be associated with three factors: (i) Dif-
ferent crystal structures resulting in a different local
environment. As we mentioned before, in our opin-
ion this is a less important point. In fact, the first
shell, which is the most perturbed is distant in both
alloys by nearly the same value, Rt =2.5 A. (ii) Dif-
ferent number of electrons in the 3d bands of Ni and
Fe, the first being nearly filled, the second containing
about two electrons less. (iii) Different electron
transfer from the impurity to the host band. As we
mentioned before this transfer is more important in
Ni-Ti alloys and tends to rapidly fill the band of
nickel.

In the light of above remarks we think that the
sign of the magnetic-moment disturbance caused by

impurities is not connected with the question of the
creation of VBS as pointed out by Comly et al. ~ but
rather with the value of impurity moment and the
number of electrons in the band. If there is no
chemical short-range order and the impurity moment
is large one observes a negligible or small positive
moment disturbance'confined to the first shells of
atoms. This is a case of Fe-Ti, Fe-V, and low-
concentration Fe-Cr, "Fe-Mn, 6 Ni-Mn, 6 ' and Ni-
Fe alloys. In this case we have to do with a type of
compensation of magnetic-moment disturbance
around impurity and host atoms. If however, the im-

purity moment is very small or negligible, we have an
important and negative magnetic-moment disturbance
extended in the space as is observed in Ni-Ti,
Ni-Cr, 42 Ni-Ru, 43 and low-concentrated Ni-Pd al-

loys. '4 In these alloys, due to the charge transfer
from impurity to the host band, the host magnetic
moment decreases in neighboring impurity shells. In
Ni-Pd alloys44 the magnetic-moment disturbance de-
creases with increasing impurity concentration and
changes sign at 25 at. % of Pd. At the same t'ime the
Ni and Pd moments increase. The situation is how-
ever more complicated for the chemical short-range
order. A better understanding of this phenomena
needs. . more systematic studies with the use of polar-
ized neutrons which allows correct determination of
the sign of quantities under question.

Our CPA calculations give a good overall descrip-
tion of magnetic-moment distribution in both alloys.
The agreement is better in the case of Ni-Ti alloys.
For Fe-Ti alloys we got smaller values of impurity

magnetic moment at lowest titanium impurity in
disagreement with experimental values. In Fig. 9
we plotted the observed and calculated values of the
difference between iron and titanium moments. This
difference is independent of the assumption of dif-
fuse moment. In fact Eqs. (9) attribute the same
value of p.d;ff to Fe and Ti sites which can be incorrect.
As it is seen from Fig. 9 the agreement is slightly
better although the calculated difference also varies
more slowly with concentration than the observed
ones. At higher concentration of titanium the calcu-

~w
I

I
0

LL

3
at% yl

FIG. 9. Calculated and observed concentration depen-

dence of p,F, —p~; (solid line) in Fe-Ti alloys.
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TABLE VII. Calculated and extrapolated values of
A(da/d A)(k =0} in mb for ¹iTialloys.

0.5—

I
~~

l~ 02

at% ofTi de
dA

1

dO

, extrapol
dA

ato/

7.5 10

2

3.87
7.72

147
279
535

100
137
159

FIG. 10. Calculated concentration dependence of
p, N;

—pT; (solid line) in ¹iTialloys. ~ - Livet and
Radhakrishna (Ref. 10) (2 at, % Ti), and present study.

(k =0) = C;C 0.2695 (22)

In the case of diffuse scattering of polarized neu-
trons an analogous formula has been given by Medi-

lated variation of p, F, —IM, T; is again in good agreement
with experimental values although there is a differ'-

ence between calculated and observed values. A
similar plot for Ni-Ti alloys is given in Fig, 10. The
observed variation of d p, /dc with titanium concentra-
tion is in good agreement with the calculated one.
The difference between calculated and observed
values can be attributed to the neglect of diffuse mo-
ment in our calculation (we assumed a Ni rrioment
equal to 0.583 p, a which is the bulk moment).

For the last alloys the experimental data are avail-
able only starting from 2 at, % of Ti. These results
seem to indicate that CPA gives a good description of
magnetic-moment distribution in both alloys at
higher impurity concentrations. This fails at the very
dilute limit as is the case for Fe-Ti alloys with 0.84
at. % of Ti. This can be well understood taking into
account the fact that CPA is a theory analogous to
molecular-field approximation. It assumes the ex-
istence of an average field constant in the alloy. If
this assumption can work well in more concentrated
alloys, it fails at dilute limit where impurities are well

separated and a local modification of the potential oc-
curs connected with a local modification of the band
structure.

We note here that Campbell and Gomes ' have
also obtained a large negative moment on titanium
impurity in the dilute limit (=—2p, a) from the VBS
concept in good agreement with our value at 0.84
at. % of Ti.

Marshall' has shown that the magnetic-diffuse-
scattering cross section of unpolarized neutrons from
a dilute alloy at zero scattering vector value is pro-
portional to the average magnetization variation with

alloy concentration

na and Garland4'

(k =0) =1.078C;C (b; —b ) S(0) . (23)
dc

This formula takes into account a possible short-
range order in the alloy neglected in Eq. (22) and
should be verified also at more concentrated alloys.

The calculated values of A(do. /d Q)(k =0) using
Eq. (23) and d p, /dc = —3.42pa/atom9 for Fe-Ti al-

loys are indicated by arrows in Fig. 3. It is seen that
Eq. (23) is well verified for all alloy concentrations.
However in the case of Ni-Ti alloys we observe a

departure from this law increasing with alloy concen-
tration. In all cases the calculated value of
A(do. /d Q)(k =0) is higher than the measured
difference of differential cross sections extrapolated
to A.

. =0. Even at 2 at. % of Ti Livet and Radhakrish-
na' observed such departure although these authors
used too small an absolute value of
d p, /dc (—3.6p, b/atom) .

In Table VII we compare the extrapolated from ex-
perimental data and the calculated values of
h(do/dQ) using Eq. (23) and d p, /dc = —5.1pa/atom
as determined in the present study including also the
data for the alloy studied by Livet and Radhakrish-
na. ' It is seen that the difference between calculated
and experimental data increases rapidly with impurity
concentration. Similar behavior was also observed by
Cable and Medina' in Ni-Cr alloys. These authors
attributed it to some nonlocal effects in ¹iCralloys,
Similar effects are to be expected in ¹iTialloys
although we think that in this case the value of
d p, /dc is not constant and depends on the alloy con-
centration as it was observed at low temperature by

Gregory and Moody for CT; ) 8 at. %.
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