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Calculations are made of the pulsed NMR line shapes due to dipolar shifts at nuclei in the first three neighbor
shells surrounding a solute atom. We find that the line shapes are very dependent on the angles through
which the nuclei are turned and discuss the optimum operating conditions to observe dipolar broadening.
Measured dipolar shifts in ordered FeSi alloys are shown to agree excellently with calculated shifts. It is
observed that 4d and 5d transition solute atoms give rise to anomalously broadened lines.

I. INTRODUCTION

The quality of pulsed NMR spectra of Fe alloys
has become so good in recent years that dipolar
broadening must be taken into account in order to
analyze the spectra properly. The effects of do-
main-wall dipolar shifts on the behavior of the NMR
signal have been discussed by Murray and Mar-
shall' (MM) for the case in which the NMR signal
was assumed to be proportional to the square of
the enhancement factor €, In reality, the NMR
signal strength and enhancement-factor variation
are much more complex than they assumed, and
we derive the more realistic behavior in Sec. II.
There we see that the shape of the dipolar broaden-
in depends on the angles through which the nuclear
spins are turned. In Sec. III we compare the mea-
sured dipolar splittings obtained in NMR2 and
Mdssbauer® experiments with the calculated val-
ues. We show that for the case of Si, a small non-
transition-element solute atom, there appear to be
no moment or spacial distortions of the host lattice
upon substituting a Si atom for an Fe atom. On
the other hand, it appears that appreciable dis-
tortions, greater than the dipolar broadening, are
present when 4d or 5d transition-series elements
replace a host Fe atom,

II. CALCULATION OF BROADENING FOR Fe ALLOYS

At purely cubic sites there are no dipolar ef-
fects. However, removing the cubic symmetry
by introducing solute atoms gives rise to dipolar
shifts in the Fe atoms near the solute atom., In
powdered Fe alloys the NMR signal originates
overwhelmingly in the domain walls., This arises
because the enhancement factor at the center of
the walls is about a factor of 30 greater than in the
domains, and the spread in frequencies in the do-
mains is very large owing to the variation in de-
magnetizing factors. Since the magnetization di-
rection varies in the domain wall, the dipolar shifts
of Fe atoms near a solute atom depends on its
position in the wall.

Let z be the direction of magnetization in a do-
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main and x be the direction perpendicular to the
domain wall, It is well known* that, from con-
sidering the wall energy per unit area arising from
anjsotropy, K, and exchange, A, energy densities,
the variation of the angle ¢ between the direction
of magnetization in the wall and the domain is given
by

do 1
dx ~ bsingcosg ’

1)

where 6 is a characteristic length of ~ 230 A for
Fe and is given by (A/K)'2, Taking the origin at
the center of a 90° wall (i.e., x=0 and @=45°),
the enhancement factor € varies as sechx, where
x is measured in units of 5, A 180° wall can be
considered to be two back-to-back 90° walls,

We have previously developed the model of a
domain wall in which the wall is represented by a
vibrating drumhead.® This model describes very
well all of the observed behavioral aspects (shape
and strength of free induction decays and echoes,
relaxation times) of pulsed NMR in Fe and its al-
loys. The enhancement factor was seen to depend
on the radial position of the nucleus in the drum-
head, measured in units of the radius of the drum-
head 7, and the maximum displacement % at the
center of the drumhead. Thus the enhancement
factor is given by

€= €ysechx(l-»2)n | (2)

where €, is the maximum enhancement factor at

the center of a 90° wall, If the sample is excited
with two rf pulses of magnitude B; (in the sample)
and frequency w, then the echo height is given by®

o 1
3(‘*’,31,71,72)2[('{ f € sin%0 sinb7, sin®3 (b7y)
: [ ]
2
xp(h)rsinndndxdvdh)
Y ind 21
+<f f €sin®0 cosd(l - cosbTy)sin®3(b7,)
0 0

271/2
xp(h)rsinndndxmfdh)] , (3)
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where 7 is the angle between the direction of the
rf field and the magnetization in the domain., We
must average over this angle since the magnetiza-
tion directions in the powdered sample are ran-
dom. p(n) is the probability distribution of the
maximum displacements; for reasons given in
Ref. 5, it is taken as constant. As usual, 6 and

b are defined by

tan6 = €y B, cosn/Aw, , | (4)
b= (Aw?+ eyB, cosn)’? | (5)

where v is the nuclear gyromagnetic ratio, Aw,

= w- w,, and w, is the resonance frequency of the
nuclei, We will shortly consider the variation of
8(w) through the walldue todipolar fields. For com-
putation purposes, since k(1 —72%)cosn always oc-
cur in that combination, we can find a joint dis-
tribution function and reduce the quadruple inte-
gral in Eq. (3) to a double integral., This is done
by letting

z=h(1=7%cosn ; (6)
we then find that
p(z)=$1n®(1/z) for 0=z=<1 . (7)

Equation (3) thus becomes
(e P s 5,21
8(w) > [(fo fo sin®@ sinb7y sin“3 (b75)
2
Xz sechxln"‘(l/z)dxdz')
00 1
+ (f f sin3¢ cos6(1 - cosbT,) sin®l (b7,)
o Jo

xz sechx 1n®(1/z)dx dz)a] v . (8)

For given By, 7;, and 75, this can be easily eval-
uated on a computer. It is worth noting that Eq. (8)
does not take into account the frequency spread of
the exciting rf pulse due to the finite length of the

rf pulses. This could be introduced by putting in
this frequency distribution and averaging over these
frequencies, as was found necessary to do in order
to explain the origin of single-pulse echoes,® which
are so prominent in NMR measurements on Co,

In Eq. (8) we also have not taken into account the
“natural” linewidth of the NMR resonance due to
imperfection in the Fe lattice and relaxation pro-
cesses, Again, this could be done by putting in

its frequency distribution and averaging with an-
other integration over w,, Usually this is not
necessary, and the results we obtain here would

be changed little by these extra integrations,

A. Evaluation of w,, in the domain wall

We evaluate the frequency dependence of the
nuclei with position in the wall in the same manner

.mum at @y ~5 rad and 7,27,
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as Ref, 1, The only difference is that here we
want the frequency shift as a function of x rather
than ¢, so that we can substitute it directly into
Egs. (4) and (5), which are then used in evaluating
Eq. (8). The dipolar shift caused at a nucleus by
a solute atom with moment p, which is a distance
v, away is given by

H¢=Mx[1-3(1\71'§)2]/1’? ’ (9)

where R is the ur_x’it vector in the direction of the
solute atom and M is the magnetization direction
in the wall, given by

M-= éin¢T+ cosgk . (10)
1. First-nearest neighbors (N1)

The unit vectors of the N1 sites are given by
R=2A/VI)T+T +Kk); +(ANVI)-T+7+K) ;
£(ANE)T -T+K); QNT)i+i-k) . (1)
From Eq. (9) we find that four of the N1 sites would
cause a shift of 24, cosg, and four would cause a
shift of — 24, cosp, where A= pu,/¥). Since from

Eq. (1)tang=e™ (x in units of §), we find for the
frequency shifts at position x

4 sites , A sechy
. (12)
4 sites, - A;sechx,
where 4; is now taken in frequency units., Thus

w,= Wyt Ay sechx, where wj is the center reso-
nance frequency in pure Fe, We have evaluated
Eq. (8) for these values of w, (with their proper
weightings) for a variety of values of maximum
turning angle o, =y€,B;7y. This is the angle
through which nuclei at the center of the wall are
turned by the first pulse. ¢, is the maximum en-
hancement factor of the nuclei at the center of the
wall, It is determined experimentally for any
particular Fe alloy.® The echo height is a maxi-
Some calculated
frequency distributions &(w) are shown in Figs, 1
and 2, We show two types of plots. One, for a
fixed A;, emphasizes how the spectra change with
different turning angles of the rf pulses. The other
shows how the spectra vary with A; for the optimum
fixed turning angles of a;=5 rad, @,=10 rad. For
a NMR signal which only varies as €2 ~sech?x, MM
found a frequency distribution which was strongly
peaked at Aw,=+4;. Figure 1 shows §(w) as a
function of Aw?, (Aw= w~- w,) for the case of very
large dipolar splitting such that D=27A;#,=4. We
see that for reasonable turning angles the splitting
is slightly less than 24, and approaches 24, as

;- 0, For large turning angles (e.g., see @,
=4m), the spectra become very complex and it is
difficult to separate the turning-angle effects from
the dipolar structure. The oscillations seen in
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FIG, 1. Variation of line shape with turning angle at

nearest neighbors to a solute atom, The dipolar shift
274y is taken as 4.

Figs. 1 and 2 due to turning-angle effects are usu-
ally washed out from other broadening effects in
alloys. The correct relative echo heights are
shown in Fig, 1. Thus it is clear that the best
operating condition for seeing the N1 dipolar split-
ting is at turning angles a; ~5 rad, or less if the
signal strength is strong enough, Figure 2 shows
the behavior of the N1 dipolar splitting for a first
turning angle of 5 rad as a function of the dipolar
shift D=2mA;t;. For the usual dipolar shifts in
Fe alloys, D is about 1; so we expect to see only
a broadening of the spectrum due to N1 effects.
This has been observed in ordered FeSi alloys,
and is discussed in Sec, IIL

In Fig, 3 we give the calculated broadening of
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FIG. 2. Variation of line shape with dipolar shift at
nearest neighbors to a solute atom, D =27ATy.
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FIG, 3. Calculated ratio of N1 linewidth Ty to main

linewidth I'y as a function of N1 dipolar shift, The line-
widths are the full widths at half-height measured in MHz,

the N1 line I'; compared to the main linewidth I'y

as a function of the dipolar shift for &;=5 rad and
0,=10 rad. The abscissa is taken as 27A;(0. 4/T).
This is because the full width at half-height, Av,,,,
due to turning angle effects, occurs at 2 1Ay, ;7
=0,8 7 (see Fig. 2). We then assumed that in prac-
tice the smallest value of 7, is used that gives no
observable broadening of the main line, This then
corresponds to 7,=0,4/I'g, and D becomes 274,

% (0.4/Ty). In reality, one could measure the spec-
trum with larger valuesof 7., butto get the optimum
turning angle this would require reducing B;. How-
ever, under usual operating conditions the signal
strength increases with larger B;; so increasing
74 (and reducing B; to hold @, constant) will result
in a poorer signal-to-noise ratio,

2. Second-nearest neighbors (N2)

The unit vectors of the N2 sites are given by
-ﬁ:if; i:]'.; tk . (13)
From Eq. (9), we find the following shifts;
2 sites, 4;; (14)
2 sites , A,(1- 3cos®p) or Ay(e - 2)/(1+e™®),
2 sites , Ay(1 - 3sin’p) or Ay(1 - 2¢7%)/(1+e™%),

where Az= p, /r3. We use thése values in evaluating
Eq. (8). For their signal variations, ~8% MM ob-
tained a § function at A, with a flat probability
distribution between — 2A, and A;. We see in Fig.

4 that the spectra are somewhat like this for very
small turning angles, but become quite different

for higher turning angles, approaching a peak at
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FIG, 4. Variation of line shape with turning angle at
second-nearest neighbors to a solute atom for dipolar
shift of 274,71, =4,

A, with % the intensity and a peak at — 24, with
the intensity, as would be seen in the domains,
This occurs because at large turning angles the
signals from the nuclei at the center of the wall
tend to get averaged out and mainly those at the
edges of the wall contribute to the NMR signal, In
Fig. 5 we show the N2 dipolar broadening for var-
ious values of D and a;=5 rad, a,=10rad., It

is clear from Figs. 4 and 5 that large turning
angles give the best operating conditions to observe
the dipolar splitting due to N2. For instance, a
turning angle @ of about 10 rad is probably about
optimum, The correct relative intensities are
shown in Figs. 4 and 5; so not much intensity is
lost in operating at a;~10 rad., Notice that the
optimum conditions for observing the dipolar broad-
ening are different for N1 and N2, although o; ~5
rad is a good compromise for both. For Fe and
its alloys, the value of 27A,T; corresponds to val-
ues of D~1, We have clearly seen N2 broadening
in ordered FeSi alloys. This is discussed in Sec.
I,

3. Third-nearest neighbors (N3)
The unit vectors for the N3 sites are
R=xUV2)T+7); «UNZNT+K); «AN2Z)E +K);

(VDA -7); +aN2F-k); VDA - E) .
(15)
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From Eq. (9) we find the following shifts:
4 sites, A4l - 2cosp)
or Ay(e™® - 3)/(1+e™);
4 sites, Aq(l - $sin’p)
1, =2% =-2xY .
or As(l‘ zé )/(1+e ), (16)

2 sites, — Ag(3+3cose sing)
or — A4|(1+3sechx);

2 sites, — Aq4(3—- 3cosg sing)
or — A4'(1 - 3sechx) ,

where Ag= 1, /73, We use these values to evaluate
Eq. (8). In Fig. 6 we show the N3 dipolar broad-
ening for various values of D at a first turning
angle of 5 rad. For an Fe moment typical values
of D are ~0,5; so in some cases the N3 broadening
may be discernible (~10%). In Fig. 7 we show the
broadening I'y /T for full widths at half-height as
a function of 27A4(0.4/T). All widths are to be
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FIG. 5. Variation of line shape with dipolar shift at

the second-nearest neighbors to a solute atom. D =27A,7,.
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FIG, 6, Variation of line shape with dipolar shift at
the third-nearest neighbors to a solute atom, D=2mAzT1y,
used to obtain the dipolar shifts. The difficulty
with the MGssbauer technique for such measure-
ments is that the inherent linewidth for Fe (~16
kG) is much larger than the dipolar shifts (~1 kG
for an Fe moment). On the other hand, for favor-
III. COMPARISON WITH EXPERIMENT able Fe-alloy systems, linewidths of ~1,5 KG are
. . attainable in pulsed NMR experiments. Thus the
Attempts to measure d;polar shifts have been NMR technique is inherently better for observing
made by Cranshaw et al.” with a very clever MdJss- the dipolar shifts.
bauer-type experiment on single-crystal alloys. A most favorable alloy system in which to study
In Mb‘ssbauer experiments mainly the nuclei in the dipolar shifts is in the nonstoichiometric alloys
domains are measyred, since t_here are many more near FesSi. FeySi orders essentially perfectly,
of them and there is no suc? thing as an enhance- and there are three distinct well-separated NMR
ment factor, To obtain a different type of spectra, lines which can be observed?: A-type Fe atoms,
the direction of magnetization in a thin foil was which have 4-N1 Fe atoms and 4-N1 Si atoms, and
varied by applying an external field, Spectra were D-type Featoms, whichare surroundedby 8-N1 Fe
taken with the field applied in the [100] and [111] atoms and Siatoms. The occupation of the first three

directions. The difference spectrum was then neighbor shells for each of these species is given in Ta-
ble I, Upon deviating from stoichiometry to the

1.2 T T T T T high-Fe side, the excess Fe atoms go randomly
into the Si sites as D-type Fe atoms. The beauty

of this system is that the NMR spectrum of each

of these sites is sensitive to only one of the first

three shells (also, only to two shells out of the

Thus, for example, in the spectrum for

measured in MHz, In Fig, 8 we show how the N3
dipolar broadening varies for different turning
angles for a very large dipolar shift of 27Ag7,=4.

§ |- first six).

~ the D-type Fe atoms; the added Fe atoms give a

TABLE I, Number and type of neighbors for the three
1.0 | L L L different sites in Fe,Si.
O 02 04 06 8 10 12
Type N1 N2 N3
2wA, (047 ) i

0 A-Fe 4 D-4 Si 64 124
FIG. 7. Calculated ratios of N3 linewidth I'; to main D-Fe 84 6 Si 12D
linewidth I'y as a function of N3 dipolar shift, The line- Si 8 A 6D 12 Si

widths are the full widths at half-height measured in MHz.
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FIG. 9. Measured D-type Fe spectrum of an ordered
Fey,16381y,937 alloy. The shift AH, is due to conduction-
electron polarization from a D-type Fe atom in the second-
neighbor shell. The dashed curve shows the dipolar
broadening arising from one Fe atom in the second-neigh-
bor shell,

satellite at a hyperfine field shift AH, correspond-
ing to the conduction-electron polarization from
an N2 D-type Fe atom, and this satellite has a
shape determined by N2 dipolar shifts. Such a
spectrum is shown in Fig, 9 for a 23, 7-at. % Si
alloy. The satellite has exactly the calculated in-
tensity corresponding to its composition, We will
see that the measured NMR dipolar shifts obtained
for this system agree very well with the calculated
dipolar shifts, thus indicating that the matrix dis-
tortions in either charge, spin, or geometry are
small in this case,

Other alloys where the dipolar shifts are not
directly measurable but should be considered’ are
those measured by Budnick et al.® These are al-
loys of Fe with the transition metals to the right
of Fe in the periodic table, i.e., Co, Ni, Rh, Pd,
and Pt, Although the turning angles were not mea-
sured in these experiments, we will assume that
@~ 5 rad, since that is the most likely operating
condition for optimum spectra. For these alloys,
it was observed’ that when the solute atom mo-
ments differ appreciably from the host moment,
the satellites have widths ~ 2, 3 times greater than
the main line, A Feg, gg3 MOy, 032 alloy was also ob-
served to have an anomalous broadening® for the
N1 and N2 neighbors of Mo. We will discuss how
much broadening we expect due to dipolar shifts in
these alloys. Of course there are other sources
of broadening, e.g., distortion of the host band
structure in the vicinity of the solute atom, loss
of cubic symmetry around a solute atom due to the
moment perturbations in the host moments, mag-
netic saturation effects,2 and further distortion by

PULSED NMR IN DOMAIN WALLS
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impurity-impurities effects, especially in the more
concentrated alloys. All of these effects are diffi-
cult to assess. It was observed in Ref. 7 that the
broadening effects are even more pronounced in
alloys with the 5d-transition-series elements,

A. N1 dipolar shifts

For the Fe;Si system, the N1 broadening is best
observed by comparing the linewidth of an A-type
Fe atom with four D-type Fe’s in the N1 shell (T,
= 0,59 MHz) with the linewidth of an A-Fe atom
with five D-type Fe’s in the N1 shell (I';=0. 75
MHz). In both cases, there are 12 Si atoms in the
N4 shell, All the data were taken with @y ~ 5 rad
and @,~10 rad.? In Fig. 4 we gave the calculated
broadening due to a dipolar shift A;. Using this
curve, we obtain, from the observed broadening
for the 23, 7-at. % alloy, a value of A;=0,20+0,03
MHz. The calculated value is A;=0,21+0,01 MHz,
where the D-Fe moment was measured in neutron
experiments'’tobe 2,4+0, 1y, and the lattice con-
stant of FesSi is 2.83 A. ™ Thus the measured and
calculated dipolar shifts for N1 are in excellent
agreement, with no indication of any charge, spin,
or lattice distortions. Cranshaw et al.}® obtained
no net dipolar shift for the N1 effect in 4.9-, 6.1-,
and 8, 6-at, % Si alloys.

For the FeRh spectrum of Budnick et al.,® we
obtained a value of ppn=1,1pug. This gives a cal-
culated value for Ay of 0,09 MHz (0.7 kG). This
would lead to an appreciable broadening of the N1
line, since I'y=0,22 MHz (1.6 kG). The N1 broad-
ening is even greater for FePd, since the Pd mo-
ment is smaller, The broadenings needed to fit
the data were about a factor 2, 3; thus for the N1
case some but not all of this is attributable to dipo-
lar broadening. In these alloys there is also a
moment perturbation surrounding the solute atom.,
This will contribute additional broadening that is
not included in the above estimate,

B. N2 dipolar shifts

The N2 broadening in the FegSi system is ob-
served by looking at the D-type Fe atoms. The
spectrum of the D-Fe atoms for the 23, 7-at. % al-
loy is shown in Fig. 9. Subtracting out the main
line and a small contribution of 3% at the high-fre-
quency end due to Fe atoms with two N2 Fe atoms,
we obtain the dashed curve for the Fe atoms with
only one Fe atom in the second shell. Since the
Fe hyperfine field is negative, the shift caused by
the conduction-electron polarization of the 4s elec-
trons is seen to be negative, since it increases the
hyperfine field. Thus a positive (negative) A, shift
decreases (increases) the frequency, and the ob-
served N2 line shape is therefore a reflection of
the curves shown in Fig, 5. We find that the line-
shape for D=1 gives an excellent fit to the N2 line
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shape in Fig. 9; D=0.9 or 1,1 give poor fits.
Taking into account the linewidth of the main line
(0. 48 MHz), we obtain A,=0,19+0,04 MHz (1.4
kG). A 22,95-at,% Si alloy also gave the same
shifts. The calculated A, value is 0,140, 01 MHz
(1 kG). Thus there is seen to be agreement be-
tween the measured and calculated N2 dipolar shift
values again indicating little if any distortion in
the Fe matrix. Cranshaw et al.? obtained a shift
of*® 0,30 MHz for (5-9)-at.% Si alloys, but
gave no estimation of the error,

For FeRh and FePd, the calculated A, shifts are
0.4 kG and 0. 6 kG, respectively, This would lead
to a D value of ~ 0, 9 and thus a broadening with
the skewed shape shown in Fig, 6 for D=1, In
this case the line shape is as shown because the
moment is missing (as opposed to the FegSi case,
where it is added), Thus a broadening of a factor
of ~1, 3 could be due to N2 dipolar broadening in
the FeRh and FePd spectra,” but it was observed
that about a factor of 2,3 was needed to fit the
spectra. So there must also be other sources of
broadening., Again, one source is that due to the
perturbed moments in the Fe matrix,

C. N3 dipolar shifts

The N3 broadening in the FegSi system would
show up as a broadening of the Si spectrum for
those Si atoms with a D-type Fe atom in the N3
shell of Si(l Fe, N3) in comparison to the Si spec-
trum of those which have only Si atoms in the N3
shell Si(0 Fe, N3). Unfortunately, the A-type Fe
lines overlap with these Si(1 Fe, N3) lines; so an
accurate determination of Agis impossible, How-
ever, for the 23, 7-at, %-Si alloy the Si(1 Fe, N3)
linewidth did appear to be broader than the Si(0
Fe, N3) linewidth by about a factor of 1,1, From

Fig. 8, this would lead to a measured Ag=~0, 14
MHz (I'y~0, 59 MHz). The calculated value for
Ag=0,05 MHz (or 0,35 kG). Considering the large
uncertainties in the measured linewidth of Si(1

Fe, N3), the Ag value is considered to be consis-
tent with the calculated value,

For the FePd alloy”® we calculate Ay~ 0. 2 kG,
which corresponds to a D~0,3, Thus there
should be no appreciable dipolar broadening of
N3 Fe-neighbors to a Pd atom due to loss of mo-
ment, Since the N3 satellite is the most promi-
nent one in these alloys, the observed broadening
of the satellites in the FePd and FeRh alloys must
be mainly due to effects other than the dipolar
broadening due to loss of moment at the solute
atom,

IV. CONCLUSIONS

Calculation of the dipolar broadenings due to
loss of cubic symmetry near a solute atom in a
domain wall has been made for the first three
neighbor shells. We find that the shape of the lines
due to dipolar shifts depends very much on turning
angles, and we discuss optimum operating condi-
tions for measuring the dipolar shifts.

We then obtain the dipolar shifts for the N1 and N2
shells of ordered FeSi alloys. We find that for
this system the measured dipolar shifts are in
agreement with the calculated values. This indi-
cates that in this system there are negligible
charge, spin, or geometric distortions on replac-
ing a Si atom with an Fe atom. The dipolar shifts
in dilute FeRh and FePd systems are also esti-
mated, and it is found that the “anomalous” broad-
ening of the satellite lines needed to reproduce these
alloy spectra cannot be accounted for by a simple
dipolar broadening due to the loss of moment on
the solute atom.,
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