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The second- and fourth-order spin-lattice coefficients of Gd** in cubic positions of ThO, and
CeO, crystals have been measured as a function of temperature between 4 and 360 °K by elec-
tron-paramagnetic-resonance experiments in uniaxially stressed crystals. The second-order
coefficients are considerably different for the two crystals, and these coefficients show a large
variation with temperature. A detailed theoretical calculation of these coefficients has not
been carried out; however, it is possible to qualitatively interpret the observed temperature
variation in terms of effects due to the modulation of the orbit-lattice interaction by the lattice
vibrations. The temperature-variation curves are explained using an Einstein model for the
vibrations of the oxygen ligands of the paramagnetic ions. The fourth-order coefficients are
similar for the two crystals and are temperature independent in the range studied. The effect
of a hydrostatic strain on the energy levels of the ion is used to explain the observed temper-
ature variation of the cubic field parameter in terms of the thermal expansion of the crystal.

1. INTRODUCTION

The interpretation of the crystal-field splittings
of ions with a half-filled shell of electrons, Cr’,
Mn?*, and Fe®* of the 3d group and Eu®*, Gd*, and
Tb* of the rare-earth group, has involved serious
difficulties. The crystalline electric field acting
alone cannot remove the degeneracy of the ground
level of these S-state ions and it is necessary to
consider high-order processes involving spin-
dependent interactions together with the crystal-
line field. A great deal of experimental informa-
tion obtained by electron-paramagnetic-resonance
(EPR) techniques exists for these ions and many
theoretical papers dealing with this problem are
found in the literature. The reader is referred
to Refs. 1 and 2, where an important part of the
theoretical work done on this problem until 1966
is quoted.

Important progress has been made in the under-
standing of the S-state iron-group ions and, even

though a good fit between theory and experiment
does not yet exist, an order of magnitude agree-
ment has been found.? However, less progress
has been made in the explanation of the splittings
of the ground state of the rare-earth S-state ions,
even though experimental data exist for several
cubic crystals® and for many lattices of lower sym-
metry.

An attempt to estimate the ionic contributions to
the ground-state splitting of trivalent gadolinium
in lanthanum ethyl sulphate has been made by
Wybourne.! Wybourne considers the contributions
coming from several mechanisms involving the
crystal field with other interactions in different
orders of perturbation and also relativistic effects,
configuration mixing, and nonlinear electrostatical-
ly correlated crystal-field interactions. The re-
sult of the calculation does not agree with the ex-
perimental values and Wybourne suggests that the
correct explanation should involve the details of
the interaction of the gadolinium ion with the lig-
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ands.

It appears to us that additional experimental data,
obtained by more sophisticated EPR techniques,
where the variation of the splitting of the ionic
levels can be measured as a function of some other
parameters, could lead to a better understanding
of the mechanisms contributing to the splitting. The
measurement of the splittings or shifts of the en-
ergy levels of the ions when the crystal is deformed
by an externally applied stress has proved to be a
powerful method for this purpose.? In cubic crys-
tals additional components of the crystalline field
with cubic, tetragonal, and trigonal symmetry with
variable magnitude are introduced by the strain,
and the induced splittings or shifts of the energy
levels of the ions can be deduced from the shifts in
magnetic field of the EPR lines.

Uniaxial stress experiments involving S-state
ions in cubic crystals have been performed by
Feher* for the iron group and by Calvo ef al.’
for the rare earths, The spin-lattice coefficients
of the iron-group ions Mn?* and Fe¥ in MgO have
been calculated by Sharma et al. , 2 who obtained
reasonable agreement with the experimental value®;
they found that the main contribution comes from
a process originally proposed by Blume and Or-
bach® which involves the admixtures to the ground
state of excited terms which are mixed by the
cubic field via the spin-orbit interaction. Owing
to this admixture, it is possible to destroy the
degeneracy of the ground level with the electric
field induced by the deformation. In a previous
work” we calculated the contribution of the Blume-
Orbach mechanism to the spin-lattice coefficients
of Ga®* in CaF,. A contribution was found though
only for the second-order trigonal coefficient.

In this paper we report data taken with the uni-
axial stress method; the spin-lattice coefficients
of Gd** in cubic positions of ThO, and CeO, crys-
tals have been measured between liquid-helium
and room temperatures.® The two second-order
spin-lattice coefficients, related to tetragonal
and trigonal deformations, and the three fourth-
order coefficients, related to hydrostatic, tetrag-
onal, and trigonal deformations, have been mea-
sured within this range. The three fourth-order
coefficients do not change in this temperature
range within the experimental errors and are
practically the same for the two crystals. In con-
trast, the two second-order spin-lattice coefficients
show very large changes with temperature and, in
the case of Gd** in CeO,, the trigonal coefficient
changes sign as the temperature is varied. The
relative changes in the second-order coefficients
are approximately the same for the two crystals.

The temperature dependence of the second-order
spin-lattice coefficients can be interpreted qualita-
tively as produced by a phonon-induced mechanism
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(“explicit effect”®). “Implicit effects, ”® due to the
changes of the elastic constants with temperature
or to the lattice expansion, seem to be unimpor-
tant in these cases.

Using our value for the fourth-order spin-lattice
coefficient related to hydrostatic deformations for
Gd* in ThO, we show that the temperature varia-
tion of the cubic field parameter is a consequence
of the thermal expansion of the crystal.

II. APPARATUS AND EXPERIMENTAL PROCEDURE

The data were takenwith a conventional homo-
dyne spectrometer working at 32 GHz. The stress
system, which has been described previously, *°
consists mainly of a TEy,; cylindrical microwave
cavity, where the sample is in the center on a
quartz pedestal, with a push-rod coming from the
head of the cryostat to allow one to stress the
sample against the pedestal by putting weights on
the top. The system was designed and built in
order to minimize any change in the orientation of
the sample when the stress is applied, which is the
main cause of error in these measurements. ®
This was achieved by giving mechanical strength
to the stress system and by using a guide to in-
hibit rotations of the push-rod.

The samples were grown by C. B. Finch of
Oak Ridge National Laboratory and have about 0. 1
at.% of gadolinium ions, which are mostly at
cubic positions replacing the Th** and Ce** ions in
the crystals. They were polished to a prismatic
shape of about 1X1x1,5 mm? where the orienta-
tion of the prism, a (110) direction, is accurately
defined by the intersection of two {111} natural
cleavage faces of the sample. The stress was
applied along this [110] direction within an esti-
mated error smaller than 1°. The data were taken
for the magnetic field perpendicular to the stress,
in the (110) plane. The values of the spin-lattice
coefficients were obtained from the measurement
of the shifts of the seven fine structure lines of the
Gd* cubic spectra as a function of the applied
stress for the magnetic field H, in the three prin-
cipal directions [001], [110], and [1T1]. These
directions were accurately defined by looking in
the screen of an oscilloscope for the maximum or
minimum of the splittings of the spectra as Hj is
rotated in the (110) plane. The shifts for a fourth
direction of Hy were measured in some cases as
a verification of the results. The line shifts as a
function of the applied stress were measured at
each temperature not less than 20 times for each
line and about 50 times at room temperature.

This was done for the magnetic field along each of
the three crystalline directions. The maximum
applied stress was 5. 88 x10® dyn/cm? (600 kg/cm?)
and, for example, the line shifts for this stress
when H, was along the [001] axis are between 0. 2
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and 1.1 G with an uncertainty of 20 mG for the dif-
ferent lines. The shifts in magnetic field were
measured with the sweeping device of the Hall
probe-controlled magnet, whose linearity and cal-
ibration were checked with a proton resonance
magnetometer, The temperature at the nonfixed
points was measured with a copper resistance with
an error smaller than 3 °K. It was verified in each
case that the shifts in magnetic field depend lin-
early upon the applied stress.

III. EXPERIMENTAL RESULTS

The EPR spectra of Gd** in cubic positions of
ThO, and CeO, crystals have been described in
great detail by Abraham and co-workers. 3!
Strong signals with very narrow linewidths were
observed which made these excellent systems with
which to perform precise measurements.

The uniaxial stress data were explained with the
spin-lattice Hamiltonian proposed in Ref. 5; in a
slightly different notation, we have

By= 2 G0 0fde, 1)
nyéii, o

where the €, , are linear combinations of the strain
tensor transforming like the ath component of the
ith irreducible representation of the cubic group.
The 0", are linear combinations of the Stevens’s
equivalent spin operators!? transforming accord-
ingly; £ is included for the cases where there is
more than one nth-order operator transforming
like I'; ,. The GY{"® are the nth-order spin-lattice
coefficients, Owing to the properties of the strain
tensor, a homogeneous strain in the crystal can
produce only hydrostatic (I'y,), tetragonal (T'y,),
and trigonal (I';,) deformations around a paramag-
netic ion in a cubic position. For Gd**, S=<Z and
n can be 2,4, and 6; two second-order, three
fourth-order, and four sixth-order spin-lattice
coefficients contribute to Hy, in Eq. (1). However,
as was reported previously, 5 only second- and
fourth-order terms in Hg give measurable contri-
butions to the shifts,

When the stress is applied along the [110] direc-
tion and considering up to fourth-order terms, Hg,
can be written as

Hg=GiY (09+501%) €,
+ [652 03+ G55 (09 -7 01)]es,, s
+ [Géi) 05 (9) + Géz) Oi (S)]‘€ 58,89 (2)

where the O and its matrix elements are given by
Hutchings®® and
1
€1, =€yt €yy+ €,y €30 0= 73 (2€”-€xx— E.v:v)’
€56,6= €y -

In the experiments we measure the external stress
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P rather than the local deformation, It is more
realistic, then, to use spin-lattice coefficients
related to stress rather than to strain®; if s,;, sy,
and s, are the three elastic constants at the posi-
tion of the impurity, the spin-lattice coefficients
related to stress are defined by®

() _ o) N
Cig = Gip (s11+2 s15),

Cip’ = Gi7) (s1, - s1), 3)
CSy = Gy’ sua
In this notation the spin-lattice Hamiltonian of Eq.
(2) can be written as

Hg= iy P(03+5 0) - 1 Ci' P 08— 1 Cip P

X(0§ =17 0%) + $C2 P Oi(s) + 5 C¥ P 0%(s),
(4)
and the shifts for H, parallel to the three directions
[001], [110], and [111] are obtained from the formu-
las in Refs. 5 and 14.

In Figs. 1 and 2 we show the experimental shifts
for Gd* in ThO, at 290 °K and P= -1 dyn/cm? (P is
negative because the crystal is compressed in the
experiments) for H, parallel to [001] and [111],
respectively, together with the calculated contribu-
tions coming from each term of the spin-lattice
Hamiltonian. Similar agreement was found for H,
1{170]. The same measurements were performed
for Gd** in ThO, and CeO, at different temperatures
between 4 and 360 °K. The values obtained for the
spin~lattice coefficients in both crystals at room
temperature are given in Table I; the second-order

(a) 500 167 333 333 167 5.00
4 kb | 44 b
(b) 846 508 423 423 508 8.46
4 4 | bRk
(c) 366 220 183 183 220 366
4 44 | bRk
TOTAL17.12 561 273 273 561 1712
4 44 | bbb
EXPT. 171 56 27 27 56 171
1/2 «3/2 “1/2€1/2  -3/2¢-1/2

-7/2€-5/2 3/265/2 -5/2e-3/2 5/2<7/2

FIG. 1. Shifts of the EPR lines of ThO,: Gd** for
PII[110] and H,ll{001] corresponding to a compression of
P=-1dyn/cm’at 290 °K. (a) Second-order tetragonal con-
tribution, (b) fourth-order hydrostatic contribution, (c)
fourth-order tetragonal contribution; the total calculated
shifts and the measured values are shown in the last two
lines. The shifts were calculated with the values of the
spin-lattice coefficients given in Table I and are in units
of 10" em~1/(dyn/cm?).
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5
(4)19.05 635 1270 1270 635 19.05
P4 b4
(b)5.64 338 282 282 338 5.64
4 44 bR b
(c) 336 202 168 168 202 3.36
4 44 "
TOTAL 1005 M1.75 1720 1720 175 10.05
b4 b d
EXPT 100 1.8 172 172 118 100
1/2 ©-3/2 1/2 «-1/2 3/2 & 1/2

7/2 © 5/2-3/2 < -5/2 5/2 ©3/2 -5/2 /2

FIG. 2. Shifts (lf the EPR lines of ThO,: Gd* for
P1I[110] and Hyll [111] corresponding to a compression of
P=—1 dyn/cm?® at 290°K. (a) Second-order trigonal con-
tribution, (b) fourth-order hydrostatic contribution, (c)
fourth-order trigonal contribution; the total calculated
shifts and the measured values are shown in the last two
lines. The shifts were calculated with the values of the
spin-lattice coefficients given in Table I and are in units
of 1071 cm™/(dyn/cm?).

coefficients C{2’ and C{? in both crystals are given
in Figs. 3 and 4 as a function of temperature, The
fourth-order coefficients are constant, within the
experimental errors, between 4 and 360 °K and are
given in Table I. The errors indicated in the mea-
surement of the shifts of the lines were obtained
from the dispersion of the data; from these values
and the system of equations which give the shifts
of the lines for different orientations of H, as a
function of P and the spin-lattice coefficients, we
obtained the errors given in Table I and Figs. 3 and
4; any systematic error (orientation of P and H,,
changes of position of the sample when stressed,
errors due tofriction of the push-rod which transmit
the force P to the sample, etc.) is smaller than
those given there.

No change of the gyromagnetic factor g of Gd*
in either crystal was detected in our experiments.

IV. DISCUSSION

It is useful to have the values of the spin-lattice
coefficients related to strain G{ defined in Egs.
(3). Since the elastic constants at the position of
the impurity are not known, it is necessary to as-
sume that they are not much different than those of

00+ 4
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FIG. 3. Temperature dependence of the second-order
tetragonal spin-lattice coefficient Cég) of Gd* in ThO, and
CeOy. The solid line is obtained by a least-squares fit
of Eq. (6) with the experimental data,

the bulk crystal and we must use these values. The
elastic constants of ThO, have been measured by
Macedo ef al.'® at room temperature, but no data
seem to exist for CeO,; using these values'® we
calculated the spin-lattice coefficients related to
strain for Gd* in ThO, at room temperature. These
coefficients are given in Table II.

A. Second-Order Spin-Lattice Coefficients

There is not a general theory which could
explain the values of these coefficients; the mech-
anism proposed by Blume and Orbach® for Mn?*
in MgO, which gave some contribution to the
trigonal coefficient G2 of Gd** in CaF,,” cannot
be applied to the study of Gd** in ThO, and CeO,
because optical data for Gd** in these lattices do
not exist. However, it is interesting to note that
the values of C{2and C%’ are notably different for
Gd3* in ThO, and CeO,; this fact is surprising in
view of the similarity between these isomorphous
lattices (the lattice parameter is a=5.411 A for
CeO, and 5. 600 A for ThO,).

We discuss briefly the temperature dependence
of the second-order coefficients. Contributions
arising from the thermal expansion of the crystal

TABLE I. Values of the second- and fourth-order spin-lattice coefficients related to stress of Gd* in ThO, and CeO,
measured at 290 °K (units in cm/dyn).

1otc{® 1otc® 10t6c{® 10ty 10t
ThO, —1.11£0.06 ~6.35+0.10 0.70+0. 05 -1.2£0.2 5.0£0.7
CeOy —8.7x0,2 1.0+0.2 0,80+0,07 -1.,0+0.3 6.5+0,7
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FIG. 4. Temperature dependence of the second~order
trigonal spin-lattice coefficient C{2’ of Gd** in ThO, and
CeO,. The solid line is obtained by a least-squares fit
of Eq. (6) with the experimental data,

cannot explain the observed large changes of the
coefficients,

Unfortunately, there are nodata on the temperature
variation of the elastic constants of ThO, and CeO,
and we cannot estimate the contribution of this effect
to the spin-lattice coefficients, However, in view
of the data existing for other cubic crystals and the
observed variation with temperature of the Young
modulus of ThO,, ® it should not account for more
than 5% of the changes of the coefficients, There
will be some contribution only for C§2’ measured
in the CeO, crystal; in this case about one-third
of the measured temperature dependence could be
justified by the changes of the elastic constants
with temperature, and if this contribution is sub-
tracted, the slope of the curve would be the same
as that for C§2’ of Gd* in ThO,.

We conclude then that the temperature variation
of the second-order spin-lattice coefficients reported
in this work is mainly due to the coupling of the
ions with the lattice vibrations.

The temperature variation of a parameter C due
to the coupling of the ion with the crystal vibrations
through the orbit-lattice interaction could be written
as

TABLE II. Values of the second- and fourth-order
spin-lattice coefficients related to strain of Gd* in ThO,
measured at 290°K. (Units in cm™t,)

G =(-2.9+0.2)x107 G =(=5.1+0,1)x107
3& 5¢

G =(=3.140.6)x10" G’ =(4.0£0,6) x 107

G{%=(4.1£0.3)x 10
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TABLE III. Values of the constants Cézg) (RL), ngg)(RL),
Kézg), and ngg) obtained by a least-squares fit of the ex-
perimental data with Eq. (6) for @=1x10" sec!. C{¥(RL)
and C{2(R1) are in units of 10" em/dyn.

C§P(RL) K CEARL) K
ThO, -0.51+0,02 —0,079+0,003 —9.25+0,.10 0,38 0,01
CeO,y —-7.50+0,03 -0.153+0,005 —1,214+0,03 0.292 1+ 0.005
{02
C(T)=Cg+C (@%, (5)

where Cg;, is the value of C for a rigid lattice,
(QZ) is the thermal average over different normal
modes of the square of the vibration amplitude, and
C’ depends on the strength of the interaction.
Several approaches could be taken for the calcula-
tion of (@®. In our case, assuming that the coupling
of the ion with the lattice vibrations involves mech-
anisms inside the f7 configuration, only even-sym-
metry modes of the cube of oxygen ligands would
contribute to (@%). There are factors from 15 to 9
between the masses of the metal ions Th**, Ce**,
and Gd* and the oxygens, and to assume an Einstein
model for the vibrations of the oxygens is a good
approximation,!” Then Eq. (5) can be written as

C(T) = Cgy, + K coth (7w /2R T) | 6)

where w is the assumed single vibrational frequency
of the oxygens and K is a numerical constant, Us-
ing a least-squares analysis we obtained a good fit
of our experimental data to Eq. (6) supposing that
w=1x10" sec™, This value of w is reasonable in
view of the values reported by Willis!” and Ali and
Nagels. !® The values of the spin-lattice coefficients
corresponding to a rigid lattice Cy;, and the constant
K which depends on its temperature variation for
Gd?* in ThO, and CeO, are given in Table III.

We propose a mechanism involving the spin-orbit
interaction Vgo in second order, the orbit-lattice
interaction V5, modulated by the crystal vibrations
in second order, together with the axial crystal-
line field V,, introduced by the deformation which
would contribute to the observed temperature vari-
ation of the spin-lattice coefficients. If we write

VOL= iZ) Vl,o: Qi,a )
,a

where @;,, are the normal modes of the crystal
and V; , are operators acting on the wave functions
of the paramagnetic ion, the mechanism could be
schematically represented by

iZi; (®Sq; 2| Voo | STa)(ETa| Vi | ST, XGT, | Vi

.

;’I‘r’ >
LT

ST 8Ty Voo |%S0/2) Qe Qiryar
(7

X(jslrrt ! Vi’,a'
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where |%,,,) are the ground-state wave functions
of the Gd* ion and |81, ) are the excited states
obtained from the spin sextuplets of the 7 con-
figuration which are eigenfunctions of the cubic
crystalline field and transform like the I, irreduc-
ible representation of O,. A detailed calculation
of the mechanism proposed in Eq. (7) is a formi-
dable problem, but it is easily seen that a result
similar to that proposed in Eq. (5) could be derived
from Eq. (7) for its vibrational part.

The thermal average at a given temperature is
proportional to

<Qi.a Qi’,a' >= éi.i' Ga,a'<Q1g,a>

because of the incoherence of different normal
modes of the crystal.

B. Fourth-Order Spin-Lattice Coefficients

Since no temperature variation has been ob-
served for the fourth-order spin-lattice coefficients
of Gd* in ThO, and CeO, we give only the values
obtained at 290 °K in Tables I and II. The values
measured at other temperatures agree within the
experimental errors.

The strain coefficient related to a hydrostatic
deformation G{2’ gives the variation of the cubic
field parameter with the lattice parameter a. From
Eq. (2) the following is obtained®:

@) _a dB,

G =3 (®)

where B, is the cubic field parameter. dB,/da has
been measured by Hurren et al.'® for Eu® (iso-
electronic with Gd*) in CaF,, SrF,, and BaF, by
hydrostatic stress experiments. Our value of
G{® for Gd* in ThO, has the same magnitude that
was obtained from their data using Eq. (8).

It is interesting to note that the positive sign ob-
tained for G{*’ indicates that the cubic field param-
eter B, decreases when the lattice parameter is
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increased, as expected from a simple point-charge
model for the crystalline field.

Data on the temperature dependence of B, for
Gd** in ThO, have been reported by Marshall?’ and
Abraham and Boatner.® From Marshall’s data
we found

db, _ 1  db,
dT 60 dT

at room temperature. The contribution from the
thermal expansion to this temperature variation is

dB, _ )
( dT )TE— 3(IG1A, ’

=1.26x10% ecm™/°K (9)

where « is the linear expansion coefficient. From
our value of G{#’ for Gd** in ThO, and the value a
(298 °K) = 0. 843x 107 °K™! given by Hoch and Momin®
it is found that

(”ﬁ) =1.03x10% em™/°K . (10)
aT /g

The difference between the values given in Egs.

(9) and (10) is consistent with the uncertainties in-
volved in the estimation and it is concluded that the
temperature variation of the cubic field parameter
of Gd** is mainly due to the thermal expansion of
the crystal. No other conclusion can be made at
this moment about the values of the fourth-order
spin-lattice coefficients and it remains for future
theoretical work to describe the mechanisms con-
tributing to these values.
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The 'V NMR in several V-based alloys with 3d, 4d, and 5d transition metals, and in dilute
solid solutions of O and N in V, was used to study quadrupolar effects due to alloying. The
results show these effects to be several times smaller for transition-metal (substitutional)
solutes than for interstitial O and N in V. The solute dependence suggests that the field gra-
dients around substitutional atoms arise mainly in response to local lattice distortion rather

than to the shielding of the excess charge of the solute.

A line-shape simulation based on an

773 radial dependence of ¢ produces good agreement with the observed absorption spectra.

The all-or-nothing wipeout model, when applied to the interstitial alloys, yields wipeout num-~
bers n;=126+7 for N in V, and n;=194+12 for O in V. The observed magnitude of the effec-
tive field gradients in V-based alloys is believed to result from a partial cancellation of the
Sternheimer antishielding tendency by the overshielding effect of a large density of states near

the Fermi level at the V atoms.

I. INTRODUCTION

Since the early work of Drain! it has been known
that the nuclear-quadrupole interaction has a rel-
atively small effect on the 'V NMR in vanadium
metal and V-based alloy systems. The spin of *'V
is %, and its electric-quadrupole moment is ~ 0. 05,
b, 2 about one-third the value for 27A1, ®Cu, and
8Cu, nontransition metals on which alloy studies
have been previously made. For some alloys the
decrease with solute concentration of the observable
resonance intensity has been interpreted in terms
of an all-or-nothing quadrupolar wipeout model® to
yield an effective first-order (satellite) wipeout
number n,, For the ?’Al NMR in Al:Cu, #n, ~170,*
while 3d-transition-metal solutes in Al, because
of the presence of resonant (= 2) conduction-elec-
tron scattering,’ cause even larger wipeout: #,
("Al) for Fe or Mn in Al is about 800.* In all of
these cases, the spectrum is also affected to second
order in the quadrupolar interaction €*¢Q/k and is
essentially unobservable at higher solute concentra-
tions.

By contrast, the 'V NMR has been observed at
all solute concentrations at least in the cubic phases,
and where no magnetic interactions exist, in V-Ti,%"
V-Cr,!® V-Mn, 1 y-Fe, 112 V-Co, ! V-Ni, ! and

also in V-Nb, ¥ V-Te, '1*15 y-Ry, 16 and V-Al1. 1"

In none of these cases does the peak-to-peak NMR
intensity per V nucleus seem to be reduced more
than an order of magnitude from that of pure-V
metal. In the interstitial S-VH (V lattice body-
centered tetragonal, c¢/a21.10'), not even first-
order distortion could be observed at room tem-
perature.® A detailed study of the effects of al-
loying on the NMR line shape in V-Mn has been re-
ported by von Meerwall and Schreiber,® Their
findings, as they pertain to the quadrupolar distor-
tions of the vanadium resonance, may be summarized
as follows:

(a) There is a first-order wipeout effect of the
peak-to-peak intensity, complete by about 15-at.%
Mn in V (z, = 36), but there is no second-order
broadening above 4 kOe at any concentration.

(b) The satellite intensity is removed symmet-
rically from the line center, but remains close to
it. There is no discernible structure in the wings.
Upward of 90% of the total expected intensity re-
mains within + 120 kHz of the center. The peak-to-
peak width decreases slightly from pure V to 1. 5-
at.% Mn in V, and remains nearly constant to well
above 15-at. % Mn in V,

(c) The electric field gradients remain below
about 10** cm™® even at the V nuclei nearest to a Mn



