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Mdssbauer absorption spectra have been observed for Fe,B from 290 to 1175 °K, A change
in the electric quadrupole interaction was observed from 460 to 480 °K and interpreted as a

result of the rotation of the easy axis of magnetization as a function of temperature.

The ef-

fective magnetic hyperfine field as a function of temperature is found to be described by (1 — 7/
Tc)Bin the range defined by 1,2x103=1 =T/Te=TX 10-'for $=0.32+0.01. A discontinuity
in the isomer shift of 0.018+0.010 mm/sec was found across the ferromagnetic transition.

I. INTRODUCTION

Metallic borides of iron are part of the group of
refractory hard metals consisting of the carbides,
nitrides, borides, and sulfides. Their physical and
chemical properties have been studied extensively
by Weiss and Forrer! and Higg in the 1930°s*® and
by Kiessling in the late 1940’s and early 1950’s.%°

More recently the iron borides have drawn inter-
est in many areas of research. These compounds
range from Fe;B®to FeB,, where # is 95 at. %.”
FeB as well as other monoborides have been studied
by Lundquist and Meyers, ® Cooper et al., ® and
others.

Fe,B is the subject of this study. It is known to
have a body-centered-tetragonal (CuAl,-type) struc-
ture which is common to the metal borides with the
general formula M,B.% Its lattice constants taken
from x-ray crystallographic data are a=5. 109 A
and ¢=4.249 A.1°

The first studies of the ferromagnetic character-
istics of Fe,B were saturation magnetization mea-
surements by Weiss and Forrer in 1929. More re-
cent investigations by Cadeville and Daniel** and
Cadeville and Meyer'? have led to a determination
of the Curie temperature of 1015 °’K. Both nuclear-
magnetic-resonance!® * and M&ssbauer-effect mea-
surements® !*=® have been applied to the iron-boron
compounds. The results of the MOssbauer-effect
investigations are summarized in Table I.

Bernas and Campbell!® examined room-tempera-
ture Md&ssbauer spectra of FeCo (0 and 3 at.% V)
and Fe,B (0, 2, and 10 at.% Mn) in an attempt to
determine the contribution to the hyperfine field of
iron by the conduction-electron polarization. Their
approach stemmed from the empirical evidence of
the occurrence of what was termed “low-field satel-
lites” when any impurity was introduced which
lowered the saturation magnetization of the host.
They concluded that conduction-electron polariza-
tion plays little part in the hyperfine structure of
the interstitial compound Fe,B. Also, a broaden-
ing of the high-energy lines of Fe,B spectra was
observed which they suggested was due to the elec-

1

tric quadrupole interactions in two inequivalent
sites.

Weisman et a performed nuclear-magnetic-
resonance and M6ssbauer-effect experiments on
Fe,B and Fe,Zr. The MOssbauer spectra were
taken at 298, 77, and 4.2 °K and showed an asym-
metry. They proposed that the asymmetry was due
to an anisotropic magnetic hyperfine interaction
similar to that studied in Fe,Zr by Wertheim et a
and Gegenwarth ef al. %! Fe,Zr has an easy axis of
magnetization which results in two magnetically in-
equivalent iron sites having a 3-to-1 population
ratio. In the absence of a magnetic field, the iron
sites in Fe,Zr as well as in Fe,B are crystallo-
graphically equivalent. However, in the case of
Fe,B, the existence of a magnetic axis in the ¢
plane can result in equal numbers of two inequiva-
lent iron positions. Their data were least-squares
fitted, assuming two independent six-line hyper-
fine-field patterns and the results have been given
in Table I and labeled sites A and B. The differ-
ence in the magnetic fields at the iron sites was
about 3%.

The magnetocrystalline anisotropy of a single
crystal of Fe,B was directly measured by Iga
et al.?® using a torque magnetometer. The sample
crystal was a disk 2.5 mm in diameter and 0. 35
mm thick. The disk plane included both the g and
c axes. The easy axis of magnetization was found
to change continuously as a function of temperature
from its position in the ¢ plane to along the ¢ axis.
This change occurred over the temperature range
518-524 °K. This indicates that one might expect
the anisotropic electric quadrupole hyperfine inter-
actions in Fe,B to be temperature dependent and
that this could be observed using M&ssbauer tech-
niques. Also, the existence of the magnetization
axis in a direction along the ¢ axis results in the
equivalence of all iron sites; thus the asymmetry
observed in the room-temperature Mossbauer
spectra would be expected to disappear at tempera-
tures exceeding this point.

Also of interest is the temperature dependence
of the relative magnetization. Jeffries and Hersh-
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TABLE I. Summary of Mdssbauer-effect data of iron boride compounds.
Hyperfine Quadrupole Isomer Temperature
Compound field (kOe) interaction (mm/sec) shift* (mm/sec) (°K) Ref.
Fe,B 242+ 10 <0.1 0.25+ 0,1 300 b
Fe,B 242 0.16 300 c
FeB 118 0.28 300 c
FeB 131 0.217+ 0,008 298 d
FeB 0 0.092+ 0,007 622 d
Fe 0.273 0.362 300 e
(1 at.%B to 1.45 to 1.161 300 e
FeyB
Site A 240 + 2 0.05+ 0.02 0.17+£0.05 298 f
Site B 232+ 2 0.01+0,02 0.17+0.05 298 f
Site A 253+ 2 0.05+0.02 0.22+0.05 i f
Site B 243+ 2 0.0 +0.02 Vi f
Site A 252+ 2 0.05+0.02 0.23+0.05 4.2 f
Site B 244+ 2 0.01+0.02 4.2 f

#Relative to iron.
PReference 15.

kowitz'® determined that in FeB the magnetic
hyperfine field could be described over the region
4x10*<1-T/Ty<1.3x10" by the expression (1
- T/T.)®, where 5=0.545+0.010 and 7.=597 °K.
Since the models describing the monoborides and
semiborides are similar, ® it is of interest to in-
vestigate the temperature dependence of the rela-
tive magnetization in Fe,B.

II. EQUIPMENT AND EXPERIMENTAL PROCEDURE
A. Properties of Fe, B

Fe,B is a refractory hard-metal compound which
displays metallic properties characteristic of such
compounds. Some of its properties have already
been discussed. It has a body-centered-tetragonal
CuAl,-type (C-16) crystal structure, It has lattice
constants of a=5.109 A and c=4.249 &, with ¢/a
=0.832, and a density of 7.0 g/cm3.'® The 11
nearest iron neighbors of a typical iron atom are
as follows: The closest is at 2.41 A, two atoms
are 2.44 A distant, four sites are 2.69 A away,
and the farthest removed are the four sites at 2.72
A. Each iron atom has twofold symmetry about
one plane parallel to the ¢ plane and one plane
perpendicular to the ¢ plane. Fe,B is ferromagnet-
ic with a magnetic moment of about 1.9u, per iron
ion at 20 °K. Its Curie temperature is about
1015 °K. 12

B. Absorbers

Experiments were performed using both Fe,B
powder samples made at the University of Iowa with
the facilities of the Department of Chemistry and
commercial Fe,B. The noncommercial samples
were prepared using electrolytic iron and isotopi-
cally enriched B powder. It was necessary to
grind the iron to a powder (about 100 mesh). Ap-

°Reference 9.
dReference 16.

®Reference 17.
fReference 18.

propriate amounts of the iron and boron powder
were weighed out and mixed as uniformly as pos-
sible. Then the mixture was pressed into a disk
shape using a 60-ton hydraulic press. The disk-
shaped sample was placed in an alumina crucible
and heated to approximately 2000 °C in a radio-
frequency induction furnace. The sample was then
removed and ground to 300 mesh. Debye-Scherrer
x-ray powder patterns were taken of all samples
made to ensure their singularity of composition.
The results of all powder-pattern measurements
were in agreement, to within +0.001 A, with pub-
lished lattice parameters.

Some difficulties were encountered in maintain-
ing stable samples at temperatures near or above
the Curie temperature of 1015 °K. The samples
were gradually reduced, with the subsequent ap-
pearance of free iron as an impurity. Various
methods of sample containment and isolation were
tried, all of which succeeded in lowering the rate
of the sample reduction; however, none completely

eliminated the problem. Of the techniques tried,

two were used with relative success for these ex-
periments. The first of these methods involved
sandwiching the powder sample between two quartz
sheets each approximately 0.5 in. square and
0.005 in. thick. The edges were cemented in a
helium atmosphere with Aremco 505 alumina ce-
ment. This prevented trapping any water vapor.
The sheets were ground from quartz glass using a
geological vacuum-chuck grinder and the thickness
gauged with a micrometer caliper. The disadvan-
tage of this technique was that the quartz sandwich
attenuated the 14.4-keV-source y rays to such an
extent that with a relatively thick powder sample
the running time necessary to achieve MGssbauer
spectra whose depths were greater than ten stan-
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dard deviations was unreasonable (greater than 48
h). The second and preferred method employed
the alumina cement as the only supporting medium.
Since the castings were somewhat porous, a film
of SiO was evaporated onto both sides of a sample
disk. The film thickness was estimated to be ap-
proximately 1 mg/cm?. Absorbers made in this
fashion yielded attenuation of the 14.4-keV-source
v rays of typically less than 25%. This allowed
count rates within the window of the single-channel
analyzer of usually 200 counts/sec or greater with
shields and oven vacuum jackets in place. The sig-
nal-to-signal-plus-noise ratio was typically 0.7.

C. Apparatus

The experimental configuration consisted of a
conventional MGssbauer spectrometer. The radio-
active source mounted to the constant-acceleration
drive was *'Co in a copper matrix. This drive was
operated in conjunction with a multichannel analyzer
and a proportional counter. A general description
of this configuration has been given elsewhere. ®

Velocity calibrations of the MGssbauer drive were
obtained both from *’Fe-metal-absorber Mssbauer
spectra® and by using laser interferometry. The
resulting calibrations proved to be consistent to
within 1. 0%.

The absorbers were contained in an electrically
heated vacuum oven capable of obtaining tempera-
tures of 1270 °K with a power input of approximately

25

Fig. 1. The oven was constructed at the University
of Iowa and consisted of an aluminum vacuum jacket
with 0.010-in. -thick beryllium windows, four in-
terior titanium thermal-radiation shields, and cast-
ceramic heater coils and absorber holder. Typical-
ly, temperatures in the range of 1000 °K could be
maintained to within + 0.5 °K. The measuring ther-
mocouples were 0, 015-in. -diam chromel-P—
alumel. Control was accomplished either by a pro-
portional controller or by manually varying the
heater voltage.

III. DATA

Data were acquired from room temperature to
approximately 1175 °K. The data can be classed in-
to three regions of differing characteristics. The
first region is characterized by a large relative
magnetic hyperfine splitting and small electric
quadrupole perturbation. The second region in-
volves mixed magnetic and electric quadrupole
hyperfine interactions of comparable magnitude.
The final region is one of zero internal magnetic
field with only electric quadrupole interactions pres-
ent. Figure 2 illustrates spectra representing data
taken within each of these three regions.

The Hamiltonian describing the high-magnetic-
field region (region 1) is derived by Abragam. ?°
In this region the energy states are determined by
the magnetic hyperfine interaction and the electric
quadrupole interaction is treated as a weak pertur-

170 W. A schematic representation is shown in bation. The splitting of the energy levels can be
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FIG. 1.

Cutaway view of Mossbauer spectrometer apparatus including high-temperature vacuum oven.
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00 n=(Vy = Vyy VAR
20t I :
B Then 6 and & are the polar angles defining the di-
40r rection of the z axis with respect to H.
60 n Fitting in this region was done using both 12-
8oL ] and 6-line routines. The 12-line fits were two
superimposed 6-line hyperfine patterns of either
100~ N Lorentzian or arctangent intensity shapes?® whose
- linewidths, intensity ratios, and isomer shifts were
Y Y T NPTy mvyous constrained to be equal. The effective hyperfine
field and the electric quadrupole perturbation which
determined the line positions were allowed to vary

- independently for each six-line hyperfine-field pat-

g 00+ X — tern. In the six-line fitting routines, the widths of

% lines 1 and 6, 2 and 5, and 3 and 4 were allowed to

2 20 n vary independent of each other, where the line

;‘_ T=I0R8°K numbers signify the relative line positions on an

g 40 N energy scale, 1 being the lowest-energy position

e and 6 being the highest-energy position.

y 8o B Region 3, the zero-effective-hyperfine-field
region, is similarly easy to analyze. The Ham-
iltonian describing this region is also given by
Abragam.? The energy eigenvalues can be written

2
00 |- . EQ=4—-I(%I‘I_Q—1) [8m§ — 11 +1)] (1 + 50®)'/3,
20 T=1035°K where the parameters are as defined previously.
40 - 7 It should be noted that the sign of the quadrupole
60 - coupling is not obtained from a measurement on a
80 |- | polycrystalline (powder) specimen when the only
’ L 'l L interaction present is the electric quadrupoie. In

-15 -10 -05 00+05 +.0 +l5
VELOCITY ( mm/sec)

FIG. 2. Mossbauer spectra representative of Fe,B
data. Solid lines are least-squares fits to the data un-
corrected for the signal-to-noise ratio.

written
AE=-mgrH+e, ,

where

€m =§—I(%2Iq_?-1—)- [8m? - I(I+1)]

x(3 cos?0 — 1 +7 sin®0 cos 2&),

where I is the nuclear spin, g; is the nuclear gyro-
magnetic ratio, and H is the effective internal mag-
netic field at the nucleus. The expression e%Q is
the conventional notation for the electric quadrupole
interaction. The axes are the principal axes of the
electric-field-gradient tensor and are chosen such
that

|Vulzlvyy!2lvxxl ’

and 7 is the asymmetry parameter defined by

this case the widths and intensities were also con-
strained to be equal. Attempts were made to fit
the data with two pairs of split lines whose electric
quadrupole coupling parameters were allowed to
vary independently. However, this did not improve
the fit.

The data in region 2 were the most difficult to
reduce for two reasons. For this case there is no
closed form solution. The problem relies on solv-
ing the complete interaction Hamiltonian which can
be written®®

H=H,+H,,

where

. 4Q 15 -
H°_41(21__1) [812-1(1+1)+n(12-12)]

and

H,=-guy H[I, cosf + (I, cosd + I,sin®) sinf],

where the z axis is the direction of the z compo-
enent of the electric field gradient, and I,, I, I, are
the matrices of the angular momentum operator.
The other parameters have been defined previ-
ously. Numerical solutions of this problem have
been given by Parker?” and others.
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FIG. 3. Least-squares linear fit to the electric quad-

rupole interaction versus temperature in the region
above the ferromagnetic Curie temperature.

An additional problem is that for the Fe,B sam-
ples that were studied the linewidth is comparable
to both hyperfine interactions in region 2. As the
ferromagnetic Curie temperature is approached,
the lines collapse on top of each other and the res-
olution becomes such that the lines can no longer
be accurately analyzed. In this range, which for
this experiment was 1000 °K, or 15 °K below the
transition, to the transition temperature 7., the
information obtainable from the Mdssbauer spectra
was minimal. However, the width of the absorption
envelope was used to accurately determine the
Curie temperature 7.

Basically two approaches were followed in reduc-
ing the MOssbauer spectra in this region. The
first approach follows the procedure employed by
Jeffries and Hershkowitz.® It involves making the
assumptions of a temperature-independent electric
field gradient that is axially symmetric, and the
existence at each iron nucleus of a unique electric
field gradient and magnetic hyperfine field. The
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crystal structure of Fe,B does not have the neces-
sary symmetry properties to require the existence
of an axially symmetric electric field gradient;
however, from the analysis of the data this as-
sumption does not appear to be grossly incorrect.
The value of the electric quadrupole interaction
obtained for this experiment in the region of zero
magnetic hyperfine field (7> T,) was

1 €24Q=0.20+0.022 mm/sec

(see Fig. 3).

The value obtained in the region where H> 160
kOe and above T'=490 °K, where the effects of the
rotation of the easy axis of magnetization were ob-
served, was

1 ¢#qQ[3(3 cos? —1)]=~-0.037+ 0. 003 mm/sec

(see Fig. 4).
mately 63°.
The intermediate data were then fitted so as to
be consistent with the numerical calculations of
Parker for that value of 4.

The second approach to reducing the data in re-
gion 2 involved the procedure described by
Kiindig. ® This procedure does not necessitate the
assumption of a temperature-independent axially
symmetric electric field gradient. However, sat-
isfactory fits for the data in this region were ob-
tainable assuming n=0. This allowed a minimum
number of fitting parameters and lessened the pos-
sibilities of ambiguous results. In this routine the
six-line positions were free parameters as well as
the intensities. The widths were constrained to be
equal. The initial-fit parameters were taken from
the fits following the previously described approach.
The combined use of both approaches led to a con-
sistent interpretation of the data of this tempera-

This yielded a value of 9 of approxi-
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ture region, )

The parameters of interest determined from the
reduction of the MOssbauer absorption spectra in-
clude the electric quadrupole interaction, effective
internal magnetic hyperfine field, and isomer shift.
The results were obtained from a total of 78 MGss-
bauer absorption spectra taken on different Fe,B-
powder-absorber samples. The error bars were
determined from the computer calculations via the
error-matrix routine. The graphs also include the
results obtained using both arctangent and Lorent-
zian distributions. Only one value is plotted for
both results unless they differed by an amount
greater than the statistical-fit error as determined
from the error-matrix calculations. The ferro-
magnetic Curie temperature of each of the samples
was obtained relative to the temperature scales of
the corresponding thermocouples used for each
sample. Five different thermocouple configura-
tions were used during this experiment. The spec-
tra from the region of the Curie temperature and
above were fitted with two single lines with fixed
widths. The Curie temperature was determined
as the temperature at which the displacement of
the two lines relative to each other remains con-
stant as a function of the temperature. In this
manner T could be determined to within+ 1.5 °K.
All of the temperature scales corresponding to the
various thermocouple configurations were adjusted
such that the determined Curie temperatures were
equal. ‘

1V. RESULTS AND DISCUSSION

The results of this experiment have led to the ob-
servation of two principal phenomena of interest.
The first was a significant change in the electric
quadrupole interaction as a function of temperature
and the second was the temperature dependence of
the effective internal magnetic hyperfine field. In
addition, the temperature dependence of the iso-
mer shift was observed.

The results of the Mdssbauer spectra of Fe,B
show a large change in the electric quadrupole per-
turbation interaction energy that occurs at approxi-
mately 470 °K, which is shown in Fig. 4. Both the
6- and the 12-line-fit results indicate the same
phenomena, although the latter has a considerably
greater amount of scatter. Also the hyperfine
fields of the two superimposed 6-line (12-line) fits
become equivalent to within the statistical error
above this temperature region. This is evidence
that the iron sites are equivalent and that the easy
axis does indeed lie along the ¢ axis.

The transition region is seen to extend from ap-
proximately 460 to 480 °’K. Notice that the electric
quadrupole interaction energy changes sign and goes
through zero as indicated by the data point at

|3

471 °K. A least-squares straight-line fit to the
six-~line results gives a value of the interaction
energy just below the transition region of +0. 0246
+0.001 mm/sec and just above the transition region
—0.037+0.003 mm/sec. The 12-line results ob-
tained were in agreement with the results of previ-
ous authors with similarly large statistical uncer-
tainty. The phenomenon observed could be a result
of a change in the electric field gradient or could
result from the 6 or & dependence, that is, a change
in the orientation of the easy axis of magnetization
relative to the principal axes of the electric-field-
gradient tensor.

The most probable cause of the change of sign of
the electric quadrupole interaction is a change in
the easy axis of magnetization as a function of tem-
perature with the magnetization along the easy axis.
This view is supported by the observations of Iga??
in a thin crystal of Fe,B. He observed that, con-
strained by his sample geometry, the easy axis of
magnetization rotated from the ¢ plane to a direc-
tion along the caxis as a function of temperature.
The transition occurred within the temperature
range 518-524 °K, which is a 6 °K interval. This
is approximately 50 °K higher than the temperature
at which the electric quadrupole interaction energy
shifts as observed in the present experiment. The
size of the transition-temperature interval as ob-
served by Iga also compares in order of magnitude
with that observed by the present authors (20 °K).

It is believed that the temperature differences are
the result of differences in the sample system.

The plane of the thin crystals of Iga?? contained the
a and ¢ crystal axes. This results in a crystalline
anisotropy not present in the polycrystalline sam-
ple. It is believed that this difference in the geo-
metrical constraints of the sample systems could
account for the differences in the temperature char-
acteristics of the transition.

The least-squares fit of the electric quadrupole
interaction to a straight line below the transition
results in a room-temperature value of 0. 0245
+0.005 mm/sec. This should be compared to the
literature values taken from Table I. A linear
least-squares fit was also performed on the data
above the ferromagnetic Curie temperature, which
is shown in Fig. 3. This yielded a value of 0. 200
+0.022 mm/sec. This result is only slightly de-
pendent on temperature. This temperature depen-
dence can be accounted for by the thermal expansion
of the crystal. The results obtained for the spectra
fits above the Curie temperature were corrected
for the error introduced owing to the line overlap
of the unresolved spectra according to Wender and
Hershkowitz. 28

The second major phenomenon of interest in this
experiment was the temperature dependence of the
effective internal magnetic hyperfine field. A rough
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FIG. 5. Effective internal magnetic
hyperfine field as a function of temper-
ature for six-line results. The solid ‘
lines represent Brillouin functions for
spins £ and 2.
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approximation was made to the results by a Bril-
louin function. This is shown in Fig. 5. The
closest fit is with a spin of ¥ or 2 and a saturation
field of 238 kOe. The ferromagnetic Curie tempera-
ture of (1015+ 1) °K is a known point which locates
H=0.

It is generally believed that the magnetic hyper-
fine field near the ferromagnetic Curie temperature
can be expressed by

Hx(1-T/T.),

where T is the Curie temperature, T is the data-
point temperature, and g is a constant coefficient.
The value of this coefficient is predicted by differ-
ent theories of ferromagnetism and ranges from

1 to £.% Most experimental values favor %; how-
ever, values larger than 3 have been obtained for
Fe in Ni*® and Fe in YeFeO;.® The straight-line

1000 T T

900 1000

region of the plot of InH versus In(7,-7) has gen-
erally been thought to be small. Jeffries and
Hershkowitz, '® however, have shown that in the
case of the monoboride, FeB, the linear region
was defined by.

4.0x10%*=1-7/T,=1.3x10",

where T,=597 °K for a value of 3=0.545+0.010.

Figure 6 is a graph of InH versus In(7, -~ T) for
the present experiment. A linear least-squares fit
to all the data points is shown. The resultant slope
of the straight-line fit is 0.32+ 0. 01 and extends
over the temperature range defined by

1.2X10%=1-T/T,=7.0%x10",

where T,=1015 °K.
The temperature dependence of the isomer shift
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FIG. 6. A log-log plot of the ef-
fective internal magnetic hyperfine
field versus T¢-T, where T¢
=1015°K. The straight line repre-
sents a least-square fit to the data.
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was also observed. The results given in Fig. 7
show a discontinuity across the ferromagnetic
Curie temperature of 0.018+0.010 mm/sec.
Examination of the isomer-shift results in the tem-
perature region where the electric quadrupole
transition takes place shows no discontinuity which
is greater than the statistical error.

V. CONCLUSIONS

MoOssbauer absorption spectra have been ob-
served for Fe,B polycrystalline samples from room
temperature to 1175 °K, which is approximately
150 °K above the ferromagnetic Curie temperature.
The asymmetry observed by previous investigators
at room temperature becomes negligible above
500 °K. A significant change in the electric quad-
rupole interaction was observed at 471 °K. The
temperature range of the transition was approxi-
mately 20 °K. This transition is explained by the
rotation of the easy axis of magnetization as a
function of temperature from its room-temperature
position in the ¢ plane to the direction along the
¢ axis. The temperature of the electric quadrupole
transition, however, was found to be approximately
50 °K below the temperature at which the easy
axis has been observed to rotate by a previous
author.

The effective internal magnetic hyperfine field
was determined from room temperature to the
ferromagnetic Curie temperature. Its tempera-
ture dependence was found to be approximated by
a Brillouin function of spin £ or 2 and saturation
magnetization of 238kOe. The temperature de-
pendence near the Curie temperature was found to
be described by (1 — T/T)?, where T,=1015°K
and 8=0.32+0.01 for 1.2x10%=<1-7/T, =7.0
x10!. The isomer shift has also been determined
as a function of temperature and shows a discon-
tinuity of 0.018+0.010 mm/sec across the ferro-
magnetic transition.
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A molecular-dynamics experiment is used to derive free-induction-decay curves for a rigid
cubic lattice with 216 classical spins coupled by magnetic dipole interaction. Free-induction-
decay curves are obtained for the magnetic field along the [100], [110], and [111] axes of the
lattice. The shapes of these curves are compared to the shapes derived from the expansion
theory of Gade and Lowe and to the shapes based on Abragam’s trial function. A considerable
difference is found between the predictions of the Gade and Lowe theory and our experiments,
whereas Abragam’s trial functions reproduce the experiments quite well except for long
times. Continuous-wave spectra obtained by Fourier transformation of the free-induction-
decay curves are also reported as well as their first few moments. The moments are in good

agreement with the second and fourth moments given by Van Vleck.

1. INTRODUCTION

The free-induction decay (FID) of the transverse
magnetization in a dipolar-coupled rigid lattice is
a fundamental problem in magnetic resonance and
in the theory of many-body interactions. Until now
no theory has been presented which covers the
diversity of FID experiments. Lowe and Norberg!
(LN) first calculated the FID for a system of iden-
tical particles with spin I=%, obtaining a good
agreement with the FID experiments on CaF, and
with the Fourier transform of Bruce’s® continuous-
wave (cw) spectra, The theory is based on an ex-
pansion procedure which has been challenged®*
since its convergence properties are not known and
since it is not unique.

In 1966 Gade and Lowe® (GL) generalized the LN
theory to arbitrary spin and calculated FID shapes

and cw spectra for a simple cubic (sc) lattice, a
face-centered-cubic (fcc) lattice, and a body-cen-
tered-cubic (bcc) lattice with spin I=%, 1, 3, and
e, Their set of equations (13)~-(16) (hereafter re-
ferred to as GLI) constitute one of the most general
expressions for the FID shapes of a single-ingre-
dient-spin system published until now. Since the
expression GLI is rather complicated, an approxi-
mation is always used in numerical calculations.
We shall refer to this approximation [Eq. (17) in
Ref. 5] as GLII. For spinj GLII is identical to the
LN expansion.

Another theoretical approach is that of Ewans
and Powles® and of Lee, Tse, Goldburg, and
Lowe.” Both groups consider the exchange term
in the truncated dipolar Hamiltonian as a perturba-
tion to the Ising term and use perturbation theory
to obtain the FID. This method has been developed



