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be the natural linewidth.

An upper limit on narrowing due to diffusion
broadening can be inferred from our general ex-
pression

2
)= e,

0u(w) = 5554 (+s+1+(s+1)(s+2)+ .
When a—x g~ 0, the above goes over to
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giving a Lorentzian with natural linewidth. This
is the adiabatic approximation. In the present
model which we have considered, namely, the
Langevin model of diffusion, the satisfaction of
the space-resolution condition does not yield any
additional information regarding the time aspects
of the motion; but if we can consider the atomic
motion in a liquid where such a condition is satis-
fied, then y-ray scattering can yield information
regarding the dynamics of motion in the liquid.

*Presently visiting scientist at the National Physical
Laboratory, New Delhi, India.
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The nuclear quadrupole coupling parameters have been determined at the nonaxially symmet-
ric Fe¥* site in ferric oxychloride by Mdsshauer spectroscopic measurements. This compound
should be suitable for checking theoretical models used to calculate electric field components
and their derivatives in ionic solids. The quadrupole splitting (peak separation) is found to be
0.916 0,001 mm/secc. The x, y, and 2z principal axes of the clectric tield gradient (EFG) are
parallel to the ¢, b, and a crystallographic axes, respectively {(c<a<bd). The EFG asymmetry
parameter is 7=0.32+0,03 and V,, <0, A lattice-sum calculation of the EFG based on the
self-consistent monopole-point Jdipole model can be made to [it the data by suitable adjustment
of the anion polavizabilities; however, the necessary polarizahilities and the Fe® quadrupole
moment which is obtained do not seem entirely satistactory.

1. INTRODUCTION

In recent years, the calculation of electric po-
tentials and potential derivatives at sites in ionic
crystals has usually employed some version of the
self-consistent monopole-point dipole model, =3
Briefly, the model involves the evaluation of mono-

pole contributions by a lattice-sum technique and
the inclusion of dipole contributions by a self-con-
sistent calculation of ionic dipole moments. The
dipole-moment calculation requires independent
knowledge of ionic polarizabilities.

There have been few experimental tests of this
model. The most rigorous of these was a compari-
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son of calculated and experimental electric field-
gradient (EFG) tensors for the two Al and one Be
nuclear sites in the mineral chrysoberyIS; results
were ambiguous. By allowing the oxygen polariz-
ability to be an adjustable parameter, reasonable
agreement could be obtained with most of the data.
However, the required oxygen polarizability of

~ 1 A%is less than half the value determined from
careful analysis of optical data for BeO.*

Electron charge distributions in crystals as de-
termined from x-ray data suggest that multipole
expansions to represent electric potentials probably
should contain terms of higher order than monopole
and dipole. Calculations of the quadrupole contribu-
tions to the EFG tensor at the Fe nuclei in Fe,Oq
also suggest that quadrupole contributions will not
generally be negligible.

It has recently been pointed out™® that significant
contributions to the EFG at the nucleus can be
caused by distortion of closed-shell wave functions
owing to overlap with occupied orbitals on near-
neighbor atoms. While explicit calculations have
so far only been reported for Al* in Al,0, and Fe®*
in Fe,0O4, the effect is probably more general.

Thus, it seems desirable to obtain more data
suitable for checking model calculations. Flinn®
has suggested FeOCl as a compound well suited for
this purpose. Two independent quadrupole coupling
parameters can be evaluated for both the Fe®* and
Cl" sites giving a total of four independent quantities.
Eliminating the quadrupole moment of Fe®’ which
is not too well known still leaves three independent
quantities.

In the present paper, Mossbauer data fixing the
quadrupole coupling parameters at the Fe®* site are
presented. The possible interpretation of the data
in terms of the self-consistent monopole-point model
is discussed.

II. EXPERIMENTAL

Mossbauer spectra were obtained with an auto-
mated mechanical constant-velocity spectrometer
operating in the normal transmission mode; the
spectrometer is described briefly elsewhere. !°
Two sources of resonant Fe®? 14. 4-keV radiation
were used: Co®" in Cu and Co® in a@-Fe. Both
sources and the single-crystal FeOCl absorber were
kept at room temperature (23+1°C).

Crystals of FeOCl were prepared by vapor-phase
reaction; a similar procedure was reported previ-
ously.!' Amounts of Fe,0, and FeCl, appropriate to
make 0.1 mole of FeOCl were sealed in an evacuated
fused silica cylinder (3-in. diam X 6 in. long) and
heated for one week at 450 °C. Thermal gradients
present in the furnace cause crystals of FeOCl to
grow on the coolest part of the glass tube. The
dark-red crystals have a thin bladelike habit with
the crystallographic b axis (c <a <b) perpendicular
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to the platelet and the ¢ axis parallel to the longest
platelet dimension.

A single crystal of sufficient size (2X4X0.01 mm)
to be useful as an absorber was carefully selected.
The crystal surface density, determined by weigh-
ing the crystal on a microbalance and measuring the
surface area with the aid of photographic enlarge-
ment, was found to be 3.51+0.01 mg/cm2 Micro-
scopic examination of the crystal indicated a uni-
form thickness to within the observational accuracy
(~ 10%); because the absorber was very thin, un-
certainty in data.corrections caused by a nonuniform
absorber thickness was negligible.

The crystal was oriented to better than 0.5° by
using Burger precession-camera x-ray -diffraction
photography. The quality of the crystal was ascer-
tained by observations of the Burger precession-
camera diffraction patterns taken at different posi-
tions on the surface and by optical examination with
polarized light.

All MéGssbauer data were obtained with the y-ray
propagation direction K parallel to the crystallo-
graphic b axis. To avoid possible geometrical cor-
rections to the data, a source-to-absorber distance
was chosen so that the maximum deviation of K from
b was <4°, All data were least-squares fit to two
Lorentz line shapes with no constraints; the experi-
mental linewidths varied between 0. 25 and 0. 26
mm/sec. Background corrections of ~ 22% were
made by standard filter techniques. ®

1II. SYMMETRY CONSIDERATIONS

The crystal structure of FeOCl was first deter-
mined by Goldztaub**'!® and recently refined by
Lind.!* Crystals of FeOCl belong to the orthorhom-
bic space group Pmum (D%) with two FeOCl per unit
cell; unit-cell dimensions are a = 3. 780, b=17. 917,
and ¢ =3.302 A. All ions are on twofold special
positions with point symmetry mm. The two Fe®*
ions are on positions b with coordinates (0, v, 3;

L, 7,0). A projection of three cis-[FeCl,0,4]”"
octahedra onto the ab plane is shown in Fig. 1. Ion
positions are given in fractional units along ¢. The
position of the twofold rotation and screw axes which
relate the three sets of twofold sites per unit cell
are indicated. The two mirror planes and diagonal
glide plane are not shown but can easily be dis-
cerned from an inspection of the figure.

The EFG is described by a symmetric second-
rank tensor. This tensor can be diagonalized in a
principal axis system and completely specified by
the diagonal elements (V,,, V,,, V,,) and by the ori-
entation parameters relating the principal axes
(x,y, and z) to the crystal axes.® The diagonal
elements are chosen as |V, I21V,,[12|V,|. Be-
cause the EFG is a traceless tensor, it is customary
to define two independent parameters ¢g=V,,/le| and
the asymmetry parameter n=(V,,~V,,)V;}, where e
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is the electronic charge. The choice of principal
axes limits nto 0< n<1.

The point symmetry mm of the Fe®* site in FeOCl
requires the principal axes of the EFG to be par-
allel to the a, b, and c crystallographic axes but
places no restrictions on 7. Since the EFG is
symmetric with respect to inversion, the principal
axes at both crystallographically equivalent Fe’*
sites per unit cell have identical orientations rela-
tive to the crystal axes; this considerably simpli-
fies the data analysis.

In general, in all but extremely thin single crys-
tals, both polarization and dispersion will affect
Mdsssbauer measurements of relative absorption
intensities. However if only one set of nonmagne-
tically ordered crystallographically equivalent Fe®’
resonant sites exists in the unit cell, the index of
refraction may be diagonalized for any k and dis-
persive effects can be neglected (a proof of this_
point is given in the Appendix). Thus, for any k
in FeOCl at room temperature, only pure absorp-
tion effects need be considered in the data analysis.

IV. MOSSBAUER RESULTS

The room-temperature M&ssbauer parameters
of FeOCl were determined by statistical analysis
of 22 independent spectra. The averaged spectra
and a least-squares fit to two Lorentz line shapes
~are shown in Fig. 2, The quadrupole splitting

AE, and isomer shift 6 observed in FeOCl at 23 °C
(relative to the Co®"~Cu source) and corresponding
error limits® are

AE;=0.916+0. 001 mm/sec,
5=+0.165+0.001 mm/sec.

FIG. 1. Projection of three cis-[FeCl,0,]" octahedra
in FeOCIl onto the ab plane. Ion positions are given in
fractional units of ¢ and positions of rotation axes are
indicated. Data are from Ref. 14.
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FIG. 2. Mdssbauer spectrum obtained with a Co® in
Cu source and single-crystal FeOCl absorber (k ll 5).
Source and absorber were at room temperature (23 °C).
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For Fe®", the energy difference between the two ab-
sorption lines of a pure quadrupole split doublet is

AEq=}e%qQ(1+5m)"/2. (1)

The isomer shift of the Co®’-Cu source relative to
a-Fe (23°C) is —0.222+0. 002 mm/sec.

The analysis of the EFG parameters was similar
to a procedure used previously!®!” and thus only a
brief description will be given here. We define a
dimensionless absorption area A = 24,,,/7fT, where
A, is the experimentally measured absorption
area (after background correction), f is the recoil-
free fraction of the Co®’-Cu source at 23 °C
(f=0.71)18 and T (0. 097135 mm/sec) is the natural
linewidth of the 14.4-keV state.!? The A values and
ratio A4/A, are given in Table I; subscripts 3 and 1
refer to the lower- and higher-energy absorption
lines in the FeOCl spectrum, respectively. Be-
cause the crystal is thin and saturation effects
therefore are small, the A,/A, ratio indicates that
Ve <0 and that V,, 11 b (see Fig. 4, Ref. 20). The
initial value of 17 estimated from these uncorrected
data is 0.28. Saturation corrections were next
applied to the data. For relatively thin absorbers
as in the present case, a useful expression is de-
veloped in Ref. 17, Eq. (21), which for convenience
is reproduced here:

p=A+:(1+a®A%+E (1 +a?+2aYA3

+52ir (1 +at+6a8)A%+. .. (2)
where p is the dimensionless area after correction
for saturation and polarization, and a is the fraction-
al polarization of the absorption line. Expressions
for calculating a with arbitrary EFG parameters
and k are given in Ref. 17. Neglecting polarization
of the absorption lines (a=0) leads to the p3/p? value
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TABLE I. Experimental and corrected data for FeOCl
at23°Candk Il 5.2

Sample thickness (mg/cm?) 3.51 +0.01
Ag 0.171+£0.004
A, 0.327£0.006
Ay/A 0.522+0.006
P}/P] 0.499+0.006
P, 0.186+0.006
P, 0.362%0.007
Py/P; 0.513+0.006
fll@=8.2) 0.50 +0.03

3Experimental uncertainties are 1 standard deviation
of the mean value.

shown in Table I which is consistent with n%=0. 36.
Polarization corrections were applied by calculating
initial @ values based on 7° and iterating the above
expression to convergence. The corrected p;, py,
and py/p, values are given in Table I. The value of
7 consistent with this py/p, ratio is n=0.32+0. 03.
To determine the orientation of V,, in the absorber
ac plane, a linearly polarized Co%" in a-Fe source
(magnetized by a field of H ~ 0.5 kOe in the a-Fe
foil plane) was used in a manner similar to that
employed earlier by Johnson et al.?' Spectra ob-
tained with this source and the single-crystal ab-
sorber oriented so that H J.k k15 and Hyllaand Il ¢
are shown in Figs. 3(a) and 3(b) respectlvely _
The expected line positions of this source/absorber
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FIG. 3. MGOssbauer spectra taken with a linearly
polarized Co® in a-Fe source (23 °C) and a single-crys-
tal FeOCl absorber (23 °C). The experimental arrange-
ment was k (R H 1 k and (a) H la, (b)Hsllc Ex=
pected line postitions and intensities (assuming 7=0) for

V, IH; and V,, L H are shown in (a) and (), respectively.
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combination are easily calculated by simply con-
sidering the overlap of the six emission lines with
the two absorption lines. Because 7 is relatively
small, existing expressions® (strictly valid only
for 7=0) can be used to estimate the expected line
intensities. Labeling emission lines by Roman
characters and absorption lines by Greek characters
in order of ascending energy, the expected line
positions and intensities for the cases V,,IIH; and
V., L H, are indicated in Figs. 3(a) and 3(b), respec-
tively. Comparison of these calculated spectra
with the experimental data shows that V,, is parallel
to a; thus, V,, is parallel to c. A summary of the
experimentally determined EFG parameters ob-
served at the Fe®’ site in FeOC1 at 23°C is given

in Table II.

‘The data in Table I can be used to calculate the
recoil-free fraction parallel to b of the Fe®” ions,
fy. We evaluated the expression (p,+p3),=nf50 4,
where 7 is the number of resonant nuclei per unit
area and 0, is the fixed nucleus cross section.
Symmetry considerations similar to those in Sec.
III restrict the principal axes of the mean-square
displacement tensor to be parallel to a, b, and c;
thus, f, is the same at both Fe®* sites in the unit
cell. For an internal conversion coefficient of o
equal to 8.2x0.2, 232

0o=(1/2a0%(1 +21,)(1 + 2I,)'(1 + @)™!

=2.56%x107'% cm?
Here I, and I, are the excited and ground-state nu-
clear spins, and X is the wavelength of the 14.4125-
keV radiation.!® By use of the measured surface
density of the FeOCl crystal, the M{ssbauer result
is f3=0.50+0.03. The mean-square d1splacment
parallel to b, (r?),, is related to f; by f;= e ",
for Fe’7, k2= 5.334 x 10'” cm=2. Because the x—ray
structure refinement* included anisotropic thermal
factors, a comparison of the f, values determined by
both Mssbauer and x-ray-diffraction techniques can
be made. The x-ray data lead to f; (x ray)=0. 54
+0. 03 (this error limit which is three times the es-
timated standard error could be somewhat larger if
possible systematic errors were considered). Thus,
reasonably close agreement is obtained by the two
techniques.

TABLE II. Room-temperature EFG parameters, at the

Fe® site in FeOCl,?

AEG=0.916+0,001 mm/sec
n  =0.32 0,03

Vee <0
Vee la
Vyy 11D

w Il c

2Experimental uncertainties are 1 standard deviation
of the mean value,
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V. MODEL CALCULATIONS

We have calculated the EFG parameters pre-
dicted by the self-consistent monopole-~-point dipole
model at all occupied crystal sites. A version of
the symmetrized chargeless cluster method was
used. 1'?® Atomic positions were based on the re-
cent structure refinement of Lind. ' Lattice sums
were carried out over an ellipsoid with principal
radii proportional to the unit-cell dimensions and
corresponding in magnitude to five lattice constants;
this ellipsoid was sufficiently large for convergence.
The results are shown in Table III, where E; is an
electric field component and V;; is one of the prin-
cipal components of the EFG tensor; the super-
script M denotes a monopole contribution while Fe,
Cl, and O denote the contributions due to unit dipoles
on the Fe®', Cl°, and O* sites, respectively.

To assess the importance of geometrical uncer-
tainties, calculations of the monopole EFG contribu-
tions were performed in which crystallographic
parameters were varied several standard devia-
tions. The change in EFG tensor elements was
typically a few percent.

In terms of the model the experimentally deter-
mined quadrupole coupling parameters

UR=1VuQ-7.)/|e]]

directly derivable from the data in Table II are
given by

U =1 -7.)/|e|](Vi+ViPo+ VG Pey), (3)
where 7, is the Sternheimer antishielding factor
and P, and Pg, are the dipole moments on the o?-
and C1- sites, respectively. Cation polarizability
is neglected. Only two of the three possible equa-
tions are independent.

Calculated field and field-gradient
parameters in FeOCl,

At O site At CI- site

TABLE III.

Units At Fe® site

El/lel A% -0.08185 0.17318  0.43785
vr/lel A% —0.30332 0.63630 —0.33676
vit/lel A% 0.09002  —0.40855 0.18276
vr/lel A% 0.21330  —0.22777  0.15400
EFe A3 _0.11895  —-0.27181 -0.02765
vEe A4 -0.07367  —0.24407 -0.11081
V:%' A4 0.11854 0.56545 —0.09914
vEe A4 -0.04487  -0.32138 0.20996
ES A3 —o.27181 0.07177 —0.07150
Ve, A4 0.56282  —0.12282 0.06816
V3 A4 —o0.06712 0.20304 —0,11117
v A4 -0.49570  —0.08022 0.04301
E§! A% —0.02765 -0.,07150 —0,18171
vel At 0.09771 —0.02414  0.02443
Vg‘ A 0.106 83 0.03518 —0.03801
vEl A4 -0.20454  -0.01104 0.01358
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FIG. 4. Relation of O%* and Cl- polarizabilities to @ as
predicted by self-consistent monopole-point dipole-model
calculation. Expressions are given in Eq. (5) of text.
Cross-hatched lines indicate possible solution ranges.

The dipole moments are given by

Po=ao(EX +ESP,+ES'PLy), @
4

M
Poi=aq(Eg +E?:1Po +E8Pc1);

where o, and ag, are the O?" and Cl~ polarizabili-
ties, respectively. Equations (3) and (4) can be re-
arranged to give expressions for ao and ac in
terms of . Using the experimental results (con-
verted to appropriate units) and y.=—9. 14, 2 the
expressions are the hyperbolas

0.618Q —0.154 _

o, =0:4549+0.274
®0=,250Q -0, 0307’ °l°

0.476Q - 0.0388 ’
(5)

where @ is in barns (b) and @ is in A3, A graph of
these relations is shown in Fig, 4. Since negative
a’s are meaningless, it can be seen that only two re-
stricted ranges of &’s and @ give possible solutions.
These ranges are indicated by cross-hatched lines
on the figure.

V1. DISCUSSION

The first range of solutions has very large « va-
lues and can probably be discounted as physically
unreasonable; however, the second range which
contains a¢, o= 1 A® and ©=0.33 b is more sig-
nificang. Data on Fe,O; are also compatible with
ao~1 A% and @=~0.33 b; the best fit to the chryso-
beryl data® was obtained with ag~1 A%,

This limited agreement is probably not a good in-
dication of the adequacy of the model. Unless ag is
strongly dependent on local ionic environment, a
valueof g =1 A% seems unreasonable when compared
to the value 2. 19 A3 obtained by careful analysis of
optical data in BeO.* Possible sources of difficulty
with the presently employed model are evident.
Covalency, overlap, and higher-order polarizabili-
ties have been neglected. FeOCl magnetically
orders?” at about 92 °K. Although there are at least
two magnetically nonequivalent sites, the internal
magnetic fields Hy as measured at 6 °K are about
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the same Hy =430 kOe for all sites. This Hy is un-
usually low for a Fe®* ion and suggests that covalent
effects may be important in FeOCl. The value
@~0.33 b is considerably larger than recent esti-
mates of @=0.20 b from ferrous quadrupole cou-
pling data®~% which, of course, are subject to mod-
el-dependent uncertainties also.

It should be possible to observe nuclear quadru-
pole resonance at the Cl~ site in FeOCl. This addi-
tional information would provide valuable checks on
the calculation, and conversely, might suggest im-
provements in the model. The calculations sum-
marized in Table III (including both monopole and
dipole contributions) predict a C1% quadrupole res-
onance frequency of =25 MHz for ag=0c;=1 A,

Finally, the value of having a nonaxially symmet-
ric EFG as the basis for a quadrupole-moment eval-
uation is evident if we use only the point-charge con-
tribution in the @ evaluation [Eq. (1)]. This evalua-
tion leads to a Q of 0.20 b in good agreement with
currently proposed values based on ferrous quadru-
pole coupling data. Considering that the experimen-
tal and calculated V,, and V_, are interchanged, this
agreement is clearly fortuitous.
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APPENDIX

Our previous discussions of dispersion effects (on
Mossbauer absorption by single-crystal absorbers)
indicated that dispersion had no effect on transmitted
intensities in any direction for a two-line quadru-
pole-split absorber with only one absorbing nucleus
per unit cell. '3 Actually, the condition requiring
only one resonant nucleus per unit cell is too re-
strictive. It will be shown below that dispersion
does not affect the transmitted intensities for any
two-line quadrupole-split absorber with an arbitrary
number of crystallographically equivalent absorbing
nuclei per unit cell even if the principal axes of the
EFG tensors at the crystallographically equivalent
sites have different orientations with respect to the
crystal axes.

Using the notation of Ref. 17, Eq. (11), we may
write the contribution to the index of refraction from
resonant processes as
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WG Do (4 o) [,
ij

il 3 (r—x;,0°+1
(A1)

where resonant frequencies are identified by sub-
script #’s and resonant sites by j’s. Unique sets of
resonant sites j are defined as subsets of crystallo-
graphically equivalent sites which have identical
orientations with respect to k (.e. , those related
only by simple translational elements of the space
group). Quantities not previously defined are N,
the number of nuclei of type j per unit volume;
fi (), the Debye-Waller factor of site j inthe di-
rection E; and x is a dimensionless energy x =2E/T
where E is energy.

The polarization dependence of », is determined
by the density matrices, the elements of which satis-
fy the relationships

2upis=22p5=0; 25pl{=20pl=1.

It is assumed that all density matrices are expressed
in terms of the same basis polarizations which can
always be achieved by unitary transformations. Be-
cause all resonant sites are crystallographically
equivalent, N; and the x;; are equal for all j values;
we therefore replace N; by N. With the definition

(—1)”2-(x-ij)]

(a2)

D”ED‘=[ (% =2, +1

the index of refraction for a two-line quadrupole-
split doublet is

n,=%‘% [Dl ,Ef"(E) (pif pi%)

pel 0z
o /02 2l
0.2 0 (1 o8]
i P21 P22
A unitary transformation exists which will diagonal-

ize the i=1 density matrix. It may be written in
simple form using the definition

1 1 1 14
P P\ S o i (Pd Plz)
(pél pé:) r F00 (o4 ol

Because of conditions (A2),

le PZz =<1 0) - Pi1 Piz .
pa1 P22/ \0 1 P21 Paz
Hence, the i=2 density matrix is diagonal in the

same system. Therefore, #n, is diagonalizable and
dispersion has no effect on absorption.
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By applying a suitable sequence of strong rf fields, a system of dipolar-coupled nuclear
spins can be made to behave as though the sign of the dipolar Hamiltonian had been reversed.
The system then appears to develop backward in time, and states of nonequilibrium magnetiza~
tion can be recovered in systems which would superficially appear to have decayed to equilib-
rium, This behavior is consistent with dynamical and thermodynamical principles, but shows
that the spin-temperature hypothesis must be employed with caution. The theory of the time-
reversal phenomenon is discussed, including the practical limitations on the accuracy with
which it can be achieved. Various echo experiments in the laboratory and in the rotating
frame are reported. The application of repeated time reversals to the problem of high-reso-
lution NMR in solids is discussed.

I. INTRODUCTION

One’s first impression on seeing a spin echo
tends to be of having witnessed a spontaneous
fluctuation of an apparently disordered system into
an ordered (magnetized) state. Actually, of course,
the system was by no means as disordered as it
seemed to be: It had to be prepared from a mag-
netized state in a special way, such that its micro-
scopic dynamical equations guaranteed a return to

the magnetized state; and the name “echo” of course
expresses just this fact. The importance of a
dynamical, as opposed to thermodynamical, inter-
pretation is particularly transparent in the case of
the Hahn echo.'™® There the spin Hamiltonian is
inhomogeneous, i.e., it represents a sum over
uncoupled spins or isochromats interacting with
fixed local fields. One is not dealing with a “many-
body” system at all, and the formation of an echo

is easily understood by superposing the quantum-



