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TABLE I. Parameters Derived from the Analysis of the '*Gd Absorption®

TK)  f% Bo B, & & N N N

42 12.4(2) 0.943) 0.76(1y 0.948) 0.42(9) —1.30(10) —1.7520) —1.55(15)
36 8.43(14) 0.92(3) 0.66(1) 1.42(8) 0.62(10) -—1.93(13) —2.15(20) —2.00(10)
0 4.0(6) 0.69(4) 0.44(1) 2.27(11) 1.88(17) —3.10(16) —3.93(30) —3.45(10)

°f, By, By, N are taken from Reference 42.

by N in Table 1. Armon et al. used for the calculation of the tensor
components of the MSD tensor the approximate equation (4.13b), which
holds for small N. For N = —3.55 and f = 0.04 the correct values &%(z%)
= 1.43 and A*x?) = 4.98 significantly differ from their values k*z% =
0.85 and £*(x%) = 4.40. In order to show how to treat the combined effect
i of texture and an anisotropic f factor these measurements will be recon-
i sidered in the next section.

4.1.3. The Goldanskii-Karyagin Eﬂ"ecr in the Presence of Texture
o (Gd,Ti, 04}

An E2 transition has the advantage that the expansion coefficients
i f%. of the f factor are measured up to L = 4. For an axial MSD tensor
b the anisotropy parameter N is the only parameter which determines the
 two quantities &, = fL/f}, L = 2,4. Provided that the harmonic approx-
imation is valid (existence of the MSD tensor) we have an intrinsic check
whether the sample does fulfil the assumption of the absence of texture.
The Mdssbauer measurements of the 89-keV transition of '*°Gd in
the cubic compound Gd,Ti,0;* which is discussed in Section 4.1.2c shows
a systematic deviation of the N value obtained from Z§ and {§. For the
three temperatures measured, N(Zj) is always larger than N({})—see
Table 1. Therefore, we want to answer the question whether a texture
which is easily produced during the absorber preparation®? can be re-
sponsible for these discrepancies. The texture which is likely to be produced
has axial symmetry. Since the single crystals of the powder are not ro-
tationally symmetric a small pressure which fixes the powder in the sample
holder induces a preferential orientation of axial symmetry of the single
crystals.®® An axial texture function is given by

T'(B) = 2 torD" (Blom (4.32)

The function T'(8) is the probability of finding an axis of the crystal in
the direction B. We need, however, the texture function of the PAS of
the EFG tensors at the Mossbauer nuclei. If the texture components of
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the single crystal is denoted by 7%, it can easily be derived that the texture
component %, describing the distribution of the EFG tensors is given
by the sum

A —
Yoy = 2L T g (4.33)
For a cubic crystal r%,. vanish for L < 4 (see Section 3.3.3). With the
tt from equation (4.32) the first nonzero texture components are
which are used to calculate the super-texture components tr,, of equation
(3.106). In the case of Gd,Ti,O; where the MSD and the EFG tensor are
axial only the 8% values remain. In a first approximation we obtain up to
L =4

1
Olf3 = L + gl

100
oot = & + (36 + gt .34

0. 162
Ohlft = & + (1 Y779 T Toon “)‘4““

The measured quantities are 65/f3 (L = 2,4), which replace the {f in
equation (4.31). As a result of equation (4.34) the & values depend on
the texture component #§. In Table 2 the data have been collected for
4, = 0.2 where the best agreement between N({) and N({) has been
obtained. For comparison the average value N and the difference AN =
N(&B) — NG for 1§y = 0 are taken over from Table 1. The agreement
between N(&Z) and N(&) is obviously much improved by this small texture
component as can be read off AN. It shali be noted that the deduced N
values changes by about 20% if the small texture is assumed. Therefore,

TABLE 2. The Anisotropy Parameter N = &%((z%) — {(x?)) and Its Average N Are

Calculated from Both Expansion Coefficients &* = f3*/f3 of the f Factor Including

an Axial Texture Characterized by the Texture Component 1§, = 0.2. For Comparison

the Average Values N and the Difference AN = N()— N(&) Obtained Without
Texture Are Given in the Last Two Columns (from Table 1)

th, = 0.2 =10
T (K) N NG N N. AN
4.2 —1.22(10) — 1. 15020) —-1.20 - 1.55 .45
36 — 1. 75(13) — 1.60(20) —1.69 —2.00 0.22

70 —3.01(16) ~3.55(30) -3.20 —3.45 0.83
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to get reliable information the samples have to be texture free to a high
accuracy.

4.2. Single Crystals

Since the early work of Zory?' the EFG tensors at the Méssbauer
nuclei of *'Fe in several substances have been investigated applying his
method. The local EFG tensors are determined by comparing measured
intensity ratios of the two absorption lines with calculated ones. The
formulas of Zory, however, are not suited for a discussion of the unique-
ness of a local EFG which has been determined. This matter of fact has
been extensively investigated by Zimmermann.? He introduced a com-
prehensive figure to represent the manifold of solutions for the orientation
and the asymmetry parameter n of the EFG. The first example in this
section is the original work of Zimmermann on FeCl,-4H,0, which was
also studied by Zory. The method is restricted to those cases where the
texture components can be applied (see Section 3.4.3). A general example
which is evaluated by the complete theory is given by the measurements
on KAu(CN),.

4.2.1. The EFG Tensor at the Fe Sites in FeCl,-4H,O—The Intensity
Tensor

Before the idea of Zimmermann* is outlined the straightforward eval-
vation procedure which is suitable for all types of transitions will be
considered. We start with the average of the absorber matrix components
11 being proportional to the intensity of the absorption line. For the 3/2~
— 1/2~ transition of ’Fe the two absorption lines have been denoted by
a and o. The A% in F7" = § + A% of equation (3.81) generally are
linear combinations of the super-texture components 6,,,..

But this case will not be discussed here. Either we assume the ffactor
fu of the molecule to be isotropic or the y-direction is chosen in such a
way that the f factors of all equivalent sites are the same (see Section
3.4.3). Then the super-texture components can be replaced by the texture
components and the A,,, tensor components are given by equation (3.82).
The tensor component A%, = — A% is obtained from the areas A™ =
S a/2)F7“ by the equation

A" 1
Ar = 2 4.35
% A" + A® 2 “.33)

which is derived from /fi/ff; = A™A” and Ff; = 1 — F{;. Measurements
at different directions determine all tensor components A%, (3 = 0) by
their transformation property [equation (3.80}]
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AR(D) = X AZ(F = 0D (o

These quantities are considered as the result of the measurement. The
interpretation of the measurement deals with equation (3.82), which con-
nects the texture components #2,.,, and the asymmetry parameter 5 of the
EFG with the A%,.

We focus our attention on monoclinic crystals with two equivalent
lattice sites as is realized in FeCl,-4H,0. The nonzero texture components
of a monoclinic crystal with the z axis being the twofold axes are, ac-
cording to equation (3.96) and (3.100),

om = A B + DB ), ' =0, 22 (436)

B is the orientation of the EFG tensor at one of the lattice sites. Three
equations relate the four parameters n, B = (e, B, v) to each other:

AL, = [4V6 (1 + 32!
x [V6 D3i + wD3h + D*5,)),  m' = =2,0,2 (4.37)

Appropriate linear combination give the following real equations:

AL = [8(1 + 7/3)'?) '[3cos?B

— 1 + nsin?8 cos(2y)] {4.38a)
V6 | 3
T(A;a + A7_,) =801 + 112!3]"'2]“{551n2ﬂ cos(2a)

+ n-[cos“g cos(Za + 2v)

+ sin“g cos(2a — 27)]} {4.38b)

V6 3.
i~ (A% — A7) = 1801 + nzf3)"'2]“{ism2ﬁ cos(2a)

+ n[cos"g sin(2ee + 2)

+ sin“—g sin(Zex — Z-y)]} (4.38¢)

¥
i
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2 The Euler angles «, 8, ¥ can be calculated for a given value of n. A plot
of a, B, v, versus n would be a possible representation of the manifold
of solutions of the EFG tensor of one of the equivalent sites. Since the
sign of V,, is not known the ambiguity is two times larger. The area A™
[ may be the high-velocity line (V.. < 0) or the low-velocity line (V,, > 0).
. Zimmermann introduced a different plot of all parameters n and a, 8, ¥
- versus an angle 0 = ¥ = #/2. His procedure is considered in the following
- including the connection to the equations above. First of all Zimmermann
' used instead of the spherical tensor A,, a Cartesian tensor. Equation
£ (4.35) defines the z component of the traceless intensity tensor:

- A7 1
a2 3

; ';.'*-:" The other tensor components then are uniquely determined by the A,, (9
.' 'f’i' = 0) components [compare equation (1.13)]:

_ 1 V6
Txx = = EAM + T(Azz + Az_ﬂ
_ 1 V6
Tﬂ - - EAm - T(Agz + Az_z)
e = A (4.40)

_ V6
Tx)r = - IT(Azz — A; )

V6
T, = — T(An — Az y)

_ V6
Tyz = IT(AZI + 1"12—I)

. The tensor 7 is already considered as an average of the tensors 7 of
f several equivalent sites as is the case for the A tensor on the right-hand
su:le of equation (4.40}). The angular dependence of T,() is given by

To(#) = [RT(3 = OR™ '], (4.41)

R(D) is the real rotation matrix defined by

D Ruef = Re§f = ¢}, ik =1xyz (4.42)
i
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J rotates the system S¢ of the crystal to §”. Since e} represents the vector
components (R, R,,, R;) with respect to the system $¢, equation (4.41)
can be written

T,49) = eX(9)-T( = 0)eX(I)” (4.43)

Originally the tensor T; + 48, was introduced by Zimmermann.® The z
component gives according to equation (4.39) the normalized intensity of
the absorption line so that with equation (4.43) the intensity for any di-
rection is equal to 3, (T + #8y)ee,, where e} = (e,, e,, e;). This tensor
will not be considered here. The tensor T of a single site has the property
of being proportional to the EFG tensor V,,,. This fact is easily seen from
the tensor components given in the PAS of the EFG. The tensor T is
obtained inserting the texture component t%.,, = (2L + 1)8,,, of a single
site in equation (4.40):

N A Y
a1 + B)° |

"= —T" (4.44)

(T2)

Comparing this tensor with the V,,, tensor of equation (1.14) the general
relationship between the tensors is written by use of the quadrupole split-
ting AEg:

eQV,, = BAEGsign(V )Ty,
= BAE,T%, (4.45)

T%:, corresponds to the absorption line at high velocity. The last equality
results from the equation 7 = — T and the fact that the  transition is
at the high-velocity site for V,, > 0.

From the second invariant of the 7,,, tensor Zimmermann constructed
the invariant

Ta = 64n(T55) (4.46)

which is T, = 1 for a single lattice site and smaller than ! for an averaged
intensity tensor 7. The invariant of T is denoted by 7%, the invariant of
the macroscopic tensor 7. The averaged tensor T and the local tensor 7
differ by some missing tensor components. For the monoclinic symmetry
with the z axis as the twofold axis the components T,, and T,, vanish;
the others are identical with those of T. The invariant T, can therefore
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be expressed as a sum of T{ and a function of the missing components
T,,and T,;:

Ta = TZ + (643)TZ, + T3) (4.47)
With T, = 1 and the experimentally known value of T we have
L2=T% + T;, = 3/64)(1 — T%) (4.48)
The components T,, and T,, are expressed by an angle ¥:
T, = LcosV¥, T,, = Lsin¥ (4.49)

The local intensity tensor of one site with respect to the crystal system

S¢ is parametrized by the principally unknown angle ¥:

T T, L-cos¥

(T,,) = T T,, Lsin¥ (4.50)
LeosW Lsin¥ T,

The second equivalent site is obtained replacing ¥ by ¥ + .

Since the EFG tensor is proportional to T}, [equation (4.45)] the
manifold of solutions of both tensors is the same. The task which is
standard is the determination of the Euler angles g of the real rotation
matrix R(f) which transforms the tensor eQV,, to the diagonal form by
a similarity transformation. This mathematical problem is equivalent to
solving the set of equations (4.38). The signs of V,, and n are obtained
from the diagonal elements or directly from the third invariant ¢ (Th,)
of the T#, tensor. With T,, = 256 ¢y (T4,) two equations can be proved*:

sign(V,;) = sign(T,) (4.51)

n = V3 tan (} arccos |T,)) - (4.52)

Applying this formula to the single-crystal measurements on FeCl,-4H,0
of P. Zory the following results are obtained by Zimmermann®: The two-
fold & axis and the ¢ axis of the crystal are chosen to be the z axis and

the y axis of the crystal system S¢, respectively. From Zory’s data it
follows that the intensity tensor is diagonal with respect to $¢:

T =005 T, = -011, T& =006



144 Hartmut Spiering

1.0

09 %
~ o8} {eo &
& 07 170 %
E 0.6} {60 %
n'i 05 {s0 2
'E 04 w <
% 03 130 E.'
< 2 20 @

01f {110 =

00 NN B

L 0
0 10 20 30 40 50 60 70 80 90
P=arctan(V,,/V,,]

FIGURE 10. Sign of the quadrupole splitting, asymmetry parameter %, and Euler angles,
a, B, v of the local EFG of FeCl,»4H,0 at 300 K as a function of the parameter ¢ which
describes the manifold of solutions in monoclinic crystals, If the n-line is dashed the sign
of the quadrupole splitting is positive, if it is dash-dotted the sign is negative. The Euler
angles 8, « are identical with the polar angles 8, ¢ of the principal component V., (from
Reference 4).

The invariant 77 has the value 0.19 which is smaller than 1. In Figure 10
the parameter manifold is shown. The fact will be noted that neither the
sign of V,, can be determined nor the » value can be confined by *'Fe
Mossbauer measurements on monoclinic single crystals.

4.2.2. Sign of V,, at the Au Site In KAu(CN);

The large electric quadrupole interaction observed in KAu(CN), has
been explained by either*>-* 6p, electron population arising from covalent
bonding or*’ the delocalization of 5d,. ,. electrons as the main source of
the electric field gradient at the gold nuclei. The former suggestion predicts
a negative sign for V_, and the latter a positive one. Therefore, Prosser
et al.® performed Mossbauer measurements on single crystals of KAu(CN),
to determine the sign of V,, and to rule out one of these explanations
experimentaily.

The evaluation of the Mossbauer measurement is repeated here with
all simplifying assumptions concerning the structure of the compound but
with the Debye—Waller factor fj of the Au(CN),~ complex being allowed
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to be anisotropic. This example demonstrates how to use the information
obtained from (i) the intensity ratios of the quadrupole doublet of single
crystals and of powder measurements and (ii) the ratio of the total inten-
sities of two single-crystal measurements at different orientations. The
space group of the rhombohedral crystal structure of KAu{(CN), has been
found to be R3.% The hexagonal unit cell contains nine equivalent Au
atoms related to each other by the threefeld axis parallel to the ¢ axis
and by translations. The Au(CN), complexes form nearly linear entities
NC-Au-CN which are tilted by an angle of about 20° with respect to the
c axis.* Prosser et al.’* assume that the electric field gradient is axially
symmetric with respect to the molecular axis according to the dominating
contribution of the EFG arising frem the intrinsic electronic structure of
the Au(CN),~ complex.

Two measurements on single crystals with the v direction parallel (9
= (% and perpendicular (¢ = #/2) to the ¢ axis and a powder measurement
had been performed. The ratios R of the intensities of the absorption lines
at high velocity divided by the lines at low velocity for the single crystal
are

R(0%) = 0.83 + 0.06, R(w2) = 1.14 = (.10
and for the powder
= 0.95 + 0.01

The ratio of the total areas A of the two single-crystal measurements has
been estimated to be

AW°VA(R/2) = 3

To specify the equations for the situation described we start with 77, of
equation (3.84a):

i = 2 + g(A%R(S = 0)

where g(8) = —0.305 for the "’ Au transition [see equation (3.85a)]. The
texture components ¢%,,,- which appear in equation (3.82) of the quantities
Afn (8 = 0) have to be replaced by the super-texture components 8%,
~divided by 8%, [equation (3.107)]. Taking into account the axial symmetry
~ = {in equation (3.82) the absorber matrix element is given by

igta}— 4.53)

Fih =

1
2
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For the single-crystal measurements four values have to be considered,
namely, 0%(®) and 6%(3) at & = 0°, #/2. The powder value of 8 is
according to equation (3.108) just f5(S%) and establishes the observed
Goldansii—-Karyagin effect.

We restrict the evaluation of the anisotropic f factor to second-order
terms, so that fc for the axial crystal reduces to

f®) = flo + feoPAcosd) (4.54)

where Py(cos®) = D3P is the Legendre polynomial. The z axis of the
crystal system S€ is of course parallel to the threefold z axis. The x axis
may be fixed arbitrarily. The same equation is obtained for the f factor
fir Of the axial complex. The super-texture components of equation (3.115)
then are written as

03u(D) = fol— Nfhro + firofoe(D) + -] (4.55a)
05o(D) = Sl — M ar.otbol I)
+ firolfSo + 3HBo(®) + (M) + -} (4.55b)

The texture components for the axial crystal (threefold axis) are given by
equation (3.97)

(@) = S DHDr QL + 1)%(1 + 2cos%fn)mw)¢:, 4.56)

® = (¢, 8, ) defines the axes of one of the axial complexes in the crystal
system S€. Up to L = 4 the texture components are

o =1
12 = SPy{cosPy(cosd) (4.57)
too = Y PycosPP,(cost) + 2di(Nd:(O)cosBd — 39)]

dt. . (9) are the rotation matrix elements D%,,,-(0, 9, 0). It is interesting to
note that for f3,, # 0 a dependence of the intensity of the absorption line
on the angle ¢ should be observed. ¢ — ¢ is the angular distance between
the position of the complex and the y direction. At & = 0 and w2,
however, the matrix element dy() vanishes so that the texture compo-
nents are independent of ¢:




&
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9 =1(0,0,0: i = 5Pycos®), tdy = IP.(cosb) (4.58)

D= (g, W2, ) th= — %Pz(cosﬂ), tho = %ZP4(CGSB)

At last the expansion coefficients of the total Debye—Waller factor with
respect to the system SF are obtained by equations (3.110), (3.113), and
(3.114). Including terms up to L = 2 the expansion coefficients are

SUSE) = flrafto + frafT.oPcos0) (4.59)
JS®) = fluafcoPAcost) + figafto + Hiraft oP2(cosb)

The coefficients %o and f%, are referred to the system §* and ¢, re-
spectively. After these preparations the evaluation of the measurements
proceeds as follows: The measured intensity ratios of the quadrupole
doublet of the single crystals and the powder spectra yield the ratio
#3,/0%. 1f the high-velocity line is taken as the # transition (V,, < 0!) the
ratio is given by

0l R—1 10
0% R + 1g(d)

(4.60)

The ratio of the total intensities of the 4 = 0 and ¥ = #/2 single-crystal
spectrum equals 83,(0°) 68(n/2). The experimental data give the following
four equations:

03:(0Y/0%(0) = 3.05 = 1.17 (4.61a)
0% 7/2)/ 00e(7/2) = — 2.14 = 1.43 (4.61b)
63,(0)/08x(n/2) = 3.0 (4.61c)
o5(powder)/ 0(powder) = 0.84 + 0.17 (4.61d)

The texture components t5(9) of equation (4.58) are inserted in equation
(4.55) of the super-texture components 65(¥). With the abreviations

Lo = fLolflo Guo = firo 4o and P, = Pi(cosd) the four equations
are written as
5P, + Gaoll + (10/T)P5 + (18/T)P4]
1+ GioPs

3Py ¥ Guoll = O/DPy 4 QI2OPY -, 44 0 43 a.620)
1 — 340>

= 3.05 = 1.17 (4.62a)
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1+ &+ GioP2 + GaoleoP
. = 3, 4,
T Koo & BaoPr) + aolioPs 0 (4.620)

Gro + GeoP2 + 8040ltoP>
1 + 3851082 o2

= 0.84 = 0.17 (4.62d)

The first of these equations reveals a pecularity. It belongs to the y-di-
rection parallel to the threefold axis so that all gold sites are equivalent
and contribute to the intensity of the absorption lines by the same amount.
The intensity ratio therefore cannot depend on the Debye—Waller factors
or the quotient &;,. This is the case mentioned at the end of Section
3.3.4. The expression [1 + (10/7)P; + (18/7)P,] is equal to 5(P,)*. Equation
(4.62a) reduces to

5P,(cosf) = 3.05 = 1.17 {4.623")

The tilting angle of 8 = (30 + 10)° obtained from this equation is com-
parable with 8 = 20° reported in the x-ray work.* With this value of P,
= 0.61 = 0.23 the second equation (4.62b) which belongs to the mea-
surements perpendicular to the c axis determines 0. Here, however,
the error of & = 6.6 = 22.5 is so large that this measurement becomes
meaningless. If we discuss the powder intensities and the total intensities
of the single-crystal measurcments separately equations (4.62¢) and (4.62d)
have to be evaluated. The result is

Geo = 0.56 = 0.30, G = 0.46 = 0.28
An error of 10% has been assumed here for the measured ratio (3

0
0.3) of the total intensities. The vibrational anisotropy parameter N
k((z?) — {x?) is obtained from Figure 6 in Section 4.1.2:

+

Ny = —075 and N = —-0.60

It shall be noted that this complete evaluation shows that the vibrational
anisotropy of the molecule is larger than that of the crystal, contrary to
the assumption of an isotropic f;, factor in the work of Prosser et al.**
The negative sign of Ny is quite reasonable. It means that the amplitude
(x?) normal to the rotational axis of the linear complex molecule is the
larger one. In the beginning of this evaluation the sign of V., has been
taken to be negative so that the # transition is the high-velocity line. The
results turn out to be in agreement with the x-ray data and with the
expected sign of the vibrational anisotropy parameter Ny,. It is, of course,
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necessary to start with the opposite sign of V, and to prove the results
to be inconsistent. If the 4 transition is the low-velocity line the values
on the right-hand side of equations (4.62a), (4.62b), and (4.62d) change
their sign. Then the tilting angle becomes 8 = @2 + 16° in contradiction
to the x-ray measurement. The intensity ratio of the second measurement
again bears no information (5, = 2.0 * 4.2). §,, has the opposite sign
and {¢, is unchanged. Therefore, the conclusion that V,, is negative is
correct.,

5. Application of the Theory to Thick Absorbers

For thick absorbers all matrix elements of the absorber matrices 78
enter in the equation of the theoretical absorption spectra described in
Section 3.1.3. If there are n transitions («, B8) the number of parameters
to be determined is 3n — 3 absorber matrix elements and the thickness
t(k). The number 3n — 3 arises from the three independent parameters
of each matrix /¥ of the pure quadrupole interaction
75f = 4 _,, Im(7¢# ) and Re(7{£ )] and the normalization condition =,,57#
= 1, whlch represents three independent equations. Since the n absorp-
tion lines of one spectrum give n equations, the problem can only be
solved if further 2n — 2 interrelations between the /£ are available.

These interrelations can be defined by the unknown parameters of
the hyperfine interaction and the expansion coefficients of the f factor.
In other words, the basic parameters of the theory are taken as fit param-
eters instead of the 7 matrix compenents. Then the well-known ambi-
guity problem arises which is not desirable to deal with in a fit program.
Another possibility is the use of the transformation properties of the A4,,,
tensor components which define interrelations between the () of the
- spectrameasured at different y-directions (). A simultaneous fit of several
spectra has to be performed in this case. Such examples are single-crystal
measurements discussed in this section.

A procedure which can always be applied is the determination of the
7# matrices by the use of polarized sources. Then the thickness effect
can be completely removed and the problem is again reduced to the
discussion of the analytical expressions of the A, ,, components. To show
this it is convenient to begin with the absorber matrices with respect to
the real polarization vectors (e,,e,). They can be constructed in analogy
to the density matrix equation (3.19). Remembering the proportionality
p* « r and taking into account the phase factor pg of equation (3.36b) for
the density matrix of a magnetic dipole transition the matrix 7y, i,k =
x,y,z is given by
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1 1
Foo = 7F + F 4) — E(Fl—l + F_q1)

[

1 )
vy Fin + Fog) + E(fl-—l + Fon)

%
Il
t\.l,‘[\v—

(5.1)

i ;
Py = — E(f‘u —Fo-) - E(rl—l — F_q)

Fyx = Fiy

The absorber matrices describing the quadrupole interaction {7y, = 7_;_)
are real and therefore symmetric. If a linear polarized source is used the
Poincaré vector of equation (3.20) P, = (sin2¢, 0, cos2¢) has to be inserted
in the equation (3.22) of Kd)/; which enters in the convolution integral
of equation (3.46). A simultaneous fit of three measurements at different
angles ¢ (for example ¢ = 0, n/4, 7/2) will unequivocally determine the
78 matrix. We will explicitly calculate the 2n — 2 interrelations between
the matrix elements of the /#. By the unitary transformation

_ ( cosg sinq.a) (5.2)

—sing COSg

the density matrix p, of equation (3.20) is diagonalized
1 0 |
+ .
UplpUt = (0 0) (5.3)

We now make use of the fact that the trace of a matrix is invariant with
respect to unitrary transformations. The trace of equation (3.45) can be

written [p,; = p(e)]

Trlexp(inkd}p, exp( —in* kd)]
= Tr{U exp(inkd)U [Up(e)U U exp(—intkd)U*} (5.4)

The density matrix Up(@)U* is constant. The matrix n is transformed to
UnU* and therefore the matrix /® to UrfU* = F'*f, which explicitly
gives (a, B is dropped)

P @) = P + Fyy) F 37y, — F)cos(2e) + Fsin2e) (5 5
F;ry((P) = %(f yy F x.t)mn(zﬂﬂ) + F xyCOS(ZiP]
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If the linear polarized source is rotated into two positions (for example,
¢ = w/4, 7/2) the 2n equations (5.5) represent 2r — 2 linear independent
interrelations between the components of the matrices 7¥.

This procedure is, of course, also useful for thin absorbers because
one orientation of the absorber yields the complete absorber matrix of
this y-direction k whereas only the trace of 7# is obtained by measure-
ments with an unpolarized source. Such measurements on thin absorbers
with pure quadrupole interaction had been published by Hirvonen et al.¥’
and Keune ef al.®™® They used as source “’Co in iron, which is magnetized
in an applied field normal to the y-direction.

The discussion above holds whether the absorption lines overlap or
not. If the intensities of # lines of the corresponding thin absorber can be
determined, then no additional problems arise for the thick absorber. In
the examples presented below, the spectra have well-separated absorption
lines. For this case the intensities of each absorption line can be evaluated
in closed form as is summarized in the following. The index of refraction
times kd is given by equation (3.39):

nkd = kdly — 2t S FerleB(E)
2 o

where [*P(E) = I'2I[E — (E; — E,) + il'/2]. The resonance energies are
assumed to be well separated so that the index of refraction in the energy
region of each transition (a, B8) is approximately (7 = ¢™):

) 1*M(E) (5.6)

”‘E”‘“(n ka) " 2 \ogf 0P

kd 0) l(aﬁf o2k
2

o0°? is the effective thickness matrix® of the absorber on resonance. The
symmetric matrix can be diagonalized by a rotation of the coordinate
system U{¢') in the x,y plane. If this has been done the transmitted in-
tensity is written as [equation (3.24)]

HdEy® = I, (p; .. expl — oPL¥(E)]
+ piyy expl — U;ELG'G(E)D . (5.7)

L) = T?A{E — (Eg — E)* + 1”/4} is the Lorentz curve and pf the
density matrix of the source line I, ; with respect to the rotated coordinate
system. The area of a separated absorption line (e, 8) and source line i
can be calculated in closed form:
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r :
A = 1ify— LK) + Py K(o3] 5.8)

With the component Py = plu — Piyy Of the Poincaré vector P; the equa-
tion can be written

A = 1, TSIk + Ko
+ Py %[K(O?f) - K(U;Iryﬁ)]} (5.9)

The function K(o) is given by*
K(o) = oexp(— of2)llo(of2) + (of2)] (5.10}

Is(x) and I,(x) are the zero- and first-order Bessel functions of the imag-
inary argument. There are approximate formulas of K(o) and the expres-
sion A = MK(o) + K(oy,)] of equation (5.9) in terms of the fractional
polarization a = (G — ooy + oy,) and the average cross section on
resonance & = (0, + 03,)/2. The power series expansion of K{(o) starts
with

1 1 5
K(o) = o — 40'2 + Eﬂj - ﬁﬂ" + - (5.-113,)
or inverting this equation gives

_ 1 1 3
a—K+4K2+ 16K3+384K + (5.11b)

The expansion of A in terms of & and a’

1
4

5 2 -
- 5.
—|3E|1+6a + afot + (5.12a)

A

o —

(1 + a®e* + %(1 + 3a®)a’

reduces to equation (5.11a) for a = 0. Inverting the equation for & gives

Q1

= A+ %{1 + ahA* + %(1 + a* + 2a9)A°

-+ 3—;;(1 + a* + 6a%A* + - (5.12b}
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If A and B = 3[K(o..) — K(o,,)] are known from measurements with a
polarized source according to equation (5.9) then equation (5.11b) deter-
mines o, and o, from K(o,,) = A + Band K(oy,) = A — B, respectively.

‘These formulas are correct within 1% for ¢ values o =< 1 and within 3%

" for ¢ = 2. An approximation of the function K(¢) which is correct within
" 0.5% in the range of 0.4 = o = 10 is the following expression®:

K(o) = 5.7385 + 2.2509¢
— (32.944 + 14.3010 + 4.3686-07)'? (5.13a)

The inversion gives
o= — 8.262 + 3.225K + (68.280 — 36.846K + 8.9679K%)'? (5.13b)

The area of an absorption line of thick absorbers can be obtained from a
fit with a Lorentzian line shape to a good approximation. This point has
been discussed by Stone.* The error of the area is less than a percent if
the thickness is not larger than ¢ = 3.

5.1. The Polarization Effect of Thick Crystals

The first example of a correctly evaluated single-crystal Mossbauer
experiment was published in 1968 by Housley, Gonser, and Grant,>? who
described also the theory in a later paper.® The single crystal was FeCO,
which has the space group R3¢ with the Fe atoms located on collinear
threefold axes. The z axes of the axial EFG is therefore parallel to the
threefold axis of the crystal. This is a very simple situation suitable for
demonstrational purposes. We will not present their experimental results
but only give an impression of the order of magnitudes of the thickness
and polarization effect.

The absorber matrix of the 3/2 — 1/2 transition is easily calculated
r"=1-r"tobe

r5 =3 + ¥3cos?® — 1) + Isin®d
rm = % + 33cos’d — 1) — isin’d (5.14)

re =0

" The two cases of the y-direction parallel (¢ = 0) and normai (¢ = %/2)
to the threefold axis will be considered. The average cross section & and
the fractional polarization for these directions are tabulated in Table 3.
If the y direction is parallel to the z axis of the EFG the fractional polar-
ization vanishes, so that pure thickness effects are present. It will be
mentioned that only in this case of vanishing polarization is the Fourier
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TABLE 3. The Average Cross Section & and the Fractional Polarization ™
for Two + Directions (# = 0, %/2) with Respect to an Axial EFG

E.'ﬂ' E.ur ar a”
4 =0 3/4 i/4 0 0
9= 72 /8 58 1 —3/5

transform technique of Ure and Flinn applicable to remove the thickness
effect.”® The thickness dependence of the total area divided by the area
(tI'7/2) and the ratio A™(3A°) are shown in Figurc 11a. The effect is not
negligible even for thin absorbers. For ¢ = 1 the total area is already
underestimated by 12% and the ratio by 10%. The dependencies on thick-
ness for & = w2 is shown in Figure 1ib. The total area divided by (/I'n/2)
decreases even stronger at small thicknesses whereas the ratio A™A” is
almost independent on thickness.* For comparison the calculations have
been performed neglecting the polarization. These are the dotted curves.
For a thickness of £ = 1 the relative errors are of about 5% as compared
with the correct calculations.

These figures clearly demonstrate that thickness corrections are un-
avoidable to obtain accurate information.

1 o
'g 'ﬁ?A

0.5+

{a) {b)

FIGURE 11. (a) The total area A of the absorption lines divided by (1T'#/2) and the area
ratio A7A"-1/3 is plotted versus the thickness . The y-direction is parallei to the z axis of
the PAS of an axial EFG tensor leading to a vanishing fractional polarization. (b} The vy
direction is normal to the z axis. The dotted curves are calculated neglecting the finite
fractional polarization.
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5.2. Thick Single Crystals of Orthorhombic and Monoclinic Symmetry
(3/2 — 1/2 Transition)

Two of the three published examples which have been completely
analyzed will be presented in this section. These are the early measure-
ment by Grant ef al. on sodium nitroprusside (SNP)® and the measurement
on the Mohr salt by Zimmermann and Dorfler.>* The evaluation of the
measurement on the orthorhombic SNP will be reconsidered in the frame-
work of the described theory. We will first apply the A, ,.-tensor formalism
and afterwards the intensity matrix of the pure magnetic dipole radiation,
To make the simplications introduced by the pure radiation transparent
we start with the general expressions of a mixed multipole radiation (M1/E2)
of a (3/2 — 1/2) transition.

The absorber matrix components with respect to the Cartesian basis
(e,,e,) are obtained inserting the 7,, components of equation (3.84) into
equation (5.1):

V6
+ g(8)Az — h(a}“‘z‘“(&zz + Az )

b | =

;oo ] + h 6V€A A
Foy = 2 + g(8)Ax ( )T( 2 + Az_2) (5.15)

_ V6
Fxy h(s)!T(Azz — Az_»)

Fre = F5
g(8) and h(8) are defined by equation (3.84). & is the mixing ratio of the
(M1/E2) radiation:

g® = (1 — & + 2V331 + &) (5.16)
o) = (1 + & — VI + &

For pure dipole transitions (8 = 0) the absorber matrix elements of equa-
tion (5.15) are obtained from the intensity matrix I' which is transformed
from the spherical basis to the real basis (e,, e,, ¢.): ru = Ik. The use of
the A, tensor then is completely avoided. If g = 2 we can express the
r,. matrix also by the intensity tensor components Ty, of equation (4.40):

Fig = ‘%3,1 — g*ZT,-k (517)
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2(6 = 0) = 1 represents the pure dipole transition and g(é = «) = —1
the pure quadrupole transition. The former equation relates the two ten-
sors [, and Ty:

I = 88y — 2Ty (5.18)

5.2.1. Sodium Nitroprusside (SNP)

Sodium nitroprusside Na,Fe(CN);NO-2H,O crystallizes in the or-
thorhombic space group P,.,.. with four molecules per unit cell. The Fe
sites are all equivalent and are in the 4g positions *+(x,y,3) and +(3 +
x,3 — v, 0) with point symmetry m. Since the EFG and MSD tensors are
symmetric with respect to inversion, the four sites can be grouped into
two sets of two sites having different orientations of the EFG and MSD
tensors with respect to the crystal axes system S€. The mirror plane which
contains all Fe sites requires one of the principal axes of both tensors to
lie normal to the mirror plane which is parallel to the crystallographic ¢
axis chosen as the z axis (e,“). We will see that this special symmetry
allows us to determine both tensors uniquely. In the beginning the A,,,
tensor components of an orthorhombic crystal of finite thickness are de-
termined by an iterative procedure.

5.2.1a. The A,,, Tensor of an Orthorhombic Crystal. The A, ,, tensor
of an ortherhombic crystal is described in Section 3.3.3. A,..; vanish and
A, = A,_,, so that two components A,g and Ay, have to be determined.
The intensities of the two absorption lines of the quadrupole spectrum
represent two independent quantities. Provided that all sites have the
same [ factor, each measurement depends on three parameters: Ay(d),
Ax(3), (D). The transformation property of the A,,, tensor components
reduces the number of parameters of # measurements to 2 + n. These
are Ax(0), A»(0), and (), i = 1,2 ..., n. A unique determination is
possible if the number of independent quantities 2 obtained from n mea-
surements is greater than or equal to the number 2 + n of the parameters
to be determined. This condition requires n = 2.

The f factors of the equivalent sites parallel to the three twofold axes
of the crystal are the same, so that the measurements parallel to two of
the crystal axes are sufficient for the determination of the A,,, tensor.
The measurement parallel to the third axis is already a check. To carry
out this procedure we begin with the transformation of the A,,, to the
system S of the y directions. The first y direction is parallel to the ¢ axis
so that $” coincides with S¢. The Euler angles of the a and b axes are
chosen to be {9 = (¢, 7/2,0), ¢ = 0, 72}, respectively. Then the e} axis
coincides with the ¢ axis. The equation A.(9) = Z,A,..(0)DL,{) gives
for this special case




