184 MEASUREMENT OF MOMENT BY OPTICAL TRANSIENT NUTATION 359

The present experiment has, therefore, demonstrated
for the first time the possibility of determining the
transition moment of optical transitions on the basis of
the optical nutation effect. The method avoids the need
for determining the population densities of the levels
involved, as is required in the usual method based upon
the measurement of absorption coefficients. The esti-
mate of the population densities can often be uncertain
and impossible if the assignment of the transition is not
known, as is the case in the 10.57-u transition of SFe.

No attempt has yet been made to relate directly the
observed damping of the amplitude modulation due
to the nutation effect to the relevant relaxation rates
of the optical transition, since the observed damping
may also be seriously affected by the presence of
Doppler broadening of the line and by certain compli-
cated diffraction effects® as the self-modulating pulse of
inhomogeneous wave propagates through the resonance
medium.
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The effect of a radio-frequency field on Mdssbauer spectra is reconsidered. Both the ground and the excited
state of the source nuclei are simultaneously exposed to the rf magnetic field. As an example, the effect of
the rf field on 57Fe nuclei in a source with magnetic splitting (detected by a single-line absorber) is discussed
in detail for two experimental geometries. Mdssbauer spectra taken at a constant velocity, but with varying
radio frequency, show that the main features can be understood in terms of two-quantum processes (rf-
induced transitions between the magnetic sublevels preceding or subsequent to the emission of a y quantum),
as long as the rf amplitude is small compared to the static magnetic field at the nucleus.

I. INTRODUCTION

HE first theory of the influence of a radio-
frequency (rf) field on the nuclear Zeeman lines
has been given by Hack and Hammermesh,! whose
treatment is an extension of the Weisskopf-Wigner
theory of spontaneous emission. They give an expres-
sion for the emission-line shape for the case in which the
rf field acts only on the excited state of the nuclei.
Recently, Mitin? investigated the problem of ‘“y mag-
netic resonance” in a ferromagnet and calculated, using
second-order perturbation theory, the effective absorp-
tion cross section for two-quantum transitions (simul-
taneous absorption of a Mdssbauer quantum and a
quantum of the external rf field). No external constant
magnetic field was assumed, and his final expression is
for the Bloch-wall activity in a fine powder of particles
with several domains.

At the present time, it is by no means clear whether
the pure rf resonance effect on the M 6ssbauer line shape
has been observed at all. Heiman ef al.3 showed experi-
mentally that in thin iron foils rf fields generate acous-

* Work performed under the auspices of the U. S. Atomic
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tical sidebands in the M éssbauer spectra and suggested
that the resonance effect reported by Matthiast is due
to sideband overlap with the normal Mé&ssbauer lines.
Perlow,® on the other hand, demonstrates the destruc-
tion of the Méssbauer hyperfine pattern by a non-
resonant rf field and attributes the effect to rf-induced
domain-wall motion causing alterations in the directions
of hf fields. Both phenomena make it difficult to observe
the rf resonance effect on the Méssbauer line shape in
ferromagnetics. Working with single-domain samples
still requires suppression of the disturbing influence of
magnetostriction. Besides solving the problem for
Mossbauer isotopes in ferromagnets by appropriate
experimental means, it is worthwhile to investigate the
possibilities of the rf method for isotopes with long-
lived excited states in samples without magnetostric-
tion. Matthias* has already mentioned that M gssbauer
NMR might become an experimental technique of high
sensitivity. Particularly, a small linewidth makes mag-
netic hf splitting observable in relatively small fields;
therefore, a large ratio of the rf field amplitude to the
dc magnetic field can be obtained without relying on the
hyperfine enhancement which gives ferromagnets their
favored position among host materials.

In this paper, the effects of the rf field on both the
ground and excited states are treated on an equal

¢ E. Matthias, in Hyperfine Structure and Nuclear Radiations,

edited by E. Matthias and D. A. Shirley (North-Holland Publish-
ing Co., Amsterdam, 1968), p. 815.

8 G. J. Perlow, Phys. Rev. 172, 319 (1968).
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footing. Since the total state of the decaying system is a
coherent linear combination of the ground and the
excited state, this is a natural procedure which leads to
a very symmetric form of the emission spectrum. In
Sec. IT we sketch the theoretical approach used in this
paper. Section III presents, for several experimental
geometries and conditions, Mdssbauer spectra (as a
function of the velocity and, especially, as a function of
the applied rf) which could be of help in designing con-
clusive Mossbauer-NMR experiments.

II. EMISSION SPECTRUM

The general expression for the Mdssbauer emission
spectrum,

+o0
E(wk,e)= / i (@n—w))t—3Tsl¢|
XTI‘[HJ (k7 S)PHe(k, € ;t) :Idl , (1)

can also be used in the presence of the time-dependent
rf field, if the Heisenberg operator H,(k,e;f), describing
the emission of a v quantum with wave vector k and
polarization e, is defined by

H.(1) =Texp(i /0 ‘ L(f)dT)H,, n=1. (2

The Liouville operator entering the time-ordered
exponential is given by

L()=Lo+Li(8), (3a)
where
Lo= Y wdw, we=—vHo (3b)
and o
Li() =% Ze:”wl.(f,‘+e“”‘+f,_e"‘“‘), wie=—v:H1. (3c)

The unperturbed part (3b) describes the Zeeman
splitting in a constant effective field H, (taken as
quantization axis), whereas (3c) is due to the presence
of a circularly polarized rf field with amplitude H,1 H,
and frequency w. The Liouville operators L, I,, and
I, are defined by the commutator equations
LX=[3,X], [.X=[I,X], etc, where 3 is the
associated Hamiltonian and 7, and I are the spherical
components of the nuclear-spin operator. (The Liouville-
operator algebra is reviewed in more detail in Refs. 6-8.)
The labels ¢ and g refer to excited and ground states,
respectively.

Following the standard procedure, a final expression
for the emission spectra emerges from two subsequent
steps: (1) transformation to the rotating frame by the

unitary operator
O =giotFutlo 4

and (2) rotation of the old z axis ||H, to a new 2z’ axis
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coinciding with the resulting time-independent magnetic
field in the Larmor frame. The appropriate rotation
operator is denoted by D. As a result, we get the time-
independent Liouville operator

L"EDL’DAfEDOLOfo= Z a:ju" , (5)
x=e,g

where

ac=w,[ (14w/w)?+ (wi/w) ]2 (6)

is the precession frequency in the rotating frame. The
transformed transition operator

H.(t)=0H.()) (7
obeys the equation of motion
dH /(1)
p =iL’H/(1), (8a)
¢

which has the formal solution
H/(f)=e'LH,' (0)=¢L"H,, (8b)

where

L'=0L0'= % (wtw)lss.

k=e,g

(8¢)

The final form of the trace expression in (1) results
immediately from the two transformation steps:

Tr[H."oH(1)]
=Tr(H,'p0%L" H,)=Tr (H }pO'Dteit"tDH )

=mZ (oH. ' mem,) (me'mn| Ot |mom,)

X(memaID*IMoMa)(MeMa|eiL”thMa)
X (MM, lDlme'mal) (mm,'|H.). )

The magnetic quantum numbers m, and m,’ (M,) refer
to the z (2”’) axis as quantization direction. The basis
vectors |m.m,) in Liouville space have been used to
break up the product of operators in (9). The operators
O and L" are diagonal in the laboratory and rotating
frame, respectively. The corresponding matrix elements
follow immediately from the fact that the eigenvalues
of a Liouville operator are just the differences of all
eigenvalues of the ordinary operator with which it is
associated (see Refs. 6-8 for details). The matrix
elements of the rotation operator D are products of the
usual rotation matrices Dmm P (a,8,y). In our repre-
sentation we get

(meamy| DY MM p) = (D7) 21, 79Dt ym, 40
and
(MM ,|D|m/m,’)= Dt gmy T2 (D) myar, 9. (10b)
° R. Zwanzig, Physica 30, 1109 (1964).
" H. Gabriel, J. Bosse, and K. Rander, Phys. Status Solidi 27,

301 (1968).
8 M. Blume, Phys. Rev. 174, 351 (1968).

(10a)
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In our special case, we are left with only one rotation
angle 8, (a.=v,=0), for each of the two states, given by

(11)

Therefore, only the dmm ")(8) matrices enter the final
expression

®,()=Tr[HopH.(!)]
= > <’me,|He[mn,><me|PHe|ma>*

meme’ ,mgmg’

X ¥ explitlacM .—a,M;—w(me—mg) 1}

X [:dM«m,' o) (ﬁe)deu(I') (ﬂe)]
X[ da1ym 9 (Bo)dstymg 12 (B5)], (12)

which, when inserted in (1), determines the intensity
distribution of the emitted radiation under the influence
of the rf field.

In the case of equal populations [p= (27,+1)"'] and
polycrystalline sources (only terms with m,/=m, are
nonzero) each component in (12) reduces to Hack and
Hammermesh’s result® if we neglect the influence of the
rf on the ground state [wi,=0, du,m, 2 (8,=0)
= 8ar,m, ). Equation (12) could be given another form by
expressing the action of the rf field in terms of resultant
time-dependent rotation matrices and introducing the
Majorana factors, which are well known from NMR
theory.’® However, since the M &ssbauer emission spec-
trum is the Fourier transform of ®,(), the form (12)
is most convenient. The spectrum is simply given as
a superposition of Lorentzians with modified resonance

frequencies and rf-dependent intensities (see also Sec.
II1).

a,sinB,=w1,, & COSBr=w,+w.

III. TYPICAL EXAMPLES OF MOSSBAUER
SPECTRA

The experimentally observed w-dependent M éssbauer
spectrum is given by

+¢o
M('I) ;w) o« Z / dew) E(“"’)\)k) 8)A (“’)\—wﬂl;kr e) ’

—0

c=1.

(13)

The summation over ¢ indicates that polarization is not
observed, and 4 (w») is the properly chosen absorption
cross section. (w,’ is the unsplit transition frequency in
the absorber.) The integral (13) is simply evaluated for
Lorentzian line shapes.

The following cases have been chosen to illustrate
the modification of the line pattern: (1) a single-line
absorber and a source with magnetic hf splitting, in the

® The notation in Eq. (32) of Ref. 1is misleading. The frequency
wo actually refers to an individual transition between the hf-split
levels and should be labeled by the particular magnetic quantum
number of the excited state.

10 H. Salwen, Phys. Rev. 99, 1274 (1955).
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F16. 1. Velocity spectra of 5Fe in a source with magnetic
splitting (Ho=330kOe) exposed to various rf’s versus a single-line
absorber (Ho Lk, I'=1.1 MHz).

presence of an rf field, and (2) a split absorber and a
split source, the latter exposed to the rf field.

Allowing for an isomer shift A=w,—w,’ between
source and absorber, the Mdossbauer spectrum for
example (1) reads

I. L I\
M) 2 ( )
memg —m¢ m.—m, mg

XE mem“E(0) L(meymy )

where
L (m.,,m, ;w) = Z [deml([‘) (ﬁG)JZEdMn"‘a(I,) (ﬁﬂ)]z
MMy
1 r

X_.
7 {v—[A—w(m.—my)+a.M . —a,M,]}2+T?
and
I'=1(I,+T.). (14)

The coefficients Fp, m,“L(f) are tabulated.! They
determine the angular distribution of the radiation as
a function of the angle 6= < (k,H,). Figure 1 shows

1 L. W: Faggand S. S. Hanna, Rev. Mod. Phys. 31, 711 (1959),
especially Table VI(b).
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Fi1G. 2. Velocity spectra covering the inner pair of lines under the
same conditions as in Fig. 1 except that Hy|k.

57Fe velocity spectra for 6= 90° and several frequencies.
The changes in the line shape due to the rf are shown in
more detail for the inner pair of lines and #=0° in
Fig. 2. These curves display the splitting of each line
into maximally 27,41 components.! Hack and Hammer-
mesh give plots for individual split lines, whereas
Figs. 1 and 2 show the superposition of all of them.
According to the transformation operator (4), the rf
is formally allowed to assume positive and negative
values. The resonance frequencies for 5°Fe in ferro-
magnetic iron are, therefore, at vyes(€)=—26 MHz and
Vrea(g) =45.4 MHz. In cases like "Fe, where the gyro-
magnetic ratios differ not only in magnitude but even in
sign, a circularly polarized rf field acting on the emitter
nuclei affects either the excited or the ground state
(depending on the sense of rotation). For linearly
polarized rf fields, a superposition of both effects is
expected. However, since the intensity of the off-
resonance terms drops to zero with increasing devia-
tion from resonance, a velocity spectrum at fixed rf
will show significant overlap of ground- and excited-
state effects only if the rf is near resonance for both
levels, i.e., only if the gyromagnetic ratios are of com-
parable magnitude. The preceding remarks also explain
why the maximum multiplicity of the single lines is
practically always given by 27,41 or 21,41 and not by
(2I,41)X (21 4+1) as it should be according to (14).
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Figures 3 and 4 show, still for case (1) and for zero
velocity, the frequency dependence of the Mdssbauer
spectra. If there is no shift of the absorber line relative
to the pattern of the split emitter, the experimental
setup of case (1) is, of course, most unfavorable, be-
cause of the low intensity of the absorption spectrum
at v=0. However, the physical processes are easily
understood for this case, and the following remarks also
apply, slightly modified, to other experimental
geometries.

The rf field enhances the absorption at v=0 if no
sufficiently large isomer shift A is present [see Fig. 3
(A=0)]. This is obvious from the line-shape changes
shown in Fig. 2. The main contributions to the intensity
increase at v=0 stem from the inner rf-split lines, the
satellites of which are swept over the absorption line in
a certain frequency range. Most of the peaks in the
resulting pattern can be interpreted as two-quantum
transitions, i.e., in terms of second-order perturbation
theory. For small values of 3, the rotation matrices can
be approximated by

dun® (B)= (M| ey |m)=d3,m
+38M |1 —1_|m), (15)

which tells us that, due to the last term in (15) (pro-
portional to &sr,m11), forbidden transitions contribute
to the spectrum. For magnetic dipole transitions with
|Am| = |m.—m,| =0, 1, we have, under the influence of
the rf field, additional transitions with | Am|=2. Using
(15), the line-shape function L(m.m,;w) of Eq. (14)
may be written

L(me,my5w) = L(me,mg;0)+ (T/4r) Zﬂ {Ber(e)?

X[(—A—ew— (Mgt wotm g, 2+ T2]
+B7re (g)zl:('” — At ew—mewot (mu'l‘ 5)‘*’0)2+ I‘2:|~1} ’

(16)
with
re(k)*=I(I+1)—m(m+e)
ﬁxzwlx[(w+wx)2+wlx2:|—1/2- (17)
8 T S . i
x|0®
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| split source + rf
| unsplit absorber
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¥ F1G. 3. Frequency spectra at zero velocity for various ratios

H,\/H, under the same conditions as in Fig. 1. Arrows indicate
frequencies at which multiple transitions occur.



184 EFFECT OF

The frequency-dependent part of (16) has maxima at
Vmax= —16.3 and —35.7 MHz due to induced emission
and absorption of a rf quantum in the excited state and
subsequent vy emission. The peak at vmax=35.7 MHz
(Fig. 3) is caused by rf-induced transitions in the ground
state. According to the experimental geometry (v=0,
A=0), the main contributions are due to the
(%% — F3) v transitions, both for §=0° and 6=90°.
For the latter angle, two further lines originate from the
(%%, £1) v transitions. They are centered at vmae=9.7
MHz (rf transitions in both ground and excited state
contribute to this line, causing a relative intensity
comparable to the inner pairs contribution) and at
vmax=—061.7 MHz (a pure excited-state rf effect).
The relative intensities can be estimated from the asso-
ciated values of 8.2 using (17). (In the approximate
expression for 8, the frequencies w;, have been retained
in the denominator in order to avoid singularities at
w= —uwy,; see, for example, Mitin’s final result.)

For the selected values of H1/H < 107, the frequency
curves (Figs. 3 and 4) calculated from the exact formula
(14) are remarkably well described by a perturbation
approach. In our example, only the small peaks (marked
by arrows in Fig. 3) at frequencies vmax=—8.1 and
—30.8 MHz are higher than second-order contributions
(]Am|=3). All frequencies max mentioned above can
be calculated from the formula

WM j;—w .M,
Me—my+M—M,

w=

which follows directly from Eq. (14) if we neglect
(H1/Ho,)? in the denominator. The quoted second-order
perturbation results were found for

My=mg, M;=m,£+1) and (My=m 41, M ,=m,).

0.28f
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F1G. 4. Frequency spectra at zero velocity for various ratios
H,/H, under the conditions of Fig. 1 but with an “isomer shift”
A=35.7 MHz.
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Fic. 5. Frequency spectra at zero velocity for various ratios
H,/H, with source conditions as in Fig. 1 but with a magnetically
split absorber (Ho|/k).

We now turn to Fig. 4 calculated for zero velocity,
but with a hypothetical isomer shift of A=35.7 MHz.
The absorber line has been shifted to the position of the
strongest emitter line (#=90°), thus increasing the
base-line intensity with respect to the »=A=0 case by
a factor of 200 and the relative rf effect by a factor of 2.
Because of the symmetric situation, the frequency
spectrum has only two lines at the ground- and excited-
state resonance frequencies. The rf field leads to a
decrease in the absorption, because, in a certain fre-
quency interval, the emitter line is flowing out of the
region where the absorber line is located. The case under
discussion can be considered as a model for a realistic
experimental situation. Since how the overlap of two
appropriate absorber and emitter lines is accomplished
is irrelevant for the study of the rf effect, we can look
for cases where the hf pattern is shifted by a Zeeman
drive. (For an example of the latter technique, see
Sauer, Matthias, and Mossbauer.12)

Figure 5 shows a Mgssbauer frequency spectrum for
case (2). It is unnecessary to discuss the details of the
split-source-split-absorber case, because nothing basic-
ally new can be learned as compared to example (1).
For systems without any isomer shift, the rf effect is
expected to be considerably larger for case (2).
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