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ABSTRACT
The effect of a radiofrequency field on MSssbauer spectra is
reconsidered. Both the ground and excited states of the soﬁrce nuclei
are éimultaneously exposed to the rf magnetic field. As an»example,

the effect of the rf field on 21

Fe nuclel in a source with magnetic
splitting (detected by a single—line absofber) is discussed in detail

for two experimental geometries. MSssbauer spectra taken at a constant
velocity, bﬁt with varyihg radiofrequency, show that the main features'

can be understood in terms of two-quantum processes (rf-induced transitions
between the magnetic sublevels preceding or subsequent-ﬁo the emission

of a Y quantum), as long as the rf amplitude is small compared to

the static magnetic field at the nucleus.



-1- | UCRL-18759

I. INTRODUCTION

The first theory éf the influence of a radiofrequency (rf)‘field
on the nuclear Zeeman lines has been giveh by Hack and Hammermesh,l whoée
. treatment is an extension of the Wéisskopf—Wigner theory ofvspontaneous
emission. They give an expression for the emission-line shape for the
case that the rf .field acts only on the excited state of the nuclei.

. Recently, Mitin® investigated the froblem»of "gamma magnetic reéonance"
in a ferromagnet and calculatéd, using séconduorderbperturbatibnvtheory,
the effective absorption-cross section for two-guantum transitions
(simﬁltaneous absorption of a MOssbauer quantum and a quantum of the
external - rf field).v No external constant magnetic field was agssumed.,
and his final expression is for the Bloch wall activity in a fine powder
of particlesvwith several domains.

At the present time, it is by no means clear whether the pggg rf
resonance effect on the Mdssbauer line shape has been obServed at all.
Heiman gE_Q;,B sﬂowed>experimentally £hat in thin iroﬁ foils .éf fields
: geperate acoustical sidebands in the MSssbauer spectra and suggested
that - the resonance effect reported by Matthiash is due to sideﬁand
oVerlap with the normal Mdssbauer lines. .Perlow,s on the other hand,
demonstrates the destruction of the M&ssbauer hyperfine pattern by a
non-resonant rf field and attributes the effect to rf-induced domain-
wall motion causing alterations in the directions of ﬁf fields. Both
phenomena make it difficult to‘observe the rf resonance,efféc£ on the
B M8ssbauer line shape invfefromagnetics; Working with single-domain

samples still requires suppreséion of ‘the disturbing influenceJof
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magnétostriction. Bésides solving thé proﬁlém'for MSésbauer isotopes

- in ferromagnets by appropriate experimental means it is worthwhile to
investigate the poSsibilities_of the rf method for isotopes with

~ long-lived excitequtaxés in samples without mégnetostriction., Matthias
‘has already’mentioned that M&ssbauer-NMR might become an experimenta;
technique of high sensitivity. Particularly, a small line-width makes
magnétic  hf spiitting Observable in relatively small fieldsj therefore,
a large ratio of the rf vfieid amplitude to the dc magnetic field can be
obtained without felying on the‘hyperfine enhancement which gives ferro-
magneté théif favored position amdngbhOSt materials.

In the present paper the effects of the lrf fiéld on both the
ground and excited states are treated on gn equai footing. 7Siﬁce the.
tqtélb§téte of the‘decéying syétem is a‘cohereﬁt‘1iﬁéar.éomﬁinétioh of
the ground and the e#cited stéte, this is a naturél procedufe wﬁich leads
to a very symmetric form of the emission spectrum. In Secfion IT we

~sketch the theoretical approach used in this paper. Section'IiI presents,
for several experimental geometries and conditions, MGssbauer spectra |
(as a function of the velocity and, especially, as a function of the
applied radiofrequency) which could be of help in deéigning conclusive

MSssbauereNMR experiments.
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' II.. THE EMISSION SPECTRUM

s X : . s
+ The general expression for the Mossbauer emission spectrum

10
i, - )t - Ts]t]/e

E(wk keg)= e | Ty 'He(k,.g) o He(k, €; t) pdt

-00

(1)
can also be used in the presence of the time-dependent rf field, if the
Heisenberg operator He(gﬁvgj t) describing the emission of a y-quantum

with wave vector k and polarization g€ 1is defined by

He(t) =T exp(i L(t) &t He (h = 1) . (2)
0

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

L(t) = L, + L (t) | | (3a)
Lo = Z wK_IKz > W =T Ve Hy oo ~ (3b)
K=e,g )
- 2 “iwt | 7 iwt _
Ll(t) = (l/E)Z le [IK+ e + IK— e ] . le = - YK Hl
K=e,g - .
(3c)

The unperturbed part (3b) describes the Zeeman splitting in a constant

effective field HO (taken as quantization axis), whereas (3c) is due to

the presence of a circularly polarized rf field with amplitude Hl 1 HO

~

and frequency . The Liouville operators L, IZ and I, are defined



“b- » UCRL-18759

by the commutator equations LX'= [H ,X], IX= [IZ, X], etc., where ¥

is the associated Hamiltonian and Iz’ I, 4&re the spherical components

of the nuclear spin operator. (The Liouville operafor algebra is ?eviewed
in more detail in Refs. 6-8.) The lébels e,g refer to excited and ground
states, respectively. |

Following the standard procedure a final expression fgr the emission
épectra emerges from two subsequent steps: (1) Transformation to the

rotaﬁing frame by the unitary operatdr

A ”~
~

8 = exp {iwt (I, + 1)} k | (L)

and (2) rotation of the old z-axis | H, to a new z"'-axis coinciding with

0
the resulting time-independent magnetic fiela in the Larmor frame. The

~

appropriate rotation operator is denoted by D. As a result we get the

time-independent Liouville operator

A /\+ _ AN /\+ /\+ ) ~ .
" DL =DOLS®8 D = Z aK IKZ" s . (5)
K=e,g

il

where

22 (6)

)
i

. 5 o
1 + +

o [+ w/w)® + (6, Ju

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

transition operator

B (t)' =0 3e(t) | | (M
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obeys the equation of motion

OH(6)' /3t = 1 L1 H (1) '  (8a)

which has the formal solution

H (£)' = exp {iL't} H_(0)' = exp {iL't} He ,
L'=§L§*=Z (w+w)I . (8c)
v K- Kz
K=e,g

The final form of the trace expression in (1) results immediately from

the two transformation steps:

+ "+ IR S oy 2
Tr{H pH_(t)} = Tr{H p8" exp(iL't)H_} = Tr{H p8'D" exp (iL't) DH_}

“+ ~+ /
Hmm mm ([ lmm
Z Gl ) 16" In g (n |5 n) (9
all m's o

X

st i\
(MeMglexp (iL t)lMeMg)(MeMgIDImémé)(mémélHe)

The magnetic quantum numbers m , mé (MK) refer to the ZT(Z"—) axis

as quantization direction. The basig vectors. Imemg) in Liouville space
‘have been used to break up the product of operators in (9). The operators

8 and 1" are diagonal.in thevlaboratory and rotating frame,-respecﬁively.
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
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~

(see Refs. 6-8 for details). The matrix elements of the rotation

operator D are products of the usual rotation matrices 49(1)

m! (@2 85 Y)
In our representation we get
' : (1) (1)
At - -1 e dD g _
(memg D |MeMg) = (D )m M M om (10a)
. e e g &g :
| (1) (1)
Aoy = e -1\ "¢ _
(MeMnglmemg) - JQWéné(ia )m'Mg ) , o (100)

In our special case we are left>with'only one rotation angle B8
A(O(' =y =

K
" < 0), for each of the two states, given by

3 - « = + . .
a . sin BK Wi s aK.cos BK W, * W B : (11)

Therefore, only the déi?(s) matriees enter the final expression

S = . . _.. 1 ' #
¢ (t) = Tr{H_pH_(t)} = E (melﬂelmg ><meipHe|mg )
mm' :
e e
mm'
g 8

x 2{: exp'[it{aeMe - a ﬁg - wlm -m)}]

g e g (12)
M M :
e g
(1) (1) (1) (1)
x [a, o () ay ° (8)1a, & (8)a, S (8)] ,
e e e e g g & g g g .

which inserted in (1), determines:the intensity distribution of the emitted

radiation under the influence of the rf field.
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In the case of equal populations (p = (2Ie+l)"l - 1) and poly-

crystalline sources (only terms with m; = me are non-zero) each component

9

in (12) reduces to Hack and Hammermesh's result,” if we neglect the

(1)
3 = > g =
1nfluen§e of the rf on the ground state (wlg 03 dMgmg (Bg 0)

= 6M 0 ). Equation (12) could be given another form by expressing the
g g

action of the rf field in‘terms of resultant time-dependent rotation
matrices and introducing the Majorana factors well known from NMR theory.l
However, since the M3ssbauer emission spectrum is the Fourier transform
of @s(t), the form (12) is most convenient. The spectrum is siﬁply given
as a superposition of Lorentzians with modified resonance frequencies and

rf-dependent intensities (see also’ Section III).
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IIT. TYPICAL EXAMPLES OF MOSSBAUER SPECTRA -
The experimentally observed Q—dependent Mdssbauer spectrum is given
by -

+:00

M(viw) = Z dw, E(wk, k, €) A(wA - vwl, k, g) (e=1) .

€ -00

(13)

The summation over. € . indicates that polarization is not observed and
A(wk) is the properly chosen absorption cross section. (wé 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 ﬁodification
Qf the line patternf_

(1) A single-line absorber and a source with magnetic hf splitting
and in the presence of an rf field;

(2) split abosrber and split source, the latter exposed to the
rf‘ field.
Allowing fof an isomer shift A = wn - wg between source and absorber,

the Mossbauer spectrum for Example (1) reads
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L. L "
T » . 2 52 °
- {A- - + - +
[v- {A-w(m mg) Fa M agMg}J r
(14)
r = (1/2)(T_+T)
S a
. LL 11 ’ ; '
The coefficients Fm . (6) are tabulated. They determine the angular
g . .
distribution of the radiation as a function of the angle 6 =% (k, EO).

5T

Figure 1 shows Fe velocity spectra for 8 = 90° and'several frequencies.

The changes in the line shape due to the radiofrequency are shown in more

© 4in Fig. 2. These curves dis-

detail for the inner pair of lines and 6 =0
play the splitting of each line into maximally (EIk + 1) compon_ents.l
Hack and Hammermesh give plots for individual split lines, whereas Figs.

1~2 show the superposition of all of them. According to the transformation

operator (4), the radiofrequency is formally allowed to assume positive and

negative values. The resonance frequencies for 57Fe in ferromagnetic iron
are, therefore, ét vres(e) = - 26 MHz and Vres(g) = L5.4 MHz. In cases
like 57Fe, where the gyromagnetic 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 deviation from resonance, évvelocity spectrum at

fixéd radiofrequenéy will show significant overlap of ground and excited

state effects only ifvthe rf is néar fésonance for both levels, i.e.

only if the gyromagnetic ratios are of comparable magnitude. The.ﬁreceding
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remarks also explain why the maximum multiplicity of the single lines is
practically always givgn by (21e +1) or (QIg + 1) and not by (2Ie +1) x
(2Ig + 1) as it should be according to (15).

Figures 3 and L show, still for case (1) aﬁd for zero veldcity, the
frequency dependence of the MOssbauer spectra. If there is no shift of the
absorber line relative to the pattern of»the spiit emitter, the experimental
setup of case (1) is, of cdurse, most unfavorable because 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 apply, slightly
modified, also to other experimental geometries.

The rf field enhances the absorption ét v = 0 if no sufficiently
"~ large isomer shift A is preéent (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—splitvlinés, the
satellites of which are swept over the absorption line in a certain frequency
range. Most of the peakskin the resulting pattern can be interpreted as
two-quantum transition, i.e. in terms of second-order perturbation theory.

For small values of B the rotation matrices can be approximated by

d&i)(s) = (M|exp (iBIy)Im y = 6M’m}+ (B/2)XM|1 -T_|m) o (15)

which tells us that, due to the last term in (15) (proportional to

) ), forbidden transitions contribute to the spectrum. = For magnetic

M,m%l

dipole transitions with [Aml = Ime—mgl = 0,1 we have, under the influence

of the rf field, additional transitions with lAm| = 2, Using (lS), the
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line shape function L(memg;w) of Eq. (1k4) may be written as

g=*]

L(memg;w) Q:L(mémg;0)+(F/hﬂ).§: [ 82 re(e)2

-1

Ay = b = ew = (mredug + mw 1%+ 1% (16)

- Bz re(g)e{[v -~ A+ ew - m W, + (mg+e)wg]2 + FE}_l ]

with

[(wro )2 + o2 1722

)2
1k K 1k

r (k (17)

= — . f~
. I(I+1) mK(mK+s) : BK W

The frequency dependent part of (16) has maxima at Yooy = T 16.3 ‘and
- 35.7 MHz due to induced emission and absorption of a rf gquantum in the

excited state and subsequent Y - emission. The‘peak at Voax = 35.7 Mz

ax

(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
- 1

50 Y transitions, both for 6 = 0° and 6 = 90°. For

ot
o
ct
fay
o
—~
+
o jH
¥
+

the lattef angle two further lines originate from the (% %3 ¥ 50 Y -
trdpsitions. They are centefed at vmax = 9.7 Miz (rf transitions in both
ground and excited stafe contribute to this line causing a relative intensity
éomparable to the inner pairs contribution) and at Qmax = - 61.7 MHz

(a pure excited state rf effect). The relative intensities can be

estimated from the associated values of Bi using (17). (In the approximate

expression for BK, the frequencies .wiK- have been retained in fhe
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denominator in order to avoid singularities at w= - wK; see, as an
example, Mitin's final result.)

_For the selected values of Hl/Hb_<§lO_l, the frequency curves
'(figs, 3-4) calculated from the exact formula (1k) are remarkanly well
described by a perturbation approach. In our example, only the small
peaks (marked by arrows in Fig. 3) at frequencies Noax = 8.1 MHz and
+ 3078 MHz are typical higher than second-order contributions

(|am| = 3). All frequencies V.., Mentioned above can be calculated from

the formula

e e

WM ~-wM

- g g
(m -m +M -M)
e g e g

W

which follows directly from Eq. (14) if we neglect (Hl/HO)2 in the
deneminator. The quoted second-order perturbation results were found for
(Mg =my, M = m t 1) and (Mg = mé *1, M =m).

We now turn to the discussion of Fig{ 4 calculated for zero
velocity, but with a h&pothetieal isomer shift of A = 35.7 MHz. The
.absorber line has been shifted to the position of the strongest emitter
line. (6 .= 90°), thus increasing the base line intensity with respect to
the v=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 fo a decrease in the absorption,

‘because, in a certain frequency interval, the emitter line is flowing

. out of the region where the absorber line is located. The case under
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discussion can be chsideréd a model for a realistic expérimental
~situation. Since it is irrélevant for the study of the rf effect how
overlap of two apﬁropriate absorber and emitter lines is accomplished, we
can look for cases where the. ht patfern is shifted by a Zeeman drive;
(For an example of the latter technique, see Sauer, Matthias, and
Massbauer.lg)
Figure 5 shows a MOssbauer frequency spectrum for case (2). It

is unnecéssary to discuss the details of ﬁhe split source-split absorber
case because nothing basically 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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FIGURE CAPTIONS
5T

Fig. 1. Velocity spectra of Fe in & source with magnetic splitting

(HO = 330 kOe) exposed to various radiéfrequencies versus a single-
line absorber. (gb Lk, I'=1.1 MHZ)‘

Fig. 2. Velocity'spectra covering the inner pair of lines under the same
conditions as in Fig. 1 except that (EO k).

Fig{ 3. Frequency spectra at zero &elocity for various ratios Hl/HO
under the same conditions as in Fig. 1. Arrows indicate frequéncies
at which multiple transitions‘occur.

Fig. L. PFrequency spectra at zero velocity for various ratiocs Hl/HO
under the conditions of Fig. 1 but with an "isomer shiff"

A = 35.7 MHz.
Fig. 5. Frequency spectra at zerc velocity for various ratios Hl/HO

with source conditions as in Fig. 1 but with a magne%ically split

absorber (EO I x).
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