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We report Mossbauer measurements of 57Fe;sNis2 permalloy under the influence of an external
radio-frequency (rf) magnetic field. Measurements were performed in both energy and time domain.
Line splitting caused by direct coupling of the rf field to the nuclear spin manifolds was seen in the
energy domain measurements. First observations of the time development of Méssbauer absorption
in ®"Fe under rf magnetic excitation at specific constant Doppler velocities were also made. A /2
phase change was observed in the absorption time dependence when measurements were performed
on opposite slopes of a Mossbauer resonance line. A maximum frequency limit, above which the
sample foil no longer exhibited a coherent response to the rf excitation, was observed. We also
present a detailed description of an application of the density matrix theory to the analysis of the

Mboéssbauer spectra.

I. INTRODUCTION

We have reported earlier results of Mossbauer-NMR
double resonance experiments where the influence of a
radio-frequency (rf) magnetic field on the Méssbauer
spectrum of a thin FeNi foil was studied.! This work
extends the previous measurement techniques into time
domain and includes a more detailed analysis of the en-
ergy domain experimental results. We also show how to
apply the density matrix formalism to the specific case
of 57Fe double resonance.

The possibility of improving the resolution of
Mossbauer spectroscopy by double resonance techniques
was recognized soon after the discovery of the Méssbauer
effect. Early theoretical work on rf magnetic modula-
tion in Mossbauer spectroscopy was done by Hack and
Hamermesh.? They showed that if the rf field is in res-
onance with the Zeeman substates of a nuclear level,
the absorption or emission lines split into 27 + 1 com-
ponents, with j being the spin of the nuclear energy
level. The magnitude of the splitting depends on the
amplitude of the rf field. The relative amplitudes of the
component lines depend strongly on the detuning from
a nuclear resonance frequency. The theory was further
developed by Mitin® and Gabriel.* They analyzed the
case of a rotating magnetic field coupling to either the
excited or the ground state of the nucleus, including all
Zeeman substates. They used the rotating wave approx-
imation (RWA) for the rf field and could thus calculate
the Mossbauer line shapes close to the nuclear resonance
frequencies.

The theory has also been analyzed from the point of
view of multiphoton transitions involving « rays and pho-
tons from the rf field.>® Olariu et al.” have also stud-
ied the intensity of sidebands to the otherwise forbidden
transitions in an ®7Fe spectrum. Another, somewhat sim-
plified description for Mossbauer-NMR double resonance
has recently been published by Odeurs,® using the con-
cept of dressed nuclear states.
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A more general approach has been developed by Sten-
holm and Valli.® ! They solved the time dependence of
the density matrix describing the nuclear system, using
a continued fractions technique familiar from the work
of Autler and Townes.!? They did not need to use the
RWA for the rf field, and could include phenomena like
Bloch-Siegert shifts'3!* and simultaneous coupling of the
rf field to both nuclear energy levels. The theory was fur-
ther adapted for Mdssbauer spectroscopy by Salkola.l®
This theory is also used in our work, and presented here
for the specific case of 57Fe, including the absorber prop-
erties and the experimental rf field configurations. We
also show that an important advantage of the theory is
the capability of analyzing the time dependence of the rf
modulated Mossbauer absorption.

The first experimental results on Mossbauer-NMR
double resonance were obtained by Perlow!® and
Matthias.!” The idea was to use a ferromagnetic sample
in which a weak external rf field could be used to drive
the much larger internal magnetization of the sample,
producing a very large effective rf field amplitude seen by
the Fe nuclei. Matthias observed a change in absorption
in an iron foil at frequencies corresponding to the excited
and ground state resonance frequencies. These changes
were attributed to changes of the absorption line shape
of the iron foil due to the Massbauer-NMR resonance ef-
fects. The proof, however, was not unambiguous and Per-
low argued that the changes could occur due to domain
wall motion in the sample or due to acoustic modulation
effects, caused by magnetostriction. These effects can
give rise to prominent acoustic sidebands in a Méssbauer
spectrum and have been extensively studied.!'®72° Un-
wanted mechanical modulation can be avoided by using
nonferromagnetic materials. There have been a num-
ber of attempts to observe line splitting in nonmagnetic
samples.?' 23 In these experiments, however, it has been
difficult to achieve sufficient rf field amplitudes, and only
sidebands and line broadening have been observed.

Significant advances have recently been made in the

10 268 ©1995 The American Physical Society



52 MOSSBAUER-NMR DOUBLE RESONANCE

use of the %7Fe isotope, as has been reported by
Vagizov?+2® and in Ref. 1. Acoustic effects can be de-
creased or eliminated by using very thin foils and me-
chanical damping,?® or by selecting a sample with an
inherently small coefficient of magnetostriction.

II. THEORY

Our theoretical treatment of the 57Fe double reso-
nance phenomena uses the semiclassical density matrix
approach originally developed by Stenholm.?*! The dis-
crete nuclear energy levels are handled quantum mechan-
ically, while the rf field is treated as a classical field.
This theory was developed further for the specific case
of rf magnetic modulation of Mdssbauer transitions by
Salkola and Stenholm.!® A review of the theory is given
here, adapted to the case of 37Fe, and with special atten-
tion being payed to the application of the theory in the
analysis of experimental data.

The quantization axis z of the nuclear system is as-
sumed to coincide with the direction of the constant hy-
perfine magnetic field By at the 37Fe nucleus. The Hamil-
tonian of the system has the form

H=ﬁ<g§£)+ﬁ<%‘2)cos(wt). (1)

The first term gives the static splitting of the unper-
turbed two-level nuclear system and the second term
describes the time-dependent interaction of the nucleus
with the external harmonic magnetic field. The mag-
netic field frequency is w. The two block matrices, V,
and V, include the coupling between the rf field and the
excited and ground states of the nucleus. The excited
state Hamiltonian H, and the ground state Hamiltonian
H, are given by Ho = Ao + Acle., and Hy = Ayl ,
with Ir , being the spin operator. In case of 5Fe these
diagonal matrices have the form

Ao + 3A. 0 0 0
0 Ao + LA, 0 0
He = 2 1
0 0 Ao — 1A, 0
0 0 0 Ao — 3A,
(2)
and
A, 0
Hg = 0 _%Ag . (3)

The energy shift between the source and the absorber
is given by Ap. This includes the isomer shift and the
Doppler shift added by the Mdssbauer drive. The cou-
pling constant is Ay = —pxBo/(Ixh), with k = e, g. The
constant magnetic field (typically the hyperfine field) is
given by By, pj is the nuclear magnetic moment, and
I, is the nuclear spin. The magnetic field is given in
Teslas, and pj includes the nuclear magneton. All ele-
ments of the above matrices are thus in units of angular
frequency. The D matrix contains the transition prob-
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abilities between the different nuclear energy levels. In
further calculations we actually only need products of the
various matrix elements of D and its conjugate Dt. It is
convenient to define an 8 x 8 matrix T as

T = (IemelplIgmgMIym;lDf|Iem:z>
o< Y (IgLmgM|I.m.)(I,Lmi M'|I.m)

2ot
x D7) (¢60)[Di7!, (#60)]*,
9

.9
i= 5 +4mg+me, g=§+4m;+m’e. (4)

Here (I,LmgM|I.m.) is the Clebsch-Gordan coefficient,

with L = 1, and Dg;)((ﬁGO) is the rotation matrix. The
nonzero C]ebsch—Gorgan coefficients are

(3LE; £13 £ =1,
0 3 =1/%,
(3143 F1U3 FH=y/L (5)

The necessary rotation matrix elements are given by
D7) ($80) = e=M%ds,(6), where

CRIES

do‘o = CO0s 0,

di10 = —do+1 = :F% sind,
1
d:Fl,l = dﬂ:l,—l = 5(1 F cos 0) (6)

The Euler angles ¢ and 0 define the direction of the v rays
as shown in Fig. 1. The rf field vector g,f is assumed to
lie in the zz plane with B, giving the transverse and B,
the longitudinal component.

The time-dependent part of the Hamiltonian includes
the interaction matrices V. and V,, given by Vi =
arlk,e + Brlk,z, (k = e,g). The coupling constants are
A = _l/'leB:c/(Ikﬁ) and By = _I‘sz/(Ikh)' The split-
ting of nuclear levels is affected by Bk, which is propor-
tional to the longitudinal rf field component, and only
appears on the diagonal of the interaction matrix. The
coupling constant ay, is proportional to the I, spin opera-

FIG. 1. Direction of the static field Bo, v rays k, and the
rf magnetic field B¢ with its components B; and B..
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tor and determines the amplitude of transitions between
the Zeeman substates of a nuclear level. The matrix rep-
resentations of V. and Vj for 5"Fe are

38. V3a. O 0
1] V8a. B 2a. 0

Ve = 2 0 2, —fe \/gae ™
0 0 +v3a. —38.
and
. 1/0 o
o=z (5 o). @

Amplitudes of the rf field components are again given in
Teslas, and all interaction matrix elements are in units
of angular frequency, as in Egs. (2) and (3).

The density matrix of the system describes the nuclear
level populations and the transition probabilities between
the various energy levels.2®6 The density matrix of the
57Fe nucleus has the form

— Pee Peg 9
P (Pge Pgg ) ’ ( )
where the four components are block matrices corre-
sponding to the component matrices of the Hamiltonian.
Salkola and Stenholm have shown!® that Méssbauer ab-

sorption can be calculated from the density matrix of the
system,

A o —Im[Tr(D' peg)], (10)

where p., is the off-diagonal part of the density ma-
trix. This part of the density matrix can be calcu-
lated if we assume that essentially all nuclei are in the
ground state. This assumption is valid in Mossbauer
spectroscopy, when a spontaneously decaying radiation
source is used. The intensity of v radiation is so small
that the system interacts with only one 7 photon at
a time. In other words, intensity is the highest-order
correlation function of v radiation that can be seen in
Mossbauer spectroscopy and Mossbauer v — v correla-
tions can be neglected. In this case pe. =~ 0 and pyq ~ 1.
The time development of the density matrix can be cal-
culated from the equation of motion

ihdup = [H, o] ~ [T, 0l (11)

where the second anticommutator term describes re-
laxation, including spontaneous emission, and I" is the
linewidth of the Mdossbauer transitions. It is now possi-
ble to write an equation of motion for the off-diagonal
part of the density matrix,

thO¢peg = [He + Ve cos(wt + #)]Peg
—Peg[Hg + Vg cos(wt + ¢)]

i
—pegl, (12)

T
+Dpgq — Erpeg 3

where ¢ is the phase of the rf field. We are interested in a
steady-state solution of the problem and do not consider
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transient (or pulsed) rf fields. The solution can be written
in the form of a Fourier series®

oo

Peg = Z peg(k)e(wt+e), (13)

k=—oco

The components of the 4 x 2 Fourier coefficient matri-
ces peg(k) are further rearranged into a one-dimensional
vector according to the rule

R(k)4(j—1)+i = [peg(k)]i_‘i (7‘ =1,..,4, 5= 172)‘ (14)

The component matrices of the Hamiltonian must also
be rewritten as their supermatrix counterparts, defined
by

H=1:2® H. — Hy; ® 14x4,

V= 12x2® Ve "Vg®14><4~ (15)

The notation 1343 and 1444 is used for unit matrices of
indicated dimensions and the ® operator is defined by

anB algB almB
anB azB azmB

A®B = , _ (16)
@m1B am2B -+ @mmB

A product of an m X m and an n X n matrix gives an
mn X mn matrix. The new H and V supermatrices are
thus 8 x 8 complex matrices.

It is now possible to substitute Eq. (13) into Eq. (12),
using R(k) in the place of pe4(k), and rewrite Eq. (12)
for a single k value, omitting the e**(“t+#) factor. This
gives a recursion relation for R(k)

R(k) + A(k)[R(k + 1) + R(k — 1)] = —L(0)Dé,0, (17)

where D is a one-dimensional vector, constructed from
the elements of the D matrix using the same rule that
was used for R(k) [Eq. (14)]. The actual form of the
D matrix is not important at this stage, because in the
final calculations only products of two D matrices are
needed. The products are given by the matrix T, defined
in Eq. (4). The matrices A(k) and L(k) are defined as

Ak) = %L(k)V,
L(k) = kw+Il'I—i'y' (18)

The HWHM linewidth of Méssbauer transitions is given
by v = I'/2. This recursion relation can be solved using
the method of matrix continued fractions,'! by defining
matrices Ly (k) as

R(k) = Ly (K)R(k - 1),
R(k) = L_(k)R(k + 1). (19)
In this case R(0) = GD, with

1

R T (0] AYE) I AT il

(20)
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The L (k) matrices can be obtained by substituting the
first or the second line of Eq. (19) into Eq. (17), giving

1
1+ A(R)Li(kx1)

Li(k) = A(k). (21)

When calculating the Mossbauer spectrum as a func-
tion of energy, we only need the time average of ab-
sorption over the rf field period, and thus only peg(0)
in Eq. (13) is needed. Substituting R(0) into Eq. (10), in
the place of peg, gives the time-averaged absorption

A=-Im[D'GD] = -Im ) _ G;; T;;. (22)
i,j
Finally, the time dependence of absorption can be cal-
culated by using Eq. (19) and Eq. (13). Only even har-
monics need to be summed due to symmetry reasons, ab-
sorption does not depend on the sign of the rf field. This
gives the time-dependent density matrix peg(t), which
can be substituted into Eq. (10). The final expression
for the time-dependent absorption is

At) = —Im Y G (2k); Tyjei2k@t+e)

k>0
i

—-Imz G,‘jTij
©,J
—Im Y " G_(2k),; Tyje?t+e), (23)
r<o
where
Gi(k) =Li(k)Li(kF1)---Li(£1)G. (24)

In practical calculations a maximum absolute value
kmax is chosen for k in Egs. (21) and (23). It is assumed
that Ly (Amax £ 1) = 0, and L4 (kmax) = A(kmax)- The
choice of k,.x depends on the amplitude and frequency
of the rf field. The number of terms required in case of
a very strong rf field B, = B, = 20 T at various fre-
quencies is shown in Fig. 2. The two curves correspond
to relative errors of 10~3 and 10~¢ in the computed ab-
sorption values if k.« is incremented. Calculations start
by computing, and possibly storing, the 8 x 8 complex
matrices Ly (k), starting from L4 (+kmax), and finishing
with Ly (£1). It is then possible to calculate the G ma-

0 5 10 15 20 25 30 35 40 45 50
f (MHz)

FIG. 2. The maximum number of continued fraction terms
that need to be calculated to obtain a relative error below
1072 or 107° in the computed absorption values for different
frequencies of the rf field.
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trix and from that the actual time-averaged absorption,
using Eq. (22). This process is repeated for each point in
the Mossbauer spectrum, substituting the corresponding
Doppler velocity into Ag in Eq. (2).

Time-dependent absorption is calculated in the same
way, except that the intermediate L (k) values should
be stored and used for calculating the G (k) matrices
according to Eq. (24). These matrices are then used in
Eq. (23), giving the actual time development. The an-
gular frequency of the rf field is given by w, and ¢ is the
initial phase of the external field.

It can be seen in Fig. 2 that the continued fractions
converge quickly in the range of the excited and ground
state resonance frequencies (20-40 MHz). When the fre-
quency drops below the natural linewidth, the number
of terms in the L4 (k) matrix recursion increases rapidly
and the continued fraction method in the present form
becomes computationally inefficient. In practical calcu-
lations most of the time is spent on matrix inversion
[Eq. (21)]. In that case it is possible to move the time de-
pendence from the density matrix into the state vectors,
using the Floquet state expansion.27-28

A. Energy domain

The influence of a resonant magnetic field can be seen
in Fig. 3. The static field is Bp=28 T and the corre-

100

L (@ -
80[40.5 MHz
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80%38 5 MHZ

Transmission (arb. units)

100
(©)
8ok 22 MHz |
100
®
gol. 20 MHz i

-6 -4 -2 0 2 4 6
Velocity (mm/s)

FIG. 3. The calculated splitting of Mossbauer absorption
lines of ®"Fe due to rf magnetic modulation. The original
absorption lines are shown at the top of the figure. The static
field is 28 T and the perpendicular rf field amplitude is 8 T.
The linewidth is equal to the natural linewidth. Modulation
frequencies are shown for each spectrum.
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sponding ground state and excited state resonance fre-
quencies are 38.5 MHz and 22 MHz, respectively. The
rf field amplitude is 8 T and it is perpendicular both to
the static field and to the direction of v ray propagation
(¢ = 0 = 90°). The positions of the absorption lines in
the original six-line spectrum are shown at the top of the
figure. The linewidth « has been set equal to the natural
linewidth of I'g = 0.095 mm/s.

Splitting of the absorption lines is clearly visible. Each
line splits into 25 + 1 components, where j is the spin of
the nuclear state with which the rf field is in resonance.
In case of 5"Fe this means splitting into two components
at the ground state resonance and into four components
at the excited state resonance. In contrast to the RWA
results,* the splitting is asymmetric even at resonance
[Figs. 3(b) and 3(e)]. As the frequency is varied slightly
below or above resonance, the relative amplitudes of the
components change. The components with larger ab-
solute energies have smaller amplitudes above the reso-
nance frequency [Fig. 3(a)], and larger amplitudes below
the resonance frequency [Fig. 3(c)]. The same applies in
case of the excited state resonance [Figs. 3(d) and 3(f)],
but the changes are not as clear, because the various
components tend to overlap, particularly at lower rf field
amplitudes.

It has been shown previously that direct magnetic
modulation can produce sidebands in a Moéssbauer
spectrum.??2® This effect can be seen in 37Fe spectra
if the amplitude of the rf field is large. The positive ve-
locity part of an 3"Fe spectrum is plotted in Fig. 4. The
positions of the original absorption lines are indicated at
the top of the figure. The static field is again By=28 T
and the amplitude of the rf field is 12 T. The modulation
frequency is 38.5 MHz, corresponding to the ground state

T
100} l i
80 .
6oF @ -
B,=12T
E 40F 4
2
g 100k
=
=}
Z 80 (b .
E B=12T
£ 6o 1
& 100k
80F (©
By=B,=12T
6ol LT3V s i

0 1 2 3 4 5 6 7 8 9 10
Velocity (mm/s)

FIG. 4. Calculated sidebands caused by a 12 T rf field. The
static field is 28 T and the modulation frequency is 38.5 MHz.
In (a) the rf field is parallel with the static field, in (b) it is
perpendicular to the static field, and both components are
present in (c).
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resonance frequency. The effect of a longitudinal field is
illustrated in Fig. 4(a). Sidebands appear and they are
displaced from the parent lines by +Aw. The amplitudes
are proportional to the components of the interaction
matrix V, and thus also to the spins of the states that
are involved in a particular parent transition. As can be
seen in Fig. 4(a), the sideband caused by the 1/2 — 1/2
transition at 5.9 mm/s is smaller than the sideband of the
3/2 — 1/2 transition at 7.8 mm/s. Smaller sidebands are
also created by a transverse field [Fig. 4(b)]. The effect
of simultaneous transverse and longitudinal fields can be
seen in Fig. 4(c).

Line splitting decreases rapidly as the modulation fre-
quency drops below the excited state resonance, but ab-
sorption lines are shifted from their unperturbed po-
sitions. This effect was first analyzed by Bloch and
Siegert'® using perturbation calculation. They inter-
preted the shift to be caused by the counter-rotating
component of the linear rf field. In the rotating wave
approximation this component is ignored and line shifts
are not present. Bloch and Siegert showed that the shift
is essentially proportional to B% and this has also been
observed by Autler and Townes.'? The effect has been
later analyzed using Floquet theory'? and matrix con-
tinued fractions.%!?

The possibility of observing this shift depends strongly
on the experimental linewidth. A 10 T perpendicular rf
field at 7 MHz would cause a shift of 2I'g in the positions
of the outer absorption lines if the static field strength is

B. Time domain

In addition to the conventional energy domain mea-
surements, it is also possible to study the absorption as a
function of time at a constant energy. A constant velocity
drive would be used to shift the Mossbauer source radia-
tion energy to coincide with a desired absorption line in
the energy spectrum. Such time domain experiments are
particularly useful at low frequencies, close to the natural
linewidth (1.128 MHz for 5"Fe). In this frequency range,
changes in a usual velocity scan would at best be seen
as line broadening. Time domain measurements, how-
ever, still allow the influence of the magnetic modulation
to be studied in detail. The two spectroscopic modalities
also probe different magnetic response mechanisms in the
sample. Time domain measurements require a coherent
response from the absorber to the external magnetic field.
Phase differences as a function of depth or position in the
sample quickly reduce the observable effect. Energy do-
main measurements do not have such a requirement, and
line splitting would be observed even if there is a phase
shift between the oscillations of the local field in different
parts of the absorber.

The influence of a transverse rf field on the time depen-
dence of Mdssbauer absorption can be seen in the spec-
trochronogram of Fig. 5. Absorption is plotted as a func-
tion of the rf field phase at various constant velocities.
The static field is 28 T and the amplitude of the trans-
verse rf field is 8 T. Modulation frequency is 1.5 MHz.
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FIG. 5. A spectrochronogram showing the effect of an 8 T
transverse field close to the 3/2 — 1/2 transition. Modulation
frequency is 1.5 MHz, and the static field is 28 T.

Under transverse modulation at low frequencies the ele-
ments of the Ly (k) matrices are small and consequently
only the £ = 0 and +2wt terms have a significant am-
plitude in Eq. (23). Due to this, the time dependence
is dominated by the second harmonic. The phase of the
signal is strongly dependent on the detuning from a spe-
cific resonance line. A 28 T hyperfine field places the
outermost absorption lines of >'Fe at +4.6 mm/s. The
spectrochronogram in Fig. 5 shows the time-dependent
absorption close to this resonance line. It can be seen
that higher harmonics begin to appear as the detuning
from resonance is increased. The phase of the second
harmonic shifts by almost /2 as the detuning from res-
onance (the Doppler shift) is increased from 4.6 mm/s to
5.5 mm/s. The most easily observable effect is, however,
the 7/2 phase step, which occurs when the resonance is
crossed. This can be seen in Fig. 5 by comparing the ab-
sorption signal on the opposite slopes of the absorption
line.

The 7/2 phase step can be seen more easily in
Figs. 6(a) and 6(b), where two time dependencies have
been extracted from Fig. 5. The Doppler shift [Ag in
Eq. (2)] is 4.7 mm/s in Fig. 6(a), and 4.5 mm/s in
Fig. 6(b). Both plots show slightly asymmetric second
harmonics, and the 7/2 phase change is clearly visible.

A longitudinal field of the same magnitude and fre-
quency has an even more dramatic effect [Fig. 6(c)]. The
Doppler shift is 4.5 mm/s. In Fig. 6(d) the modula-
tion frequency has been reduced to 0.5 MHz. Longitu-
dinal modulation only affects the diagonal elements of
the Hamiltonian, shifting the positions of the absorption
lines. At 0.5 MHz, wiggles typical of a fast sweep over a
resonance, can be seen. Time dependencies of this type
have been observed in 7Zn experiments.29-30

III. EXPERIMENT

All experiments were performed in transmission ge-
ometry. The energy domain measurements were made

1028 2y 4.7 mmJs

f, = 1.5 MHz

101

100
99

(c) 4.5 mm/s 1
f,=1.5MHz

Transmission (arb. units)

102 (d)4.5 mm/s
f,=0.5 MHz

1 1

'
0 /2 n 3n/2 2n

Phase (rad)

FIG. 6. The calculated time dependence of Mdssbauer ab-
sorption close to the 3/2 — 1/2 transition in a 28 T static
field. The plots show the influence of a 1.5 MHz transverse
field (fz) at 4.7 mm/s (a) and 4.5 mm/s (b). The effect of
a longitudinal field (f.) at 4.5 mm/s is shown in (c) and (d).
The modulation frequency is 1.5 MHz in (c), and 0.5 MHz in
(d). The rf field amplitude is 8 T in all plots.

with a 37Co:Pd source (activity ~1.6 mCi), using a lin-
ear velocity scale. A 25 mCi 57Co:Rh source was used
in the time domain experiments. The sample was a
6 mm X 6 mm x 2.5 pm thick FeNi foil, contain-
ing 18.02% iron, enriched to 92.8% 57Fe. The foil was
mounted inside an acrylic sample holder which allowed
the sample to be cooled by water on one side.3! A water
flow rate of 1.5 cm3/s was sufficient to prevent heating of
the sample. The sample holder was situated inside the rf
coil. The coil was made of 0.8 mm CuNi tubing, and was
also water cooled. It was part of a rf resonance circuit
which was tuned for each measurement so that practi-
cally all rf energy was absorbed in the coil. In energy
domain measurements the resonance circuit was fed by a
rf amplifier capable of delivering up to 20 W of power,
producing a magnetic field of the order of 1 mT inside
the rf coil. The rf power was switched on and off at
1 s intervals to prevent heating of the components of the
circuit, and to accumulate a reference spectrum during
each measurement.

A modified setup, which allowed the absorption to be
studied at a specific ¥ ray energy as a function of the
rf field phase, was used for the time-domain measure-
ments. A constant velocity drive was used to shift the
source radiation energy so that it coincided with one of
the six absorption lines of the absorber. A time to am-
plitude converter (TAC) was used to measure the time
intervals between the arrival of v rays in the photomul-
tiplier and trigger pulses from the rf generator. Pulses
from the photomultiplier anode were amplified with a
fast preamplifier and time pickoff was accomplished with
a constant fraction discriminator. Pulses from the last
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dynode were amplified with a spectroscopy amplifier and
the 14.4 keV radiation was selected with a single channel
analyzer, gating the TAC. The trigger pulse frequency
from the rf generator was divided by four, so that ab-
sorption during four consecutive rf field periods could
be measured. A pulse rate of 3 kHz could be achieved
at the TAC output. In time domain measurements the
rf generator was gated by the Mossbauer drive function
generator, so that the rf power was switched on only for
the period when the Mossbauer drive was maintaining
the desired constant velocity. This reduced the heating
problems in the sample and the coil. Maximum power
level in these experiments was ~ 60 W.

IV. RESULTS AND DISCUSSION

A reference spectrum of the FeNi sample is shown in
Fig. 7. The lines are broadened due to an intrinsic dis-
tribution of hyperfine fields in the sample. The line in-
tensities indicate that the angle between the v rays and
the direction of the hyperfine field is close to 70°. The
foil is thus magnetized along the direction of easy mag-
netization closest to the foil surface.

The FeNi alloy forms a fcc lattice, where iron is uni-
formly distributed in a solid solution, and each iron atom
has 12 nearest neighbors. The broadening can be ana-
lyzed by assuming a linear dependence between the hy-
perfine field and the number of Fe nearest neighbors for
each iron atom.3233 The magnetic field at an iron nucleus
with n Fe-Fe nearest neighbors is

B, = BL +nBr, (25)

where By, is the local field and Br is the transferred field.
The probability of finding n Fe nearest neighbors can be
calculated from the binomial distribution

12!

P, = mz"(l —z)!?™" n=0...12, (26)
where z is the iron concentration in the alloy. Analysis
of the spectrum showed that only the six largest compo-
nents (n = 0...5) needed to be used in the fit. The fit
in Fig. 7 was obtained with the values of B;,=25.97(8) T
and Br=1.01(3) T. The maximum of the distribution
was at 28 T. The six largest components and their rel-
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ative amplitudes are plotted at the top of the figure.
Possible effects of isomer shift changes, and variation of
quadrupole constants between the hyperfine components,
are known to be small in Fe-Ni alloys with small concen-
trations of iron3* and were neglected.

The resonance frequencies corresponding to the largest
component with By = 28 T are 38.5 MHz for the excited
state and 22 MHz for the ground state. The effect of
a rf magnetic field close to the ground state resonance
frequency can be seen in Fig. 8. The rf power absorbed
by the LC resonance circuit was 11 W for spectrum (a)
and 15 W for spectra (b) and (c), producing a field of
~ 10~3 T. The splitting is not fully resolved due to the
relatively large linewidth caused by the hyperfine field
distribution. Higher field amplitude allowed the splitting
to be increased, but also induced mechanical vibrations
in the sample and caused acoustic sidebands to appear
in the spectra.

The spectra shown in Fig. 8 can be compared with the
plots in Figs. 3(a)-3(c). It can be seen that above the
resonance frequency [Fig. 8(a)] the outer component of
each split line is smaller, while at or below the resonance
frequency [Figs. 8(b) and 8(c)] the inner components are
smaller.

Three largest hyperfine components were selected for
the fit. Each component was assigned a static field value
according to Eq. (25). The relative amplitudes of the
components were calculated from Eq. (26). Different am-
plitudes of the transverse and longitudinal rf fields were
assigned to each hyperfine component according to the
assumption that they have a linear dependence on the
static hyperfine field. The fitting results are given in
Table I. It can be seen that the rf field causes the av-
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FIG. 7. Méssbauer spectrum of the FeNi foil. The six com-
ponents used in the fit are shown at the top of the figure.
Relative amplitudes were calculated from the binomial distri-
bution.
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FIG. 8. Double resonance spectra measured at frequen-

cies close to the ground state resonance. The frequencies are

40 MHz (a), 38 MHz (b), and 36 MHz (c).
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TABLE I. Fitting results of the rf modulation experiments
showing the rf field frequency, power level, center of the hy-
perfine field distribution B, and the maximum values of the
transverse (Bz,max) and longitudinal (B; max) If field compo-
nents.

f (MHz) Power (W) B.(T) Bamax (T) Bzmax (T)

40 11 27.8 6.4 7.8
38 15 27.7 7.0 7.3
36 15 27.8 8.2 8.9
30 18 26.4 21.2 18.0
27 10 27.1 11.7 12.2
24 15 26.6 15.1 7.8
19 15 26.6 15.8 9.4
1.45 38 27.4 10.8 1.4
0 28.0

erage hyperfine field at the nucleus to decrease slightly.
The maximum values of the transverse and longitudinal
field amplitudes are almost of the same magnitude when
the modulation frequency is above 30 MHz. The hyper-
fine components with larger static field values appear to
have smaller values for the transverse field amplitude and
larger values for the longitudinal field amplitudes.

The spectrum in Fig. 8(b) was measured closest to the
resonance frequency of the ground state (= 38.5 MHz).
The splitting of absorption lines, caused by the rf field, is
clearly visible. The effect of the longitudinal modulation
is demonstrated in Fig. 8(c) as small absorption lines at
+5.5 mm/s. The fit of the spectra in Fig. 8 indicated
that the longitudinal field amplitude was between 3 T
and 9 T for all components.

At lower frequencies the rf field couples to both the
excited state and the ground state of an >"Fe nucleus.
A spectrum measured at 30 MHz is shown in Fig. 9(a).
This frequency is between the resonance frequencies of
38.5 MHz and 22 MHz. The splitting becomes more com-
plex and cannot be fully resolved due to the distribution
of hyperfine fields in the FeNi foil. A good fit can, how-
ever, be achieved by using the six largest hyperfine com-
ponents with relative amplitudes again derived from the
binomial distribution of Eq. (26).

The spectra in Figs. 9(b)-9(d) show the effect of the
rf field as the frequency is scanned over the excited state
resonance. The splitting is not fully resolved, but the
change in the spectra above and below the resonance fre-
quency can be seen most clearly in Figs. 9(c) and 9(d)
at around +3 mm/s. The intensity redistribution can be
compared to the simulations in Figs. 3(d)-3(f).

As can be seen from Table I, the average static field at
the Fe nuclei has decreased from the unperturbed value
by 1.5 T. The decrease is larger than it was in the case of
the ground state resonance, and is accompanied by a con-
siderable increase of the By max and B, max values. The
decrease of B, from the unperturbed value also appears
to correlate with the power levels used in the measure-
ments. The largest B, and B, amplitudes are associated
with the components having the smallest hyperfine fields
(in the range 22-24 T), and decrease to nearly zero for
the hyperfine components having the largest static field
(in the range 28-29 T).
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FIG. 9. Double resonance spectra measured at frequen-
cies close to the excited state resonance. The frequencies are
(a) 30 MHz, (b) 27 MHz, (c) 24 MHz, and (d) 19 MHz.

The fitting results indicate that the external rf field
does not exceed the anisotropy field in the foil and cannot
reverse the direction of the internal magnetization. It
can, however, turn the internal field by a certain angle.
The results in Table I indicate that angles of up to 60°
can be observed. The rotation angle is smaller for the
hyperfine components with larger static fields.

As the modulation frequency is reduced, the splitting
of lines also decreases. When the frequency is close to the
natural linewidth, splitting can no longer be observed.
The only visible effect in a conventional velocity scan
is a slight broadening of absorption lines. This can be
seen in Fig. 10(a), where the modulation frequency is
1.45 MHz. The unperturbed reference spectrum is shown
with a dashed line. In this case, however, it is possible to
study the time dependence of absorption. The results in
Figs. 10(b) and 10(c) were measured at constant veloci-
ties of 4.9 mm/s and 4.1 mm/s, correspondingly. These
positions are shown with arrows in Fig. 10(a).

In these experiments, the rf magnetic field has a rela-
tively large transverse component and a small longitudi-
nal component. This means that the dominating feature
in the time dependence of absorption is the second har-
monic, as can be seen in Figs. 10(b) and 10(c). Both
the amplitude and the phase of the absorption signal are
strongly dependent on the constant velocity, i.e. detun-
ing from resonance. The 7 /2 phase shift visible between
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FIG. 10. A velocity scan measured at the modulation fre-
quency of 1.45 MHz (a). Arrows mark the constant velocities
used in time-domain measurements, the dashed line shows the
unperturbed reference spectrum. The time dependence of ab-
sorption at the constant velocity of 4.9 mm/s is shown in (b),
and at 4.1 mm/s in (c).

the signals in Fig. 10(b) and Fig. 10(c) is due to the
fact that the constant velocities were chosen to be on
the opposite slopes of the outermost absorption line at
4.6 mm/s. This can be compared with the theoretical
predictions in Figs. 6(a) and 6(b).

Fitting of the spectrum in Fig. 10(a) gave a value of
10(2) T for the amplitude of the transverse rf field. Fit-
ting of the time-dependencies gave a smaller value of
5(1) T. Both fits indicated only a negligible longitudi-
nal field amplitude, as shown in Table 1.

The amplitude of the absorption signal at 1.45 MHz
was of the order of 1%. Time domain measurements were
also attempted at higher frequencies. The amplitude
of the time-dependent absorption was found to decrease
rapidly as the frequency was increased. At 2.3 MHz, no
time-dependent signal could be observed, indicating that
the FeNi foil no longer had a coherent response to the
external rf field.

V. CONCLUSIONS

We have measured Méssbauer-NMR double resonance
spectra of a thin FeNi foil. It was possible to achieve
strong rf magnetic fields at the Fe nucleus by means of

M. LIPPMAA, L. TITTONEN, J. LINDEN, AND T. KATILA 52

ferromagnetic enhancement of a relatively weak external
field (= 1 mT). Radio-frequency field amplitudes at the
nucleus of up to 20 T were observed. Proper mount-
ing of the sample foil was found to be an effective way
of dissipating acoustic vibrations caused by the magne-
tostrictive properties of the ferromagnetic sample, and
enabled the measurement of double resonance spectra,
which were free of acoustic sidebands.

The presence of an intrinsic distribution of hyperfine
fields in the FeNi alloy made it difficult to observe the
full details of line splitting at frequencies close to the ex-
cited state resonance. Another limiting factor was the
maximum achievable rf field amplitude. It would be ad-
vantageous to use a different absorber with a smaller
linewidth. Our work has indicated that a material with
a larger coefficient of magnetostriction could probably be
used, provided that proper mounting of the sample foil
is maintained.

We have also studied the time dependence of the
Mossbauer absorption. This method has proven to be
usable at low frequencies, close to the natural linewidth
of 3’Fe. In this frequency range the conventional energy
domain spectrum was only slightly affected. In time do-
main, however, dramatic effects were observed. The os-
cillation of absorption as a function of the rf field phase
should be observable even in the presence of mechani-
cal vibrations in the sample because the mechanical vi-
brations are incoherent and would be averaged out in
the time dependence. Time domain measurements were
found to be more sensitive to a rf field which is parallel
with the static field. The effects of a perpendicular field
were more pronounced in a traditional velocity scan.

All experimental results were successfully analyzed us-
ing the density matrix description of the nuclear system.
The theory allowed us to analyze both energy and time
domain results. The frequency range where the theory
is applicable is very wide, with the lower limit being set
by the natural linewidth. Below that limit the matrix
continued fractions converge very slowly. There are no
convergence problems above 20 MHz, in the range of the
nuclear resonance frequencies.
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