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Reversed time in Mossbauer time spectra
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Mossbauer time spectra were studied under the condition of abrupt inversion of the hyperfine magnetic
fields. The 14.4-keV nuclear resonance of 3’Fe in an *’FeBOj; crystal was excited by synchrotron radiation
pulses in Bragg-diffraction conditions. Fast inversion of the crystal magnetization and the hyperfine magnetic
fields causes the time reversal of the quantum-beat pattern in the Mossbauer time spectra.

The power of any spectroscopic method is greatly en-
hanced if the various types of line broadening can be re-
solved or eliminated. High-resolution variants of NMR, op-
tical, and neutron spectroscopies achieve line narrowing by
observing time-reversal or echo phenomena.!” Such tech-
niques could be developed in Mossbauer spectroscopy as
well if one were able to start up a time-reversal process dur-
ing the lifetime of excited Mossbauer nuclei. Their excitation
energies typically lie in the 10-keV range. Therefore, it is
difficult to apply classical methods of time reversal as high
power radiation fields are required (to induce Rabi oscilla-
tions between the ground and excited nuclear states). In this
paper an alternative possibility is considered and realized
experimentally in nuclear resonant scattering of photons. We
demonstrate that via the magnetic interaction of nuclei with
ambient fields it is possible to start up time reversal by fast
inversion of these fields.

The Hamiltonian of a nucleus in a crystal n site with
energy E §\0) , spin I,, and magnetic moment u, in the
ground (A =g) or in the excited state (A =e) which experi-
ences the magnetic field B is given by

I,-B™
I)\

Z SA0
A = A0 - (1)
According to the rules of quantum mechanics® the operation
of time reversal K inverts the spin I, and transforms its
eigenstates |m,) to the complex-conjugate ones

kix Kt = -1, K |m\)=|my)*. 2

Therefore for the part of the Hamiltonian which takes into
account the interaction of the nuclear spin I, with the mag-
netic field B the inversion B"™= — B™ produces the same
effect as the operation of time reversal—Eq. (2). This prop-
erty is used in the present studies to “reverse” time in Moss-
bauer time spectra.

First we consider theoretically the scattering problem per-
tinent to our experiment. The nuclei in a crystal which expe-
rience time-dependent hyperfine interactions are excited at
t=0 by a short pulse of vy radiation in an e* (s=m,0) po-
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larization state. The amplitude E (¢) of the radiation reemit-
ted coherently in the forward (»=0) or in the Bragg
(v=1) directions at time ¢ by the excited nuclei is given in
the Born approximation by the expression

i (n) o(n s(n
E ()= 3 e J0, (k1) T3 (—ko0) . (3)

g We ot

Here .I(,,Z;)‘/,E(k,,,t) are the transition matrix elements of the
vector operator j(")(kl,,t)=f]§\"”(t,0)f(”)(k,,) UM (1,0)
between the ground and excited nuclear states |¢,)
with j (W(k,) being the nuclear current density vector opera-
tor in momentum representation; f]g")(tz,t1)= f’exp[—(i/
3 ;?d 7.94(7)] the evolution, and 7 the time-ordering op-

erators; the nuclear Hamiltonian %\")(t) takes into account

the time dependence of the hyperfine interactions; the index

s inJ f/,("‘,), (—ky,0) denotes a component of the vector matrix
erg

element along the direction of the polarization vector €°; k,
and k; are the wave vectors of the radiation propagating in
the forward and in the Bragg direction, respectively;
K,=k,—k, is a reciprocal lattice vector; p{™ is the relative
position of a nucleus in the n-site of the crystal unit cell.
The nuclear Hamiltonian %\”)(t) in the specific case of
the abrupt inversion of the hyperfine magnetic field at a time
instant ¢y, can be defined by Eq. (1), however, with
the magnetic field being an explicit function of time:
BW=B™(t)=B"™ p(t—ty,), where 7n(t—ty)=1 for
t<tg, and 7(t—tg,)=—1 otherwise. Prior to the inversion
(t<t,) the nuclear Hamiltonian is time independent and is
given exactly by Eq. (1). The nuclear states |¢,) can be

chosen as eigenvectors |m,) of the spin operator 7, . Then
the nuclear transition currents are

T (K 1) =00 () expl =i, 1 12(1),  (4)
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FIG. 1. The time spectra of the nuclear scattering of 14.4-keV
synchrotron radiation pulses (Fig. 2) were studied by a pure nuclear
Bragg reflection (333) in an antiferromagnetic crystal of 3’FeBOj
under the following conditions. A constant magnetic field
H_L (ky,k;) aligned the magnetic hyperfine fields B(*) and B® in
both nuclear sites in the unit cell of the 3’FeBOj; crystal parallel to
ky+k,. The crystal magnetization and the hyperfine fields were
inverted abruptly by the application of a pulsed magnetic field H,
with some delay after the arrival of the synchrotron radiation pulse
on the crystal.

where {(t)=exp(—iEgt/h—T't/2R) with Ey= E(O)—E(O) be-
ing the energy and I'y being the full width of the nuclear
transition e—g; while hQS,:’g)me= (;,Lgmg/lg—p,eme/le)B(”)
are the relative transition energies arising from the hyperfine
magnetic interaction. Insertion of Eq. (4) in Eq. (3) yields the
amplitude of the radiation reemitted by the excited nuclei

E()={(t) >

m Mg N

A (mgme) exp[ =i, 1], (5)

(1) n
A mg me) =™ P O (k) ot (—ko) . (6)

These equations describe a typical quantum-beat time spec-
trum brought about by the interference of all excited hyper-
fine nuclear transitions after ¢>0.3%

The explicit calculations’ show that after the instanta-
neous inversion of the. magnetic hyperfine fields
(t=tg, >0) the transition currents and the time spectrum
can be described by the same Egs. (4)—(6), however, with the
following changes:

T ()= (— k), (7)
exp[ —iQf), t 1=exp[—iQf), (26, —0]. ()

This result is expected from the general rules of time
reversal—Eq. (2). We can conclude now that the hyperfine
magnetic field inversion indeed reverses the time evolution
of the relative phases of the nuclear transition currents.
[There is no such effect on the factor {(¢#) common for all
hyperfine transitions.] As a consequence the relative phases
of all the nuclear transition currents will return to their initial
values at the time instant =2t .

To bring off this mechanism of time reversal one needs
samples that allow the inversion of the hyperfine magnetic
field direction within a time shorter than both the nuclear
lifetime 7, and the periods of the Larmor precession
=27kl /(uB™), \=g,e. These conditions could be
met for nuclei with long-lived excited states 7,=10"°s, e.g.,
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18y 677n, %3Sc, etc. These conditions could be met well
also for 3’Fe—the standard Mossbauer isotope, since Fe is
the main component in a number of soft magnetic
materials®~!% which allow easily to rotate the magnetization
and the direction of the hyperfine magnetic fields.

For demonstration of the time reversal effect the 'Fe
nuclei in an >’FeBOj; crystal (E, = 14.4 keV, 7,=141 ns,
7= 25 ns) were used. The weak ferromagnet >’FeBOj; is
known to allow fast rotation of its magnetization.'''> The
experiment was performed at the storage ring DORIS III
(DESY, Hamburg).'* The nuclei were excited by synchrotron
radiation pulses. The crystal was set in the position of the
pure nuclear Bragg reflection (333)—Fig. 1. Time spectra of
the nuclear Bragg diffraction were measured.

A constant external magnetic field H.=5 Oe was applied
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FIG. 2. Mossbauer diffraction time spectra in >’FeBO; (333);
scattering geometries with the directions of the hyperfine magnetic
fields and level scheme with the corresponding hyperfine nuclear
transitions in °’Fe: (a) unperturbed time spectrum; (b)—(d) per-
turbed time spectra obtained by sudden rotation of the hyperfine
fields by 180° at different instants after exciting the nuclei by the
synchrotron radiation pulse. The solid lines are calculated theoreti-
cal spectra. The vertical dotted lines indicate the instants of switch-
ing t4, obtained from the fit. These values do not deviate from the
experimental ones by more than *=0.6 ns.
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parallel to the surface of the crystal slab and perpendicular to
the scattering plane (ky,k;). This field aligned the magnetic
hyperfine fields B(") and B® in both nuclear sites in the unit
cell of the FeBOj; crystal with ky+k; .

The fast inversion of the crystal magnetization and the
hyperfine magnetic fields was achieved by sudden (< 4 ns)
application of the magnetic field H,=22 Oe antiparallel to
H_. The pulsed field H, was produced in a magnetization
cell which consisted of four single-loop rectangular coils.
Each coil was made of a beryllium strip 2 mm wide, 80 mm
long, and 0.1 mm thick. Each strip was bent in the middle so
that the distance between the straight parallel parts was 0.5
mm. The *’FeBO; platelet which has the dimensions 10X 6
X 0.06 mm? was inserted inside the loops. The current pulses
of 4.5 A with 3 ns rise time from a pulsed current generator'>
were fed to each coil via 12.5 €} cables. Due to the small
area and hence inductance of the loops the current pulses
were integrated only slightly. The frequent switching of the
magnetization and the direct influence of the currents in the
strips produce heating of the sample up to 62 °C.

The magnetic pulses were triggered off by every second
pulse of the DORIS III bunch clock which is locked in phase
with the synchrotron radiation pulses. This procedure gave
the possibility to measure simultaneously spectra both unper-
turbed and perturbed by the hyperfine field inversion.

Figure 2(a) shows the unperturbed time spectrum mea-
sured with the fixed directions of the hyperfine fields when
only the constant external magnetic field H, was applied.
The dominant intensity beats with the period 12.6 ns arise
from the interference of the strongest transitions 1 and 6 (see
Ref. 16 for more details).

The spectra in Figs. 2(b)—(d) were measured when addi-
tionally the pulsed magnetic field was applied to the crystal
with some delay after the arrival of the synchrotron radiation
pulse. These time instants are indicated by dotted lines. One
can notice that with the allowance for the nuclear decay the
spectra after the inversion are the mirror images in time of
those before the inversion. That is, in the unperturbed spec-
trum in Fig. 2(a) the fourth quantum beat maximum is much
more pronounced than the third one. On the other hand, in
the perturbed spectrum in Fig. 2(b) in place of the fourth
quantum beat appears the one, denoted as 3’, with nearly the
same intensity as the third one. The quantum beat 3’ can be
interpreted as the echo of the quantum beat 3. A similar
behavior is seen in the other spectra.

The experimental spectra were consistently fitted by using
the theory outlined above, however, with two modifications.
The first one takes into account the speeded-up decay of the
collective nuclear excitation, which exhibits itself in thick
crystals like that one used in the experiment. The time spec-
tra were calculated by using the asymptotic formula of the
dynamic theory of diffraction'’
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The damping parameter « can take values in the range
1= «=3 depending on direction and divergence of the inci-
dent beam. In our particular case it is k= 1.57. The formula
turns out to work well at t*= 25 ns.

The second modification takes into account the perturba-
tion of the magnetic hyperfine splitting due to a weak quad-
rupole interaction of >’Fe nuclei with the electric field gra-
dient in >"FeBO; (see, e.g., Ref. 16 for more details). As a
result additional time phase factors exp(—iAQ|mg|'me|t ) appear

in Egs. (4) and (5) which are insensitive to the hyperfine
magnetic field inversion. It is because of the presence of the
small quadrupole interaction that the time reversal effect in
Figs. 2(b)—(d) is not pure.

The unperturbed spectrum in Fig. 2(a) was fitted by using
Egs. (5), (6), and (9) with modifications mentioned above.
The spectra in Figs. 2(b)—(d) were fitted by using Egs. (5)-
(9). All the nuclear and crystal parameters were taken from
the fit of the unperturbed spectra. The only free parameter
was the switching time ¢, . The switching times obtained
from the fit do not deviate from the experimental ones by
more than =0.6 ns.

In the summary, we have investigated the effect of a fast
magnetic hyperfine field inversion on the Mossbauer time
spectra. The inversion of the field produces the reversal of
the quantum-beat pattern in time. It is demonstrated that the
hyperfine magnetic field inversion can be used as a start-up
mechanism of time reversal in cases where the nuclei expe-
rience magnetic hyperfine interactions. This effect could be
of particular interest in cases where the nuclear resonances
possess a large broadening due to inhomogeneous hyperfine
magnetic interaction, e.g., distribution of hyperfine fields in
magnetic alloys, spin-spin interactions with neighboring at-
oms (especially for nuclei with long-lived excited states),
etc. The broadening wipes off the coherent signal whereas
time reversal can revive it as a y-echo signal. The true width
of the nuclear resonance obscured by inhomogeneous hyper-
fine magnetic interactions may be then reconstructed by per-
forming a sequence of hyperfine magnetic field reversals in
the sample and by measuring the envelope of the y-echo
signals. Such reconstruction procedure basically follows the
concept of the high-resolution techniques of Carr and Purcell
in NMR spectroscopy.!®
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FIG. 1. The time spectra of the nuclear scattering of 14.4-keV
synchrotron radiation pulses (Fig. 2) were studied by a pure nuclear
Bragg reflection (333) in an antiferromagnetic crystal of 3'FeBO;
under the following conditions. A constant magnetic field
H_L (ky,k,) aligned the magnetic hyperfine fields B'") and B®) in
both nuclear sites in the unit cell of the *'FeBO; crystal parallel to
ky+k,. The crystal magnetization and the hyperfine fields were
inverted abruptly by the application of a pulsed magnetic field H,
with some delay after the arrival of the synchrotron radiation pulse
on the crystal.
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FIG. 2. Mossbauer diffraction time spectra in *"FeBO; (333);
scattering geometries with the directions of the hyperfine magnetic
fields and level scheme with the corresponding hyperfine nuclear
transitions in °’Fe: (a) unperturbed time spectrum; (b)—(d) per-
turbed time spectra obtained by sudden rotation of the hyperfine
fields by 180° at different instants after exciting the nuclei by the
synchrotron radiation pulse. The solid lines are calculated theoreti-
cal spectra. The vertical dotted lines indicate the instants of switch-
ing t,, obtained from the fit. These values do not deviate from the
experimental ones by more than =0.6 ns.



