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Nuclear Bragg Scattering of Synchrotron Radiation with Strong Speedup of
Coherent Decay, Measured on Antiferromagnetic FeBO3
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A strongly speeded-up decay of a collective nuclear excitation has been observed in pure nuclear reso-
nance diA raction of synchrotron-radiation pulses by a perfect single crystal of antiferromagnetic

Fe803. Superimposed appeared a quantum-beat spectrum exhibiting the interference of four
hyperfine transitions. The angular dependence of the time spectrum was verified with measurements
above, below, and at the exact Bragg position. The OA-Bragg measurements reveal sensitively the weak
quadrupole interaction in FeBO3.

PACS numbers: 75.50.Gg, 07.85.+n, 42, 10.Qj, 76.80.+y

Pulsed synchrotron radiation allows measurements of
the time structure of the decays of nuclear excited states.
Radiative decays can be observed in pure nuclear
reflections from single crystals, which appear in selected
Bragg directions. If a perfect single crystal containing
resonant nuclei is excited at the Bragg position, decay
modes appear which because of their coherent nature
proceed much faster than in individual nuclei. ' If the
nuclear levels are split by hyperfine fields, there is an ad-
ditional quantum-beat modulation of the coherent decay
rate. 3 5

We report on measurements of the pure nuclear Bragg
reflection from a perfect single crystal of Fe803. The
measurements give a striking demonstration of the
speedup of coherent decay and show a quantum-beat
pattern, corresponding to the response characteristic for
any simple Fe antiferromagnet. There is a pronounced
asymmetry in the amplitudes of the quantum beats
above and below the Bragg angle, which gives a direct
measure of the weak quadrupole shifts of the hyperfine
lines.

Pure nuclear resonant diflraction by single crystals of
FeBO3 has been studied for many years with conven-

tional Co sources. The compound is nearly antifer-
romagnetic at room temperature, with a slightly canted
spin system lying in the [111) planes. The electric field
gradient (EFG) is perpendicular to these planes. The
fhhhl reflections with odd h are suppressed for the non-
resonant electronic x-ray scattering but allowed for the
resonant scattering by the nuclei ~ With improved growth
techniques, nearly perfect crystals of FeBO3 enriched to

95% in Fe are available with sizes up to 1 x 1 cm .
The experimental arrangement was the same as in a

previous experiment, but now with Fe-YIG (yttrium
iron garnet) replaced by FeBO3. Following a Si
premonochromator and a Ag mirror, the beam incident
on the FeBO3 crystal had a divergence of o.= 10 prad.
Measurements were made with the beam centered at,
= 30 prad above, and = 20 prad below the Bragg angle
for the pure nuclear reflection (111). The crystal of
about 1 cm, allowing a beam cross section of 1 X10
mm, was placed in a weak external magnetic field per-
pendicular to the scattering plane (ko, k/) in order to
align the internal fields parallel to ko+kI. The resonant
diffractio spectrum then consists of four well separated
lines arising from the four "AJ,"= +' 1 transitions (J, is

not precise for crossed B and EFG). The relative posi-
tions of the resonance energies are shown in Fig. 1. The
results of the measurements and the theoretical calcula-
tions are given in Fig. 2.

A striking feature of the time response shown in Fig. 2
is the dramatic speedup of the coherent decay. In Figs.
2(a)-2(c), the top dotted lines correspond to the ex-
ponential decay characteristic of an individual nucleus,
with lifetime ttt/I = 141 ns, while the dashed lines
tangent to the envelopes of the initial observed response
give initial lifetimes r= 17 ns at the Bragg angle, and
= 24 ns above and below the Bragg angle, correspond-
ing to a speedup by factors of = 8 and = 6 with respect
to the natural lifetime It/I (= 68 and = 45 with respect
to the lifetime h/I „ for pure y decay). A fourfold speed-
up of the decay rate was also present in the measure-

1987 The American Physical Society 355



VOLUME 59, NUMBER 3 PHYSICAL REVIEW LETTERS 20 JUr V 1987

(4)

('~)

(1)

(()
1000

) 8=813

i= 17 IlS

I I

t'iH(~ ~)

H + EFG
IO

FIG. 1. Hyperfine splittings between the four "hJ,"= ~ 1

transitions in iron borate. Here the transitions are (I )
=[+ —,
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' ]. In the drawing the e shifts of the

full Hamiltonian are added. The room-temperature values
are 6 Q(1,6) = h rtM(I, 6) =110.5I, ft A(3, 4) = h Q~(3,4)
=17.5I, h, = —3.9I, e'=+0.061, e"= —0.06I with I =4.665
x 10 eV.
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ments on Fe-YIG, but there it is largely masked by
57 4, 5

the slow quantum-beat modulation. (A previous obser-
vation of a speedup in Fe203 is rather questionable
because of poor statistics. ) Measurements of the speed-
up using radioactive sources were recently carried out
with a nanosecond magnetic shutter, ' whereas the cor-
responding broadening of the width has been observed in
the frequency studies of the FeBO3 reflection.

The exact nature of the speedup of coherent decay
varies, depending on the scattering system. For FeBO3
at room temperature, the hyperfine splitting is so strong
that there are four well separated resonances. In this
case the response is essentially that of an isolated reso-
nance modulated by the fast quantum-beat spectrum
from the four oscillators. For a thick-crystal Bragg
reflection" or grazing-incidence reflection' of synchro-
tron-radiation pulses, the response of a well isolated reso-
nance is

7=24 ns
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FIG. 2. Time spectra of the coherently scattered radiation

measured at diff'erent angular positions: (a) exact Bragg angle,
b) = 20 prad below Bragg angle, and (c) = 30 grad above

Bragg angle. The solid lines are the calculated theoretical
spectra averaged over a Gaussian spread of 30 prad plus a con-
stant background contribution. The dotted lines show a natu-
ral exponential decay exp( —I /ht), and the dashed lines show
the initial enhanced decay with lifetime ~. The ratio of delayed
to prompt counts is about 1x10 . All data were accumulated
within a day.
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where co~ is the complex dynamical beat frequency. For
the (111) Bragg reflection in FeBO3, ro~ of the strong-
est "dJ,"= ~ I transition is given by roz (e) = co~

trop = (63I /6 ) (0.938e+ i) ' where Be =e —ea„ss
is the rocking angle about Bragg in microradians. For
the initial response the decay is dominated by the leading
factor, giving a nearly exponential initial decay at the
rate I /6+2co~(e). At the Bragg angle, this exponen-
tial decay is strongly enhanced (by a factor of 127), but
the approximation is only valid up to t =2 ns. Off' the
Bragg angle, the initial exponential decay is only very
weakly enhanced, but the decay becomes considerably
speeded up at later times r ) ! ro~(e)! '. This behav-

!
ior of the time spectrum"' is due to dynamical beats,
which are the result of the non-Lorentzian response of
the resonance. Thus the speeded-up decay given b E .n y q.
(I) is strongly angle and time dependent. For the actual
experimental conditions the time dependence has to be
computed from the dynamical theory. '

Almost all features of the quantum-beat spectrum can
be understood in the Born approximation. The splitting
of the four contributing transitions is shown in Fig. 1,
with the corresponding relative strengths of the transi-
tions being +1, —

—,', + —,', and —1, respectively. The
four contributing waves then sum up to give the simple
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beat spectrum '

I(r) ~e "' "
~
sin[ —,

' Q~(1,6)t] —
—,
' e ' "'sin[ —,

' Q~(3,4)t]
~

As shown in Fig. 1, 6AM(1, 6) is the magnetic splitting
between the outer two transitions, 6 AM(3, 4) is the mag-
netic splitting between the inner two transitions, and
hhA =6/2 is the shift between the center of the (3,4)
lines and the center of the (1,6) lines.

This result gives the characteristic quantum-beat pat-
tern for any simple Fe antiferromagnet. Comparing
Eq. (2) with the YIG response discussed in Eq. (1) of
Ref. 5, we see that the quantum-beat pattern for

FeBO3 is almost the same as the fast beat modulation
for YIG [for 6 polarization with 8;„, perpendicular to
(kn, kf)], but with cos[ 2 Q~(i,j )t] now replaced by
sin[ —, Q~(i, j)t], and a similar discussion applies. The
pattern is again dominated by the leading term,
sin [ —,

' A~(1,6)t], which arises from the interference be-
tween the strong (1,6) lines, and gives a fast beat period
2'/Q~(1, 6) =8.1 ns at room temperature. The contri-
bution arising from the interference between the weak
(3,4) lines, —,

' sin [ 2 O~(3, 4)r], has only a small eA'ect

on the pattern but again a very perceptible modulation is
caused by the interference between the (1,6) lines and
the (3,4) lines. This contribution,

—
—,
' cos(AAr)sin[ —,

' QM(3, 4)t]sin[ —,
' AM(1, 6)tl,

alternately adds to or subtracts from the leading contri-
bution sin [ —,

' AM(1, 6)t] every fast beat period, again
giving a "high-low" pattern to the fast beats, with the or-
der depending on the sign of the factor cos(AAt)
xsin[ —,

' Q~(3,4)r]. This factor changes sign at multi-
ples of 2x/QM(3, 4) =51 ns, and at odd multiples of

~
z/260

~

= 114 ns. Pronounced minima will occur
whenever sin[ —,

' AM(1, 6)t] and sin[ —,
' DM(3, 4)t] simul-

taneously vanish, which will occur in the vicinity of mul-
tiples of 2n/AM(3, 4) =51 ns. This feature is seen in
Fig. 2(a). We also note that just as in the YIG case, the
quantum-beat modulation of the coherent decay rate
gives an initial complete suppression of coherent decay.
This suppression will be characteristic of any pure nu-
clear reflection which is caused by a hyperfine interac-
tion.

For our theoretical calculation of the time response,
we have carried out the dynamical calculation outlined
in Ref. 4, using the diagonalization procedure given in
Ref. 1 to get the proper scattering amplitudes for nuclei
under the influence of a crossed EFG and 8;„,. Figure
3 gives a 3D plot of the resulting time response,
~R(t, 6'B)a ~, for a single reAection from FeBO3 of
incident radiation of a polarization. The same response
is obtained for incident zi polarization. Figure 3 shows
clearly the general features discussed above: an initial
suppression followed by a delayed peak response at = 4
ns, followed by a sequence of rapid quantum-beat pulses
of period = 8 ns which damp out at a greatly enhanced
decay rate = (20 ns) '. A new interesting feature is
the asymmetry in the quantum-beat amplitudes above
and below the Bragg angle, e.g. , peaks 4, 5, and 8-12.
This asymmetry gives a direct measure of the weak
quadrupole interaction. In the absence of quadrupole
interaction, the reflectivity has an inversion symmetry,

~
R( —Sco, —86)

~

=
~
R(6c0, 6'B)

~
about the central

frequency of the spectrum, above and below the Bragg
angle, leading to a symmetrical time spectrum,

~
R(t,—Se)

~

=
~
R(t, 86)

~
. Quadrupole interaction re-

moves the inversion symmetry, giving an asymmetry in
the time response, '

~
R(t, 8e)

~

—
~
R(t, —86)

~

—sin(AAt)sin[ —,
' A~(3, 4)t]sin[ —,

' AM(1, 6)r], (3)

which gives a direct measure of AAQ. Because of the
proportionality to sin[2 Q~(1,6)t], this appears as a
"Reissverschluss" (zipper) asymmetry in the amplitudes
of the fast quantum beats above and below the Bragg an-
gle. The asymmetry will be strong at times when both
sin(BQt) and sin[ —,

' Q~(3, 4)t] are large, so that pro-
nounced asymmetries occur for r = 15-40 ns (peaks
3-5) and for t = 60-90 ns (peaks 8-12), while the
asymmetry will vanish for t = 0-15 ns (peaks 1 and 2)
and for t =40-60 ns (peaks 6-7). These asymmetries
can be seen in the observed spectra, by comparison of
Figs. 2(b) and 2(c).

For the theoretical simulation of the data, we have in-
tegrated

~
R(t,e) a

~
over the angular divergence of the

incident beam and the mosaic spread, which we have
taken to be a total Gaussian spread with o.=30 prad,

centered respectively at [Fig. 2(a)], 20 prad below [Fig.
2(b)], and 30 prad above the Bragg angle [Fig. 2(c)].
The agreement is generally quite good, with X values of
1.7 at, 1.5 above, and 1.9 below the Bragg angle. The
fits are much better than the previous ones for YIG. We
attribute this to the simpler structure of FeBO3.

In summary, we have made observations of the time
response of nuclear Bragg scattering of synchrotron-
radiation pulses in FeBO3. The results give a striking
example of the speedup of coherent decay at the Bragg
angle, and also give a quantum-beat spectrum which is
characteristic for any simple Fe antiferromagnet. An-
gular measurements of the time response were carried
out, revealing an asymmetry which gives a direct mea-
sure of the weak quadrupole interaction. Dynamical cal-
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FIG. 3. 3D plot of the calculated time response ! R(r,
6R)cr! following a single (111) Bragg reflection in FeBO3
of incident cr-polarized radiation.

culations give excellent agreement with the observations.
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