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A periodic trough structure has been found to appear in inhomogeneously broadened EPR lines of nitrogen in silicon carbide
after irradiation with microwave pulses with a duration shorter than the spin-spin relaxation time T,. The patterns observed
are explained as the result of rotation of the magnetization vectors of the spin packets by the coherent microwave pulses. By
taking into account the nonuniformity of the distribution of the amplitude H; of the high-frequency magnetic field, theoretical
patterns for the periodic trough structures are constructed and are in good agreement with experiment.

THE study of the dynamics of EPR lines, and of in-
homogeneously broadened lines in particular, is of
considerable interest in the physics of magnetic reso-
nance. We have investigated the effect of short micro-
wave pulses on the EPR spectrum of nitrogen in sili-
con carbide and have detected coherence effects that
have not been observed previously.

The experiments were carried out on a super-
heterodyne radio-spectrometer in the 3-cm range of
wavelengths at liquid-helium temperatures. The tech-
nique applied was analogous to that used for the ob-
servation of discrete saturation of EPR lines!’?), the
saturation of the spectrum being carried out by means
of a separate klystron. The concentration of impurity
nitrogen in the silicon carbide (6H SiC) samples
amounted to 5x 10" and 8 x 10" ¢cm™,

The EPR spectra of nitrogen in this substance have
been sufficiently well studied®®), and the spin-lattice
relaxation was investigated in the papers!®”), The in-
homogeneous broadening of the components of the EPR
spectrum is due to the super-hyperfine interaction of
nitrogen donor electrons with the magnetic nuclei Si*°
and C®. The width of the spectral components in the
sample with a nitrogen concentration of 5x 10" cm™,
which we studied in the most detail, was 2 Oe.

On saturation of the nitrogen EPR line by powerful
microwave pulses of duration 7 ~ 10™*—10"° sec, in
addition to the central hole ‘burned out’’ directly, two
symmetrically placed satellite troughs, at a distance
from the central trough equal to the nuclear Zeeman
frequency of Si*®, were observed to appear. The ap-
pearance of these troughs was studied earlier!®}, and
can be explained by the saturation of ‘‘forbidden’’
transitions of donor electrons.

The action of microwave pulses of duration less
than 10°° sec on any of the components of the spectrum
leads to the appearance of a periodic trough structure
(PTS), symmetric about the point of saturation, in the
line (Fig. 1a); the ‘““frequency’’ of these troughs in-
creases smoothly with increase of the microwave
pulse duration”. On displacement of the point of ap-
plication of the microwave pulse along the contour of

DThe occasionally observed asymmetry of the PTS about the point of
saturation is evidently due to non-monochromaticity of the microwave
pulses.
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the EPR line, the whole PTS pattern is shifted corre-
spondingly, the ‘“frequency’’ of the troughs remaining
unchanged. With decrease of the pulse duration to

T = 4 x 107" sec, the PTS degenerates into a single hole.

It was found that the extent of the PTS and the depth
of the troughs grow with increase of the power of the
microwave pulses; however, their ‘‘frequency’’ re-
mains unchanged, within the limits of experimental
error. For a given power and duration of the micro-
wave pulses, the PTS pattern is fixed on the line and,
together with the line, proportionally contracts or ex-
pands with change of the depth of modulation of the
magnetic field,

The characteristic time for the ‘‘filling in’’ of the
observed PTS as a result of cross-relaxation processes
is approximately equal to 30 msec, as can be seen
from Fig. 1b. (For the central component of the spec-
trum, the spin-lattice relaxation time of the donor

FIG. 1. a) Oscillogram of a portion of the equilibrium EPR line-
shape of nitrogen in SiC (upper) and the PTS pattern (lower) arising in
it after the action of a microwave pulse. b) Oscillogram illustrating the
“filling in”’ of the PTS in the course of a few cycles of the magnetic
modulation (50 Hz, nitrogen concentration 5 X 10'7 cm™3).
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electrons in this sample is equal to T, = 1.5 sec at
T =1.7TK, and the cross-relaxation time T;, = 50
msec.)

The presence of a PTS in the EPR line was also
verified in the absence of magnetic-field modulation.
For this, we investigated the curves of the recovery of
the central packet of the line after irradiation by a
microwave pulse at the neighboring packets, as a func-
tion of the magnitude of the detuning between them. It
was found that, with change of the detuning, the ampli-
tudes of the relaxation curves vary in magnitude in
accordance with the PTS pattern observed in the pres-
ence of magnetic field modulation and with the same
microwave pulse duration.

Inasmuch as estimates of the spin-spin relaxation
time of the packets give T~ 107° sec,” and the dura-
tion of the microwave pulses in our experiments was
7 < 107° sec, the appearance of the PTS can be ex-
plained by the presence of coherence effects in the
inhomogeneously broadened EPR line.

A coherent microwave pulse induces rotations of
the magnetization vectors of the separate spin packets
through angles determined by the values of the corre-
sponding effective magnetic fields and by the pulse
duration 7. In a time lapse of order T, after the action
of the pulse, the transverse components of the magneti-
zation vectors disappear, and the corresponding longi-
tudinal components Mz(w) determine the resulting
EPR line-shape. The dynamics of the line are then de-
termined by the cross-relaxation processes and spin-
lattice relaxation.

The angle 6 through which the magnetization vector
M in the rotating coordinate frame is rotated as a re-
sult of the action of a microwave pulse of duration T
is determined by the expression 8 = (w? +6%)Y% 1,
where w; = yH,;, H, is the amplitude of the microwave
magnetic field, and § = w — wo is the detuning between
the frequency w, of the microwave pulse and the fre-
quency w of the free Larmor precession.

We consider now an inhomogeneously broadened
line and assume that the spin packets are distributed
continuously and that a microwave pulse of frequency
wo is applied to the center of the line, its amplitude
H, being much smaller than the width A of the inhomo-
geneous line, H; < A. Under these conditions, the
resulting EPR line-shape is determined by the expres-
Sion[s,s] 3)

e=—e@{1-

o 2 2) 1/,

sl —cos(0 +8) w]}, 1)
where M, is the equilibrium magnetization, Mz,r(w)
is a magnetization component of the spin packet with
frequency w =6 + wo, and g(5) is the shape function
of the inhomogeneously broadened line,

Formula (1) gives a qualitatively correct description
of the experimentally observed PTS. For w,;7 = 7/2 (at
exact resonance § =0), this structure degenerates into

DThe time T, can be estimated from the minimum width of the hole
burned out by a purely saturating pulse.

Mims et al.’), who treated theoretically the effect of a coherent
microwave pulse on an inhomogeneously broadened line, did not detect
experimentally the expected pattern of troughs in the EPR lines of
Ce’*, Er**:CaWO,; they ascribed this to substantial nonuniformity of the
distribution of the amplitude H, in the volume of the sample.
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FIG. 2. Oscillograms of the PTS (left) and calculated PTS shapes

(right) for the following microwave pulse durations: a) 7 =4 X 1077
sec, b) 7=8 X 1077 sec, ¢) 7=2.5 X 107 sec.

a single hole, and this enables us to determine the ef-
fective value of the amplitude H,. In Fig. 2a is given
the shape of the single hole after the action of a 90-
degree pulse of duration 7 = 4 x 107" sec at the point
5 =0, from which the effective value was found to be
H; = 0.2 Oe under the conditions of our experiment.
We can now construct theoretical PTS curves with the
same value of H, and for different pulse durations 7.
In doing this, it is necessary to take into account the
distribution of the amplitude H, in the volume of the
sample. That this is necessary is indicated by the fact
that, for any pulse durations 7, the observed PTS
pattern has a minimum at the saturation point § =0,
whereas, according to formula (1), this point should
oscillate as a function of the pulse duration 7. Super-
position of the periodic structures from different
parts of the sample leads to averaging of the observed
pattern in the region of values § < w,. Taking into
account the distribution of the electromagnetic field in
the volume of a sample having dimensions 8 x 8 x 2
mm, and the distortions introduced into this distribu-
tion by the dielectric properties of the material inves-
tigated, we can give a rough estimate of the extent of
scatter of the amplitude H, within the volume of the
sample and, for simplicity, assume a smooth distribu-
tion.

In Fig. 2 on the left, oscillograms are given of the
PTS at constant power and different microwave pulse
durations. The corresponding theoretical curves are
shown on the right in Fig. 2. They were calculated
from the formula

M..(d 8) v 2
M(., = m,f(_)m./i,{i"mlzi Gt — cos(ai+8)] Jo,,  (2)
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where w! = yH}, wi = yH}, ¥ =gB/f, g =2, H] =0.1 Oe,
and Hj = 0.3 Oe; the function g(§) was taken to be a
Lorentzian with width 2 Oe.

If we allow for the crudeness of the approximations
and estimates used, the agreement between the con-
structed and the experimental curves is completely
satisfactory. The agreement with experiment of the
positions of the troughs in the calculated periodic
structures is better than the agreement of their intensi-
ties and of the widths of the central troughs with ex-
periment. Since w, is much smaller than the width of
the inhomogeneous line, the positions of the troughs in
the region of detunings 6 > w, is almost independent
of the distribution of the amplitude H, in the volume
of the sample, whereas in the region of the central
trough 6 < w,, the calculated curves depend essentially
on the estimate of the amplitude H, and on the choice
of its distribution function.

From the disappearance of the PTS with increase of
the microwave pulse duration, we can estimate the
spin-spin relaxation time T.; in the given sample, it
was found to be equal to T~ 107° sec. A more accu-
rate estimate of this time can be made, apparently,
from the maximum PTS ‘‘frequency’’ at which this
structure can still be resolved.
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