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Abstract

We propose modified Bloch equations (MBEs) with specific power-dependent
relaxation and dispersion parameters characteristic for two-pulse excitation and
when the magnetic dipole—dipole interactions in the electron spin system control
the dephasing. We discriminate between the ‘active’ (excited by both pulses)
and ‘passive’ (excited by the second pulse only) spins: it is shown that the
‘active’ spins participate in a new effect, an active spin frequency modulation
effect giving rise to the power-dependent dispersion and multiple electron spin
echoes (ESEs); the ‘passive’ spins contribute to the power-dependent relaxation.
The MBEs are solved and a general expression for the two-pulse ESEs is
obtained. Detailed numerical analysis of this expression gives results in good
quantitative agreement with the recent experiments on the two-pulse ESEs at
conventional low applied fields. The developed theory is applied also to high
field ESEs, which are promising for future investigations. On the basis of
published results it is deduced that the instantaneous diffusion mechanism is
ineffective.

1. Introduction

The purpose of this paper is to explain recent experiments [1, 2] on the electron spin echoes
(ESEs) in solids. In particular, the results on the power dependence of the irreversible phase
relaxationrate I’ = Tz_' and its spectral properties [1], the existence of multiple echoes at high
applied fields [2] and the interrelation between these effects and the so-called instantaneous
diffusion (ID) effect [3] are of significant importance.

An important contribution to the phase relaxation in ESEs of solids is due to the dipole—
dipole interaction of the paramagnetic centres. Because of the many-particle nature of the
dipole—dipole interactions, satisfactory microscopic analysis of the relaxation and, hence, of
the echo phenomenon in general is impossible.

1" Author to whom any correspondence should be addressed.
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For description of the transient phenomena in two-level (S = 1/2) systems excited by
a resonant field H;(t) = 2H,,, cos(w;t), the phenomenological Bloch equations are widely
used. In the rotating reference frame (RRF) with frequency w;, these equations are

u
i+ Av+ =0,
2u

v
) — Au — +— =0,
v U—xw o (1)

(w—wp)
T

W+ x v+ 0.

Here u and v are the components of the transition dipole moment in phase and out of phase with
H(t); w is the population difference or, equivalently, the polarization with the equilibrium
value wp. (In magnetic resonance, alternatively, u, v and w are the components of the
magnetization.) For electron spins wy = tanh(gB.Ho/2kpT), where g and B, are the g-
factor and the Bohr magneton of the electron respectively and Hj is the applied magnetic
field. In many cases, including EPR of solids, the resonance spectrum is inhomogeneously
broadened and the resonance frequency w of the spins is distributed as f (e = w — wp) around
the centre frequency wy = y Hp, where y is the gyromagnetic ratio. Then equations (1)
refer to the generic homogeneous spin packet with frequency w. Ordinary Bloch equations
(OBEs) properly (1) include two constant phenomenological relaxation parameters, 77 and
Ty =Ty =T, =T, the power-independent tuning parameter A = @ — w; and the induced
Rabi frequency x = y Hy,,. Besides A, we introduce detuning of the driving field from the
centre frequency Ag = w1 — wy. Obviously, e = A + Ay.

Experiments on transient nutations (TNs), free induction decay (FID) and echoes in
NMR [4], EPR[1, 2,5, 6] and optics [7-10] of solids show that parameter 7, and frequency w are
not constants but depend on the intensity of the excitation field. So, the Bloch equations (1)
should be properly modified by taking into account the power dependences of w (H;) and
T (Hy).

A version of the modified Bloch equations (MBEs) was proposed in recent
publications [11, 12] and used to describe experiments on TN and FID in EPR [4, 5] and
applied to the theory of spectral hole burning (see also [13, 14]). In distinction to previous
theories on MBE (see, for example, [ 15—-17]), where the non-Bloch behaviour of the transient
responses has been ascribed to the fluctuations of the resonance frequency wy of the active
centres and/or of the field source, in [11] the power dependence of w and 75 is directly attributed
to the changes in the system of the active centres caused by the interaction with the coherent
excitation field. It was known long ago [18, 19] that the power dependence of 75 is different in
equations for # and v components of equations (1). While there is a more or less satisfactory
theory and expressions for T», [18, 19], the meaning of T3, is not so clear. In [11, 12] the
power dependence of 75, was associated with the creation of the transverse components of the
magnetization by the excitation field. From experiments on the ESE [1] it follows, however,
that it is more realistic to refer this power dependence to the changes in the longitudinal
component of the magnetization.

The next section is devoted to the analysis of the power-dependent variations of w and 7,
introduced by the coherent excitation pulses in the inhomogeneously broadened system and
their relation to the ID mechanism. In section 3 we solve the Bloch equations modified in
such a way for a sequence of the two excitation pulses and obtain a general expression for the
two-pulse ESEs. In section 4 this general expression is analysed numerically as a function
of the various pulse parameters (the Rabi frequency yx, pulse length 7,, interval between the
pulses 1), of the applied field Hy and so on and the results of the calculations are compared
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with the experimental data. A brief discussion of our results and results of other publications
is given in section 5.

2. Power dependence of the MBE parameters and the ESE nonlinear mechanisms

The echo formation is a more complex and subtle phenomenon than the TN effect and/or FID

each taken separately. This is due to the fact that the echo is a coherent nonlinear response and

its formation, amplitude and decay properties strongly depend on the phase relations between

the pulses. The correct accounting for these relations is the main task of any echo theory.
The nonlinear mechanisms of ESE consist of

(i) the nonlinear excitation,
(i) the nonlinear (intensity-dependent) dispersion and, possibly,
(iii) the nonlinear (intensity-dependent) damping in the system of the active centres.

The nonlinear excitation mechanism (i) is connected with the terms —xw and xv of
equations (1) nonlinear in the excitation field. Unlike the polarization echoes in piezoelectric
powders [20, 21], where the equation of motion for the elastic vibrations of the particle s(¢)
contains both the strong linear piezoelectric force ~BE(t) (B is the piezoelectric constant,
E (1) is the excitation electric field) and the nonlinear electrostriction force ~EZs, equations (1)
do not contain the linear terms ~x ~ H;(t).

The nonlinear dispersion mechanism (ii) is responsible for the multiple echoes and in the
system of dipoles is due to the demagnetizing field [4]. This mechanism is considered and
applied to the echo formation in the strongly homogeneous system (nuclear spins in solid *He),
where the space inhomogeneity of the applied field Hj is created artificially by applying a
uniform field gradient G, in [4]. As a result, a sinusoidal modulation of the magnetization
along the gradient direction appears at the end of the second pulse. The demagnetizing
field corresponding to this magnetization generates a spatially sinusoidally modulated Larmor
frequency which acts on the transverse component M, = u +iv. So, M, (t) after the pulses
consists of the infinite spatial Fourier components M, (k, t). It is shown [4] that at times
t = nt(n = 2,3,...) where t is the time interval between the pulses, M, (t) becomes
uniform (k = 0) giving rise to the multiple echoes at those times.

In the case of the inhomogeneously broadened systems [1, 2] where the magnetization
all the time remains spatially uniform, the demagnetizing field works in a somewhat different
way and requires a special consideration. For this purpose, it is instructive to consider, even if
schematically, the time evolution of the spin system microscopically.

We take the spin Hamiltonian in the RRF of the form

Hy=h) AgSic+h Y AuSi:Sic )
k ik
where A;x = Air(rik, 0ix) is the usual expression of the dipole—dipole interaction and

Ax = wy — w is the resonance offset. During the short and strong mw pulses, the Hamiltonian
is
H = Hy+H,~ H,=hy, S 3)
k
where y, is the Rabi frequency of the pulse.

The transverse component of the magnetization of a particular spin packet in the RRF at
time ¢ is given by

M. (1) = gBe(S;+(1)) = gBTr [p(1)S;:] “)
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where the density operator

p(1) = ROPOIR™' (1) )
describes the evolution of the spin system during the echo-formation process. In the high
temperature approximation

ha)o ha)o
O~1—-— Sk; > —— Skz- 6
p(0) kpT e kz kBTXk: kz (6)
The evolution operator for the two-pulse echo sequence is
R(t) = Rp2(t — T)RpaRy1(T)Rp1

R, = exp{—ih*lH,»ti} = exp{—ixiti Z Skx} = exp{—i@i Z Skx} @)
k k

Ryi(t) = exp{—ih ™" Hot}.
From equation (2) one can see that the equilibrium demagnetizing field operator is
H; ~ Zi AixSi;. Equations (5) and (7) after the first pulse of flip angle ®; = x,#, give
Skz(t1) = Sk, cos @) — Sky sin © (8)
so the demagnetizing field for the free precession after the pulse is Hy(t) ~ Y. AiS;; cos ©;.
Replacing inequation (2) S;; by ;. cos ®1, from equation (7) one obtains for the free precession
Siz (11, T) = Sk €08 O — sin O (Sgy cOS Yrix — Spr SIN Yrir)
Yk = (Ax +cos O Z AkiSiz)T. ®)
i#k
It is seen from (9) that the first pulse simply uniformly shifts the resonance spectrum by
SV = (1 — cos®)) Zi Air(Si;). A similar consideration holds for the effect on the
demagnetizing field by the second pulse. The final expression for p(t) ~ Y, Si.(t1, 7,
1y, t — 7) at time ¢ from the beginning of the two-pulse sequence is given by

Sio(ti, T,y t — T) = Qi Sk + @t Siwe™ T gy ST
ay; = cos B cos O, — sin O} sin O, cos ¢y
i . . ; . . i
Ap_=— E[COS O sin O, + sin O} cos?(O,/2)e'? —sin O sin’(O2/2)e %], ay, =a;_ (10)

O = <Ak +2cos ® cos O, Z Ak,‘S,‘Z>‘L'
ik
@y = Ag + bre cos AT + by, Sin ApT + byy.
In obtaining the expression for ¢, we neglect terms ~S;,. Furthermore, @} represents
the effect of the successive two-pulse excitation on the transition frequency of a kth spin
packet: byy contains terms that simply uniformly shift the resonance frequency and sums
of terms that are effectively averaged to zero; terms ~by. and ~by, describe the desired
periodically modulated contributions to the transition frequency and actually represent the
nonlinear dispersion mechanism; we emphasize their locality in the frequency domain, that is
they depend on the frequency A (and phase A, 1) of the same spin packet under consideration
only. In the important particular case of ®; = m /2 one has by, = 0 and
bie(®1 = 7/2) = —sin O sin @22Ak[(551). (11)
i#k
As usual [4, 20], the Fourier expansion
o0

expli(t — )by, cos Axt] = Z 1" [(t — T)bic] exp(inAgT) (12)

n=—0o0
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with the Bessel functions J,(x) as the Fourier coefficients leads, after the insertion of p(¢)
into (4) and integration over the inhomogeneous distribution of the spin packets g(A), to the
multiple echoes at times t = nt (n =2,3,...).

From equation (4) one sees that a;.-term in (10) does not contribute to the transverse
magnetization. It is important for the three-pulse (stimulated) echoes not considered in this
paper.

The intensity-dependent damping (iii) due to the dipole—dipole interactions cannot be
described in the way given above for the nonlinear dispersion. Hence, we shall confine
ourselves to rather a qualitative discussion based on the experimental results [1].

Inasmuch as pulse duration #; < T, [1, 2], during the pulses one can with sufficient
accuracy neglect the relaxation terms in equations (1). Thus, the damping described by the
parameter 7, is of no any importance in this approximation, as the free precession of both u
and v is governed by I' = T, (x) formed during the pulse. The decay rate ") after the first
pulse can be written as

r'Y =Ty +TV(0) (13)

where I'( represents the power-independent damping due to the interaction of the coherently
excited spins with the thermally excited ones. Its temperature dependence can be approximated
by [22]

Ty = Too(1 — wi) /2. (14)

The second term in (13) describes the power-dependent damping due to the interaction among
the coherently excited spins. For spins coherently excited by a short duration pulse this term
is effectively equal to zero at any time if the space distribution of the active centres is uniform;
then one has TV = Ty,.

We divide the spins excited by the second pulse into two groups with different phase
properties: ny = noge + N2pqs. Here no,e represents the echo-forming (‘active’) spins excited
by both the pulses and the phase properties of which are described by formulae (10). There
arose the question of whether there is a nonlinear damping mechanism similar to the nonlinear
dispersion given by expression (10) for @y. In our opinion [11, 23], such a mechanism exists,
though this existence depends on the unclear role of the ‘active’ spins in the nonlinear damping.
Supposedly, however, as in the case of the polarization echoes in powders [21] and cyclotron
echoes in plasmas [24], it is of lesser importance than mechanisms (i) and (ii): for the pulses
of low intensity its contribution is small; at high powers the echo amplitude is dominated by
the increasing damping. So, below it is imagined that the spins of n,,, do not contribute to the
power-dependent damping and this mechanism is excluded from the consideration.

Group 73,45 consists of the new spins excited during the second pulse and described by
equation (8) with index 2 instead of 1 there. It is obvious that these ‘passive’ spins do not
participate directly in the echo-formation process. They contribute, however, to the power-
dependent damping in the system of the ‘active’ spins. From experiments [1] it follows that
this contribution is proportional to the change in the polarization dw(f;) = wo — (Wpas (1))
where (w4 (#2)) is the average polarization of the ‘passive’ spins at the end of the second
pulse. Hence, decay rate I'® after the second pulse is

[ = T+ Tga) = Ty + arsus). .

Note that the given division of the resonant spins into the two groups has nothing in
common with the known division [3] into the A (resonant) and B (nonresonant) spins where
the A spins are responsible for the ID effect while the B spins lead to the spectral diffusion
(SD) effect.
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3. Modified Bloch equation theory of ESE

Here we develop a simple theory of ESE in solids based on the MBEs which take into account
the results of mechanisms (ii) and (iii) of the preceding section. The solution of (1) at the end
of the first pulse is

u(t) = woxi (e — Ag)(1 — cos 1)/ 2}

v(t) = —wWo X1 sin @1/91

w(t;) = wol(e — Ag) + xi cos @1/ Q1

Qf =l —A)*+x7] &1 =Qin.

(16)

For the free precession between the pulses from equations (1) with parameters 175, = T>, = I’ !
and A = ¢ — Ay + 8wV we have

u(ty, ) = [u(t)) cos ¥y — v(t;) sin ¥ Je =107
v(t1, T) = [v(t)) cos ¥y + u(ry) sin Yy Je o7

w(ty, 1) =wty) ... ¥ = (6 — Ag + 8T (17)
sV = a,(wo — (w(t)) (w(t)) = / w(ty) f (e) de.

For 7 « T here the longitudinal relaxation is neglected. Parameter a,, ~ ), Ai.
The solution of equations (1) for the ‘active’ spins at the end of the second pulse is
u(ty, 7, n) = Qz_z{u(tl, r)[x22 cos? o+ (X22 sin? Qo+ (e — Ao)z) cos P, ]
+ v(ty, r)[)(z2 sin g cos (1 — cos ,) — (¢ — Ag)L2; sin P, ]
+ w(ty, T) x2[22 sin @ sin @, + (¢ — Ag) cos (1 — cos O,)]}
v(t;, T,h) = Qz_z{u(tl, r)[x22 sin @ cos (1 — cos @,) + (& — Ag)R2; sin O;]
+ v(ty, r)[)(22 sin? o+ ()(22 cos’ o+ (e — Ao)z) cos @,
+ w(ty, T) x2[— 22 cos @ sin Dy + (¢ — Ap) sin (1l — cos O,)]}
w(ty, T,h) = Qz_z{u(tl, ) x2[ (e — Ap) cos (1 — cos Py) — 2, sin ¢ sin O, ]
+v(t, T) x2[(e — Ag) sin (1 — cos O,) + 2, cos ¢ sin P, ] (18)

+w(t;, T)[(e — Ag)* + x3 cos D, ]}

=co+cie 0% cos[(e — Ag)T — @]+ cre 0T sin[(e — Ag)T — @]
co = wo(Q122) 7 [(e — Ag)” + x7 cos P1][(e — Ag)” + x5 cos D,]
e — Ag)?
] = —wOMe_r‘” sin ®; sin ®, — Q(l —cos @) (1 — cos ®»)
9192 QIQZ
e—A e—A
Ccy = Wy X1X2 e ot ( 0) sin ®; (1 — cos ®,) + g(l — cos @) sin P,
Q]Qz Qz Q]

Q% = (8 — A0)2 + X22 q)g = taz.

Here ¢ = ¢, — ¢ is the phase difference between the pulses. Small and, hence, insufficient
uniform contributions to the resonance frequency are neglected in (18). For free evolution of the
‘active’ spins after the second pulse in MBEs (1) we have parameters ' and A = e—Ag+5w®
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and solution

u(ty, t,t,t) = [u(t, T, ) cos I/fz —v(t, T, 1) sin wz]e—l““’(t—r)

. 1@
u(ty, T, 0, 1) = [V(t1, T, 1) cos Yo +u(ty, T, 1) sinyrole T 70
w(t, 7,0, 1) =w(t, T, 1)

Yy = (e — Ag +80®)(t — 1)

8 = a(wy — w(ty, T, 1)) +al (wo — (Wpas (12))) (19)

I'® =T +ardw(tz) = Ty +ar(wo — (Wpas (1))
<wpas(t2)> = / wpas(t2)f(8) de

Wpas (1) = wol(e — Ag)* + x5 cos P21/ Q3.

In accord with the results of mechanism (ii) of the preceding section, w® and, hence,
Y, contain the desired periodically modulated contribution to the resonance frequency from
the ‘active’ spins while term ~a5"* leads to the uniform shift. Furthermore, term ~ar in (19)
describes the important [ 1] power-dependent contribution to the decay rate from the ‘passive’
spins excited by the second pulse (see equation (15) above).

Observed echoes are given by

o0

V(ti, T, 0, t, X1, X2, Do, @) ~ / [W’(t1, T, o, 1) + V7 (11, T, 0, ]2 f(e) de (20)

—00

and can be examined as a function of any of the arguments shown in this formula. As a first
step, we may apply expansion (12) to cos ¥, and sin yr,. The substitution into u(#;, t, t», t) and
v(t1, 1, fp, t) and the integration over ¢ (20) leads to the echoes attimes t = nt (n = 2,3,4...).
However, the general expression obtained in this way is a very complex expression and the
analytic evaluation of the echo properties presents large difficulties. On the other hand,
Vi, t, 0, t, X1, X2, Ao, ¢) can be easily examined numerically and successfully compared
with the experimental results.

4. Numerical calculations

4.1. Low field ESE

Our calculations are mainly connected with the decay properties of the echo [1]. As seen from
expression (20), the calculations need a specific expression for the inhomogeneous distribution
f(e). Usually it is presumed as a Gaussian

f(e) = 2n) 2o~ exp[—(e — 9)*/207] 1)

though the distribution experimentally [1] obtained and used below is not symmetrical (full
curveinfigure 1). Because of low values of the polarization in experiments [1] (wg = 0.033 687
at 4.2 K) somewhat cumbersome expressions (16)—(19) are simplified. Indeed, 0@ in (19)
is negligibly small, the nonlinear dispersion mechanism is insufficient and, hence, multiple
echoes at times r = 37, 47, ... are not observable.

Moreover, in (14) we have I'g & I'gg. Then from formulae (16)—(19) it follows that the
decay function of the 2t echo is given by

Vit =2t) = Vyexp(—Tgot — F(z)r) = Voexp(—2L.fr7)

22
Fery = Too + T (g = (s (1)) 22)
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-6 . -4 -2 0 . 2 . 4
Frequency (MHz)

Figure 1. Inhomogeneous distribution of the spins f(¢). The full curve is the experimental
result [1] and the dotted curve is given by equation (21).
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20 -

Decay rate " (10 3 s™")
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0,(degrees)

Figure 2. Echo decay rate I' as a function of the second pulse area ®;. Dots are the
experimental values of I' [1]; the full curve and the dotted curve are calculated from equation (20)
with the experimental and the Gaussian distributions f(g) respectively. For all three cases
x2 = 2m x 200 kHz. The dashed curve is for , = 5 us and varying x».

That s, the echo decay is strongly exponential, but with the intensity-dependent decay rate
I' = I';fy, in accordance with experiment [1]. Dots in figure 2 show the experimental values of
I" as afunction of the tilt angle ®, = x»t, obtained for constant value x, = x; = 27 x200kHz,
t; = 1.667 pus and varying #, [1]. The full curve depicts the same dependence obtained from
expression (20) as V (r) with the use of the experimental function f(¢) given in figure 1. To
obtain this result, besides the above parameters the following values of the parameters were
used: Tgo = 12.5 x 103 s™!, ar = 6.4 x 10° s~ 1,
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Figure 3. (a) Contributions of the # and v components to the multiple echoes; (b) the multiple
echoes in dB.

We have repeated the same calculations with f(¢) given by Gaussian (21) with the
parameters gg = 2 x 10°s7!, 0 = 7.14 x 10%s~! (see the dotted curve in figure 1) and
ar = 6.5 x 10%s7!; the result is given by the dotted curve in figure 2. Finally, we have
calculated directly I'.s; as the function of ®; varying #, with the use of the experimental
function f(¢); the result exactly coincides with the full curve, so it is not shown in figure 2.
All the results below in this section, unless otherwise noted, are obtained with the use of the
experimental function f(¢) only.

Note that I'(®,) can be examined also as a function of x, with a given value of #,; an
example for £, = 5 us when ®, = 2 for x, = 27 x 200 kHz [1] is shown by the dashed
curve in figure 2. Since I'.ss depends on x, not only through ®; (see (19) and (22)), the two
cases, ['(®,, ;) and I'(®», x2), give different dependences for I'(©;) on ©5.

The upper limit of parameter a;‘ in (19) representing the demagnetizing field and
responsible for the multiple echoes can be estimated as follows. Figure 3(a) shows the multiple
echoes V (¢) (full curve) and the contributions of the u(¢) (dotted curve) and v(t) (squares)
components obtained with the following values of parameters: x; = x» = 2w x 200 kHz,
T=5 us, ty =t = 1.25 us (O = 0, = 7'[/2), g = 12.5 x 103 S_], ar = 6.4 x 10° S_],
and a% = 3 x 10° s~!. In figure 3(b) the same result is given in a semilogarithmic scale. It is
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0,3

0,1+

03 ' g
1 n 1 n 1 n 1 n 1
4 2 0 2 4

frequency & (MHz)

Figure 4. The frequency dependence of the characteristic parameters x; and x; of the multiple
echoes (arguments of the Bessel functions) at low values of the applied field.

seen that the second echo is lower by 29 dB than the first echo which in the given conditions
(t1, ; and T K T3) has really a maximal value. Because experimentally the signal decay is
observed over a range of ~30 dB [5], we conclude that 3 x 10 s~! represents the upper limit
of al¢ in [1]. The first echo and the third echo, poorly seen in figure 3(a), are due to v(¢) while
the second echo is formed by u(z).

The characteristic parameters which govern the echo pattern and, in particular, are
responsible for the multiple echoes are the arguments of the Bessel functions J,(x) in
equation (12) taken, say, att — v = v = T,. From equations (18) and (19) it follows that the
arguments are x| = a;, (t — 7)c; and x, = a, (t — 7)cp. Note that in the homogeneously
broadened system [4] x; ~ c; is the frequency-independent parameter (in [4] x; &~ 20 > 1)
and ¢ = 0. In our case of the strongly inhomogeneous system x; and x, are frequency
dependent, as seen from equations (18) and (19) and shown in figure 4 for wy = 0.0336 87,
X1 = x2 = 2m x 200 kHz, ©; = ©; = 7/2, T,' = Ty = 12.5 x 10°s7! and
al’ =3 x 10° s~'. Note that x, is symmetric and x; is asymmetric in €; both the functions
undergo fast changes in the narrow central part of the inhomogeneous distribution f(¢) from
[x] =~ 0.3 to zero; as a consequence of the small effective values of x; and x,, the multiple
echoes are not observable.

The authors of [1] also investigate how different spin packets within the inhomogeneous
distribution contribute to the echo decay. For this purpose, the dependence of the decay rate
on the spectral position of the spins was examined by looking at the ESE decay after the same
O = 0, =21/3(x1 = x2 = 27m x 120kHz) pulse sequence for different values of Hy, i.e., of
the detuning Ag = @w; — wp. Symbols in figure 5 show the experimentally observed decay
picture for three values of the detuning while the full curves are obtained from the present
theory with the parameters oy = 9.9 x 10° s™!, ar = 6 x 10° s™!. The theoretical values of
the decay rate, '(AHy = 0) = 27.5 x 10°s™!, '(AHy = —0.5 Oe) = 20.6 x 10> s~! and
I'(AHy = +0.5 Oe) = 13.38 x 103 s™!, are in good agreement with the experimental results
26+ 1) x 103571, (21 £ 1) x 10> s7' and (12.8 £ 0.5) x 103 s™!, respectively. We also
obtain results very similar to those shown in figure 5 using, besides the above parameters, the
above-mentioned Gaussian distribution.
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Figure 5. Echo decay curves for the same two-pulse sequence (01 = ©, = 120°) at three different
values of the detuning A Hy from the resonance condition: A Hy = 0 Oe (circles), AHy = —0.5 Oe
(triangles) and AHy = +0.5 Oe (squares). Symbols are the experimental results [1] and the full
lines are from the present theory.
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Figure 6. The echo decay rate I' (full curve) versus detuning Ag, expressed in units of the Rabi
frequency x = 2w x 120 kHz. The dotted curve is the inhomogeneous distribution of the spins
f(e) (see figure 1).

Figure 6 shows the echo decay rate I' = I,y (full curve) versus detuning Ao, investigated
in [1] as well. Parameters used in obtaining this figure are the same as for figure 5. One sees
that this dependence I"(Ag) is quite similar to the shape of the inhomogeneous distribution of
the spins f (&) also shown by the dotted curve, in agreement with the experiment and theoretical
analysis in [1].

4.2. High field ESEs

The investigations of ESE at high applied fields and low temperatures where wy & 1 [2]
are very promising. In this case the nonlinear dispersion §w® is not negligible and may
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affect the echo behaviour; in particular, the echo decay can be not pure exponential. Also,
besides the dipole—dipole term (14), a contribution to the power-independent decay rate at high
fields increasing with temperature gives the spin—lattice interaction. We approximate the total
power-dependent decay rate after the second pulse Ft(z) by

T2 = Too(1 — wd)"? + Tio(1 — wd) /wo + ar (wo — (Wpas (12))) (23)

where I'j refers to the spin—lattice interaction.

One of the results of [2] is the observation of a sequence of four two-pulse echoes. Figure 7
is an attempt to repeat this result with the parameters that presumably have been used in
experiments [2], wo = 0.998 (T = 4.2 K, Hy = 215k0e), x; = x» = (w/2) x 107 Hz and
®, = O, = /2, and with the following parameters of the present theory: I'gg = 3 x 10° s7!,
Tp=6x10s7" ar =1 x 10%s7!, 4% =2 x 105s7! and © = 0.2 us. The unknown
inhomogeneous distribution is taken as Gaussian (21) witheg =0 ando =1 x 108 s~

It is seen from figure 7(a) that the first echo is due mainly to the v(#) component, the
secondary echo is formed by both components and the third echo is due mainly to the u(z)
component of the magnetization. Note, however, that the contributions of the components to
the secondary echoes complicatedly depend on the above parameters. Also, it is worth noting
that the fourth echo is less by 26 dB than the first one.

We should note that, in distinction to the low field echoes, at high fields the calculated echo
decay is not exponential and this is the consequence of the significant nonlinear dispersion
Sw® . Figure 8 shows calculated decay behaviour for the first (27) and second (37) echoes for
4.2 K. Only for larger values of t (at the ‘tail’) does the decay becomes more or less exponential.
The influence of the nonlinear dispersion decreases with the increasing temperature and at
higher temperatures 7 > 7 K the decaying part is quite exponential. Figure 8 and other results
below are calculated with the same parameters given above buto = 1 x 107 s~

The measured memory decay rate of the high field echoes strongly depends on temperature,
as shown by symbols in figure 9 for another sample [2]. Again, due to the nonlinear dispersion,
the calculated decay rate I' (full curve in figure 9) at low temperatures is not equal to I'r¢
(dotted curve in figure 9) given by

Terr = Poo(1 — w2 + Ty (1 — w) Jwp + %(wo — (Wpas (). (24)

Really the nonlinear dispersion works to increase the memory time 7,. At higher temperatures
T > 7 K where its effectiveness is lowered, I'(T") and I'.;(T) merge as is seen from the
figure.

In conclusion, we shall touch briefly on the characteristic parameters x; and x,, responsible
for the multiple echoes, at high applied fields. The calculations similar to those performed
in the preceding subsection show that here we have the frequency dependence essentially of
the same form as shown in figure 4. In this case, however, x; and x, span a ten times (for
T = 4.2 K) broader frequency interval and their limiting values are larger (*15) than at low
fields. Nevertheless, because of the fast variations, their effectiveness is less than in the case
of the homogeneous systems where x; is independent of ¢ [4]. It is obvious from figure 4 that
parameter x; symmetric in ¢ is more important for the multiple echoes than x,.

5. Discussion

5.1. Low field ESE

The experimental results of figures 2, 5 and 6 are theoretically discussed in [1] as well, and good
agreement similar to our calculations in those figures is achieved. The theoretical consideration
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Figure 7. (a) Contributions of the u# and v components to the high field multiple echoes; (b) the
multiple echoes in dB.

in [1] is based on the ID mechanism. By definition [3], the ID effect consists in the following:
a short rf pulse flips the A spins which causes a rapid (instantaneous) unbalance of transition
frequencies of the B spins (and of the A spins as well). The influence on the motion of the A
spins destructive in its nature introduced by a rapid B-spin reaction to this unbalance is termed
the ID effect.

The results of the experiments [1] show, however, that this effect is ineffective. That
is, the damping due to the large assembly of the B spins is not influenced by the pulses and
is given (in our notation) by decay rate Iy which is supposedly a characteristic of the SD
mechanism. So, the intensity-dependent damping can be related only to the excited spins
themselves. Experiments of [1] and, in particular, the dependence of I" on ®; show that the
‘active’ spins do not have the resulting disturbing moment which affects these spins and, hence,
do not contribute to the echo decay. On the other hand, it is clear that the local fields of the
‘passive’ spins at the sites of the ‘active’ spins have such nonzero moments which leads to the
echo decay. It is clear also that this decay rate depends on the amplitude of the transverse (u,
v) components of the ‘passive’ spins, that is on the excitation field. Since the decay rate is
constant during the free evolution (for T < 77) while u(¢) and v(#) are oscillatory even in RRF
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Figure 8. The decay behaviour of the first echo V (27) (full curve) and of the second echo V (37)
(dotted curve). For the parameters see the text.
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Figure 9. Temperature dependence of the first echo decay rate I'. Circles are the measured decay
rate [2], the full curve depicts the calculated I" and the dotted curve is I'ry (equation (24)).

(for € # 0), the decay rate is expressed through the change of the longitudinal component of
the Bloch vector w(?): I' ~ wg — (wpas(12)), as follows from the experiment [1].

The decay rate after the second pulse I'(2) in [1] and here is given by one and the same
expression (15). However, the physical meaning of the damping mechanism as described in [1]
is essentially different from that given in sections 2 and 3 and above in this section. In [1] there
is no discrimination between the ‘active’ and ‘passive’ spins excited by the second pulse and
(w(ty)) in the expression for Sw(#,) intuitively implies the average over the inhomogeneous
distribution of the polarization of the ‘active’ spins (in our terminology above). In the present
paper, this decay is caused by the ‘passive’ spins excited during the second pulse.

We hope that some light was shed by the results of sections 2 and 3 and the present
discussion on the understanding of the ID and SD mechanisms.

Unlike the ineffective ID effect, there is another one also initiated by the excitation pulses
and in this sense ‘instantaneous’, which we shall term an active spin frequency modulation
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(ASFM) effect. It is caused by the ‘active’ spins and described by the expressions for wy
in (10) and for w® in (19). In distinction from the incoherent ID effect, the ASFM effect
is a consequence of the successive action of the two excitation pulses. The main feature of
this effect is that it directly connects the frequency unbalance of a kth ‘active’ spin with the
well defined phase properties of the same kth spin. As shown above, this effect represents the
new nonlinear mechanism of the multiple echo formation, the intensity-dependent dispersion
mechanism.

We have also shown how the distribution of the resonance frequency influences
(negatively) the formation of the multiple echoes.

The results of sections 2 and 3 permit us to obtain further insight into the time decay
of the TN and FID [5, 6, 11]. The important statement in [11] is that the power-dependent
decay of TN and/or FID is caused by the interaction of the generic coherently excited spin with
the fields of other also coherently excited spins. This statement is the opposite to that in the
previous publications where the non-Bloch (power-dependent) behaviour has been ascribed to
the fluctuations of the resonance frequency of the active centres and/or of the field source.

The arguments about the properties of the ‘active’ and ‘passive’ spins remain valid also
for TN and FID. The TN process consists of the many decaying Rabi oscillations during which
the mw field excites the spins of the very different mutual phases; as a consequence, we again
have the nonzero local fields and the power-dependent decay. The above is operative for the
steady-state prepared FID as well. Of course, such peculiarity as the different role of 73, in
TN and in FID [11] remains in force.

Already it has been said in the introduction and confirmed by the calculations that
it is more correct to refer the power-dependent damping of the echo to the changes in
the longitudinal component of the magnetization than to its transverse components. This
conclusion, apparently, is valid for TN and FID. It is pertinent to say that TN, FID and hole
burning are less subtle processes than the echo as they do not contain the division to active
and passive spins with their subtle dispersion and damping properties and the phase reversal
important for echoes. In particular, the FID decay is described by the power-dependent decay
rate ', which is constant during the decay process without respect to whether it caused by the
changes in the longitudinal component or in the transverse components. To show that the FID
is correctly described by equation (15) of [11],if ', = Tz_v1 (x) is defined by equation (15) in
this paper where w(f,) = wo — (w(#2)) and (w(t,)) is the average polarization at the end of the
steady-state preparation, we have recalculated the Rabi frequency dependence of the FID rate.
The result is shown in figure 10 by the open diamonds together with the previous calculated
result [11] (open circles) obtained with I',, expressed through the transverse components of
the Bloch vector. There is good agreement between the present result, the previous one and that
obtained experimentally by Boscaino and La Bella [5] (solid triangles). The theoretical results
for the FID rate [5, 7] following from the OBE (solid squares) and from the Redfield theory
(solid circles) are also shown in the figure. In obtaining this result, the following values of
parameters from [11] were used (compare with those in [ 11] where the average of the transverse
components is defined in a different way than in (17) and (19) above): a, = 5 x 107 cm™3 s/,
ar =3.8x107ecm3 s, r2 =1 x 108 s?and o = 27 x 0.25 MHz with the same values
of T and T; as givenin [11].

5.2. High field ESEs

Previous theories of ESEs in solids cannot explain the existence of the multiple echoes at
high applied fields, as it does the present theory. Since the multiple echoes are due to the
ASFM effect, they permit us to estimate the nonlinear dispersion parameter a;S, that is
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Figure 10. Calculated FID rate, I'/27, versus Rabi frequency, x /27, for sample no 1 of [5]:
open circles and open diamonds are for ', expressed through the transverse [11] and longitudinal
components (present work) of the Bloch vector respectively. Solid triangles are experimental data
of Boscaino and La Bella [5]. Solid squares and solid circles are the theoretical dependences
expected from the OBE theory [5] and from the Redfield theory [7] respectively.

the demagnetizing field in the sample. Hence, the echoes depend on the sample form and
orientation relative to the applied field.

Due to the ASFM effect, the echo decay is not exponential as is seen from figure 8. In terms
of the Bessel functions J,,(x1), J,, (x2), the echoes are described by the complicated expression
containing the sum over n, m of products J,, (x1) J, (x2). At times t < T, where [x;| > 1 and
|x2| > 1, the T-dependence of the echoes is governed by the oscillatory behaviour of the Bessel
functions. For T > T, one has x;» < 1 and V(2t) ~ Ji(x1)Jo(x2) ~ x1 ~ exp(—27/T3),
that is an exponential decay for large . Note that the nonexponential decay is characteristic
for any echoes with significant contribution from the intensity-dependent dispersion and/or
damping [4, 20, 21, 24]. We hope that the theory described in sections 2 and 3 can help in
further experiments on the high field echoes and their explanation.

5.3. Photon echoes in solids

Several important properties of the photon echoes in solids are similar to those of the ESEs:
both cases need the applied magnetic field, have approximately the same memory decay rates,
which decrease with increasing field [2, 25] if spin—spin interactions control the dephasing,
and so on. The intensity-dependent frequency shift and decay rates for photon echoes in solids
were observed [8—10] and ascribed to the ID mechanism through the magnetic dipole—dipole
interactions of the active centres [9] In these and in other following publications, however,
the conclusion about the power-dependent decay rate is again deduced, as in [1], from the
averaging of the polarization of the ‘active’ centres.

In our opinion, the division of the centres excited by the second light pulse into the ‘active’
and ‘passive’ ones is correct for the photon echoes as well; the power-dependent decay rate
of the photon echoes in solids is then caused by the spin polarization of the ‘passive’ centres
while the ‘active’ centres serve as the origin of the nonlinear mechanism for multiple photon
echoes.
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6. Conclusion

It is well known that the OBEs with power-independent relaxation and tuning parameters fail
to explain ESEs in solids. We presented a modified version of the Bloch equations (MBEs)
with specific power-dependent relaxation and dispersion parameters characteristic for two-
pulse excitation and when the magnetic dipole—dipole interactions in the system control the
dephasing. We have found that the first and second pulses vary the parameters in different ways,
so the free evolution of the spins between the pulses and after the second pulse is governed by
MBEs with essentially different parameters.

A crucial point here is the division of the spins excited by the second pulse into the ‘active’
(excited by both pulses and forming the echo signals) and ‘passive’ (excited by the second pulse
only) ones with their essentially different contributions to the power-dependent relaxation and
dispersion. It is shown that the ‘active’ spins participate in a new effect, an ASFM effect giving
rise to the power-dependent dispersion and multiple ESEs; the ‘passive’ spins contribute to the
power-dependent relaxation.

These equations are solved and a general expression for the two-pulse ESEs is obtained.
Detailed numerical analysis of this expression gives results in good quantitative agreement
with the recent experiments [1] on the two-pulse ESEs at conventional low applied fields.
From the experiments [1] on the echo decay it is found that the ID effect [3] is ineffective.
Also, the developed theory is applied successfully to multiple ESEs at high fields, which are
promising for future investigations [2].
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