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Analysis of ultrasonic anomaly in V3Si
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Abstract. V,Si exhibits an «ultrasonic anomaly when cooled well below its martensitic
and superconducting transition temperatures (Tm and T.), and a magnetic field is
applied on to the sample. The anomaly is thought to be due to reorientation of micro-
domains formed below Tm, to energetically favourable configurations. The effect
disappears when the domains are stabilised in new configurations in the presence of
the magnetic field. An analysis of these results is presented in this paper by relating
the ultrasonic attenuation coefficient to strain fluctuations, arising here from domain
reorientations. The treatment is based on a master equation for the probability
matrix whose elements yield the probabilities of transitions between domain configura-
tions, in the presence of both the magnetic field and the stress wave. Arguments for

the validity of this master equation, when the oscillatory stress is weak, are given in a
longish appendix. The derived results are used to analyse, in qualitative terms, the
observed experimental facts. Also, new measurements are suggested which may help
interpret the experimental data in a satisfactory manner.

Keywords. A-15 compounds; ultrasonic attenuation ; magnetostriction; strain fluctua-
tions. '

1. Intrkoduction

The A-13 structure compounds such as V3Si and NbgSn have recently been receiving
considerable attention in view of their high superconducting transition temperatures
T.. The superconducting transition is believed to be closely related to the martensitic
transformation that occurs above T (see for example, Bhatt 1976). While carrying
out ultrasonic measurements in V;Si, Fukase et al (1976) observed some anomalous
attenuation below T,. They found a sharp peak on increasing the temperature, after
first cooling the sample to 4 K, and then applyinga magnetic field (figure 1). However,
on lowering the temperature, the peak disappeared, suggesting that the contributory
process had ‘ annealed out »  The field H* corresponding to the peak had a value
between the lower critical field H; and the upper critical field Heo and it varied with
temperature. '

Tachiki and Koyama (1977; hencuforth abbreviated as TK; see also Tachiki and
Umezawa 1977) have proposed an explanation for the anomaly. Their model is
centred around the fact that below the martensitic transition temperature, micro-
domains with tetragonal distortions around an array of defects in the crystal, are
formed. When H = 0, the stable configuration in V,Si corresponds to domains elon-
gated along the three cubic axes. Application of the magnetic field changes the
situation, and a calculation by TK shows that the free energy of the system is the
lowest when the long axis of the domains is perpendicular to the field. Accordingly,
the observed anomalous attenuation peak is thought to be related to the reorientations
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Figure 1. Anomaly in ultrasonic attenuation in V3Si. The temperature T* at which
the peak appears is a function of the applied magnetic field (after Fukase et al 1976).

of the domains to an energetically favourable configuration, a process that is aided by
temperature-increase. Once the reorientation to the lower energy state is complete
—as happens during the first scan—there is 1o further scope for such motions and
consequently the peak vanishes during subsequent scans.

TK do not calculate the ultrasonic attenuation as such, but merely propose an
explanation for the occurrence of the peak, as described above, on the basis of their
free energy calculation. In this paper, we adopt the interpretation of TK and actually
explore the reorientational motion of the microdomains and its contribution to the
observed attenuation. The calculational approach is related to a treatment given
earlier by Balakrishnan et g/ (1978; hereafter referred to as (I)) in connection with
anelastic relaxation. Asin I, the energy dissipated by the sound wave, assumed to be
a weak probe, is linked to strain fluctuations (arising here from domain reorientations).

An important difference between the present formalism and that of I is that the probe
here acts on a state that is noz in equilibrium,

The plan of the paper is as follows. § 2 includes the formulation of the problem.
In § 3, we calculate the strain response of the system in the presence of the external
agencies, viz., the magnetic field and the sound wave. A discussion of the results is
presented in §4, together with an indication of how add
made for extracting unambiguously, the physical parameters of the system. The last
section offers some concluding remarks. In the appendix, we put forward a theoreti-
cal discussion with a view to Justify the use (as made here) of the master equation for
the probability in describing the response of a time-evolving system to a weak probe.

itional measurements may be

2, Formulation of the problem

Follo:wing TK, we show in figure 2 schematic plots of the free energy of the system as a
function of domain orientation. During the initial cooling of the sample (with H = 0),
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Figure 2. Schematic plots of the free energy of microdomains in V;Si in 2a. zero and
2b. finite magnetic fields (after Tachiki and Koyama 1977). The values §=0 and
8 = %= represent microdomains with their long axes parallel and perpendicular to
the field H. The microdomains with 6 = 0 must overcome the barrier E to get past

the saddle point (2b). In the presence of a weak static stress o, E is modified to
(E + AZE) (dashed lines).

curve (a) applies and the stable state is characterised by domains elongated along the
three cubic axes. As the magnetic field is switched on, the domains with their long
axis parallel to the field (see curve (b)) are in a metastable state which decays to the
stable state at a rate governed by, among other quantities, the temperature and barrier
parameters. Under favourable conditions, this rate may be so slow as to permit
attenuation measurements at various temperatures to be completed before equilibrium
is reached.

For calculational simplicity, we assume that corresponding to each measurement
temperature, the sample is first cooled from above to that temperature, and the
magnetic field is then switched on. The sound wave is also supposed to be impressed
at the same instant (which is taken to define t=0) and the attenuation measured.
This process is visualised to be repeated at every temperature so that the ir}itial state of
the system corresponding to each measurement is well-defined. Categorical assump-
tions of this nature are necessary in this case since we are dealing with a non-equili-
brium situation. Although the evolution history of the domains in the actual
experiment by Fukase et al (1976) may not be faithfully reproduced by these assump-
tions, no essential physics is lost. '

Turning next to the method of calculation, we note that the strain (measured alqng
z-axis, say) for tetragonally distorted .domains, may be regarded as a ﬂ}lctuatmg
quantity in view of domain reorientations. In particular, when reorientations talfe
place among three allowed configurations, as in the present case, the ﬂ'uctuaifmg strain
can be viewed as a 3x3 matrix. The expectation value of the strain variable may
then be written as

' 3
()= > paln|PO)]m)(m|e|m): (1)

nm=1
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where (1 | ¢, | 1), for example, is the z-component of the strain associated with. domftins
elongated along direction 1, py is the weight factor corresponding to the initial orien-
tation n at ¥ =0 and (n | P(¥) | m) is the conditional probability that the orientation
is m at time ¢ given that it was n at t = 0, As in standard rate theories, P(¢) may be
modelled on the assumption that the domain reorientation is a stationary Ma.rk'ov
process. Weremark here that a very similar approach was adopted in I for describing
Snoek relaxation in b.c.c. crystals. :

To construct e,,, we note that a microdomain with a tetragonal distortion may be

regarded as an elastic dipole with principal axis components of the strain tensor as
A Ay, and Ag=X, (cf., I). Thus in ¢y

(|1 =My 22 = Ny, 36, [3) = N, @)

where ¥ is the total number of domains. -

3. Evaluation of the strain response

In this section, (1) and (2) will be employed first to calculate the strain response tf) an
applied magnetic field alone, and then to compute the response to the combined

presence of the magnetic field and the stress wave. The latter calculation will lead
then to the required attenuation coefficient.

3-1 Magnetic field alone present

The magnetic field is assumed to be switched on at t =
The resulting reorientation of the domains,

long axis is aligned along [0 0 1] to the ones in which the long axis points towards
[100]or o1 0] (cf. figure 2), gives rise to a kind of magnetostriction effect. We
presently wish to calculate the magnitude and time-dependence of the associated
macroscopic strain along [0 0 1], using (1) and (2).

As mentioned before, the domain reorientation may be regarded as a stationary
Markov process so that we may write (cf., I),

0 in the [0 0'1] or Z direction.
from those configurations in which the

P(1) = exp (W71),

3
where W is a 33 matrix whose elements give the rate of reorientation from one
configuration to another.

Bearing in mind the free energy diagram of figure 2b, we
have

(n]W]m)-_—vSl,,,msé1and(1[W|1)=~2v, 4

from the conservation of probability. According to the
(see for example, Langer 1969),

the last equation following
classical nucleation theory

v = v exp (— E/KT), &)

where E is the free energy-difference indicated in figure 2b.
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From (3) and (4), (n \P(t)] m) can be easily calculated. Noting further that p,=%,
since at =0 the three domain orientations are equally favoured, we have from (1)
and (2),

(en®) =3 N +20) +3NQ — A [T —exp (— 2v1)]- (6)

The corresponding result for the strain in the two perpendicular directions can be
shown to be :

(e = (e =Ny +20) — 3NOp— W [1—exp (=200 (D

We observe that

(eud®) = (p®) = (esl®) =} NOy+200), ®
while {ex(0)) = (ep(0)) = Ny +Ag), (el 0)) = N, ®
in conformity with intuiﬁve expectations.

3.2 Magnetic field and the sound wave both presem“

We turn next to the case in which a stress wave oq Cos wf, in addition to H, is assumed
to be impressed on the system at t=0, also along z axis. The system, under the
influence of H alone, evolves from one equilibrium state to another, as discussed in the
previous section. This approach to equilibrium is assumed to be weakly modulated
by the sound wave (linear response considered). The new probability matrix P'(t) can
be taken to obey a master equation

d_%@ — Py (W + 2,0, | (10)

where W is the same as the one appearing in (3), and £ (1) is the (time-depéndent)

contribution towards the transition matrix arising from the coupling of the system
with the oscillatory stress. 1t is further assumed that

P (f) = Lo cos ot (11

where &, is that contribution to the transition matrix which would be relevant had
the applied stress been completely static, viz. 0.

Although it is very difficult to deduce (10) and (11) from first principles, plausible
arguments for their validity can be given when o, is small (linear response) and w is not
too large (adiabatic approximation). A detailed meaning of these statements is given
in the appendix in terms of a prototype two-level problem.

Consistent with the assumptions made above, the solution of (10) can be obtained
as

t
P'(t) =P(t) + _f dt' P(t') %, P(t—1") cos ot (12)
0 - ‘
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where P(t) again is given by (3). We note further that if a static stress oy causes a
shift in the free energy by an amount AE indicated in figure 2b (where AE<KT),
we can write (cf.(5); see also the appendix).

#y=— WAE[KT), (13) '

where W is given by (4). :

Denoting by AP(t) (=P'(t)—P(t)), the change in the probability matrix caused by
the impressed sound wave, we can easily calculate the additional contribution to the
strain by replacing P(¢) in (1) by AP(¢), and making use of (2), (3), (4), (12) and (13).
We obtain

{ Le(t)) = HAEIKT)(v]w)N(A—Ag) exp (—2vt) sin oo <)

In contrast to the usually encountered relaxation behaviour for systems in equili-
brium, the energy dissipated by the sound wave per unit volume, A % varies

from cycle to cycle in the present case. For the nth cycle, we have from (14),

217!1/0)
N 2“{” = j dtoy cos wt (d]dt) { A ()
2n(n—1)/w

= Y AEKT)N(A—2)eq [exp (—4mv (n—1)/e)

—exp (—4mn/w)] X [w?(62+-u?] as)

4. Discussion

We consider first results (6) and (7). These suggest that conventional magnetostric-
tion studies can also be employed to obtain information about the relaxation
process under consideration. However, since the time constants involved in these
measurements are usually in the range milliseconds to seconds (as opposed to a
hundredth of a microsecond in an ultrasonic experiment), the temperature used
corresponding to a given field H must be much less than the peak temperature 7*
obtained by Fukase er al 1976) for the same field.

One icsé’ the advapwges of magnetostriction measurements is that ambiguities about
the initial preparation of the state can beremoved. From the data a

| t various temper-
atures, ﬁae temperature dependence of v, and hence the barrier parameters can be
conveniently extracted, Although it m

cuvenicn (1t may not be possible to cover a wide enough
range of temperature for reasons cited in the preceding paragraph, the technique of
mgmgmwueg can be suitably combined with ultrasonic attenuation to yield the
desired nformation,

Turning next to the result (15), we observe that A #Z7 and hence the atten-
n

ﬁ%‘l? cqﬂfﬁ&c;gnt, vanishes at large times (i.e. n>c0). This is to be expected since
;;im‘ j% UIPE domain realignment in accordance with the minimum free energy
uration must be complete. This is also the reason for the disappearance of the

_‘k



T —

Analysis of ultrasonic anomaly in V3Si 211
peak during the downward scan of temperature (Fukase ez al 1976). The result (15) in
fact suggests a comprehensive way of performing the ultrasonic attenuation experi-
ments. This would consist of preparing the initial state as described earlier, and

¥ tracking the attenuation as a function of the cycle number #, with H and T fixed. By
¥ systematically repeating the experiment at different temperatures, one can obtain, in
addition to the temperature dependent relaxation rate », the quantities AE and
(4—Ay), as well.

We consider next the energy dissipated per unit volume in a given cycle, say the
first (n=1). From (15),

T

A W =af®, < (16)
where 7 = }(AE[KT)N(A—Ag)oo, | (17)
and f(x) = [1— exp (—4a/x)] x(A+x?), x=ofv. " (18)

The parameter x depends on the temperature through (5). A plot of f(x) versus x
shown in figure 3 indicates why a peak was seen in the attenuation as a function of
temperature by Fukase ef al (1976). Also, as H increases, the free energy gap in
figure 2b decreases (cf. TK) and one has to goto a lower temperature to keep v fixed
(see (5)). This explains why the peak position shifts towards lower temperatures
with the increase of H (cf. Fukase et al 1976).

We are not in a position to present numerical results for the attenuation owing to
inadequacy of information about barrier parameters (—incidentally, TK do not
furnish these). However, once these parameters are available, the desired numbers
can be obtained easily via (15). Conversely as indicated already, (15) can be used as
the basis for extracting the parameters from fresh experimental measurements.
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Figure 3. Plot of the factor f (x) defined in (18) against logx. Thelatter depends on
the (temperature)~! via (5). This curve demonstrates the presence of an anomalous
peak in the attenuation (cf. (16)). -
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5. Conclusions

In this paper, we present an analysis of the anomalous ultrasonic peaks observed
recently in ¥, Si at low temperatures, and in the presence of a magnetic field. The
treatment is based on a free energy calculation of Tachiki and Koyama (1977) which
indicates that in the mixed superconducting state, tetragonally distorted domains’
elongated along the magnetic field become energetically unstable. The consequent
domain reorientations give rise to strain fluctuations, The contribution of the latter
towards the ultrasonic attenuation i calculated with the aid of a master equation for
the probability matrix whose elements give the transition probabilities from one
domain configuration to another. A justification for the use of this master equation
for the case in which both the magnetic field as well as the oscillatory stress are
present, is given in the appendix,

One tacit assumption made in the calculations needs to be clarified here. The basic
relaxation mechanism is viewed hereto be connected with the decay of a metastable
free energy state. A well-defined metastable state is of course an acceptable possibili-
ty for low enough magnetic fields (such as figure 2b). Tachiki and Koyama, on the
other hand, present also theoretical free energy plots in which the saddle point is
completely obliterated. This happens at very large magnetic fields (although, it is

cope with. A related point in this connection is that the rate of decay of the metastable
state v is restricted in the theory to be smaller than the rate of fluctuations in the heat
bath (constituted of phonons, say) which are responsible for domain reorientations

(see appendix). Once this is satisfied, there is no further restriction, however, on what
v should be vis-a-vis the probe frequency w.

Another point which has been made in this paper is the need for the preparation of

§2and 4). Without this, extraction of
ers of the system will be difficult. We
§ yet unattempted) as well as ultrasonic
chieve unambiguous results.

Appendix

Equation (3) of the text, in its differentia] form, viz.,
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perturbation. In this Appendix, we would like to substantiate the usage of (10)
and (11). Similar derivations of master equations are commonly encountered in the
areas of magnetic resonance (for example Abragam 1961) and quantum optics
(Agarwal 1973, for instance).

We recall that in the case under discussion, the approach to equilibrium is associated
with the decay of a metastable state. 'This state is described in terms of a free energy,
already a coarse-grained thermodynamic quantity. This is why, in our construction
of the transition matrix W in (4), reverse hops from configurations in which the domains
are elongated along X or Y to those in which the domains are elongated along Z, are
not considered. Neither do we have to take into account ‘shufflings’ amongst the
two stable free energy configurations in which the domains have their long axis
perpendicular to the field (6=2m and 4r in figure 2b). However, for the sake of
conceptual clarity in the present discussion, we forego the free energy language and
talk instead at the level of a hamiltonian. To further simplify the mathematics, we
consider just a two-level problem which, nevertheless, brings out all the physical
features of the problem.

We wish to study the time-variation of the population (equal initially) of a two-level
system under the combined influence of a static and a time-dependent field. A two-
level system can be conveniently described in terms of a pseudo spin 1/2 Hamiltonian.
The population difference of the levels corresponds then to the magnetisation. It is
well known that the build-up of the magentisation of a spin system proceeds via energy
transfers mediated by spin-lattice interactions (Abragam 1961). Accordingly, the
Hamiltonian for the system may be taken as

Ft(t) = (Hy — H cos wt) 0, + hox + I, (A2)

where Hy and H are fictitious magnetic fields, (assumed to be switched on at ¢ =0), o’s,
the components of the Pauli spin angular momentum, A, an operator that acts on the
lattice (henceforth referred to as the heat bath) described by the Hamiltonian J£,. The
negative sign in front of H is chosen in conformity with the physics of the problem,
viz., the fact that the static and oscillatory fields act in opposition, one increases the
energy, the other decreases it (cf. figure 2b). The coupling term

V = ho,, (A3)

is responsible for causing energy exchanges between the spin system and the heat bath

and for bringing the system eventually to a magnetised state in thermal equilibrium
with the lattice. A

The time-development of o,, in the Heisenberg picture, can be written as
t _ t
o(t) = exp_ i j F(t') dt'| o. exp. [ j F(t') dt'], (A4)
0 - 0

where exp_ [....], for example, indicates negative time ordering, i.e., the operators
with the latest time arguments stand to the right.
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From (A2)—(A4), we have
t
o(t) = exp_ [i fV(t’)dt’] o, €Xp, [——i Of V(t’)dt'], (A5)
i’ .
where  P(t) = exp [i j i, (t') di'] V exp [—iof T, (t') dt'}, (A6)
0

and F\(t) = (Hy — H cos wt) o, + T, (A7)

In writing (A5) we have made use of the fact that
[FE,(t), Fy(2)] = 0, even for t + ¢,
since [o., Ft,] = 0. (A8)

Using (A8) and the properties of the Pauli Spin matrices, one can easily show that

VD) = th (1) {o. exp [2i $ ()] + o_exp [— 2i (1))}, (A9)
where  i(t) = exp (i H, 1) hexp (—i I, 1), (A10)
and ¢ (1) = Hyt — (H/w) sin ot. (A1)
We wish to write (A5) as
t
a. (1) = (exp_ [i IVX (t" dt']) 0y, (A12)
; 0
where V" is the Liouville operator associated with ¥ (for instance, Kubo 1962).
The time d :

evelopment operator can therefore be denoted as

t
U(t) = exp. [i j VX () dt'].

(A13)
0

The probability matrix P'(t), introduced in the text
for the sub-system alone (h

Uity over the degrees of fr

» is the time evolution operator

ere, the spin system) obtained from (A13) by averaging
eedom of the heat bath:

PU) = Top,U(0)] = (Ue)), (A14)

where the subscript b stands for bath, while p, is the density matrix defined by

(A15)
In the above, it is assumeq that the bath remaing always at a constant temperature 7",

EEe——
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To evaluate {U(®t))p We make use of the cumulant expansion theorem (Kubo
1962) and write from (A13),

r t fy
CUESe ~ exp_ {i [ (V¥ dtitit [ [ doy [V V7D
0 0 0

s P - (A16)

Note that (A16) is an approximate equation in which cumulants of order higher
than the second (i.e. terms of O(V®) are ignored. In stochastic theories in which
V(1) defined by (A6) is assumed to be a random function of time, (Al16) is exact if
the underlying stochastic process is a Gaussian-Markovian one. '

Equation (A16) can be simplified further by constructing the coupling term V to
be such that .

Ch(t))s = O. (A17)

In that case,
: t t
(U@ ~ exp-{— [ dty [ dta (V) V() (AL3)
. 0 0

Bearing in mind the fact that the time ordering in (A18) is maintained in the expan-
sion of the exponential function, we obtain, by differentiating (A18) and making use
of the definition (A14), ‘

dP'()dt = P'(t) W'(2), (A19)
t
where W'(1)= — j dt' (VX)) V(O (A20)
0 _

It may be pointed out that W' is a Liouville operator for the spin system alone, the
bath variables having been averaged over in (A20). Recalling the fact that we are
interested in the time evolution of a diagonal operator (cf. (A12)), the only relevant
matrix elements that enter into the calculation are of the type (uu | W'|w). Here
the ‘states’ of a Liouville operator are defined in the usual manner by

| ) = p> <l (A21)

where | ) can be either |-+) or l—}, the spin-up or spin-down eigenstates of o.
In the rate-theory language (the language used in the text), W'isa 2X2 matrix, and if
we identify the level number 1 with the spin-up state, and level number 2 with
the spin-down state, then

Wiy = (+ + | W |+ ) W=+ [ W[~ —), etc. (A22)
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Using (V) = (u VW 8, — O | Py 8, (A23)

which expresses the matrix elements of a Liouville operator in terms of those of the
associated ordinary operator, we can show from (A20) and (A22) that -

4 .
Wilt) = — W'n(®) = [ d’ {(h (t—1') ), exp [20 (B(2) — H(t)]
0

+ KO (t—1)yy exp [—2i (1) — $())] - (A24)
Similarly,

) ,
Win(t) = — Wp(t) = f dt" {<h (t—1") h(0)Y, exp [—2i ($(£) — $(2"))]
0

+ A O) A (1)), exp [2i ($(1) — $(t)]} (A25)

Recalling that ¢(r) is define

d by (All), we have, for a weak oscillatory field
(linear response considered),

exp [21 ($(1) — $(t')] ~ exp [2i H, (t—17)]

X { 1— 2 H G ot —sin wl")]. (A26)

w

Substituting (A26) into (A24), we obtain

4
W) = j d [Ch(r) h(0)), exp (2i Hyr)+ (A(0) h(7)>, exp (—2i Hyr)]
0

R t
[ dr k) Oy exp (21 Hyr)—Ch(0) )y exp (—2i Hy)]
0

X [sin wf — sin o (t—7)]. (A27)

the fluctuations in the heat bath are very much shortlived. In other words, the
correlation time associated with the correlation function, say <h () h(0)), is much

smaller than the other time scales (e.g. Hy', H, «™, in the present case). This
implies that the upper

limit in the integrals in (A27) can be extended to oo. The

shortne”ss of the correlation time of the bath variables enables us further to write (A27)
approximately as

W7 idt) & Wiy — 21 H cos wf | +d=
0
“ [CA{0)), exp QiHy7) — (hOM(7)S, exp (—

2iHM],  (A28)

I —
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where the time-independent part is given by

Wi = j dr [{H(T)R(O) Yy exp (2iHyT) + (h(O)h(7) ), exp (—2iH,T)]
0

= j dr {h(rR(O)y exp (—2iHqT)- (A29)

— 00
Note that had the H-field been static instead of being oscillatory, the resultant
transition matrix would be time-independent and would be obtained from (A29) on

replacing H, by (H,—H). Furthermore, since we are interested only in linear
response to H, we would have from (A29),

© |
W'y, Wi — 2iH j drr[(h(TR(O) )y exp RIH,T)
0

— (HO)A(rYYs exp (—2H] = Wi (Zohe (A30)

where (£);, is the contribution to the transition matrix arising from the small field H.
Combining (A28) and (A30), we have

W'io(t) = Wig + (Lo)re COS @1 (A31)
We can similarly show from (A25),

lel (t) = W21 (30)21 cos wt, (A32)

wyhere Wy = [ drCh(D)h (0)), exp (—2iHy 7, (A33)

(Loay = 2H | dr [Ch (D) hO))y eXP (—2iH, 7) i
0

— (R (0) b (7)), exp (2iHp 7)- (A34)
Equations (A31) and (A32), in conjunction with (A19), constitute the compietion
of the task we have set ourselves in this appendix, yiz. establishing the validity of (10)

and (11) used in the text. Before concluding, we make one other observation. From
(A29) and (A33), it can be shown after standard manipulations (Kubo 1957) that

Wiaf Way = €Xp (2H,/KT) (A35)
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Recalling the fact that 2H, represents the energy-difference of the two levels in.a static
field H,, (cf. (A2)), (A35) expresses the detailed balance of transitions at finite tem-
peratures. Incidentally, (A29) and (A33) indicate also how the‘z rate constants,
appearing in a phenomenological rate theory, are related to Fourier transforms of

some basic correlations involving bath variables. Consistent with the detailed
balance relation, one may set

Wiy = & exp (Hy/KT), Wy, = £ exp (—Hy/KT), (A36)

where ¢ may be taken to be independent of H,, in view of the assumptior.l stated ea.,rlier
that the correlation time of the bath variables is much smaller than the time associated

with HEl (white noise approximation). From (A29) and (A30) then, we can write

‘ d H 7
(L= — HZE Wi =— 2 Wi (A37)

Equation (A37) justifies the use of (13) in the text.

Finally, we remark that the master equation (A19), albeit derived he‘re in the con‘fext
of a simple two-level problem, is expected to be applicable to a variety of physical

situations in which one is interested in investigating the response of a time-evolving
system to a weak time-dependent probe.
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