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Coherence in multilevel systems. I. Coherence in excited states 
and its application to optically detected magnetic resonance in 
phosphorescent triplet states 

W. G. Breiland, H. C. Brenner, and C. B. Harris* 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory and Department of Chemistry, University of California, 
Berkeley, California 94720 
(Received 18 July 1974) 

A method for monitoring the time development of the coherent components in a multilevel system 
using an observable which can measure only the relative populations in the levels is presented. Using 
standard, density matrix formulation, expressions are obtained for the conventional and this new 
"probe" pulse method. For several of the more common coherence expedments, optically detected 
magnetic resonance of molecular excited triplet states is used to . illustrate the principles. The effect' of 
coherent averaging of rellixation terms in the spin Hamiltonian is discussed and specifically applied to' 
excited triplet states in zero field. Finally, experimental results of coherence measurements are 
presented along with a detailed description of the apparatus and methods used. 

I. INTRODUCTION 

The observation of coherent phenomena in an ensemble 
of two-level systems has been welf established in the 
field of magnetic resonance. 1-s· Analogous experiments · 
have also been performed on optical systems by monitor
ing superradiahce in emission from crystals and gases. 7 

In both cases, a macroscopic oscillating magnetic or 
electric dipole moment is observed and is used to mea
sure the coherence in the ensemble. Recently, conven
tional methods of spectroscopy have been supplemented 
by a rapidly increasing number of double-resonance.tech
niques8•9 that provide an enormous increase in sensitivity 

. for the experimenter. However, the major important 
difference between the conventional and double-resonance 
methods lies in the fact that the double-resonance tech
nique effectively monitors changes in the populations of 
the energy levels coupled by the oscillating field and does 
not measure the oscillating dipole moment. As a result, 
coherent 'information contained in the time dependent den
sity matrix describing the ensemble cannot in general 
be observed directly. Thus, one is apparently faced with 
the dilemma that in order to increase sensitivity, one 
must relinquish those measurements of relaxation phe
nomena that are based on coherence effects. ln:the fol-· 
lowing discussion we wish·to point out that this difficulty 
is circumvented by the proper application of a probe 

·pulse which effectively samples the "degree" of coher
ence at any time. From this it becomes obvious that 
coherence phenomena may be observed in any multilevel 
system using any observable that can monitor the popula
tion of one of the levels associated with the coherence, 
provided, of course, that the observable used can follow 
the ensemble on a time scale compatible with the relaxa
tion effects that one wishes to measure. Using time-de
pendent density matrix formalism in combination with the 
Feynman, Vernon, and Hellwarth (FVH) geometrical 
model, 10 we shall derive analytical expressions for the 
method for several of the more common experiments, 
and demonstrate that, except in the case of the low -pow
er cw spectrum, the expressions obtained by monitoring 
energy level populations are identical in form to those 
obtained by measuring "in-phase" or "out-of-phase" 
components of the oscillating magnetic or electric dipole 
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as is done in conventional microwave and laser spectros
copy. We shall use optically detected magnetic reso
nance of phosphorescent triplet states in zerofield9 as a 
specific example of the situation in which a probe pulse 
is required, but would like to stress that this method is 
applicable to a wide variety of additional phenomena, in
cluding light pulse experiments. Vfe shall also present 
experimental results using the method and a detailed de
scription of the apparatus used to perform double-reso
nance pulse experiments. 

Since the triplet state coherence·experimentswhich 
we describe are performed at liquid helium tempera
tures, we make the usual low temperature assumption 
that thermalization of the triplet sublevels, i.e., spin
lattice relaxation, is very slow compared to the triplet 
state lifetimes. Hence, these T1 processes can be ne
glected in the theoretical development. 

In an-attempt to provide continuity to the historical 
development of coherence in a two-level system and to 
cast this particular method as an extension of this de
velopment, we begin with the use of standard methods 
of density matrix formulation11 and apologize in advance 
for the initial repetition of what is well known to many 
workers in a wide variety of fields. 

IL DISCUSSION 

A. Preliminaries 

Consider an ensemble of two-level systems character
ized by the nondegenerate states I a) and I b), with eigen
values liw~/2 and -liw0/2, respectively, that result from 
a time independent Hamiltonian :.IC0• The ensemble is 
subjected to a perturbation V(t) that has no .diagonal ele
ments in the a-b basis. The equation of motion for the 
density matrix describing the ensemble is· 

ilip(t)=[JC,p(t)]: 

where 

:.IC=:.ICo+ V(t); 

Equation (1) can be rewritten as11 

r=(hr. 

Copyright © 1975 American Institute of Physics 

(1) 

(2) 

(3) 



Breiland, Brenner,_and Harris: Coherence in multilevel systems 3459 

This-describes the precession of a three-component vec
tor r about a field U in the ·abstract vector space intro
duced.by Feynman,- Vernon, anci. Hellwarth (FVH). 10 The 
s:omponents o'f the r vector are related to the density 
matrix by 

p(t) = !.[1 +.r ~ · r 1 - ir2] 

2 ~ 1 +Zr 2 1-r3 

and the "field" is 'given by · 

u _ Vab+ Vba 
1- Pi 

U _ i('Vab- Vba) 
2- Pi 

(4) 

(5a) 

(5b) 

(5c) 

B. The triplet state and the rotating frame transformation 
in zero field 

JCo for a zero-field triplet state is given by 

JC0 = -XS~- Ys; -ZS~ (6) 

and has three spin sublevel eigenfunctions 7's, Ty, and 
T z· If we connect any two of these sublevels with a co'- . 
herent microwave field, the third sublevel, in the ab
s'ence of spin-lattice relaxation,. is. not affected and we 
may neglect it if we wish to observe only changes in the 
total phosphorescence intensity. This will be demon
strated explicitly in Sec. II. D. We consider specifically 
the Ty and 7's sublevels where we assume Ey> Es. V(t) 
then has the form 

(7) 

where y is the magnetogyric ratio of the electron; H1 is 
the strength of the microwave .fieldin the z direction, 
S" is the triplet state. spin operator; and w is the circular 
frequency of the microwaves applied With a given phase 
¢. sz has the following nonzero matrix elements in the 
Ty, Tsbasis: 

(8) 

It is convenient to transform to a rotating frame12 where 
the density matrix is defined as 

p*(t)= CT1p(t) U 

and the unitary operator U is given by 

U = exp(- iwJCot/liw0) • 

(9) 

(10) 

w0 is taken' to be the Larmor frequency associated with 
the 7' s to T Y transition. It is important to note that this 
is a generalized interaction representation that is valid 
at any frequency, w, of the applied field including "off' 

· resonance experiments, and reduces to the 'interaction 
representation when the applied field is· on resonance. 
p* (t) satisfies the equation of motion 

·n dp* (t) ~ [.JC* *] 
t dt ,p (11) . 

where the Hamiltonian .JC* is given by 

JC* = JCo(1 - w/ w0) + U "1 V(t)U 

and is given expiicitly in the Ty, Ts basis by 

JC* = !!_ [ Aw iw1 exp(- irp )l 
2. -iw1 exp(irp) -Aw J' 

where 

Aw=w0 -w 

and 

(12) 

(13) 

(14) 

(15) 

As is customary, only one circularly polarized compo
nent of V(t)-has been considered. 13 The useful feature 
of this transformation is that JC*, which includes the mi
crowave perturbation, is time independent. The density 
matrix evolves as 

p*(t)=S"1 p*(O)S, (16) 

where p*(O) is the initial value of the density matrix in 
the rotating frame. The time evolution operator, 

s·1 = exp( -iJC*t/li). 

is given explicitly by 

l 
iAw . wt wt - w sm 2+ cos 2 

s-1= . -
~ +i<t> • wt 

. -we sm2 

where 

. ~ ·i<t> • wt l we sm2 
iAw . wt · wt •· (1Sa) 
W Sl~ 2+COSZ 

(18b) 

The dynamical behavior .of the coherence in the en
semble and .its quantitative relatiO{lShip to the phospho
rescence intensity (or fluorescence) can be generalized 
for any sequence of microwave (or light) pulses in any 
phase relation to one another by constructing "S" ma
trices, one for each experimental·condition (1, 2, 3, .•• , 
n) imposed on the system. 14

· The time dependent density 
,matrix p*(t) is given by a. series of unitary transforma
tions of p*(O): 

p*(t) = S"1(n) • , • s·1(2) S"1(1) 

Xp*(O)S(l)S(2) o o o S(n). (19) 

If we define a density matrix in terms of' a FVH-type vee
' tor in the rotating frame as 

(20) 

we can obtain expressions for the comp~nents of r* by 
straightforward matrix multiplication indicated in Eq. 
(16). In terms of their initial values, rf(O), rr(o), and 
rt(O), the time dependent values are given by 
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+ [ r~(b)w~ cos2¢ - rt(O)w~ sin¢ cos¢·_ rt(o)w1~w cos¢ ](1 - coswt)} ,· 

rt(t) = -h {r;(o)w2 coswt '.r [ ri(O)w1w cos¢+ r!(O)w1w sin¢] sinwt 
w -

(21b) 

An important special case of Eqs. (21a)-(21c) is the 
following. Before the application of the perturbation 
V(t), the ensemble is assumed to be incoherent, and 
therefore r 1(0)= r2(0)= 0. r 3 (0) corresponds to the initial 
population difference or spin alignment between the Ty and 
-r, spin sublevels, produced by selective intersystem 
crossing. Equations (21a)-(2'1c) reduce to 

ri(t)= -r3(0)~ (sinwt), 
w 

r:(t)=- r 3(0) ~~1 (1- coswt), 
w 

C. The relationship between the geometrical -
representation and phosphorescence 

(22a) 

(22b) 

(22c) 

It can be seen from Eq. (4) that any observable which 
monitors only the relative energy level populations, rep
resented by r 3 , cannot directly depict the coherence in
formation of the ensemble, which is contained in the off- . 
diagonal terms, r 1 and r 2• The phosphorescent emission 
from a triplet ·state is an example of an observable which 
usually only monitors populations. To see this, we con
struct a "phosphorescence operator, " 15 P, in terms of 
the three optical polarizations, J = x, y, or z: 

PJ= iJ..LJisa>.<soiJ..LJi, P=P"+Py+P~, (23) 

where J..LJ is the electric dipole moment operator for 
emission to ~he ground ·state, S0 , with J polarization. 
The ·experimentally observable phosphorescence inten-
sity is then given by · 

(24) 

In general, the triplet ~tate zero-field spin sublevels are 
admixtures of triplet and singlet states of. different sym
metry due to spin-orbit coupling. 16 The triplet terms 
will vamsh when pJ operates on 1' .. ' but the singlet ad-. 
mixture will, give a nonzero amplitude which we define 
as 

(25) 

From Eqs. (24) and (4), the observed phosphorescence 
is simply 

I Ja:-! I c; 12 (1 +r3) +~lc:l 2 (1- r 3) +Re(c;*c:)(r1- ir2), 
(26) 

whe:re I c;1 2 and I c:1 2 may be identified witn tne radia
tive rate constants k; and k{, respectively. For "on 
resonance .. experiments, Eq. (26) reduces to the expres
sion arrived at earlier by Harris from a slightly differ
ent point of view. 17 

(21c) 

Equation (26) expresses a result which is generally 
applicable to a three-level system as illustrated in Fig. 
1a. If the two levels, I -r}amt I -r,.), are coupled by an 
oscillating electric or magnetic field and radiation to a 
third level S0 is observed, -no coherence information 
can be observed in the emission to the third level unless 
. both I -r) and I -r,.) have nonzero emission probabilities 
with the same polarization. In the present case, this 
nieans that both c; and c; must be nonzero in order to 
allow the coherence information contained in r 1 and r2 

to be observed in the phosphorescence emission. In 
most zero-field triplet systems, symmetry consider
ations do not allow both c; and c; to be simultaneously 
nonzero, and hence no electron spin coherence is mani
fest iii the phosphoref'!cence. 

A similar but more restrictive situation exists for 
fluorescence in athree-level system, illustrated in Fig. 
1(b). If molecules in the ground state S0 are pumped co
herently by an oscillating electric field to an excited 
state S1 and fluorescence to 'vibronic levels V1 , V2 is 
observed, there will be. no modulation ·of the fluores
cence intensity by the in-plane components because only 
the population in the upper level s1 is being monitored, 
the fluorescence being proportional to 1 + r 3• As we will 
show, however, this problem could be circumvented in 
both the phosphorescen-ce or fluorescence cases by ro
tating either in-plane component r 1 or r2 to the r 3 direc
tion with a "probe pulse" where it can be observed point 
by point in time via the optical emission. Thus, the ex
tension to light pulse coherence experiments is in prin
ciple simple and straightforward. (Naturally, one must 
introduce the wavevector k, because in the optical case 
the wavelength of the radiation field is small relative to 
the sample size. ) 

For clarity and simplicity, consider. the case where 
only one of the two spin sublevels (e. g., -r,.), emits to 
the ground singlet manifold with J polarization. This 
represent's the usual case for phosphorescence in triplet 
states. 16 It might be noted that this is the analogue of 
the optical case discussed in connection with Fig. 1(b). 
Setting k: = 0 = c;, the phosphorescence intensity is given 
by 

(27) 

.or 

I J a: r 3 +constant • (28) 

Hence, any change in r 3 will produce a proportional 
change in the total phosphorescence intensity, and we . 
may thus directly relate the dynamical behavior of r 3 
with an experimental observable, which in general will 
be some property that monitors the relative populations 

.1. ChP.m. Phv~. Vnl !';? 1\ln Q 1 M~" 1071; 

.-
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!" sl ,, ~:r.yH,!,~-· Vltl=.a· Ecos(wt-k·;l 

h~ hv 

50 l v2 

~I 
v2 

VI VI 

0 0 

Phosphorescence Fluorescence. 

(a) (b) 

FIG. 1. Optically detected coherence in multilevel systems. 
(a) When a strong oscillating magnetic field coherently couples 
two sublevels of the triplet state, no coherence iriformation 
can be observed in the phosphorescence intensity unless both 
sublevels have nonzero emission probabilities with the same 
polarization. (b) When the ground state is coherently coupled 
with the first excited singlet state by a strong oscillating elec
tric field, coh~i:ence information is not observable in the fluo
rescence intensity to the ground vibrational levels, V1, V2, 

••• , since these intensities depend only .on the population of S1• 

As shown ·in the text, the coherence can nevertheless be sam
pled in both these types of systems by using a probe pulse to 
produce changes in the populations of emissive levels propor
tional to the coherent comPonents. 

of the two levels. The fact that rt{t) = r 3(t) allows us to 
always work in the more convenient rotating frame, and 
one thus needs only to calculate the time dependence of 

· rt(t) in order to determine how the optical emission will 
be modulated. 

(~) 0 exp 1f wo 
0 

D .. Optical detection Of the coherent terms 

Close inspection of Eqs. (21) and (22} illuminates two 
obvious but important facts; First, as in all resonance 
experiments, coherence can be introduced into the en.: 
semble by the application of a rr/2 pulse (wt= rr/2). For 
an on-resonance experiment, rf(rr/2) takes on a value 
equal to r 3{0), which for excited triplet states is the 
electron spin'alignment created in this case by selective 
intersystem crossing from excited singlet states. Even 
though the coherence dephases, this decay is not mani
fest in the populations of the states, and hence no corre
sponding change in phosphorescence emission could be 
observed. The phosphorescence intensity simply corre
sponds to saturated spin sublevel populations, r 3(rr/2) 
= o: 

Second, because of the interrelationship between rt, 
rt, and. rt as given by Eqs. (21a)-(21c), the ability to 
change the value of r 3 with an additional rr/2 pulse at 

. some later time t depends explicitly on the value of co
herence ri{t) remaining in the ensemble at time t.. If, 
for example, the electron spins are completely de
phased, no further change in r 3 can be br~ught about by · 
an additional ± rr/2 pulse, and hence, ,the spin sublevel 
populations in the laboratory frame remain constant. 
Alternatively, when some spin coherence remains in the 
ensemble, a chang~ in ·r3 can be effected by a· microwave 
pulse and hence the spin sublevel populations in the lab
oratory 'frame and the phosphorescence intensity take on 
new values that depend upon the extent to which the en
semble has dephased . 

. . For the triplet state in zero field, the proper repre
sentation of the magnetic spin sublevels, r., T~, and 
Tz, is a three-by-three density matrix whose off-diag
onal elements are related to coherence in the triplet en
semble and are ·affected by T2 relaxation processes. 
The S matrix for the'applied field given by Eqs. (17), 

· (lSa), and (18b) becomes in the z, y, x basis: • 

s"Y 0 iAw wt wt ~ -I!IJ • wt (29) W Sin2 +COS2 -we smz-

iAw wt wt · 
0 ~ •I!IJ • wt +we srn 2 - W Sin2+COS2 · 

where w0 = (Y _: X)/li and Ez= Z- (X+ Y)/2 for the 7", Ty transition. Also 

iAw . fiit wt 
.W Sln2+COS2 

0 

~ -I!IJ • wt 
we sm2 

iAw . wt wt ---sm-+cos-. w 2 2 

0 

0 

0 

ex (iE,.AwtJ p\· liw
0 

· 

where w0 = (Z - Y)/li and E" =X- (Y + Z)/2 for the Ty, T z transition, and 
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(30) 

·' .. 
(•, i \) 

) 



iAw . wt wt -=- s1n ,--
2 

+ cos -
2 . w . 

0 
~ _1., . wt 
we sm2 

0 (
iEyAwt) 

exp "'" nw0 
0 (31) 

w · wt 
-~e1 "' sin- 0 

iAw . wt . wt. 
w 2 - W Sln2+COS2 

where w0 = (Z -X)/li and Ey = Y- (X +Z)/2 for the T%, T s 
transition. The terms Es, Ey, and E% account for the 
different energy zeroes in the three expressions. 

For "on-resonance" transformations (Aw = 0, w = w1), 

the above matrices are designated S11(9, ¢); where i and 
j correspond to the spin sublevels being coupled by the 
field, 9 is defined in terms of how long the field is left 
on, 9 = wt= w1t, and cp denotes the phase of the applied 
field. 

The relationship between the phosphorescence inten
sity and the degree of coherence in the density matrix 
can now be quantitatively expressed. In order to dem
onstrate the relationship between the interaction repre-" 
sentation form .of the density matrix and the laboratory 
frame sublevel populations, we shall first express the 
triplet state density matrix in terms of these initial pop
ulations and obs.erve how the microwave pulses affect 
the diagonal terms. 

Under steady-state illumination and before the appli
cation of microwaves, the density matrix describing the 
triplet ensemble is diagonal, as mentioned above, With 
diagonal elements proportional to the spin sublevel pop
ulations, i.e., 

(32) 

where N%, NY, and Ns are the spin sublevel populations in 
T,., Ty, and T,, respectively, and Ntis the total number 
of triplet systems in the ensemble. The effect of an on
resonance rr/2 pulse connecting the Ty and T% spin sub
levels applied at 0°. phase is set;n from Eqs. (16) and 
(29): 

p*(rr/2, 0° )= S;!(rr/2, 0°) p*(O)Ssy(n/2, 0°) 

(33) 

and we note that all elements in the zth row and zth col
umn are left unchanged; the population of the z level re
mains the same. It is generally true that if p is initially · 
diagonal, then pulses of frequency resonant with the xy 
transition will not affect elements of p in the zth row and 
column; this means that it is entirely adequate to deal 
only with the 2 x 2 submatrix in the xy basis, as long as 
only pulses close to resonance with the xy transition are 

applied. This illustrates a remark made earlier, name
ly that the third level may be neglected if only one of the 
zero-field transitions is pumped. Hence for our pur
poses, p* can be reduced and renormalized to 

:.J :(34) 

and 

(35) 

In the r * representation defined by Eq. (20), the compo
~ents take on values 

and, at t= rr/2, 

rt(rr/2, oo )= (~ -Ny)/(N,.+Ny)=- rt(o), 

r:(rr/2, oo )= 0, 

· rt(rr/2, 0° )= 0. 

(36a) 

(36b) 

(37a) 

(37b) 

(37c) 

These of course agree with what could be obtained from 
Eqs. (22a)-(22c). The nonzero value of rf(rr/2, oo) rep
resents the coherence introduced into the ensemble and 
is equal in magnitude to the initial steady state spin 
alignment of the triplet spin sublevels. The diagonal 
terms, however, result in what appears to be a saturated· 
transition as far as the phosphorescence intensity is con
cerned. 

In the absence of the applied field, and of optical pump
ing of the triplet state, the elements of p*(rr/2, 0° ). decay 
via the radiative and radiationless channels associated 
with the individual spin sublevels. The diagonal ele
ments are also influenced by communication between the 
levels (T1 processes), while the off-diagonal elements 
decay according to spin-spin relaxation interactions (T2 

processes). We assume T1 is 'l'ery long and therefore 
can be neglected at sufficiently low temperatures, and 
represent the spin-spin interactions phenomenologically 
via the Bloch equations. 19 . · 

Generally speaking, coherence introcluced into the spin 
sublevels will decay at a much greater ·rate than the de
cay of the excited triplet state. The density. matrix to ·a 
very good approximation for times short compared to the . 
excited state lifetimes is given by 
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(38) 

- . 
In order to observe the decaying coherence given by the off-diagonal term as a modulation of the phosphorescence in-
tensity, it is necessary to cause- a change in r 3 proportional to ri(rr/2, t). This is accomplished by an additional rr/2 
pulse applied at a time t after the initial preparatory pulse, 

* o,. o _ 1 [NJl+exp(-t/T2)]+Ny[l-exp(-t/T2)] 

p (rr/2, 0 , t, rr/2, 0 )- 2(N,.+Ny) 
0 N,[l + exp(- t/T,)]: N,[l - •xp(- t/T,)]J 

(39) 

and in terms of the vector representation, -

ri(rr/2, 0°; t; rr/2, 0°)=0, 

r;(rr/2, 0°; t; rr/2, 0°) = 0 , 

rt(rr/2,0°; t; rr/2,0°)=NN,.~NNy exp(-t/T2 ) 
. ,.+ y 

= ri'(rr/2, oo; t) 

~ -r 3(0)exp(-t/T2). 

(40a) 

(40b) 

(40c) 

It is apparent from the above that if no decay in the co
herence has occurred in the time t, then the second -rr/2 
pulse results in an inversion of the population between 
T,. and Ty• The phosphorescence intensity would exhibit 
a corresponding change. On the other hand, if all the 
coherence in the ensemble has decayed at time t, the 
r! (rr/2, 0°; t) would be zero and no further change in the 
spin sublevel populations, which were initially saturated 

· by the first rr/2 pulse, could be effected, and no .further 
change would be_ manifest in the phosphorescence. 
Hence the final phosphorescence intensity would range -
from that resulting from an inversion for t=O to the sat
uration level after the coherence has decayed _complete
ly. _The final probe pulse thus samples .the coherence 
remaining in the ensemble in a well'-defined quantitative 
fashion. Figure 2 demonstrates schematically the re
lationship between the laboratory frame populations and 
the interaction representation r vector developed above. 

Ill._ SPECIFIC COHERENCE EXPERIMENTS 

In the following sections we shall discuss _several of 
the more common coherence experiments in terms of 
the previous development. However, because the equa
tions in the earlier sections apply only to an ensemble of 
identical, noninteracting systems, each system having 
the same Hamiltonian, we will need to introduce suben
sembles of identical systems in order to explain the be
havior of a real system. We wish for clarity to keep 
these additions as simple as possible, reserving more 
detailed treatments of orientational effects and relax
ation for future publications. 

We shall develop parallel equations for conventional 
and optical detection methods. The solutions for r2 and 

. ·r1 correspond to the expectation values (S1 ) and (SJSk 
+ SkS J), respectively, where the microwave perturbation 
is yH1 S1 coswt. These quantities could be monitored by 
a pickup coil. The solutions to rt and rf in the rotating 

'frame will give the amplitudes of the signal received in 
the fixed frame. 

·'* (b) I '0 

~ ·~ ~ 
T1{I {~ {~ {~ 

"'-h• 
~ ~ ~ 

(eo) 1'0 (e 1) I' r' (e 2) I' r" 

~'· ~ ~~. 
{-

eeee 

{-<r 
-eee 

{~ 

---FIG-. 2. Optically detected free precession in excited triplet 
states: A diagrammatical representation of the time develop
ment of the interaction representation r*· vector and the labor
atory frame spin sublevel populations. (a) For simplicity, 
consider a case_ where .intersystem crossing occurs only to the 
middle sublevel, and only emission from the lower sublevel is 
monitored. Before the application of microwaves coupling the 
lower two sublevels, the r* vector points along the positive z 
axis, (b) A rr/2 pulse applied along the ro-tating frame x axis 
tips the r * vector along y and th~ populations of the lower two 
sublevels are equalized. The phosphorescence intensity now 
correspop.ds to saturation. (c), (d) With the microwaves off, 
the in-plane y component decays to zero due to variatlons in 
local fields within the sample and homogeneous dephasing pro
cesses. The laboratory frame sublevel populations remain con
stant, however, so that the decay of the coherence is not direct
ly manifested as a change in phosphorescence. (e0), (e1), (e2) 

The decay of the coherence can be detected optically, however, 
by the application of an additional 7r/2 pulse. This p:robe pulse, 
applied along x, tips the coherent component down along z, 
producing an additional change in the sublevel populations and 
consequently in the phosphorescence intensity. The phospho
rescence change induced by the probe pulse is proportional to 
the coherence remaining in the ensemble at the time the probe 
pulse is applied. This is shown in (e0), (e1), (e2), which dem
onstrate' the behavior of the r* vectors and the iaboratory 
frame sublevel populations when the probe pulse is applied at 
times corresponding to (b), (c), and (d), respectively. The 
probe at t = 0 results in population inversion [relative to (a)] 

-but the probe at t = T", after complete decay of the coherence, 
produces no further change in population. 
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A .. Optically detected transient nutation 

Equation (22c) represents a general expression for 
the modulation of tlie phosphor~scence intensity by the 
coherent coupliitg of the spin system to a microwave 
field on or off resonance in the absence of relaxation. 
It should be noted that this form of coupling represents 
the "transient nutation"20 of the population under the in
fluence of the microwave field and is not related to the · 
coherence terms r 1 or r2 , which are oscillatory modu
lations at the Larmor frequencies. For on-resonance 
experiments, the eJq)ressions reduce to a.form identical 
to that predicted by Harris17 and subsequently observed by 
Schmidt and co-workers. 21 In particular, when the ap
plied frequency w is equal to the Larmor frequency, w0 , 

then W_= W1, ·and 

(41) 

If the puls.e remains on for a time comparable to the 
homogeneous relaxation time T 2 , dephasing of the co
herent ensemble will occur owing to interactions between 
the systems. This relaxation is most easily incorpo
rated into the dynamics.of the r vector by adding phe
nomenological decay terms to the r 1 and r2 components 
of Eq. (3) after transforming to the rotating frame. · 
.This results in Bloch-type equations19 given by 

· dr't/dt= -w1rt -~w?{ -ri/T2 , (42a) 

drt/dt=~wif -rUT2, 

d,.f/dt=w1ri. 

(42b) 

(42c) 

We have neglected the T1 term since T1 is very much 
longer than the dephasing time T 2 for these systems. 

The solution to Eqs. (42a)-(42c) can be obtained for 
two speci~l cases of interest using the Laplace trans
form method used by Torrey20 for transient nutation in 
nuclear magnetic resonance. The on-resonance case, 
~w=O, gives, using the initial conditions, r1'=rr=o and 
·,.-:(o)=r3 (0): 

· r:=r:(o)exp( -t/2T2)(cosat+ 2w
1

1
T

2
a sinat)·, (43) 

where 

· · a=[w~-f/(4T~)]112 . (44) 

Note that for sufficiently high power, w~» 1/(4T~), and 
Eq. (43) bec·omes 

(45) 

For short times, Eq. (45) reduces to Eq. (41). The off
resonance solution to Eqs. (42a)-(42c) may be obtained 
in the special high power case, 1/ w1 T 2 « 1. Neglecting· 
terms of order 1/w~T~ and higher, we obtain 

rs = (~3 (0)/w 2){ ~w2 exp[ .- (w~t)/(w.2T 2)] + ~~ exp[ - (t/2T2)(1 + ~w2/w 2 ) coswt 

+.(wV2T2w)(l + 3~w2/w 2 ) exp[- (t/2T2)(1 + ~w2/w 2)] sinwt} , (46) 

where· 

. w=..J wf+~w2 • (47) 

If the applied microwave field is inhomogeneous, we 
must partition the sample into subensembles, each sub• 
ensemble having a single driving term, w~. The ob
served signal is then given by a sum over the distribu
tion of H1 field strengths, g(w1). For large numbers of 
subensembles, the sum becomes an integral: 

(r3 ) = ~~ g(w1)r3(w1)dw1 • (48) 

r 3 (w1) is the solution of Eqs. (43) or_(46) for a particular 
value w1• Figure 3 gives experimental transient nutation 
curves for high power em- and off-resonance pulses. 
The decay of the signal is due mainly to inhomogeneities · 
in H1 , since spin' echo experiments give a homogeneous 
relaxation time of 4J.Ls~c for ,this sample, which is too 
long to account for the rapid decay. For times short 
compared to T2 , Eq. (48) reduces to 

(r3 )=£:(r3 (0)/w 2)(~w2 +w~coswt)g(w1)dw1 • (49) 

Notice that in the off-resonance case, Eq. (49), r 3 con
tains a constant term which will not decay due to inho
mogeneous field considerations. This is reflected in the. 
experimental data as a progressively lower steady-state 
value after the oscillations have dec.ayed as one. gets 

further from resonance. Notice also that the increase 
in frequency associated with off-resonance effects 
agrees with predictions. The apparent "beating'' seen 
on the tail of the on-resonance transient nutation is not 
noise and most likely is a result of orientational effects 
d~e to ~he polarized ~ature of the slow-wave helix used 
to apply the microwaves and the two inequivalent mole
cules in the durene unit cell. 

B. Optically detected free induction decay 

If the sample is allowed to evolve freely without the 
high power microwave field, it becomes necessary to 
integrate over the inhomogeneous lineshape function 
g(w0 - w0), which is generally taken to be a symmetric· 
distribution of Larmor frequencies centered about some 
average Larmor frequency w0• The conventional se
quence for a free induction decay consists of a single 
high-power n/2 pulse. Following the pulse,· the if and 
4 components will decay as the individual isochromats 
in the distribution g(w0 - w0) fan out in the rotating frame 

·plane. (See Fig. 2.) The beha~or of the system is ob-' 
tained from the time evolution operator S= S(n/2, 0°) S., 
where s .. denotes free precession for a time period T; 
From Eq. (19), we obtain 
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FIG. 3. Optically detected transient nutation fo.r the-Tx-T Y 

transition of h2-l, 2, 4, 5-tetrachlorobenzene in h14-durime. 
The observed microwave induced· change in phosphorescence 
is plotted vs duration of the microwave pulse (zero denotes · 
zero change in phosphorescence). 

(50b) 

The double r'esonance experiment uses an additional rr/2 
pulse giving S = S(rr/2, 0°) STS(rr/2, 0°) and 

OPTICALLY .DETECTE 0 ELECTRON SPIN ECHO 

IN THE 37TTT* STATE OF d2 -TCB IN d14 - DURENE 

1.4 °K 

3778 Z. 
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3.6497GHz 

" ··-

r;' a: J: g(w0 - w0) cos(w0 - w) T dw0 , (50c) 

C. Optically detected electron s~in echo 

The conventional echo1
'
2 has S=S(rr/2, 0°)STS(rr, 0°}ST.; 

ria: (SxSy +Sy.Sx)a: J:g(w0 - w0) cos(w0 - w)(T- T1)dw0 ,.' 

(5ra) 

rta: <s .. )a: j_~g(w0 - w0) sin(w0 - .w)(T -T')dw0 , (51 b) 

and S = S(rr/2, 0° }STS(rr, 0° )Sr S(rr/2, 0°) for the double 
resonance case; 

r: a:.["' g(wo- w) COS(Wo- w)( T- T1
) dwo. (51c) 

If g(w0 - wo) is Lorentzian, 22 characterized by the inho
mogeneous relaxation time T t, the optically detected 
free induction decay and echo are given by 

Filla: exp(- T/TV cos~wT , 

echo a: exp[- (T- T
1 )/Tr] COS~W(T- T

1
) 

(52) 

(53) 

where ~w = w0 ""'w, These are identical to the familiar 
expressions obtained from conventional measurements 
of the in-plane components in the absence of the probe 
pulse. 

Experimentar results of an optically detected spin 
echo23 are given in Fig. 4. The "inverted" appearance 

· of the echo arises from the instrumental method used to 
record it. The three pulse sequence rr/2, rr, rr /2 results 
in a complete 2rr rotation of the population difference 
vector, and the phosphorescence intensity would there
fore not change if complete rephasing results at the echo · 
maximum. Owirig to the fact that a lock-in amplifier is , 
used to monitor the echo, a minimum signal is ob-
tained. When very little. repha.sing occurs, far from the 
echo maximum, the phosphorescence intensity changes 
to a value that could be obtained by saturating the tran
sition. This is illustrated in Fig. 5, which is an oscil
loscope trace of the photomultiplier output for "on" and 
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FIG. 4.. Optically detected 

zero-field electron spin 
echo. The rr 'refocussing 
pulse is applied 2 !lSec after 
the initial rr/2 pulse and the 
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· final rr/2 probe pulse is 
swept in time. The echoes 
at the right are traced out 
point by point as the probe 
pulse is applied at the time 
·given on the abscissa. The 
vertical lines are noise at 
each point in time. , The off
resonance oscillations in the 
lower echo are described by 
Eq. (53). 
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FIG. 5. Photomultiplier output observed in an optically de
tected spin echo experiment. The first spike is observed when 
the three pulses are equally spaced, so that the probe pulse occurs 
at the rephasing time, T, after the 1r refocussinl? pulse, i.e., 
on the echo maximum. The second spike is seen when the 
·probe pulse is applied off maximum at T + 2 J.LSec. The two 
spikes result from separate three pulse sequences, applied 
several i).undred milliseconds apart. 

"off" echo maximum sequences. The height of the on
maximum spike is proportional to the signal produced 
by a 211 pulse (first minimum in Fig. 3). The height of 
the off-maximum spike is proportional to the difference 
between the steady-state phosphorescence intensity and 
the phosphorescence intensity when the two spin sub
ievels are saturated (steady-state value in Fig. 3). 

D. Continuous wave spectrum 

If we include aT 1 term in Eqs. (42a)-(42c), the La-. 
place transform method yields a steady-state solution 
which is the cw spectrum, i.e., the spectrum obtained 
by low power, conventional optical detection: 

rf = [rt(O)w 1T 2]/(1+ ~w2T ~+ w¥T 1T 2) , 

rt = [rt(0)]/[1 + (T.1T 2w~)/(1+ ~w2T m 
In the low-power limit, we obtain 

rf=w1T2rt(0)/(1+aw2T~) , 

r~= [r3(0)][1- (w~T 1T 2)/(1 +~W2T m 

(54a) 

(54b) 

(55a) 

(55b) 

Thus, the optically detected cw spectrum differs from 
the conventional spectrum in the same fashion that nu
clear absorption and induction spectra differ. The in
tensity of phosphorescence will vary as the square of 
the H tfield (linear in power). 

E. Optically detected Fourier transform spectroscopy 

The free induction decay, or equivalently, the echo 
shape is the. cosine Fourier transform of the frequency 
distr.ibution function, g(w0 - w0), Eqs. (50c) and (51c). 
One would therefore expect that Fourier transform spec-

troscopy (FTS)24 would be feasible in optically detected 
m~etic resonance. In convential NMR, FTS has many 
advantages over thE! spectral sw~ep technique. The only 
major difficulty with the method lies in the additional 
instrumentation, including computer data reduction. 
Since optically detected magnetic resonance does not 

·suffer from the problems of cavity and detector overload 
and recovery time, it is relatively simple to convert a 
standard optically detected magnetic resonance cw spec
trometer to a pulse spectrometer. There are, however, 
several fundamental problems which prevent optically 
detected FTS from being as useful as it is in NMR. 
First, the necessary final probe pulse prevents one 
from collecting an entire spectrum with a Single series 
of pulses. One is forced to slowly sweep the Fib or 
echo in the same· time it would take to sweep the cw 
spectrum. Becau.se of 'the sensitivity of photon detec
tion, this is not a severe limitation, and spectra can be 
obtained in a reasonable amount of time. The second 
problem is a result of the systems studied. Typical 
linewidths are on the order of 1 MHz, 25 requiring very 
large H 1 fields in order to meet the condition w1» ~w. 
Since fields on the order of 3 G can be obtained experi
mentally, only closely-spaced narrow multiplets could 
be studied. This condition is further complicated, how-

. ever, by the fact that the transition probabilities in a 
triplet-state multiplet can vary from value~ of 1 for 
completely alloy.red transitions to 10-4 for forbidden tran
sitions. 26 The result of this is that the condition w1 · 

» ~w, where now w1 = yH tf, may be satisfied marginally 
for a strong transition, f = 1, but not at all for a weaker 
transition ~hich is only slightly removed in frequency 
fi·om the applied microwave frequency. These condi
tions lead to the situation in which the various r vectors 
in a multiplet are precessing about widely differing Oeu 
directions, resulting in large intElnsity errors for the 
Fourier transform. This problem is exemplified in Fig. 
6, which is the Fourier transform of a 7' = 1. 5 JJ.sec echo 
in 2, 3-dichloroquinoxoline. 26 Since even under the most 
ideal conditions FTS gives only the same information·as 
the cw spectrum, iWe have concluded that there is no 
overriding advantage in doing FTS by using a double
resonance method. 

F. Coherent averaging of relaxation effects 

We conclude this section with a general discussion of 
interactions which can lead to electron spin relaxation 
processes in excited triplet states in zero field and 
show how relaxation inay be suppressed, and coherence 
preserved, by multiple pulse experiments, such as the 
Carr-Purcell echo train, 2 and by spin locking. 27

•
3 Many 

of the pulse experiments are both periodic and cyclic 
insofar as they consist of a repetition of a fixed series 
of pulses and wairuig periods that have the property that 
for some value of n, the product of n succ'essive pulse 
operators in the sequence is the· identity operator. When 
the cycle time for the experiment is short compared to 
the dephasing time of the r 1 and r 2 components, we can 
apply the average Hamiltonian theory first devised and 
pioneered by Waugh and co-workers. 5•28 

The standard approach to the problem is to partition 
the total Hamiltonian into three parts: 
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FIG. 6. Top: Optically detected spin echo of the 1, 054 GHz 
transition of 2, 3-dichloroquinoxaline in 1, 2, 4, 5-tetrachloro-· 
benzene. The interval r between the initial rr/2 pulse and the 
rr pulse is 1. 5 J.ISec. The probe pulse is applied at time t after 
the initialrr/2 pulse and is swept in time •. Bottom: Fourier 
transform of the echo superimposed on the ~ow power conven-
tional ODMR spectrum. · 

(56) 

where :;<;0 is the static zerofield splitting; V(t) is the· 
microwave perturbation; and JCR(t) a time dependent 
relaxation Hamiltonain· which produces line broadening. 
Jed,t) takes on different values for different subensem
bles comprising the triplet sample, producing a spread 
of resonance frequencies at any one instant. The range 
of values of JCR(t) and their time dependence determine 
the observed times for free induction.decay and spin 
echo decay. 

·Incorporating relaxation into the density matrix is 
straightforward provided. the resonant microwave field 
H 1(t) dominates the relaxation process during the appli
cation of a microwave pulse. As befo_re, one can trans
form in zero field to an interaction representation, i.e., 
an on-resonance rotating frame, generated according to 
Eq. (9). In multiple pulse experiments, the ensemble 
is subjected to a series of pulsesS I> S2, ••• interspersed 
with a series of waiting periods of length T1, T2, ••• 

When the product of n successive pulses in the sequence 

equals the unit matrix 

slsl+! ••• sl•n= f.. ; (57) 

the cycle time tc is given by 

tc = 'T(St) + 'T1 + T(Sl+l) + 'T t+! + o ' o + 'T(S,.,n) + 'T i+'n ;(58) 

It has been shown5
•28 that if tc is short compared to the 

effective time required for irreversible dephasi.il.g, then 
·the ensemble can be pi.ctured as being subjected during 
the cycle to a series of Hamiltonians J<;R1(l),JCR1(2) • • • 
in the interaction representation, each of which acts for 
a period of time-7 11 T 2, ••• , respectively. Under these 
conditions, the long time behavior of the density matrix, 
when sampled periodically at the same point in each 
cycle, is governed by an average Hamiltonian X: 

. apr r;u; ] 
tliat = LJC, Pr . , (59) 

where 
n 

.:iC = 'L::reRr(k}('T~/tc) (60) 
~a! 

l:!-nd the suin is taken over the cycle. Je is the weighted 
average (weighted by waiting periods) of the several 
JCR1 ~k) defined by 

" " 
JeRr(k)= fTT Sl)Jeru(Ilst)•! (61) 

\lal lal 

and acting for a peri()d T 11 • 

In the remainder or' this section we will use average 
Hamiltonian theory to show ·how relaxation can be sup
pressed in multiple pulse experiments in excited triplet 
states in zero field. The general form of the average 
Hamiltonian will be computed for the simplest cyclic 
pulse sequence, the zero-field Carr-Purcell (CP) train, 
which is given by 

_(S(7r/2), T, S(1r), 2'T, S(1r), 2T, ••• ] • . . (62) 

The average Hamiltonian for the pyperfine interaction 
of triplet spins With host nuclear spins will be calculated 
itS an illustrative example. Finally we will discuss the 
spin locking technique as a limiting case when 2T in .the 
CP train becomes short. Representative experimental 
coherence lifetimes are presented for the free induction 
decay, the simple Hahn spin· echo, the CP train, and · 
spin locking. 

1. Spin relaxation in the triplet state in zero field 

General considerations: Several interactions can con
tribute to ~(t) for excited triplets to varying degrees. 
One is the hyperfine interaction between the triplet 
spins on excited molecules and .nuclear spins in the host 
lattice. The time variation of JeR(t) is then largely de
termined by nuclear spin diffusion. Another contribu
tion arises from small motions of the triplet molecules 
in the host crystal field due to lattice phonons. A third 
possibility is vibrations of the triplet molecule itself 
which alter the spin distribution, thereby modulating the 
zero-:field splitting. 

The time dependence of JeR(t) determines the nature ~ 
of its effect on spin relaxation. 29 Frequence components 
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of JCR(t) which are very fast relative to Larmor fre- . 
quencies make only a constant time-averaged contribu
tion to the zero-field splitting measured in an ESR ex
periment andhave little eff~ct on T1 and T2 processes. 
For example, most molecular vibrational frequencies 

· are at least 103 times the zero-field splitting fre
quencies and the resulting JCR(t) WOuld be manifest only 

. as a time average for a particUlar vibrational~evel. On 
the other hand, if there were fluctuations in the vibra
tional level populations at rates comparable to Larmor 
frequencies, then spin relaxation could result. 

In general, if JCR(t) has off-diagonal elements in the 
T •• T Y' T" basis with frequency components near the 
Larmor frequencies; then, in the interaction represen
tation, JeRI has nearly stationary off-diagonal ele
ments. These elements appear as resonant fields and 
both T1 and T2 processes can occur. By· contrast, if 
JCR(t) is only slowly varying, it produces only spin
spin relaxation. These considerations. are made very 
clear from the equations of ·motion of the r vector fn the 
interaction representation, under the influence of ~I· 
We confine our attentio.n for simplicity to only two spin 
~ublevels, T, and T Y' ~d drop subscripts RI. In the r 
basis, 

dr1/dt =- (Xyy -:Je,)rz/n- (2/n)(I:rnJCy,)r3, (63a) 

dr2/dt= ~ (2/n)(ReJCy,)r3 + (Xyy -:re;,,)rtfn, (63b) 

dr3/dt= (2/n)(ReJCy,)r2 + (2/n)(Im3Cy,)r1 • (63c) 

If JCR, the relaxation Hamiltonian in the Schroedinger 
representation, were only slowly varying, then :ICy, 
would fluctuate at the Larmor frequency in the interac
tion representation and would have a negligible effect on 
r. If, on the other hand JCR(t) hada frequency com
ponent at the Larmor frequency, then JCY"·WOuld have a 
static term which would !P.ve rise to nonzero drJdt, 
i.e., spin-lattice relaxation. Although phonon modula
tion of the zero-field tensor has been cited by some 
authors as a source of T1 processes in the triplet state, 30 

we neglect spin-lattice relaxation for the present dis
cussion since it is muc,h slower than spin-spin relaxa
tion for the systems of interest. This means ~ and 
~Y can tie set to zero in Eqs. (63a)-(63c). . · 

JCR(t) is assumed to have different diagonal values for 
different subensembles in the sample, pr9ducing a 
spread in Larmor frequencies which are manifest as 
different precess~n frequencies about z in the rotating 
frame. If JCR(t) is constant with time, then all the sub
ensemble isochromats will refocus perfectly in a spin 
echo experiment, and the echo will ~ot decay as th.e in
terval between pulses is lengthened. If, however, the 
values of ~(t) associated with particular subensembles 
change during the waiting periods, the isochromats will 
not refocus completely. Now if a Carr-Purcell experi
ment is performed with 2T much shorter than the ap
parent decay time of the single spin echo, the lifetime 
of the echo train will be prolonged owing to coherent 
averaging. Qualitatively, this results from the fact 
that the subensemble r vectors are· defocus sed and re
focussed before the JCR pertaining to each one can change 
its value. This can be demonstrated in a more quantita-

tive way using the average Hamiltonian for the Carr-
Purcell train. · 

Because a triplet state has three spin sublevels, the 
most general CP cycle would require four identical rr 
pulses and a tc of &r (neglecting pulse durations). How
ever, under conditions where the ensemble is totally 
incoherent before the application of th~ first rr/2 pulse 
and also when relaxation effects between the two spin 
sublevels being coupled by the microwave field and the 
third sublevel are unimportant, the third sublevel may 
be ignored, and a treatment based on 2X 2 submatrices 
is adequate. In such cases, S(rr)•S(rr)=l, so that, ne-

. glecting pulse durations, the cycle time is 4-r. Accord
ingly, the average Hamiltonian for the Carr-Purcell 
train for triplet spins in zero field becomes 

:ie= ~: [JCR1 +S-1(rr)JCRp(rr)]. (64) 

The average Hamiltonian can now be computed. Ig
noring nonsecular terms, the matrix of XRr in the T Y' 
-r, basis is diagonal: · 

(65) 

A rr pulse of any phase yields 

S.,(•, ~ ):re.,s;;(,, ~) = [ :-
(66) . 

[Note that s-~(rr, cf>) = S(rr, - cf> ). ] A second rr pulse re
stores 3CRr to its original value. Thus the general 
average Hamiltonian is 

jC = [i(Je, + Xyy) 
. 0 

(67) 

Since this is a scalar matrix, it commutes with p1 and 
therefore Bp1/Bt=O .• Thus the r vector for each sub
ensemble appears constant in time in the interaction 
representation; under the influence oj:ie, the coherence 
would be completely preserved. 

2. Coherent averaging of hyperfine interactions 

To illustrate the above considerations, ·we now com
pute the average Hamiltonian for the general form of 
the hyperfine interaction between excited triplet elec
trons and paramagnetic nuclei in the bulk lattice adja
cent to the excited molEicule. This interaction can lead 
to line broadening and to a dephasing of the r vectors of 
the spin ensembles when nuclear spin flips in the lattice 
modulate the local field as seen by the electrons at a 
sufficiently rapid rate. Such a process has been cited 
as .the cause of decay or' electron spin echoes from free 
radicals dissolved in rigid glass matrices, 31 and is a 
likely source· of relaxation in ODMR experiments in ex• 
cited triplet states. 32 

The results of coherently averaging the hyperfine 
fields can be seen as follows. The hyperfine interaction 
is represented in general by &A1 •a 1 •S, ~here §1 and S 
are nuclear and electronic spin operators, <11 being a 
second rank tensor. We sum over nuclei in the host . 
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lattice surrounding the triplet molecule and represent 
the combined effective fluctuating hyperfine field. as fJ'(t). 

At this point one must distinguish between the effects 
of hyperfine interactions between triplet spins and nu
clei within the excited molecule (internai hyperfine in- · 
teractions), and the exte-rnal hyperfine interaction dis-. 
cussed so far. The internal interaction yields a· dis
crete number of resonance lines, commonly unresolved 
or only partly resolve-d in zero field. 25 The external 
interaction produces a broadening of each. of these lines 
which can be removed by coherent averaging as shown 
in the following. 

In an electron spin basis that is d~agonal in the 'zero
field spin dipolar Hamiltonian, the diagonal elements of 
5' • S are zero. This means that in first order there will 
be no line broadening from this source and hence no T 2 

processes. If, however, the pure electronic triplet lev
els are mixed by the internal hyperfine interaction, there 
is a first order shift in triplet energies due to 5. This 
shift is larger than the second order shift which would be 
calculated from 5 alone in the zero-field basis. The net 
result is that when the spin Hamiltonian is diagonal in 
both the zero-field Hamiltonian and the internal hyper
fine interaction, T 2 processes can result from the ex
ternal hyperfine interacti,on. 

To illustrate this, consider an internal hyperfine fi~ld 
gin an excited triplet state with Sx=Sy;,O, Se*O. This 
field mixes the T" and Ty spin states, such that new states 
and energies are approximately given by 

State Energy 

lx) -i{31y). X- Se/3 

ly)-i{3ix) Y + 9ef3 
(68) 

I z) z 

l-2/3,.:Jy + 2f3u 5" 

JCRJ= 0 

0 

neglecting nonsecular terms. A Carr-Purcell sequence 
between Tu and T u yields 

--l- 2{3""5'Y + 2/3ye5" 
X= 0 

0 

0 

(72) 

0 

It is important to note that the uu and vv elements of 
X are now equal. Analogous results apply for the vw 
and wu Carr-Purcell experiments. This effectively 
adds the same energy increment to both levels involved 
in the transition, so that the broadening effect of the ex
ternal hyperfine interaction is eliminated. As we have 
shown above, . this means that the decay of the induced 
coherence is effectively nullified in each case if the 
pulses are applied often eriough. Hence when the time 
between refocussing 7T pulses in the CP train is short 

with (:J= gef(Y -X)« 1. It should be clear that the exter
nal hyperfine interaction, 5 • s, has_ nonzero diagonal' 
elements in this new basis. 

We now transform to an interaction representation 
generated from the combined zero-field splitting and in
ternal hYJ?erfine Hamiltonians. If we assume that 5 is 
static or only slowly varying, then the matrix of 5 • S in 
the interaction representation is 

0 

(69) 

where we have neglected the nonsecular high frequency 
terms. Since S,.y(7T)3CRI s;:(7T)= -XRi. it is obvious from 
·Eq. (64) that X= 0 when the experiment is done on the r" 
- Ty transition. The general result is that a Carr-Pur
cell train removes from the average Hamiltonian ex
pression the external hyperjine field ·along the same di
rection as the magnetic dipole transition moment in the 
zero-field basis. If all three zero-field states are 
mixed, then the spin sublevels can be rediagonalized to 
a new basis, ·w, v u, where 

(70a) 

(70b) 

(70c) 

with f3u« 1. The matrix of (5 ·Shin the interaction rep
resentation in the w, v, u basis is 

. (71) 

compared to the typical.time required for the hyperfine 
fi\'llds to change (usually via nuclear spin diffusion), then 
the echoes will decay much more slowly than the appar
ent' time for decay of a single Hahn echo. Moreover, 
the decay time of the train should vary from one zero
field transition to another. Adopting another viewpoint, 
we can investigate the time dependence of the hyperfine 
fields, manifested macroscopically as spin diffusion by 
measuring the decay rate of echoes in the Carr-Purcell 
train as a function of 2T. 

3. Spin locking 
~· 

In some experiments it is desirable to make the trip-
let spin coherence·insensitive to relaxation due to fluc
tuations in hyperfine or crystal fields ·so that it can be 
used purely as a probe of kinetic phenomena associated 
with excited states, such as energy migration. One way 
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to achieve this situation is to "average out" the relax
ation by applying the microwave field continuously and 
then sample the coherence at later and later times. The 
decay of coherence then becomes due not to fluctuating 
local fields but rather to kinetic processes, such as 
decay of the triplet state to the ground state or promo
tion of a trap state to a band state. 33 Hence, in principle 
one is able to measure linewidths which are only 'lifetime 
broadened. Optically detected spin locking is an ex.,. 
ample of such a technique. 34 Simply stated, T 1P mea
sured from a spin locking experiment is in essence re
lated to the Fourier transform of the lifetime limited 
linewidth when kinetic processes result in a new state 
whose Larmor frequencY,, w0, differs from that of the 
spin locked state's Larmor frequency, w0 , by an amount 
large compared to yH1 ; i. e. , 

(73) 

Spin locking is a limiting case of the Carr-Purcell 
method when 2T- 0. The common procedure for per
forming Carr-Purcell trains is to phase shift the 7T 

pulses by goo relative to the 7T/2 pulses. This modifica-
. tion, introduced by Meiboom and Gill, 35 effectively can

cels out cumulative errors due to incorr~ct 7T pulse 
length. If one now reduces 2T in the Carr-Purcell Mei
boom-Gill method to zero, the ensemble r vector is now. 
spin locked along H 1 in the rotating frame. We have as
sumed that H1 is so strong that it completely determines 
the evolution. of the spin system during a pulse; this im
plies that JeR(t) wquld be completely dominated by H1 in· 
spin locking. Since the cycle time is now simply the 
length ·of two 7T pulses (or four, in the general case where 
communication among all three sublevels may be im
portant), the average Hamiltonian :iC [Eq. (64)] for zero 
waiting time is zero. Coherence should be very long 
lived. 

Since in practice the fields available to the experiment
er are not infinite, the, average Hamiltonian for spin 
locking may be more closely approximated by the follow-. 
ing development. Consider a generalized Carr-Purcell 
experiment in which a series of o -function pulses each 
rotate the magnetization an infinitesimal angle; dO, Each 
pulse is followed by:a waiting period of duration (d8/47T) 
x tc. The average Hamiltonian :iC is calculated by taking 
the average of JeRI((), cp) over the cycle, where 

. t 
Z'<l> 
·;;;~ 

_&& 
C<l> 
.... .o 

0 

~a: 
c 
~(\J 

ej;;-
-K~ ., _ 
_g<~ 

a. SATURATION 
INTENSITY 

2 't' = 2psec 

TT/2 1T 1T 1T 1T 7p2 
(0~ (90"1 (90"1 (90°1 (90"'IO"l 

~ 
r'tt-z't:+zt'+n-1 .I 
~---Probe lime 

Probe Time, psec 

The result for the xy transition, with a general JeRI 
. with all nonzero elements Je11, is 

- .1 Ih 
Je=-t JeRI(e, cp)d8tc/47T 

c 0 

Jeu 0 0 

0 Jell +Jeyy Je~ - JC~• exp(- 2i~) (75) 
2 2 

0 Je~• - Jev! exp( + 2i~·) 3Cu+'!Cyy 
2 2 

This is exactly the same expression that would be ob
tained for four 7T pulses interspersed with four equal 
waiting periods .. 

The physical significance of this expression is as 
follows: For the systems of interest here, spin-latti.ce 
relaxation is negligible at low·temperatures, and the 
elements .Je%)1 and JeY" can be set to zero, as explained 
earlier in this section. The 2X 2 yx submatrix in Eq. 

· (75) then becomes identical to the matrix of Eq. (67) and 
the r vector appropriate to the xy submanifold will be 
stationary under the influence of Je. The coherence then 
becomes immune to any decay due to JeR. 

4. Results of coherent averaging experiments 

In Figs. 7 and 8 we show results of Carr-Purcell 
echo trains performed on the 37J7T*· state of tetrachloro
benzene (TCB). The Meiboom-Gill modification35 was 
employed, in which the 7T refocussing pulses were shifted 
in microwave phase by goo to can<;el out errors in pulse 
length .. As in other optically detected coherence experi
ments, a probe pulse terminates the pulse train and is 
slowly swept in time, establishing a final phosphores
cence intensity which is proportional to the coherence 
remaining in the ensemble at that time. As expected, 
the echo maxima occur midway between refocussing 
pulses. 

The decay of echo maxima is ffil:trkedly nonexponential 
and is not yet understood in detail. Qualitatively similar 
results have been obtained for the triplet state of d 7-

. quino~ine 'in a durene host using conventional tech
niques. 32 it is nevertheless very clear that (1) the echo 

./ 
FIG. 7. Optically detected 
Carr-Purcell Meiboom-Gill 
spin echo train in the T"- T Y 

transition of the 31r1r* state of 
1,2,4,5-tetrachlorobenzene 
(Y trap); The probe pulse 
terminates the pulse train 
and is swept continuously in 
time. Irregular echo spac
ing is due to nonconstant 
sweep rate. Only the first 
few echoes are shown; 
echoes were detectable out 
to 1 msec, Other details 
·are given in the text, Sees. 
III and IV. 
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FIG. 8. The decay of the echo maxima in the optically detecte'cl 
Carr-Purcell Meiboom-Gill spin echo train in the T y- T B tran
sition of the 31m* state of 1, 2, 4, 5-tetrachlorobenzene in dur
ene. The decay. becomes slower as the pulse spacing_2T is 

- reduced. 

' maxima decay much more slowly that the single three 
puise echo decay, and (2) when 2'7" is shortened, the de
cay of echoes is greatly retarded. ' The single Hahn 
echo for the 2E transition of TCB in durene decays with 
a 1/e time of 4 J.Lsec, and the echo train lifetimes shown 
here are several hundred microseconds. 1 

Reducing 2'7" to .zero converts the Carr-Purcell Mei
boom-Gill train into a sj:>in locking train. 1n· this experi
ment, the probe pulse causes a jump in phosphorescence 
intensity proportional to the coherence remaining at the 
end of the long spin lock pulse. As discussed above, the 
coherence lifetime should be very long. In fact, the spin 
lock lifetimes of excited triplet ensembles reported in 
recent work34 approached the triplet state lifetimes. 
For e:Xample, the spin lock signal-for the ·2E(Ty- '7"8 ) 

transition of h2-TCB in h 14-durene decays exponentially 
with a 1/e time of 24 msec. 33 The 'Ty and '7"11 sublevel 
lifetimes are 36.0 msec and 38.0 msec, respectively •36 

The slight difference between spin lock decay and trip
let decay times is due to slow spin-lattice relaxation 
in the rotating frame (T 1p processes). 27• 

3 Figure 9 com
pares the coherence lifetimes measured in various types 
of experiments for the 2E transition of TCB in durene: 

In summary, the .Carr-Purcell Meiboom-Gill method 
and spin locking represent two experimental approaches,. 
each of which is suited for ll; different class of investiga
tions. The dependence of coherence lifetime on 2'7" in the 
Carr-Purcell train potentially gives valuable informa
tion about molecular motions in the crystal field, the 
ititeraction of triplet electronic spins and nuclear spins 
in the host, .and host nuclear· spin diffusion. Spili locking 
is useful when one wishes to nullify the effects of the 

above interactions oil triplet spin relaxation in order to 
make the cohe:J,"ence lifetime sensitive to kinetic phenom
ena in the excited state,. as in a recent measurement of 
the rate of detrapping of triplet excitation in a molecular 
crystal. 33 

IV. EXPERIMENTAL 

In the following.section, details of the experimental 
apparatus used to measure coherence in excited states 
by optical detection are presented, and the general set
up for a pulse spectrometer and the methods used to ob
tain coherence information are discussed. 

The conversion of a cw optically detected magnetic 
resonance spectrometer to a pulse spectrometer is quite 
simple because the optical detection. feature of the in-

. strument avoids cavity and detection system overload . 
problems encountered in conventional ESR pulse spec
trometers. Only a pulse generator, a fast microwave 
switch device, and a high power all).plifier are required 
in addition to the normal cw setup. The experimental 
details of cw optically detected ESR have been described 
elsewhere. 37 A block diagram of the pulse spectrometer 
is given in Fig. 10. 

Optical detection of electron spin coherence proceeds 
as follows: A strobe pulse generator is ·used to initiate 
a pulse sequence .. The sequence is applied to the sam
ple at a repetition rate compatible with the rate of phos
phorescence decay. Measurement of relaxation times 
requires the pulse sequence to· last on the order of mi
croseconds, whereas the triplet lifetimes are commonly 
on the order of milliseconds. Thus, it is reasonable to 
neglect changes in phosphorescence during ·the pulse se
quence. Experiments that involve pulse sequences which 
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FIG. 9. Optically detected coherence lifetime measured in 
different experiments pe~ormed on the T Y-T, transition of 
h2-tetrachlorobenzene in durene. The free precession signal 
and the spin echo maxima, measured as described in Sec. nr above,. 
both decay exponentially as the pulse separation is'increased. 
The 1/ e time given for the Carr-Purcell experiment is esti
mated for the last part of the train (see Fig. 8). Spin locking 
time is taken from Ref. 33. ' 1 
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last for times on the same order as the triplet state de'
cay, such as extended spin locking, have interesting 
ramifications due to the feeding and decay-processes 
that are occurring while the microwave field·is on and 
will be treated in a more general description in a later 
publication. In the present situation, the final probe 
establishes a phosphorescence intensity which is pro
portional to the coherence remaining in the triplet en
semble at that time. After the pulse sequence, this in
tensity decays towards the steady state value obtained in 
the absence of microwaves. The resulting waveform 
can be time averaged using a lock-in amplifier whose 
reference frequency is provided by the strobe pulse 
generator. The lock-in output signal, when measured 
relative· to an appropriate baseline (e. g. , complete echo 
decay), is then proportional to the coherence at the probe 
time. If the probe pulse is then swept in time at a rate 
compatible with the lock-in time constant, the echo for-

1mation may be recorded directly on a stripchart re-
corder and also stored on paper tape utilizing a suitable 
interface. The echo in Fig. 6 for 2, 3-dlchloroquinoxa
line was recorded with a lock-in reference frequency of 
1. 5 Hz, and a point was recorded every-2 sec. 

In order to establish the microwave pulse times for 

MICROWAVE 
GENERATOR 

FIG. 10. Bloc!{ diagram of 
· optically detected magnetic 
resonance pulse spectrome
ter. Additional details are 
given in the text, Table I, 
and Figs. 11-and 12. 

?T/2, 1r, etc. , pulses, a transient nutation is recorded by 
slowly lengthening a single pulse while monitoring the ' 
light as described above.· The observed signal oscilla
tions decay much faster than the homogeneous T2 would 
predict because of inhomogeneities in the H1 field, but 
as long as there are several maxima and minima, as in
the curves illustrated in Fig .. 3, · the pulse widths can be 
set easily. 

It is important to use high isolation PIN diodes such 
as a Hewlett ·Packard 33124A. Often, two or more of 
these diodes are placed in series in order to· prevent . 

_ feedthrough which would cause partial or total saturation 
of the microwave transition when the switch is in the off 
position. The PIN diodes are controlled by the pulse 
generator output into a DM 8830N buffer in conjunction 
with a National Semiconductor Corporation DH 0035C 
PIN diode switch driver using the circuit given in the 
driver data sheet. A summary of other equipment used 
in the pulse spectrometer is given in Table-r. 

The heart of the pulse spectrometer lies in the pulse 
sequence unit. We have built several devices designed 
for specific pulse sequences from transistor-transistor 
logic integrated circuit chips. The circuits are 
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TABLE I. Details on the equipment represented in Figs. 10 
and 12. 

Figure 10 equipment, 

Hg arc lamp: PEK 100 W high pressure. · 
Filters: 4 em H20, 2800 A or 3100 A Schott interference. 
Spectrometer: Jarrell-Ash 3/4 m Czerny-Turner. 
Photomultiplier: EMI 6256S with cooled (- 20°C) housing. 
Lock-in amplifier: PAR model HR-8. 
Oscilloscope: Tektronix 454. 
50 0 rigid coaxial line: Micro Delay Division, Uniform 

Tubes, Inc. 
Isolators, direct1onal couplers, bandpass filters: Hewlett• 

Packard (HPJ and Narda Corporation. · 
Microwave generator: HP 8690B sweep oscillator with 

plug-ins .. 
Frequency counter: HP 5245L with plug-ins. 
Precision crystal clock: obtained from frequency counter 

standard. 
1 Wand 20 W microwave amplifiers: Varian TWT with sep

arate high voltage floating power supplies. 
PIN driver circuits: see text. 
Recording devices: Roytron paper tape punch, HP 7100B 

strip phart recorder. The analog to digital converter, 
strobe pulse generator, and pulse generator were con
structed from transistor-transistor logic devices. 

.Figure 12' equipment 

Hybrid tees: Anaren Corporation. 
Constant impedance adjustable lines: General Radio 874-

LK10 L. 
,Variable attimuators: Narda model 792FF. 
PIN diodes: HP 33124A high isolation (often two or more 

of these diodes are placed in series in order to reduce 
microwave leakage in the off configuration). 

straightforward combinations of NAND gates (SN 7400, 
7420, etc), monostable multivibrators (SN 74121, 
74123), and edge-triggered flip flops (SN 7479N). Fifty 
ohm transmission lines are used and care is taken to 
match impedance between devices. 

For experiments such as the Carr-Purcell train, it 

!!:] SN74121 MONOSTABLE MULTIVIBRATOR 

is necessary to sweep the probe pulse linearly in time 
relative to the strobe pulse at pulse separations of sev
eral hundred microseconds. The jitter in this interval 
must be less than 10 nsec for accurate recording of 
echoes. A device with this capability is shown in Fig. 
11. The strobe pulse opens a gate that allows a train 
of pulses produced by the 1 MHz crystal clock to pass 
through. The lower part of the circuit takes only the 
first pulse in the tr,ain and produces a "zero-time" 
pulse. The upper part of the circuit keeps track of the 
number of pulses, spaced 1 jJ.Sec in time, by counting 
down from a number preset with six decade thumb 
switches. When the counter reaches zero, a pulse is 
produced, ·thus providing a digital time delay from 0 to 
1 sec in steps of 1 jJ.sec. This delayed pulse shuts the 
gate before any more pulses arrive at the counter, re
loads the counter, and activates a monostable multi
vibrator having a precision 10-turn variable re~istor 
and several possible capacitors in the timing circuit. 
This allows one of several continuously variable delay 
ranges to be added to the diii,tal delay. The zero-time 
pulse circuit utilizes the same capacitance timing cir
cuits without the variable resistor, plus an additional 
delay labelled "trim" so that the two pulses can be over
lapped in time, should it become necessary. The cen
ter circuit produces a variable pulse that _ranges from 
.zero to the maximum time determined by the variable 
resistor-capacitor combination and is valuable for pro
ducing transient nutations. A synchronous clock motor 
attached to the variable resistor provides a convenient 
way to sweep linearly in time. - · 

Flexibility in the pulse sequences used is made pos
sible by the four-channel phase shifter illustrated in 
Fig. 12. Each of the PIN diode switches is controlled 
by a separate driver. Thus~ any part of the pulse se
quence may be phase shifted by 0°, 90°, 180°, or 270°. 
This is essentiil for experiments sue)). as the Carr
Purcell echo train with the Meiboom-Gill modification, 
in which the 1T refocussing pulses are phase shifted by 
90° from the initialTT/2 pulse. Multiple phases areal
so required for spin locking and optically detected adi-

FIG. 11. Schematic dia
gram of a digital plus vari
able delay device capable of 
producing two pulses with 
highly reproducible pulse 
separation. See text for de
.tails. 

0 SN7479N DuAL D-TYPE EDGE-TRIGGERED fl...IP-FLOP 
-c>.o . 

Rp . . -
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FIG. 12. Block diagram of the four-channel phase shifter in 
Fig. 10. 

. abatic demagnetization in the rotating frame. 38 Phase 
adjustments are made by observing the_ response of a 
crystal diode detector to the output of the network when 
separate channels are switched on individually and to 
the resultant s~gnal when two channels are opened con
currently and added together. 

The procedure is as follows: The individual-signals 
from two channels being compared are equalized by 
adjusting the varl,able attenuators in the lines. Com~ 
bining two signals phase shifted by 180° produces zero 
detector output, and 0° phase shift produces the maxi
'mum combined output which varies from 2-4 times the 
output due to individual channels, depending on the total 
incident power and the response characteristics of the 
crystal. A 90° phase shift produces an intermediate 
signal. In three-channel experiments, an accurate 90° 
phase shift can be obtained by adjusting the phase of the 
signal in question, :A, relative to two other signals, B 
and C, which are set to be 180° out of phase. One 
merely adjusts the phase of A until the crystal detector 
responds equally to A+ Band A+ C. In two-chalmel ex
periments; the 90° phase shift can be achieved by set
ting the length of the adjustable line halfway between 0° 
and 180° positions. Alte-rnatively, the ODMR echo or 

spin lock signal itself, whose amplitude will be phase · 
sensitive, can be used to set the phases. 

V. CONCLUSION 

Using optically detected magnetic resonance of ex
cited triplet states in zero field as an.example of_an ob
servable which monitors relative energy level popula
tions, we have demonstrated that it is possible to per
form any of the va.St number of experiments that involve 
coherence effects in two-level systems. Equations 
(50)-(53) show that the results obtained from pulse ex-

. periments requiring the final "probe pulse" are identi
cal in form to the standard methods which utilize an ob
servable that measures coherent effects directly. High
ly sensitive double-resonance methods may thus be used 
to extend further the study of energy transport and re
laxation phenomena in both the ground and excited states 
of molecules and atoms. 

The form of the zero-field spin Hamiltonian makes it 
particularly simple to extend these results tp coherent 
optical excitation experiments. In both cases, an in
duced oscillating dipole is produced, the only difference 
being that the zero-field case is an induced magnet~c 
dipole, whereas the optical case involves an induced 
electric dipole transition. By properly includi~g the 
effects of spontaneous emission and the wavevector k 
in the treatment for the optical case, the probe pulse 

. method should provide an equally valuable investigative 
tool for optical coherence experiments in m,ultilevel 
systems. 
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