JOURNAL OF MAGNETIC RESONANCE 128, 199-206 (1997)
ARTICLE NO. MN971234

Pulsed ENDOR Spectroscopy at Large Thermal Spin Polarizations
and the Absolute Sign of the Hyperfine Interaction

M. T. Bennebroek and J. Schmidt
Huygens Laboratory, Leiden University, P.O. Box 9504, 2300 RA Leiden, The Netherlands

Received March 7, 1997

It is shown that in pulsed Mims-type ENDOR experiments per-
formed at 95 GHz and 1.2 K the sign of the ENDOR signal can
be positive, corresponding to an increase of the stimulated echo
intensity, as well as negative, corresponding to a decrease of the
stimulated echo. The positive “anomalous’ sign is not observed
at conventional EPR frequencies. It is explained that the effect
arises through spin—lattice relaxation in the situation of large ther-
mal spin polarizations and that it allows the determination of the

absolute sign of the hyperfine interaction. © 1997 Academic Press

1. INTRODUCTION

Electron nuclear double resonance (ENDOR) spectros-
copy iswidely used for the measurement of small hyperfine
and nuclear quadrupole interactions that are not resolved
in electron paramagnetic resonance (EPR) spectra. In the
origina continuous wave (CW) ENDOR technique, intro-
duced by Feher in 1956 (1), an EPR transition is partially
saturated with an intense CW microwave field. A second
radiofrequency field induces nuclear magnetic resonance
(NMR) transitions which are detected as a desaturation of
the EPR signal. The CW ENDOR effect depends on the
delicate balance between the effective electron and nuclear
spin—lattice relaxation rates which mostly restrict the obser-
vation of the CW ENDOR signa to a narrow temperature
range. In contrast, in pulsed ENDOR the applied pulse se-
guences can usually be made short compared to the spin—
lattice relaxation times. As a result, pulsed ENDOR can be
used in a much larger temperature range provided that an
electron spin echo signal can be observed. Two standard
ENDOR pulse sequences were introduced by Mims (2, 3)
in 1965 and Davies (4) in 1974. Along with the rapid devel-
opments in pulsed EPR spectroscopy in the past severa
years (5-7), avariety of pulsed ENDOR techniques exists
nowadays which are al based on the Mims and Davies pulse
sequences. These methods are used to enhance the ENDOR
efficiency or to simplify and unravel complicated spectra
(5, 8-10).

Recently, an increasing interest exists in performing EPR
spectroscopy at microwave frequencies much higher than
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the conventional range of 9—35 GHz. The main advantages
are the high spectral resolution and the high absolute sensi-
tivity that can be obtained not only for EPR but also for
ENDOR spectroscopy. By using pulsed techniques one adds
the advantages of time-resolved operation including the
study of transient species. In a number of pulsed ENDOR
studies at 95 GHz it was demonstrated that the technique
not only works routinely but that it can supply information
about systems that cannot be studied with ENDOR tech-
niques at the conventional microwave frequencies for rea
sons of sensitivity and/or resolution. Examples are a study
of the copper site in azurin as well as various paramagnetic
centers in silver halides (11-13).

In the pulsed ENDOR experiments at 95 GHz the Mims-
type ENDOR technique is used. In this method, a w/2—
T—ml2-T—7m/2 microwave (MW) pulse sequence, applied
resonant with an EPR transition, produces the so-called stim-
ulated echo (SE) at time 7 after the third 7/2 MW pulse,
as schemetically depicted in Fig. 1. Nuclear transitions are
induced by a radiofrequency (RF) pulse, applied between
the second and third MW pulses, and can affect the SE
intensity. According to the origina description given by
Mims (2, 3) and the more recent operator formalism of
Gemperle and Schweiger (8), the ENDOR effect must be
detected as a decrease of the SE intensity, in agreement with
experimental observations so far. Very surprisingly we have
discovered that, at low temperatures and a high MW fre-
guency of 95 GHz, the ENDOR effect can aso occur as an
increase of the SE intensity. An illustration is given in Fig.
2, where part of the ENDOR spectrum of the S = 5 self-
trapped hole (STH) complex in AgCI is shown. The spec-
trum contains nuclear transitions of *’Ag (I = 3, 52%) and
9Ag (I = 3, 48%), and it is seen that the low-frequency
transitions occur as an increase of the SE intensity in contrast
to their high-frequency counterparts.

In this paper we show that the ‘*anomalous’”’ increase of
the SE intensity in Mims-type ENDOR can be explained by
taking spin—Ilattice relaxation into account. The description
will be given in terms of the operator formalism of Gemperle
and Schweiger (8) and will be supported by additional ex-
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FIG. 1. The Mims-type or stimulated echo microwave pulse sequence.
Radiofrequent waves are applied between the second and third /2 pulses.
The time regions discussed in Section 2 are indicated.

perimental data. An aternative description, based on the
method introduced by Mims (3), yieldsidentical results and
is given elsewhere (14). It appears that the effect is most
pronounced at high magnetic fields (such as used for 95-
GHz EPR spectroscopy ) and at low temperature, i.e., a large
thermal spin polarizations. The sign of the ENDOR effect
isrelated to the my manifold in which the ENDOR transition
takes place, and consequently allows for a direct experimen-
tal determination of the absolute sign of the hyperfine (HF)
interaction. This sign is of importance for the interpretation
of the HF interactions but usually must be taken from theo-
retical considerations. To our knowledge the observation of
the anomalous ENDOR effect has not been reported pre-
vioudly, and it presents an additional advantage of per-
forming pulsed ENDOR experiments at high magnetic fields
and high microwave frequencies.

2. THEORY

In this section we first review the operator formalism for
describing pulsed ENDOR experiments as given by Gemp-
erle and Schweiger (8) and apply it to the particular case
of the Mims-type ENDOR experiments. We then introduce
the effect of spin—lattice relaxation and demonstrate how
the ‘*anomalous’ ENDOR effect develops.

We consider the spin Hamiltonian describing a system
consisting of an electron spin S = 3 and one nuclear spin |

1

= il
Ho = 9eBBo*S — 98B0 | + a- S-1, [1]

where for smplicity we have taken the g tensor of the elec-
tron spin and the hyperfine tensor to beisotropic. In the high
magnetic field of the 95-GHz spectrometer, it suffices to
replace [1] by the first-order Hamiltonian

Ho = wsS + wil, + aSl,,

[2]
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where ws = gefeBo/f and w, = —g.6,Bo/% represent the

electron and nuclear Zeeman fregquencies, respectively.
The frequencies of the (Ams = 0, Am, = +1) ENDOR

transitions in the two my manifolds (« and § states of the

electron spin) are given by
w m = =+ 1‘ = | w * g
ENDOR -5 = > .

The Hamiltonian describing the effect of the MW and RF
pulses is time-dependent. This time dependence is removed
by atransformation to a doubly rotating frame by the propa-
gator

[3]

T = exp{ —i (wwwtS, + wretl)} [4]

where wyw and wge represent the angular frequencies of

the MW and RF field respectively. In this new frame the
Hamiltonian reads as

Ho = QsS, + ul, + &S, [5]

W|th QS = Ws — Wmw and Q| = W) — WRE- The Haml|t0nlan
during the application of the MW pulse is given by
H]_ = HO + wls(. [6]

Here the second term describes a pulse with a MW field
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FIG. 2. The ‘‘anomaous’ ENDOR effect observed in the ENDOR

spectra of the central silver ion of the self-trapped hole complex (S = 3)
in AgCl. Displayed are the *Ag and *®Ag ENDOR transitions. For the
central silver ion, the hyperfine interaction is very large, and the ENDOR
transitions appear at frequencies which are separated by two times the
nuclear Zeeman splitting (5.5 MHz for Ag and 6.25 MHz for '®Ag).
The spectra have been obtained at a microwave frequency of 95 GHz and
at 1.2 K using the Mims pulse sequence displayed in Fig. 1 (7 = 0.5 us
and T = 980 us (14). The magnetic field was parallel to the elongation
axis of the STH complex. In (&) and (b) the high-field and the low-field
transitions, respectively, are monitored.



PULSED ENDOR SPECTROSCOPY AT LARGE THERMAL SPIN POLARIZATIONS

strength of w, = guB.B./A = —v B, dong the x axis of the
rotating frame with B, the amplitude of the circularly polar-
ized MW field. We assume that the MW pulse is nonselec-
tive; i.e, its field strength is much larger than the hyperfine
interaction, |w,| > |a|. This meansthat al EPR transitions
within a spin packet are simultaneously excited by the strong
MW pulse. Thus w;S, is the dominant term in Eq. [6] and
the effect of Hy can be neglected during the MW pulse.

In contrast to the MW pulse, the RF pulse is selective;
i.e., it acts on the nuclear transition either in the my = +3
or in the my = —3 electron spin manifold. The effect of the
RF pulse is represented by the Hamiltonians

HS = w5sl,,
and
HY = w5, [7]

where w5 is the hyperfine-enhanced RF field strength (8).
(In the following we drop the superscript E.)

In al pulsed ENDOR experiments the Hamiltonian in the
doubly rotating frame is alternatively constant and time-
dependent and can be divided into several periods. The den-
sity operator at the end of the sequence is given by

HY 7, H®r,

0(0) ———— o(71)

H"r,
o(ry + 72)— — — —

o(Y ). [8]

The observable magnetization components of the electron
spin a time 7 = 2 7, dlong the x and y axes of the rotating
frame can be evaluated from the relations

Mi(t) = Tr{o(t)S}

and

My(t) = Tr{o(t)S}. [9]

The method followed by Gemperle and Schweiger (8) is
to express the density operator o(t) as a linear combination
of base operators

o(t) = 3 ba(t)B,. [10]

In the case of our electron—nuclear two-spin system the
complete set {B,} consists of the 16 orthogonal product
operators
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% id, SuS,Su 0ol 1, 20, 2Sd,,

251,, 2§y, 2§y, 2§51, 2S]y, 251y, 25,1,. [11]
The attraction of this method is that it allows for an elegant
description of the ENDOR experiments. A pulsed ENDOR
experiment starts with the equilibrium state. At 95 GHz and
at 1.2 K, in good approximation, only the two low-lying my
= —3 () HF levels carry population. The equilibriqm State
is described by the density operator o(0) = — S, + 31. Since
the unity operator is invariant for the transformations one
cantake ¢(0) = — S, in the absence of relaxation (8). How-
ever when relaxation is present the unity operator must be
included in the following calculations. In the case of nonse-
lective MW excitation in the Mims-type ENDOR experiment
(Fig. 2) it can be shown that the n/2—7—7/2 pulse se-
guence during the preparation period leads to an electron
nuclear two-spin order term 2S,1,:

(w/2)S

Hor (n12)S
1. 1 x
~s+-1
S 2

+=1
S 2

Scos[(a/2) 7] cos(Qsr) — 2S1,sin[(a/2) 7]

XSin(QST)-F%i:Uprep. [12]

The nonselective /2 detection pulse applied after the mix-
ing time T generates from ope, aterm S, which at time T +
27 is proportional to the intensity of the stimulated echo

(r12)S Hor
— S{cos’[(a/2)7)]

X c0s?(Qer) + sin[(al/2)7)]sin?(Qe7)}

O mix

= Oecho- [13]

The effect of the RF pulse isto selectively flip the nuclear
spin over an angle B,. An RF pulse on resonance with the
nuclear transition |aa) © |afB) inthe my = +3(a) manifold
only has an effect on the two-spin order term 2S,1, in [12]
and changes the density operator ope, (EQ. [12]) into

B2S'1x

S,cos[ (a/2) 7] cos(§2s7)

Oprep
1 1
— {ZSJZE (1 + cos B,) — IZE (1- cosﬁz)}

x sin[(a/2)7]sin(Qer) + % i=oo,.  [14]
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The third 7/2 MW pulse, applied after the mixing time T,
creates a stimulated echo at time T + 27:

%0 = — S,{ cos?[ (a/2) 7] cos?(r)

+ sin?[(a/2) 7] sin?(7) % (1 + cos ﬂz)} . [15]

A selective RF pulse resonant with the nuclear |Ba) <
| BB) transition in the my = —3(3) manifold leads to an
expression for o,ix Which is aimost identical to expression
[14]:

B
0 mix

= S,cos[ (a/2) 7] cos(Qr)

— {ZSZIZ% (1 + cos 3,) + IZ% (1 - cosﬂz)}

|_\

X sin[(a/2)7]sin(Qsr) + = [16]

N

Thethird 7/2 microwave pulse applied after the mixing time
T again creates an echo o4, the expression of which is
identical to that of & (EQ. [15]).

It is easily seen from a comparison between Egs. [13]
and [15] that the resonant RF pulse, in the « or 8 manifold,
always leads to a reduction of the echo intensity with a
maximum effect at 8, = w. Further, the reduction of the
stimulated echo vanishes if sin?[(a/2)7] = 0 (7 = n-2x/

n=20,1,2 ---). Thisisthe well-known **blind-spot’’
effect in pulsed, Mims-type ENDOR (2, 8). In what follows
we choose, for smplicity, the interval + between the two 7/
2 preparation pulses such that 7 = w/a; i.e, the S-termin
Egs. [14] and [16] is zero and the maximum ENDOR effect
is observed upon the application of the RF pulse.

The increase of the intensity of the stimulated echo as
observed in Fig. 2 cannot be explained with the model de-
scribed above. To understand this anomalous increase we
must introduce spin—lattice relaxation and study its effect
on the expressions for the intensity of the stimulated echo.
Since we perform the experiments at 1.2 K and at 95 GHz,
the Boltzmann factor exp(— AE/KT) =~ 0.02. Consequently,
the relaxation rate T from the upper m, = +3(«a) to the
lower m; = —3(4) manifold dominates and we neglect the
reverse process (see Fig. 3). We aso assume that the spin—
lattice relaxation is only effective in the mixing period dur-
ing time T between the second and third MW pulses. To
calculate the effect of the spin—lattice relaxation we must
consider the evolution of the diagonal elements of the density
matrix, which is described by
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FIG. 3. The spin—lattice relaxation in the S = 3, | = 3 manifold at 95
GHz and 1.2 K.
omix(T) = Uprepexp{ I'T},
Um|>< (T) = O'prepexp{ FT}
o (T) = ohty + ome{l — exp(—TT)},

m|x (T) = Uprep + Uggp{l —exp(—TIT)}. [17]

This relaxation has an effect on the evolution of ox. In
the absence of an RF pulse we find after a straightforward
calculation using Egs. [10] and [12], (assuming 7 = «w/a),

Umix(T)
= —2Sl,8sin(Qgr)e T —

S(L-e ™) +=1. [18]

NI

Only the first term in [18] contributes to the formation of
the stimulated echo, the intensity of which is proportional
to

Techo = —§SIN*(Qer)e ™. [19]
It is seen that the echo intensity, as expected, decays at a
rate I'. Now we apply a 8, = « pulse on the ENDOR
transition in the my = +3(a) manifold. We assume that this
RF pulse is infinitely short and that it occurs at the start of
the mixing period, i.e., immediately after the second MW
w/2 pulse. Then in Eq. [17], oge Must be replaced by
o™ which can be extracted from Eq. [14] with 7 = 7/
a. At the end of the mixing period one then finds

oz (T)
={-2SI,(1 - eirT) + 1.} sin(€r)
_s(1-e M+ % i [20]
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Again only the term with 25,1, contributes to the formation
of the stimulated echo, the intensity of which is proportional
to

o =

-S(1 - e "M)sin?(Qr). [21]
When a8, = m RF pulseisapplied on the ENDOR transition
in the my = —3(3) manifold, again assuming that this pulse
is short and applied immediately after the second MW pulse,
we find that

o (T)
= {_Zszlz(eir‘r — 1) — 1} sin(§sr)

-S(1-e"M)+21, [22]

NI

and the stimulated echo is proportional to

o =

—S(e” " — 1)sin?(Qur).

[23]
The 8, = m RF pulse in either of the two manifolds causes
the coefficient of the two-spin order term 2S,1, in Egs. [14]
and [16] to become equal to zero but the spin—lattice relax-
ation causes this term to reappear with a sign which depends
on the manifold in which the 5, = m RF pulse has been
applied.

As yet we have only considered the behavior of a single-
spin packet. Averaging over all resonance offsets €25 with a
spectral distribution function g(2s) = 1 (an assumption
which is usually fulfilled when the inhomogenous linewidth
I > wy) makes it possible in expressions [19], [21], and
[23] for the echo intensity to replace the term sin?(Qgr) by
3. Further, it is customary to define an ENDOR efficiency
Fenoor Which is a measure for the relative change of the
echo amplitude resulting from the RF pulse as

Fenpor = % [ ecno (RF-0ff ) — lecno (RF-0N) 1/ lecno (RF-OFf ) .
[24]

In our case where relaxation may cause |, (RF-0ff) to
become zero we prefer to place in the denominator the value
lecho (RF-Off, T = 0). According to this definition the EN-
DOR efficiency F ranges between 0 < F < 1, where F =
1 corresponds to an inversion of the SE signal. We thus find
in the case of a 8, = © RF pulse in the upper m, = +3(a)
manifold that

FENDOR:%(eirT_l“FeirT):%(ZeirT_l), [25]

g8
0.5 FENDOR
0.0 T
o
-0.5 ENDOR

FIG. 4. The time evolution of the ENDOR efficiencies Fgypor and
FEupor as defined in Egs. [25] and [26].

and for a8, = = RF pulse in the m; = —3(8) manifold

-IT

1 1
Fénoor = > (e —e'T+1)= > [26]

The behavior of the echo efficiencies Fgwor and
Fiuoor isillustrated in Fig. 4. It is seen that F£ypor remains
positive and constant as afunction of T; i.e., it aways corre-
sponds to a decrease of the stimulated echo intensity. In
contrast Fgnpor Changes from a positive to a negative value;
i.e, for short T it corresponds to a reduction of the SE
intensity and for longer T to an increase.

The behavior of the population distribution over the four-
level system is illustrated in the diagram presented in Fig.
5. In (a) the effect of spin—lattice relaxation for T — « in
the absence of the 8, = m RF pulse is shown, whereas in
(b) and (c) a8, = m RF pulse is applied in the « or the 8
manifold respectively. In the figure, it is assumed that
sin(Qsr) = 1 so that the maximum two-spin order term
25,1, has developed during the preparation period. It is seen
that for long T, opposite two-spin order terms 2S,1, develop
upon the application of the 5, = = RF pulse either in the «
or in the g manifold. The negative term —2S,1, leads to an
increase of the SE intensity and the positive term 2S,1, to a
decrease (in the limit T — « to a SE echo with opposite
phase).

3. EXPERIMENTAL

The predicted behavior of the change in the SE intensity
upon excitation inthem, = +3(«) and m, = —3(3) manifold
is nicely illustrated by pulsed Mims-type ENDOR experi-
ments on the self-trapped hole (STH) complex in AgCl
(14). This holeis created in the AgCl crystal upon ultravio-
let irradiation and is trapped on a AgClg unit that has under-
gone a Jahn—Teller distortion along a cubic axis. The orbital
angular momentum of this hole is aimost quenched, and we
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FIG.5. The behavior of the population distribution over the four-level system. In (a) the effect of spin—lattice relaxation in the absence of RF pulses
isindicated. In (b) and (c) a 8, = m RF pulse in the a and 8 manifold, respectively, is applied. We have used sin(Q2s7) = 1 and sin[(a/2)7] = 1 so
that the maximum two-spin order term 2S,1, has developed upon the application of the two m/2 MW preparation pulses. In the last column the population

distribution is shown for T — .

deal with an effective S = 3 electronic system. The “Ag
and *Ag ENDOR resonances of the silver ions surrounding
the central AgClg unit of the STH can be observed using the
Mims technique at 95 GHz and at T = 1.2 K. In Fig. 6, the
results are presented with an interval = = 0.35 us between
the two MW preparation pulses and for various values of T.
The length of the RF pulse is not infinitely short because of
lack of RF power and iskept 10 us shorter than T. Neverthe-
less the results show the effect of spin—lattice relaxation by
the evolution of the ENDOR signal, which follows a behav-
ior as predicted by Egs. [25] and [26]. It is seen that the
sign of the ENDOR transitions of the two silver isotopes
below their respective Zeeman frequencies is negative; i.e.,
the signals correspond to a reduction of the SE intensity,
independent of T. In contrast, the high-frequency ENDOR
transitions are weak and negative for short values of T and
turn over to a positive value, corresponding to an increase

of the SE intensity, for long values of T in agreement with
the prediction of Eqg. [25].

The observation of the anomalous ENDOR effect for the
STH allows usto derive the sign of the hyperfine interaction.
As the ENDOR frequency of the S = 3 unpaired spin of the
STH with a |l = 3 silver nucleus amounts in first order to

1)1
2) " h

where g,(Ag) < 0, it follows from the findings in Fig. 6
that the superhyperfine interaction between the hole and
the silver nuclei must have a positive sign. An ENDOR
study of the self-trapped exciton in AgCl (13) confirms
in an independent manner the sign thus obtained. Also
according to our model the ‘*‘anomalous’’ ENDOR effect

+

gn/BnBO + % a

VENDOR ( ms =
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FIG. 6. The effect of spin—lattice relaxation on the intensity of the SE echo in the case of Mims-type ENDOR experiments. The spectra contain
17Ag and *®Ag ENDOR transitions of silver ions surrounding the central AgCle unit of the STH complex in AgCl and have been recorded at 1.2 K and
at 95 GHz with the magnetic field parallel to the Dy, distortion axis of the complex. The interval between the /2 MW preparation pulses 7 = 0.35 us
and the RF pulse length is taken to be 10 us shorter than the values of T listed. In addition we have indicated the values of the Zeeman frequencies of

07Ag and *®Ag by v,(*’Ag) and v,(*®Ag), respectively.

should appear when (2e™'" — 1) < 0 which, with the
low-temperature value of T' = [(10 = 2) ms] * of the
STH (14), would require that T > (7 + 1) ms. It is
remarkable that, despite the simplifications in our model,
this estimate agrees with the time scal e at which the anom-
alous lines appear in Fig. 6.

It isimportant to realize that the anomal ous ENDOR effect
only develops in the case of large thermal spin polarizations
such as encountered in our experiments at 1.2 K and at 95
GHz. Inspection of Fig. 5 shows that the relaxation, creating
the two-spin order term 2S,1,, only occurs between the two
levels |aa) < |Ba) (case b) and |aB) < |8p) (case c),
and not between the other two levels because they are empty
(in good approximation). At small Boltzmann factors, such
as encountered at 9 GHz, the other two levels carry a popula
tion which is only dightly different, and spin—lattice relax-
ation between them counteracts the effect of the first two
levels on the term 2S,1,.

4. CONCLUSION

1 1

A description of Mims-type ENDOR foraS= 3,1 =3
electron spin, nuclear spin system is presented using the
operator formalism developed by Gemperle and Schweiger
and including the effect of spin—lattice relaxation. We have
considered only downward relaxation from the upper ms =

+3 spin manifold toward the lower m; = —3 manifold in the
limit of a large thermal spin polarization as it applies for
experiments performed at 95 GHz and at 1.2 K. The model
can explain the observation of the anomalous increase of the
stimulated echo intensity upon the application of the RF
pulse. It is shown that this anomalous increase points to
ENDOR transitions in the upper my = +3 manifold, and
consequently it makes it possible to determine the sign of
the hyperfine interaction. It is argued that the effect can
only be observed at large thermal spin polarizations, and it
presents another advantage of EPR/ENDOR spectroscopy
at high microwave frequencies.
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