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A simple theoretical model that describes the pulsed Davies
electron-nuclear double resonance (ENDOR) experiment for an
electron spin S 5 1

2 coupled to a nuclear spin I 5 1
2 was developed

to account for unusual W-band (95 GHz) ENDOR effects observed
at low temperatures. This model takes into account the thermal
polarization along with all internal relaxation processes in a four-
level system represented by the electron- and nuclear-spin relax-
ation times T1e and T1n, respectively, and the cross-relaxation time,
T1x. It is shown that under conditions of sufficiently high thermal
spin polarization, nuclei can exhibit asymmetric ENDOR spectra
in two cases: the first when tmix @ T1e and T1n, T1x @ T1e, where
ENDOR signals from the a manifold are negative and those of the
b manifold positive, and the second when the cross- and/or

uclear-relaxation times are longer than the repetition time (tmix !
T1e ! tR and T1n, T1x > tR). In that case the polarization of the

NDOR signals becomes opposite to the previous case, the lines in
he a manifolds are positive, and those of the b manifold are

negative. This case is more likely to be encountered experimentally
because it does not require a very long mixing time and is a
consequence of the saturation of the nuclear transitions. Using this
model the experimental tmix and tR dependencies of the W-band 1H
ENDOR amplitudes of [Cu(imidazole)4]Cl2 were reproduced and
the values of T1e and T1x @ T1e were determined. The presence of
symmetry in the ENDOR spectrum is useful as it directly pro-
ides the sign of the hyperfine coupling. The presented model
llows the experimentalist to adjust experimental parameters,
uch as tmix and tR, in order to optimize the desired appearance of
he spectrum. © 2001 Academic Press

Key Words: high field; pulsed EPR; ENDOR; spin–lattice
relaxation.

INTRODUCTION

Electron-nuclear double resonance (ENDOR) spectros
is one of the most useful methods for measuring the N
frequencies of nuclei in paramagnetic systems, which in
provide the hyperfine and nuclear quadrupole interactions
of the standard ways for recording ENDOR spectra is
application of the pulsed Davies ENDOR experiment1),

1 On leave from MRS Laboratory, Kazan State University, Kazan, 420
ussia.
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shown in Fig. 1. The spectrum is obtained by measuring
echo amplitude as a function of the frequency of the radi
quency (RF) pulse. This experiment can be divided into t
periods, (i) the preparation stage, which consists of the s
tive inversion of one of the EPR transitions by a microw
(MW) p-pulse, (ii) the mixing period, which starts with the
pulse that inverts selectively one of the NMR transitions an
followed by a time,tmix, during which relaxation processes c
take place, and (iii) the detection period, which consists o
echo detection sequence applied at the same frequency
preparation pulse. ENDOR measurements carried out at
fields (B0 . 2.4 T andn . 70 GHz) and low temperatur
exhibit relatively highS/N due to the large thermal electr
polarization. This large thermal polarization may, howe
under certain experimental conditions, also lead to unu
ENDOR effects. Recently, a number of high-field END
studies, which employed relatively long RF pulses, repo
the appearance of negative ENDOR effects at low tempera
(2, 3). Bennebroek and Schmidt (4) attributed this effect t
high thermal polarization in combination with an elect
spin–lattice relaxation time,T1e, that is shorter than the to
mixing time. In the case of an electron spinS 5 1

2 coupled to
a nuclear spin, this results in a negative ENDOR effect for
belonging to theMS 5 2 1

2 manifold and a positive one f
lines in theMS 5 1

2 manifold. Thus, the asymmetry between
manifolds provides a mean to determine the sign of the h
fine coupling.

We have also observed asymmetric ENDOR effects
number of W-band (95 GHz)1H ENDOR spectra. But unlik
the conditions mentioned above, these asymmetries wer
tained during Davies ENDOR experiments withtmix ! T1e (5).
In addition, the difference between the ENDOR effects
MS 5 1

2 and MS 5 2 1
2 was found to betmix dependent. T

explain these results it is thus necessary to extend the wo
Bennebroek and Schmidt (4) and to consider all possible r
laxation pathways during the ENDOR experiment. The po
bility that the differences in ENDOR line intensities arise fr
the hyperfine enhancement factor (6) is excluded because f
weakly coupled protons at W-band this factor is neglig
small.
8,
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389SIGN OF THE ENDOR EFFECT AT HIGH MAGNETIC FIELDS
In this publication we present a general theoretical m
for the evaluation of the magnitudes of ENDOR lines in
Davies ENDOR experiment in the presence of relaxa
This model is based on a four-level system composed
electron spinS 5 1

2 coupled to one nucleusI 5 1
2 . All

possible relaxation pathways, including the electron
nuclear spin–lattice relaxation, and cross-relaxation ti
T1e, T1n, T1x, respectively, as well as the temperature and
frequency of EPR transition, are taken into account. In
following it will be shown, both theoretically and expe
mentally, that the asymmetric intensities of the1H ENDOR
doublets fort mix ! T1e occurs whenT1e ! t R , T1n, T1x.
Namely, it is a consequence of insufficiently long repeti
time, t R. Under these conditions the spin system does
ully relax to equilibrium prior to the application of the ne
NDOR sequence in a multiple accumulation experim
e will also show that this effect is not exclusive to h

elds and that, in principle, it can also be observed at
emperatures during X- and Q-band experiments. The v
ty of the theoretical model is demonstrated by the ana
f the W-band ENDOR effect of the copper tetra-imidaz
omplex in a frozen solution.

THEORY

Let us consider an ensemble of independent equivalent
level systems consisting of an electron spin,S 5 1

2 , coupled to
a nuclear spinI 5 1

2 with a constant total population that
normalized to unity. The energy levels are labeled by num
from 1 to 4, according to Fig. 2, and their populations aren1–4,
respectively. At thermal equilibrium the populations follow
Boltzmann distribution.

The Hamiltonian describing this system contains the e
tronic and nuclear Zeeman interactions and in addition a
perfine coupling term. The first order ENDOR frequenciesna

andnb, corresponding to the transitions in thea (MS 5 1
2) and

b (MS 5 2 1
2) manifolds, are given (7):

na 5 U2nN 1
a

2
U , nb 5 U2nN 2

a

2
U , [1]

or clarity, in the following we shall assume thata . 0 and
a , 2n , wheren is the nuclear Larmor frequency. Th

FIG. 1. The pulse sequences of the Davies ENDOR experiment.
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nevertheless, does not reduce the generality of our m
which is applicable for any sign and value ofa. Under the
above conditions, the ENDOR spectrum will consist o
doublet, centered atnN with a splitting ofa. The low-frequenc
ENDOR line will correspond to an NMR transition in thea
manifold with frequencyna 5 n24, while the high-frequenc
line corresponds to a transition in theb manifold withnb 5 n13.
The frequencies of the allowed EPR transitions aren12 andn34

and those of the forbidden EPR transitions andn14 and n23.
Three types of relaxation rates define the process of the
equilibration (see Fig. 2): (i) The electron-spin relaxation r
G1 and G2 (with DMS 5 1, Dm 5 0), the nuclear-spi
relaxation rateGn (with DMS 5 0, Dm 5 1), and the cross
relaxation ratesGx1

14 , Gx2
14 and Gx1

23 , Gx2
23 (with DMS 5 1,

Dm 5 61).
The ENDOR experiment is best described using the

spin-density matrix formalism (see, i.e., Gemperle
Schweiger (6)). However, since in the ideal Davies ENDO
experiment it is sufficient to consider only the populati
of the energy levels, the off-diagonal elements of the de
matrix can be ignored and we can restrict our calculation
the diagonal elements only. This is further justified by
fact that any nuclear or electron coherences that ma
generated during the experiment will decay in a time
nificantly shorter than any other relevant time interval of
experiment.

The populations of the four levels can be described in a
of a vectorn 5 { n1, n2, n3, n4} and its time evolution durin
any time interval between MW or RF pulses of an END
experiment can be represented by the master equation (8)

dn
dt

5 2Gn. [2]

FIG. 2. A schematic illustration of the four-level system,S 5 1
2 , I 5 1

2 ,
and the corresponding relaxation rates. The thickness of the levels rep
relative populations.
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390 EPEL ET AL.
G is a relaxation matrix,

G 5 1
G1 1 Gn 1 G x1

14 2 G2 2 Gn 2 G x2
14

2 G1 G2 1 Gn 1 G x2
23 2 G x1

23 2 Gn

2 Gn 2 G x2
23 G1 1 Gn 1 G x1

23 2 G2
2 G x1

14 2 Gn 2 G1 G2 1 Gn 1 G x2
14
2 , [3]
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which represents the relaxation process towards thermal
librium. To obtain the Boltzmann distribution of the populat
as the solution of Eq. [2] in thermal equilibrium, the ra
between the “up” and “down” relaxation rates must be e
to (9)

G1
G2

5
G x1

14

G x2
14 5

G x1
23

G x2
23 5 expS2

hn

kTD . [4]

Here we assumed that at thermal equilibrium the populatio
the states with the sameMS (1–3 and 2–4) are equal a
populations of states with differentMS differ by the Boltzman
factor;h andk are the Plank and Boltzmann constants, res
tively, n ' n12 ' n34 is the EPR transition frequency, andT is
he temperature. Equation [4] is justified because the nuc
pin Zeeman interaction and the hyperfine coupling con
re much smaller than the electron-spin Zeeman intera
imilarly, we assume thatGx1

14 5 Gx1
23 5 Gx1, Gx2

14 5 Gx2
23 5 Gx2

and Eq. [4] becomes

G1
G2

5
Gx1

Gx2
5 expS2

hn

kTD . [5]

he validity of Eq. [5] can be checked by solving the ma
quation at thermal equilibrium, namely,dn/dt 5 0. The

solution of Eq. [2] is then

nB 5
1

2~G2 1 G1 1 G1x1 1 G1x2! 1
G2 1 Gx2

G1 1 Gx1

G2 1 Gx2

G1 1 Gx1

2 , [6]

wherenB is given by the Boltzmann distribution. As long as
equilibrium state populations obeyn1 5 n3 andn2 5 n4, nB

is independent ofGn, and according to Eq. [5],

n2
B

n1
B 5

n4
B

n3
B 5

G1 1 Gx1

G2 1 Gx2
5

G1
G2

5
Gx1

Gx2
5 expS2

hn

kTD [7]

is obtained. Then i
B’s in Eq. [7] are the components ofnB.

The general solution of Eq. [2] is

n~t! 5 e2Gtn~0!, [8]
ui-

al

of

c-

ar-
nt
n.

r

wheren(0) denotes an initial state. The eigenvalues ofG define
the characteristic relaxation rates of the system, which c
spond to the relaxation parameters measured in an exper
In the Appendix we present the explicit expressions of
eigenvalues ofG for two cases,Gx 5 0 andGn 5 0. In mos
cases the major relaxation rates depend on the sum of the
and “down” relaxation rates. Therefore, for further compar
between experimental and theoretical results, the relax
times are defined as

T1e 5
1

G1 1 G2
, T1n 5

1

2Gn
, T1x 5

1

Gx1 1 Gx2
. [9]

To describe the evolution of the population of the ene
levels during the ENDOR experiment we introduce opera
that represent the selective MW and RF inversion pu
These are

P I
12 5 1

0 1 0 0
1 0 0 0
0 0 1 0
0 0 0 1

2 , P I
34 5 1

1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

2
PRF

a 5 1
0 0 1 0
0 1 0 0
1 0 0 0
0 0 0 1

2 , PRF
b 5 1

1 0 0 0
0 0 0 1
0 0 1 0
0 1 0 0

2 , [10]

wherePI
12 andPI

34 invert the 1–2 and 3–4 EPR transitions
PRF

a andPRF
b the 1–3 and 2–4 NMR transitions at frequenciena

andnb, respectively. The effect of the echo detection sequ
on the populations can be represented by the nonunitary
tricesPD

12 andPD
34,

PD
12 5 1

1
2

1
2 0 0

1
2

1
2 0 0

0 0 1 0
0 0 0 1

2 , PD
34 5 1

1 0 0 0
0 1 0 0
0 0 1

2
1
2

0 0 1
2

1
2

2 . [11]

The population vector just before the application of the e
detection sequence can be readily calculated using the
operators. When no RF is applied, or when its frequency
off-resonance, the population is
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391SIGN OF THE ENDOR EFFECT AT HIGH MAGNETIC FIELDS
n~tmix! 5 e2GtmixP I
12n~0!, [12]

wheren(0) represents the population at the beginning of
ENDOR experiment. The echo signal at the end of each
periment is proportional to

I echo5 n1~tmix! 2 n2~tmix!. [13]

This value corresponds to the baseline (background) o
ENDOR spectrum. When the RF pulse is applied on-r
nance, atna or nb, the populations before the echo detection

n~tmix! 5 e2GtmixPRF
a P I

12n~0!, [14]

n~tmix! 5 e2GtmixPRF
b P I

12n~0!. [15]

In general, the initial statesn(0) in Eqs. [12, 14, 15] ca
differ from each other and need not be the Boltzmann statenB.
In a typical Davies ENDOR measurement the EPR echo
plitude is obtained by signal averaging. At each RF frequ
the ENDOR experiment is repeated with a repetition timetR,
and the echo amplitudes are accumulated. WhentR is much
longer than any of the relaxation times in the system, the in
staten(0) for each experiment is equal to the Boltzmann s
nB. However, whentR is not sufficiently long, the initial state

re changing during the accumulation. Assuming that the
ial states converges fast to the respective steady state

0, n0
a, andn0

b, it is possible to substituten(0) in Eqs. [12, 14
15] with these limits, which in turn can be determined
solving the following equations:

~e2G~tR2tmix!PD
12e2GtmixP I

12!n0 5 n0, [16]

~e2G~tR2tmix!PD
12e2GtmixPRF

a P I
12!n0

a 5 n0
a, [17]

~e2G~tR2tmix!PD
12e2GtmixPRF

b P I
12!n0

b 5 n0
b. [18]

Equation [16] corresponds to the case that no RF is app
whereas Eqs. [17] and [18] correspond to cases where th
is applied atna or nb, respectively.

We define an ENDOR efficiency parameter,FENDOR, as

FENDOR 5
I echo

on ~tmix, tR! 2 I echo
off ~tmix, tR!

2I echo
0 , [19]

where the echo amplitudesI echo
off (tmix, tR) and I echo

on (tmix, tR) are
the ENDOR signals obtained in the absence and presenc
RF pulse on-resonance with an NMR transition, respecti
I echo

0 in the denominator is the echo amplitude after a si
two-pulse EPR echo experiment with the samet as that used i
the ENDOR experiment andtR @ T1e, T1n, T1x. I echo

0 provides
the normalization factor that is independent oftR and tmix (the
echo amplitudes are obtained from Eq. [13]). For longtR and
t , when the spin system has relaxed to thermal equilib
mix
e
x-

he
o-
e

-
y

al
te

i-
its,

d,
RF

f a
y.
le

m

before the detection sequence,FENDOR 5 0, whereasFENDOR 5
0.5 when the detection sequence is applied immediately
the RF inversion pulse (tmix ! T1e, T1n, T1x).

The evolution of the populations described by Eqs. [12
and the steady state solutions derived from Eqs. [16–18
determined by six independent parameters: three relax
times (T1e, T1n, Tx), the two time delays of the ENDO
sequence (tmix, tR), and the polarization vector at thermal eq-
ibrium (nB), defined by the temperature and the frequenc
the EPR transition. In the following we will evaluate
ENDOR efficiency for different values of these parameters
simplify the analysis we will assume thatT1e ! tR, namely tha
the repetition time of the signal accumulation experimen
much longer than the electron spin–lattice relaxation time.
situation is typical for most experimental conditions un
which ENDOR spectra are measured.

First we will discuss some limiting cases which lead
asymmetric ENDOR spectra.

T1x 5 `, T1e ! T1n ! tR

Figure 3 shows the evolution of the population distribu
during a Davies ENDOR experiment in the limiting case ofT1n

@ tmix. BecauseT1n ! tR, the system returns to the therm
equilibrium after each ENDOR measurement, and the po
tion vector at the beginning of the next experiment is equ
nB. The evolution of the populations in the absence of RF p
is shown in Fig. 3a, whereas Figs. 3b and 3c represen
evolution for on-resonance RF pulses atna or nb, respectively
In the first case, immediately after the selective MW pulse,PI

12,
he populations of the 1–2 transition are inverted and tho
–4 remain unchanged. During the mixing time the electr

FIG. 3. A schematic illustration of the behavior of population distribu
of the four-level system during an ENDOR sequence in presence of ele
spin relaxation. (a) The time evolution in the absence of an RF pulse. (b,
time evolution with an RF pulse applied ina andb manifolds, respectivel
The wiggly arrows represent electron-spin relaxation.
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392 EPEL ET AL.
relaxation brings the system back to thermal equilibrium.
echo detection sequence monitors the population differen
the 1–2 transition andI echo

off (tmix) starts from2I echo
0 at tmix 5 0

nd grows towardI echo
0 at largertmix. In the second and thi

cases the populations after the RF pulse are redistributed
that attmix 5 0 levels 1–2 and 3–4 are equally populated.
this position in time the echo signal is measured, bothI echo

a (0)
andI echo

b (0) would be zero andFENDOR
a (0) 5 FENDOR

b (0) 5 0.5.
For tmix longer thanT1e, where T1n 5 `, the electron-spi
relaxation transfers the whole population to the 1 or 3 st
depending on the RF frequency. In this case the echo sig
I echo

a (tmix) andI echo
b (tmix), both start at 0 and become 0 and 2I echo

0 ,
respectively with increasingtmix. The value ofFENDOR

ab starts a
0.5 for both manifolds and evolves towardFENDOR

a (tmix) 5
20.5 andFENDOR

b (tmix) 5 0.5. This yields fortmix . T1e an
asymmetric ENDOR spectrum with a negative amplitude ana

and a positive amplitude atnb, as described earlier by Benn-
roek and Schmidt (4).
WhenT1n is of the same order oftmix the absolute values

FENDOR
a,b (tmix) decrease with increasingtmix and become depe-

dent on the Boltzmann factor. The lower the temperatures
longer it takes for the populations to reach equilibrium (for
sameT1e andT1n). Figure 4depicts the dependence ofFENDOR

a,b

on tmix for T1n/T1e 5 30 and for three Boltzmann facto
n/kT 5 8.3, 0.83, and0.083. The value 0.83 corresponds

n 5 95 GHz (W-band) and a temperature of 5.5 K and the o
values to 10 times higher and lower frequencies, or 10 t
lower and higher temperatures. These plots show that at 5
FENDOR

a and FENDOR
b have opposite signs at long mixing tim

ven at X-band frequencies. Thus, spectral asymmetry i
ected to be observed ifS/N permits.

FIG. 4. The dependence ofFENDOR
a,b on tmix at different temperatures. T

n/kT ratios are indicated in the figure. Thin lines correspond toFENDOR
a and

hick lines toFENDOR
b . The solid line corresponds tohn/kT 5 `, tR 5 `, T1x 5

`, andT1n 5 `. In all other casesT1n/T1e 5 30, tR 5 `, T1x 5 `.
e
of

ch
t

s,
ls,

he
e

er
es
K,

x-

T1x 5 `, T1n . tR

Up to this point tR was assumed to be longer than
relaxation time and therefore each single ENDOR experi
started with a spin system in thermal equilibrium and a B
mann distribution of the populations. However, whentR be-
omes of the order ofT1n, theFENDOR

a,b values become depend
on tR. In this case the steady state populationsn0, n0

a, andn0
b

must be evaluated from Eqs. [16–18], and then used to c
late the echo amplitudes and the ENDOR efficiencies.

When tmix @ T1e the distribution of populations after t
mixing stage is almost identical to those described previo
However, fortmix , T1e the behavior is completely differen
Figure 5 illustrates the evolution of the populations in this
during the second accumulation in the ENDOR experim
with T1n 5 T1x 5 `. It demonstrates that in the absence o
RF pulse the system reaches thermal equilibrium aftertR and
I echo

off equals2I echo
0 (Fig. 5a). When an RF pulse is applied atna,

he ENDOR sequence does not affect the populations o
onitored EPR transition, and as in the case of “norm
NDOR, I echo

a becomes 0 (Fig. 5b). In contrast, when the
pulse affects theb transition, the whole population is gathe
at level 2, resulting in a negative echo amplitudeI echo

off 5 22I echo
0

(Fig. 5c). Thus, for shorttmix, as usually employed in standa
experimental conditions,FENDOR

a 5 0.5 andFENDOR
b 5 20.5.

Figures 3 and 5 suggest that under the conditionT1n 5 T1x 5
` a steady state is reached for the initial populations alr
after the first experiment. Simulations have shown tha
common relaxation times the number of repetitions need
reach this state is not more than 3.

The dependence ofFENDOR
a,b on tmix for tR/T1e 5 10 and

FIG. 5. A schematic illustration of the behavior of population distribu
during the second shot in ENDOR sequence in the presence of electro
relaxation forT1x 5 `, T1n . tR. (a) The time evolution in the absence of
pulse. (b, c) The time evolution with RF pulse applied ina andb manifolds
espectively. The wiggly arrows represent electron-spin relaxation.
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393SIGN OF THE ENDOR EFFECT AT HIGH MAGNETIC FIELDS
different values ofT1n/T1e is shown in Fig. 6.As T1n/T1e

decreases,FENDOR
b (0) increases and approaches the valu

FENDOR
a (0). In contrast, whentmix @ T1e the relationFENDOR

a 5
2FENDOR

b is almost independent ofT1n/T1e.

T1n 5 `, T1x Þ `

Figure 7 (left) shows that the dependence ofFENDOR
a,b onT1x at

relatively high temperatures and smalltR is similar to the
dependence onT1n. It is, however, possible to differentia
between these two relaxation mechanisms. The nuclear
ation equilibrates the populations of levels 1 and 3 wi
process that is independent of temperature. In the absen
nuclear relaxation these populations can reach thermal
librium due to a complex process characterized by a relax
time that increases for decreasing temperature (see Appe
A comparison of the dependences ofFENDOR

a,b on tmix at hn/kT 5
8.3 for systems with nuclear relaxation and without cr
relaxation and vice versa is presented in Fig. 7 (right). Ev
hn/kT 5 0.83 thecoefficient exp(2hn/kT) leads to a sub
stantial decrease of the cross-relaxation efficiency. Th
demonstrated in Fig. 8, where the dependences ofFENDOR

a,b on tR

is presented for equal nuclear and cross-relaxation rates.
plots also show that the optimal repetition rate for END
experiments is determined byT1n (or T1x) and may be muc
longer thanT1e. A more explicit description of the differe
effects of the nuclear- and cross-relaxation is given in
Appendix.

EXPERIMENTAL

Sample Preparation

An aqueous solution of a copper tetra-imidazole comp
[Cu(Imid) ] 21 (Cu-Imid) was prepared as reported in the li-

FIG. 6. Simulations of the dependence ofFENDOR
a,b on tmix for different

T1n/T1e values which are indicated in the figure. Thin lines correspond toFENDOR
a

and thick lines toFENDOR
b . In all casestR/T1e 5 10 andhn/kT 5 0.83.
4

f

ax-
a

of
ui-
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ix).

-
at

is

ese

e

x,

ature (10). The Cu(II) concentration of the sample used in
xperiments was 2 mM in H2O/glycerol (1:1 vol/vol).

Spectroscopic Measurements

Pulsed Davies ENDOR measurements were perform
W-band (94.9 GHz) on a homebuilt spectrometer (11) at 5.5 K.
All reported experiments were carried out with MWp/2 andp
pulses of 0.1 and 0.2ms, respectively, and with an echo de
time,t, of 0.35ms. The duration of the RFp-pulses was 14ms,
as determined from the Rabi oscillations of selected END

FIG. 7. The dependence ofFENDOR
a,b on tmix, for different values ofhn/kT

and tR/T1e. The hn/kT values are indicated in the figure. The solid
corresponds toT1x/T1e 5 100,T1n 5 `. Dotted line corresponds toT1n/T1e 5
100,Tx 5 `. Thin lines correspond toFENDOR

a and thick lines toFENDOR
b . In (a)

R/T1e 5 10 and in (b)tR/T1e 5 1000.

FIG. 8. The dependence ofFENDOR
a,b on tR for hn/kT 5 0.83 andtmix 5 6

ms. Solid lines correspond toT1x/T1e 5 22, T1n 5 `, dotted lines correspon
to T1n/T1e 5 22 andT1x 5 `. Thin lines correspond toFENDOR

a and thick lines
o F b .
ENDOR
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transitions in the Cu-Imid spectrum. All spectra were obta
after 3–30 accumulations. Field-sweep echo-detected (FS
EPR spectra were recorded using the two-pulse echo seq
where the echo amplitude is measured as a function o
magnetic field.

RESULTS

The W-band FS-ED EPR spectrum of Cu-Imid in a fro
solution features a powder pattern typical for an axialg-tensor
where the63,65Cu hyperfine splitting is not resolved. The
band1H Davies ENDOR spectrum recorded at a magnetic
of 3.02 T, which is neargi, and with our standard experimen
conditions,T 5 5.5 K, tR 5 10 ms, andtmix 5 6 ms, is shown
in Fig. 9a. The spectrum is highly asymmetric and consis
three major doublets. The first exhibits broad inhomogen
lines at 126.8 and 130.6 MHz, corresponding to a hype
coupling constant,aa, of 3.8 MHz, assigned to one type
protons, labeled Ha. The second doublet, at 127.9 and 12

Hz with ab 5 1.1 MHz is due to Hb protons, and the third on
at 128.2 and 129.3, corresponds to Hc protons, withac 5 0.9
MHz. While the low-frequency ENDOR signal of Ha (n 2
nH , 0), is positive, its high-frequency counterpart (n 2 nH .
0) is negative with a smaller amplitude (nH is the proton
Larmor frequency). The signals of Hb and Hc show a stron
asymmetry as well. Upon increasingtR the doublets intensitie
change significantly and the low- and high-frequency l
become of equal amplitudes, as expected for1H ENDOR
spectra. This is demonstrated in Figs. 9b and 9c (the chan

FIG. 9. ENDOR spectra of Cu-Imid recorded at 5.5 K and diffe
experimental parameters as listed in the figure. The position of the1H Larmor
requency,nH, is marked. The vertical lines represent the positions o
various doublets. The number of accumulations for each frequency poin
30 (a), 10 (b), and 3 (c).
d
D)
ce,

he

n

ld

of
us
e

6

s

in

the noise levels of Figs. 9b and 9c is primarily a result of
smaller number of accumulations at each ENDOR frequ
point). A similar but significantly smaller asymmetry was a
observed for spectra recorded atg'.

The electron spin–lattice relaxation time,T1e, was estimate
from the echo amplitude dependence ontmix in Davies ENDOR
sequence in the absence of the RF pulse (inversion-rec
experiment) (see Fig. 10a). This inversion-recovery curve
vides the value of the baseline of the ENDOR spectrum
each mixing time,tmix. Fitting this curve to an exponent
function (solid line in Fig. 10a) gave a recovery time of 2.26
0.07 ms, which is equal toT1e when spectral diffusion can
neglected. In this plot the echo intensity attmix 5 ` was set to
unity.

Figure 10b shows a series of ENDOR spectra recorded
tR 5 10 ms and different values oftmix , tR. These spectra a
plotted on a common intensity scale, thus the position o
baseline of each spectrum corresponds to the echo ampl
shown in Fig. 10a. Whentmix . 3 ms, asymmetries in th
ENDOR spectra, similar to those discussed by Bennebroe
Schmidt (4) for tmix . T1e, are observed. The low-frequen
line of Ha exhibits a negative ENDOR effect while its hig
frequency partner has a positive effect. Interestingly, fortmix .
8 ms the intensity of the echo in the high-frequency END
line region becomes larger than 1, which shows that the
responding population difference at the moment of dete
exceeds that predicted by the Boltzmann distribution.

The tmix dependence ofFENDOR
a,b of the Ha proton (126.8 an

130.7 MHz) in Cu-Imid is shown in Fig. 11. The data po
were obtained by averaging theFENDOR

a,b values at the maxima
the Ha doublet in Fig. 10 over a bandwidth of 0.14 MHz. T
solid lines present simulations withT1e 5 2.28 ms,T1x 5 50

FIG. 10. (a) The dependence of the echo amplitude of Cu-Imid i
inversion recovery experiment. (b) The ENDOR spectra of Cu-Imid, reco
with different t . Plots (a) and (b) have the sameY axis scale.

e
are
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395SIGN OF THE ENDOR EFFECT AT HIGH MAGNETIC FIELDS
ms,T1n 5 `, andtR 5 10 ms, and theFENDOR
a,b are given by th

right-hand side ordinate. The difference between the ex
mental values ofFENDOR

a,b and those predicted by the theoret
model is attributed to inhomogeneous broadening and t
limited bandwidth of the pulses which were not taken
account in the model. While in the theoretical model the M
and RF pulses are considered idealp and p/2 pulses, in th
experiment the distribution of inversion pulse efficienc
present due to the hole-burning nature of the experiment,
to a reduced ENDOR efficiency. Nevertheless, this devia
affects only the amplitude of ENDOR effect and not its
pendence on the various time intervals and relaxation r
Therefore, the curves of the theoretical and experim
FENDOR

a,b (tmix) dependencies are presented using different sc
which is equivalent to the introduction of a normalizing fac
accounting for deviation from the ideal conditions.

It was mentioned previously that forhn/kT 5 0.83 it is
possible to distinguish between nuclear and cross relaxati
our experiments the comparison between the spectrum
corded withtR 5 100 ms and simulations led us to favor
cross relaxation over nuclear relaxation.

DISCUSSION

The high-field ENDOR spectrum of the electronic sys
with S 5 1

2 coupled to aI 5 1
2 nucleus should, in general, ha

equal amplitudes for all lines. Nonetheless, the results
sented here show that ENDOR spectra with asymmetric
amplitudes are expected at low temperature at two cir
stances. WhenT1n, T1x . tmix . T1e, the ENDOR signals from
the a manifold are negative and those of theb manifold are

FIG. 11. Best fit of the experimental dependence ofFENDOR
a,b on tmix of the

oublet at 126.8 (open) and 130.6 MHz (solid symbols). The solid
epresent the calculated values obtained withhn/kT 5 0.83, tR 5 10 ms

T1e 5 2.28 ms,T1n 5 `, T1x 5 50 ms. Thin lines correspond toFENDOR
a and

thick lines toFENDOR
b . The labels on the left and right axes represent the

f experimental and calculated data, respectively.
ri-
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positive. The observation of such spectra is limited to very
mixing times (or RF pulses). This, however, does not repre
optimal experimental conditions, where a highB2 field and
short RF pulses are preferred. The second case is more
to be encountered experimentally because it does not req
very long mixing time and is a consequence of the saturati
the nuclear transitions. It occurs whentmix , T1e and the cross
and/or nuclear-relaxation times are longer thantR (T1n or T1x .
tR). In this case the polarization of the ENDOR signals-
comes opposite of the previous case. Namely, the lines i
a manifolds are positive and those of theb manifold are
negative. WhenT1n and/orTx (1/Gx1 at very low temperature
are of the same order ofT1e, no asymmetry is encountere
because saturation does not occur. A sufficient polarizati
the populations in differentMS manifolds is also an obligato
condition for the asymmetric ENDOR spectra observation

The asymmetric ENDOR spectra allow direct determina
of the sign of the hyperfine coupling. Hence, following
above analysis, one can choose experimental condition
will lead to asymmetric doublets from which the sign can
determined. This may be useful in the analysis of var
singularities in powder lineshapes. Moreover, by following
ENDOR effect dependence on the mixing time or the repet
rate it is possible to determine the various relaxation tim
This, in turn, can be used to distinguish nuclei with diffe
relaxation times or overlapping paramagnetic centers with
ferent cross-relaxation times. The effect of the saturation o
nuclear transition can also result in the disappearance of s
of certain nuclei from the spectrum. For example, spectrum
in Fig. 9, which was recorded with a largertR, exhibits more
features than spectrum (a). Although the theoretical mode
developed for Davies ENDOR, it’s extension to Mims END
(12) is straightforward and similar results are expected.

Finally, we note that there have been a number of repo
ontinuous wave ENDOR spectra, recorded at Q-band freq
ies and 2 K, which exhibited high asymmetries and neg
NDOR effect (13). We believe that this is again a con
uence of the interplay between nuclear transitions at

hermal polarization.

CONCLUSIONS

Significant asymmetry in the amplitudes of ENDOR li
belonging to differentMS manifolds can be encountered un
conditions of sufficient thermal polarization and the follow
circumstances: (i) when the nuclear- and cross-relaxation
are significantly longer than the electron spin-relaxation t
and the echo is registered after a very long mixing time (tmix @
T1e andT1n, Tx @ T1e). In this case ENDOR signals from thea
manifold are negative and those of theb manifold are positive
(ii) under conditions of short mixing times and saturation of
nuclear transitions. Namely, when the cross- and/or nuc
relaxation times are longer than the repetition time (tmix ! T1e

! t and T , T . t ). In this case the polarization of t

s

le
R 1n 1x R
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396 EPEL ET AL.
ENDOR signals become opposite to the previous case
lines in the a manifolds are positive, and those of theb
manifold are negative. WhenT1n and/orTx are of the order o
T1e no asymmetries are encountered, because saturation
not occur.

APPENDIX

The characteristic relaxation rates in a four-level system
determined by the eigenvalues of the relaxation matrixG. The

perator,e2Gt, describing the evolution of the populations,
be presented in the following form:

e2Gt 5 O
i51

4

V i
Re2l i t~V i

L! T, [20]

where thel i ’s are the eigenvalues andV i
R andV i

L represen
respectively, the right and left eigenvectors ofG, defined a
solutions of equationsGV i

R 5 l iV i
R and V i

LG 5 l iV i
L. An

arbitrary state of the system can be presented as a superp
of eigenvectors, namelyn(0) 5 ¥ ciV i

R with coefficientsci 5
(V i

L z n(0)). Thus, the time dependence ofn is given by

n~t! 5 ~O
i51

4

V i
Re2l i t~V i

L! T! ~O
i51

4

ciV i
R! 5 O

i51

4

cie
2l i tV i

R.

[21]

Here we used Eq. [8] and the orthogonality condition for
eigenvectors, (V i

L z V j
R) 5 d ij . Thee2l i t coefficients represe

the time evolution of the individual contribution of each eig
vector.

The eigenvalues ofG for the caseGx1 5 Gx2 5 0 are

l1 5 0, l2 5 2Gn, l3 5 G1 1 G2, l4 5 G1 1 G2 1 2Gn,
[22]

or, using the definitions of relaxation timesT1n 5 1/(2Gn),
T1e 5 1/(G1 1 G2),

l1 5 0, l2 5
1

T1n
, l3 5

1

T1e
, l4 5

1

T1e
1

1

T1n
. [23]

Taking into account thatG1/G2 5 exp(2hn/kT), the eigen-
ectors in this case are

V 1
R 5 S1, expS2

hn

kTD , 1, expS2
hn

kTDD ,

V 2
R 5 S1, expS2

hn

kTD , 21, 2expS2
hn

kTDD ,
he

oes

re

tion

e

-

V 3
R 5 ~21, 1, 21, 1!,

V 4
R 5 ~1, 21, 21, 1!. [24]

The first eigenvector represents the Boltzmann equilib
state and, as expected, its exponente2l1t 5 1. The secon
eigenvalue describes nuclear-spin relaxation whereas the
represents the electron-spin relaxation. The fourth eigenv
will contribute significantly only when the populations
concentrated on either levels 1 and 4 or 2 and 3. For exa
such a situation occurs after a MW inversion pulse. In all o
cases discussed in this work thec4 coefficient in Eq. [21] is
relatively small. Thus, a double-exponential decay with
characteristic timesT1n andT1e is expected.

In the case ofGn 5 0 andGx Þ 0, the eigenvalues becom

l1 5 0,

l2 5 1
2~G1 1 G2 1 Gx1 1 Gx2 2 C!,

l3 5 G1 1 G2 1 Gx1 1 Gx2,

l4 5 1
2~G1 1 G2 1 Gx1 1 Gx2 1 C!, [25]

where

C 5 Î~G1 1 G2 1 Gx1 1 Gx2! 2 2 8~Gx1G2 1 Gx2G1!.

[26]

nder conditions of large thermal polarizationG1/G2 5 Gx1/
Gx2 ! 1 and the expressions for the eigenvalues in Eq. [25

e simplified to

l1 5 0, l2 5

4 expS2
hn

kTD
T1e 1 T1x

,

l3 5
1

T1e
1

1

T1x
, l4 5

1

T1e
1

1

T1x
. [27]

Here againl1 corresponds to the Boltzmann equilibrium s
and l3 represents the electron-spin relaxation and the c-
sponding eigenvectors are equal toV 1

R andV 3
R in Eq. [24]. The

second and fourth eigenvalues represent complex relax
processes and the respective eigenvectors are similar to tV 2

R

andV 4
R of the previous case. In the expression forl2, the up

and down components of the relaxation probabilities no lo
appear as simple sums, making this relaxation rate tempe
dependent. Under the condition of a fixedT1x, the value ofl2

will decrease exponentially with increasing temperature.
this dependence that allows one to distinguish between thT1x

andT contributions, as shown in Fig. 7.
1n
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