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Two-pulse electron spin echo (ESE) measurements of the phase
relaxation (phase memory time TM ) were performed in a series
of Tutton salt crystals M I

2 M II(SO4)2 · 6X2O (M I = NH4, K, Cs;
M II = Zn, Mg; X = H, D) weakly doped with Cu2+ ions (c ≈
1018 ions/cm3) in temperature range 4–60 K where ESE signals
were detectable. The ESE decay was strongly modulated with pro-
ton (or deuteron) frequencies and described by the decay function
V(2τ ) = V0 exp(−bτ − mτ 2) with the mτ 2 term being tempera-
ture independent and negligible above 20 K. Various mechanisms
leading to the τ - or τ 2-type ESE decay are reviewed. The m and b
coefficients for nuclear spectral diffusion (NSD), electron spectral
diffusion (SD), and instantaneous diffusion (ID) were calculated in
terms of existing theories and the resulting rigid lattice T0

M times
were found to be close one to another within the crystal family with
average values: 17.5 µs (NSD protons), 200 µs (NSD deuterons),
8 µs (SD), and 5 µs (ID). The ID dominates but the calculated
effective T0

M is longer than the experimental T0
M = 2 µs. This is due

to a nonuniform distribution of the Cu2+ ions with a various de-
gree of the disorder in the studied crystals. The acceleration of the
dephasing rate 1/TM with temperature is due to the mechanisms
producing exp(−bτ ) decay. They are reviewed and two of them
were found to be operative in Tutton salt crystals: (a) Excitations to
the vibronic levels of energy ∆ leading to the temperature depen-
dence 1/TM = B exp(−∆/kT), with the vibronic levels produced
by strong Jahn–Teller effect, and (b) spin–lattice relaxation pro-
cesses being effective above 50 K. Based on the ∆ values being on
the order of 100 cm−1, the scheme of vibronic levels in the Tutton
salts is presented, and the independence of the ∆ on temperature
proves that the adiabatic potential surface shape of Jahn–Teller
active Cu(H2O)6 complexes is not affected by temperature below
65 K. C© 2001 Academic Press

Key Words: ESE dephasing; electron phase relaxation; Tutton
salts; Cu2+.
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I. INTRODUCTION

Electron spin phase relaxation is a random dephasing proc
at starts from a coherent spin precession state after pulse

itation of a spin system and finishes with random precessi
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hases of individual spins. Since in EPR of diluted magneti
stems the resonance lines are inhomogeneously broaden
., are formed from unresolved spin packets resulting from hy

erfine coupling with distant nuclei, the dephasing consists o
o processes: irreversible dephasing of individual spins an
versible dephasing of spin packets precession. The first pr
ss is faster and described by spin–spin relaxation timeT∗2 ,

hich is the characteristic time of the free induction decay (FID)
his decay is hidden, in most cases, in the dead time of pulse
PR spectrometers (on the order of 70 ns). The second pr
ss is due to the difference in Larmor frequency of the spi

ackets. This process is not a true relaxation process, since
reversible by a second resonance pulse with subsequent f
ation of the electron spin echo (ESE) signal. The ESE signa
mplitudeV decreases with time after excitation and in two-
ulse experiments the ESE decay can be often described w
xponential functionV(2τ ) = V0 exp(−2τ/TM ), whereτ is an
terval between the exciting and refocusing pulses. The chara
ristic timeTM is called the phase memory time or phase stor
ge time. TheTM , its temperature dependence, and the deca
nction are determined in pulsed EPR experiments using ES
gnals.
Our understanding of the processes and mechanisms leadi
the ESE decay is not fully satisfactory. Many of them, but

ot all, are well treated theoretically and experimentally veri-
d. A simpler situation seems to exist in liquids and viscous
edia, where theoretical descriptions of the rotational diffusion
ased on the time-dependent stochastic Liouville formalism de
loped by Freed and co-workers well described experiment
sults (1). Another approach was proposed by the Novosibirsk

roup (2, 3) for spin dephasing in solids produced by fluctuating
cal magnetic fields and described by various model dynam
l processes. Both approaches are still being developed but t
ain theoretical interest is currently shifted to the vibrationa
nd electronic dynamics studied in vibrational echo (4) and op-
al photon echo (5, 6) experiments, where the old ideas from
agnetic resonance found new formulations.
A specific feature of pulsed EPR experiments of paramag

etic ions is that only part of the spin system can be excited b
icrowave pulses. This is limited by the pulse spectral width
hich for an 8-ns pulse is 2.23 mT (forg= 2). The excited
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spins (spinsA) being in the coherent precession can for
ESE signal after the refocusing pulse. The nonexcited spB
do not take part in forming the ESE signal but can produce
decay when they are coupled to spinsA. Generally, the nu
ber of spins that are able to form ESE signals decrease
time after excitation due to a decrease in the number of sA
by spin diffusion and/or by random changes in the prece
phase via spectral diffusion or instantaneous diffusion. A c
in the phase can occur as a result of dipolar coupling des
by flip-flop terms (S+1 S−2 + S−1 S+2 ) in the dipolar Hamiltonia
Moreover, every transition between electron energy levels
a random time-dependent process produces a random pre
phase.

Various processes and mechanisms of the electron spin
relaxation are summarized in Fig. 1 together with their ch
teristic parameters influencing the ESE decay functionV(2τ )
where 2τ is time where the ESE signal is centered. These p
eters include spin concentrationc, temperatureT , andτ k bein
the index of exponential decay functionV(2τ ) = V0 exp(−aτ k)

Because of the many contributions to the effective d
function V(2τ ), differentiation between various mechan
and processes is not easy in general. However, for
ciently low concentrations of paramagnetic centersc the con
tributions depending onc can be negligible or dominated
other mechanisms. Such a situation is expected forc< 101

spin/cm3 in crystals with a uniform distribution of paramn
centers.

However even in such cases an analysis of experiment
decays is complicated because in the most solids the d
modulated by a few frequencies from a weak dipolar cou
to surrounding magnetic nuclei, and the ESE decay fu
is

V(2τ ) = Vdecay· Vmodul. [1

Mechanisms and processes of relaxation are mutually ind
FIG. 1. Diagram of the electron spin phase relaxation processes and
anisms with their characteristic parameters determining the decay fu
V(2τ ): c, concentration;τ, interpulse interval;T , temperature.
O DEPHASING IN Cu(H2O)6 5
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Vdecay= Vspin diff · VID · VSD · VNSD, [2

whereVspin diff is a contribution from electron diffusion,VID is
contribution from instantaneous diffusion,VSD is a contributio
from electron spectral diffusion and is a product of a few m
anisms, andVNSD results from nuclear spectral diffusion wi
proton or other nuclei systems. TheVdecay must be subtrac
from experimental decay, which is not an easy task. In this
we will show the best and simplest way to obtainVdecay for
case of strong modulations.

This paper describes the results of the phase relaxatio
surements in weakly Cu2+-doped Tutton salt crystals in the l
temperature range (below 60 K) where ESE signals we
tectable. We were able to identify six contributions to the
function dominant in various temperature ranges. They a
clear spectral diffusion NSD, instantaneous diffusion ID,
tron spectral diffusion SD, vibronic dynamics,T1 processes, a
a contribution resulting from a nonuniform distribution of C2+

ions. These contributions are discussed in terms of existi
ories, crystal and molecular structure, and vibronic dynam
Cu(H2O)6 complexes.

Tutton salts form a family ofM I
2M II (SO4)2 · 6H2O com

pounds with a very similar molecular and crystal stru
containing two molecules in a monoclinic unit cell (7). Cop
per(II) introduced to those crystals substitute divalent c
M II (like Zn, Mg), and Cu(H2O)6 complexes undergo a str
Jahn–Teller effect. The crystal structure around the Cu2+ ion lo
cated at (0,0,0) and (1

2,1
2,0) positions, with lobes of thex2− y

ground state, is shown in Fig. 2. The Jahn–Teller effect
plays with local crystal stress, produced by the H2O . . .SO
hydrogen bonds, in deformation of the hexahydrate octa
As a result a strong deformation appears and the adiaba
tential surface has the three potential wells with different d
At temperatures below the room temperature only the tw
energy wells are populated, and the dynamic Jahn–Telle
is due to the jumps between these two wells correspond
the two longest Cu–O bonds (8). This dynamics as well as e
tations to the higher vibronic levels can influence electro
relaxation.

We have found that the electron spin–lattice relaxati
Cu2+ in Tutton salt-type crystals is practically insensitiv
the vibronic dynamics and is governed by ordinary two-ph
Raman processes in an intermediate temperature range9–12)
Phase relaxation seems to be more sensitive to the vibro
lattice dynamics. It is due to the fact that the spin packets fo
inhomogeneously broadened EPR lines are very narrow
than 0.01 mT); thus they are easily influenced by the dyn

In this paper we show and discuss results for the
memory timeTM measurements for Cu2+ in (NH4)2Zn(SO4)2
mech-
nction

6H2O≡ (NH4)2Zn, its deuterated analogue (ND4)2Zn(SO4)2 ·
6D2O≡ (ND4)2Zn; K2Zn(SO4)2 · 6D2O≡K2ZnD, and (ND4)2

Mg(SO4)2 · 6D2O≡ (ND4)2Mg. These data will be compared
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FIG. 2. Projection of the (NH4)2Mg(SO4)2 · 6H2O crystal structure on the
b plane. Unit cell at room temperature:P21/a; a = 0.9316, b = 1.2596, c =
.6198 nm,β = 107.09◦, Z = 2,V = 0.695× 10−21 cm3. Two magnetically
equivalent positions I and II for doped Cu2+ ions are shown with labels of the

x2−y2 ground state. Cu(H2O)6 octahedra are elongated along Cu–O(7) direc-
ons. The shortest dipolar contact between protons of H2O and NH4, strongly
fluencing nuclear spectral diffusion is between H1(H2O)–H12(NH4) =
.259 nm and H4(H2O)–H6(H2O)= 0.266 nm along thec axis.

ith previously published results for (NH4)2Mg(SO4)2 ·
H2O≡ (NH4)2Mg (9, 10), Cs2Zn(SO4)2 · 6H2O≡Cs2Zn (11),
nd K2Zn(SO4)2 · 6H2O≡K2Zn (12) to identify the dephas-
g mechanisms and to draw general conclusions concernin
e dephasing relaxation in vibronic systems with inequivalen
otential wells.
All equations used in this paper are written in SI units.

II. EXPERIMENT

. Materials

Single crystals of Tutton salts were grown from water solu-
ons of commercially available high-purity materials. The ma-
rials were additionally purified chemically and by several re

rystallizations to remove Mn2+ and Fe3+ ions that build up
ery easily in crystal lattices of Tutton salt, and cross relaxatio
an be produced to intentionally introduce Cu2+ ions. Deutera-
on of the crystals was achieved by a fivefold recrystallization
om heavy water. The degree of deuteration was determine
om the peak intensity in ENDOR-type three-pulse ESEEM
pectra of Cu2+-doped crystals (Fig. 3). As much as 79% of
H was found in (ND4)2Zn(SO4)2 · 6D2O with a very similar
alue for (ND4)2Mg(SO4)2 · 6D2O. In K2Zn(SO4)2 · 6D2O crys-
ls the ESEEM spectrum has shown peaks from2H only, indi-

ating practically total replacement of hydrogen atoms by deu
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rium atoms. It shows that in ammonium salts we have the fully
euterated water molecules and partially deuterated (NHxD4−x)
roups withx = 0, 1, 2, 3, 4.
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The crystals were doped with a63Cu2+ isotope by adding
about 0.1% mol of copper sulfate to the mother solution
e resulting concentration of Cu2+ ions in single crystals was
t identical and was determined by EPR with respect to th

ltramarine Blue standard as 1.2×1018–8×1018 ions/cm3. Final
ystallization of the compound was performed very slowly from
ghly uniform solutions to allow a uniform distribution of Cu2+

ns in the growing crystals.

Pulsed EPR Measurements

Electron spin echo experiments were performed on a Bruk
SP380E FT/CW spectrometer with a TE001dielectric resonator
d an Oxford CF935 flow helium cryostat. Relaxation measur

ents were carried out with the magnetic field applied along th
ongation direction of Cu(H2O)6 octahedra, i.e., along the lo-
lz axis of theg andA tensors with excitation of the low-field

I = − 3
2 hyperfine line, which was well separated from othe

perfine lines. High resolution and the relatively narrow lines in
is crystal orientation were the reason that Cu2+-doped Tutton
lt crystals were used for testing new methods in the pulsed EP
chnique (13). The line was excited with 16- or 24-ns pulses in
otonated compounds and with 240-ns pulses for K2ZnD crys-
ls having very narrow lines. The FID signal was not observe
e electron spin echo signal of the Hahn type was generat

ith two identical pulses with initial 120–240-ns intervals. The
icrowave power was adjusted to maximize the ESE amplitud
., to obtain the 2/3π pulses. Thus we used the pulse sequenc
3π–τ–2/3π–τ– echo.

FIG. 3. Three-pulse FT-ESE spectra (ESEEM spectra) of deuterated cr
ls: (a) K2Zn(SO4) · 6D2O showing full deuteration and (b) (ND4)2Zn(SO4) ·

2O showing 79% deuteration with partially deuterated ammonium groups.
e temperature ESE decay was measured withτ = 136 ns (τ is the interval
tween the first two pulses) andB = 283.6 mT atT = 18.5 K.
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The existence of spectral and/or instantaneous diffusio
fects was checked during electron spin–lattice measurem
T1 time dependence on microwave power and pulse lengt
also checked. Details of theT1 measurements can be foun
(9–12). The samples showing strong dependence were disc
as displaying a nonuniform distribution of Cu2+ ions.

Pulse EPR experiments were performed in the tem
ture range 4–60 K. The ESE signals were not detecta
higher temperatures because of shortening of theTM relaxatio
time.

III. RESULTS

1. Electron Spin Echo Decay

Two-pulse ESE decay was strongly modulated with p
(or deuterium) frequencies of surrounding ammonium gr
and water molecules. The modulation pattern was very s
for all Tutton salt crystals. Typical low-temperature decay
(NH4)2Zn and (ND4)2Zn are shown in Fig. 4. Modulations m
it difficult to determine the decay function. A computer prog
effectively able to separate the modulation and decay fun
in V(2τ ) = Vmod · Vdecay is not available, and we use a sim
linear anamorphosis method to findVdecay. In most cases t
plot through the upper peaks of an experimental decayV(2τ ) is
used as a good approximation forVdecay. This does not allow u
however, to distinguish clearly between exponential decay
tionsVdecay= V0 exp(−mτ k) with various power coefficientsk
(ktheory= 0.5–3). The better way is to fit an appropriate de
function to the peaks on a semilog scale: log(V) vsτ k (Chaps.
and 5 in (2)), (14). This is shown in Fig. 5 for the (NH4)2Zn
crystal with experimental decay presented in Fig. 4a. The

FIG. 4. Electron spin echo decay at 20 K for: (a) (NH4)2

Zn(SO4) · 6H2O : Cu2+ and (b) (ND4)2Zn(SO4) · 6D2O : Cu2+. The modulate

decay is approximated byV(2τ ) = V0 exp(−bτ −mτ2) function (solid lines)
with m= 0 for deuterated compounds. Both contributions are plotted by da
lines in (a). Phase memory timeTM values are shown for both contributions
DEPHASING IN Cu(H2O)6 59
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FIG. 5. Plots of the ESE decay from Fig. 4a in semilog scales. Lin
of the plot in (b) clearly shows that decay function is dominated by exp(−mτ2

decay.

log(V) vs 2τ in Fig. 5a clearly shows thatk 6= 1, wherea
a linear plot is seen fork = 2 in log(V) vs (2τ )2 (Fig. 5b)
Detailed analysis has shown that a small contribution
exp(−bτ ) to exp(−mτ 2) also exists, giving a small deviat
from the straight line for small (2τ )2 values. The separated
ear and quadratic contributions and the total decay fun
are drawn in Fig. 4a. Similar situations have been fou
the other Tutton salt crystals. Thus the decay function h
form

V(2τ ) = V0 exp(−bτ −mτ 2). [3

For the deuterated salts we foundm = 0, whereas in prot
nated salts themτ 2 dominates below 20 K with themcoefficien
being temperature independent. The linear term domina
higher temperatures since theb coefficient grows with temp
ature in all the crystals studied.

For a multicomponent decay the phase memory time is
erally defined as the time whereV(2τ ) falls down to theV/e
value, but when various contributions can be separated th
TM can be calculated asTM = m−1/k for the V(2τ ) function
and asTM = 2m−1/k for theV(τ ) function (as obtained direc
from the Bruker spectrometers).TM values at the rigid latti
limit (below 20 K), wherek = 2 decay dominates, are v
similar for all the crystals studied withT0

M = 2–5µs except fo
(NH4)2Mg, whereT0

M = 0.3 µs. This latter case seems to
result of a nonuniform distribution of Cu2+ ions in this crysta

2. Temperature Dependence of the TM Time
shed
.

TM is constant and nearly the same for all Tutton salt crys-
tals below about 20 K, but varies with different rates at higher
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FIG. 6. Temperature dependence of the phase relaxation rate 1/TM for

2Zn(SO4)2 · 6H2O : Cu2+ and K2Zn(SO4)2 · 6D2O : Cu2+ crystals. Solid lines
re the best fits to the equation 1/TM = A+ B exp(−1/kT) with parameters
iven in Table 1. The inset shows the EPR spectrum for the deuterated crys
rientation where the ESE decay was measured after pulse excitation of t

I = − 3
2 line marked by the asterisk.

mperatures, wherek= 1 decay dominates. Temperature vari-
tions of the relaxation rate 1/TM for the potassium salts are
hown in Fig. 6 and for the ammonium compounds in Fig. 7
n increase in 1/TM with temperature is exponential and can
e described by the equation

1

TM
= A+ B exp

(−1
kT

)
. [4]

a
1
li
c

t
m
m
is
v
p
T
t
e

he coefficientsA, B, 1 and the rigid lattice values ofTM are
We will use the theoretical results, our experimental data, and

structural data to evaluate quantitatively the contributions to the

ummarized in Table 1.

TABLE 1
Parameters of the Temperature Dependence of the Dephasing Rate 1/TM = A + B exp(−∆/kT) for Cu2+ in Tutton Salt Crystals

M I
2 M II(SO4)2 · 6H2O

ompound Concentration Temperature
M I

2M II (spins/cm3) range (K) A (s−1) B (s−1) 1 (cm−1) T0
M (µs) Ref.

2Zn 1.4× 1018 8–50 2.7× 105 6.5× 107 67 3.7 (12)

2ZnD 1.2× 1018 7–28 4.0× 105 6.5× 107 67 2.5 This work
H4)2Zn 1.6× 1018 16–54 4.6× 105 38.7× 107 169 2.2 This work
D4)2Zn 1.6× 1018 18–35 4.3× 105 5.1× 108 161 2.3 This work
H4)2Mg 4.0× 1018 19–53 33.0× 105 26.6× 107 102 0.3 (9, 10)
D4)2Mg 2.0× 1018 6–48 6.2× 105 2.8× 107 70 1.6 This work

totalTM value. The spin diffusion effects will not be considered.
s2Zn 8.0× 1018 10–50 2.0× 105

Note.TheT0
M is the rigid lattice limit valueT0

M = 1/A.
T AL.

l
e

FIG. 7. Temperature dependence of the phase relaxation rate 1/TM for
monium Tutton salt crystals. The solid lines are the best fit to equatio

TM = A + B exp(−1/kT) with the parameters given in Table 1. The
e without experimental points is taken from our previous paper (9) for
mparison.

IV. DISCUSSION

In this section we discuss various mechanisms that contribu
the dephasing process, producing a decay of the perpendicu
agnetization component after pulse excitations. Most of thes
echanisms are not related to the Jahn–Teller effect charact
tic of the Cu(H2O)6 complexes in Tutton salt crystals. Their
bronic dynamics delivers an additional, specific mechanism
oducing an increase in the dephasing rate with temperatu
e other mechanisms are not specific for vibronic systems an

us our discussion still applies in the absence of the Jahn–Tel
fect.
2.8× 107 71 5 (11)
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They are expected to produce that ESE decay exp(−a
√
τ ) (3)

which was not observed in our experiments.
The experimentally observed decay withk= 1 andk= 2 an

existence of temperature dependence of the relaxation r
dicate that a few mechanisms produce the decay. Their
butions are not easy to separate in experimental results
few mechanisms can produce exp(−bτ ) dependence, wher
the others can produce exp(−mτ 2) decay (2, 15).

1. Mechanisms Leading to the exp(−mτ 2) Decay

Quadratic exponential decay is theoretically predicted fo
contributions from spectral diffusion of magnetic matrix n
(nuclear spectral diffusion) (3, 16); (b) electron spectral dif
sion inT2-type samples for slow electron dipolar flip-flops17
18); (c) slow electron spectral diffusion (τ¿ T1), inT1-type sam
ples, described by the sudden-jump (Lorentz–Markov) mo
dipolar field fluctuations (2, 19, 20). This mechanism will be n
considered below since it is not expected at low temper
where spin–lattice relaxation is very slow withT1 on the ord
of 0.1 s.

Nuclear spectral diffusion of matrix nuclei.Dipolar flip
flops of nuclear magnetic moments produce random loca
netic fields at unpaired electron sites. This fluctuating fiel
domly modifies the Larmor frequency of the excited elec
leading to the dephasing of the ESE signal. The dephasi
depends primarily on the nuclear flip-flop rateWn and is in
fluenced by the radiusδ of the diffusion barrier. The diffusi
barrier determines a sphere surrounding a paramagnetic
where the S–I magnetic coupling is stronger than I–I mag
coupling. The I–I flip-flops are strongly suppressed insid
sphere and these detuned spins form a frozen core aro
paramagnetic center. The frozen core spins do not contri
the dephasing since the nuclear spectral diffusion takes
only outside the frozen core. The radiusδ is typically abo
1 nm, and several hundred protons are frozen near param
s)

s, how-
tonated
ions in molecular crystals. The flip-flop rate is determined by
the distancer between nuclei. For the averagern distance the

TABLE 2
Nuclear Spin Flip-Flop Rate Wn and Rigid Lattice Phase Memory Time T0

M for Protons and Deuterons in Tutton Salt Crystals
M I

2 M II(SO4)2 · 6H2O

Protons1H Deuterons2H

Compound Average I–I Flip-flop rate Flip-flop rate
M I

2M II cn (spins/cm3) distance (nm)rn Wn (s−1) T0
M (µs) Wn (s−1) T0

M (µ

K2Zn 3.67× 1022 0.300 2770 19.0 — —
K2ZnD 3.67× 1022 0.300 — — 66 248
(NH4)2Zn 5.50× 1022 0.263 4151 13.4 — —
(ND4)2Zn 5.50× 1022 0.263 — — 98 176

22

protons in the same compound. Experimental data show
ever, that the dephasing rate is practically the same for pro
(NH4)2Mg 5.75× 10 0.259
(ND4)2Mg 5.75× 1022 0.259
Cs2Zn 3.50× 1022 0.306
O DEPHASING IN Cu(H2O)6 6
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rate can be evaluated as (3, 21)

Wn =
(
µ0

4π

)
γ 2

n h

10r 3
n

=
(
µ0

4π

)
γ 2

n h

10
cn ≈ 103–104 s−1, [5

wherecn = r−3
n is the magnetic nuclei concentration. For

timesτ the ESE decay function is (3, 16)

V(2τ ) = V0 exp(−m1τ
3), [6

where

m1 =
(
µ0

4π

)2 12π

5
γ 2

n γ
2
e h2 r 2

n

δ5
Wncn.

Because of the strong dependence onδ the decay function
longerτ (τ > δ4/3rnγnγeh) tends to the form

V(2τ ) = exp(−mτ 2)
[7

m= 2πWncn

(
µ0

4π
3rnγnγeh

)3/4

.

We have calculatedWn and m parameters from Eqs. [5]
[7] and the resulting rigid lattice phase memory rate 1/T0

M =
m1/2 for Tutton salt crystals using calculated concentratio
protons and deuteronscn= (number of nuclei in crystal u
cells/unit cell volume). The results are summarized in Ta
The calculatedT0

M times in Table 2 will be slightly longer
a factor of about 2) when the frozen core effect is take
account. We have not improved our calculations since the
of Table 2 compared with experimental data of Figs. 6 and
Table 1 show that dephasing effects from matrix nuclei a
dominant.

Results given in Table 2 predict that the low-temperatu
laxation rate for deuterons is about 10 times slower than t
4340 12.8 — —
— — 101 170

2642 19.8 — —
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d deuterated samples. In deuterated samples the decay fu
n does not contain the exp(−mτ 2) term, indicating that the
atrix nuclei do not contribute to the ESE decay at all.

Electron spectral diffusion (SD) within a Cu2+ system. In
r pulsed EPR experiments only a single hyperfine line wa
cited as marked by the asterisk in the inset of Fig. 6. Thu
cause two quartets of hyperfine lines exist in the spectru
ly 1/8 of the spins were excited (spinsA). The spectral diffu-
n due to the dipolar coupling between nonexcited spinsB can
a source of dephasing of the ESE signal formed by spinsA

2-type samples). The problem of electron spectral diffusion in
agnetically diluted paramagnets is more complicated than th
atrix nuclei spectral diffusion that takes place in concentrate
agnetic nuclear systems such as protons in molecular crysta
cause of a random distribution of admixtured paramagnet
nters in a crystal the unpaired spins have different environ
ents. As a result the spin flip-flop rate is not uniquely deter
ined, and there exists rather a distribution of flip-flop rates
solution for the dephasing rate with distributed flip-flop rates
n be obtained by the Monte Carlo method. Such an approa
s been used in optical dephasing calculations (22) but not in
E dephasing.

An approximate analytical solution of the problem can be
und considering the most probable flip-flop rateWmax, which
known to govern the migration of excitation energy in the

minescence damping. Assuming the Gaussian distribution
in flip-flops, it was found that for inhomogeneously broadene
R lines, with the total linewidth1ωk and dipolar linewidth
ω1/2, when1ωk > 1ω1/2 the most probable flip-flop rate is
, 18)

Wmax=
(
µ0

4π

)2 25π3

36
γ 4

c h2c2
B

1ω1/2

1ω2
k

(
ln

1ωk

21ω1/2

)2

, [8]

u
e
f
(

w
f
V
g
s

w
c
f

f

f

a

T
f
f
w
k
in
E

−3
M

0 19 −1

s

herecB (cm ) is the concentration of spinsB (1/8 of total
u2+ concentration in our case). The1ωi is the half-width at
alf-height. The1ωk is the experimental linewidth formed by

TABLE 3
Electron Spin Flip-Flop Rate Wmax and Phase Memory Time T0

M Calculated for Electron Spectral Diffusion (SD) and Instantaneous
Diffusion (ID) for Cu2+ in Rigid Lattice of Tutton Salt Crystals M I

2 M II(SO4)2 · 6H2O

Cu2+ ions
T0

M (µs)
ompound cS 1ωk(exp) 1ω1/2 (calc) Flip-flop rate
M I

2M II (spins/cm3) (MHz) (MHz) Wmax (s−1) SD ID exp

2Zn 1.4×1018 13.5 1.74 5159 10.7 6.1 3.7

2ZnD 1.2×1018 7.7 1.49 4892 2.5 7.2 2.5
H4)2Zn 1.6×1018 19.0 1.98 5180 10.0 5.4 2.2
D4)2Zn 1.6×1018 10.9 1.98 6561 9.4 5.4 2.3
H4)2Mg 4.0×1018 31.6 2.48 5110 8.5 4.3 0.3

18

that calculated from Eq. [12] asTM = 2(0.2×10 cB ), and the
average value of both is shown in Table 3. Comparison of result
for T0

M in Tables 2 and 3 shows that the relaxation rate 1/T0
M

D4)2Mg 2.0×10 15.4 2.48

2Zn 8.0×1018 14.8 4.96

Note.The1ωi are half-widths at half-height as defined in the text.
ET AL.
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nresolved spin packets and1ω1/2 must be calculated. The best
stimation of1ω1/2 for magnetically diluted solids with uni-
rmly distributed paramagnetic centers was given by Abragam
3) as

1ω1/2 =
(
µ0

4π

)
3.8γ 2hc, [9]

hereas in various papers instead of 3.8 the values 1.5–5.3 we
und, depending on the calculation method. The decay function
(2τ ) of the two-pulse ESE was calculated by the Novosibirsk
roup (2, 3, 18) under assumption of the Poisson distribution of
in flip-flops,

V(2τ ) = V0 exp[−4π × 10−19cB Q(τ )], [10]

hereQ(τ ) was calculated numerically (3, 17) andcB is the
ncentration of the spinsB (cm−3). Analytical approximations
r Q(τ ) were found for three ranges ofWmax, namely,

r Wmax< 103 s−1, V(2τ ) = V0 exp
(−1ω1/2Wmaxτ

2
)
, [11]

r 104 s−1 ≤ Wmax≤ 105 s−1,

V(2τ ) = V0 exp(−5× 10−19cBτ ), [12]

nd forWmax> 106 s−1, V(2τ ) = V0 exp(−b
√
τ ). [13]

he dipolar linewidth1ω1/2 and flip-flop rateWmax calculated
om Eq. [9] and Eq. [8], respectively, are summarized in Table 3
r Cu2+ in Tutton salts. The flip-flop ratesWmax≈ 104 s−1 are
ithin the intermediate range where the exp(−mτ k) decay with
= 1−2 is expected, although our experimental data showk= 2
the rigid lattice limit. The phase memory time calculated from

q. [11] asT0 = 2(1ω1/2Wmax)1/2 is very close (±2 µs) to
8054 7.6 4.3 1.6
8699 4.8 2.2 5.0
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for SD is only slightly slower than that for the nuclear sp
diffusion of matrix protons. The effectiveT0

M produced by the
two mechanisms can be calculated (assuming exp(−mτ 2)-typ
decay for both) as

T0
M =

[
T2

SD · T2
NSD

/(
T2

SD+ T2
NSD

)]1/2
,

which for the (NH4)2Zn crystal withTSD = 20µs andTNSD =
13.4 µs givesT0

M = 11.1 µs, which is about five times lon
than the experimentalT0

M value (see Table 1). Thus there e
an additional contribution that is also temperature indepe
gives exp(−bτ )-type decay, and dominates in the deute
crystals.

2. Mechanisms Leading to the exp(−bτ ) Decay

Exponential ESE decay with the linear indexτ is observ
in our experiments as dominating at temperatures above
Such a type of decay is generally assumed as a good a
mation in strongly modulated decays. Existing theories p
that such decays can appear at least for the following five
(a) for intermediate electron spectral diffusion (SD) with
flip-flop rates in the range 104–105 s−1 as described abo
(b) for instantaneous diffusion (ID) produced by the second
(24); (c) in T1-type samples when spin–lattice relaxation
cesses are fast enough to produce effective dephasing (th
was modeled with Markov processes assuming uncorelat
jumps with Lorentzian frequency distribution, see p. 51 in2)
(d) for fast spectral diffusion under dynamical EPR
narrowing conditions described by the Gaussian distribu
the local magnetic fields (20) (see p. 40 in (2)); and (e) wh
paramagnetic centers are involved in an exchange-type
between two frequencies (25) (see p. 49 in (2)). The mechanis
(c), (d), and (e) are temperature dependent and will be de
in the next section.

Instantaneous diffusion (ID).Phase relaxation of elec
spins can be due to the refocusing pulse acting on t
resonance spinsA. This second pulse in a two-pulse sequ
reverses spinsA in the perpendicular magnetization plane
resulting perturbation of the dipolar coupling betweenA spin
is a source of spin precession phase randomization (17). Th
mechanism is expected to dominate over the spectral di
when the dipolar spin flip-flop rate is in the intermedia
slow range (Wmax< 104 s−1). A characteristic feature of the
stantaneous diffusion mechanism is the dependence on
centration ofA spins and on the magnetization turning
θ = γeB1tp (tp is the pulse duration) (3, 26)

V(2τ ) = V0 exp(−2bτ ), [14

where (3)
b = 1ω1/2

〈
sin2 θ

2

〉
[15

tton
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and the average〈 〉 is taken over the Larmor frequency distr
tion in the EPR spectrum. Theb coefficient depends on the t
unpaired spin concentrationc, which is hidden in the express
1ω1/2 = 3.8(µ0/4π )γ 2

c hc, and depends on the concentra
of A spins hidden in〈sin2 θ/2〉. Brown (20) has shown th
for Hahn-type ESE excited by two very selective 2π/3 pulse
b = 1ω1/2cA/c whenω1<1ωk. In our calculations we ha
used an approximation of the〈sin2 θ/2〉 useful for our expe
mental conditions where the whole hf line was excited by
2π/3 pulses

b = 1ω1/2
cA

c
sin2 θ

2
[16

with sin2 θ/2= 3/4.
A more general approach describing the ID mechani

2+ 1 pulse experiments was presented by Kurshev and Ich
(24) with

V(2τ ) = V0 exp

(
−µ0

4π
DAγ

2
e hC sin2 θ

2
τ

)
, [17

whereDA = 5.07/(1+ 1.08x1/2−2.04x+2.51x3/2), x = 2ωτ
and the same flip-flop rateW for all the spins was assum
The expected decay due to ID is very effective. The flip
only a small percentage ofA spins will produce an observa
effect (24). Thus SD is always accompanied by ID in the
decay.

Taking1ω1/2 from Table 3 we have calculatedT0
M (ID)= 1/b

using Eq. [16]. The results are summarized in Table 3, w
the calculated phase memory times from SD and ID are
pared with experimentalT0

M values. It can be seen that ID do
nates over SD and proton spectral diffusion but the experim
dephasing rate 1/T0

M is still a few times faster than the ca
lated rates, except for the Cs2Zn crystal having the largest Cu2+

concentration. Additional mechanisms that are temperatu
dependent and can accelerate the dephasing can be re
the cross relaxation (see Fig. 1) to an impurity or to a no
form distribution of Cu2+ in the studied crystals. We claim t
the latter case takes place. This effect is especially lar
(NH4)2Mg crystals, which have much a dephasing rate h
than that of (NH4)2MgD and the other compounds (Fig. 7
confirmation comes from our electron spin–lattice relax
measurements in these compounds (9–11). In (NH4)2Mg : Cu2+

and in Cs2Zn : Cu2+ at low temperatures up to about 1
the linear term 1/T1 = aT dominates spin–lattice relaxat
whereas in the other crystals this term is negligible and t
dinary two-phonon Raman processes govern the relaxa
the whole temperature range. Thus the mechanism stron
celerating theT1 relaxation at low temperatures and desc
by theaT term cannot be the direct relaxation process, wh
known to give a detectable contribution below 2.1 K in Tu
] salt crystals (27). We assume that the linear term is due to the
mechanisms characteristic of disordered or amorphous solids
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28). They can operate when there exists a nonuniformity in th
istribution of Cu2+ ions in Tutton salt crystals produced by
oncontrolled processes during the crystal growth from wate
olutions.

. Temperature-Dependent Dephasing Mechanisms

The dephasing rate increases with temperature above 20
or Cu2+ ions in Tutton salt crystals. This is typical behavior ob-
erved in most ESE experiments (29, 30) as well as in vibrational
nd optical dephasing (4).
Spectral diffusion both in electron and in nuclear spin sys

ems is generally assumed to be temperature independent,
hough it was shown recently that a weak temperature depe
ence of the nuclear spin flip-flops can appear as a result

nternuclear distances modulation by acoustic phonons, pro
ucing phonon-assisted spin diffusion in solids (31). Such a

emperature-dependent mechanism does not operate in our cr
als since them-coefficient in exp(−mτ 2) decay is temperature
ndependent. Thus different mechanisms are responsible for t
bservedTM (T) dependence. There are five mechanisms tha
an lead to an increase or decrease of the ESE dephasing r
ith temperature. Two of them, mentioned at the end of the
revious section, have already been analyzed theoretically. Th
ther three, i.e., modulation of anisotropicg and A tensors by
aramagnetic center motions (32), T1-type processes, and ther-
al excitations to vibronic levels, have not been theoretically

reated and we will describe them in terms of the spin packe
odel. This model assumes that an inhomogeneously broa
ned EPR line is formed from nonresolved spin packets. Th
pin packets in Tutton salt crystals can be identified as the un
esolved hyperfine lines of distant protons that have homoge
eous Lorentzian lines with the half-widths related directly to

heTM time:1ωpacket= 1/TM . The1ωpacketis of about 0.5 MHz
n Tutton salts; thus it is comparable to the calculated dipola
inewidth1ω1/2 (Table 2), and its temperature behavior is di-
ectly reflected in the dephasing rate.

Motional narrowing of spin packets.Thermal motions of
olecules with magnetic nuclei surrounding a paramagneti

enter modulate S–I dipolar coupling within the frozen core
his modulation of the local magnetic field influences the spin
acket width, producing an averaging of the local field ampli-

ude when the temperature increases. In the fast spectral diff
ion limit this effect is analogous to the well-known exchange
r motional narrowing effect in EPR spectra of magnetically
ondensed crystals. The theoretical description of this mech
ism was done using a normal model of spectral diffusion (see
0 in (2)) with the resulting decay function for two-pulse ESE:
xp(−aτ 3) for the slow-diffusion limit and exp(−21ω2

1/2τcτ )
t the fast-diffusion limit whereτc is the correlation time of

he molecular motions. Temperature dependence results fro
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he temperature behavior ofτc, which is determined by the in-
rease of molecular motion amplitude with temperature. An in
rease inτc results in a slowing down of the dephasing rate,
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hich, in the spin packet model, can be described as an
ct of continuous spin packet narrowing due to the avera
g of the local magnetic field. Such effects were observed
w temperatures for SeO−3 radicals in (NH4)2H(SeO4)2 crystals
2).

Merging (coalescence) of spin packets.Spin packets result-
g from dipolar coupling appear in pairs under an EPR line, wit
e splitting1ω determined by the strength of the coupling. Any
ynamical or exchange-type process that averages the coup
ill produce an effect known as a merging (coalescence) effe
EPR spectra of exchange coupled centers. Similar effects c

ppear for spin packets. For slow exchange the spin packet wid
ill continuously increase with the exchange rate, which shou
e observed as an acceleration of the dephasing rate. When
xchange frequency becomes comparable with the splitting1ω,
e dephasing rate will be maximal, and a further increase in fr
uency will result in a decrease of the dephasing rate. Thus
sonance-type maximum in the relaxation rate should appe
hen1ω ∝ ωex. The theoretical description of this dephasing
echanism (25) predicts that far from the maximum range the
o-pulse ESE decay will beV = V0exp(−bτ ) with b = 1/τc

r slow exchange andb = −1ωτc for fast exchange with non-
xponential decay around the maximum (τc is the correlation
me for the exchange). Maxima in 1/TM (T) were observed for
oth paramagnetic ions and radicals in many systems (25, 29,
0, 33, 34), where the motional processes were identified a
orientations of the molecular group CH3 or NH3.
Thermal motions (jumps, rotations, librations) of a para
agnetic center with considerableg and A tensor anisotropy
ill produce a temperature effect opposite that from matri
olecule motions (20). Such motions produce time-dependen

hifts1g(t) and1A(t) that increase with temperature. Result
g spin packet broadening on heating is observed as an

eleration of the dephasing rate. A similar effect is expecte
henT1 processes overdominate other dephasing mechanis
s can be expected at higher temperatures. This process is g
rally underestimated but in our opinion it dominates in ever
ase whenT1≤ 0.1 TM since the spectral diffusion has no ef-
ct when the flip rate, due to theT1 relaxation, is compara-

le or higher than the dipolar flip-flop rates for electron spin
eakly coupled to the crystal lattice. Experimental evidenc
r the dominance of theT1 processes over the other mecha
isms were found for SeO−3 radicals in (NH4)3H(SO4)2 (32), for
u2+ in SrF2 crystals (35), and for Tutton salt crystals doped
ith Mn2+, which is not a Jahn–Teller active ion. For Mn2+ in
H4)2Mg(SO4)2 · 6H2O crystals we found (10) that above 50 K
/TM continuously increases with temperature and is describ
y the equation 1/TM = 1/T0

M + α/T1 with α = 1.5. Theoreti-
al models describing this dephasing mechanism (3, 20) do not
redict a simple exponential decay exp(−bτ k) with k = 1 but
ith k = 1, 2, and 3.

-

2 2
An increase in dephasing rates for Cu2+ in Tutton salts is seen

bove 20 K whereT1 is still more than two orders of magnitude
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greater thanTM , whereas theT1 influence is not expected
low 50 K. This increase is described by Eq. [4] and is re
to continuous spin packet broadening on heating. This is
mally activated process with activation energy on the or
1 = 100 cm−1 as shown in Table 1. The energy1 is consiste
with the energy of the first excited vibronic level in the d
est potential well of the adiabatic potential surface of vib
Cu(H2O)6 complexes in Tutton salts as determined from
EPR experiments. Thus we claim that the dephasing m
nism is vibronic in origin and consists of either excitation
deexcitations (Orbach-type processes) within the same
tial well or excitation with subsequent tunneling to the se
well. The former mechanism is specific for Jahn–Teller sy
and does not opperate at all via pure vibrational levels
allowed by a mixing of electronic and nuclear wavefunc
in the vibronic levels. TheB coefficient of Eq. [4] is expect
in such a case, to be on the order of molecular vibratio
quencies 1013 s−1. For the tunneling mechanism, theB coe
ficient is expected to be on the order of tunneling freque
106–7s−1. Thus we can assume that the vibronic dephasing
anism is due to the phonon-controlled tunneling between
tial wells via excited vibronic levels as shown by the wavy
in Fig. 10.

Various mechanisms producing temperature depende
the dephasing rate 1/TM are shown schematically in Fig. 8

Summarizing the dephasing mechanisms discussed ab
can write the total two-pulse ESE decay of Cu2+ in Tutton sa
crystals as

V(2τ ) = V0 exp(−mNSDτ
2− bSDτ

2− bIDτ − bvibronic(T)τ )

·V(T1, T) ·V(disorder). [18

Various contributions to the temperature variation of the e
FIG. 8. Schematic presentation of various mechanisms producing te
ature dependence of the dephasing rate 1/TM (see text for details).
O DEPHASING IN Cu(H2O)6 6
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FIG. 9. Various contributions to the dephasing rate 1/TM of Cu2

ions in Tutton salts shown for (NH4)2Mg(SO4)2 · 6H2O : Cu2+, Mn2+, an
(NH4)2Zn(SO4)2 · 6H2O : Cu2+. SD, electron spectral diffusion; NSD, pr
spectral diffusion; ID, electron instantaneous diffusion. Deuterium spec
fusion contribution in deuterated Tutton salts is on the order of 0.5× 104 s−
and is not shown in the figure.

mental dephasing rate are shown in Fig. 9 for ammonium
salts.

4. Vibronic Levels in Two Deepest Potential Wells
of the Cu(H2O)6 Potential Surface in Tutton Salt Crystal

Knowledge of the vibronic level energy in strongly
equivalent potential wells of Cu(H2O)6 vibronic complexes
Tutton salt is of primary interest in the description of the s
Jahn–Teller effect in these compounds (36). Experimental d
termination of these energies is not possible from IR and R
spectra because of a small concentration of doped Cu2+ ion
whereas for higher concentrations the cooperative elast
pling dominated. The best method to determineδ and1 energi
(see Fig. 10) is EPR spectroscopy, supported by X-ray d
tion data and theoretical calculations (8). The energy differen
between the wells can be determined from vibronic ave
of the g factors in EPR spectra (8, 37–39), and energy1 ca
be experimentally found from ESE dephasing studies.
parameters are summarized in Table 4.

The values of1 determined from our ESE measureme
this paper and in our previous papers (9–12, 37, 38) are gen
ally lower than those determined indirectly from the three
vibronic averaging model of paper (8) where additional assu
tions of theg factor in excited vibronic levels were needed
data are directly determined and are of higher accurac
1 values are expected to be larger for ammonium Tutto
mper-

where the shape of the potential surface is strongly influenced by
the vibronic cluster formed by a Cu(H2O)6 complex surrounded
by SO4 groups hydrogen bonded to the water molecules and by
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FIG. 10. An angular cross section along the Jahn–Teller radius through the
diabatic potential surface of Cu(H2O)6 complexes in Tutton salt crystals with
ibronic energy levels. The energyE4 is higher than 300 cm−1; thus this level is
ot populated at low temperatures when our ESE experiments were performe
he wavy lines show the phonon-controlled tunneling process leading to th
SE dephasing.

H4 groups linked by hydrogen bonds to the SO4 groups (38).
he effect of the third coordination sphere formed by ammonium
roups is so strong that the Jahn–Teller deformation of Cu(H2O)6
ppears along Cu–O(7) in the ammonium compound, instead o
u–O(8) as in other Tutton salts (see Fig. 2). Thus the value
= 187 and 292 cm−1 for the compounds K2Zn and Cs2Zn,

espectively, determined in (8) from theg-factor temperature de-
endence, seem to be strongly overestimated. Deuteration do
ot influence the1 value in K2Zn crystals but1 is reduced in

he ammonium compounds. This is clearly the vibronic cluster
ffect.

TABLE 4
Energy Difference δ12 between Potential Wells and Energy ∆

f the First Excited Vibronic Level of Cu(H2O)6 Complexes in
utton Salt Crystals Determined from EPR and ESE Studies

ompound
M I

2M II δ12 (cm−1) 1 (cm−1) Ref.

2Zn 68 67 (12)
72 187 (8)
75 — (39)

2ZnD — 67 This paper
s2Zn 318 71 (11)

235 292 (8)
290 — (39)

NH4)2Zn 230 — (39)
181 235 (8)
220 — (38)
— 169 This paper

ND4)2Zn — 161 This paper
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Comparingδ12 and1 one can see that in most casesδ12 > 1,
ereasδ12 = 1 in K2Zn andδ12 < 1 in (NH4)2Mg. These re-

tions determine an effectiveness of interwell transitions in the
namic Jahn–Teller effect via incoherent tuneling mechanism
low temperatures (T < 100 K) and also determine a type of
ronic g-factor behavior. This behavior is perfectly described
a two-well model in K2Zn (12, 40). The model works approx-
ately only in the other compounds except for the (NH4)2Mg
ystal where it is practically invalid because the vibronic ef-
cts appear only in a relatively narrow temperature range (9).
should be noted, however, that this simple model works only
a restricted temperature range typically 100–200 K. It is as
med that outside of this range the adiabatic potential surfac
temperature dependent. Our data clearly show, however, th
is is not true below 50 K where we found1 to be temperature
dependent.

V. CONCLUSIONS

Analysis of experimental data presented in this paper wa
ne in terms of theories developed mainly by the Novosibirsk
oup basing on Mims’ ideas (41). Alternative theories also ex-
but are applicable mainly to liquids or glass systems where

sorder smears out an anisotropy of interspin interactions. Th
eories have been tested so far mainly in systems where ES
cay was nonmodulated or only weakly modulated by dipola
upling to the matrix nuclei. In this paper we showed that even
the case of strong modulation it is possible to separate variou
ntributions to the decay function after careful analysis of the
p(−mτ k) contributions to the decay with variousk by plot-
g the experimental modulated decay insemilogscale instead
using cumbersome simulations for which computer program
e not readily available.
Quantitative analysis based on experimental Cu2+ concen-
tions and crystal structure data allowed us to calculate av
age dipolar flip-flop rates for unpaired electrons and matrix
otons or deuterons. The calculated dephasing rate 1/TM is,
wever, several times slower than that of the experimental re
lts. Thus existing theories do not reproduce real results pe
ctly. We suppose that a disorder effect resulting from nonuni
rm Cu2+ distribution in the studied crystals should be added
obtain agreement with the experimental decay rates. Deute
ion of the crystals shows that nuclear spectral diffusion ha
insignificant effect on ESE decay, which is dominated by the

sorder effect and the instantaneous diffusion effect. It mean
at the Cu2+ concentration on the order of 1018 ions/cm3 is still
o high to avoid dipolarS–Scoupling, although the average
–Cu distance is then about 10 nm. The calculatedT0

M val-
s due to the proton spectral diffusion are the highest limit fo
times in a rigid lattice and are on the order ofTM (max)≈
µs.
By way of contrast to the spin–lattice relaxation, which is

verned by ordinary phonon processes in Tutton salt crys-
ls, the dephasing of spin precessional motion is sensitive
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to the vibronic dynamics at low temperatures where dy
Jahn–Teller reorientations are very slow. This provides a
possibility to determine the energy of excited vibronic lev1
from temperature variations of the dephasing rate.
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