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Two-pulse electron spin echo (ESE) measurements of the phase
relaxation (phase memory time Ty) were performed in a series
of Tutton salt crystals MjM'(SO,); -6X,0 (M' = NHy, K, Cs;
M" = Zn, Mg; X = H, D) weakly doped with Cu?* ions (c =~
10'® jons/cm?) 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(27) = Vpexp(—bT — mr?2) with the mr? term being tempera-
ture independent and negligible above 20 K. Various mechanisms
leading to the 7- or 72-type ESE decay are reviewed. The mand 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 T} times
were found to be close one to another within the crystal family with
average values: 17.5 pus (NSD protons), 200 ps (NSD deuterons),
8 us (SD), and 5 us (ID). The ID dominates but the calculated
effective T is longer than the experimental T, = 2 us. Thisis due
to a nonuniform distribution of the Cu?* ions with a various de-
gree of the disorder in the studied crystals. The acceleration of the
dephasing rate 1/ Ty with temperature is due to the mechanisms
producing exp(—b7) 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 A leading to the temperature depen-
dence 1/ Ty = B exp(—A /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 A 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 A on temperature
proves that the adiabatic potential surface shape of Jahn-Teller
active Cu(H,0)s complexes is not affected by temperature below
65 K.  © 2001 Academic Press
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I. INTRODUCTION

phases of individual spins. Since in EPR of diluted magnetic
systems the resonance lines are inhomogeneously broaden
i.e., are formed from unresolved spin packets resulting from hy
perfine coupling with distant nuclei, the dephasing consists o
two processes: irreversible dephasing of individual spins an
reversible dephasing of spin packets precession. The first pr
cess is faster and described by spin—spin relaxation Tigne
whichisthe characteristic time of the free induction decay (FID).
This decay is hidden, in most cases, in the dead time of pulse
EPR spectrometers (on the order of 70 ns). The second pr
cess is due to the difference in Larmor frequency of the spir
packets. This process is not a true relaxation process, since
is reversible by a second resonance pulse with subsequent fc
mation of the electron spin echo (ESE) signal. The ESE sign:
amplitudeV decreases with time after excitation and in two-
pulse experiments the ESE decay can be often described wi
exponential functiorV (2t) = Voexp(—2t/Ty), wherer is an
interval between the exciting and refocusing pulses. The chara
teristic timeTy, is called the phase memory time or phase stor-
age time. TheTy, its temperature dependence, and the deca
function are determined in pulsed EPR experiments using ES
signals.

Our understanding of the processes and mechanisms leadi
to the ESE decay is not fully satisfactory. Many of them, but
not all, are well treated theoretically and experimentally veri-
fied. A simpler situation seems to exist in liquids and viscous
media, where theoretical descriptions of the rotational diffusior
based on the time-dependent stochastic Liouville formalism de
veloped by Freed and co-workers well described experiment:
results (). Another approach was proposed by the Novosibirsk
group @, 3 for spin dephasing in solids produced by fluctuating
local magnetic fields and described by various model dynami
cal processes. Both approaches are still being developed but t
main theoretical interest is currently shifted to the vibrational
and electronic dynamics studied in vibrational ecficand op-

Electron spin phase relaxation is a random dephasing procgss) photon echos, 6) experiments, where the old ideas from
that starts from a coherent spin precession state after pU|Serﬁ>é'gnetic resonance found new formulations.

citation of a spin system and finishes with random precession, specific feature of pulsed EPR experiments of paramag

netic ions is that only part of the spin system can be excited b
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which for an 8-ns pulse is 2.23 mT (fgy=2). The excited
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spins (spinsA) being in the coherent precession can form atent; thus,
ESE signal after the refocusing pulse. The nonexcited Bins
do not take part in forming the ESE signal but can produce ESE Vdecay= Vspin diff - Vip - Vsp - Vnsp, [2]
decay when they are coupled to spiasGenerally, the num-
ber of spins that are able to form ESE signals decreases withereVgpin giff is @ contribution from electron diffusioV,p is a
time after excitation due to a decrease in the number of shinsgontribution from instantaneous diffusiovip is a contribution
by spin diffusion and/or by random changes in the precessifsom electron spectral diffusion and is a product of a few mech:-
phase via spectral diffusion or instantaneous diffusion. A changeisms, and/ysp results from nuclear spectral diffusion within
in the phase can occur as a result of dipolar coupling descrigm@ton or other nuclei systems. TNMgecay must be subtracted
by flip-flop terms §''S, + S, S;) in the dipolar Hamiltonian. from experimental decay, which is not an easy task. In this pape
Moreover, every transition between electron energy levels duete will show the best and simplest way to obt&lfcay for a
arandom time-dependent process produces arandom precessase of strong modulations.
phase. This paper describes the results of the phase relaxation me
Various processes and mechanisms of the electron spin phasements in weakly Cti-doped Tutton salt crystals in the low-
relaxation are summarized in Fig. 1 together with their charaemperature range (below 60 K) where ESE signals were de
teristic parameters influencing the ESE decay functig@z), tectable. We were able to identify six contributions to the decay
where 2 istime where the ESE signal is centered. These parafanction dominant in various temperature ranges. They are nu
eters include spin concentrationtemperaturd, andz being clear spectral diffusion NSD, instantaneous diffusion ID, elec-
the index of exponential decay functi®if2r) = Vpexp(ar¥). tron spectral diffusion SD, vibronic dynamicg, processes, and
Because of the many contributions to the effective decaycontribution resulting from a nonuniform distribution of<u
function V(21), differentiation between various mechanismi&ns. These contributions are discussed in terms of existing the
and processes is not easy in general. However, for suffides, crystal and molecular structure, and vibronic dynamics o
ciently low concentrations of paramagnetic centethe con- Cu(H,O)s complexes.
tributions depending or can be negligible or dominated by Tutton salts form a family ofM)M"(SQy); - 6H,0O com-
other mechanisms. Such a situation is expectedcfarl0*® pounds with a very similar molecular and crystal structure
spin/cnt in crystals with a uniform distribution of paramneticcontaining two molecules in a monoclinic unit cef)( Cop-
centers. per(ll) introduced to those crystals substitute divalent cation:
However even in such cases an analysis of experimental EBItt (like Zn, Mg), and Cu(HO)s complexes undergo a strong
decays is complicated because in the most solids the decayabn-Teller effect. The crystal structure around th&Gan lo-
modulated by a few frequencies from a weak dipolar couplirgated at (0,0,0) and}(%,O) positions, with lobes of the? — y?
to surrounding magnetic nuclei, and the ESE decay functignound state, is shown in Fig. 2. The Jahn—Teller effect inter:
is plays with local crystal stress, produced by thgOH..SO,
hydrogen bonds, in deformation of the hexahydrate octahedr:
V(21) = Viecay Vinodut [ As a result a strong deformation appears ar_ld the adiabatic p
tential surface has the three potential wells with different depths
i i i At temperatures below the room temperature only the two low
Mechanisms and processes of relaxation are mutually '”depgﬂérgy wells are populated, and the dynamic Jahn—Teller effe
is due to the jumps between these two wells corresponding t
the two longest Cu—O bond8)( This dynamics as well as exci-
tations to the higher vibronic levels can influence electron spir

ESE decay V(2t) relaxation
We have found that the electron spin—lattice relaxation of
SPINS spins A —spndifusion - opins g CuU* in Tutton salt-type crystals is practically insensitive to

CZ, ft . . . . .
w clectron Sp{ . }dearsmns the vibronic dynamics and is governed by ordinary two-phonor
yd | Raman processes in an intermediate temperature r@rgdée) (

instantancous spectral diffusion nuclear spectral Phase relaxation seems to be more sensitive to the vibronic ar
difusion D so difusion NSD lattice dynamics. Itis due to the fact that the spin packets forming

. o PN WA inhomogeneously broadened EPR lines are very narrow (les
5 Y N than 0.01 mT); thus they are easily influenced by the dynamics
In this paper we show and discuss results for the phas

S-S-dipolar . vibronic cross-relaxation molecular I-I-dipolar
MECHANISMSI coupling | |T‘ processes dynamics i iti motions coupling

PROCESSES

22\
[

memory timeTy, measurements for Gt in (NH,)2Zn(SQy) -

FIG.1. Diagram of the electron spin phase relaxation processes and mefi20= (NH,)2Zn, its deuterated analogue (WBZn(SQ), -

anisms with their characteristic parameters determining the decay funct®R20 = (ND1)2Zn; K2Zn(SQy), - 6D,0=K,ZnD, and (ND)
V(21): ¢, concentrationt, interpulse intervalT, temperature. Mg(SQy), - 6D,0 = (ND4),Mg. These data will be compared
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The crystals were doped with 8Cu?* isotope by adding
of about 0.1% mol of copper sulfate to the mother solution.
The resulting concentration of €uions in single crystals was
not identical and was determined by EPR with respect to th
Ultramarine Blue standard a2k 10*®-8x 10'8ions/cn¥. Final
crystallization of the compound was performed very slowly from
highly uniform solutions to allow a uniform distribution of &u
ions in the growing crystals.

2. Pulsed EPR Measurements

Electron spin echo experiments were performed on a Bruke
ESP380E FT/CW spectrometer with aghEdielectric resonator
and an Oxford CF935 flow helium cryostat. Relaxation measure
ments were carried out with the magnetic field applied along th
elongation direction of Cu($D)s octahedra, i.e., along the lo-

cal z axis of theg and A tensors with excitation of the low-field
[Cu(H,0)l 2 R '
m; = —3 hyperfine line, which was well separated from other

FIG.2. Projection of the (NH)2Mg(SOy)s - 6H0 crystal structure on the Nyperfine lines. High resolution and the relatively narrow lines in
ab plane. Unit cell at room temperatur@2; /a;a = 0.9316 b = 1.2596 c =  this crystal orientation were the reason that'Gdoped Tutton
0.6198 nmf = 107.09°, Z = 2, V = 0.695x 10~ cm®. Two magnetically  salt crystals were used for testing new methods in the pulsed EF

inequivalent positions | and Il for doped &uions are shown with labels of the technigue 13). The line was excited with 16- or 24-ns pulses in
dx2_y2 ground state. Cu(tD)s octahedra are elongated along Cu-O(7) direc- q I’ ) P

tions. The shortest dipolar contact between protons@ ind NH, strongly pmtona_ted compounds ‘T:md with 240—n§ pulses D crys-
influencing nuclear spectral diffusion is between(H,0)-Hio(NHs) = tals having very narrow lines. The FID signal was not observed
0.259 nm and K(H20)—Hs(H20) = 0.266 nm along the axis. The electron spin echo signal of the Hahn type was generate
with two identical pulses with initial 120-240-ns intervals. The
with previously published results for (NjpMg(SQy),- microwave power was adjusted to maximize the ESE amplitude
6H,0 = (NH4)>Mg (9, 10, C$Zn(SQy), - 6H,O0=CsZn (11), i.e., to obtain the 237 pulses. Thus we used the pulse sequenc
and KZn(SQy), - 6H,O=K,Zn (12) to identify the dephas- 2/37—r—2/3r—r—echo.
ing mechanisms and to draw general conclusions concerning
the dephasing relaxation in vibronic systems with inequivalent

potential wells. a T=19K
All equations used in this paper are written in Sl units. K,ZnD
Il. EXPERIMENT
1. Materials ! YH
VD l

Single crystals of Tutton salts were grown from water solu-
tions of commercially available high-purity materials. The ma-
terials were additionally purified chemically and by several re-
crystallizations to remove Mri and Fé* ions that build up
very easily in crystal lattices of Tutton salt, and cross relaxation
can be produced to intentionally introduce?Cions. Deutera-
tion of the crystals was achieved by a fivefold recrystallization
from heavy water. The degree of deuteration was determined
from the peak intensity in ENDOR-type three-pulse ESEEM

Amplitude

b (N D4 )2 Zn

spectra of Ctit-doped crystals (Fig. 3). As much as 79% of 0 ! L
2H was found in (NR)>2Zn(SQy), - 6D,0 with a very similar b 10 20
value for (NDy)2Mg(SQy), - 6D,0. In KoZn(SQy), - 6D,0 crys- Frequency (MHz)

tals the ESEEM spectrum has shown peaks ffehonly, indi-
cating practically total replacement of hydrogen atoms by deuFI!G. 3. Three-pulse FT-ESE spectra (ESEEM spectra) of deuterated cry

. . . tals: (a) KZn(SQy) - 6D20 showing full deuteration and (b) (NJRZn(SQy) -
terium atoms. It shows thatin ammonium salts we have the fu %20 showing 79% deuteration with partially deuterated ammonium groups

deUterate.d water molecules and partially deuteratedNH)  The temperature ESE decay was measured with 136 ns ¢ is the interval
groups withx =0, 1, 2, 3, 4. between the first two pulses) afid= 2836 mT atT = 185 K.
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The existence of spectral and/or instantaneous diffusion ef- T=20 K
fects was checked during electron spin—lattice measurements. 1000 (NDy), Zn
T time dependence on microwave power and pulse length was
also checked. Details of thE, measurements can be found in N
(9—12. The samples showing strong dependence were discarded > 100
as displaying a nonuniform distribution of &uions.

Pulse EPR experiments were performed in the tempera- 10 . s .
ture range 4-60 K. The ESE signals were not detectable at 0 1000 2000 3000
higher temperatures because of shortening offtjheelaxation 2t (ns)
time.

1000
I11. RESULTS 9
> 100
1. Electron Spin Echo Decay

Two-pulse ESE decay was strongly modulated with proton 0 b ,
(or deuterium) frequencies of surrounding ammonium groups 0 108
and water molecules. The modulation pattern was very similar (21)2 (ns)?

for all Tutton salt crystals. Typical low-temperature decays for

(NH4)2Zn and (NO)2Zn are shown in Fig. 4. Modulations make FIG. 5. Plots of the ESE decay from Fig. 4a in semilog scales. Linearity
it difficult to determine the decay function. A computer prograrﬂf the plot in (b) clearly shows that decay function is dominated by-erp(?)
effectively able to separate the modulation and decay functidff?:

iN V(2t) = Viod - VdecayiS Not available, and we use a simple

linear anamorphosis method to fildecay IN Most cases the l0g(V) vs 2r in Fig. 5a clearly shows that # 1, whereas
plot through the upper peaks of an experimental datg¢)is  a linear plot is seen fok = 2 in log(V) vs (2)? (Fig. 5b).
used as a good approximation #yecay This does not allow us, Detailed analysis has shown that a small contribution from
however, to distinguish clearly between exponential decay fur@xp(—br) to exp(-mz?) also exists, giving a small deviation
tions Vecay= Vo €xp(—mzX) with various power coefficients ~from the straight line for small (9 values. The separated lin-
(kieory = 0.5—3). The better way is to fit an appropriate decagar and quadratic contributions and the total decay functior
function to the peaks on a semilog scale: Myysc* (Chaps. 3 are drawn in Fig. 4a. Similar situations have been found ir
and 5 in @), (14). This is shown in Fig. 5 for the (NPJ,Zn the other Tutton salt crystals. Thus the decay function has th
crystal with experimental decay presented in Fig. 4a. The plierm

V(21) = Vo exp(=br — mz?). [3]

T=20K For the deuterated salts we found= 0, whereas in proto-
(NHg),2n nated salts thenir? dominates below 20 K with the coefficient
-l W=625ms being temperature independent. The linear term dominates
higher temperatures since theoefficient grows with temper-
ature in all the crystals studied.

, ) For a multicomponent decay the phase memory time is gen
(ND4), Zn erally defined as the time whek&(27) falls down to theV /e
value, but when various contributions can be separated then tt
Twm can be calculated @&y = m~Yk for the V(2r) function
1 and asTy = 2m~Yfor theV (r) function (as obtained directly
TM=2.34ps from the Bruker spectrometers)y values at the rigid lattice
limit (below 20 K), wherek = 2 decay dominates, are very
‘ ; Y ; similar for all the crystals studied wifhd = 2-5 us except for
0 2000 2:0(22) 6000 8000 (NH4)2Mg, whereT,a = 0.3 us. This latter case seems to be a
result of a nonuniform distribution of Gt ions in this crystal.

ESE Amplitude V(21) (a.u.)

FIG. 4. Electron spin echo decay at 20 K for: (a) (M
Zn(SQy) - 6H0: CP* and (b) (ND)2Zn(SQy) - 6D,0 : C#*. The modulated 2. Temperature Dependence of thg Time
decay is approximated by(2r) = Vo exp(~br — mr?2) function (solid lines) .
with m = 0 for deuterated compounds. Both contributions are plotted by dashed Tw iS constant and nearly the same for all Tutton salt crys-
lines in (a). Phase memory ting, values are shown for both contributions. tals below about 20 K, but varies with different rates at higher
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FIG. 6. Temperature dependence of the phase relaxation raig for FIG. 7. Temperature dependence of the phase relaxation ya@ for

K2Zn(SQy)2 - 6H20 : C2+ and KeZn(SQy); - 6D,0 : LA+ crystals. Solid lines  @mmonium Tutton salt crystals. The solid lines are the best fit to equatior
are the best fits to the equatiofiThy = A+ Bexp(—A/kT) with parameters 1/Tm = A + Bexp(-A/kT) with the parameters given in Table 1. The
given in Table 1. The inset shows the EPR spectrum for the deuterated cry$f@ Without experimental points is taken from our previous pagrf¢r
orientation where the ESE decay was measured after pulse excitation of §Parison.

m = —g line marked by the asterisk.

1V. DISCUSSION

temperaturesl whele= 1 decay dominates. Temperature vari- In this section we discuss various mechanisms that contribut
ations of the relaxation rate/Ty for the potassium salts areto the dephasing process, producing a decay of the perpendicu
shown in Fig. 6 and for the ammonium compounds in Fig. Magnetization component after pulse excitations. Most of thes

An increase in 1Ty with temperature is exponential and cafnechanisms are not related to the Jahn—Teller effect characte
be described by the equation istic of the Cu(HO)s complexes in Tutton salt crystals. Their

vibronic dynamics delivers an additional, specific mechanism
producing an increase in the dephasing rate with temperatur
1 —-A The other mechanisms are not specific for vibronic systems ar
T =A+B eXp(ﬁ) ) [4] thus our discussion still applies in the absence of the Jahn—Tell
effect.
We will use the theoretical results, our experimental data, an
The coefficientsA, B, A and the rigid lattice values dfy are structural data to evaluate quantitatively the contributions to thi
summarized in Table 1. total Ty, value. The spin diffusion effects will not be considered.

TABLE 1
Parameters of the Temperature Dependence of the Dephasing Rate 1/ Ty = A + Bexp(—A /kT) for Cu?* in Tutton Salt Crystals
MIM'(SO,), - 6H,0

Compound Concentration Temperature

Mim! (spins/cni) range (K) A B(st) A (cm™1) 9 (1s) Ref.
KaZn 14 x 108 8-50 2.7x 10° 6.5 x 10’ 67 3.7 12
K2ZnD 12 x 108 7-28 40 x 10° 6.5 x 107 67 25 This work
(NHg4)2Zn 16 x 108 16-54 46 x 1P 387 x 107 169 2.2 This work
(ND4)2Zn 16 x 108 18-35 43 x 10° 5.1 x 108 161 2.3 This work
(NH4)2Mg 4.0 x 10'8 19-53 330 x 10° 26.6 x 10’ 102 0.3 0,10
(ND4)2Mg 2.0 x 1018 6-48 62 x 10° 2.8 x 10 70 1.6 This work
CsZn 80 x 108 10-50 20 x 10° 2.8 x 10 71 5 ay

Note.The T is the rigid lattice limit valueT) = 1/A.
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They are expected to produce that ESE decay-ea(z) (3), rate can be evaluated & @1)
which was not observed in our experiments.
The experimentally observed decay whtk: 1 andk = 2 and _ (Mo) vah ( > Yah -1
. , . Wh=(— == )¢, ~10°-10'st,  [5]
existence of temperature dependence of the relaxation rate in- 47 ) 10r3 47 /) 10
dicate that a few mechanisms produce the decay. Their contri-
butions are not easy to separate in experimental results sinagh@rec, = r ;2 is the magnetic nuclei concentration. For short
few mechanisms can produce exjt) dependence, whereastimest the ESE decay function i8(16)
the others can produce expfir?) decay 2, 15.

V(2r) = Voexp-myt?), [6]
1. Mechanisms Leading to the expir?) Decay

Quadratic exponential decay is theoretically predicted for: (gﬁhere
contributions from spectral diffusion of magnetic matrix nuclei 2
(nuclear spectral diffusion3( 16); (b) electron spectral diffu- my = (ﬂ) 12r 2h2 3 Wi
sion in T,-type samples for slow electron dipolar flip-flops7( 4r) 5
18); (c) slow electron spectral diffusiom g Ty), in T1-type sam-
ples, described by the sudden-jump (Lorentz—Markov) modelBecause of the strong dependencesahe decay function for
dipolar field fluctuationsg, 19, 20. This mechanism will be not longerz (z > §4/3rhynyeh) tends to the form
considered below since it is not expected at low temperatures
where spin—lattice relaxation is very slow with on the order V(2r) = exp(-mz?)
of 0.1s.

Nuclear spectral diffusion of matrix nucleiDipolar flip-
flops of nuclear magnetic moments produce random local mag-
netic fields at unpaired electron sites. This fluctuating field raWe have calculatedlV;, and m parameters from Egs. [5] and
domly modifies the Larmor frequency of the excited electrong] and the resulting rigid lattice phase memory ratdd =
leading to the dephasing of the ESE signal. The dephasing rat&? for Tutton salt crystals using calculated concentrations of
depends primarily on the nuclear flip-flop raté, and is in- protons and deuterortg, = (number of nuclei in crystal unit
fluenced by the radius of the diffusion barrier. The diffusion cells/unit cell volume). The results are summarized in Table 2
barrier determines a sphere surrounding a paramagnetic cerfteg calculatedry times in Table 2 will be slightly longer (by
where the S—I magnetic coupling is stronger than |- magnetcfactor of about 2) when the frozen core effect is taken intc
coupling. The Il flip-flops are strongly suppressed inside ttecount. We have not improved our calculations since the resul
sphere and these detuned spins form a frozen core arounddhiable 2 compared with experimental data of Figs. 6 and 7 an
paramagnetic center. The frozen core spins do not contributeTable 1 show that dephasing effects from matrix nuclei are no
the dephasing since the nuclear spectral diffusion takes plamminant.
only outside the frozen core. The radifigs typically about  Results given in Table 2 predict that the low-temperature re
1 nm, and several hundred protons are frozen near paramagriatiation rate for deuterons is about 10 times slower than that fo
ions in molecular crystals. The flip-flop rate is determined kyrotons in the same compound. Experimental data shows, hov
the distanca between nuclei. For the averagedistance the ever,thatthe dephasing rate is practically the same for protonate

] » y
m = 27TWnCn<_O3rnynyeh> .
4

TABLE 2

Nuclear Spin Flip-Flop Rate W, and Rigid Lattice Phase Memory Time TS for Protons and Deuterons in Tutton Salt Crystals
MIM'(SO,), - 6H,0

ProtonstH Deuterong€H

Compound Average |- Flip-flop rate Flip-flop rate

Mim" ¢n (spins/crd) distance (nmj, Wy (s71) T9 (1s) Wy (s T9 (1s)
KazZn 367 x 107 0.300 2770 19.0 — —
K2ZnD 367 x 1072 0.300 — — 66 248
(NHgz)2Zn 550 x 1072 0.263 4151 13.4 — —
(NDg4)2Zn 550 x 1072 0.263 — — 98 176
(NH4)2Mg 5.75 x 10?2 0.259 4340 12.8 — —
(NDg4)2Mg 5.75x 1072 0.259 — — 101 170

CsZn 350 x 107 0.306 2642 19.8 — —
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and deuterated samples. In deuterated samples the decay funcesolved spin packets andv;,» must be calculated. The best
tion does not contain the exp(nr?) term, indicating that the estimation ofAwy/, for magnetically diluted solids with uni-
matrix nuclei do not contribute to the ESE decay at all. formly distributed paramagnetic centers was given by Abragar

Electron spectral diffusion (SD) within a &usystem. In (23 as
our pulsed EPR experiments only a single hyperfine line was
excited as marked by the asterisk in the inset of Fig. 6. Thus, A Mo \3g 2nc
because two quartets of hyperfine lines exist in the spectrum @12 = s
only 1/8 of the spins were excited (spi#g. The spectral diffu-

sion due to the dipolar coupling between nonexcited sBinan  \yhereas in various papers instead of 3.8 the values 1.5-5.3 we
be a source of dephasing of the ESE signal formed by spingound, depending on the calculation method. The decay functio
(T2-type samples). The problem of electron spectral diffusion ip(2r) of the two-pulse ESE was calculated by the Novosibirsk

magnetically diluted paramagnets is more complicated than f@up @, 3, 19 under assumption of the Poisson distribution of
matrix nuclei spectral diffusion that takes place in concentratggin flip-flops,

magnetic nuclear systems such as protons in molecular crystals.

Because of a random distribution of admixtured paramagnetic

centers in a crystal the unpaired spins have different environ-

ments. As a result the spin flip-flop rate is not uniquely deter-

mined, and there exists rather a distribution of flip-flop ratewhere Q(r) was calculated numerically3( 17) andcg is the

A solution for the dephasing rate with distributed flip-flop rategoncentration of the spir8 (cm~2). Analytical approximations

can be obtained by the Monte Carlo method. Such an appro&ehQ(r) were found for three ranges Wy, Namely,

has been used in optical dephasing calculati@®$ ljut not in

ESE dephasing. for Wimax < 10°s7, V(27) = Vo exp(—Awy/2Wmaxt?), [11]
An approximate analytical solution of the problem can b 8 .

found considering the most probable flip-flop i, which 107 10° 87" < Wi < 10° 57

is known to govern the migration of excitation energy in the v (2r) = Vyexp(5 x 10—19057), [12]

luminescence damping. Assuming the Gaussian distribution of )

spin flip-flops, itwas found that for innomogeneously broaden@d forWmax > 1578, V(2r) = Voexp(-by/7). [13]

EPR lines, with the total linewidtiAwy and dipolar linewidth . . . .
Awy/2, WhenAwy > Awy, the most probable flip-flop rate is The dipolar linewidthAwy /> and_fllp—flop ratéWhax _caICl_JIated ]
2,19 from Eq. [9] and Eq. [8], respectively, are summarized in Table 2

for CU?* in Tutton salts. The flip-flop rateé®/ma ~ 10* st are

205 2 within the intermediate range where the exp{c*) decay with

Whax = <ﬂ> 2 4h2 2 Awyz (In Ak > , [8] k=1-2isexpected, although ourexperimental data skex2
4 3¢ ® Ao 2 2Awyy2 in the rigid lattice limit. The phase memory time calculated from

Eq. [11] asT = 2(Aw1/2Wma)? is very close 2 us) to

wherecg (cm~3) is the concentration of spinB (1/8 of total  that calculated from Eq. [12] &&) = 2(0.2 x 10*°cg"), and the
Cu?* concentration in our case). Thiew; is the half-width at average value of both is shown in Table 3. Comparison of result

half-height. TheAwy is the experimental linewidth formed byfor T in Tables 2 and 3 shows that the relaxation rat&L

[9]

V(21) = Vo exp[-4r x 10 %5 Q(7)], [10]

TABLE 3
Electron Spin Flip-Flop Rate Winax and Phase Memory Time T Calculated for Electron Spectral Diffusion (SD) and Instantaneous
Diffusion (ID) for Cu®* in Rigid Lattice of Tutton Salt Crystals MJM"(SO,), - 6H,0

.
CU?* ions 10 (us)
Compound Cs Awyg(exp) Awy 2 (calc) Flip-flop rate
MMM (spins/cnd) (MHz) (MHz) Winax (s71) SD ID exp

K2Zn 1.4x 1018 13.5 1.74 5159 10.7 6.1 3.7
K2ZnD 1.2x10'8 7.7 1.49 4892 25 7.2 25
(NH4)2Zn 1.6x 1018 19.0 1.98 5180 10.0 5.4 2.2
(ND4)2Zn 1.6x10'8 10.9 1.98 6561 9.4 5.4 2.3
(NH4)2Mg 4.0x10'8 31.6 2.48 5110 8.5 4.3 0.3
(ND4)2Mg 2.0x 1018 15.4 2.48 8054 7.6 43 1.6
CsZn 8.0x10'8 14.8 4.96 8699 4.8 2.2 5.0

Note.The Aw; are half-widths at half-height as defined in the text.
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for SD is only slightly slower than that for the nuclear spectrand the averagg) is taken over the Larmor frequency distribu-
diffusion of matrix protons. The effectivVE produced by these tion in the EPR spectrum. Thecoefficient depends on the total
two mechanisms can be calculated (assuming-exp(®)-type unpaired spin concentrati@pwhich is hidden in the expression

decay for both) as Awy2 = 3.8(uo/4m)y2 hc, and depends on the concentration
of A spins hidden in(sir?6/2). Brown (20) has shown that
TS = [T2, - T2 /(T + Tﬁso)]l/Z: for Hahn-type ESE excited by two very selective/3 pulses
b = Awi/ca/c Whenws < Awi. In our calculations we have
which for the (NH,),Zn crystal withTsp = 20 s andTysp = Used an approximation of thsir? 0/2) useful for our experi-

13.4 us givesTS = 11.1 us, which is about five times longer mental conditions where the whole hf line was excited by two

than the experimentdld value (see Table 1). Thus there existg/3 pulses
an additional contribution that is also temperature independent,

gives exp{br)-type decay, and dominates in the deuterated b= ACL)]_/ZC—A sinzg [16]
crystals. c 2
2. Mechanisms Leading to the exjir) Decay with sir® 6/2 = 3/4.

A more general approach describing the ID mechanism ir

_ Exponential ESE decay with the linear indexs observed ; 1 156 experiments was presented by Kurshev and Ichikaw
in our experiments as dominating at temperatures above 20, ith

Such a type of decay is generally assumed as a good approxi-

mation in strongly modulated decays. Existing theories predict o ) B

that such decays can appear at least for the following five cases: V(2r) = Vo eXIO(—E DayZhC sir? Ef) » [17]
(a) for intermediate electron spectral diffusion (SD) with spin

. . —1 : .
fllp—flop rates in the range 1010 s ! as described above,WhereDA =5.07/(1+ 1.08xY/2—2.04x +2.51x¥?), X = 2w,
(b) forinstantaneous diffusion (ID) produced by the second pulgﬁd the same flip-flop rateV for all the spins was assumed.

(24); (c) in Ti-type samples when spin-lattice relaxation pr?{he{ expected decay due to ID is very effective. The flips of

cesses are fast enough to produce effective dephasing (this e e 2 small percentage & spins will produce an observable
was modeled with Markov processes assuming uncorelated S@cht @4). Thus SD is always accompanied by ID in the ESE

jumps with Lorentzian frequency distribution, see p. 512));( d

e : : decay.
(d) for fast spectral diffusion under dynamical EPR line- Taking Awy 2 from Table 3 we have calculatd) (ID) = 1/b
narrowing conditions described by the Gaussian distribution of . . .
the local magnetic field20) (see p. 40 in2)): and (e) when 85|ng Eqg. [16]. The results are summarized in Table 3, wher:

) ’ . the calculated phase memory times from SD and ID are com
paramagnetic centers are involved in an exchange-type proc

Sglsed with experimentdl? values. It can be seen that ID domi-
) . ; v .
between two frequencie2) (see p. 49ind)). The m(.achanlsms. nates over SD and proton spectral diffusion but the experiment:
.(C)’ (d), and (e) are temperature dependent and will be descnla% hasing rate/IT) is still a few times faster than the calcu-
in the next sect|0n.. ) . lated rates, except for the €& crystal having the largest €u
Instantaneous diffusion (ID).Phase relaxation of electronconcentration. Additional mechanisms that are temperature i
spins can be due to the refocusing pulse acting on the Qfspendent and can accelerate the dephasing can be relatec
resonance spiné. This second pulse in a two-pulse sequengge cross relaxation (see Fig. 1) to an impurity or to a nonuni-
reverses spiné in the perpendicular magnetization plane. Thgm distribution of C&* in the studied crystals. We claim that
resulting perturbation of the dipolar coupling betwe®spins  the |atter case takes place. This effect is especially large fo
is a source of spin precession phase randomizafi@p This (\H,),Mg crystals, which have much a dephasing rate highel
mechanism is expected to dominate over the spectral diffusigp that of (NH),MgD and the other compounds (Fig. 7). A
when the dipolar spin ﬂip-ﬂop rate is in the intermediate Qfonfirmation comes from our electron spin—lattice relaxation
slow range Wmax < 10* s71). A characteristic feature of the in- measurements in these compour@<.(). In (NH4),Mg : CL?*
stantaneous diffusion mechanism is the dependence on the ¢g{y in CsZn:C@* at low temperatures up to about 18 K
centration ofA_ spins and on th(_e magnetization turning anglgye finear term 1T, = aT dominates spin—lattice relaxation,
6 = yeBatp (tp is the pulse duration3( 26) whereas in the other crystals this term is negligible and the or
dinary two-phonon Raman processes govern the relaxation i
V(27) = Vp exp(2br), [14]  the whole temperature range. Thus the mechanism strongly a
celerating ther; relaxation at low temperatures and described
where @) by theaT term cannot be the direct relaxation process, which is
known to give a detectable contribution below 2.1 K in Tutton
b= Awi <sin2 €> [15] salt crys.tals 27). We assume thqt the linear term is due to th_e
2 mechanisms characteristic of disordered or amorphous solic
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(28). They can operate when there exists a nonuniformity in tiehich, in the spin packet model, can be described as an e
distribution of C@#* ions in Tutton salt crystals produced byfect of continuous spin packet narrowing due to the averag
noncontrolled processes during the crystal growth from watieig of the local magnetic field. Such effects were observed &
solutions. low temperatures for SeQradicals in (NH),H(SeQ), crystals
(32.
3. Temperature-Dependent Dephasing Mechanisms
. . . Merging (coalescence) of spin packet$Spin packets result-

The dgpha_smg rate increases W'th. temperature abqve 29n5from dipolar coupling appear in pairs under an EPR line, with

for Cl?* ions in Tutton salt crystals. This is typical behavior ob

. . R the splittingAw determined by the strength of the coupling. Any
served n most ESE.expenmenm( 3Q aswellasinvibrational dynamical or exchange-type process that averages the couplil
and optical dephasing).

Spectral diffusion both in elect di | _ will produce an effect known as a merging (coalescence) effec
pectral difiusion both in €lectron and In nuciear spin Syg; EPR spectra of exchange coupled centers. Similar effects c:
-1

tems is generally assumed to be temperature independent ear for spin packets. For slow exchange the spin packet wid
though it was shown recently that a weak temperature depgv

d f th | i flio-fl It Pcontinuously increase with the exchange rate, which shoulc
ence ot the nuclear spin Tp-llops can appear as a result il ohseryed as an acceleration of the dephasing rate. When t

internuclear distances modulation by acoustic phonons, p%‘?('change frequency becomes comparable with the spliting

ducing phonon-assisted spin dn_‘fu5|on in solidk)( Su_ch @ the dephasing rate will be maximal, and a further increase in fre
temperature-dependent mechanism does not operate in ourc&@—ncy will result in a decrease of the dephasing rate. Thus
tals since then-coefficient in expE-mt?) decay is temperature

. ) . . resonance-type maximum in the relaxation rate should appe
independent. Thus different mechanisms are responsible fOf{,ﬁ? yP bp

X . enAw x wex. The theoretical description of this dephasing
observedTy (T) dependence. There are five mechanisms tn’:ﬁtechanist(S) predicts that far from the maximum range the

can lead to an increase or decrease of the ESE dephasing l{%qpulse ESE decay will b¥ = Voexp(—br) with b = 1/
with temperature. Two of them, mentioned at the end of thg exchange and = —Awr, fgr fast exchange with ngn-
previous section, have already been analyzed theoretically. Tx?)onential decay around the ;naximum is the correlation

other three, € modulatl_on of a_lr_usotrorgcandA tensorj l:r)]y time for the exchange). Maxima iry Ty (T) were observed for
paramagnetic center motiord, T-type processes, and ther oth paramagnetic ions and radicals in many syst&tfsZ9,

mal excitations to vibronic levels, have not been theoretical 33, 33, where the motional processes were identified a:

treated and we will describe them in terms of the spin padﬂ%t(;rientations of the molecular group Gbr NH;

model. This model assumes that an inhomogeneously broad.-l.hermal motions (jumps, rotations, librations) of a para-

neous I__ore.zntzian lines with the half-wid_ths related directly tghifts Ag(t) and A A(t) that increase with temperature. Result-
the T time: Awpacket= 1/ Tu - TheAwpaciedS 0f about 0.5 MHz ing spin packet broadening on heating is observed as an a
N TuFton salts; thus it is compgrable to the caIcuIatgd d.'po!%leration of the dephasing rate. A similar effect is expectet
linewidth Awl/Z.(Table 2), a”?' its temperature behavior is dI\'/vhenTl processes overdominate other dephasing mechanisn
rectly refiected in the dephasing rate. as can be expected at higher temperatures. This process is gt
Motional narrowing of spin packets.Thermal motions of erally underestimated but in our opinion it dominates in every
molecules with magnetic nuclei surrounding a paramagnetiase wheril; <0.1 Ty since the spectral diffusion has no ef-
center modulate S—I dipolar coupling within the frozen cordéect when the flip rate, due to thE relaxation, is compara-
This modulation of the local magnetic field influences the splwle or higher than the dipolar flip-flop rates for electron spins
packet width, producing an averaging of the local field amplweakly coupled to the crystal lattice. Experimental evidence
tude when the temperature increases. In the fast spectral difiu- the dominance of th@; processes over the other mecha-
sion limit this effect is analogous to the well-known exchangeisms were found for SeOradicals in (NH)3H(SOy) (32), for
or motional narrowing effect in EPR spectra of magneticallgu’™ in SrF, crystals 85), and for Tutton salt crystals doped
condensed crystals. The theoretical description of this mechéth Mn?+, which is not a Jahn—Teller active ion. For knin
nism was done using a normal model of spectral diffusion (seg(plH4).Mg(SOy), - 6H,0 crystals we foundl(0) that above 50 K
40 in (2)) with the resulting decay function for two-pulse ESE1/Ty continuously increases with temperature and is describe
exp(—ar?) for the slow-diffusion limit and exp{2Awf ,7ct) by the equation ATy = 1/ Ty +«/ Ty with & = 1.5. Theoreti-
at the fast-diffusion limit where, is the correlation time of cal models describing this dephasing mechani3n2@) do not
the molecular motions. Temperature dependence results frpradict a simple exponential decay exjp*) with k = 1 but
the temperature behavior of, which is determined by the in- with k = 1, 2, and3.
crease of molecular motion amplitude with temperature. An in- An increase in dephasing rates forCin Tutton salts is seen
crease int; results in a slowing down of the dephasing rategbove 20 K wherd} is still more than two orders of magnitude
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greater tharmy, whereas th&; influence is not expected be-
low 50 K. This increase is described by Eq. [4] and is related I NH4Mg:CuZ}
to continuous spin packet broadening on heating. This is a ther- 107k
mally activated process with activation energy on the order of b
A = 100 cnt! as shown in Table 1. The energyis consistent

with the energy of the first excited vibronic level in the deep-
est potential well of the adiabatic potential surface of vibronic
Cu(H,0)s complexes in Tutton salts as determined from other
EPR experiments. Thus we claim that the dephasing mecha-
nism is vibronic in origin and consists of either excitations and
deexcitations (Orbach-type processes) within the same poten-

2+ 4. : . i 1
tial well or excitation with subsequent tunneling to the second o et n etaton
well. The former mechanism is specific for Jahn—Teller systems st o
and does not opperate at all via pure vibrational levels but is 105| -------
allowed by a mixing of electronic and nuclear wavefunctions “""INsD TSD
in the vibronic levels. Thé coefficient of Eq. [4] is expected, 0 80
in such a case, to be on the order of molecular vibration fre- T

. 1 . .
quencies 18 s 1. For the tunneling meChamsm: tiie coef- ~ FIG. 9. Various contributions to the dephasing ratgTi of Cl?t
ficient is expected to be on the order of tunneling frequencirgs in Tutton salts shown for (NBbMg(SQs)z - 6H,0 : CiZ+, Mn?+, and
10°"s™1. Thus we can assume that the vibronic dephasing me¢hiH2)2Zn(SQy)z - 6H,0 : Ci*. SD, electron spectral diffusion; NSD, proton
anism is due to the phonon-controlled tunneling between potéﬁgctral d|ffL_15|0_n; II_D, electron instantaneous @ffusmn. Deuterium spectral dif-
féISIon contribution in deuterated Tutton salts is on the order.®&010* st

tial wells via excited vibronic levels as shown by the wavy lines” = , .
in Fig 10 and is not shown in the figure.

Various mechanisms producing temperature dependences of
the dephasmg rate/Ty are {shown sche.matlcalllly In Fig. 8. mental dephasing rate are shown in Fig. 9 forammonium Tuttol
Summarizing the dephasing mechanisms discussed above, W

can write the total two-pulse ESE decay of?€in Tutton salt sals.

crystals as 4. Vibronic Levels in Two Deepest Potential Wells

V/(27) = Vo expl—Muspr? — bsor? — bioT — burenic(T)7) of the Cu(HO)s Potential Surface in Tutton Salt Crystals

. Knowledge of the vibronic level energy in strongly in-
-V(T1, T) - V(disorder) [18] equivalent potential wells of Cu@®)s vibronic complexes in

i o L Tutton salt is of primary interest in the description of the strong
Various contributions to the temperature variation of the eXPeHzhn_Teller effect in these compoun@s)( Experimental de-
termination of these energies is not possible from IR and Rama
spectra because of a small concentration of doped @ns,
whereas for higher concentrations the cooperative elastic cot
pling dominated. The best method to deterndis@dA energies
(see Fig. 10) is EPR spectroscopy, supported by X-ray diffrac
tion data and theoretical calculatior®}.(The energy differences
between the wells can be determined from vibronic averagin
of the g factors in EPR spectra( 37-39, and energyA can

be experimentally found from ESE dephasing studies. Thes
parameters are summarized in Table 4.

The values ofA determined from our ESE measurements in
this paper and in our previous pape®s-12, 37, 38are gener-
ally lower than those determined indirectly from the three-level
vibronic averaging model of paped)(where additional assump-
tions of theg factor in excited vibronic levels were needed. Our
data are directly determined and are of higher accuracy. Th
A values are expected to be larger for ammonium Tutton salt
where the shape of the potential surface is strongly influenced b

FIG.8. Schematic presentation of various mechanisms producing tempti€ Vibronic cluster formed by a CugB)s complex surrounded
ature dependence of the dephasing raf&l (see text for details). by SQ, groups hydrogen bonded to the water molecules and b

Dephasing rate 1/Ty

Temperature
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Comparings1» andA one can see that in most cages> A,
whereas1» = A inKyZn ands;z < A in (NHg)2Mg. These re-
lations determine an effectiveness of interwell transitions in the
dynamic Jahn-Teller effect via incoherent tuneling mechanism
at low temperaturesT( < 100 K) and also determine a type of
vibronic g-factor behavior. This behavior is perfectly described
by a two-well modelin kZn (12, 40. The model works approx-
imately only in the other compounds except for the ¢)iMg
crystal where it is practically invalid because the vibronic ef-
fects appear only in a relatively narrow temperature radje (
It should be noted, however, that this simple model works only
in a restricted temperature range typically 100-200 K. It is as
| | [ | | sumed that outside of this range the adiabatic potential surfac
0 180 360 is temperature dependent. Our data clearly show, however, th
this is not true below 50 K where we fourdto be temperature
independent.

FIG.10. Anangular cross section along the Jahn-Teller radius through the

adiabatic potential surface of CufB)s complexes in Tutton salt crystals with V. CONCLUSIONS
vibronic energy levels. The ener@y is higher than 300 crm'; thus this level is

not populat_ed at low temperatures when our ESE ex_periments were performedAnalysis of experimental data presented in this paper wa
The wavy Imgs show the phonon-controlled tunneling process leading to tct]%ne in terms of theories developed mainly by the Novosibirs!
ESE dephasing.
group basing on Mims' idead{). Alternative theories also ex-
ist but are applicable mainly to liquids or glass systems wher
NH4 groups linked by hydrogen bonds to the S§doups 88). disorder smears out an anisotropy of interspin interactions. Th
The effect of the third coordination sphere formed by ammoniutheories have been tested so far mainly in systems where ES
groupsis so strong thatthe Jahn—Teller deformation of @0fl decay was nonmodulated or only weakly modulated by dipola
appears along Cu—O(7) in the ammonium compound, insteactotipling to the matrix nuclei. In this paper we showed that evel
Cu—-0(8) as in other Tutton salts (see Fig. 2). Thus the valu@ghe case of strong modulation it is possible to separate variot
A = 187 and 292 cm' for the compounds ¥Zn and CsZn, contributions to the decay function after careful analysis of the
respectively, determined iB)from theg-factor temperature de- exp(—mz*) contributions to the decay with varioksby plot-
pendence, seem to be strongly overestimated. Deuteration diiegthe experimental modulated decaysamilogscale instead
not influence theA value in KZn crystals butA is reduced in  of using cumbersome simulations for which computer program
the ammonium compounds. This is clearly the vibronic clustare not readily available.
effect. Quantitative analysis based on experimentaf*Cconcen-
trations and crystal structure data allowed us to calculate a\
TABLE 4 erage dipolar flip-flop rates for unpaired electrons and matri
Energy Difference 65, between Potential Wells and Energy A  protons or deuterons. The calculated dephasing ralg is,
of the First Excited Vibronic Level of Cu(H,0)s Complexes in however, several times slower than that of the experimental re

Energy

Angle (deg)

Tutton Salt Crystals Determined from EPR and ESE Studies sults. Thus existing theories do not reproduce real results pe
Compound fectly. We+ suppose tha_t a disorde_r effect resulting from nonuni
MM 812 (cmh) A (emY Ref. form Cu?* distribution in the studied crystals should be added
to obtain agreement with the experimental decay rates. Deute
KaZn 68 67 9 ation of the crystals shows that nuclear spectral diffusion ha
re 187 ®  aninsignificant effect on ESE d hich is dominated by th
75 _ 39 ' gnificant effect on ecay, which is dominated by the
K,ZnD — 67 This paper disorder effect and the instantaneous diffusion effect. It mean
Cs2Zn 318 71 ()] that the Cé* concentration on the order of ¥dons/cn? is still
235 292 8) too high to avoid dipolaS—Scoupling, although the average
(NHas2n 2 ~ ggg) Cu—Cu distance is then about 10 nm. The calculatgdval-
w2 181 235 9 ues due to the proton spectral diffusion are the highest limit fo
220 — @9 Tm times in a rigid lattice and are on the orderTaf (max) ~
— 169 This paper 20us.
Emmzf/r 138 11212 Thés f;per By way of contrast to the spin-lattice relaxation, which is
4)2Mg ) i i
(NDa)Mg = 70 This paper governed by ordinary phonon processes in Tutton salt crys

tals, the dephasing of spin precessional motion is sensitiv
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to the vibronic dynamics at low temperatures where dynaniig. M. Romanelli and LKevan, Evaluation and interpretation of electron spin-
Jahn-Teller reorientations are very slow. This provides a unique cho decay. Part I: Rigid sampleSpncepts Magn. Reso8, 403-430
possibility to determine the energy of excited vibronic leuvls

from temperature variations of the dephasing rate.
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