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Abstract. Temperature cw-EPR and pulsed EPR electron spin echo experiments were performed
for a low concentration of Cu2+ ions in cubic SrF2 crystals. The well resolved EPR spectrum at
low temperatures (below 30 K) with parameters g‖ = 2.493, g⊥ = 2.083, A‖ = 121, A⊥ = 8.7,
A‖(19F) = 135, A‖(19F) = 33.0 (A-values in 10−4 cm−1) is transformed continuously into a
single broad line above 225 K on heating, due to the g-factor shift and EPR line broadening. These
data along with the angular variation EPR data are described in terms of a pseudo-Jahn–Teller
effect of (T2g + A2u) ⊗ (a1g + eg + t1u) type producing six off-centre positions of the Cu2+ ion
in the fluorine cube. Above 30 K a two-step averaging g-factor process occurs and is governed
by vibronic dynamics between potential wells of the off-centre positions. This dynamics governs
the electron spin relaxation in the whole temperature range. The electron spin–lattice relaxation
rate 1/T1 grows rapidly by six orders of magnitude in the temperature range 30–100 K and is
determined by the Orbach-type process with excitations to two excited vibronic levels of energy 83
and 174 cm−1. For higher temperatures the relaxation is dominated by overbarrier jumps leading
to the isotropic EPR spectrum above 225 K. The phase memory time TM has the rigid lattice value
3.5 µs determined by nuclear spectral diffusion and its temperature variation is governed by the
vibronic dynamics indicating that the excitations between vibronic levels produce a dephasing of
the electron spin precessional motion.

1. Introduction

Various paramagnetic centres introduced, for EPR studies, into cubic fluorite type crystal
structures (CaF2, CdF2, SrF2, BaF2, SrCl2) substitute divalent host metals (such as Cu2+,
Ag2+, Ni+, Cr2+, Cr3+ [1–8]; Sc2+, La2+ [9]; atomic hydrogen H0 [10, 11]) or occupy anionic
sites (like O− or OH−) [12, 13]. The transition metal ion behaviour in fluorite structures prior
to 1980 has been reviewed in [14]. The common feature of the first type of centre is that under
some conditions the Jahn–Teller effect accompanied by lattice polarization effects can produce
a displacement of the guest cation to an off-centre position along the fourfold symmetry axes
of the fluoride or chloride cube. The displacement from the centre of the cube is relatively
large and reaches 0.135 nm for Cu2+ in SrCl2 [4]. EPR studies show that Cu2+ centres are static
in chloride crystals over a broad temperature range, whereas the EPR parameters are strongly
temperature dependent in fluorite lattices. The latter behaviour was explained as a result of
temperature induced movement in a multiwell potential of the off-centre positions.
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The Jahn–Teller effect producing a displacement of a paramagnetic ion from the geometric
centre of the coordination sphere towards off-centre positions is a special case of the vibronic
effects in stereochemistry [15]. In most cases the vibronic coupling produces a deformation of
the coordination polyhedron by ligand atom displacements. Under special conditions, however,
a displacement of the central metal ion can be preferred. It can appears when the impurity ion
is far lighter than the ligand atoms [16], when metal–ligand coordination bonding is weaker
than ligand–lattice bondings, or when there exists a vibronic mixing of the excited electronic
states to the high-symmetry ground state by low-symmetry nuclear motions stabilizing the
central ion displacements by formation of a new covalency [15]. Such behaviour, which is
pseudo-Jahn–Teller in origin, is responsible for ferroelectricity and displacive structural phase
transitions in perovskite structures [17].

In addition to the off-centre type Jahn–Teller effect observed for Cu2+ in BaF2 [3, 4] the
normal dynamic Jahn–Teller effect was claimed to be responsible for an appearance of the
quadrupole interaction of Sc2+ and La2+ ions detected as forbidden EPR lines in SrF2 and SrCl2

crystals [9] or to determine the dynamical effects observed for O− impurity in CaF2 crystals
[12].

In this paper we show that variable temperature EPR data for Cu2+ in SrF2 indicate that the
Jahn–Teller effect produces six off-centre positions of copper(II) ions. But we pay attention
mainly to the electron spin–lattice relaxation data collected by the electron spin echo technique.
The problem of the influence of the Jahn–Teller dynamics on the electron spin–lattice
relaxation is a poorly experimentally explored field although the theoretical predictions are
well formulated [18, 19]. Experimental relaxation data were collected mainly for E ⊗ ε

Jahn–Teller coupling of Cu2+ complexes in the doublet ground state of octahedral symmetry
[20, 21 and references therein] although the spin–lattice relaxation in the triplet orbital T2g state
of [Ti(H2O)6]3+ octahedra in methylammonium aluminum alum was studied below 4.2 K [22].

The problem if the Jahn–Teller effect can be the mechanism of the electron spin phase
relaxation is even worse recognized. Temperature variations of the phase memory timeTM were
measured by pulsed EPR for H0 in SrF2 [10] and theoretically described using a stochastic
Liouville formalism describing a two-jump motion model [11]. In [12] it was shown that
reorientations between Jahn–Teller distorted configurations of O− in CaF2 can be accompanied
by a change in the phase of the unpaired electron precessional motion and such an effect was
studied by the EPR saturation method at 4.2 K. The TM and ESEEM spectroscopy data of
Cu2+ and Mn2+ in (NH4)2Mg(SO4)2.6H2O crystals have shown an influence of the dynamical
Jahn–Teller effect on phase relaxation and an existence of large vibronic clusters [20, 21, 23].
Moreover, the ESEEM spectroscopy of Cr2+ in SrF2 [24] and CaF2 [6] allowed us to propose
a detailed model of the defect localization in the lattice.

In this paper we present the results of electron spin echo measurements of both the electron
spin–lattice relaxation time T1 and phase memory time TM in a relatively broad temperature
range, and show that temperature variations of the relaxation rates are due primarily to the
dynamic Jahn–Teller effect within off-centre Cu2+ positions in the SrF2 crystal.

2. Experimental details

Single crystals of SrF2 were grown using the Bridgman technique in helium–fluorine gaseous
atmosphere from SrF2–metallic Cu melt in a graphite crucible. The crystals were elongated
along the [110] direction with well developed (110) planes. The copper(II) ion content was
determined from the intensity of the EPR spectrum as 1 × 1018 ions cm−3.

Cw and pulsed EPR experiments were performed on a Bruker ESP 380E FT/CW
spectrometer with dielectric TE001-type resonator, equipped with a flowing helium Oxford
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Figure 1. (a) Cw-EPR spectrum recorded along [001] direction at 11 K. The arrow shows the hfs
line which was excited in pulsed EPR experiments. (b) Field swept electron spin echo spectrum of
the perpendicular region of the cw-EPR spectrum. The broad background line is not observed due
to its fast relaxation.

CF935 cryostat. Temperature variations of EPR spectra were recorded along the [001] direction
where the spectrum was well resolved and simplified due to the crystal symmetry. At the same
crystal orientation the pulsed EPR experiments were performed with excitation of the single
EPR line in the perpendicular region of the spectrum as marked by the arrow in figure 1.

Electron spin relaxation times were measured using the electron spin echo (ESE) signal
in the temperature range 10–84 K. For higher temperatures the ESE was nondetectable due
to an increase in EPR line homogeneity. The Hahn type ESE was generated using 80 ns
pulses with amplitude adjusted to obtain maximum echo amplitude and with initial interpulse
distance 200 ns. The 80 ns pulse with 4.5 Gauss spectral width was able to excite the whole
selected EPR line. Spin–lattice relaxation time T1 was determined by the saturation recovery
method using an 80 ns saturating pulse and Hahn-echo detected magnetization amplitude. The
magnetization recovery from saturation was single exponential.

The decay of ESE in phase relaxation measurements was weakly modulated, and the TM
time was found to be independent of the pulse length indicating negligible effects of spectral
and instantaneous diffusion due to the low Cu2+ concentration.

3. Results and discussion

3.1. Cw-EPR spectra and vibronic g-factor averaging

The EPR spectrum of Cu2+ in the SrF2 single crystal observed at low temperatures in a general
crystal orientation consists of many narrow lines corresponding to the three magnetically
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Figure 2. (a) Fluorine cube in the unit cell of an SrF2 crystal (1/8 of the unit cell with a = 0.586 nm)
with six off-centre positions of a Cu2+ ion replacing the Sr2+ ion. (b) The six minima (wells) in
the adiabatic potential surface in Pi space (i = x, y, z parallel to the cube edges, see section 3.2).

inequivalent Cu2+ sites as expected for six off-centre positions. The lines are further split into
hyperfine quartets and ligand superhyperfine lines from four equivalent 19F (I = 1/2) nuclei.
Because the lines are relatively narrow (about 0.5 mT) the isotope 63Cu, 65Cu splitting is also
resolved. The spectrum recorded at 11 K along the [001]-axis, where pulsed EPR experiments
were performed, is shown in figure 1(a), and the corresponding field swept electron spin echo
(FS ESE) spectrum of the perpendicular region is shown in figure 1(b). The FS ESE spectrum,
which is an absorption type EPR spectrum, shows no trace of the broad background component
visible in the cw-EPR spectrum. This means that this line is not detectable by ESE because
of its very short relaxation time indicating that this is a single homogeneously broadened EPR
lines produced most probably by copper(II) clusters.

Angular variations of the spectrum show axial crystal field symmetry at the Cu(II) site,
and the spin-Hamiltonian parameters below 30 K (where the parameters are temperature
independent, i.e. in the rigid lattice limit) are g‖ = 2.493(2), g⊥ = 2.083(2), A‖(63Cu) =
121×10−4 cm−1,A‖(19F) = 135×10−4 cm−1,A⊥(19F) = 33.0×10−4 cm−1 and quadrupole
coupling parameterQ(63Cu) = 2.7×10−4 cm−1. The ground state of Cu2+ is dxy (with x, y, z
along the crystallographic axes) and the interaction with four equivalent fluorine ions shows
that Cu2+ ions are located in off-centre positions with an effective C4v crystal field symmetry
as shown in figure 2.

The EPR spectra are strongly temperature dependent. The g-factors are constant at
temperatures up to 60 K then start slowly but clearly to average (figure 3). This process becomes
very rapid above 175 K and leads to a full averaging into a single broad and asymmetric line
above 225 K withg = 2.224(10) equal to 〈g〉 = (g‖+g⊥)/3 within experimental error. The line
asymmetry is due to the unresolved isotropic hyperfine structure with a pattern characteristic
for the liquid-like dynamics. The averaging of the line positions goes simultaneously with
a continuous line broadening (figure 3(b, bottom)) which appears in the whole temperature
range in contradiction to the g-factors which are temperature independent below 60 K. Such
temperature behaviour is characteristic for vibronic dynamics which mixes ground states of
various Jahn–Teller distorted configurations resulting from the off-centre Cu2+ positions. The
two-step averaging process clearly seen in the g-factor temperature behaviour shows that
more than one mechanism of interwell barrier crossing operates. A tunnelling in the ground
states may be responsible for the slow g-factor shifts at low temperatures.The fast averaging
with final collapse of the spectrum at 225 K must be done by more effective mechanisms
which can be either the phonon tunnelling controlled process via an excited vibronic level
or overbarrier jumps. Both mechanisms seem to operate in the crystal as will be seen from
electron spin–lattice relaxation data discussed in section 3.3.
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Figure 3. (a) The slow temperature averaging of the g-factors below 200 K. (b, top) The g-factor
averaging leading to the single line above 225 K. (b, bottom) EPR line broadening on heating.

3.2. Theoretical description of the off-centre Jahn–Teller effect

The three magnetically inequivalent Cu2+ sites with tetragonal crystal field symmetry C4v and
the hyperfine interaction with four equivalent fluorine ions clearly show that there are six off-
centre positions of the Cu2+ ion resulting from a shift of the ion from the centre of the fluorine
cube with initial Oh symmetry. The problem of non-central positions of the impurity ions has
been considered in many papers. In some of them it was assumed that the non-centrality of an
impurity ion with the singlet Ag ground state is due to the pseudo-Jahn–Teller effect. The first
to propose the combined Jahn–Teller and pseudo-Jahn–Teller effect for an explanation of the
non-centrality were Opik and Pryce [25]. They proposed the (A1g +T2g)⊗ (a1g + eg + t2g + t1u)
vibronic coupling scheme but without detailed solution of the problem. This scheme has been
more fundamentally studied in a linear approximation by Bersuker and Polinger [26] and by
Maaskant and Bersuker [27] although an alternative (Eg +Eu)⊗ (eg +eu) scheme has been also
proposed [28]. Effects of the third and fourth order anharmonicity were taken into account in
description of the experimental results of the SrO:Ni+ system [29].

Using the above ideas and our experimental data we can propose a scheme of the vibronic
interaction for Cu2+ in SrF2 i.e. for Cu2+ in eightfold coordination with T2g ground state. Such
case has been not considered so far. To define the Jahn–Teller active vibrational modes one
should consider at first the direct product T2g ⊗ T2g = A2g + Eg + T1g + T2g [30]. The T1g

corresponds to a rotation of the copper(II) complex as a whole and may be omitted. The T2g

term can be excluded because the trigonal distortion of the complex is not observed in our
crystal. Thus only a1g and eg vibrational modes should be considered as active modes. These
modes, however, are able to produce a tetragonal distortion of the complex with on-centre
position of the Cu2+ ion. To account for an off-central displacement one has to consider a
mixing of the ground state of Cu2+ with excited configurations. As the ground state of the
Cu2+ is 2D the vibronic coupling to the odd terms of the excited configurations should be
considered. In 3d84s and 3d84d configurations the all terms are even. The odd term is related
to the A2u state arising from the 2F term in excited 3d84f1 configuration.

A tetragonal non-central distortion of the copper(II) complex in Oh symmentry can be
created by odd vibrational modes. Thus among the possible a1g , eg and t1u modes only the
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t1u vibrational mode being a linear combination of the t′1u and t′′1u modes should be taken into
account. The t2u modes are excluded by the symmetry. Thus we can replace the manifold of
the excited states by the A2u state coupled to the ground T2g state by the t1u vibrational mode.

The above assumptions are justifies by the following experimental facts: (i) the positive
hole in the 3d9 ground electronic configuration is localized mainly on the dxy orbital of the
impurity ion; (ii) the paramagnetic complex has tetragonal symmetry (C4v) with tetragonal
axes along crystallographical fourfold axes; (iii) the motional averaging of the EPR spectrum
occurs at relatively high temperatures suggesting deep potential wells. Thus we propose the
(T2g+A2u)⊗(a1g+eg+t1u) scheme of the vibronic interaction in the non-central copper complex
in the SrF2 crystal. This scheme means the combined Jahn–Teller and pseudo-Jahn–Teller
effect.

In our case the matrix W of the vibronic coupling of the vibrational Hamiltonian
H = T + V + W (where T is the kinetic energy of the vibrational modes and is ignored
in our calculation, and V is its potential energy) will be represented in the space of four
electronic functions. We assume that the ground state T2g with the wavefunctions |xy〉, |xz〉
and |yz〉 is located at the −� position on the energy scale. The excited term 2A2u effectively
coupled with the ground state triplet T2g is located at 3� and has the wavefunction |xyz〉.
Following the paper [27] we can write the potential energy operator in the form containing the
harmonic part only

V = 1
2k0S

2 + 1
2k1P

2 + 1
2k2U

2 (1)

where P 2 = P 2
x + P 2

y + P 2
z with components being normal t1u coordinates. Similarly,

U 2 = Q2
� + Q2

ε with eg coordinates, and S is the breathing normal coordinate of symmetry
a1g , and in the spherical angle coordinates

Px = P cosχ sin γ Py = P sin χ sin γ Pz = P cos γ Q� = U cosϕ

Qε = U sin ϕ.

Denoting the vibronic coupling constants as

p =
〈
xyz

∣∣∣∣∂He

∂Pz

∣∣∣∣ xy
〉

e = 1

2

〈
xy

∣∣∣∣ ∂He

∂P�

∣∣∣∣ xy
〉

b =
〈
xyz

∣∣∣∣∂He

∂Ps

∣∣∣∣ xyz
〉

(2)

we can represent the operators W and V in the reference frame with the origin at the bottom
of a potential well and with the electronic Hamiltonian He at the equilibrium configuration.
For further consideration it is convenient to use the energy units of �:

S ′ = bS

�
P ′
i = pPi

�
(i = x, y, z) P ′ = pP

�
Q′

α = eQ

�
(α = �, ε)

U ′ = eU

�
h = b2

k0�
f = p2

k1�
g = e2

k2�

where the constants h, f and g are positive.
In this notation

V = (S ′)2

2h
+
(P ′)2

2f
+
(U ′)2

2g
(3)

and the W matrix in the {|xyz〉, |xy〉, |xz〉, |yz〉} basis becomes

W =




3(1 + S ′) P ′
x P ′

y P ′
z

P ′
x −1 + Q′

�−√
3Q′

ε − S ′ 0 0
P ′
y 0 −1 + Q′

�−√
3Q′

ε−S ′ 0
P ′
z 0 0 −1−2Q′

�−S ′


 . (4)
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Table 1. Angular positions of the wells in the six-well adiabatic potential surface.

Number
of the well ϕ (◦) χ (◦) γ (◦)

1 0 0 0
2 120 0 90
3 240 90 90
4 120 180 90
5 240 270 90
6 0 0 180

This is a tetragonal pseudo-Jahn–Teller case with six possible minima in a potential surface
(six potential wells) defined in table 1 in terms of the angles ϕ, χ and γ . There are two
radial spherical components of U and P being the same for all wells. Four energy levels
corresponding to any well can be determined from the equation ε = ε′

i + V , where ε′
i are the

eigenvalues of W :

ε′
1 = ε′

2 = (−1 + Q′ − S ′)

ε′
3 = ε′

4 = (1 + S ′ − U ′)±
√

1
4 (4 + 4S ′ + 2U ′)2 + (P ′)2. (5)

Thus, the lower sheet of the adiabatic potential surface of the wells is determined by ε4.
The surface in Pi (i = x, y, z) space is shown schematically in figure 2(b) with the depth

of wells represented by different degree of shadow. Each well has four adjacent wells located at
distance

√
2r (r is the Cu(II) displacement from the centre of the cube) and one opposite well at

distance 2r . Thus two types of barrier with different heights are expected, with lower barriers
between adjacent wells. In the first-order approximation the electronic wavefunctions of the
adjacent wells are orthogonal but those belonging to the opposite wells are non-orthogonal.
Thus, at low temperatures when predominantly the ground vibronic states are populated, only
the tunnelling through the barriers between opposite wells expected. The probability of the
tunnelling transitions between lower vibronic states of the opposite adiabatic wells can be
estimated using the one-dimensional Gomez–Bowen–Krumhansl model [31], as proportional
to the overlap integral s = exp(−mωδ2/h̄) arising from the nuclear wavefunctions of the two
lowest levels of the one-dimensional system, where m is the impurity mass, ω is the frequency
of oscillations and δ is the barrier width. For the ground state of the [CuF8]6− complex δ ≈ 2r0,
where r0 is the distance from the centre of the fluoride cube to the equilibrium Cu2+ position.
Thus, the nuclear motions in each well are independent one from another, and the lowest
vibronic energy levels in each well can be considered as equidistant harmonic oscillator levels.
These energy levels can be determined from electron spin relaxation data as will be shown in
the next section.

3.3. Electron spin–lattice relaxation

The recovery of the magnetization to equilibrium after saturation of the resonance line was
single exponential in the whole temperature range and the spin–lattice relaxation time T1

determined from the fitting of the recovery function was temperature dependent as shown in
figure 4(a). T1 varies continuously from T1 = 0.152 s at 5 K to 4.1 × 10−7 s at 84 K. This is
an unusually large increase in the relaxation rate on heating (six orders of magnitude) whereas
typically 1/T1 increases by no more than four orders of magnitude in this temperature range
for Cu(II) complexes. Thus a very efficient mechanism of the spin excitation energy transfer
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Figure 4. (a) Temperature dependence of the spin–lattice 1/T1 and phase 1/TM relaxation rates.
The solid line is the best fit of experimental 1/T1 data to the two-exponential equation (8) and
the dashed line is the best fit to the Raman processes described by equation (6). (b) Temperature
dependence of the phase memory time TM . The solid line is the best fit to the equation (9) assuming
that the phase relaxation is governed by spin–lattice relaxation processes.

to the lattice phonons must operate, much more effective than the ordinary phonon scattering
Raman processes in other crystals.

The characteristic feature of the Raman processes is that the T1(T ) dependence tends to
the limit 1/T1 ∝ T 2 for T � �D (�D is the Debye temperature). Such a limit is not reached
in our experiments since we were able to determine T1 below 90 K only. However, the T1

experimental data can be fitted to the equation:

1

T1
= a + bT + cT 9

∫ �D/T

0

x8 exp(x)

[exp(x)− 1]2
dx (6)

where the bT term describes the direct one-phonon process, the last term describes the two-
phonon Raman process with the transport integral I8(�D/T ) taken over the Debye-type phonon
spectrum and b and c coefficients depend on the details of the relaxation mechanism. The best
fit is shown in figure 4(a) by a dashed line with parameters: a = 0.03 s−1, b = 1.2 s−1 K−1,
c = 8 × 10−9 s−1 K−9 and �D = 206 K = 180 cm−1. The Debye temperature �D = 206 K,
however, is much smaller than�D determined from T1-relaxation measurements of the atomic
H0 centre in CaF2 (�D = 474 K) and from calorimetric data [32]. Thus the Raman processes
seem to be not responsible for the observed T1(T ) dependence.

In equation (6) it is assumed that the vibronic dynamics is dominated by typical Raman
processes as we found lately for Cu2+ in Tutton salts with the Jahn–Teller effect [21].

A domination of the ordinary Raman processes over the Jahn–Teller reorientation
dynamics in electron spin–lattice relaxation is expected for the case of the static Jahn–Teller
effect which can occur at low temperatures for very high interwell barriers or when a system
is strongly localized in a deepest potential well by local crystal strains. Generally, however,
especially at high temperatures, it is expected that vibronic dynamics can be a very effective
mechanism of spin–lattice relaxation. The effectivity of this mechanism depends on the
reorientation rate between distorted configurations and on the ability of the reorientations
to induce the spin flips.

The coupling between reorientations and the spin flips can be produced: (i) by the direct
spin–orbit driven tunnelling [12, 33, 34], or (ii) indirectly by modulations of the hyperfine or
g-factor anisotropy [18, 19]. In case (i) the spin–lattice relaxation rate 1/T1 is equal to the
reorientation rate 1/τ , whereas in case (ii) most reorientations are not accompanied by spin
flips and the relaxation rate is much slower than 1/τ .
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The reorientation rate 1/τ , i.e. the barrier crossing rate, can be determined by:
(1) tunnelling in the ground state with 1/τ ∝ T 7 in case (i) [34, 36] or 1/τ = /0′/2T 3

in case (ii) (0′ is the tunnelling matrix element in the ground vibronic state) [34–36];
(ii) tunnelling controlled processes via excited vibronic states [33] with 1/τ = bT 5 where
b ∝ λ′ in case (i) [33] and b ∝ � in case (ii) (� is the energy of the excited vibronic state)
[18, 19, 36]; (iii) phonon induced tunnelling via a virtual phonon state of energy δ12 [34, 37]
with 1/τ = c exp(−h̄ω/kT ) in case (i) (c = /20′/2{[1/δE + δ2

12δE][1 + exp(−h̄ω/kT )]}−1

where δE is the width of the ground energy level and h̄ω is vibrational energy) [34], and
1/τ ∝ δ12T

5 in case (ii) [18, 19, 36]; (4) overbarrier jumps at high temperatures which are
described by the classical rate expression 1/τ = d exp(−Eb/kT ) where Eb is the barrier
heights [36].

Moreover the electron spin–lattice relaxation may not be governed by the reorientation rate
but may be entirely determined by excitations to an excited vibronic level and recovery back to
the ground state in the same potential well. Such a mechanism being the Orbach-type relaxation
is possible only due to the mixing of the electronic and nuclear vibrational wavefunctions in
the vibronic states of Jahn–Teller systems and does not operate in pure vibrational states. We
claim that this mechanism suggested in theoretical work [12] and in our earlier experimental
works [20, 21] can be a dominant mechanism of the electron spin–lattice relaxation as well as
producing random changes in phase of the spin precessional motion thus accelerating phase
spin–spin relaxation. In such a case

1

T1
= c exp

(
−Evibronic

kT

)
(7)

where c ∝ �3.
The last mechanism i.e. Orbach-type relaxation via an excited vibronic state seems to

dominate in our crystal since the experimental data can be well fitted with the expression

1

T1
= a + bT + c exp

(
−E1

kT

)
+ d exp

(
−E2

kT

)
. (8)

The best fit to equation (8) with parameters: a = 0.03 s−1, b = 1.2 s−1 K−1, c = 7 × 105 s−1,
d = 4 × 107 s−1, E1 = 120 K = 83 cm−1 and E2 = 250 K = 174 cm−1 is shown by a solid
line in figure 4(a). The fact that E2 = 2E1 seems to confirm that relaxation is governed by
excitations to the two vibronic levels located within the potential wells of the six off-centre
Cu2+ positions.

An exponential Orbach-type relaxation in Jahn–Teller systems was reported also for Cu2+

in Zn(BrO3)3.6H2O in low temperature measurements (1.2–5 K) with an excited energy state
at 3 cm−1 [38], and for Cu2+ in the ZnSeO4.6H2O crystal (4–25 K) with 1/T1 described as a
sum of three exponential functions with excited level energies 48, 97 and 511 cm−1 [39].

3.4. Electron spin–spin phase relaxation

Dephasing of the spin precessional motion after pulse excitation of a inhomogeneously
broadened EPR line is described by the phase memory timeTM determined from ESE amplitude
decay. The ESE decay of Cu2+ in SrF2 was weakly modulated and well approximated by a
single exponential function V (t) = V0 exp(−2τ/TM) where 2τ is the interpulse distance. The
phase relaxation rate 1/TM varies with temperature as shown in figure 4(b). This variation
is much weaker than T1(T ) and T1 continuously approaches TM on heating above 60 K. The
experimental 1/TM(T ) dependence can be well described as:

1

TM
= a0 +

1

T1
. (9)
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The fit to equation (9) is shown as the solid line in figure 4(b), where the ESE decay at T = 13 K
is inset. The parameter 1/a0 = 3.5 µs is the rigid lattice limit of TM determined by nuclear
spectral diffusion i.e. local magnetic field fluctuations due to dipolar coupling between distant
19F nuclei. An acceleration of the phase relaxation with temperature is entirely done by T1-
processes in the whole measured temperature range. Such a behaviour of TM can be produced
by Jahn–Teller dynamics but not by phonons which can contribute to TM by Raman processes
at much higher temperatures. The strong Jahn–Teller vibronic dynamics is suggested also
by a smearing out of the expected fluorine modulations of the ESE decay. Such pronounced
modulations were observed for Cr2+ in an SrF2 crystal with the static Jahn–Teller effect at 10 K
[24].

An unexpected phase relaxation behaviour, as compared to our data, was reported for
the interstitial hydrogen atom H0 produced in the SrF2 lattice from OH− by x-ray irradiation
[10, 11]. The rigid lattice TM value is similar to our data (TM = 1 µs) but the phase memory
time is strongly affected by temperature with a characteristic motional-type minimum in the
TM(T ) dependence at 60 K. The authors suggest that the minimum is produced by hydrogen
atom jumps between off-centre positions along the [110] direction, but more probably it is due
to motions of the OH− impurity located nearby the paramagnetic centre.

3.5. Linewidth and spin relaxation

The continuous although slow increase of phase relaxation rate on heating reflects continuous
broadening of the spin packets forming the EPR line. As a result the line broadens and
become more homogeneous, and above 84 K the ESE signal vanishes in the dead time of the
spectrometer. The spin packet width �Bpacked can be calculated as �Bpacked = 1/TM and
its temperature variations are compared with the EPR linewidth behaviour in figure 5(a). The
spin packet width is temperature independent below 30 K, then continuously increases and for
T > 180 K the spin packet width becomes comparable with EPR linewidth. This means that in
this temperature range the EPR line is homogeneously broadened and the effective relaxation
time T ∗

2 of the whole EPR line can be calculated from the linewidth assuming a Lorentzian
lineshape

T ∗
2 [s] = 13.1302

g�Bpp[mT]
× 10−9 (10)

and
1

T ∗
2

= 1

TM
+

1

2T1
(11)

and simultaneously TM
∼= T1. This allows us to calculate the effective T1 from �Bpp for

the temperature range where the ESE signal is nondetectable. The results of the calculations
are shown in figure 5(b) and compared with previously discussed T1(T ) data. The previously
fitted 1/T1 dependence presented in figure 4(a) suggests that relaxation should increased more
slowly above 100 K whereas the relaxation rate calculated from �Bpp(T ) indicates that a very
effective relaxation mechanism produces a fast increase in the spin relaxation rate. It appears
in this temperature range where the rapid averaging of the g-factors begins.

The overall 1/T1 experimental data of figure 5(b) can be fitted with equation (8) when
an additional term h exp(−Ea/kT ) is added. This term describes jumps over the barriers
separating potential wells and h is proportional to the classical oscillation frequency in the well
[36]. The best fit to the extended equation (8) is shown in figure 5(b) with h = 1 × 1013 s−1

(typical for molecular motions) and Ea = 2000(90) K = 1750(90) cm−1 and other parameter
values as for the fit in figure 4(a). The energy of the barrierEa = 16 kJ mol−1 = 3.8 kcal mol−1
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Figure 5. (a) Temperature dependence of EPR linewidth �Bpp and individual spin packet width
(calculated from TM ). Solid lines are the best fits with polynomial expressions. (b) Temperature
dependence of the spin–lattice relaxation rate determined by the ESE technique (see figure 4(a))
and calculated from EPR linewidth. The solid line is the best fit with equation (8) with an additional
term describing overbarrier jumps (see text).

is rather large compared to the calculated vibronic level energies Ei but it is within typical
values of barriers for classical molecular group reorientations in solids.

4. Conclusions

The two-step g-factor averaging, the continuous EPR line broadening on heating and
temperature variations of the electron spin relaxation rates allow us to propose a consistent
picture of the Jahn–Teller effect and vibronic dynamics of the Cu2+ centre in the SrF2 crystal.
The Jahn–Teller effect of the (T2g + A2u)⊗ (a1g + eg + t1u) type produces six off-centre Cu2+

positions in the fluoride cube. Below 30 K the static Jahn–Teller effect exists whereas the
interwell jumps determine EPR and spin relaxation behaviour at higher temperatures. In
temperature range 30–100 K the tunnelling between the potential wells from the ground state
and two excited vibronic states of energy 83 cm−1(0.9 kJ mol−1) and 174 cm−1(2 kJ mol−1)

governs the spin–lattice and spin phase relaxation and produces the weak g-factor averaging,
and continuous EPR line broadening on heating. For higher temperatures the overbarrier
jumps produce a full merging of the previously resolved EPR lines into a single broad and
homogeneous line and further accelerate the spin relaxation.
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