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EPR measurements at X-band were performed in the temperature range 4.2-300 K with angular depen-
dence measurements at 77 K for Cu?* in KZnCISO,4-3H,0. Rigid lattice spin - Hamiltonian parameters are:
g,=2.4247, g,=2.0331, g,=2.1535, A,=-103 x 10~*cm™', 63 x 10~*cm ', and —31 x 10~*cm~". The
parameters were analyzed using MO-theory with the d,._,. ground state containing admixture of the
d,.-state in the rhombic symmetry D,;. The analysis consistently explained unusual g-factor sequence
and relatively small hyperfine splitting anisotropy as the consequence of the mixing and spin density
delocalization via excited orbital states. We assigned that Cu?* jons substituting host Zn?* prefer one
of the four structurally different zinc sites where they are coordinated by four water molecules and
two SO4 groups in an distorted octahedron elongated along SO4-Cu-SO,4 direction. The distortion is
due to the Jahn-Teller effect which is static at low temperatures but becomes dynamic above 20 K with
jumps of the Cu?* complex between two lowest potential wells. The jumps produce continuous g-factor
and hyperfine splitting averaging when temperature increases. This process is discussed in terms of two
motional averaging theories: classical theory based on generalized Bloch equations and Silver-Getz
model. Their limitations are discussed. Importance of the difference in the g-factors of the averaged line
is explained and a new expression for calculation of jump frequency from the line shift is proposed. The
jumps are described as phonon induced tunneling via excited vibrational level of energy 76 (+6) cm™.
This process is not effective enough at low temperatures and Boltzmann population of the two lowest
energy potential wells is reached above 110 K. From electron spin-lattice relaxation measurements by
electron spin echo methods the Debye temperature was determined as @p =172 K. Fourier Transform
of strongly modulated spin echo decay gives pseudo-ENDOR spectrum with peaks from 'H and 3°Cl
nuclei. From splitting of the peaks into doublets we determined the distance to the modulating nuclei
and confirmed the position of the site where Cu?* ion is located.

© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Kainite, KMgClSO4-3H,0, is a well known sedimentary mineral
used in fertilizer industry. Various divalent and trivalent paramag-
netic ions have been introduced into the host lattice and studied by
spectroscopic methods [1-6]. Some of the ions form photolumines-
cence centers [7]. Isomorphous crystals KZnClSO4-3H,0 have also
been doped and studied by optical, IR and EPR methods [8-10].
Characteristic feature of kainite crystals is an existence of four dif-
ferent types of Mg?* coordination to surrounding oxygen atoms
with Z = 16 in monoclinic unit cell. The divalent guest ions substi-
tute Mg?* host ions, but it is open to question which sites are occu-
pied. EPR studies of Cu?* in kainite [5,6] and its Zn-analogue [9,10]
have not provided an answer to this question. Because of a low
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accuracy of angular EPR measurements the two identical symme-
try related Cu®* sites were treated as two distinct centers [5,6,10]
and in angular variations of EPR spectra the twofold symmetry
b-axis has been incorrectly assigned [6,10]. Moreover, in the dis-
cussion of the results an apparent domination of the d. has been
assumed although in [5] the correct g, > g, sequence characteristic
for d,._,. has been chosen. It should be noted, that the EPR param-
eter values are very similar in kainite and its Zn-analogue, but
display large g-factor anisotropy and unusually small hyperfine
splitting anisotropy in contrast to most of Cu?* complexes. In the
published papers the strong temperature dependence of EPR
spectra has been presented with the suggestion that it is due to
the Jahn-Teller effect. This has not been discussed qualitatively
and raw experimental data has been presented only.

In this paper we verify the previous EPR measurements. On the
basis of angular dependence measurements in two reference
frames and making the Fourier Transform of modulated electron
spin echo spectra we have identified the sites which are preferred
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for occupation by Cu?* ions. Detailed analysis of spin-Hamiltonian
in terms of MO-theory for low crystal field symmetry allowed us to
determine the ground state with parameters consistent with exist-
ing optical absorption spectra and explain rather untypical EPR
parameters. We performed quantitative analysis of temperature
dependence of the spectra resulting from reorientations of Cu?* be-
tween two non-equivalent potential wells. We applied two theo-
ries for description of the reorientation dynamics. We show that
an analysis of motional averaging of the lines having different g-
factors is more complex than that usually used for free radicals.
A new expression for calculation of the reorientation rate from
the line shift is proposed.

2. Crystal structure

For the discussion of EPR and ESE measurements results we
have to refer to the details of the crystal structure. Kainite is a
monoclinic crystal with space group C2/m and with the unit cell
dimensions: a=1.972 nm, b=1.623 nm, c=0.953 nm, f=94.92°,
and Z=16 [11]. The crystal structure of KZnCISO4-3H,0 is not
known and we assume isomorphous structure of kainite and its
Zn-analogue in which magnesium ions are replaced by zinc ions.
The projection of the structure on the ab-plane is shown in
Fig. 1. Thus, the crystal structure of KZnClSO4-3H,0 is built with
corner shared ZnOg-octahedra and SO4-tetrahedra. They are ar-
ranged in layers parallel to the (1 0 0) plane which is a cleavage
crystal plane. K*, CI™, and H,0 molecules are located in the inter-
layer space. All oxygen atoms of the sulfate groups are involved
in coordination bonds to the Zn?* ions, whereas the water mole-
cules can form hydrogen bonds with neighboring chlorine atoms.

The hydrogen atom positions have not been determined, but
the short hydrogen bonds to the Zn-coordinated water molecules
can be responsible for a slightly irregular octahedral symmetry.
The possible hydrogen bonds with O—Cl length lower than
0.4 nm we have calculated from structural data around one of
the ZnOg octahedron. These bonds are shown by dashed lines in
Fig. 2 and its length is given in Table 1. An asymmetry in hydrogen
bonding of the water oxygens W5 and Wg should be noted. The W3
oxygen atoms are connected by two short bonds to the two Cl3
atoms, whereas Wg oxygen atoms are weakly bonded to Cl; and
Cl; atoms. The clear asymmetry in positions of the nearest Cl;s6
and CI¥° atoms with respect to the Zn-0 directions will influence

H,0

Fig. 1. Kainite KMgCISO4-3H,0 (Z = 16) unit cell projection on the ab-plane.

Fig. 2. Hydrogen Cl—H,0 bond network showing asymmetry in bond length and
chlorine atom position around Zns3 octahedron. Water oxygen is marked as W. The
numbering of the atoms is consistent with Table of created atoms by Diamond
Database code 9000282. The ¥, y, and z are principal axes of the local crystal field
according to the EPR measurements.

Table 1

Length of the possible Cl—Oyya¢er hydrogen bonds in kainite around the Zns complex.
Water oxygen atom Chlorine atom Distance
Atom  Coordinate Atom  Coordinate (nm)
No. No.
wi7 x,1-y,z I8 05-x05+y,1-z  0.29865
W§7° 05-x05+y,1-z c1§9 x1-yz 0.3864
w4 05-x05+y,1-z Cl§6 05-x05+y,1-z 03864
Wé97 x,1-yz C1§9 x,1-yz 0.29865
wi7 05-x05+y,1-z c1§2 05-x05+y,1-z 031558
w4 05-x05+y,1-z (|l 05-x05+y,1-z 031039
wieo 05-x05+y,1-z CIZG 05-x05+y,1—-z 034409
wist x1-y,z Cl§9 x1-yz 0.3068
wise 05-x05+y,1-z C1§2 05-x05+y,1-z 03252
w10 XYz C]ZG 05-x05+y,1-z 030588

markedly the spin delocalization and EPR parameters as it will be
discussed below.

Four geometrically different types of weakly elongated ZnOg-
octahedra exist in the crystal unit cell each with four symmetry re-
lated units (Fig. 1). They are marked as Zn,, Zn,, Zns, and Zny4 in
Fig. 3. The Zny, Zn,, and Zn, are coordinated by four oxygens of dif-
ferent sulfate groups and by two water molecules and are located
within the layers, whereas the Zns is coordinated by two sulfate
oxygens and four water molecules, and occupies interlayer site.
Different orientations of the in-plane and elongation metal-ligand
axes in the different types of the octahedra, clearly visible in Fig. 3,
allow determination the doped Cu?*-ion site from analysis of the
angular dependence of EPR spectra.

3. Experimental

Single crystals of KZnClSO4-3H,0 were grown by slow evapora-
tion of the water solution of equimolar ratio of KCl and ZnSO4-7H,0
with small amount (about 0.1 wt.%) of copper sulfate pentahy-
drate. Cu?* ion concentration was 2 x 10'® ions gram™! as deter-
mined from integral intensity of EPR spectrum. Crystals exhibit
various forms depending on the details of growing conditions. Slow



S.K. Hoffmann et al. /Journal of Magnetic Resonance 205 (2010) 293-303 295

Oxygen of SO, group
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Fig. 3. Four structurally inequivalent magnesium octahedra Mg;, Mg,, Mgs, and
Mg, in the crystal unit cell. The Mg; site is substituted by doped Cu?* ions.

evaporation leads to face rich crystals as it is shown in Fig. 4. Angu-
lar dependence of the EPR spectra has been collected in the orthog-
onal reference frames 1-3 related to the crystal habit and in
crystallographic axes a, b, ¢’. Measurements in the two frame
increase accuracy of resulting spin-Hamiltonian parameters.
Moreover, the principal directions of the g tensor lie very near
the 12-plane, 23-plane and 31-plane allowing measurements of
the temperature dependence and spin echo decay close to canoni-
cal orientations. Angular dependence of the spectra in g, b, ¢" frame
allows a direct relation between doped Cu?* complex and the host
crystal structure.

EPR measurements were performed in the temperature range
4.2-300 K with a Bruker ESP 380E FT/CW X-band spectrometer
(pulse EPR experiments) and with a Radiopan SE/X 2547 spectrom-
eter (cw-EPR experiments) equipped with Oxford flowing helium

Fig. 4. Crystal habit of KZnCISO4-3H,0 crystal with well developed (021) plane.
Experimental reference frame for EPR measurements is marked as 1-3 with the 1-
axis along the longest edge and the two-axis perpendicular to the plane.

EPR cryostats. Both single crystal and powder spectra were recorded.
Electron spin echo experiments were performed up to 60 K only
since due to a shortening of the dephasing time at higher
temperatures, the spin echo signal is lost in the dead time of the
spectrometer. The experiments were performed along local g-factor
z-axis (12-plane, ® = 75°) by excitation of the single hyperfine line
my = +1/2. The hyperfine line and the lines from complexes A and B
were well separated at this crystal orientation. Spin-lattice relaxa-
tion time T; was determined by spin echo saturation method with
16 ns saturation pulse and reading two-pulse echo sequence
16-176-16 ns. The full saturation was achieved in the whole tem-
perature range. The electron spins echo dephasing described by
the phase memory time Ty; was determined by the Hahn-type echo
amplitude after excitation by the above two-pulse sequence. The
decay was strongly modulated allowing an analysis of the Fourier
Transform spectra (electron spin echo envelope modulation
= ESEEM).

4. Results and discussion

4.1. EPR spectra, angular dependence and spin-Hamiltonian
parameters

EPR spectrum of Cu?* in KZnCISO,4-3H,0 crystal consists of two
quartets of equidistant hyperfine lines in most crystal orientations,
except the rotation around the b-axis as expected for monoclinic
crystal symmetry. The lines are relatively broad and overlap
strongly at room temperature. For this reason a low accuracy
parameters were determined in papers [9,10]. At very low temper-
atures a significant saturation effect deforms EPR spectra even for a
very low microwave power. Thus, we performed measurements of
angular dependence at liquid nitrogen temperature. EPR spectra
recorded at 77 K along the principal g tensor directions for two
equivalent complexes A and B are shown in Fig. 5. Except two
marked hyperfine quartets, some additional lines are visible in be-
tween the B-complex lines in the upper trace. These lines arise
from another Cu®* complex different from complexes A and B. This
indicates that except the occupation sites preferred by complexes
A and B another site is also weakly occupied with spectral lines
recognized in a few crystal orientations only. In the 12-plane at
© =75° (the lowest trace in Fig. 5) the forbidden transition line

B-complex - i
77 K P A-complex, y axis
8.966 GHz
31-plane
©=103°
B-complex
—T—T—1A-complex, x axis
23-plane
©=165"
B-complex, z axis A-complex
12-plane
0=75°
1 * I 1 I 1 2 1
260 280 300 320

Magnetic field (mT)

Fig. 5. EPR spectra recorded at 77 K along principal g tensor axes of two equivalent
complexes A and B: y-axis for complex A (upper trace); x-axis of complex A
(middle), and z-axis of the complex B (lower trace) accessible in the 1-3 reference
frame. The asterisk mark line which has been excited during pulse EPR experiments.
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doublets appear in between the high-field lines as usually observed
in low symmetry complexes. The powder EPR spectrum is domi-
nated by the lines from the dominant Cu?>* complexes without a
trace of lines from the other complex or forbidden transitions
(Fig. 6).

Angular dependence of the spectrum recorded in 1-3 laboratory
frame plotted in Fig. 7 suggests that the principal direction of the g
and A tensor coincide. Diagonalization of the experimental g2 and
gA?g tensors gives the spin-Hamiltonian parameters g and A (Table
2) and principal tensor axes direction cosines (Table 3) and con-
firms that the tensors have collinear principal axes. Solid lines in
Fig. 7 are plots with these parameter values. The experimental re-
sults show that the A and B complexes have nearly perpendicular
z-axes. Assuming that the z-axis is determined by water-water
direction in complexes Zn;, Zn,, and Zng and by SO4-Zn-SO,)
direction in the complex Zn; we can recognize from Fig. 1 and
Fig. 3 that mutually perpendicular z-axes exist for Zns complexes

77K
8.953 GHz

exper.

\
7

(@]
L X

<,

CQ..

260 280 300 320
Magnetic field (mT)

Fig. 6. Powder EPR spectrum recorded at 77 K computer simulated spectrum
(dashed line) using SimFonia routine with the g-factors and hyperfine splitting
given in Table 2 and corresponding peak-to-peak Gaussian line: 1.8 mT (z-axis),
1.4 mT (y-axis), and 1.8 mT (x-axis).

only. Higher accuracy data concerning the Cu?* localization in
the crystal unit cell were derived from angular variations measure-
ments in a, b, ¢” reference frame. They give the same principal g and
A tensor values as above and principal axes direction cosines listed
in Table 3 (errors in parameters indicated in Table 2 are deter-
mined from differences between measurements in both reference
frames). It should be noted that the g and A value are consistent
with these determined from powder spectrum at points marked
in Fig. 6, where experimental and simulated powder spectra are
compared.

A comparison of the x, ¥, and z direction cosines with these for
the trans-ligand directions in Znz octahedron is given in Table 3.
Although Cu?* deforms the host Zn; environment (as shown by
strong g-factor anisotropy) the local crystal field axes are close to
those in the unperturbed structure. The z-axis (octahedron elonga-
tion axis) deviation from the apical 0;*>—01*? direction is 4.6° only.
The x and y axes are slightly rotated with respect to the trans li-
gand -ligand directions (8.2° for y-axis, and 5.8° for x-axis) as it
is expected when d-orbital mixing is allowed by low crystal field
symmetry [12]. The localization of the doped Cu?* ions at Zns site
is confirmed by pulsed EPR measurements as it is discussed in a
next section.

The g and A-values are not significantly different from those
published for KMgClSO4-3H,0 and KZnCISO4-3H,0 crystals (Table
2). However, the A and B complexes were previously described
as non-equivalent and the principal x, y, and z-axes were differ-
ently assigned. In fact, the interpretation of the results is not trivial
since the g- and A-values are not typical of most of the Cu?>* com-
plexes. At first sight it is difficult to assign z, y, and x axes from rel-
ative value of the three experimental g-factors or from the A-values
showing unusually low anisotropy. It has to be related to a low
symmetry of the crystal field at Cu®* site. The lowest g-factor value
is lower than 2.04. This can be due to a mixing of d-orbitals in the
ground state at the low symmetry. However, independently of the
ground state, the maximal hyperfine splitting always appears
along the z-axis since it is mainly determined by electron-nucleus
dipolar coupling, which always dominates the g-factor anisotropy
contributions. Thus g, can be assigned as the maximal g-factor va-
lue indicating that the d,._,. orbital dominates in the ground state.
An unusual sequence and values of the spin-Hamiltonian parame-
ters are explained by analysis in terms of molecular orbital (MO)
theory.
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Fig. 7. Angular variations of the line positions in three planes of the 1-3 reference frame at 77 K. Lines from complexes A and B are marked. Arrows indicate positions close to

the local principal axes x, y, z of the complexes.
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Table 2

EPR spin-Hamiltonian parameters (A-values in 104 cm™ ). The signs of A-values were determined from MO-theory analysis.
& 8y 8x A, Ay Ax T (K) Ref.
2.3717(5) 2.0335(7) 2.1996(7) —76.4(8) 62.7(7) —38.0(7) 77 This paper
2.4247 2.0331 2.1535 —103 63 -31 4.2
2.294 2.039 2.229 59 48 50 295 [10]
2.351 2.034 2.204 67 43 54 123 [6]

Table 3

Direction cosines of g tensor and A tensor principal axes and the 0-O directions in Cu?* complex at Znj site.

In laboratory frame 1-3

Complex A Complex B
z axis y axis X axis Z axis y axis X axis
1 0.2016 0.9659 0.1626 0.3651 0.8067 -0.4647
2 0.2594 0.1074 —0.9598 0.9161 -0.2223 0.3338
3 0.944 -0.2356 0.2289 —-0.1659 0.5475 0.8202
In crystallographic axes a, b, ¢ Trans- oxygen ligand directions
z axis Yy axis X axis Apical 0}*°—014 Equatorial W —w31%7 Equatorial W72 —w}7°
a ¥0.7012 F0.5151 +0.4931 ¥0.7558 F0.4554 +0.4058
b —0.7046 0.3935 —0.5906 —0.6437 0.5171 -0.6021
c +0.1102 *0.7614 +0.6388 +0.1203 ¥0.7247 +0.6876

4.2. Electronic structure of Cu?* complexes (MO-theory analysis)

The g and A tensor values suggest the Dy, crystal field symme-
try. In D, symmetry the d-orbitals are mixed with s-orbital as al-
lowed by the point symmetry and anti-bonding molecular orbitals
of the Cu?* complex are
Y(Ag) = a(ad_y2 + bd,2 + ¢s8) — o'y
'P(Ajg) =0 (adzz — bdxz,yz + C;S) — OC;LZ
'P(Blg) = /31dxy - ,3/1L3
'P(Bzg) = ﬁdxz - BIL4
¥ (Bsg) = f'dy, — B'Ls
a@+b+c2=1

For the A, ground state symmetry the principal g tensor and A
tensor components are [13]:

2 4
Ey
,
g, = 2.0023 — 202> (a - \@b) Ei 2)

XZ

g, =2.0023 — 80%f%a

0
g, = 2.0023 — 2022 (a n \/§b> Ei
yz

A, = 02c2Ags + P|—02K + Ag, f;ocz(az - b

1 3a+V3b +l3a—\/§bA
14 -3 7 14 a+v3b °F

2
2 2 (2 12
oK + Agy + 50 (a b +2\/§ab)

V3b, 13a-V3b, | ®
14075 14 g5 3

—02K + Agy + ;oc2 <a2 -b - 2\/§ab>

V3b
14 a

Ay = 0?C?Ass + P

Ay = 02CAs + P

1 3a++3b

T14a™ T G E Y

1 1

where 21=-829cm™" is the spin-orbit coupling, P=0.036 cm™
represents average extension of the d-orbital and x is the Fermi
contact interaction parameter which is equal to 0.43 for free Cu®*
ion. Ej; are orbital energies and Ag; = g; — 2.0023. The exact orbital
energy values are unknown and are treated as a fitting parameters,
since the optical absorption spectrum is a broad asymmetrical band
centered at around 11,900 cm~! [6]. The first term in expressions
for A; is an isotropic contribution of the 4s-orbital to the hyperfine
splitting. This term is small and usually is omitted in the analysis
of data.

Because the EPR parameter depend on temperature, the dis-
cussion in terms of MO-theory should be performed for rigid lat-
tice results only, i.e., for data collected below 20 K in our crystal.
An evaluation of the ground state parameters from data collected
at 77 K, as it has been done in previous papers, is invalid because
the g-factors and hyperfine splitting are dynamically averaged at
this temperature. Thus, our analysis is performed for data col-
lected at 4.2 K with parameters shown in Table 2. Using these
data we can calculate three parameters from Eq. (3), i.e., a, o2,
and k. Their values depend on the signs of A;. The A,-value is neg-
ative as is directly visible in Eq. (3), and only A, >0, and A,<0
gives acceptable parameter values of Eq. (3). These are listed in
Table 4. Eq. (2) and experimental g-values at rigid lattice limit al-
low to calculate orbital energies E; vs. covalency parameters f;
For all Bi-parameter values, with maximal value equal to 1, the
sequence of the orbital energies is as usually expected in elon-
gated octahedral coordination with E,, > E,, > E,, but a choice of
the p;-values is dictated by UV-Vis spectrum. The spectrum is al-
ready published [6], and its decomposition on Gaussian compo-
nents (a broad background line is omitted) consistent with our
calculations is shown in Fig. 8. The evaluated energies and param-
eters are collected in Table 4. The covalency parameters f; de-
scribe the degree of delocalization of the unpaired electron spin
density via the excited orbital states. Delocalization from the
ground state d,._,» (7%) is rather small compared to a much larger
delocalization via in-plane d,, orbital (20%). Considerable delocal-
ization appears via out-of-plane orbitals dy, and d,,. It results
from an overlap between the lobs of these orbitals and 3p-orbitals
of chlorine atoms asymmetrically located in the vicinity of apical
oxygen ligand positions.



298 S.K. Hoffmann et al. /Journal of Magnetic Resonance 205 (2010) 293-303

Table 4
Calculated energy of d-d transitions and MO parameters.

Exy=11,000 cm™!
a®=0947  02=093

Ex, =11,700 cm™"
43 =0.80

Ey,=13,100 cm™'
=071 ¥ =067 Kk=0284

1 1 L 1 "
14000 16000 18000

E (cm™)

1 n 1
8000 10000 12000 20000

Fig. 8. UV-Vis spectrum [6] and three Gaussian components located at positions
determined from the EPR g-values.

The ground state of Cu®" contains small admixture of the d,
orbital and can be written as |0) = 0.96(0.97|x?> — y?) + 0.03|z2)).
Despite the small d,. admixture the mixing has a significant effect
on the g-factor values: g, decreases, g, increases and becomes
much larger than g, which tends to g, =2 [14]. This behavior is

g-factors

20 ?998 0.9929

a

00 0.2 04 06 08 1,0
a’~coeffiecient

Fig. 9. Dependence of g-factors on the orbital mixing coefficient a? in the ground
state calculated from Eq. (2) with parameters of Table 4. Full circles indicate
experimental g-values of our Cu?* complex at 4.2 K, i.e., for rigid lattice.

shown for our case in Fig. 9, with the inset demonstrating the
crossing point between g, and g,.

Untypical EPR of Cu?* complexes in KZnCISO,4-3H,0 crystal, i.e.,
the sequence g, > g, > g, the small anisotropy of hyperfine interac-
tion are due to mixing of orbitals in the ground state at low crystal
field symmetry at the Cu?* sites. The low crystal field symmetry re-
sults from deformation of the coordination octahedron by asym-
metric hydrogen bonds to sulfate groups, and by asymmetric
positions of the nearest chlorine atoms interacting with excited
orbital states of Cu®* ion.

4.3. Temperature dependence of the spin-Hamiltonian parameters

EPR spectrum varies with temperature. Single crystal and pow-
der spectra show continuous shift in g-values and hyperfine split-
ting A on heating, towards its average values. This appears along
local x and z directions only, whereas g, and A, are unchanged
(Fig. 10). Traces of the g? and gA%g tensors keep constant and direc-
tions of the x, y, and z-axis are not affected. This is typical motional
averaging (merging effect) resulting from jumps between two con-
figurations (two potential wells) of the Cu?>* complex having differ-
ent energies. The well resolved lines at low temperatures first
broaden and shift on heating, then coalesce into a single line when
jumping frequency sufficiently increases as compared to the line
splitting. The potential wells are produced by the Jahn-Teller effect
which is responsible for a strong axial distortion of the Cu?* coor-
dination octahedron as it is indicated by strong g-factor rhombic-
ity. At low temperatures, below of about 20 K, all Cu?** complexes
are localized in the deepest potential well and the low temperature
EPR spectrum does not show any trace of the spectrum from the
two other wells. The increase in temperature leads to transitions
between the two lowest energy wells, without localization in the
higher energy well. This effect can be described in frames of the
classical motional averaging theory or vibronic averaging model.
Both approaches have some drawbacks and are outlined below.

340
8.982 GHz

320 -

300 -

280 |~

Magnetic field (mT)

260 [~

0 50 100 150 200 250
Temperature (K)

Fig. 10. Temperature variation of the line positions. Solid lines are guides for the
eyes only.
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Classical motional averaging theory can be formulated in terms
of general Kubo-Tomita theory [15], which leads to a complicated
description by correlation functions and it does not allow a
straightforward description of experimental results [16]. Another,
commonly used approach is an adapting of the Bloch equation to
include the jumps or exchange of sub-system magnetizations
[17]. The above theories are used in description of motional aver-
aging effects in hyperfine structure of free radicals with isotropic
g-factor. We have generalized this description for the case of differ-
ent g-factors [18,19]. This is essential in description of exchange
averaging effects for Cu?* displaying strong g-factor anisotropy.

EPR spectrum (the first derivative of absorption) of two Lorentz-
ian lines A and B having different g-factors, affected by jumps of
frequency f has the shape Y(B):

The difference in the g-factors significantly influences tempera-
ture averaging compared to that expected when g4 = gg. It is shown
in Fig. 11 where both cases are compared. The collapse of lines hav-
ing identical g-factors is symmetrical and appears at a lower tem-
perature. The difference in g-factors produces asymmetric line
coalescence. Moreover, the high-field line position can be deter-
mined directly from the spectrum for low temperatures only. For
highest temperatures the derivative has no zero-value. It can be
recognized from the inset of Fig. 11 where the shape of two-com-
ponent spectrum is shown at different temperatures as calculated
from Eq. (4). A general observation is that even for two identical
and very narrow lines having different g-factors the averaging is
asymmetric (high-field line is more broadened) and is expanded
for a larger temperature range.

(W, — 2(B — Bo)f|(W? + W32) — 4(B — Bo)W; — (I'o + 2f)Wh][(B — Bo)W; — (I'o + [)W5)]

BN W2+ W2y

Wi = (B BB Bu) — o+ 2f 20 [ravor 0

84+ 83 8a + 83
8488
+4f* =428 4
(gA+gB)2 @
8a 85
Wy =(B—By)|Ig+2 7]+BfB [F +2 7}
2= A){B e R L )

Resonance fields of the lines at rigid limit are B, = 71.4484Vvy/ga
and Bg= 714484V0/g3

The half-field linewidth I is related to the peak-to peak line-
width I'as = (v3/2)AB”.

I'o = (I'a+T%)/2, Bo = (B4 + Bg)/2. All parameters are given in
mT and f(mT) = 0.0357[(g, + &5)/(g485)|f (MHz). N is a normaliza-
tion factor.
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Fig. 11. Motional averaging of the two-line positions B, = 265 mT and Bg = 300 mT
due to jumps with temperature dependent frequency f= 700 exp (—80/T) for lines
having different g-factors (solid lines) or having identical g-factors (dashed lines). B
and B, are fields where absorption spectrum has maxima (where derivative
spectrum amplitude is equal to zero) as it can be recognized for averaged lines of
initial width 0.1 mT at: (1) 70K, (2) 140K, and (3) 220 K (see the inset). The two-
line spectra in the inset were generated using Eq. (4).

Our goal is the determination of the jump frequency f from
experimentally measured line positions B (g-factors). These can
be found as peaks in absorption spectrum at points where first
derivative is equal to zero, i.e., Y(B) = 0. The linewidth can be taken
as I' = 0 because not the lineshape but g-factors will be analyzed.
Thus, the jump frequency can be calculated from Eq. (4) as:

2 _ 4KWi(B - Bo)> — KW? — 3(B — Bo)W?

5
! 4K? + 8KW, — 12K (B — By) ©)
where
&a 8B
BB g T B Mg g,

B is position of the shifted line, i.e., B; or B, for line A and B, respec-
tively. Eq. (4) reduces to well known expression

By — By =1/(Bsa — BB)2 — 8f2 for g4 =gs. Eq. (5) can be used for fre-
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Fig. 12. Jump frequency temperature dependence calculated using Eq. (5) from two
resonance fields corresponding to g, (open circles) and g, (full circles). The solid line
is the fit to Eq. (6).
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quency f determination separately from B=B; or B=B,. Taking
By =71.4484v,[g, and B, =71.4484v,/g, from data presented in
Fig. 10 we have calculated temperature dependent f-values as sit
is presented in Fig. 12. An assumption of the over-barrier jumps de-
scribed by Arrhenius equation f = f, exp(—d12/kT) leads to parame-
ters fo=0.5x10°s"! and unrealistically low energy barrier
512 =60 K =42 cm™!. Thus, classical over-barrier jumps can be ex-
cluded. Other mechanisms of the barrier crossing between non-
equivalent potential wells should be considered as phonon induced
tunneling (tunneling through oscillating barrier) or phonon con-
trolled tunneling via excited vibrational (or vibronic) level. The first
mechanism producing incoherent tunneling is driven by phonon
motions and leads to temperature dependent jump frequency pro-
portional do T (for direct phonon process) and proportional to T3
or T’ for Raman phonon process [20,21]. These dependencies do
not fit our experimental data. The second mechanism including en-
ergy difference AU between the wells gives temperature depen-
dence of tunneling frequency in excited state of energy &, in the
form [22]:

1

f:E1+emmwnmn ()

where the pre-exponential factor is not simply an attempt fre-
quency, as usually, but depends on the probability of tunneling,
the width of the excited vibrational level and energy difference
AU between the wells.

Solid line in Fig. 12 is the best fit to Eq. (6) with fo=1.1 x 10°s~!
and &1, =101 K=70 cm~". Thus, the mechanism of coherent tun-
neling in excited state involves thermal excitation of energy
70 cm™!, tunneling through the barrier and decay to the ground
state in the second well. This mechanism, if effective, warrants
Boltzmann population of both wells when only deepest well is
occupied at very low temperatures as it is in our case.

It is visible from Fig. 12, that apparent line positions (g-factors)
experimentally determined for temperatures larger than 120 K are
disturbed by line broadening and are not useful when Eq. (4) is
applied.

The question is if we would obtain the same value of fy and 615 if
another averaging model is applied. The widely used is phenome-
nological Silver-Getz model [23] modified by Riley-Hitchman [24],
which assumes that the observed g-factors are the weighted aver-
ages of the potential well population. Since the highest energy well
is not populated in the studied temperature range (as shown by
temperature independent gy-factor) the experimental g-factors
can be calculated as

g,(T) = Nig2, + N»g2,

(7)
8(T) = Nigyy +Nag),

where N; is the well population with N; + N, = 1 and gJ, is the rigid
limit g-factors (i=x, z) in first and the second well (k=1,2). The
Silver-Getz model assumes that the g-factors are identical in both
wells and then the well’s populations can be calculated from exper-
imental g-factor values as N, = (g,(T) —g2)/(g% — g2) = (g,(T)
—29)/(g° — £9). Assuming the Boltzmann well population the energy
difference between the wells can be evaluated as i, = —kTIn
(N1/N3).

Temperature variations of g, and g, are shown in Fig. 13 where
calculated barrier height is also presented. The Silver-Getz model
assumes that the barrier §,, is temperature independent. In our
case it is true for temperatures larger than about 120 K with
812 =118 K=82 cm™!. This value is close to that determined from
results of previous model shown in Fig. 12. Application of the Sil-
ver-Getz model to Cu?* complexes in Tutton salts [25,26] and in
Cd(HCOO),-2H,0 [27] confirms that the §;, varies with tempera-
ture suggesting restricted validity of the model.

2,40 .~ 118 K=82cm”

2,35

2,30

2,25

g-factors

2,20}
Silver-Getz model
2'15 1 1 " 1 L 1

225}

200
175

150 KW

125

Barrier height 3, (K)

0 50 100 150 200 250
Temperature (K)

Fig. 13. The g-factor temperature dependence (upper) with fit to the Silver-Getz
model (solid line) with jumping between two potential wells differ in energy of
812 =82 cm™!, as estimated from the straight line in the barrier height temperature
dependence (lower). The inset shows the two-well model parameters used in
discussion of the results. The g, =2.0335 and is temperature independent.

A decrease 51, on heating below 120 K indicates that the Silver-
Getz model assumption of Boltzmann population is not fulfilled at
low temperatures. We have drawn the similar conclusion from
Cu?" behavior in (NH,4),Mg(S0,4),-6H,0 [28]. This suggests that
the phonon induced tunneling via excited vibrational state of en-
ergy 61, being intra-well jumps mechanism, as we discussed above,
is not sufficiently effective at low temperatures. This conclusion is
clearly supported by the observation that the model with Boltz-
mann population starts to be valid at a temperature where thermal
energy is comparable with excited vibrational level energy, i.e., of
about 120 K. Boltzmann population exists between vibrational
levels in every well but not necessary between the wells at
low temperatures. The deviation from the Boltzmann population
is also visible in theoretical plots (solid lines in the upper plots of
Fig. 13).

Simultaneously with the g-factors the hyperfine splitting is
dynamically averaged as it is presented ion Fig. 14. However, it
tends to an averaged value lower than the expected (A? + A?)/2 va-
lue. We have observed a similar behavior for Cu?*in other crystals
with the dynamical Jahn-Teller effect [27-30]. From Eq. (3) it is
visible that it can be explained as due to a decrease in value of
the MO-coefficient o or value of the Fermi constant x. Assuming
that xk = 0.284 is temperature independent, as intra-ionic parame-
ter, we calculated the temperature variation of o from Eq. (3). This
is shown in the lower part of Fig. 14. Nearly linear decrease of o on
heating displays continuous increase of the delocalization of the
unpaired electron spin density on the ligands in the water-coordi-
nation plane. Correction of the measured A(T) dependence taking
into account the o(T) effect leads to the temperature dependence
shown by open circles in Fig. 14. Theoretical plots of Silver-Getz
model are shown by the solid lines. This figure confirms that there
is a clear deviation of the model assuming the Boltzmann popula-
tion from the experimental point at low temperatures.

Both motional averaging models presented above give similar
barrier height for the inter-well jumps and can be consistently
interpreted in terms of phonon induced tunneling in excited vibra-
tional state. The models have some simplification assumptions.
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Fig. 14. Temperature dependence of the hyperfine splitting A (upper) and electron
spin density coefficient o2 in the ground state (lower). Experimental points are
marked with full circles. Open circles show results corrected for o> temperature
dependence with solid line being fit with Eq. (3). The A,=62.7 x 10 *cm™" is
temperature independent.

The Silver-Getz model assumes the Boltzmann population of the
wells produced by Jahn-Teller always exists, whereas the model
based on the generalized Bloch equations does not take the Boltz-
mann population into account at all. Silver-Getz model gives bar-
rier energy only, whereas the second model gives also the jump
frequency. The first model is valid at higher temperatures where
thermal energy is higher than 6,5, whereas the second model is va-
lid at lower temperatures even when the Boltzmann population of
the wells is not achieved yet.

Our results suggest that a direct tunneling does not operate be-
tween the ground vibrational states in the two neighboring wells.
It means that the tunneling splitting of the ground state is much
smaller than the energy difference AU between the wells and
moreover, an incoherent phonon-assisted tunneling via oscillating
barrier is not effective.

4.4. Electron spin relaxation and ESEEM spectroscopy

In the course of pulsed EPR experiments we have measured
spin-lattice relaxation time T; and electron spin echo decay de-
scribed by the phase memory time Ty. At first step we determined
T, and Ty along local g tensor direction x, ¥, and z. No considerable
difference was found. Thus, temperature dependence was recorded
along the z-axis only by pulsed excitation of the line marked by
asterisk in Fig. 5 in the temperature range 4.2-60 K. Above 60 K
the electron spin echo signal decay becomes very fast because
EPR lines become homogeneously broadened. As a result the echo
signal decays in the dead time of the spectrometer (about 80 ns).
The spin-lattice relaxation time was determined from the recovery
of magnetization formed after pulse excitation. The magnetization
decay was monitored by two-pulse ESE signal amplitude decay.
The recovery was exponential in the whole temperature range
and described by the following equation:
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Fig. 15. Temperature dependence of the spin-lattice 1/T; (points) and phase
memory 1/Ty (squares) rates. Solid lines are fits to Egs. (9) and (10), respectively.
The inset presents magnetization recovery at 20 K with single exponential fit with
Ty =39 ps (solid line).

where My is the equilibrium magnetization (for t — o0) and M, is
the initial magnetization value after excitation (for t = 0). The recov-
ery of magnetization at 20 K is shown in the inset of Fig. 15, where
the solid line is the fit to Eq. (8). The relaxation rate 1/T; is temper-
ature dependent as it is shown in Fig. 15. Strong acceleration of the
relaxation rate with temperature is characteristic for two-phonon
Raman relaxation processes [31] which, in Debye’s model of phonon
vibrations, can be described as [32]:

4
1 on’ 1110PNa 25 1973 <51\Vm\32>
T (Raman) = (671 P ) ——

1 Acr
T° T°
X @fg)o]s(@D/T) =C @7})0]8(@D/T) 9

where p is the number of atoms in vibrating molecule, N, the Avoga-
dro’s number, M the molecular weight of a compound, p the crystal
density, and A, is the orbital splitting corresponding to appropriate
g-factor (in our case g;). These parameters describe properties of the
studied material and can be known a priori. The spin-phonon cou-
pling parameter (s;|V("|s) is unknown and cannot be theoretically
calculated (only roughly estimated). Thus, usually the above equa-
tion is parameterized to the lower form of Eq. (9) where the only fit-
ting parameter is the Debye temperature @p when it is not available.
An analytical form of the transport integral Ig is already known [33].
When @p is known the spin-phonon coupling can be determined
from experimental data and Eq. (9). Thus, although the 1/T; (T)
dependence is a smooth and monotonic curve one can obtain explic-
itly one of the parameters. Our results are well fit with parameters
c'=28x10""2K s and ®p=172K, but small term bT linear
with temperature had to be added with b = 0.2 K~ s~!. The plot with
these parameters is shown by solid line in Fig. 15. The spin relaxa-
tion Debye temperature value is usually lower than that determined
from specific heat or elastic constants measurements [32], thus it
should be treated as lower limit of possible @ Lowering of @ from
its calorimetric value is due to a contribution of a local mode of
vibration usually appearing for doped Cu?* ions [32].
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Fig. 16. ESEEM spectrum obtained as Fourier Transform of the echo modulations
recorded at 10 K and 9.806 GHz. The decaying echo amplitude is presented in the
inset with two decay functions (dashed lines): upper for Ty determination; lower
for subtraction before the Fourier transformation.

Electron spin echo amplitude V decreases when interpulse inter-
val 7 increases. This is due to a dephasing of the precession motion
of spins after excitation. The echo amplitude is strongly modulated
as it is shown in the inset of Fig. 16. Thus, the effective decay func-
tion can be written as V= Vgecay - Vinoa. The decay function Vgec,y is
an envelope of the modulated decay as shown by a dashed line
(upper) in the inset and can be described as Vgecqy = Vo exp(—bt—
mt?) [34,35]. The first term describes temperature independent
contribution from instantaneous diffusion and from temperature
dependent spin-lattice relaxation processes with b-coefficient
increasing with temperature. The second term describes tempera-
ture independent contribution from spectral diffusion. The temper-
ature independent contributions dominate at low temperatures
below 15 K. An effective phase memory time Ty was determined
as the time where the decay function falls down to the V/e of its ini-
tial value. Dephasing rate 1/Ty; slowly increases with temperature
as it is presented in Fig. 15 and described as

111
™m(T) 19 Ti(T)

where temperature independent contribution is 1/T% =0.45
x 10°s~" and the term 1/T; is given by Eq. (9). The 1/T%-value is
typical for a dephasing produced by the instantaneous diffusion
between excited spins forming echo signal [34,36] whereas the
temperature dependent contribution arises solely from the spin-
lattice relaxation.

The electron spin echo amplitude modulations V04 are due to
weak dipolar coupling with surrounding magnetic nuclei. After
subtraction of the decay function (lower dashed line in Fig. 16)
the modulation function suitable for Fourier transformation was
obtained. The Fourier Transform gives pseudo-ENDOR spectrum
(ESEEM spectrum) with peaks at Larmor frequency of modulating
nuclei and its harmonics. The spectrum is shown in Fig. 16. The
spectrum is dominated by peaks produced by 'H nuclei around
proton Larmor frequency 13.14 MHz and contains a peak from
chlorine nuclei at 1.37 MHz. The peak at of about 5.6 MHz cannot
be directly assigned. It can be due to harmonic or sub-harmonic
of basic frequencies or their combinations like a combination of
the main peak frequencies at 10 MHz and 16 MHz, or a four-har-
monic of chlorine frequency. The proton peaks consist of the inten-
sive doublet with splitting of 5.75 MHz, weak doublet with
splitting of 0.58 MHz overlapping the matrix line from distant nu-
clei, and the first harmonic line at about 26.3 MHz. The strong dou-
blet arises from protons located at distance 0.245 nm from Cu?* (in
point dipole approximation). The high intensity of the doublet line

(10)

indicates a considerable amount of equivalent modulating protons.
They can be identified as belonging to the coordinating water mol-
ecules. Such a situation appears when magnetic field is aligned
along the z-axis of Cu?* complex at Zn; site (as in our electron spin
echo experiments), where eight protons in nearly equivalent posi-
tions exist. It does not appear, however, for the other Zn-sites.
Thus, electron spin echo measurements confirm that doped Cu®*
ions are located at Zns sites. The weakly split doublet superim-
posed on the matrix proton line arises from water molecule pro-
tons located at distance of about 0.55 nm. They can belong to the
two water molecules marked as Ws (one of them marked as
W}®¢ is visible in Fig. 2) at distance 0.521 nm.

5. Conclusions

In kainite and its Zn-analogue four structurally different Zn-sites
(every in four different orientations) exist where Cu?* can replace
host zinc ion. We found that only one site is preferred for Cu®* occu-
pation. In this site Cu?" is coordinated by four water molecules and
two SO4 groups. The other not occupied or weakly occupied sites
have octahedral coordination with four SO4 groups and two water
molecules. Thus, during the crystal growth from a water solution a
built up of Cu?* complexes having four H,0 is preferred. Cu?* substi-
tuting Zn?* strongly deforms host lattice environment with an elon-
gation of the coordination octahedron along SO4-Cu-SO4 direction
(z-axis) and with rhombic distortion in the perpendicular plane as
it is expected for strong Jahn-Teller effect. It is responsible for the
strong g-factor anisotropy. The mixing of the d,. . and d. in the
ground state as well as the spin density delocalization via excited
orbital states dy, and d,, have dominant influence on the spin-Ham-
iltonian parameter values. The mixing, although small, significantly
shifts the g-factors and additionally reverses g-factor sequence. A
relatively strong delocalization (up to about 30%) via exited anti-
bonding orbitals is allowed by close and asymmetric location of
Cl~ ions with respect to the Cu?* complex.

One can expect, that thermally excited reorientations of the com-
plex will involve a rotation around the z-axis, i.e., in-plane jumps of
water molecules between x and y directions. We have found how-
ever, that this is not so. Instead of this the three potential wells of
different energy are formed along the x, y, and z directions of Cu?*
complex. At low temperatures (below 20 K) all Cu®>* complexes are
localized in the deepest potential well. Thermally excited jumps ap-
pear between two lowest energy wells only, i.e., the complex reori-
ents between z and x directions. This is a typical behavior for the
dynamic Jahn-Teller effect in Cu?>* complexes. We have found that
the population of the higher energy well at low temperatures is
smaller than that predicted by the Boltzmann statistic. Boltzmann
population is reached when thermal energy becomes comparable
with energy of the first exited vibrational level allowing effective in-
ter-well tunneling. For this reason the widely user Silver-Getz mod-
el of inter-well’s jumps is valid for high temperatures only. In low
temperature range the classical model of motional averaging based
on modified Bloch equation gives better results, since it works for
any dynamical population of the higher energy well.

Pulsed EPR measurements confirmed that ESEEM spectroscopy is
a strong method for an analysis of local environment of a paramag-
netic center. Dipolar splitting observed in ESEEM spectrum con-
firmed our assignment of Cu?" localization in the KZnClSO,4-3H,0
unit cell.
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