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Temperature dependences of the CW-EPR spectrum as well as the electrolatsigia relaxation timerl;

and phase memory tim8, determined by electron spin echo were measured fét @mns in (NH;),Mg-
(SOy),+6H,0 single crystal. The dependences are dominated by vibronic behavior of the@gt(Htomplex

and connected to the dynamic Jatireller effect producing reorientations between two lowest energy wells

of the adiabatic potential surface. Below 70 K the static Jareller effect is observed, and the system is
strongly localized, by the local strains, in the deepest potential well leaving higher wells not populated. Above
this temperature the second well becomes progressively populated, and a rapid averaging, ehthg,

factors as well as corresponding hyperfine splittings appears. The Boltzmann population of these two wells
is achieved at 160 K. Simultaneously withfactors averaging a continuous broadening of the hyperfine
lines is observed with line shape transformed from Gaussian at 70 K to Lorentzian at 160 K. The averaging
and broadening processes are thermally activated with energy hagrier108 4+ 3 cni! = 156 K= 1.26

kJ/mol being the energy difference between the two deepest potential wells. Electron spin relaxation was
measured below 50 K where electron spin-echo signal was detectable-1&gige relaxation is driven by

the direct and Raman processes with relaxation rate=t/aT + bT° as expected for dynamic Jahmeller
systems. Spiftspin phase relaxation described by the phase memory Tyngepends on temperature as

1/Ty = a+ bT+ cexp(—A/KT) with A = 1024 2 cnt. At low temperatures the higher energy well is not
populated; thusA can be assigned as the energy of the first excited vibronic level in the deepest well. The
A andd; are temperature-independent, indicating that adiabatic potential surface is not affected by temperature.
We suggest that the deviations of experimental data from theoretically predicted vigifawitors averaging
observed for Ctf in many Tutton salt type crystals are not due to temperature variations of the local strains
or barrier height but are due to the fact that Boltzmann population of the potential wells cannot exist at low
temperatures. This effect is especially pronounced fér @ns in (NH,).Mg(SQy)2-6H,0 since the energy

A of the first vibronic level is lower than the energy differerigg between adjacent wells. In such case the
phonon-assisted tunneling jumps between the energy wells induced by two-phonon Raman processes via
virtual state of energy,, become to be effective whedl' > d:,/2, and the Boltzmann population of the
second well is achieved via direct phonon process when thermal phonons of &fietgy, . are available.

1. Introduction fluxional behavior is observed as temperature variation of the
g-factors in EPR experiments. This is due to the temperature-

_A constant interest in the Jafeller type activity and — genengent mixing of theAlstate into the ground statged
vibronic coupling in solids is currently stimulated by searching and is described currently by two models: a simple Sitver

of the high-temperature superconductivity mechanisms in cop- Getz (SG) modéland more general RileyHitchman (RH)
per(ll) oxided and dynamical bond deformation in fullerene model®1° in terms of the intrawell and interwell dynamics of
moleculeg. Moreover, still open questions exist in paramagnetic the th;ee-well adiabatic potential surface. The form of the
salts with Jahr Teller active ions, particularly for Gt in potential surface for an octahedral Cu@2" complex results
Tutton salt type crystals of general formuldM" (SOy)z-6Hz0 from a coupling betweerE, electron states and the Jahn
where M = NHj, K, Rb, Cs, Tl and M = Cu, Zn, Cd, Mg, 1g|er.activee, normal vibration mode® The displacements

Co, Ni, Mn. The fluxional behavior of the Cuf®)s*" corresponding to the, normal coordinates expressed in polar
octahedra was observed by EPR both in copper(ll)-doped COOI’dirF])ateS agre € P P

diamagnetic Tutton safis® and in pure Cu(ll) salt&11 The

molecular and crystal structure details and their temperature Qy=pcosp, Q. =psing Q)
variations were studied in recent years with increasing accuracy
by X-ray and neutron diffraction in hydrogeneétrd4 and wherep is radial distortion parameter, and the ground-state wave

deuterated salt$; 17 and a unified interpretation of the structural function has the form

and fluxional behavior has recently been propoSedlhe .
o= Oy COSPI2) + d, Sin(/2) )

*To whom correspondence should be addressed. E-mail skh@ ) ] ] ] ]
ifmpan.poznan.pl; fax{48-61)86 84 524. The vibronic Hamiltonian contains three terms:
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Hvibronic = H0 + HJT +H (3)
whereHg is a pure vibrational term describing the undisturbed
geometry with harmonic and anharmonk;{term) contribu-

tions:

strain

Hy=
[(Fol2)(Py + P2+ Q.2 + QD) + KyQy(Q,2 — 3R] (4)

wherew is the vibrational frequency, typically of the order 300
cm™1 in Tutton salts;P; and Q; are conjugate momenta and
normal coordinates, respectivelyKs is an anharmonicity
constant, and is the two-dimensional unit operator.

The Jahna-Teller HamiltonianH;r includes the first-order
(linear) couplingA; and the second-order (nonlinear) coupling
Ao

HJT
A(QyU, — QU + AJ(Q,° — QA)U, +2Q,Q.U] (5)

whereUy andU, are pseudospin Pauli operators.

The Hp + Hyr Hamiltonian describes the shape of the
potential energy surface in th@-space. In harmonic ap-
proximation K3 = 0) with linear Jahr-Teller coupling &, =
0) the potential surface has a well-knowfexican hatshape.

At this level of approximation th€y andQ, displacements are
equivalent, and the energy minimum is a circular well of radius
p. When higher order coupling terms are included, the perimeter
of the Mexican hatbecomes warped, giving three equivalent
minima at¢ = 0°, 12C°, and 240. Thus, theMexican hat
potential contains three potential wells, each corresponding to
a tetragonally elongated octahedral geometry with thed
ground state. The degree of warping, i.e., energy difference
between the minima and saddle points, is equajtonheres

~ Agp? ~ 20—350 cnt? in Tutton salts. In a low-symmetry
environment the complex geometry is influenced additionally

by lattice strains. These can be random strains (lattice defects)

or nonrandom strains as chemical bonding, nonequivalent
ligands, and packing effects. The strain effect can be param-
etrized in terms of the lattice strain componefjsand S. in

the Hamiltonian:

strain

H S?UO - SeUe (6)

where § and S are the tetragonal and orthorhombic strain
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Figure 1. Adiabatic potential surface cross section along the Jahn
Teller perimeter calculated for the (NJACu(SQ).+6H,0 single crystal
with parameter$ Aiw = 300 cnT?, Ay = 900 cn!, A, =33 cnTt, §

= —550 cnT?!, andS = 120 cn7t.

temperature and depends on the energy difference between the
two lower minima in the potential surface. This is decided
largely by the orthorhombi& component of the axial strain.

Silver and Get2,in their model describing the, and gy,
gradual coalescence on heating, assume thatt K all
Cu(H,0)s2" complexes are elongated alorgxis direction i.e.,
Cu—O(7) bond. Thus, only well 1 is populated. As the
temperature is raised, well 2, which is higher in energy of
becomes thermally populated. Simultaneously a fast relaxation,
i.e., exchange between wells 1 and 2, appears which is faster
than the splitting (in frequency units) between the respective
EPR lines. As a result, the observed EPR spectrum is a
population-weighted average of two spectra, and a continuous
averaging of two higher moleculay-factors is observed on
heating.

Riley and Hitchman have proposed a more general apptoach
assuming that the temperatugefactor averaging is due to a
Boltzmann distribution over the vibronic levels. Each vibronic
level has its own set of thg-factors, and a rapid relaxation
gives an averagegd-factor. The SG model is a limiting case
of the RH model corresponding to the one (or ocassionally two)
vibronic level in the case of a strong vibronic wave function
localization. This is approximately the case in Tutton salt
crystals due to a large warping term in the vibronic Hamiltonian.
Both models were successfully applied in describing the
g-factors behavior both for copper(ll) Tutton salt crystals and

components, respectively. The strains produce differences infor Cu?*-doped zinc(ll) Tutton salts. The models assume that

the energy between potential wells. The strain effect can be
especially large for dynamic Jahifeller systems withhw >

26 even at low temperatures and for small strain values. A
distortion of the Cu(HO)s*™ complex from regular octahedron
geometry is determined to a first approximation by the Jahn
Teller interaction, while the preferred direction of the distortion
is dictated by the strain. Even a small strain will be vibronically
enhanced and have a large effect on the complex geometry
The potential surface cross section along the Jdareiler
perimeter deduced from neutron diffraction studies for ghNH
Cu(SQ)2-6H,0 crystal®is shown in Figure 1 for tetragon&)
—550 cnt! and orthorhombicS = 120 cnt?! strain
parameters estimated from temperature variations of theGCu
bond length. The axial strain componef§ is negative,
corresponding to a compression acting along the short@u
bond. The high-energy potential well 3 (Figure 1) is related to
the shortest CaO(9) bond of the Cu(kD)e2" which is not
affected by temperature. The long and intermediate Gibond
lengths and corresponding ERR and gy factors vary with

the adiabatic potential surface is temperature-independent. This
assumption was questioned, and it was suggested that the lattice
strains can vary with temperatu¥eproducing variations in
energy barrier between the welfs!1.21

Except for a problem of validity of the above models, other
effects and problems are currently studied and discussed in
Tutton salt crystals. The question is a relationship between
phenomenological lattice stress paramet&sand S and
interatomic or intermolecular interactions and lattice dynamics
parameters. This problem is suggested by the fact that the
direction of the largest Cu@i®)s?>" deformation in the rigid
lattice limit is different for ammonium Tutton salts as compared
to the other. Moreover, this direction can be switched to the
second one by 1.5 kbar hydrostatic pressure or by deuteration
of the crystal>'517which is correlated with changes in the
hydrogen bond network between coordinated water molecules
and SQ?" ions and associated with NH ion reorientations.

The Jahr-Teller dynamics can be influenced by cooperative
elastic coupling between Ctions. Effects such as an increase
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in the barrier height, a change in the shape of ghctor b Cu-0(7) = axis 2
temperature dependence, an increase in the-Jadlter radius Cu-O(8) = axis y
p, and change in the linear coupling coefficigktin copper- O Cu-0(9) = axis x

(1) Tutton salts as compared to the €wdoped diamagnetic
salts were pointed out as a possible effects due to a cooperative
coupling1911.19 The cooperative elastic coupling can appear
also in magnetically diluted systems, but the percolation
threshold for an influence of the coupling on the Jafeller
dynamics in Tutton salts is not known, although our preliminary
data suggest that it can be below of 1% of copper(ll) concentra-
tion. This is in contradiction to the JahiTeller systems with
the three-dimensional array of pulsating octahedra linked with
each other by the common corners, where the threshold
concentration of Ci producing cooperative JakiTeller phase
transition was found as = 0.23 in BaZn;—xCQOs,??2 asx =
0.40 in KeZm—4CaF4,22 and asx = 0.59 in RbMn,Mg;—xF42*
for the Jahn-Teller deformation ordering. The cooperative
coupling in (NDy)>Cu(SQ),-6H,0 can be responsible for the
structural microdomains formation at low temperatures as
reported from high-resolution X-ray diffraction studi¢s.On
the other hand, it is well-known that superexchange coupling
between C&" ions in copper(ll) Tutton salts is very small. This
coupling is different in ammonium and potassium salts and
seems to be dumped by Jakifeller dynamics of the Cu-
(H20)s2" complexed:11

The above-described problems and questions show current
fields of scientific activity in JahaTeller effect problems of
o |0_ns in s_ollds. _Some of tr_lem,_related to th;—:‘ JT""“B”‘?’ along the [§3] direction and the crystal morphology. Copper(ll) ions
dynamics, will be discussed in this paper forCuons in occupy two magnetically inequivalent sites | and Il and deform the

(NH4)2Mg(SQy)2+6H20 single crystal. This ammonium salt, host complex with the-tensor molecular axesx, along Cu-O(9); y,
which has the weaker hydrogen bonds between water moleculesalong Cu-O(8); andz, along Cu-O(7), lying in the plane perpendicular

and SQ? ions and stronger hydrogen bonding betweenyNH  to the [323] direction.

and SQ?" ions®> than other diamagnetic Tutton salts, has been

not studied in detail by EPR methods so far. resolved EPR8 The temperature behavior of the phase memory
Information on the JahaTeller dynamics of the Cu(0)e2* time Ty has not been studied so far by pulsed EPR methods in

complex in Tutton salt crystals was acquired mainly by Cw- Jahn-Teller crystals, and the existing data forCin ZnSife:-

EPR and X-ray or neutron diffraction methods. It seems, 8H20 were obtained from the EPR line width temperature

. ’ iati 29

however, that new data can be delivered by pulsed EPR methodd/ariations:

which are sensitive to the individual spin packets forming . )

inhomogeneously broadened EPR line. Because the spin2- Experimental Section

Figure 2. Projection of the (NH).Cu(SQ),-6H,O crystal unit cell

packets are very narrow (¥00u4T), they are very sensitive The single crystals were grown by slow evaporation at 300
to the lattice and molecular dynamics. K of a saturated aqueous solution of the stoichiometric amount
In this paper we present the spilattice and the spirspin of ammonium and magnesium sulfate with-02% of copper

relaxation measurements by electron spioho technique.  sulfate. The crystals grew in a form of elongated plates with
There are not many papers reporting electron spin-relaxationwell-developed (032) and (100) planes (Figure 2). The number
measurements in JahiTeller systems, and the available data of Cu?* ions (unpaired spins) in the crystal was determined by
were collected mostly at very low temperatures where relaxation an integration of the EPR spectra using Cy&8l,0 single
rate is suffieciently low to be measured and where, unfortu- crystal as a spin standard. A linear relation betweed™Cu
nately, the JahATeller dynamics is very slow. The data are contentin the mother solution and in the crystal was found with
available mainly for spirrlattice relaxation time whereas the 2 x 108 spins/g for 0.1% solution and 4 10 spins/g for 2%
phase memory tim&y was studied in a few systems only, and solution.

its relation to the JahnTeller dynamics is unknown. This paper Single-crystal EPR and ESE measurements were performed
reports the firstTy measurements over a broad temperature on a Bruker ESP380E FT/CW spectrometer with cylindrical
range and its relation to the vibronic behavior of CpQhs>" dielectric Tky;1 cavity in the temperature range 4.200 K using
complexes in solids. Three papers only report results of electronflow helium Oxford CF935 cryostat. The temperature variations
spin—Ilattice relaxation measurements in Tutton salt crystals. The of the EPR spectra were recorded along the prinaipiictor
direct spin-lattice relaxation process has been identified jn K axesx, y, z at the selected rotational crystal orientation with
Zn(SQy):6H,0:C?t at liquid helium temperatures, and its the external magnetic field in the plane perpendicular to the

magnetic field dependence was measurecbupT at2.25 K26 [323] direction. In this plane thg-tensorz-axis of the I-[Cu-
A cross-relaxation between €uand F&* ions has been studied  (HO)e¢] complex and thex- and y-axis of the 1I-[Cu(HO)g]
by means of the CW-EPR line width changes in ()iiHe- complex are located, as presented in Figures 2 and 3. These

(SOy)2-6H,0.27 The crystals of (NH),Mg(SQy)2:6H,0:CLA" two complexes arise from the two molecules related by 2-fold
were used as a model systems for introducing a new two- symmetry axis in the monoclinic unit cell of the crystalith
dimensional pulsed EPR technique known as electron-Zeeman-Cu(ll) ions substituting the two Mg(ll) sites. The ERRensor
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temperature, 120, 77, and 4.2 K by a rotation of a crystal around
the [323] direction in the microwave resonator. The rotational

v=9.050 GHz, T=45 K pattern is shown in Figure 3, where the princigafactor
rot. [323] Xy directionsx, yi, andz for the two C@" sites are marked and
320 y two spectra recorded & = 5° and® = 50° are inserted. The
It
i

(NH,),Mg(S0,),-6H,0:Cuz* X,-axis

hyperfine quartets are well-resolved in the spectra, and in the
xy-plane they are strongly disturbed by the lines from forbidden
transitions. The forbidden transition lines are comparable in
intensity with the main transitions as can be seen from the stick
diagram in Figure 3 and are due to a relatively strong quadrupole
interaction of copper(ll) nuclei with inhomogeneous electric
crystal field. The quadrupole interaction is comparable with
hyperfine splitting in thexy-plane as was discussed for&in
(ND4)2Zn(SQ)2-6H20.3°

Both theg-factors and hyperfine splittingsare temperature-
dependent whereas tlgy, z axis directions are not. The rigid
limit (4—60 K) spin-Hamiltonian parameters are in the range
typical for C#* ions in Tutton salt crystatsg, = 2.432(2),g,
= 2.105(2),0x = 2.079(2),A, = 120(2) x 104 cmL, A, =
14(2) x 104 cm™1, A, = 37(3) x 10* cm1. The solid lines
in angular variations of Figure 3 are plotted with the above spin-
Hamiltonian parameters.

The principal axis directions coincide with €® bonds as
is shown in Figure 2, and the maximal Jatireller deformation
of the Cu(HO)s*" octahedron appears along the -GD(7)
Figure 3. Angular variation of the EPR spectrum in the plane direction which is in contradiction to the non-ammonium Tutton
perpendicular to the [3 direction at 45 K. The principad-tensor salts wherez-axis is along Ct+O(8) bond. This indicate that

axes are marked for two inequivalent copper(ll) sites, i.e.,zthgis Cw* ions deform the host lattice structure to adopt the
for complex | and the- andy-axes for complex Il. Two inserted spectra

recorded a® = 5° and® = 50° and their stick diagrams show the octahedron geome;ry. typical for (NHCU(SQ)'GHZO; .
main and the forbidden transition lines. Temperature variations of thggfactors and hyperfine split-

tings Ay are presented in Figure 4, a and b, respectively, and
compared with C&" data for analogous ammonium zinc(Il) and
cadmium(ll) Tutton salt$2!

The g factor averaging effect in our magnesium(ll) salt
appears in much narrower temperature range as compared to
the other Tutton salts. The trace of tigeand A tensors is
weakly temperature dependent for Zim (NH4).Mg(SQy)2:-
6H,0 with g, + g, = constant and the small changeg It

300
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260
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Angle (deg)

axes have different orientations for the both sites, producing
two sets of hyperfine quartets in the most crystal orientations.
Pulsed EPR experiments were performed with magnetic field
alongz-axis direction where hyperfine lines from I-[Cu{B)g]
sites are well-resolved. Spitlattice relaxation timer; and
phase memory tim&y were determined by the electron spin-
echo (ESE) technique in the temperature range-8Q@ K.

Above 50 K the ESE amplitude was toq low to be measufed- suggests that the temperature variations are due to mainly to a
TheT, time was measured by the saturation recovery technique . .
dynamical averaging process.

using a six 24 ns picket-fence saturation sequence. The single- This allows to apply the SilvetGetz model for a description

gzﬁgneggg:ar,g%gEet'tzvigozndrrigovﬁge‘gﬁit?%ggofsd ig'i/er'_lﬁlhsr; of the g(T) variations. This model assumes that the observed
9 y P P g-values are weighted averaged of the adiabatic potential well

distance. onulation:

Phase relaxation described by the phase memoryTimeas pop '
measured as a decay of the Hahn echo generated by two 16 ns N N N
pulses vs interpulse distance. The initial interpulse distance was g,= —19 .+ —Zgy2 + —3gX3
set to 96 ns. The decay was strongly modulated by a weak N N N
dipolar coupling between Gt and surrounding magnetic
nuclei: 'H and“N. Ty was found to be independent of the 9 :mg -I—&g +N_3g )
pulse length up to 72 ns, indicating that the instantaneous yoONH N2 N
diffusion contribution to the ESE decay is negligible.

The relaxation measurements were performed for the samples _ Ny N, N;
with the lowest spin concentration (0.1% in the solution) gx_ﬁgxl+ﬁgx2+ﬁgz3

although a comparison with higher concentrations (1% in the

solution) have not shown differencesTa and Ty values. It whereN = N; + Nz + N3 andN3, N, N3 are the populations of
shows that the spectral diffusion within electron spin system is the first, second, and the third well in Figure 1. The model
weak, and the spin relaxation is governed by coupling to the assumes additionally that the magnetic parameters of the wells
matrix nuclei. The measurements were performed for the four are identical. Neglecting thgy(T) variations N3 = 0) and
resolved hyperfine lines separately. The results have showntaking gx = 2.432 andgy; = 2.106 as the rigid limit values,
that theT; is the same for the all lines. the g-factor temperature variations can be calculated as

3. Results and Discussion 9T =Nyg, + (1 — N)g, (8)

3.1. CW-EPR and Vibronic Effects Angular variations — N+ (1—N
of the single-crystal EPR spectra were recorded at room gy(T)_ 191 ( V9
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Figure 4. Temperature variations of tlgefactors (a, top) and hyperfine
splittingsAi (b, bottom) for copper(ll) ion in ammonium Tutton salts:
Mg(ll), Zn(ll),* and Cd(I)?* Hyperfine splitting data for Cd(ll)
compound are not available.

This allows one to calculate thé temperature dependence,
and assuming a Boltzmann population of wells 1 and 2, i.e.,
Ni/N; = exp(@12kT) whereN; + N, = 1, one can find the
energy difference, between the wells (see Figure 1) as a
function of temperature. The result is shown in Figure 5 and
compared with literature data for some other Tutton salt crystals.
It is clearly seen tha®ti, is not constant over the whole
temperature range, indicating a restricted validity of the Sitver
Getz model which is valid only when thé;, splitting is
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Figure 5. Temperature dependence of the energy differedige
between ground states of the potential wells 1 and 2 calculated using
the Silver-Getz model and experimentaj-factor temperature varia-
tions for C#" ions in Tutton salt crystals: NiMg = (NH4).Mg-
(SQ;)z'GHzo, NH;Zn = (NH4)22I’1(SQ1)2'6H20, NH,Cd = (NH4)2Cd-
(SO4)2'6H20,21 NH4CU = (NH4)2CU(SQ)2‘6H20,11 and KMg =
KzMg(SQ;)z'GHzO.Bl

temperature-independent. Tha, is higher for copper(ll)
Tutton salts as compared to the diamagnetic hosts (see data for
K2Cu(SQ)-6H,0 and (NH,),Cu(BeR).-6H,0 crystaldl), sug-
gesting a cooperative elastic coupling between pulsating Cu-
(H20)e?" octahedra. Théi,is lower for non-ammonium salts
as is seen for G in Ko;Mg(SQy),+6H,0 crystald! indicating

an important role of the S©-NH,4 hydrogen bonds in deter-
mination of the adiabatic potential shape of admixtured™Cu
complexes. The differences in, for ammonium salts of Cd,
Zn, and Mg, visible also clearly ig-factor temperature behavior
(Figure 4a), reflect the slightly different adiabatic potential shape
due to an adaptation of the strains by guest'Cons in the
host lattice.

Thedy2in our crystal is practically temperature-independent
above 160 K withd;, = 108 £ 3 cnmt! = 156 K. The sharp
change fromd15(T) to 61, = constant appears whédT ~ 1.

It means that at this critical temperature the thermal phonons
appear with energy equal to tldg,, allowing to keep thermal
equilibrium between wells 1 and 2. It strongly suggests that
below 160 K the Boltzmann population of the wells 1 and 2
does not exist. Assuming that, is constant over the whole
temperature range, we have calculated the population Katio

N; predicted by the SilverGetz model. The results of the
calculations are compared with experimental data in Figure 6.
It is clearly seen that indeed below 160 K tNe/N; ratio is
smaller than expected for the Boltzmann population of the wells.
Moreover, below 70 K whereg-factors are temperature-
independent well 2 is not populated at all. Looking at the
difference between theoretical line and experimental points at
different temperatures, one can conclude that such effect cannot
be explained as due to a continuous change of the adiabatic
potential surface resulting from the lattice strain variations on
heating. This conclusion is confirmed by pulsed EPR data
described in the next sections. These data show that the
activation energy of the vibronic motions is temperature-
independent in this temperature range. So, we suppose that
below 160 K that the mechanism which is able to keep the
thermal equilibrium between distorted Cuy®)s>" configura-
tions is not effective in our crystal. It seems that this conclusion
is applied also for other Tutton salts (see Figure 5), but the
effect is especially pronounced in (MAMg(SOy),-6H,0 for a
reason that will be more clear after presentation of electron phase
relaxation measurements in the next section.



1702 J. Phys. Chem. A, Vol. 102, No. 10, 1998 Hoffmann et al.
35 — =
E L5l
05} 5/\/ [t TS
A\ °
241K \/ .Lorentz
Al 3.0
0 : 3
S AN
5 03r Silver-Getz * . ok / \/ V
N model experiment 'E 25 i vibronic broadening
z
0.2 z _ .
. & | 3y, =108 cm 1
< = e
0.1 20 & J 2
1
31\{\( AATHRY,
0.0 i
1 1 1 i 1 [ J
0 50 100 150 200 250 15F ® g  ®
T (K) Gauss ®
1 1 1 1 A 1 . 1 1
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SG model which assumes the Boltzmann population with— 108

cm ! = 156 K (solid line). Figure 7. Temperature dependence of the peak-to-peak line width of

. ) _them = +¥, hyperfine line of the complex | measured along #rexis

The conclusion that the population of the second potential (© = 95° in Figure 3). The solid line presents the activation process
well does not follow the Boltzmann law at low temperatures is described by the equatiohB,, = a + bT + ¢ exp(=d1J/T) with a =
not an easily accepted concept, and one should consider otheP.093,b = 0. 000037¢ = 6.7, and the activation barriér, = 156 K
possible explanation of this experimental result. One possible = 108 cnT™.
explanation is that at low temperatures the jumping rate between i L _
two potential wells is slow on the EPR time scale. If this rate Nhyperfine splitting similarly to the effect observed for Tun
is slower than the frequency difference between the EPR spectrdNH2)2Cd(SQ)2+6H,02* The temperature dependence of the
of the two wells, they-factor convergence will be not described ~Peak-to-peak line widthABy, in the temperature range 70
by the SG model. In such case, however, the EPR spectra from160 K can be fitted to the equatiakBy, = a + bT + ¢ exp-
the two wells should be simultaneously observed. It means that(—012/kT) with 61, = 156 K= 108 cn*, and the best fit is
additional EPR lines from the complex located in the upper well Presented as a solid line in Figure 7. Thus, the line width is
should appear between two hyperfine quartets presented indetermined by the same thermally activated process as the
Figure 3 at® = 95° (z-direction) in positions ofy,-lines  Vibronic g-factor averaging, i.e., the jumps of the Cu@)s*"
approximately. Also the lines havirgrpositions and arising complex.between two lowest energy distorted configurations 1
from the complex located in the upper well should appe®@ at ~ and 2 (Figure 1).
= 140 (Figure 3). We have performed additional EPR 3.2. Electron Spin—Lattice Relaxation. Spin—lattice
measurements at temperature range4BK looking for suich ~ relaxation of C&" ions in Jahr-Teller systems has been
lines which are expected to have rather small intensity as considered theoretically in a relation to the vibronic dynamics
compared to the main lines from the lowest energy well. We of the paramagnetic compféx=> although the experimental data
have found no trace of such lines. It strongly suggests that for vibronic Cu(HO)s** complexes are available mainly for
the Cu(HO)e2t complexes are localized in the deepest well at helium temperature regicit;?**¢and only a few papers report
low temperatures. Such a possibility was suggested by Sturgethe temperature variations of the spiittice relaxation time
on page 126 of his papé?,reporting vibronic dynamics of ~ Tiover a large temperature rang§é’/-3 The three mechanisms
Al,OzNi3* system where he stated that when the energy can contribute to the spirlattice relaxation rate in JahkiTeller
differenceds, between the potential wells is much lower that systems: (i) KramersVan Vleck’s mechanism within the
the tunneling splitting B, as is in our crystal, the thermal ground-state doublet in each potential well which is typical for
distribution among the wells will exists at temperatures such S = %> ions without the JahnTeller effect. This effect is
thatkT = d1o. expected to contribute to thl in very low-temperature range

In the same temperature range €760 K) where the rapid ~ when Jahr Teller dynamics is very slow(ii) A direct coupling
g-factors averaging appears, the strong and continuous broadenvia phonons between state of opposite spin in different distorted
ing of the hyperfine lines is observed as presented in Figure 7 Jahr-Teller configurations being a consequence of the spin
for m = 4+, line along thez-axis of the complex |® = 95°, orbit coupling to an excited stat@. This Lee-Walsh mecha-
Figure 3). Simultaneously, the lines showra dependence nism can appear for static Jahmeller effect leading to the
which is characteristic for the dynamic Jatfeller effect (see  relaxation rate temperature dependence of the foymh = aT
insets of Figure 7) and the line shape changes from Gaussiant bT® (for kT > 012 > gugB) with a and b coefficients
(below 76 K) to Lorentzian (above 160 K). Below 70 K there depending on th&iJ/A ratio, whereA. is a crystal field
is nom variation of the line width and the interwell jumping  splitting equal to 1Dq. (iii) Reorientations (jumps) or tunneling
can therefore be ruled out similarly as it was reported fot'Cu  between potential wells. This mechanism was found to
in K2Zn(SQy)26H.03 For higher temperatures whegdactors ~ dominate in most JahtiTeller systems.
are very weakly temperature-dependent the line width variations  The possible reorientations over or through a potential barrier
are very small, and moreover a broad background line appearsbetween adjacent potential wells as well as a phonon-induced
indicating an appearance of the spectrum with fully averaged tunneling have been already treated by quantum mechanical
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theory?® When a system exhibits a static JatiFeller effect,

the transitions between distorted configurations can be thermally
activated. This may occur when the paramagnetic center
absorbs a phonon and makes a real transition to one of the
excited vibronic states. Then it can decay back to the ground
state in a different distorted configuration. For real transitions
to an excited state lying below the top of the barrier between
the wells, the relaxation timefor the recovery of the thermal
equilibrium between the populations of the distorted configu-
ration is

©)

where the preexponential factayis determined by the lifetime
of the excited state and by the tunneling frequencl/i{B
through the barrier in the excited state, dhds the excitated
vibronic state energy. For the levels lying above the barrier
ther! has the form (9) describing the classical jump rate with
E being the barrier height and preexponential factor describing
the classical oscillations in the well.

At lower temperatures, where thermal phonons of the energy
E are not available, the phonon-assisted tunneling can dominate
which for KT > ¢, leads to the relaxation rate

Tt = v, exp(—E/KT)

2
o a4 b7 [T RN (10)

° [exp®) — 1P

where the first term describes a direct transition accompanied
by absorption of a single phonon (direct process) andbiife
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Figure 8. Temperature dependence of the sgattice relaxation rate.
The solid line is a plot of the equatioh~* = 11007 + 0.0105.

processes and described by the equation
T, ' (s = 11007 + 0.01057° (14)

The solid line in Figure 8 is plotted according to eq 14.
The similar temperature behavior ©f was found for C&"

term describes a two-phonon Raman process reduced by the, LaoMgs(NO3)12-24H,0,37 whereas theT; ! = aT + bT3

transport integral, which is dominant foiT > ®p. Thea and

b coefficients depend on the [ where I is the tunneling
splitting. Whendi, ~ KT and dynamical JahnTeller effect
appears, the distorted configurations are mixed according to the
Boltzmann population of the potential wells and the reorientation
rate is

4
rl=aT+bT LGD’TLFMZ (11)
[exp() — 1]
where the terms describe the direct process linear with temper-
ature and Raman processes reducel} nansport integral, with
a andb coefficients being dependent da,.

The spin-lattice relaxation rate is slower than the reorienta-
tion ratez™! since only reorientations with the spin flip give
contributions to the magnetic relaxation. The spin flips are
possible due to the difference in anisotropy of gafactor and
hyperfine splitting for the different configurations. The spin
lattice relaxation timéT; is proportional tor by3°

e
g

where{; are the direction cosines of the magnetic field with
respect to the distortion axis.

=L AN e g e (@)

T, 3

dependence was reported for Zun ZnSikye6H,02° The
Orbach-type exp{E/KT) relaxation was observed for €uin
Zn(Br0s),*6H,0,3¢ although theT,;~! O T dependence was
reported for this crystal als@. In the all of the above crystals
and for Cd* in (NH4)2Mg(SQy)2-6H,0 the T; values in the
temperature range 420 K are of the order of; = 107 s.
This is shorter but not significantly than for Cu?* in crystals
without Jahm-Teller effect, e.g.T1 = 3 x 1074 s for Ci# in
triglycine selenate at 10 K, T; = 1 x 1072 s for C&#* in Ni
bis(diethyldithiocarbamate) at 10 andT, =5 x 1072 s for
Cw?* in LiNbO3 at 10 K# To have a direct proof that Jahn
Teller dynamics governs the spin relaxation in our crystal, we
have measured; for Mn2" ions in (NH;)>Mg(SQy),-6H,0
along thez-axis direction of the Ctf complex, and we found
that at 10 K theTy(Mn2") = 1 x 1072 s#4 The Mr?* is not a
Jahn-Teller ion, and its relaxation in the same host lattice is
of about 2 orders of magnitude slower tharGuindicating a
dominat role of the JahnTeller dynamics in electron spin
relaxation.

3.3. Phase Spir-Spin Relaxation. The phase relaxation,
i.e., a decay of the transversal magnetization, can be measured
by the electron spin-echo (ESE) technique. Results of such
measurements are available only for Cp@¥%2" in La;Mgs-
(NO3)1224H,0 in the temperature range—20 K37 The
modulated single-exponential ESE amplitude decay was ob-

Thus, the general expression for the temperature dependencgerved with temperature dependence of the phase memory time

of the spin-lattice relaxation rate of the JahiTeller active
paramagnetic center is

T, '=aT+bTl,+cTl, + dexpEKT)  (13)
The results of ou; " measurements in the temperature range

4.2-55 K presented in a loglog scale in Figure 8 clearly show
that the spin-lattice relaxation is due to the direct and Raman

governed by direct process only, ikt (s1) =1.5x 1P +
8.25 x 10T.

In (NH4)2Mg(SQy)2-6H,0:CL# single crystals we were able
to detect the ESE signal up to about 53 K. At a given
temperature the two-pulse ESE amplitude decreases when
interpulse distance, increases. It is due to spin and/or spectral
diffusion processes producing random changes of the precession
phase of the excited spins of the spin packets forming an
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The data presented in Figure 9 suggest that the decrease of
Tu on heating is related to the spin packet broadening effect
due to the dynamics of the CufB)s*" complexes. An
exponential term in eq 16 indicates that this is an activation
process with activation energy = 102 cnt?, which lies in
the range of the vibronic level splitting for €uin Tutton salt

) e crystals (see Figure 1). Thus, it seems that spin phase relaxation
0 1000 2000 of CU2 in (NH4)2Mg(SQy),+6H,0 is governed by excitation to
29 a higher vibronic level and decay back, since the population of
well 2 is negligible at low temperatures and no jumps between
wells 1 and 2 exist as was discussed in section 3.1. Such a
mechanism of the phase relaxation seems to be possible due to
the electronic part of the vibronic wave function and is not
efficient for pure vibrational excitations. Equation 16 shows
that at low temperatures the contribution from direct phonon
process dominates, whereas for higher temperatligess
dominated by thermally activated process between vibronic
levels in the same well.
Bllz The phase relaxation measurements show a high sensitivity
= of Ty to the vibronic dynamics. Because of very narrow spin
L 1 i ] packets, theTy shortening can be observed at very low
20 30 40 50 temperatures where CW-EPR spectra are not sensitive yet.
T (K) 3.4. The Barrier, Reorientations, and Spin-Spin Relax-
Figure 9. Temperature variation of the phase memory tifge The ation. The J_ahFrTeI_Igr effect of CU(HO)62+ octahedrons in
solid line is the best fit to the equationTl/ = a + bT -+ ¢ exp(~A/ Tutton salts is classified as a strong effect. It means that the
KT) with A = 102 cn™. The inset shows the modulated decay of the Jahn-Teller stabilization energ¥sr = A%/(2hw) is large as
ESE amplitude at 23 K approximated by single-exponential function compared to the vibronic energy and can be evaluated from
with Ty = 342 ns. the data of ref 5 as of about 1350 ch The warping B of
) . . the Mexican hatpotential surface is also relatively large wjth
mhomogeneously broadened EPR Ilne. An exponentla_l decay — AAZ(hw)? = 300 cnT?; thus, the potential wells are rather
of the ESE amplitud®/(t) can be described by the function deep. Due to the strong Jaheller effect, the splitiing
_ _ between vibronic levels is large and tunneling splitting i8
V() = Vo exp(-tTy), 1= 21, (15) small and can be evaluated from fhwalue®*as I ~ 0.5 cnT?,
o . . which is comparable to thel3= 0.3 cnt?! of Cu(H0)s?" in
The chqrqcterlstlc t!m§M is called. the phase memory time, LasMga(NO3)122H;,0% and NF* in Al,Os (3T ~ 1 cn 1) 3234
and describing the width of the spin packif = L/ABpacker However, the dynamic JahkTeller effect for Cd" in Tutton
whereas the shape of the spin packet is given by th_e Fou"ersalt crystals is dominated by the strains which can be identified
transform of the decay functioli(t). The ESI.E decay in our as the hydrogen bonds between coordinated water molecules
crystal was strongly modulated by a weak dipolar coupling of and surrounding SO molecules. The strains produce an

Cup? to surrogndmg perOﬁH and nitrogen*N nuclei as 1S inequivalence of the three potential wells. The population of
shown in the inset of_ Flgl_Jre 9. The decay_was approximated the two lowest energy wells, differ in energy &, (Figure 1),

:)y €a 1t5 (dashetql I'n?f N the mstetdqf El.gure s)' and the allows to explain the experimentally observed effects.
emperature variation ofw 1S presented in Figure 5. We found, as described above, that the phase—spim

Thlﬁ s;trtc))nglg de_cre?ses on _?eatt'gg' g“i"of;tingra ?Osn;'r:(uof SPIN relaxation, hyperfine line width, and thgefactor temperature
packet broadening from 14T a 0 flula ) variations are thermally activated processes.

mealrtlzir:haééhs EPFT.,["nde bdgcqmes more r:lon;ogenezusband gsSa Phase memory timéy is determined mainly by the transi-
result the ampiitude diminishes on heating, anc above 95,5 1 the excited vibronic level of energy = 102 cnt?!

K the ESE signal is nondetectable. The temperature OleF)emenc‘?Figure 9). The continuous increase in the phase relaxation rate

of Ty was fitted to the equation 1/Ty on heating reflects a continuous spin packet broadening.
1, -1 Thus, one can expect the resonance line becomes homoge-
Ty (5= neously broadened at some temperature; i.e., it will be formed
25x 100+ 1.0x 10°T + 1.8 x 10P exp(~A/KT) (16)  from a single spin packet. The width of such a line can be
described by the effective spirspin relaxation timeTy* O
whereA = 102+ 2 cn!, and the best fit is presented by the  1/AB,, and the line should be continuously broadened, reflect-
solid line in Figure 9. ing spin packet behavior when temperature increases. It is
There is no theory of the electron phase relaxation in the indeed observed in the temperature range 80 K (Figure
Jahn-Teller systems although there exist the theories for the 7), where the line shape continuously changes from Gaussian
systems without the JahiTeller effect. These theories predict o Lorentzian. For the Lorentzian line the relation betw@&gh
that for sufficiently low C@" ion concentration the spectral  and AByp is
diffusion within the unpaired electrons system can be negligible,
and then the phase relaxation is governed by nuclear spectral TH[s] = 13.1306_ 10°° (17)
diffusion, i.e., random fluctuations of the local dipolar field 2 gAB,, [mT]
produced by the matrix nuclei and modulated by paramagnetic
center and/or molecular motioA3%¢ This is the case in our The calculated T»* from data of the Figure 7 are compared
crystal. with 1/Ty in Figure 10. Both the T%* and 1/Ty temperature

T

400
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Figure 11. Three mechanisms of interwell transitions when tunneling
splitting is very small (B<< 012): (&) phonon-controlled tunneling from
the excited vibronic state, (b) no tunneling is possible from the excited
state, (c) the two-phonon Raman proceghonon assited tunneling
mechanism.
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TABLE 1: Energy of the First and Second Vibronic States
(in cm™1) of the Cu(H,0)e2+ Vibronic Complex in Tutton
Salts AM(SO,)2+6H,0

AM KaZn RbZn NHsZn CsZn NH:Mg

012 75 (72) 153 181 235 108
D 120 (187) 216 235 292 102
ref 3(5) 5 5 5 this paper

to the other salts wher > 61, we foundA < d;, for CU?* in

6 , , . , , , (NH4)2Mg(SQy)2*6H,0. This seems to be the main reason of
10 0 001 002 003 004 005 0.06 difference in vibroniag-factors behavior in magnesium(il) salts_

- and the other Tutton salt crystals and can be understood looking
1T (K . utton sal : i

_ ) o ) on possible excitations in an asymmetrical double-well potential
Figure 10. A log—log plot of the effective spirspin relaxation rate  for the case of a low tunneling probabillity between the vibronic
1/T,* vs reciprocal temperature calculated from the hyperfime € ground states as discussed below.

-+15) line width (Figure 7) at high temperatures and equal to tig 1/ . .
at lower temperatures. The solid curves are the best fits to the equation Our experiments show a non-Boltzmann population of the
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1/T* = a+ bT + c expE/KT) with (1) a= 17. 4x 10°s %, b = potential energy wells at low temperatures but a Boltzmann
6928 s1K1c=12.4x 108 sl E= 6, =108 cmrt and (2)a = population of the vibronic levels in the deepest well. It means
2.5x 1fs, b=1000s'K1c=1.8x 1®s ! E=A =102 that the excited vibronic levels of the deepest well become
cm. Curves 1 and 2 are shown also in Figure 7 and Figure 9. progressively thermally populated as temperature raises, but
o ) simultaneously the mechanisms that can allow to jump the Cu-
variations can be fitted to the same equatidsf)* = a + bT (H20)62" complex to the second well are not effective at low
+ ¢ exp(-E/KT) with differenta, b, andc andE = 41, for the temperatures. These mechanisms can be related to the interwell
line width 1/T;* and E = A for the phase relaxation. T# is tunneling or to the real jumps over the barrier. The overbarrier

larger than Tfy, indicating that phase relaxation is only one of = jumps are not probable at low temperatures because the barrier
the contributions to the total line widthBy, which can be s very high in Tutton salts, owing the large value of the warping

written as term in the vibronic Hamiltonian. The direct tunneling between
the ground states of the adjacent wells does not exist since the
AB,, O Ang + 1 + 1 (18) tunneling splitting ¥ is very small as compared to the energy
Tvw 2T, differenced;, between the wells: B (0.5 cntl) < 1, (108

cm~1). But tunneling processes are still possible via excited

The first term is a background line width and can be due to states lying close to the barrier top. The processes can occur
not complete homogeneity of the line. The last term is due to via real excited vibronic state of enerdy and are calledhe
the spin-lattice relaxation contribution which becomes com- phononrcontrolled tunnelingor, via a virtual energy levethe
parable to theTy contribution close to 100 K. Thus, only a phononrassisted (induced) tunnelifg® These processes are
part of the resonance line is determined by spin-relaxation schematically shown in Figure 11. The phonon-controlled
processes, and this contribution can be related to the vibronictunneling is possible wheA > d:, as shown in Figure 11la.
dynamics and reorientations between distorted Jdhatler The excited vibronic level Il is thermally populated. From this
configurations. The total line width can be, in principle, excited state the system can tunnel to the second well and then
calculated using more sophisticated theories of the magneticdecay to the ground state of this well. The Boltzmann
relaxation in JahnTeller system$d’ The above comparison  population of the second well is kept over the whole temperature
between the line width and the relaxation times clearly indicates range. Whem\ < 61, (Figure 11b), however, no tunneling is
that there exists a relation between these parameters, but this ipossible from the excited state Il into the second well. So,

not a direct proportionality. So, an evaluation of fheor Ty although the level Il has Boltzmann population, the second well
from the line width behavior at higher temperatures, which is is not populated at all up to the temperature whefe= d;,. It
commonly use in EPR experiments, as for example fér"Qu seems that this is the case suggested by Sf#drgBuch a
ZnSik*6H,0,2° seems to have a restricted validity. situation we found in our crystal, and a similar situation can be

In (NH4)Mg(SQy),:6H,0 crystal, the difference between expected for C# in CsZn(SQ),-6H,0 as suggested by Figure
energyA determined fronTw(T) andd;, determined from the 3 of Hitchman's papet.
SG model ofg-factor vibronic behavior andByy(T) is rather The thermal population of the both wells can be kept even
small but seems to be essential. Thanddi, for Cu(H0)s2" when no thermally accessible vibronic state exists. It can be
in different Tutton salts are summarized in Table 1. In contrast done by phonon-induced transitions via a virtual energy level
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when the direct and/or Raman phonon processes are effectivebut slowly averaged according to the Silvé&etz model with

The direct phonon excitation to the virtual state Il of eneEgy
and subsequent tunneling to the second well appears &hen
> 01pi.e., forT = 156 K where thermal phonons of energy

the energy differencé;; = 108 cntl. The EPR lines are
Lorentzian and homogeneously broadened.
Both the vibronic level splitting in the low-temeperature range

are available. The two-phonon Raman processes begin to beand the barrier height in the higher temperature range are

effective in population of the second well whif > 012/2 as
shown in Figure 11c, i.e., foF = 78 K where two phonons of

temperature-independent, indicating that the adiabatic potential
surface is not affected by temperature in the whole temperature

energydi/2 can put together producing the excited virtual state range. Thus, according to our data, the previously observed
of energydi2. These two critical temperatures can be clearly deviations between theoretical predictions and experiments
recognized in Figure 6 where the population of the second well explained tentatively as a result of the temperature dependence
starts aff > 70 K and the Boltzmann population is reached at of the local strains or/and the barrier heijif-1821can have
about 160 K. The higher order Raman processes as well as thdifferent interpretations. The adiabatic potential surface deter-
direct and Raman processes in excited vibronic state Il (Figure mined by JahrTeller and strain forces is stable, but the

11b) are not effective as is indicated by our experimental data.

4. Conclusions

Dynamic behavior of Cu(kD)s>" complexes in the (Nkj,-
Mg(SQy)2:6H,0 lattice can be explained by taking into account
the vibronic energy levels and their thermal population in the
two lowest wells 1 and 2 (Figure 1) of the adiabatic potential
surface, similarly to C# in other Tutton salt type crystals.
Existing models of the vibronic Cu@®)s?* dynamics are based
on the experimentally determined temperature variations of the
g-factors and line width of the Cti EPR spectra and X-ray
and neutron diffraction studies. We found that an additional
and very essential piece of information is supplied by the

temperature dependence of the electron phase relaxation studie
by electron spin echo (ESE). The EPR and ESE temperature;

variations can be divided into three distinct regions:

Below 70 K. The Cu(HO)** complexes are strongly
localized in the deepest potential well (well 1) by the local
strains with a strong static Jahiieller effect. The upper well

Boltzmann population of the potential wells does not exist in
the whole temperature range and can appear only above the
temperature where the thermal phonons have energy larger than
the barrier height. This effect is especially pronounced fét'Cu
in (NHg)oMg(SQy)2-6H,0 where the most rapigHactor vibronic
averaging appears in a relatively narrow temperature range in
contrast to the other Tutton type salt crystals. Such behavior
we relate to the opposite sequenceAondd, in (NH4).Mg-
(SQy)2:6H,0, i.e.,A < 012 as compared to the CugB)s?" in
other Tutton salt crystals where > 1, (see Table 1).
The spin-lattice relaxation exhibits the temperature variation
1/T; O T® characteristic for the dynamic Jahfieller effect.
The question is, however, why there is no contribution from
Hwe Orbach-Aminov process via the excited vibronic state of
nergyA which is so effective in the phase relaxation. Probably
he excitations to, and relaxation back from, this level are
realized without spin flip or the temperature range for
measurements by the electron spin-echo technique is too narrow
(50 K only) to detect all spirtlattice relaxation processes. On
the other hand, the question is why the Raman processes are

2 is not populated. The EPR parameters are temperature-gffective in spin-lattice relaxation but not in transitions between

independent, and the individual hyperfine lines are inhomoge- the wells. It seems to be due to the fact that the Zeeman energy
neously broadened W|t_h the Gaussmn shape, and therems_no is of the order of 0.3 cmt whereas the interwell energy ds»
dependence of the line width. The phase memory time, — 10g cnrl.

however, strongly decreases on heating in this rigid lattice limit,

and its temperature dependence indicates that the phase relax- acknowledgment. This work was supported by the Polish
ation process is due to the thermally (phonon) activated

excitations to the state with energy= 102 cnt?! (1.20 kcal/
mol) with A being temperature independent. Since the well 2
is not populated in this temperature rangdehas thus to be
considered as the energy of the first excited vibronic level in
well 1.

In the Temperature Range 76-160 K. The first excited
Cu(H:0)e?" configuration, i.e., well 2, is rapidly populated on
heating, but the Boltzmann population of wells 1 and 2 is not
achieved up to 160 K where the thermal phonons’ enéfy
reaches energy, of the ground state in well 2. The most

dramatic changes in EPR spectrum are observed in this

temperature range. Tl andgy factors as well ag\, and Ay
hyperfine splittings are averaged with simultaneous line broad-
ening andABp(m) dependence characteristic for a dynamic
Jahn-Teller effect, i.e., jumps between distorted Jafieller
configurations (potential wells) 1 and 2. The averaging and
broadening are thermally activated with identical activation
energyd;, = 108 cnt?! (1.26 kJ/mol) (see Figure 1). The line

shape is continuously transformed from Gaussian to Lorentzian,

and at about 160 K hyperfine lines are practically homoge-
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