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EPR observation of pseudostatic and dynamic Jahn-Teller effects in Cu +-doped
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X-band EPR studies on single crystals of Cu +-doped MgNa2(SO4)2 4H20 and CoNa2(SO4), 4H20
have been made over the temperature range 113—398 K. Two physically equivalent but magnetically
inequivalent Cu + complexes have been observed in each sample. The Cu + spin-Hamiltonian parame-
ters were estimated in these crystals and found to be independent of temperature below the respective
transition temperatures from pseudostatic to dynamic Jahn-Teller states, and dependent on temperature
above the transition temperatures, which are 339+2 K and 347+2 K for MgNa2(SO4)2. 4H20 and

CoNa&(SO4)&. 4H&O, respectively. In addition, the spin-lattice relaxation times (~) of the paramagnetic
host ions Co + in CoNa2(SO4)2 4H20 lattice have been estimated at various temperatures, using the
Cu + EPR linewidths and an expression appropriate to crystals consisting of two different kinds of
paramagnetic ions. The temperature variation of r with temperature suggests the predominance of
Kramer's Raman process of spin-lattice relaxation over the range 280—300 K.

I. INTRODUCTION

The EPR technique has been extensively employed to
study the Jahn-Teller effect (JTE).' Many observations
of the JTE have been. reported on Cu +-doped single
crystals which have high-symmetry host sites. When
the kinetic energy of the ligand ions can be neglected, a
static JTE is observed, otherwise a dynamic JTE
manifests itself. The present EPR studies of Cu +

-doped MgNaz(SO&)z. 4HzO (hereafter MNST) and
CoNa2(SO4)z. 4H20 (hereafter CNST) crystals are made
in the 113—398-K temperature range; this makes it possi-
ble to observe both the pseudostatic JTE and the dynam-
ic JTE, in the diamagnetic MNST and paramagnetic
CNST host lattices.

MNST and CNST crystals belong to a family of hy-
drated double sulfates other than Tutton salts, known as
astrakanites. Unlike Tutton salts, for which extensive
EPR studies have been reported, EPR studies on only
CNST and ZnNa2(SO4)2 4HzO (ZNST) crystals in the
family of astrakanites have been reported. " No EPR
study on MNST has, so far, been reported. For CNST,
Jain and Yadav' estimated spin-lattice relaxation time
(r) of the host-ion Co +, from the EPR linewidth of an
impurity ion Mn +, using we believe an incorrect formu-
la. Emphasis in this paper is on the determination of the
ground state of Cu + ion in these host lattices, observa-
tion of the pseudostatic and dynamic Jahn-Teller effects,
and estimation of w for host ions, Co +, in CNST from
the impurity Cu + EPR linewidths using the correct for-
rnula. '3
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tion from saturated aqueous solutions, containing
stoichiometric amounts of MgSO4. 7H20 and
CoSO4-7H20, respectively, and NazSO4, to which a small
quantity of CuSO4. 5H20 powder was added, so that
there was one Cu + ion for every 100 M (M=Mg, Co)
ions. Crystals, suitable for EPR measurements, about
3 X2X2 mm in size, grew in about 4 weeks. The growth
habits of MNST and CNST single crystals are exhibited
in Fig. 1.

MNST and CNST crystals are isostructural to that of
ZNST, which is monoclinic with space group I'2, /a, con-
taining two formula units per unit cell. The unit-cell pa-
rameters for MNST are a=1.104 nm, b=0. 815 nm,
c=0.549 nm, P=100.66', being similar to ZNST. For
CNST, the unit-cell parameters have not been reported
but Vegard's law' may be used to estimate their values:
a =1.159 nm, b =0.855 nm, c =0.576 nm, and
P= 100.7'. As seen from Fig. 2, which exhibits the struc-
ture of MNST and CNST, an M + ion is surrounded by
four oxygen atoms lying approximately in a plane, of
which two, referred to as HzO(1), belong to two different

II. SAMPLE PREPARATION AND
CRYSTAL STRUCTURE

Single crystals of MNST and CNST, doped with Cu +,
were grown at room temperature (RT) by slow evapora-

2&O

FIG. 1. The growth habit of MNST and CNST crystals (Ref.
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FIG. 2. The structure of MNST and CNST crystals as pro-
jected onto the a b plane (a *=a sinP) (Ref. 7).

water molecules, and the other two, referred to as O(3),
belong to the two sulfate groups. The M +-0 distance
in the oxygen plane is about 0.202 nm. Perpendicular to
this plane, the oxygen atoms of the two water molecules,
referred to as HzO(2), are coordinated to the M + ion at
a distance of about 0.224 nm. The MOz(HzO)4 complex
forms an elongated tetragonally distorted octahedron,
corresponds approximately to the point group C4„. The
positions of the two M + ions in the unit cell are at (0, 0,
0) and (1/2, 1/2, 0).

III. EXPERIMENTAL ARRANGKMKNT AND KPR DATA

The EPR spectra were recorded on a Varian X-band
V4506 spectrometer. The crystal was placed inside a
TEioz Varian cavity. Diphenyl picryl hydrazyl (DPPH),
for which g =2.0036+0.0002, was used as a reference to
check the accuracy of the resonant frequency and the
magnetic-field values. The line positions were determined
with an accuracy of 0.05 mT. The temperature stability
was better than 0.5 K.

For both the Cu +-doped MNST and CNST crystals,
the angular variations of EPR line positions were record-
ed for the orientation of the external magnetic field (8) in
three mutually perpendicular planes at every 5' interval.
The largest fiat plane (Fig. 1), which contains the crystal-
lographic a and b axes, was chosen to define the XE'plane
with Y~~b; thus the z axis is parallel to the crystallograph-
ic c axis.

and m are, respectively, the electronic and magnetic
quantum numbers for Cu + with electron spin S=1/2,
and nuclear spin I=3/2 for each Cu and Cu isotope)
with equal intensities. The hf li~es due to the two iso-
topes of copper, Cu (69.09% abundance) and Cu
(30.91% abundance), were not resolved. The two sets of
hf lines were coincident for 8 along the Y (b) axis. For 8
in the ZX (a*c plane; a'=a sinP), there was observed
only one set of four Cu + hf lines, implying that the two
sets of hf lines due to the two Cu + complexes in the unit
cell are coincident for B in this plane. This is only possi-
ble if the ZX (a*c ) plane is a plane of symmetry for the
two magnetically inequivalent Cu + ions in the unit cell.
Thus, the EPR spectra of the two Cu + ions, which sub-
stitute for the two M + ions in the unit cell of MNST and
CNST (Sec. V), are consistent with the crystallographic
symmetry.

At RT, the Cu + EPR linewidths (hB) in MNST and
CNST were 4.0 mT (Fig. 3) and 8.5 mT, respectively.
This is similar to other Cu +-doped hosts, in which the
spin-lattice relaxation (SLR) processes of Cu + are
enhanced by the tunneling effect between different spin
states of Cu + in the Jahn-Teller systems, ' ' resulting in
shorter SLR times. Because of large 68, the two sets of
hf lines from the two isotopes, Cu and Cu were not
resolved. For B in the ZX and ZF planes in CNST, even
the four hf lines were not clearly resolved, being
broadened by interaction of the Cu + ion with the
paramagnetic host Co + ions.
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A. Room-temperature KPR spectra

For both Cu +-doped MNST and CNST crystals, RT
EPR spectra indicated that there were present two physi-
cally equivalent, but magnetically inequivalent Cu +

complexes in the unit cell of MNST and CNST, referred
to as Cu + ions I and II. These arise from the two mag-
netically inequivalent M + sites, i.e., they can be dis-
tinguished by a magnetic field, in the unit cell of MNST
or CNST, substituted for by the Cu + ions; the two sites
have physically equivalent environments, being related to
each other by an appropriate transformation. For the
orientation of the Zeeman field (8) in the ZY and XY
planes, there were observed two sets of four allowed
Cu + hyperfine (hf) lines (6M=+1, km =0, where M
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FIG. 3. Temperature variation of the Cu + EPR spectra in
MNST single crystal, for 8 in the XY plane, 35' away from the
Y axis. The Cu + hyperfine lines due to the two isotopes ( Cu
and Cu) are clearly resolved at 113 K. For T) T»( =347 K),
the two sets, corresponding to two magnetically inequivalent
ions I and II, of four hf lines merge to form a single broad and
isotropic line, corresponding to g=2.20 The splitting of the
two outer lines of Cu + ion I is due to the two isotopes of
copper, the lines belonging to Cu are lying at the extremes.
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B. EPR spectra below room temperature

EPR line positions of Cu + in MNST and CNST did
not change significantly with temperature, implying a
temperature independence of their spin-Hamiltonian pa-
rameters (Sec. IV). However, linewidths (b,B }did exhibit
a large change, as seen from Fig. 3. For MNST, the
linewidth decreased at lower temperatures, to 1.2 mT at
113 K. The hf lines of the two different isotopes became
clearly resolved at 113 K. The narrower linewidth is due
to longer SLR time of the impurity ion Cu + (~c„) at
lower temperatures.

can be estimated from the expression
~c„=%I(gp&AB)," neglecting the spin-spin interaction
between Cu +-Cu + pairs. (Here g is the spectroscopic
splitting factor. ) The value of rc„ in MNST was estimated
to be 6.9X10 sec at RT, and 2.7X10 sec at 113 K.

The Cu + EPR linewidth in CNST increased
significantly, as the temperature was decreased from RT
due to paramagnetic interactions with the host ions.
Below 280 K, the hf lines were no longer resolved. This
is due to an increase of r of host ions Co + (Sec. VI).

C. EPR spectra above room temperature

Above RT, the linewidths of Cu + in both MNST and
CNST hosts increased with temperature. Above
TJT =347+2 K in MNST and 339+2 K in CNST, only
one broad line was observed, as exhibited in Fig. 3. The
line became isotropic, i.e., both the position of the line
and its width were independent of the orientation of B.
For T& TJT, the two sets of Cu + hf lines, which were
found to be magnetically inequivalent at room and lower
temperatures, became coincident to form only one broad
line. That is, the two sets of Cu + EPR spectra became
magnetically, as well as physically, equivalent. No fur-

ther change in the linewidth was observed as the temper-
ature was raised to 398 K, above which both MNST and
CNST crystals were destroyed due to heat. The single
isotropic line for each of the MNST and CNST hosts for
T& TJT corresponds to g=2. 20 for Cu +, which is the
average of the three principal values of the g matrix at
temperatures below TJT in each case. (See Sec. IV.) The
behavior of EPR spectra above TJT can be well explained
to be due to dynamic JTE. (See Sec. VII.)

IV. SPIN-HAMII. TQNIAN PARAMETERS

The EPR line positions of Cu +, for any Cu or Cu
isotope, in MNST and CNST hosts were fitted to the fol-
lowing spin-Hamiltonian

S=p B.g.S+S A I

where p~ is the Bohr magneton, S( = 1/2) is the electron-
ic spin, and I( =3 j2) is the nuclear spin of Cu + for each
of the Cu and cu nuclear isotopes. The nuclear qua-
drupolar interaction has not been included in Eq. (1),
since it has negligible efFect on the allowed EPR line posi-
tions.

The principal values of the g and A tensors and their
direction cosines were evaluated from the EPR line posi-
tions, for one of the two magnetically inequivalent Cu +

ions I and II, by the use of a least-squares fitting pro-
cedure, ' ' utilizing numerical diagonalization of the
spin-Hamiltonian matrix on a digital computer. The
principal values and direction cosines of the g and A ma-
trices so evaluated for MNST (at RT} and CNST (at 113
K}, for Cu + ion I, which were found to be the same as
those for Cu + ion II, are listed in Tables I and II, re-
spectively. For both MNST and CNST, the values of the
spin-Hamiltonian parameters at room and lower temper-

TABLE I. Principal values and direction cosines of the g and A matrices of Cu + ion I in MNST sin-

gle crystal at 113 K. The principal values of g and A matrices for Cu + ion EI were found to be the
same as those for ion I. All the values at room temperature were found to be the same as those listed
here within experimental errors. Thus the principal values of the A matrix at RT are the averages of
those for Cu and 'Cu isotopes because the corresponding lines were not resolved. The principal
values of g are dimensionless, while those of A are expressed in GHZ. The indicated errors are those es-
timated by the use of a statistical method (Ref. 23). The direction cosines of the g tensor (X', Y', Z')
are given with respect to the X, Y, and Z axes, while those of the A tensor (X", Y", Z" ) are expressed
relative to (X', Y', Z').

Isotope
Principal Value

g, =2.3991+0.0030
g =2.1979+0.0030
gy

=2.0299+0.0030

Z/Z'

0.0510
0.7258

—0.6860

Direction cosine
X/X'

0.2027
0.6651
0.7187

Y/Y'

0.9779
—0.1758
—0.1132

'Cu 3, =0.4430+0.0060
3 - =0.2513+0.0060
Ay =0.2060+0.0060

0.9760
0.0097

—0.2174

—0.0020
0.9994
0.0355

0.2176
—0.0034

0.9755

"Cu A, - =0.4202+ 0.0060
3,-=0.2427+0.0060
Ay- =0.1986+0.0060

0.9999
—0.0018

0.0023

0.0017
0.9988
0.0499

—0.0024
—0.0499

0.9988
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TABLE II. Principal values and direction cosines of the g and A matrices of Cu +-doped CNST sin-

gle crystal at room temperature. Here, the principal values of the A matrix represent the averages of
those for the Cu and Cu isotopes, since the hf lines due to the two isotopes were not resolved due to
larger Cu + EPR linewidths observed in this paramagnetic host. For more details see the caption of
Table I.

Principal value

g, =2.4023+0.0030
g„=2.1926+0.0030
gy 2e0256+0s0030

Z/Z'

0.0110
—0.3588
—0.9334

Direction cosine
X/X'

0.4282
0.8452

—0.3198

Y/Y'

0.9036
—0.3961

0.1629

A, -=0.3678+0.0060
A„-=0.2363+0.0060
Ay~~ Oo 1679+Os0060

0.9999
—0.0153
—0.0041

—0.0146
—0.9923

0.1234

0.0060
0.1233
0.9924

atures were found to be the same, within experimental er-
ror, except that, at RT, the principal values of the A ma-
trix should be taken to be the average of those for Cu
and Cu isotopes as determined at 113 K, because the
corresponding lines were not resolved at RT.

It is seen from Tables I and II that the principal axes of
the g and A tensors are coincident with each other,
within experimental error, for either CNST, or MNST.
It is also noted from Tables I and II that, although there
exists a small difFerence in the direction cosines of the g
matrix for Cu + in CNST and MNST with respect to the
respective unit-cell vectors, the principal values of the g
and A matrices of Cu + in MNST and CNST are found
to be quite close to each other. This is similar to the case
of VO + in different Tutton salts, ' and can be explained
to be due to the fact that the host M ions are not the
nearest neighbors of the impurity ion Cu + (they are
next-nearest neighbors); thus, they play rather
insignificant roles in determining the values of the g, A
matrices of Cu + in these hosts.

V. POSITION AND LOCAL SYMMETRY OF Cu + IONS

We assume that the site of an M + ion, which lies at
the center of a MOz(HzO)~ complex, is the most probable
site for substitution by a Cu + ion, forming a
CuOz(H2O)& complex. The Cu ions I and II substitute
for two different M + sites in the unit cell. Sastry and
Sastry' concluded, from their EPR study of Cu +-doped
ZNST, that the orientation of the principal Z axis of the
g matrix was along the Zn +-HzO(1) direction. Howev-
er, the present direction cosines of the g matrices for
MNST and CNST do not indicate any correlation be-
tween the orientations of the principal axes of g matrices
and the bond directions in the MOz(H2O)~ complex of

the MNST and CNST crystals, similar to the case of
Gd + in ZNST.

When a Cu + ion substitutes for a M + ion, it intro-
duces a local distortion of the original MO2(H20)& com-
plex due to the difference of its ionic radius from those of
the host ions M +. In addition, the Cu + ion, being a
Jahn-Teller ion, introduces a Jahn-Teller distortion (Sec.
Vll). Due to these two types of distortions, the three
principal values of the g matrices of Cu +, in both MNST
and CNST, become different from each other below the
respective Jahn-Teller transition temperature (Tables I
and II), indicating a lower, orthorhombically distorted
octahedral, symmetry at the Cu + ion in the Cu02(HzO)4
complex.

VI. HOST-ION SPIN-LA I-i.ICK
RKLAXATIQN TIME (r) of Co + IN CNST

v. of the host paramagnetic ions Co + in CNST can be
estimated, using the contribution to the EPR linewidth of
the impurity ion Cu + by the paramagnetism of the host
ions, AB', by the use of the following expression

r= (3KB'g zp) l(110 gh'( b v) ),
where p~, h, g, and g' are, respectively, Bohr's magneton,
Planck*s constant, the impurity-ion Lande's factor, and
the host-ion Lande's factor. hB' is obtained by subtract-
ing, from the observed impurity-ion linewidth, the
linewidth of the impurity ion is an isostructural diamag-
netic host. ' Misra and Orhun' showed that (hv ), the
second moment for the impurity ion for crystals contain-
ing two different species of magnetic ions can be ex-
pressed, when the distances between the impurity Cu +
ions are considered to be quite large as in the present
case, as

N N
(bv ) =

—,'8'(5'+l)h NJ~+gg popo'(1 3&jk, ) rjk +2J~gg papop (1 3&jk')rjk
k' k'

(3)
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Iil Eq. (3) X S' J& pp rjk ~ and yjk are the number of
host-ion neighbors considered, the effective spin of the
host ion, the average impurity-host pair-exchange con-
stant, the permeabihty constant, the distance between j
and k' ions, and the direction cosines of rk with the
external Zeeman 6eld, 8, respectively. The primed quan-
tities refer to the host ions while the unprimed ones to
the impurity ions.

For the calculation of the second moment (hv ) in
Cu +-doped CNST, it was found sufhcient to consider
only up to the fifth-nearest neighbors, i.e., a total of 20
Co + iona (%=20). In the estimation of r, the g' value
for Co + (=3.866) was chosen to be the average of the
three principal values of the g matrix (g', , gz, gz ) of Co +

in ZNST host; these have been reported previously. The
value of the exchange constant J for the Cu +-Co +

pairs has not been determined experimentaBy. However,
it was found that the variation of J in the range of
0.0—3.0 GHz did not affect the value of ~ significantly,
indicating that for CNST only the dipolar interaction is
of importance in determining ~. Accordingly, the value
of J was chosen to be 0.3 GHz for the present estimates.
The value of 68' at any temperature in the 280—330-K
temperature range was estimated by subtracting from the
total Cu + EPR linewidth in the paramagnetic CNST
host the Cu + linewidth in the diamagnetic MNST host.
It was not possible to measure the Cu + linewidth beyond
the temperature range 280—330 K because of the
broadening experienced by the EPR lines.

Finally, the value of ~ of host-ions Co + in CNST was
estimated to be 3. 10X10 ' sec at RT. For comparison,
Jain and Yadav' reported that ~ of Co + in CNST was
1.66X10 ' sec using a different formula, a value 2 or-
ders of magnitude larger than the presently estimated
value. Further, the present values of ~ can be fitted to the
temperature ( T), within experimental error, to'= AT, where A =5.64X10 sec ' K, in the
280—330-K temperature range. This temperature behav-
ior of 7. is consistent with that expected when the
Kramer's Raman process of SLR is predominant. "

VII. JOHN-TELLER EFFECT

A. Ground state of Cu

When the six ligands of a Cu + ion, in an octahedral
sixfold coordination, form a regular octahedron, the

2+ ~

ground state of the Cu ion is the twofold degenerate Ez
state. The degeneracy of the ground state of the Cu +
ion is usually removed by a Jahn-Teller distortion. ' The
M + sites originally have an elongated tetragonally dis-
torted octahedral coordination with the ligands, as re-
vealed by x-ray data. However, due to the Jahn-Teller
distortion the principal values of the g matrices of Cu +

in MNST and CNST exhibit a lower, namely,
orthorhombically distorted octahedral, symmetry at RT
and lower temperatures. According to crystal-field
theory, the orbital doublet E of the Cu ion is split in a
IIield of orthorhombic symmetry, the lower state being ei-

ther 1X —Y ) or 13Z —r ); which one of these two is
predominant can be determined from the value of the pa-
rameter R, which is defined as R =(g„—g )/(g, —g„),
where g, &g„&g, are the principal values of the g ma-
trix of Cu + in the host lattice. %'hen the E. value is
greater than unity, a predominantly 13Z r)—ground
state is expected, while a predominantly 1X —Y )
ground state is expected when it is less than unity. Since,
in the present case, the calculated R value is less than
unity at RT and below, the predominant ground state of
Cu + ion in. both the MNST and CNST hosts, is
1X —I' ) with an admixture of the excited state
13zz—«'&.

B. Pseudo- Jahn-Teller e8'ect

If the splitting between the ground state 1X —Y ) and
the excited state 13Z r), —of Cu + is sufficiently small,
a mixing of the two states by coupling with the lattice vi-
brations becomes quite possible. The vibronic mixing of
the close-lying (pseudo degenerate) levels 1X —F ) and
13Z —r ) due to the interaction of the Cu + ion with its
ligands manifests itself as a pseudostatic JTE.~'

The molecular and electronic structures of the Cu +

ion, surrounded by six ligands of octahedral or trigonal
distortion, is conventionally described in terms of Jahn-
Teller coupling between the doubly degenerate electronic
(E ) and vibrational (s ) states of the octahedral com-
plex. Assuming a harmonic-vibrational potential, and
taking into consideration only the linear coupling terms,
leads to the well-known Mexican-hat potential surface.
The geometry of the Cu + complex fluctuates between
the various conformations of D4I, and D2I, symmetries,
which are generated by linear combinations of Qs and

Q„ the components of the es vibrational mode. Qs and

Q, are conventionally expressed as Qs=pcosg and

Q, =p sing in terms of a polar coordinate system (p, P).
When higher-order coupling terms are included, the per-
imeter of the Mexican hat becomes warped giving rise to
three equivalent minima whose projections correspond to
different P values in the (Q&, Q, ) space. Finally, the
Mexican-hat potential results in three equivalent poten-
tial valleys. However, as pointed out by Ham, a strain,
having a tetragonal component, that may be present, as
indicated by the three different principal values of the g
matrices of Cu + in MNST and CNST, destroys the
equivalence of the three potential valleys. When only the
lowest potential valley is occupied at low temperatures,
i.e., when b E )kii T (b,E is the energy difference between
the lowest potential valley and the next-lying potential
valleys), the principal values of the g matrix of Cu are
not expected to be very temperature dependent, in accor-
dance with the present observations. Further, in the
present case, only one set of hf lines for each of the two
magnetically inequivalent Cu + sites was observed, im-
plying that only the lowest potential valley is occupied.
For, otherwise, as seen in the case of Cu +-doped
Zn(C4H4Nz)SO4 3HzO single crystal, ' three physically
equivalent sets of hf lines should be observed for each
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magnetically inequivalent Cu + site.
The above interpretation of the EPR spectra of Cu +-

doped MNST and CNST at room and lower tempera-
tures, in terms of pseudo-JTE, wherein the lowest-lying
levels of the E state lie extremely close to each other but
are not degenerate, is equivalent to that of the "static"
JTE, wherein the lowest levels of the E state are degen-
erate, the degeneracy being lifted by a Jahn-Teller distor-
tion, as described by Abragam and Bleaney. ' This is con-
sistent with the treatment of an E-state ion in a tetrago-
nal crystal field, by Bir, for a tetragonally distorted oc-
tahedral Cu + complex, such as [Cu(HzO)6] +.

C. Dynamic Jahn-Teller eft'ect

Above RT, the hf lines of Cu + in both MNST and
CNST became much broader because of decreased Cu +

SLR times (Sec. III). A single isotropic Cu + line in
MNST and CNST hosts was observed for T & T», where

TJ~ =347 and 339 K, respectively. This is characteristic
of type I dynamic JTE." This occurs when the rate of
tunneling though the barrier, at higher temperatures,
from one distorted configuration, or Jahn-Teller potential
valley, of the complex to another exceeds the frequency
difference between the corresponding EPR resonance
lines for the different distorted configurations. When dy-
namic JTE occurs g, =g„=gs =g, —4A, /b„which is
equal to the average of the three principal values of the g
matrix at T & TJ f for both the Cu + ions I and II in the
unit cell. ' Here, g, ( =2.0023) is the g value of the free
electron, A, is the spin-orbit coupling constant for the free
Cu + ion ( = —830 cm '), and 6 is the octahedral
crystal-field constant for Cu + ion. For the typical value
of A, /b, = —0.05 for Cu + ion, ' the value of (g, —A, /6) is
2.20, being the same as the presently observed g values at
T+ TJz for both the Cu + ions I and II in MNST and
CNST and the average of the three principal values of g
at T(TJg.

Since the EPR line position and linewidth for Cu in
each of MNST and CNST were independent of the orien-
tation of B at higher temperatures ( T)Ttr ), the "orient-
ed" and "random" strains should be very small compared
to k&T. This is because the center of the EPR line de-
pends on the orientation of 8 if the "oriented" strains are
large, while the EPR linewidth depends on the orienta-
tion of B if the "random" strains are large.

VIII. CONCLUDING REMARKS

(i) The main features of Cu + EPR spectra in diamag-
netic MNST and paramagnetic CNST crystals are the
same, except for a difference in the EPR linewidth, its
temperature dependence, and TJ~. Both samples were in-
terpreted as exhibiting a pseudostatic JTE at T (TJ~,
and a dynamic JTE at T& TJz. This implies that the
host paramagnetic ions do not have any significant effect
as compared to that due to the diamagnetic host ions.
The reason as to why not many studies have been made
on JTE in Cu +-doped paramagnetic hosts is that
paramagnetic hosts are characterized by a larger EPR
linewidth and consequently yield poorer resolution of
EPR spectra.

(ii) Two magnetically inequivalent, but physically
equivalent Cu + complexes have been observed in both
MNST and CNST hosts below TJ~. The Cu + ion enters
the site of a M + (M =Mg, Co) ion, forming a
Cu02(H20)~ complex, which has an orthorhombically
distorted octahedral symmetry, as indicated by the three
different principal values of the g matrices at T ( TJ&.

(iii) Below Tir, a pseudo-JTE was observed for both
the samples. At these temperatures, Cu + occupies only
the lowest Jahn-Teller potential valley. However, at tem-
peratures above TJz, a dynamic JTE was observed,
wherein Cu + ions occupy the three Jahn-Teller valleys
with almost equal probabilities. The transition between
the two kinds of JTE was found to take place at
TJ~ =347+2 K and 339+2 K for MNST and CNST, re-
spectively.

(iv) The temperature dependences of Cu + EPR
linewidths for MNST and CNST have been explained to
be due mainly to the SLR of the impurity-ion Cu + in the
diamagnetic MNST host, and that of the host-ion Co +

in the paramagnetic CNST host. The SLR times (r) of
the impurity ion Cu + in MNST and that of the host ions
Co + in CNST, have been estimated. From the tempera-
ture variation of ~ the predominant spin-lattice relaxation
process of host-ion Co + in CNST, in the 280—330-K
temperature range, has been deduced to be the Kramer's
Raman process.
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