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Abstract

In this paper, the low lying levels of d1 and low-spin d5 metal complexes possessing ground 2T2 term are considered. Strong spin�/

orbital interactions is taken into account along with the axial (trigonal or tetragonal) component of the crystal field. In the

framework of the semi-classic adiabatic approximation, vibronic Jahn�/Teller and pseudo Jahn�/Teller interactions acting within the

ground manifold are also considered. The influence of the low-symmetry crystal fields, covalence reduction factor, spin�/orbital and

Jahn�/Teller interactions on the anisotropy of g -factors, temperature independent paramagnetic contributions, and magnetic

susceptibility is elucidated.
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1. Introduction

Coordination complexes of paramagnetic metal ions

of the second and third transition series have attracted

considerable interest due to strong spin�/orbital interac-

tions giving rise to a significant magnetic anisotropy. In

the course of our studies of the two compounds

[Et4N][Re(triphos)(CN)3] and [Re(triphos)(CH3CN)3]

[BF4]2 [1], in which Re(II) ions occupy the sites with a

strong cubic crystal field and a significant trigonal

component, observation of unusual temperature depen-

dent magnetic behavior has prompted us to launch an in-

depth analysis of the magnetism of this ion. These

complexes exhibit anomalously large temperature in-

dependent paramagnetism (TIP) (1.363 �/10�3 cm3 mol�1

and 1.796 �/10�3 cm3 mol�1, respectively) that can be

related to a set of low lying excited states. The interplay

between a low-symmetry crystal field and spin�/orbital

and vibronic interactions in the complexes gives rise to

the important low-lying excited states. As the cubic

crystal field for 5d metal ions is always strong, the d5

electronic configuration yields a low-spin ground state

term, 2T2(t4
2); that is split by the spin�/orbital interaction

and a trigonal crystal field. The ground state term of the

same symmetry (2T2(t2)) appears in the case of d1 ions,

but the sign of the spin�/orbital interaction is opposite

(positive for d1 and negative for d5). This formal

similarity allows for the consideration of both electronic

configurations in the same framework. Previous studies

of orbital triplets in a crystal field have focused mainly on

the calculation of the EPR parameters [2�/5]. In the

present study T�/P isomorphism [3] is used to describe the

magnetic properties of d1 and d5 systems.

Vibronic Jahn�/Teller (JT) interactions are important

for the interpretation of the magnetic and spectroscopic

properties of transition metal complexes [6�/8]. The

special importance of the JT interaction to magnetic

behavior has been noted [9], and has led to the discovery

of the giant second-order Zeeman effect. This effect was

shown to arise from the set of closely spaced hybrid
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electron-vibrational levels. The JT interaction for the

extended 5d electronic shells is expected to be strong,

and must be taken into account along with the spin�/

orbital interaction in order to understand the magnetism
of these systems. This leads to a combined JT and

pseudo-JT problem. Using a semi-classical adiabatic

approach [10] we have elucidated the main manifesta-

tion of the JT interaction in the magnetic properties of

the systems under consideration.

2. The model

Ions of the type d1 and d5 in a perfect octahedral

surrounding (Oh) as well as in an axially distorted
system are considered. Axial distortions are assumed to

arise from the mixed ligand sets or from deviation of the

local surroundings of the metal ion from an octahedral

one. Either of the conditions gives rise to a trigonal or a

tetragonal component of the crystal field. The model

takes into account the following relevant interactions

defining the magnetic properties of the complexes: (1) a

strong cubic crystal field that splits the 2 D term of a free
d1 ion into the orbital triplet 2T2g (ground state) and the

doublet 2Eg (hereafter symbol of the parity will be

omitted) or the triplet ground state 2T2(t4
2) in the case of

the d5 ion; (2) spin�/orbit coupling that splits the 2T2-

term into the doublet G6 and the quadruplet G8; (3)

tetragonal or trigonal components of the crystal field;

(4) vibronic coupling in the orbital triplet with the

tetragonal (e) and trigonal (t2) modes that lead to a
combined JT and pseudo JT vibronic problem T2�/(e�/

t2�/SO). Initially the study of the JT problem will be

limited to the case of a cubic system (the combined effect

of low-symmetry fields and the JT interaction will be

considered elsewhere). The adiabatic approximation,

shown to provide good accuracy in the calculation of

the magnetic susceptibility for JT type vibronic systems

for a wide range of parameters [10], will be employed.
This approximation allows us to gain a descriptive

comprehension of the physical role of the JT interaction.

The full Hamiltonian of the system in the adiabatic

approximation can be written as follows:

H�HSO�Vtetr�Vtrig�HZ�
1
2
vE(q2

u�q2
v)I

�1
2
vr2

(q2
j�q2

h�q2
z)I�yE(quOu�qvOv)

�yT2
(qjOj�qhOh�qzOz); (1)

The Hamiltonian of the electronic subsystem includes

spin�/orbit coupling (HSO), low-symmetry crystal fields

(Vtetr�/Vtrig) and a Zeeman interaction (HZ). The

vibronic part of the Hamiltonian includes the energy
of free vibrations associated with the tetragonal (T2) and

trigonal (E) JT modes, and the vibronic coupling with

these modes (coupling constants yE and yT2
). The

dimensionless normal coordinates of the tetragonal

vibrations are denoted as qu , qv (basis u 8/3z2�/r2,

v8/x2�/y2) and those for the trigonal vibrations are

qj , qh , qz (j8/xz , h8/xz , z8/xy ), while vE and vT2

are the frequencies of these vibrations. In Eq. (1), I is the

unit matrix and the matrices OGg (active modes G�/E,

T2) defined in the cubic T2-basis (j , h , z ) are the

following:

OEu�
�1=2 0 0

0 �1=2 0

0 0 1

0
@

1
A;

OEv�

ffiffiffi
3

p
=2 0 0

0 �
ffiffiffi
3

p
=2 0

0 0 0

0
@

1
A (2)

OT2j
�

0 0 0

0 0 1

0 1 0

0
@

1
A; OT2h

�
0 0 1

0 0 0

1 0 0

0
@

1
A; OT2z

�
0 1 0
1 0 0

0 0 0

0
@

1
A:

Eq. (1) uses a short notation for the matrices

OGg :OGg�/Og . In the framework of the adopted semi-

classic adiabatic approximation the kinetic energy of the

nuclear motion is omitted.

3. Matrix representation of the main interactions

T�/P isomorphism is used to allow for the considera-

tion of the orbital triplet T2 as a state possessing fictious
orbital angular momentum L�/1, noting that the matrix

elements of the angular momentum operator L̂ within

T2 and P bases are of the opposite signs, L̂(T2)��L̂(P)

[3]. As was shown recently [11], this approach provides

an efficient computational tool and yields clear insight

on the magnetic anisotropy of the system due to orbital

contributions. Within the T�/P formalism the spin�/orbit

and Zeeman terms can be expressed as:

HSO��klLS; HZ�b(geS�kL)H; (3)

The operators in Eq. (3) act within the ground state

manifold possessing S�1 =2 and L�/1 (k is the orbital

reduction factor, ge is the electronic g-factor). The

tetragonal and trigonal components of the crystal field

are defined as the irreducible tensors of Oh that become

the scalar operators in the tetragonal or trigonal point

groups (D3d or D4h ):

Vtetr��DtetrOEu; Vtrig

��1
2
Dtrig(OT2j

�OT2h
�OT2z

) (4)

In Eq. (4) the values Dtetr and Dtrig are the parameters

of the low symmetry crystal fields. Axial crystal field

along the C4 or C3 axis splits T2 into an orbital singlet or

K.R. Dunbar et al. / Polyhedron 22 (2003) 2545�/25562546



a doublet in D4h or D3d . The parameters Dtetr and Dtrig

are defined in such a way that when positive, the ground

state in the axial field is the orbital singlet.

To take advantage of the pseudoangular momentum
representation, the technique of the irreducible tensor

operators shall be employed [11]. One can easily

establish the following relations between the matrices

OGg and the orbital angular momentum operators:

OEu�1�3
2

L2
Z; OEv��

ffiffi
3

p

2
(L2

X �L2
Y ); (5)

OT2j
�� 1ffiffi

2
p (LY LZ�LZLY ); OT2h

�� 1ffiffi
2

p (LX LZ�LZLX );

OT2z
�� 1ffiffi

2
p (LX LY �LY LX ):

The operators LX , LY and LZ can be expressed in

terms of the components of the first rank spherical

irreducible tensor L1q(q�/0, 9/1):

LX � 1ffiffi
2

p (L1�1�L11); LY � 1ffiffi
2

p (L1�1�L11);

LZ �L10; (6)

and the same relationships can be applied for spin

operators. Using the Clebsch�/Gordan decomposition
[12], the bilinear forms of the orbital angular momentum

operators in Eq. (6) can be expressed in terms of the

irreducible tensor products:

L1q1
L1q2

�
X

kq

fL1�L1gkq C
kq
1q1 1q2

(7)

Here {L1�/L1}kq is the complex irreducible tensor of

the rank k composed of the angular momentum

operators (q�/�/k , �/k�/1 . . . k), and C
kq
1q1 1q2 are the

Clebsch�/Gordan (Wigner) coefficients. All matrices

OGg can now be expressed in terms of the complex

irreducible tensors Tkq (L )�/{L1�/L1}kq acting in orbi-
tal space:

OEu��
ffiffi
3
2

q
T20(L); OEv��

ffiffi
3

p

2
[T22(L)�T2�2(L)]; (8)

OT2j
�� iffiffi

2
p [T21(L)�T2�1(L)];

OT2h
� 1ffiffi

2
p [T21(L)�T2�1(L)];

OT2z
�� iffiffi

2
p [T22(L)�T2�2(L)]:

These relationships allow for the evaluation of the

matrix elements of all interactions involved using the

irreducible tensor operator technique and exploiting the

results in the study of magnetically coupled systems. The

matrix can be built with either coupled or uncoupled

bases. It is convenient to choose the basis in such a way
that spin�/orbit coupling would become diagonal, that

is, to take a basis wherein the orbital angular momen-

tum and spin are coupled jLSJMJi� j11=2JMJi; and

where the total angular momentum takes the values J�
1
2

(Kramer’s doublet G6) and J� 3
2

(quadruplet G8).

Keeping in mind the application of the present theory

to the more complicated cases (Ex: Co(II) ions or

exchange-coupled systems), more general formulae for

the arbitrary values of S are given. The spin�/orbit
interaction is represented by the diagonal matrix:

h1SJ?M?J jHSOj1SJMJi
��1

2
kl[J(J�1)�S(S�1)�2]dJJ?; dMJ M?J

: (9)

Then, with the aid of Ref. [12] the following expression

for the matrix elements of the vibronic interaction is

obtained:

h1SJ?M?J jHvibj1SJMJi

�(�1)1�S�J
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5(2J�1)

p 1 2 1

J? S J

	 


�f�yE

ffiffi
3

p

2
[qu

ffiffiffi
2

p
C

J?M?J
JMJ 20�qv(C

J?M?J
JMJ 22�C

J?M?J
JMJ 2�2)]

� 1ffiffi
2

p yT2
[�iqj(C

J?M?J
JMJ 21�C

J?M?J
JMJ 2�1)

�qh(C
J?M?J
JMJ 21�C

J?M?J
JMJ 2�1)

� iqz(C
J?M?J
JMJ 22�C

J?MJ

JMJ 2�2)]g; (10)

where
. . .

. . .

	 

are the 6j-symbols [12]. For the matrix

elements of the Zeeman interaction:

h1SJ?M?J jHZj1SJMJi

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(2J�1)

p
(�1)J�S 1 1 1

J? S J

	 


�b[ge

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S(S�1)(2S�1)

p
�k

ffiffiffi
6

p
]

� (C
J?M?J
JMJ 10H10�C

J?M?J
JMJ 11H1�1�C

J?M?J
JMJ 1�1H11) (11)

is obtained, where H10�/HZ , H191�� 1ffiffi
2

p (HX 9 iHY )

are the cyclic components of the magnetic field.

Particular direction of the magnetic field can be selected

by means of an appropriate choice of the corresponding

terms in Eq. (11). For the matrix elements of the

tetragonal and trigonal crystal field operators we find:

h1SJ?M?J jVtetr�Vtrigj1SJMJi

�(�1)1�S�J
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5(2J�1)

p 1 2 1

J? S J

	 


�f
ffiffi
3
2

q
DtetrC

J?M?J
JMJ 20

� 1
2
ffiffi
2

p Dtrig[(i�1)C
J?M?J
JMJ 21�(i�1)C

J?M?J
JMJ 2�1

� i(C
J?M?J
JMJ 22�C

J?M?J
JMJ 2�2)]g: (12)

In the following sections the static (crystal field)

problem and the role of the JT and pseudo JT coupling

will be considered.
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4. Static crystal field consideration, general expressions

The spin�/orbit coupling parameter is positive for d1-

ions and negative for the low-spin d5-ions, so that for d1

quadruplet G8 is the ground state, and the low-spin d5

ground state is the Kramers doublet G6. The energy

levels are the following:

E

�
1

2

�
�kl; E

�
3

2

�
��

kl

2
; (13)

so the energy gap between the doublet and quadruplet is

3k jl j/2. When both spin�/orbit coupling and the axial

(trigonal or tetragonal) field act together, the states

IMJ �
1
2
� belonging to J� 1

2
and J� 3

2
(G7 and G8 in O)

are mixed due to axial symmetry of the full Hamiltonian

so that only MJ remains a good quantum number. The

quantization axis for the full angular momentum in the

case of the tetragonal distortion is C4 and for the

trigonal distortion this axis is C3. Hereafter the results

are discussed assuming the system is trigonally distorted

(D�/Dtrig). The results for the case of the tetragonal field

are formally the same. The energy levels E (jMJ j) are
found as:

E9(1
2
)� 1

4
[�D�lk9

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(D�3lk)2�8D2

q
]; E

�
3

2

�

�
D
2
�

lk

2
; (14)

The minus sign in E9(1
2
) corresponds to the sublevel

originating from the J� 3
2

state that is mixed with the

J� 1
2
; MJ �

1
2

state. Fig. 1a shows the energy levels of the

d1 system as a function of D providing lk�/2000 cm�1.

A positive trigonal field stabilizes the Kramers doublet

E�(1
2
)(MJ �91

2
; J� 1

2
; 3

2
); in the limit of a strong

trigonal field, the ground state being 2A1 in conformity

with the definition of the crystal field operator, Eq. (4).

Provided that DB/0 the ground state corresponds to J�
3
2
; MJ �93

2
: In this case, in the limit of the strong field,

two low-lying levels E(3
2
); E�(1

2
) are parallel and can be

attributed to the first order spin�/orbital splitting of the

trigonal 2E term in D3d (complex conjugated double

valued representations G5�/G6 with the basis MJ �93
2

and G4-basis MJ �91
2
): Only the L̂z component is

operative within the orbital trigonal basis E , so that

spin�/orbit coupling becomes axial (�kl
¯
LzSz) and one

easily finds that the spin�/orbit splitting is kl . This value

is reduced by the trigonal crystal field with respect to its

initial value (3kl /2) in a cubic 2T2 term. For d5 ions,
spin�/orbit coupling is negative and the order of the

levels is reversed as shown in Fig. 1b.

Some details of the calculations of the magnetic

characteristics of the d1 ion when the quadruplet G8

proves to be the ground state are given. For evaluation

of the first and second order coefficients in the Van

Vleck equation [13], the eigen-vectors F9(MJ �91
2
) of

the 2�/2-matrix for the mixing of two ½MJ ½�
1
2

(J� 1
2
; 3

2
)

states are:

F�(91
2
)�cos u exp(ia9)j1

2
; 91

2
i

�sin u exp(�ia9)j3
2
; 91

2
i (15)

F�(91
2
)��sin u exp(ia9)j1

2
; 91

2
i

�cos u exp(�ia9)j3
2
; 91

2
i

where the angle u is defined as:

tan hu�
2

ffiffiffi
2

p
½D½

D� 3lk �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(D� 3lk)2 � 8D2

q ;

exp(2ia9)�9
D
½D½

:

Fig. 1. Splittings of the 2T2 term for d1 (a) and d5 (b) ions under the joint action of spin�/orbit interactions and axial (trigonal or tetragonal) crystal

fields.
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Two separate, qualitatively different cases, namely

positive and negative trigonal crystal fields, are now

considered. The combined action of spin�/orbital inter-

action and trigonal crystal field is expected to produce
magnetic anisotropy, so two main directions of the

magnetic field, namely, H jjC3 axis and H �/C3 (H�X)

(parallel and perpendicular fields) will be considered.

(1) D�/0. Using the wavefunctions for the ground

state F�(91
2
) one can find the first order Zeeman

splitting that gives the following expressions for the g -

factors:

gzz�g½½��k�
1

3
(k�ge)[cos 2u�2

ffiffiffi
2

p
sin 2u] (16)

gxx�g��
1

2
ge�

1

6
(ge�8k)cos 2u�

ffiffiffi
2

p

3
(ge�k)sin 2u

Both g-factors vanish when k�/1 (ge�/2) and D�/0.

This reflects the property of the cubic quadruplet

G8(J� 3
2
) arising from 2T2 that does not exhibit first

order magnetic splitting. This important property of

G8(2T2) can be easily rationalized. In fact, providing k�/

1, the matrix element of the Zeeman interaction vanishes

due to opposite signs of L in P and T2 (‘negative’ orbital

angular momentum), in the last case spin and orbital

magnetic contributions are cancelled. This consideration
shows that the non-vanishing g -values are determined

by two factors, namely the degree of mixing of two J� 1
2

doublets via the trigonal field and by the factor of

covalence (k ). The covalence effect decreases the orbital

magnetic moment so that the condition for compensa-

tion of the orbital and spin contributions is broken.
Using the Van Vleck equation [13] and Eqs. (15) and

(16) one can find the following expressions for the

principal magnetic susceptibilities for the case of D�/0

related to the ground state:

xI�
Nb2

4kBT
g2

I�
2Nb2(k � ge)

2[sin 2u� 2
ffiffiffi
2

p
cos 2u]2

18

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(D� 3lk)2 � 8D2

q

(17)

x��
Nb2

4kBT
g2

�

�2Nb2

	
[(k � ge)cos 2u� (1=2

ffiffiffi
2

p
)(ge � 8k)sin 2u]2

ffiffiffi
3

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(D� 3lk)2 � 8D2

q



�
[32(k � ge)sin u� 16

ffiffiffi
2

p
(ge � 2k)cos u]2

3[3D� 3kl�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(D� 3lk)2 � 8D2

q
]

In Eq. (17) the first terms are the paramagnetic

contributions (principal g-factors are given by Eq.

(16)), and the second terms represent the TIP contribu-

tion.

(2) DB/0. As in the previous case, only the contribu-
tions from the ground state are taken into account. As

was already mentioned, the j3
2
; 93

2
i states remain un-

mixed in a parallel field, so that for this ground state the

TIP vanishes. Contrary to this, the first order magnetic

splitting obviously disappears in the perpendicular field.

The expressions for the principal components of the

magnetic susceptibilities are found as:
It is remarkable that, in the case of negative trigonal

field, x� does not contain TIP and involves only a

paramagnetic component, whereas TIP contributes only

to x�. For the aforementioned reasons x� vanishes when

k�/ 1 and proves to be independent of the strength of

the trigonal field. For the ground state in the case under

consideration, the g -factors take on the values g��/ge�/

2k and g��/0, so that the magnetic moment and

susceptibility for this ground state are fully anisotropic.

xI�
Nb2

4kBT
(ge�2k)2 (18)

x��
Nb2

3


3(g2

e � 2k2) � (g2
e � 2k2 � 8gek)cos 2u� 2

ffiffiffi
2

p
(g2

e � 2k2 � gek)sin 2u

3lk � 3D�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(D� 3lk)2 � 8D2

q
�

�


3(g2
e � 2k2) � (g2

e � 2k2 � 8gek)cos 2u� 2
ffiffiffi
2

p
(g2

e � 2k2 � gek)sin 2u

3lk � 3D�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(D� 3lk)2 � 8D2

q
�
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5. Static crystal field consideration, discussion of the

results

5.1. The case of the d1 ion

Two principal components of the g -factor for a d1 ion

as functions of a trigonal field are presented in Fig. 2 at

a fixed value of l (l�/2000 cm�1). The same depen-

dence for the TIP contributions (l�/2000 cm�1) are

shown in Fig. 3. Fig. 2a demonstrates that, in the range

of negative Dtrig, both g� and g� are independent of the

trigonal field and vanish at k�/1. A reduction of k leads

to the increase of g� due to incomplete compensation of
the orbital and spin contributions provided that k"/1.

At the same time, g� remains very small and almost

independent of k as well as Dtrig. An increase in positive

Dtrig results in a fast ascent of both g-factors so that, in

the range of relatively strong fields, they are close to the

spin values of the orbital singlet 2A1. Since in the limit of

a strong trigonal field, the spin�/orbit interaction is

suppressed, the orbital contribution in 2A1 disappears
and both g -factors become independent of k (Fig. 2a

and b). The average g-factor is shown in Fig. 3c. In the

vicinity of the crossover point Dtrig�/0 (Fig. 1), anom-

alous non-monotonic behavior of the g -factors versus

Dtrig is present.

In the case of DtrigB/0, the parallel part of the Zeeman

interaction does not mix the ground state with the

excited ones, and, for this reason, TIP is reduced.
Similarly, positive Dtrig increase the gap between the

ground and excited states thus reducing the TIP. This

leads to the small parallel component of the TIP in both

regions of strongly negative and strongly positive Dtrig

and the pronounced peak at Dtrig�/0 (Fig. 3a). In

contrast to the parallel component, the perpendicular
component of the TIP is almost independent of the field

at DtrigB/0 and decreases stepwise at Dtrig�/0 (Fig. 3b).

It is remarkable that in the region DtrigB/0, the constant

value of the TIP decreases with the increase of k .

Behavior of the averaged TIP values is shown in Fig. 3c.

5.2. The case of the d5 ion

Calculated g -factors for fixed l�/�/2000 cm�1 are

shown in Fig. 4 where k�/1, Dtrig�/0 and the g-factor is

isotropic and purely electronic. It is remarkable that,

with the increase of Dtrig(DtrigB/0), the parallel compo-

nent of the g-factor increases whereas the perpendicular

component decreases. In the limit of strong negative

Dtrig, g��/4, g��/0 and gav�4=
ffiffiffi
3

p
are obtained. With

the increase of Dtrig in the positive direction, the
components of the g -factor behave as follows: the

parallel component decreases, reaches the minimum,

and increases. Both the perpendicular component and

the average g-value increase, pass through the maximum

and slowly decrease. In the limit of strong positive Dtrig,

g -factors again become isotropic and take on the purely

electronic value. The decrease of the orbital reduction

factor results in the effective decrease of the average g-
value. The influence of k on the different components of

g can be observed in Fig. 4.

Fig. 2. Calculated g -factors for the trigonally distorted d1 system as functions of Dtrig and k .
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Fig. 5 demonstrates the behavior of TIP for a d5

system at different values versus k and Dtrig, assuming

fixed l�/�/2000 cm�1. When the external field is

applied along the C3-axis, the TIP has a pronounced

maximum at Dtrig�/0 and the value of the TIP at this

maximum decreases with the increasing k (Fig. 5a). In

the region of negative field, the TIP is almost indepen-

dent of the strength of the field and the height of the

Fig. 4. Calculated g -factors for the trigonally distorted d5 system as functions of Dtrig and k .

Fig. 3. Calculated TIP contributions for the trigonally distorted d1 system as functions of Dtrig and k .
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plateau decreases with the decrease of k . In contrast to

the parallel component, the perpendicular TIP compo-

nent gradually increases in the region of the negative
trigonal field, passes through a maximum then decreases

rapidly (Fig. 5b). Covalence reduces the perpendicular

TIP component in the region of positive trigonal fields

while the effect of covalence is of the opposite sign for

the negative field. The powder averaged TIP values are

shown in Fig. 5c.

6. Pseudo JT problem 2T2�/(e�/SO), magnetic

properties

Consideration of the vibronic effects will be restricted

to the case of a cubic system (Dtetr�/Dtrig�/0), and, to

simplify the subsequent consideration of the magnetic
properties, the main features of the adiabatic surfaces

will be discussed assuming that the vibronic interaction

with the tetragonal modes is predominant. For a d1 ion,

the ground state is the G8 quadruplet exhibiting first

order vibronic effect (JT interaction). This term is mixed

with the G6 and leads to an additional pseudo JT

interaction, the (G8�/G6)�/e-problem. The lower sheet

possesses three minima located in a circle on the (qu , qv)
plane at the positions (qu; qv)�(�q0; 0); /

/(q0=2; �q0

ffiffiffi
3

p
=2); (q0=2; q0

ffiffiffi
3

p
=2); where the radius,

q0, of the ring is a function of the spin�/orbit parameter,

vibronic constant and the frequency ve of e-mode (Fig.

6). Each minimum corresponds to the system being

distorted along one of three tetragonal axes. Vibronic

effects arise solely from the pseudo Jahn�/Teller effect in

the case of the d5 ion. In this case, the landscape of the

lower sheet depends on the relative values of the spin�/

orbit coupling parameter and vibronic constant. If the

vibronic interaction is sufficiently weak compared to the

spin�/orbit coupling, the lower sheet possesses a single

minimum at the position (0, 0). This situation is shown

in Fig. 7a. With the increase of the vibronic coupling

parameter, the cubic configuration becomes unstable,

curvature of this adiabatic sheet decreases, and, at a

certain value of the vibronic coupling, the single

minimum is transformed into three minima (Fig. 7b).

Fig. 5. Calculated TIP contributions for the trigonally distorted d5 system as functions of Dtrig and k .

Fig. 6. Lower sheet of the adiabatic surface for 2T2�/(e�/SO)-vibronic

problem for d1-ion, l�/1000 cm�1, ’v�/500 cm�1, y�/2’v .
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As in the case of l�/0, these minima correspond to the
distortions of the system along the tetragonal axes.

In the calculation of the magnetic susceptibility within

the adiabatic approach a simplification (based on the

assumption that the system is well localized in the

vicinity of the minima points of the lower sheet) will

be applied so that the corresponding states contribute

significantly to the magnetic susceptibility. This simpli-

fication allows one to avoid the rather complicated
procedure of the integration over the full adiabatic

surface in the calculation of the partition function [10],

while retaining the main qualitative features of the

magnetic behavior over a wide range of parameters.

Within this approximation the principal values of the

magnetic susceptibility can be computed as follows:

xa�NkT
@2

@H2
a

	
ln
X
qmin

exp[�Ug(qmin; Ha)=kT ]



Ha00

(19)

where Ug(qmin, Ha) is the adiabatic energy at the minima

(qmin is a set of vibronic coordinates supplemented by

the Zeeman contribution).

It is important to consider how the vibronic interac-
tions affect the key parameters that determine the

magnetic susceptibility, namely the g-factor and the

TIP. In each distorted JT configuration, the g-factor

and TIP are axially anisotropic. The anisotropy of g-

factors can be observed in EPR if the tunneling between

the minima is slow enough on the EPR time scale. In the

favorable case of slow tunneling, the low-temperature

EPR is anisotropic; at higher temperatures the spectrum

is transformed into isotropic one [3]. As distinguished

from EPR data, the magnetic susceptibility measure-

ments correspond to an ‘infinite’ time scale of measure-

ment so that the g-factor is averaged over the minima

and manifests in the static magnetic characteristics.

Fig. 8a and b show a series of the curves g versus y /

’v for a d1 ion with different values of the orbital

reduction factor k . In the case of weak vibronic

coupling, both components of g are small, which con-

forms to the crystal field consideration. The JT interac-

tion is active in the ground state quadruplet and

localization of the system in the minima of the adiabatic

potential gives rise to an effective tetragonal deforma-

tion. An increase of the vibronic coupling leads to the

increase of g -factors due to pseudo JT mixing of the

low-lying G8 with the excited doublet G6. In the limit of

strong vibronic coupling when spin�/orbit coupling is

eliminated, the ground state becomes (according to the

Jahn�/Teller theorem) the orbital singlet. Combined JT

and pseudo JT interaction suppresses spin�/orbit cou-

pling so that the orbital singlet exhibits a pure electronic

g -factor. When k"/0, the G8 quadruplet becomes

Fig. 7. Lower sheet of the adiabatic surface 2T2�/(e�/SO)-vibronic problem for d5-ion. l�/�/1000 cm�1, ’v�/500 cm�1, (a) y�/2’v ; (b) y�/

2.5’v .

Fig. 8. Calculated values of the g -factors for the d1 ion as functions of the vibronic parameter in 2T2�/(e�/SO)-vibronic problem. l�/1000 cm�1,

’v�/500 cm�1.
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magnetic so that g increases with the decrease of k . This

effect is more pronounced when the vibronic interaction

is weak and it vanishes in the limit of strong vibronic

coupling because of complete localization in the minima

and suppression of spin�/orbit coupling.

Fig. 9 shows the principal values of the g -factors for a

d5 ion as functions of the vibronic coupling parameter,

for different values of the reduction factor. In this case

the ground electronic state (y /’v�/0) is G7, so the g -

factor is maximal providing k�/1 (g�/2) and decreases

with decreasing k . In the range of relatively small y that

do not exceed some critical value yc, both curves g� and

g� versus y /’v exhibit plateaus. At yB/yc g� has a deep

minimum then reaches a saturation value g��/2 that is

independent of k . The position of the minimum moves

in the region of larger y with the increase of k . At y�/yc,

g� increases stepwise with the increase of y , goes

through a maximum and then gradually decreases up

to a value of 2 that is common for all k . The plateau in

the dependences g� and g� versus y /’v appear due to

the fact that for small vibronic coupling yB/yc, the

lower sheet of the adiabatic surface has the only

minimum corresponding to the high-symmetric nuclear

configuration. Each plateau ends at the value of y�/yc

corresponding to the condition of instability for which a

single-minimum surface is transformed into the surface

possessing three tetragonal minima (see Fig. 7). The

vibronic mixing of the electronic states in these minima

leads to a sharp minimum in g� and to the increase of g�
within a relatively narrow region of vibronic parameters

followed by a slow decrease. A decrease of k lowers the

gap between G6 and G8 that favors pseudo JT instability,

which accounts for the dependence of yc upon k in Fig.

9. In the limit of strong vibronic coupling, the pure

electronic g -factor is attained. This behavior is compa-

tible with the dependences of g -factors on the strength

of static trigonal crystal field (Fig. 4). Fig. 10 illustrates

how the above-mentioned features of the principal

components of g -factors manifest themselves in the

behavior of the average values.

The TIP contributions as functions of y /’v for d1 and

d5 ions are shown in Fig. 11a and b respectively. In both

cases the vibronic interaction produces similar effects on

the TIP. The main common feature of the curves in Fig.

11a and b is the decrease of the TIP with the increase of

vibronic coupling. This is obviously the result of JT

splitting that increases the energy gap between the

minima of the lower adiabatic surface sheet and the

energy of the upper sheet in this nuclear configuration.

This leads to the vibronic reduction of the second order

Fig. 9. Calculated values of the g -factors for the d5 ion as the functions of the vibronic parameter in 2T2�/(e�/SO)-vibronic problem. l�/�/1000

cm�1, ’v�/500 cm�1.

Fig. 10. Calculated dependence of the powder averaged g vs. y /’v values in 2T2�/(e�/SO)-vibronic problem: (a) d1-ion. l�/1000 cm�1, ’v�/500

cm�1; (b) d5-ion, l�/�/1000 cm�1, ’v�/500 cm�1.
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Zeeman effect that is responsible for the TIP. Regarding

the influence of the orbital reduction factor on the TIP,

it can be noted that for small y /’v , TIP increases with

the decrease of k . It can be surmised that this decrease

arises from the fact that for y /’v�/0 the energy

separation between the ground and excited spin�/orbit

multiplets is proportional to k . Accordingly, for larger

k the TIP is reduced. With the increase of vibronic

coupling the vibronic reduction of spin�/orbit interac-

tions also begin to play an important role. This

reduction is more pronounced when the effective spin�/

orbit interaction is weaker, or, when k is smaller. This

accounts for, at a certain value of y /’v , the order of the

curves changing in such a way that the larger TIP

corresponds to the larger value of k .

It should be noted that, in the vicinity of the point of

nuclear instability, the adiabatic approximation fails due

to strong dynamic coupling between electronic and

nuclear motion. Precise description of g -factors and

TIP in this region should be based on dynamic vibronic

calculations and take into account for the kinetic energy

of the ions.

The described behavior of g -factors and TIP con-

tributions are manifested in the averaged xT versus T

dependency plots shown in Fig. 12a for a d1 ion and in

Fig. 12b for a d5 ion. The low temperature limit of xT is

proportional to g2, while the slope of the xT versus T

lines are directly related to the TIP. One can see that for

the d1 ion, the increase of vibronic coupling leads to an

increase of xT and a decrease of the slope. This behavior

is quite compatible with the already discussed depen-

dencies of g versus T and TIP versus T . The same is true

for the case of the d5 ion where the low-temperature xT

value and the slope non-monotonically depend on the

vibronic parameter (as opposed to the behavior of the g-

factor and TIP). An essential difference between the

low-symmetry field and JT (pseudo JT) distortions must

be noted. In the former case both signs of the distortions

and consequently both ground states (2A1 and 2E) are

physically meaningful. In contrast, in accordance with

the JT theorem, the minima points of the adiabatic

potential correspond to the orbitally singlet ground

state.

Fig. 11. TIP vs. y /’v curves in 2T2�/(e�/SO)- vibronic problem: (a) d1-ion, l�/1000 cm�1, ’v�/500 cm�1; (b) d5-ion, l�/�/1000 cm�1, ’v�/500

cm�1.

Fig. 12. xT vs. T curves for k�/1 in 2T2�/(e�/SO)- vibronic problem: (a) d1-ion, l�/1000 cm�1, ’v�/500 cm�1. (b) l�/�/1000 cm�1, ’v�/500

cm�1.
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7. Concluding remarks

In this work, the magnetic behavior of d1 and low-

spin d5 ions possessing well-isolated 2T2 ground states
have been investigated. The model takes into account a

strong cubic crystal field, spin�/orbit coupling within a
2T2 term, low symmetry crystal fields and vibronic JT

and pseudo JT interactions. It was shown that the

magnetic properties of these systems strongly depend on

all these interactions. Axial distortions that stabilize

orbital doublets result in strongly anisotropic g-factor

and TIP contributions. Distortions of the opposite sign
(that stabilize the singlet) decrease the anisotropy of g so

that, in the limit of strong distortions, we arrive to a

purely electronic, isotropic g-value accompanied by a

vanishing TIP value. It should also be mentioned that

for all sets of parameters, the maximal value of TIP

corresponds to the symmetric system.

In the framework of the semi-classic adiabatic

approximation we have also analyzed the influence of
the vibronic effects in the relatively simple case of a

cubic system. For the sake of simplicity only the

interaction of the electronic shell with the tetragonal

vibrational modes has been taken into account. JT

distortions produce effects that are similar to those

arising from the static crystal field that stabilizes the

orbital singlet. The vibronic effects are critically differ-

ent for d1 and d5 ions. In the former case, the ground
state quadruplet G8 is JT active, while for the d5 ion,

only pseudo JT effects result in the instability of the

system. This leads to a specific behavior of the magnetic

characteristics as functions of the vibronic parameter.

The low-temperature limit of xT versus vibronic para-

meter for the d1 ion increases with the increase of the

vibronic coupling concomitant with a strongly decreas-

ing TIP. The low temperature limit of xT for d5 ions
behaves non-monotonically. An increase of the vibronic

coupling leads to an increase of this value, then a sharp

decrease. TIP decreases with the increase of vibronic

coupling. Regarding the vibronic JT problem, it should

be noted that the adiabatic approximation works well if

the vibronic coupling strong enough. In this case the

minima of the adiabatic potential are deep so that the

system is well localized. In the case of moderate vibronic
coupling when the depth of the minima is comparable

with ’v , this adiabatic approximation fails and the

system should be described by vibronic (hybrid) func-

tions. As was shown in [4] this circumstance leads to the

essentially new magnetic behavior of a d1 system

possessing a JT ground state G8. In this view one can

expect that the pseudo JT effect in d5 ions can give rise

to a similar behavior in the range of intermediate
vibronic coupling. We are poised to consider this

question elsewhere and to apply the presented theory

to the named Re(II) compounds.
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