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The paper is aimed at the elucidation of the main factors responsible for the single-chain magnet behavior of
the cobalt(Il) disphosphonate compound Cg(HH,O) with a 1D structure. The model takes into account

the spin-orbit interaction, the axial component of the octahedral crystal field acting on the ground-state
cubic“T, terms of the Co(ll) ions, the antiferromagnetic exchange interaction between Co(ll) ions as well as
the difference in the crystallographic positions of these ions. The conditions that favor the single-chain magnet
behavior based on spin canting in a 1D chain containing inequivalent Co(ll) centers are discussed. The
peculiarities of this behavior in chains containing orbitally degenerate ions are revealed. The qualitative
explanation of the experimental data is given.

1. Introduction. Short Overview of Experimental Results

The most fascinating developments of the past decade in the
field of molecule-based magnetism involve the discovery and

characterization of single molecule magnets (SMVS)and
single-chain magnets (SCM).1° Magnetic bistability and slow

magnetic relaxation at low temperatures are the distinctive
features of these systems that may lead to future trends for wid
applications in quantum and molecular electronics. The majority

of known SMMs and SCMs contain ions with orbitally

nondegenerate ground states. For SMMs of this type the energy

e

researchers have turned to new types of SM¥s22and SCMs
that contain ions with unquenched orbital angular momenta in
the ground state. Recently we demonstr&ted that for the
SMM of this kind, the first-order single ion anisotropy and
the anisotropy of exchange interaction are responsible for the
formation of the barrier for reversal of magnetization. As for
the SCM containing orbitally degenerate ions, the state of
experiment and theory is very scarce. Only a few examples of
such type systems have been repoffed.

In the cobalt(ll) diphosphonate CofH(H2.O) compound

barrier for magnetization reversal appears as a result of thewhich displays SCM propertiésthe Co(ll) ions are linked

combination of the large spi$ of the ground state and a
significant negative zero-field spliitinBs, whereas the relax-
ation time of magnetization exhibits a thermally activated
behavior (Arrhenius law)

B IDJS’
(1) = 1o exp— 7 €Y

In accordance with the Glauber motfefor SCMs in which

through a bridging phosphonate oxygen atom to create a 1D
chain of corner-sharing octahedra that propagate in a zigzag
fashion (Figure 1). The crystallographic positions of neighboring
Co(ll) ions in the chain are inequivalent, however, due to the
fact that the corresponding ligand octahedra are rotated with
respect to each other. It will be demonstrated in this paper that
this situation results in a noncollinear spin structure (spin
canting). At the same time the two cobalt centers in the chain
present identical environments and are linked to five oxygen

individual anisotropic units possessing ground states with and one nitrogen atoms. Thél vs T plot of the cobalt(ll)
guenched orbital angular momenta are coupled by ferromagneticdiphosphonate compound Coftj(H20) (Figure 2) exhibits a
exchange, the relaxation time also depends on the exchangeoom-temperature value of 3.2 emmol~%-K, which is higher
integral J- of this interaction than the expected value for a spin-only cagd & 1.8
8JF32)
kT

emumol~1-K, S=3/,). Upon lowering the temperature, th&
In an attempt to increase both the energy barrier for

value decreases and reaches a minimum of 0.6 mwia!-K
magnetization reversal and the lifetime of magnetization,

o(T) = 7y(T) ex;{ (2) at 7 K. Below 7 K, T increases abruptly to reach a maximum
at~2.5 K (4T = 2.5 emumol~1-K) and finally decreases again

at lower temperatures. The obseryglibehavior indicates an
antiferromagnetic exchange interaction between the Co ions and
the origin of theyT maximum at~2.5 K is attributed to spin
canting. The SCM behavior of the title compound is evidenced
by the temperature dependence ofdlesusceptibility for which

both the real and imaginary components are strongly frequency

dependent (Figure 3.
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Figure 1. (a) ORTEP representation of the Co(}(H,0) unit. The
thermal ellipsoids are drawn at the 50% probability level. (b) Extension
of the view in (a) down thec-axis to emphasize the zigzag chain

structure. The Co and P atoms are shaded in pink and green,

respectively.
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Figure 2. Temperature dependence gt for the Co(HL)(H20)
compound. The inset shows the low-temperature pagiTof
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In striving to understand the SCM behavior of the Cg(H
(H2O) chain compound we note that, in a first approximation,
the nearest octahedral surrounding of the Co(ll) ion is tetrago-
nally distortec®® The tetragonal component of the crystal field
splits the groundT; term of the Co(ll) ion into the orbital singlet
4A, and the orbital doubletE. The description of the ground
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Figure 3. Temperature dependence of tfie(top) andy" (bottom)

components of the ac susceptibility with an oscillating field of 3 Oe at
fixed frequencies. The lines are guides for the eye.

state splitting by the zero field splitting Hamiltoni@y S —
(1/3)5(S+ 1)] proves to be only valid when the ground state is
4A, and it is well separated from tH& state (strong tetragonal
field). However, the observed room-temperaty€ value
indicates the presence of an unquenched orbital momentum of
the Co(ll) ions in the Co(kL)(H20) compound. Thus, in
examining the magnetic properties of this compound, one must
deal with a significant local (single-ion) anisotropy that cannot
be described by the terid S2 — (1/3)S+ 1)]. Besides this
problem, the role of spin canting in the formation of an
uncompensated magnetic moment in a chain with antiferro-
magnetic coupling must also be elucidated. The relaxation time
of magnetization for the title compound does not obey the law,
eq 2. The above arguments clearly show that the conventional
model based on the spin-Hamiltonian, which involves the
isotropic exchange interaction between the Co(ll) ions in the
chain and a zero-field splitting term fails for the description of
the magnetic properties of the Co(ll) chain compound in this
study. The aim of this paper is to provide insight into the
interplay between the local anisotropy of the Co(ll) ions
possessing the unquenched orbital momenta, antiferromagnetic
exchange interaction between these ions, and spin canting. The
influence of these key factors on the magnetic properties and
SCM behavior of the Co(ll) chain will be considered. We will
elaborate a new approach that can be used to analyze the SCM
properties of 1D chains containing orbitally degenerate Co(ll)
ions. Within the framework of the proposed approach special
emphasis will be placed on the qualitative interpretation of the
experimental data on the Cof)(H,O) chain compound.

2. Pseudo-SpinY, Hamiltonian for a Pair of Octahedrally
Coordinated Co(ll) ions Exhibiting Spin Canting

The method of the effective pseudo-spipHamiltonian is
widely used for the description of the magnetic and spectro-
scopic properties of compounds comprising exchange coupled
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Figure 4. Local and molecular coordinates.

Co(ll) ions. As a rule, such type Hamiltonians are constructed
on the basis of symmetry arguments, and the parameters of the

Hamiltonian are determined from fitting of the experimental
data (phenomenological approaéh)3? In the approach recently

developeé?-34the parameters of the effective Hamiltonian are
expressed through the set of microscopic parameters—spin
orbit coupling constant, low-symmetry crystal field parameters

and Heisenberg exchange integral). However, until now this
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Figure 5. Energy levels of the Co ion in the axial surrounding for
= —160 cnT?, x = 0.8.

momenta operators and magnetic field components are defined
in the local frame associated with the site KiA, B).
The single-ion wavefunctions in the total angular momentum

approach has been applied to Co(ll) ions that occupy identical 'ePresentation are otJ):]ained by the Clebsch-Gordan decomposi-
crystallographic positions. Herein we go beyond this simplifying tion [j, MO= 3 mm C13 5, /1mM,%>mL]) wherems and m are
assumption and consider a pair of Co(ll) ions, the octahedral the projections of the total spis= 3 of the Co(ll) ion and its

surroundings of which is tetragonally distorted and rotated with

angular momenturh = 1, respectivelyj andmy represent the

respect to each other. A similar procedure for calculations of total angular momentum of the Co(ll) ion and its projection.

the energy pattern for a trimeric Co(ll) complex by means of
the second-order perturbation theory was perform&daithout
usage of the pseudo-spifi-Hamiltonian.

Let us assign the indices A and B to two octahedrally
coordinated Co(ll) ions which occupy inequivalent crystal-
lographic positions in a 1D chain. We introduce two local frames
of reference (Figure 4) relating to ions A and B in the chain.
To demonstrate the effects of spin canting in the chain with
utmost clarity, we assume that the tetragonal I&&abnd Zg
axes subtend an angte each of them passing through a Co
and nitrogen atom, thé, andYg axes are parallel to each other
and perpendicular tdxZg plane, and the axe$, andXg lie in

Becausg takes on the valugs= 1/, 35, %,, the Hamiltonian
H; is represented by the 12 12 matrix. The diagonalization
of this matrix gives 6 Kramers doublets.

In Figure 5 the energies of these states in the absence of the
external magnetic field are shown as functions of the axial
crystal field parameteA for usually accepted values af =
—160 cnTt, ¥ = 0.8. From Figure 5 it is seen that for a wide
range ofA values the ground Kramers doublet is well separated
from the excited states. This allows us to describe the energy
pattern of the low-lying levels of the exchange coupled Co(ll)
pair by a pseudo-spitl, Hamiltonian acting within the space
of the direct product of two Kramers doublets. The wave-

the ZaZs plane. The B center system axes can be obtained from functionsWo(£"/>) for the ground Kramers doublet represent

the A center system axes by thedegree turn around thé, or

Yg axis. Along with the local frames of reference we introduce
the molecular coordinates. Tlzeaxis of this system is chosen
along the bisector of the angle formed by the localZs and

Zg axes and th& axis of the molecular system coincides with
the localYa andYg axes (Figure 4).

The single—ion Hamiltonian can be presented as follows:
H, = —(32)ils + All,°() — % + Ay i=AB (3)
where the first term represents the sporbit interaction £ is
the many-electron spinorbit coupling parameter for théf ;-
term of the Co(ll) ion,« is the orbital reduction factor), the

linear combinations of the statgis= Y, m = £Y,0) |j = 35,
m = +Y,0and|j = %, my = £/, with the coefficients being
dependent on the parametérsc and A.

Along with the intracenter interactions described by eq 3 the
full Hamiltonian of the Co(ll) pair includes the exchange
interaction between Co(ll) ions. Following the idea of Lirés,
we will assume the isotropic HeisenberDirac—Van Vleck
(HDVV) form of this interaction

Ho= —2058% = 2JSsc sy +95) - (9)

whereJ is the many-electron exchange parameter and the single
ion spin operators, andsg and their projectionsé andsﬁ (a

second term describes the local axial crystal field acting on each= X, Y, Z) refer to the common (molecular) frame.

Co(ll) ion, and the last term

Hye =B ; [—%1,, () + ges, (D H, (i) (4)
y=XY,Z

is the operator of Zeeman interaction, whergiiis the Bohr
magneton, andH is the applied magnetic field. In developing
the Hamiltonian eq 3, we consider that for ions A and B the

local axes coincide with the main axes of the tensor that

describes the splitting of thd; term in the local crystal field,

Now we pass from the operatess, s, (o = X, Y, 2) to the
operatorss,(i), s(i), s,(i), i = A, B, defined in the local
coordinates (see eq Al in Appendix). Then the exchange
Hamiltonian takes on the form

Hex = —2){((A) Si(B) + cos)[S(A) sy(B) +
$(A) S(B)] — sin(@)[K(A) S3(B) — S(A) si(B)]} (6)

Further we examine the case when the splittings due to the

and the local surroundings of these ions are identical. Index i spin—orbit coupling and axial crystal field significantly exceed
in the parentheses in eqs 3 and 4 indicates that the angulathose caused by the exchange interaction. Under this condition
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one can use the perturbation theory with the unperturbed gxy, Ovx Ovz Ozvy prove to be vanishing. Second, the present

Hamiltonian microscopic approach provides the dependence of all non-
vanishing parameters on the set of microscopic parameters.

H,= {—(3/2)Alis + A[Iizz(i) - 2/3]} (7 To pass to the Hamiltonian defined in the molecular frame,

i=AB we apply the transformation for the components of the magnetic

field (eq A2 in Appendix) and the transformation reverse to
that in eq Al for the spin operators.
Then the effective Hamiltonian takes on the form

and a perturbation

V=He,+ > Hyx 8)

e Herr = — 2@kt — 20y — 23,1575 — 20,1575 —
The HamiltonianH = Hg + V operates within the total space 2 JZXT;\T;B( +8 {giXXTiXHX + giYYTiYHY + gizzfisz +
liamia, jsmel] whereja andjg, as it was above-mentioned, take i4rxB
on the valuesl/,, %, and %, We have to pass from this D HL 4 TH + AcHZ + A 24 A H2 (13
Hamiltonian to the effective pseudo-spih-Hamiltonian that Otttz + 7] X vy 2zt (13)

. . A B H

operates in the restricted spack;(ma),Wy(me)L] Applying In eq 13 all operators and components of the magnetic field

the second-order perturbation procedure for the degenerate levelg e defined in the molecular frame. The paramelgysof the
one can present the effective pseudo-spirHamiltonian as  effective Hamiltonian defined in the molecular co-ordinates are
follows: connected to the parameteks; (local frames of reference) by

the relations:
Her = HS + HE €)

_ = w2 _le s
where HY) and H? are the first- and second-order terms Joe= o COS(@12) = Iz Sinf(12) 2~ Jdsin @)
defined as Jo=3
YY ™ YYYy
(WG (T}). W () IHGR W (m)), W (mye) =

3= ~dSiP(gl2) + 35 c02(412) — 20— I si
@I’Qr(mjA)"I’gBr(ij)|V|‘I’Qr(n}A),‘I’Sr(n}B)D(10) 7z wx SIN(@/2) + J;; cos(¢/2) 2( kz ~ Iz sin(@)

1~ ~ . ~ .
and Iz = E(‘]xx + Jzp) sin(p) + Jy; CO§(§0/ 2) + Jzx S'r‘2(§0/ 2)
TG, (M), W (M) IHEG W (M), W (M) O= Jp=— %(jxX + 3, sing) + 3, sinf(e/2) +

[T, ), WE (M ) | V| eV Wih(m ), Wh (M) B

3, cos(@l2) (14)

E.— E _

e

¢ (11) Similarly, the components og[;-tensorg'aﬁ are related to the
componentgj,; as follows:

whereEy andEg are the ground and excited eigenvaluesief

and |eCrepresents the excited states of the Co(ll) pair. Oox = Gy = By SIF(@/2) + Fyx COS(@12) + Ty, SINE)
By calculating the matriXes with the aid of eqs 10 and 11 A 5 .
and expressing it in terms of the standard Spinmatrices Oyy= Ovy = Oyy
(i), T\(i), 7(i), we arrive at the following final expression for . - - .
tt>1(e effectivezr pseudo-spitt; Hamiltonian: 927 = U7z = Gxx ST (9/2) + G, c0S(9/2) — Gy, Sin(@)
- ~ 1. - ~ ~
Hor = — 23 @3(A) T2(B) — 23, 7(A) 75(B) — Oz = ~Oxz = 5 SIN@)(Gzz ~ Gxd + Gz COSE) (15)
23,,75(A) 15(B) — 23, 7% (A) 73(B) — 23,75 (A) 7%(B) +
2273 ~) Tzi( _) e f( )i T_Z( ) - Zi( _) TX(_) Finally, the relation between the components of the TIP-tensor
B ) {Gxax(®) Hx(i) + 8yya (i) Hy(i) + G7.72(1) HA(i) + Aqg and the component&; and A is the following:
i=AB
G ) H(D) + 7200) He(] + AH () + A= 2[A sinf(@/2) + A cos(g/2)]
AHED + HADT} (12) Ayy=2A
where the symbol i in the parenthesis indicates that the spin Ayy= 2[[\D sinz(q;/z) + [\” co§(¢/2)] (16)

matrices as well as the magnetic field components refer to the

local i-frames. The effective exchange integralg, and the The dependence of the exchange paramekgren the axial
components of the effectivgtensorgys as well as the tensor  field parameterA calculated forJ = —1.5 and—2.5 cnt is

of the temperature-independent paramagnetism (TIP)/and  shown in Figure 6. For the angle we used the value =

= Azz and Ag = Axx = Ayy are the known functions of the  54.6 that was determined from the geometrical structure of the
intrinsic microscopic parameters, «, A and J. Because the  cobalt(ll) disphosphonate compound Cel(h{H.0). From
components of the locgttensors and TIP are the same for the Figure 6 it is seen thalxz = —Jzx, and that the degree of the
ions A and B, we set in eq 18,; = G, Ay = Ay, Ap = A exchange anisotropy depends on the strength of the axial crystal
The Hamiltonian eq 12 differs in two main ways from that field. The differences between the parametkss Jyy andJzz
obtained in the framework of the phenomenological approach. are more pronounced for negatitxevalues. In the range 3000
First, eq 12 contains fewer nonzero parameters than thecm™ < A < —500 cnt?the parameteld;; significantly exceeds
phenomenological one because the paramé}@rsiyx, Jvz, 7y, in magnitude all other components of thg; tensor, and thus,
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g 21 I,

g 0

2 5] T parameterA dramatically changes the components of the
g I g-tensor. The most anisotropic case takes place for large negative
g -4 values ofA. At the same time foA < 0, the decrease of the
g -6 magnitude leads to the leveling of tefactor values. Finally,
c ] . .

8 gl xx Figure 8 illustrates the dependence of the components of the
[E]

5 0. T, TIP tensor on the parameta.

12 . L . .
T T T T . 3. Mean Field Approximation. Evaluation of the Barrier
-3000 -2000 -1000 0 1000 for Magnetization Reversal

A cm’ ) L . .
We start with the examination of the relaxation characteristics

tﬁ:guggrghgfei]afggi ng‘?e;efii%xéjé‘%fﬁ‘]fgj gm;::gr;s:of of the Co chain in the mean field approximation. The Hamil-
—1.5 et (a) andJ = —2.5 cnt (b). ’ o tonian of interacting Co ions in an infinite 1D chain with spin
canting can be presented as

6 H= Hlnt + HZE (17)
whereHiq is the effective exchange Hamiltonian for the infinite
4 Evy chain andHze describes the interaction of the A and B type Co
. Exx ions in the chain with the external magnetic field. In the
g g molecular coordinates, the Hamiltonidt,;: of the chain in
Q (22 . .
£ 21 which A and B type ions alternate appears as follows:
_ B, B
0 _ZZ[JXX(TQITI + TX|TA>2|+1) +
88
2 . . . o In@wh + ) + B2 (g + tata) +
- - - AB B
3000 2000 A10004 0 1000 3 (it — o — Tt + T2yl (18)
, CM
Figure 7. Dependence of the componenfs, = g5, = G (a0 = wherel numbers the cells of the infinite chain, which contain
Y, 2) and gy = g, = —05y = —0f, = gzx = gxz Of the g- tensor on an AB pair of Co ions. As eq 18 is written down, the foIIowing
the parameteA calculated withe = 0.8,1 = —160 cnT?, ¢ = 54.6, reIationsJAB = JBA (a=XY, 2), JAB \]XZ, Na AB — JZX,
— 1
andJ = 1.5 cnt. X = JAB between the exchange parameters ‘have been taken

into account. One can derive these relations with the aid of eqs
the exchange Hamiltonian becomes highly anisotropic and © and 12.
approximately acquires the Ising form. At the same time the ~ The Zeeman part of the chain Hamiltonian takes the form
magnitudes of the parametelg; increase with the increase of - . .
the parameteld| of antiferromagnetic exchange. Finally, inthe Hze = Z BlIxxexHx + yvtyHy + 9z17H; +
high-symmetry case, when the Co(ll) ions are in the perfect i=A.B

octahedral surroundings\(= 0), the exchange Hamiltonian OxATHz + 15H)] (19)
becomes isotropidxz = Jzx = 0, Jxx = Jyy = Jzz

The dependence of the componentg‘;,mansorg’*f gaﬁ on Passing to the molecular field approximation, we perform in
the parameteA calculated withc = 0.8,1 = —160 Yo, = eq 18 the following substitution:
54.6 andJ = —1.5 cn is shown in Figure 7. In the case of 5 5 5 5
A = 0 we obtain the well-known limitg},, = gyx = Qyy = Tﬁlrﬂl' = fﬁfﬁI' + Tﬁlfﬁ - fﬁfﬁ o,f=XY,Z

Y5(5ge + 3k), gy, = O that correspond to the fully isotropic
Co(ll) ion. The change in the magnitude and sign of the where the parametet§ andrﬁ characterize the mean spins of
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A and B ions and play the role of dimensionless order
parameters

Trlexp(—H/KT)7,]
Trlexp(—H/KT)]

i Trlexp(—H/KT)z;]
% TrlexpCHIKT)]

a

whereH is the chain Hamiltonian in the mean field approxima-
tion that decomposes into the sum of single ion Hamiltonians

B

A= SHA+ 3 HE + ANSTRR — B0TTs + 87t +
n m

B

Fa0T; +37757,) (21)

HereN is the number of the AB cells in the chain, the indexes
n andm label the ions of the sublattices A and B, respectively,
Hp = (GoHx + Gtz — 4057y — 4552 1) 5, T (GHy —

‘U’?Ef?)fﬁn + (gngz + ngHx + MQET;B( - 4\]';28 %E)t?n (22)

Han = (g>B<xHx + g>B<sz - Mﬁifﬁ + MQ??;)T;B(m"*' (g?(YHY -
AR Tyt (G5 H, + diHy — 404575 — 447 215
(23)

The eigenvalues of the Hamiltonian eqs 22 and 23 depend on

the order parameters as well as on magnetic field components

and appear as follows:

B}, = £ (HyHy Hy 5,75, 75)
ET,= P (H Hy H, 7 %070) (24)

=B =B

Here the functiorfA(Hx, Hy, Hz, 7%, 75, 75) takes the form

=B _B _B

1
fA(HX'HY'HZ'TX'TY'TZ) = Z((QQX)Z + (gQZ)Z)HXZ +

1 1 1
2GS+ 7(G)° + (@))H, — S+
IS HH, = 2@k + Gtk Hxx + 2@y +
0K H7Tx — 20 AVHVEY + 2@7 — Godia)Hs +
2@ — BT H8Fade — el )t +
ATATY’ + AEEV @D + 4ATVE)* +
1/2
AT (@) + 4 @) (29)
The functionf8(Hy, Hy, Hz, 73, 7%, 75) can be obtained from

eq 25 by means of the substitutioh — 75 (o =X, Y, Z). The
free energy of the AB unit cell can be expressed as
B

F = —KTIn[2 cosh{*(H,,Hy.H,.7%,75,73))] —
KT IN[2 cosh®(Hy,Hy,H, 7%, 70.75))] + 4(Qeatyiy +
Ity + I 57, + B Tit; — Sty (26)

The order parametef, 7, 75, Ty, 7y, To can be obtained by
the numerical solution of the set of self-consistent equations

oF OF\ _ o [9F) _
) 0 ) 0 )0

3_'; —0, 3_"; —0, 3_'; -0
o7 o7 072

Equations 27 are not explicitly listed here due to their hugeness.

(27)

Palii et al.

a)

Order parameters

0 2 4 6 8 10 12 14
T,K
b)
»
15}
©
£
©
®
o
o
B
o
T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20
T,K

Figure 9. Order parameters as functions of the axial distortdom
the case ok = 0.8,4 = —160 cnm’. (a)J = —1.5 cntt andA = 100
cm! (doted line),Tc = 6.4 K (1); A = —200 cn1? (dot-dashed line),
Tc = 7.5 K (2); A = =500 cn1? (solid line), Tc = 9.2 K (3); A =
—1150 cnt? (thick dashed line)Tc = 10.7 K (4); A = —2000 cnt?
(thick solid line), Tc = 11.1 K (5). (b)J = —2.5 cntt andA = 100
cm! (doted line),Tc = 10.7 K (1); A = —150 cn1? (dot-dashed line),
Tc=11.9 K (2); A = —250 cn? (solid line), Tc = 13.1 K (3);A =
—500 cnr? (thick dashed line)Tc = 15.5 K (4); A = —1000 cn1*
(thick solid line), Tc = 17.7 K (5).

The procedure of calculation of the temperature dependence of
the order parameters with the aid of eq 27 was carried out in
two stages. First, we calculate the parameters of the effective
exchange Hamiltonian, trggand TIP tensors for ions A and B
as functions of the axial distortiofs, and then we numerically
solve the system of eqs 27.

We start with an inspection of the influence of the parameter
A describing the axial splitting of th&T; term of the Co(ll)
ion on the type of spin ordering. The corresponding parameters
of the effective exchange Hamiltonian necessary for calculations
of the mean spin values can be easily obtained with the aid of
Figure 6. In Figure 9 the effective spin componetitsandz:
are depicted for differenf\ andJ (J < 0) values. It is seen
that, in the case of relatively strong negative axial fieAd €
0), the Z-componentsts and75 line up antiparallel, and the
Y-components vanish. At the same time, until the critical value
value Ay (A < 0) is reached, theX-components are non-
vanishing and paralleliﬁ = TE. Such an uncompensated
magnetic moment appears in the case of sufficiently large
negative local distortions that lead to the inequalifieg|, |Ixz|
> |Ixxl, vyl @and|Jzz| > |JIxz| between the parameters of the
effective exchange Hamiltonian. The increase of the absolute
value ofA (A < 0) leads both to the increase of the temperature
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of the phase transition and the magnitude ofXheomponents 15
of the effective spin (Figure 9). We thus arrive at the conclusion
that even the antiferromagnetic exchange interaction is able to
produce a ferromagnetic type spin alignment alongfeis. 13
Such an unusual effect is obviously the consequence of the spin
canting in the chain and significant local axial anisotropy of a
negative sign. Note that in the adopted pseudo-Spiiormalism
the term “spin canting” relates to the effective spins of the
ground Kramers doublets rather than to the true spirs?/,
of the Co(ll) ions. 9
For A > A an alternative qualitative picture arises (Figure
9). In this case the accumulation of the magnetic moment along

144

12

111

. -1
Barrier, cm

10

the X-axis does not occur, and only an antiferromagnetic type -3000 -2000 -1000 0
ordering takes place. Providinger < A < 0 the magnetic A cm’
A _ B . .
moments?, = —7; are aligned anng the-axis, and.forA = Figure 10. Variation of the barrier for magnetization reversal as a
0 they turn around and become oriented alongttiaeis @7 = function of negative axial distortions with « = 0.8,1 = —160 cnt?,

—74). Such a reorientation of the spins can be explained by the J = —1.5 cnT?, ¢ = 54.6’.
behavior of the exchange parameters as functionA.oks a
matter of fact, forAg < A < 0 the exchange parametgy|
exceeds the parametédsy|, |Jyvl, |Ixzl whereas foA > 0 the
relation|Jyy] > |Ixxl, |9zzl, |Ixzl holds (Figure 6). 8-
Now let us analyze the composition of the wavefunctions
corresponding to the energy IeveE{Q2 and Eiz of ions A and
B in the molecular field for negative values of the paramater
satisfying the inequalitA < A Numerical calculations show
that in the absence of an external magnetic field these wave- 6
functions can be written down in the form

94

Ln(1/7)

Yy, = ey £,0H ¢y F,0 Y5, = Gl e | FY,0
(28)

4 T T T T T

where the coefficients; andc; satisfy the inequalityc,|2 > > 046 048 00 9;52 054 0%

|c1|2. For instance, foA = =500 cntl, J = —1.5cnttandT VT K™

< 9.1K one obtaingc,|2 = 0.9994,|c4|? = 0.0006. Thus, the Figure 11. Temperature dependence of the relaxation time. The squares
excited and the ground states of A-type ions mainly correspond represent the calculated experimental vafdse solid line corresponds

to the pseudo-spin projectionst/, and -+, respectively. For to the best fit of the data to eq 30.

B-type ions a reverse order of levels takes place. This meansyng hence in this particular case we arrive at the Glauber's
that for both types of ions in the chain the transition from the egyig0 gbtained in the framework of the 1D Ising model.
ground state to the excited one is accompanied by a spin ﬂip-ActualIy, for [Aal < |A] < 3000 cnt! (Figure 6a), the
Thus, to change the sign of the spin projection of an ion in the parameters of the effective exchange Hamiltonian eq 13 are
molecular field induced by the chain, a barrier of the magnitude g pjected to the inequalitfzzl >> |, 13, [xz, SO that

_ A A _ =B B H . . . .
U=E; — E, =E — E, must be overcome. The magnitude the effective Hamiltonian takes on the Ising form:
of this barrier is obviously determined by the paramefera

andJ, which describe the key intra- and intercenter interactions Ho = —2J,,7575 (29)
in the chain. At the same timé can be regarded as a reasonable €
measure of the barrier energy only far < A when an In this case, according to the Glauber theory, the magnitude of

uncompensated magnetic moment exists. Actuligepresents the parrier for spin reorientation is shown to correspond to the
the energy that should be applied to the system to destroy theenergy loss in the one-spin flip-flop process: that is, it is
ferromagnetic type spin alignment along tkexis. Figure 10 approximately equal t0Bx(12)2 = 2J,.

illustrates the dependence of the ba[rier magnitUde[] the Finally, we determine the axial distortioA of the local
parameten for « =0.8,4 = —160 cm*, J = —1.5 cn* and surrounding of Co(ll) ions in the Co@H)(H>0) compound

¢ = 54.6. It can be seen that the barrier magnitubleepresents  sing the experimental data on the temperature dependence of
a nonmonotonic function of the parameterWith the decrease e relaxation time in this compound and the calculated
of th_e magnitude of\, theU value increas_es, passes through a dependence of the parametdgs andU on A (Figure 10). The
maximum and then decreases monotonically. &G _11417 temperature dependence of the relaxation time was obtained
cm 1 the barrier reaches the maximum valligx= 14.3 cm'L. from the frequency dependence of the componghtnd "
Insofar as the order parameters (Figure 9a) and, thus, the energys the ac susceptibility (Figure 3) and it is presented in Figure

levels, eq 24 keep their constant values over a comparatively 11 The experimental data far were fit to the Arrhenius
wide temperature range, the barrier height also remains constangypression

in this range. However, the decrease of the order parameters

with temperature leads to the diminution of the energy barrier U
to reverse the magnetization direction. Simple analysis of M=1 ex;:(k—.l_)
Figures 6a and 9 also shows that in the rapyg < |A| <

3000 cnt?, the barrier height can be evaluatedlase 2J7, The best fit parameters were found tolbe= 15.4 cn1?, 1o =

(30)



14010 J. Phys. Chem. A, Vol. 110, No. 51, 2006 Palii et al.

3 x 1078 s. Comparing these values with the calculated
dependence of the barrier height on the param#&tere find

that the barrier energy estimated from the experimental data is
in satisfactory accord with that calculated for= —1150 cnt™.

To support the contention that the parameter values—1150
cm~landJ = —1.5 cnt! are the only ones that conform to the
observed magnitude of the barrier, we refer to Figures 6b and
9b. From Figure 9b it follows that fod = —2.5 cnmtt a
nonvanishing magnetic moment directed along Meaxis
already appears for the value = —500 cn1?, which corre-
sponds to the barrier enerdy = 237z ~ 21.4 cnt! (Figure

6b) that is higher than the observed one. From Figure 6b it is -

seen that fofA] > 500 cnt! andJ = —2.5 cnt? the barrier 0 10 20 30 40 50

energy increases. Fgr\| < 500 cnt! an uncompensated Temperature, K

magnetic moment cannot appear, the anisotropy of the effective

exchange Hamiltonian diminishes, and the concept of the barrierFigure 12. Temperature variation of the magnetic susceptibility of a
becomes inapplicable. It is clear that in the case of antiferro- T‘l%gha'nlw'th_'\‘;%ug't_ce_"f ;or;cd=_(3).8,A1= —1150 cnt*, 2 =
magnetic exchange and < 1.5 cnt? for all favorable values oMt @ =080, J=mLoan em =

of A the barrier energy will be noticeably lower than that

2.5+

2.0

xT, cm® K mol™

1.5

1.0+

extracted from the experimental data. 8
7 -
4. Magnetic Properties 5 6
) N =
In the framework of the mean field approximation we were ¥ O
able to elucidate the conditions under which an uncompensated "’g 44 T
magnetic moment appears and to obtain a reasonable value for o3l =
the axial field parameter providing the experimental barrier =
value. However, the known deficiencies of the mean field 21 ol
approximation in examination of the magnetic properties led 1 T
us to simulate the magnetic behavior of an infinite chain by 0. gt
calculation of the properties of a closed ring chain witlinit 0 10 20 30 40 50

cells each cell containing a pair of ions A and B. Extrapolation
of these properties to the infinitdnumber gives us the behavior
of the named infinite chain. In these calculations we use the Figure 13. Diagonal components of thgT tensor as functions of
energy levels obtained by exact solution of the quantum- temperature fok = 0.8, A = —1150 cm*, 1 = —160 cm*, ¢ =
mechanical problem for the ring chain using the valie= 54.6,J=-15cm’ N=S5.

—1150 cnr! found in section 3. The diagonal components of
the magnetic susceptibility are determined as

Temperature, K

but also ensure the minimum of th& curve atT = 7 K, which
) is in agreement with the experimental data (Figure 2). The
0 increase ofyT at low temperature is due to spin canting. This
= Npkg T——[In Z(Hy)]H, — 0 31 A P - P ng-
Xoa Ak oH AAIn Z(Ho)IH, (31) canting arises from the competition between the axial single
ion anisotropy and the magnetic exchange interaction. It should
The susceptibility of the powder sample is calculated with the D€ émphasized that the position of the curve maximum and its
aid of the expression: height are in satisfactory agreement with experimental data.
However, the calculategT value in the minimum is higher

a

1 than that observed, and this is most likely related to our
x= E(XXX + xv 122 (32) simplified model, which neglects the rhombic distortion of the
local surroundings of the Co ions. At the same time for the
The calculations were performed for a chain containing up to 5 Parameters) = —1.5 cnt* and A = —1150 cn1* the model

unit cells AB (10 spins). In this case the size of the Hamiltonian well rep.roduces.the main qualitative features of the observed

matrix is 1024. This number of cells is enough to demonstrate Magnetic behavior. )

the main peculiarities of the magnetic properties. While deriving ~ The temperature dependence pixT, ywT and yzzT is

the effective exchange Hamiltonian, we restricted our consid- Presented in Figure 13. It can be seen that, at low temperatures,

eration to the lowest Kramers doublets of ions A and B. For the system exhibits strong magnetic anisotropy. Thug, st

this reason we consider only the magnetic properties at 10 K, theyxxT component of the tensgiT significantly exceeds

temperatures lower than 50 K. the componentgyyT andx_zzT and |nd|_cates the presence of an
Figure 12 presents the magnetic susceptibility of a ring chain Uncompensated magnetic moment directed along the molecular

consisting of 10 Co ions\(= 5) as a function of the exchange X'aX|s. This behawor. of theT tensor compolnents isin gcco.rd

parameted. One can see that with a temperature decrease theWith the results obtained from the mean field approximation.

magnetic susceptibility diminishes, then passes through a

minimum, and finally increases. The position of the minimum 5. Concluding Remarks

shifts to the low-temperature range for smaller valuegljofin

such a way the parameteds= —1.5 cnt! and A = —1150 The recently discovered SCM behavior of the cobalt(Il)

cm ! not only fit the experimental value of the barrier energy disphosphonate compound Ce[h{H-0) based on spin canting
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in a antiferromagnetically coupled Co(ll) chain is the subject
of this current study. The new theoretical model of this effect
allows for the spir-orbit interaction, the axial component of
the crystal field acting on the ground-state cubig terms of
the Co(ll) ions and the isotropic antiferromagnetic exchange
interaction. The cornerstone of the model is the effect of spin
canting that arises from the inclination of the local anisotropy
axes with respect to each other.

The results obtained in the present paper can be summarized
as follows. The effective pseudo-sgi-exchange Hamiltonian  Transformation connecting the magnetic field components in
operating within the ground Kramers doublets of two Co(ll)- the molecular and local frames:
ions has been derived by taking into account the different
orientation of the local c_oordinat_e axes of these ions. The Hy(A) cos@/2) 0 —sin(/2)\[Hx
dependence of the effective Hamiltonian parameters (compo- HUA) |=[o 10 H
nents of the exchange, TIP agdensors) on the initial local Y . Y
and intercenter microscopic parameters has been found. With Hz(A) sin@/2) 0 cos@l2) [\Hz
the aid of this highly anisotropic Hamiltonian the SCM .
properties of the Co(4L)(H20) compound have been examined EXES; _ 803@/2) 2 zm(cp/Z) EX AD
in a combined approach comprising both the mean field T . Y (A2)
approximation and the exact quantum-mechanical solution for H,(B) —sin(@/2) 0 cos/2)|\H;
a ring chain. In the framework of the mean field approximation
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