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In this article, the low-temperature static (adiabatic) magnetization data of the nanoscopic Vs cluster present in
Ke[VV15AS6042(H,0)]-8H,0 is analyzed. The cluster anion, which attracted much attention in the past, contains a
triangular V5 array causing frustration as a function of applied field and temperature. In the analysis, a three-spin
(S = 1/2) model of V45 was employed that includes isotropic antiferromagnetic exchange interaction and antisymmetric
(AS) exchange in the most general form compatible with the trigonal symmetry of the system. It was shown that,
along with the absolute value of AS exchange, the orientation of the AS vector plays a significant physical role in
spin-frustrated systems. In this context, the role of the different components of the AS in the low-temperature
magnetic behavior of V5 was analyzed, and we were able to reach a perfect fit to the experimental data on the
staircaselike dependence of magnetization versus field in the whole temperature range including extremely low
temperature. Furthermore, it was possible for the first time to precisely estimate the two components of the AS
vector coupling constant in a triangular unit, namely, the effective in-plane component, Dy, and the perpendicular
part, D.

1. Introduction cluster are inherently related to the spin-frustration effect in
The cluster anion present ingf " 1sAsOso(H;0)]-8H,0 the layered but quasispherical arrangement of vanadium ions,

(V1 cluster) was discovered more than 15 years sgince and from this point of view, it represents a system for which

: / . - . the manifestations of the antisymmetric (AS) exchange

that time this system has attracted continuous and increasin L , . 13
. . : nteraction, introduced by Dzyaloshinskyand Morial® are

attention as amniquemolecular magnet based on anique

structure exhibiting layers of different magnetizatiof. especially interesting. The understanding of the special role

The Vs cluster became an interesting subject of nanoscopic .Of the AS exchange in spin-frustrated systems, particularly

. . . in trinuclear transition metal clusters, dates back to the
physics and chemistry (see recent bothat exhaustively . . . )
. o : . __seventies (see review artit¢teand references therein). The
covers this fascinating area of molecular magnetism). Studies

) : X - .~ AS exchange was shown to result in a zero-field splitting of
of the static (adiabatic) magnetization and quantum dynamics . . :
. ) the frustrated ground state of the half-integer triangular spin
of the V5 cluster which can, despite the |d®~ 1/2 ground . . : I
: . systems, magnetic anisotropy, essential peculiarities of the
state, be considered as a mesoscopic system, proved that t

o : L PR spectra, and a wide range of phenomena related to
system exhibits the hysteresis loop of magnetization of hvperfine interaction&-2 Recently. large AS exchange was
molecular origirs** The magnetic properties of the;d/ yp ’ Y, 'arg 9

evoked by Solomon and co-workéfgo interpret the unusual
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of the non-Heisenberg interactions have a secondary impor-
tance in the case under consideration. For instance, the
biquadratic exchange is not operativeSr= 1/2 systems,

and the symmetric anisotropic forms of the exchange tensor

act as second-order perturbations.

In this article, we focus on the three-spi® € 1/2)
modef~° that takes into account isotropic and AS exchange
interactiong® and the axial type of Zeeman interaction for
the study of the low-lying spin excitations in thgs\tluster.

We analyze the energy pattern of the system and deduce
simple and accurate approximate expressions for the energy

levels in different ranges of the field. Then, it is shown how
the different components of the AS exchange affect the field
dependence of magnetization of thes\tluster at low
temperatures. Finally, we apply the theoretical model to the
analysis of the experimental d&tan the magnetization of
V5 versus field at ultralow temperature and show that the
model provides a perfect fit to the experimental data in the

whole range of the applied fields and temperatures. It has

Figure 1. The cluster anion [V 15As6042(H20)]6~ = {V1sAse} (in ball-
and-stick representation) without the central water molecule emphasizing
the Vs triangle (transparent green), defined by a crystallograghiexis:

been concluded that the AS exchange interaction is crucially v, green; As, orange; O, red. The outeg kexagons are highlighted by
important for understanding the observed shape of the thick green lines.

staircaselike field dependence of magnetization of the V

cluster at low temperatures. Analyzing the experimental data,

we were able to determine precisely two independent

parameters of the AS exchange. In a more wide sense, the

results of this study are related to an important issue of

molecular magnetism focused on the study of the magnetic

anisotropy® 32 and mechanisms of quantum tunneling of
magnetization in multispin systerisThe present study is

considered to be part of a more extended futural investigation
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Figure 2. Scheme of the ¥ metal network and spin arrangement in the
low-energy region.

regarding structure-related magnetism of giant polyoxometa-
lates/vanadates showing frustration from one-triangle (present
paper) via two- (for MMos; 349 to 20-triangle spin arrays
(fOI" M3gMo0O7o, M = Vlv, Fell 34b).

2. The Model, AS Exchange

The molecular cluster ¥ has a distinctly layered quasi-
spherical structure within which fifteen'Vions & = 1/2)
are placed in an arrangement of a central triangle sandwiched
by two hexagon$? In Figure 1, the overall structure of;y
is illustrated, which at low temperatures consists of two
hexanuclear V¢ spin-paired systems with a frustrated/ ¥
triangle between them, resulting in &+ 1/2 ground state
of the entire system (Figure 2). The model of a spin triangle
(three-spin model) proposed and substantiated by Gatteschi
et al. on the basis of the exact diagonalization of the 15-
spin exchange Hamiltonigit,gives accurate and descriptive
results for the low-lying set of levels and allows adequate
discussion of the system behavior at low temperatures (
20 K) when the spins of the hexagons are paired. The

(34) (a) Gatteschi, D.; Sessoli, R.; Plass, Wiy A.; Krickemeyer, E.;
Meyer, J.; Stier, D.; Adler, P.Inorg. Chem1996 35, 1926 and ref-
erences therein. (b) Mler, A.; Todea, A. M.; van Slageren, J.; Dressel,
M.; Bdgge, H.; Schmidtmann, M.; Luban, M.; Engelhardt, L.; Rusu,
M. Angew. Chem., Int. E®005 44, 3857 and references therein.
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y4 exchange acts within thes(;)S = (0)1/2, (1)1/2 manifold

ﬂ‘ Y like a first-order spir-orbital interaction within théE term
and gives rise to two Kramers doublets in agreement with
Z. 3 Kramers theorem. The matrix of the full Hamiltoni&tg +

Xp , 2b Has including the axial Zeeman interaction

X, Ve Vb HZeem: glIﬁHZSZ + gDﬁ(HX& + HYSY) (4)

Za > can be calculated with the aid of the irreducible tensor
Ya X operator techniqu#& 3" this matrix is given in Appendix |

V \ where the basi$(S,)SMis used. It should be noted that

. > » the normal part of the AS exchange operates only within
1 Xa 2 four (S2)S = (0)1/2, (1)1/2 low-lying states, whereas the
Figure 3. Local (xyiz)and molecularXY2 coordinate systems for the in-plane part of AS exchange leads only to a mixing of the
vanadium triangle in ¥s S= 1/2 and 3/2 levels. Later on we will demonstrate that

isotropic superexchange can be described by the conventionabecause of this circumstance these two parts of the AS
HDVV Hamiltonian for a triangular cluster exchange have different physical consequences in the field

Ho= — 20(S,S, + S,S, + S,S)) @ dependence of the magnetization.
3. Zeeman Levels in Perpendicular Field

A discussion of the symmetry properties of the Hamilto-
nianHy + Hasand the zero-field splitting has been recently

with § = 1/2 andJy being the parameter of the antiferro-
magnetic exchangdq < 0); we will use a positive parameter
J = —Jo, and the spin functions will be labeled as

i i ticle?® In absence of the field, the system
SS(S1)SSMI= |(S2)SM The ener atterm = given in our ar . ;
B[S(S( +2)1) — 9/4] |i(ncﬁjdes two deger?gr;te spir?(?oublets possesses actually axial symmetry, and the full pattern was
with €(1/2) = — (3/2)J and a spin quadruplet with shown to consist of four Kramers doublets, of which two

- . originate from the accidentally degenerate levés)§ =
€0(3/2) = (3/2)J separated by the gapl.3This gap can be ;
eos(timz)slted( app))JroxirFi]ately asy2.6 C’?nvsjhile thegrepmaining 0172, (1)1/2 and t.WO from the ?XCIU&: 3./2 level. In thg
levels that are associated with the spin excitations in the parallel magnetlc fieldH 11 Cs axis), the a?qal symmetry 'S
hexagons are found at least 500 Gnabove, that justifies preserved, which allows the exact analytical solution for the
the three-spin model so far discussed ' Zeeman energy levels to be found, providing an arbitrary
The three vectorB; (ij = 12, 23, 31) of the AS exchange interrelation between all parameters of the system.

interaction associated with the sidgsf the triangle can be The low-temperature single-crystal magnetization experi-
expressed as ments that will be discussed in this article are performed in

the perpendicular{ O C; axis) field. Under this condition,
Dj = Dix;; + Dy + Dyz; @) the axial symmetry is broken, and in general, the numerical
wherex; andy; are the unit vectors along and perpendicular analysis is required. Nevertheles;, in.the important particular
to the sides (in plane of the triangle) ands perpendicular ~ €aS€ whgn only the normal contribution to the AS exchange
to the plane; these vectors are related to local fraragl, (IS taken into accountl, = 0, D = Dy = 0) the special
and ¢) as shown in Figure 3. The Hamiltonian of AS symmetry properties of the matrix of AS exchange (that will
exchange that is invariant in trigonal symmetry can be not be discussed in this article) do allow the exact roots of

represented in the molecular framé®as the energy matrix to be found in the relevant particular case
of perpendicular fieldl O C
Has=Dy([S, x Sl + S, x S, +[S; x SJ) + peipendedarient e
p— — _21_= 2 2
D.([sl x 1o 48, x 81, + 28, 51, - 118, x a7 T T TV,
____3;.1 2 2
sk s, 81]) + Dt([sl < Sl 18, x 8- @= T Tl TV,
1 V3 1 3,1
E[Sz x Sy + 7[53 x Si]x — E[% X S].]Y) (3 €56~ EJ + EgﬁH
Here, 5 x S] are the vector products of spin operators, 3,3
and the parameteD, is associated with the “normal” €78~ §J T EQﬁH (5)
component of AS exchangB, andD; are those for the in- ) _
plane contributions. Throughout the paper we are dealing with the perpen-

: 4 « P

am?le)l revealed that t.he degeneracy . doubling” (i.e., (35) Varshalovich, D. A.; Moskalev, A. N.; Khersonskii, V. IQuantum
accidental degeneracy) in the ground spin-frustrated state” " Theory of Angular MomentunWorld Scientific: Singapore, 1988.
(312)5 = (0)1/2, (1)1/2 is related to the exact orbital (36) Bencini, A.; Gatteschi, DElectron Paramagnetic Resonance of
degeneracy so that the ground term is the orbital dodBlet Exchange Coupled Systen@pringer-Verlag: New York, 1990.

) . (37) Tsukerblat, B. SGroup Theory in Chemistry and Spectroscopy
of a trigonal point group. It was concludédhat the AS Academic Press: London, 1994.
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H is the field in any direction in the plane, skly= Hy, and
correspondingly, thg factor isg = gn. Thee(H) levels with
i =1, 2,3, 4 are related t8 = 1/2, while those with =5,
6, 7, 8 are the numbers of Zeeman sublevelsSer 3/2
(with M = 1/2 andM = 3/2) as shown in Figure 4a in which
the simplest case of the isotropic model is illustrated. The
energy pattern for the cagg, = 0, D, = D; = 0 (eq 5) is
shown in Figure 4b. Since the normal part of the AS
exchange does not mix different spin states, the assignmentsc:
of the levels to a specific full spin is valid also in this case.
Three peculiarities of the energy pattern that are closely
related to the magnetic behavior should be noted.

(1) The ground state involving two degener&e= 1/2
levels shows zero-field splitting into two Kramers doublets

c

'
£g

-
£
S
>
<)
A

separated by the gap = V3 Dy (see refs 14 and 18). 1 2 3 1 2 3 1 2 3

(2) At low fields, g8H < A, the Zeeman energies are (@) MaQ"B‘(iE)"E'd Tesla ©
double degenerate and show quadratic dependence on the. . . L .
field like in a Van Vleck paramaanet Figure 4. Energy pattern of the triangular vanadium unit in the magnetic
e p g field applied in the planeH 0O Cg), J = 0.847 cml, g = 2: (a)Dn = 0,

Do = 0; (b) Dy = 0.3), Dy = 0; (c) Dy = 0.3J, Dy = 0.6J.

€, = ;= — +/3D,J2 — (gBH)%4V/3D,

- - 2 S = 3/2 mixing is small at low fields because of the large

27 V3D,/2 + (gBH) 143D, ©) gap 3> |Dy|. The in-plane part of the AS exchange results
This behavior is drastically different from that in the isotropic N the zero-field splitting of th&= 3/2 level that is a second-
model and from the linear magnetic dependence in parallel order effect and cannot be seen in the scale of Figure 4. At
field?® and can be considered as a reduction of Zeemanthe same time, in the vicinity of the crossing points, the effect
interaction at the low perpendicular field by the normal AS ©f the normal AS exchange is negligible but the in-plane
exchange (see ref 14 and references therein). It is evident?art of AS exchange acts as a first-order perturbétigiving
that the magnetic moments associated with the ground statgise to the avoided crossings in the ground and excited states
are strongly reduced at low fields (all directions in the plane @s shown in Figure 4c.

are hard axes of magnetization). For the evaluation of the low-temperature part of the
(3) The magnetic sublevels arising froghv= 3/2 M = magnetization, only the low-lying levels are important. Let
—1/2 andM = —3/2) cross the sublevels belongingSe= us note that at low fields, far from the anticrossing region,

1/2 spin levels; no avoided crossing points are observed. Atthe energies can be well described by eq 5 in the general
high perpendicular field (two first terms of the series), the case of AS exchange, although they are deduced for a
Zeeman levelg;(H) = e3(H) andex(H) = €4(H) again exhibit particular model whel, = 0, D, = D; = 0. To obtain three

the linear magnetic dependence closely spaced low-lying levels as functions of the magnetic
3D 2 field in the region of anticrossing, we will use the perturba-
€,(H) = e5(H) = — :_233 — gﬁ?lrll — %gﬁH tion theory taking the in-plane part of AS exchange as the

perturbation and the spin basis formed by three eigen-
3. 307 1 functions ofHo + go B(HxS + HySy) whose eigen-values
e(H) =e,(H)=—3I+ o +596H (7) have their crossing point @8H = 3J, namely,|(0)1/2, —
1/200(1)1/2,— 1/20)(1)3/2,— 3/20which are referred to the
One can see that a strong perpendicular field restores lineayuantization axis being in the plane of the triangle. The linear
Zeeman splitting but without zero-field splitting so that the behavior of these levels corresponding to a new axis of
perpendicular field reduces the normal part of AS coupling. quantization can be seen from Figure 4a and b. The functions
The remaining (i.e., reduced) part of the AS exchange provesso far described can be interrelated to the initial basis in the
to be @.?/gBH and rapidly vanishes with the increase of adapted molecular frame. The basis and the 3matrix of
the field. In the limit of the strong field, we obtain double-  the full Hamiltonian in this basis are given in Appendix II.
degenerate Zeeman levels & e; ande; = €) that cor-  The corresponding secular equation can be solved because
respond to the in-plane disposition of the axis of quantization. of the presence of an additional symmetry that will not be
When the AS exchange in the most general form compat- discussed in this short article. The following expressions for

ible with the trigonal symmetry is involved{ = 0, D, = the energy levels'i(H) found in this region of the field are
0, D; = 0), the energy pattern shows new peculiarities (Figure

4c). The low field part of the spectrum is not affected by €y(H) = — §J - 1gﬂH (8)
the in-plane part of AS exchange and is very close both 1 2 2

qualitatively and quantitatively to that in Figure 4b. This is €y(H)=—gfH — é\/(4gﬂH —12))°+ 18D, (9)
because the in-plane part of AS exchange is not operative

within the ground manifold and the effect 8= 1/2 and ¢(H)=—gBH + %\/(4gﬁ|.| — 123>+ 18D2 (10)
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Figure 6. Magnetization aff = 0 K in the perpendicular field for the
cases: (a)) = 0.847 cm!, D, =0, Dg = 0; (b) J = 0.847 cn}, Dy, =
0.3J, Dp = 0; (€) J = 0.847 cm’L, D, = 0.3], D = 0.6J.
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Magnetic field , Tesla

3.5

Figure 5. Ground-state level of the ¥ cluster (solid line) and numerical
calculation (dashed line according to eq 10)= 0.847 cn1?, D, = 0.3,
Dp = 0.6J.

for magnetization in the perpendicular field (per molecule)
that work well at low field ( eq 12) and high field ( eq 13)
in the range of anticrossing of the low lying levels.

where the notatio-?> = D¢ + D2 is introduced. It should ?B2H

be noted that these approximate expressions illustrate a u(H) = — (12)
general statement that there are only two effective parameters 2/3D," + 9B H

of AS exchange, namelid, andDg, and not three as initially _

. : . : 2gB(gH — 3J)

introduced. Figure 5 illustrates the comparison of the ground u(H)=gp + (13)

energy level versus the field calculated using eq 9 with \/16(gﬂH —3J)*+ 18D,,°
the exact numerical solution. One can see that although

egs 8-10 are based on the perturbation theory they provide Because of the effect of the reduction of the Zeeman

a rather good accuracy not only in the vicinity of the
anticrossing poingSH = 3J but also in a wide region of
the field with the exception of the low-field regiagfH <

interaction at low field by the normal AS exchange, the
magnetization in this region of the field proves to be induced
by the field as follows from eq 12. In fact these simple

A, in which the normal part of the AS exchange plays a equations provide high precision in the full range of the field
predominant role (see Figure 4b and c), and the restrictedas follows from the comparison with the results of exact
basis so far used proves to be irrelevant. In this region of calculation. In Figure 6 (using the parameter of the isotropic
the field, the low-lying energy levels are well reproduced exchangel = 0.847 cm® reported in ref 29), we show the
by eq 5. field dependence of magnetization &t= 0 within the
triangular model. We do not have at our disposal clearly
defined AS exchange parameters for thg ®Muster, espe-
cially the interrelation between normal and in-plane parts.
Under these circumstances, to make the illustration more
clear, we artificially increased the parameters of the AS

4. Temperature and Field Dependence of
Magnetization: Effects of AS Exchange

Molecular magnetization in the directian = x,y,z as a
function of the field and temperature is defined by the

conventional expressiéh® exchange.
3 Figure 6a shows tha(H) dependence af = 0 in the
z _ “n exdl — i framework of the isotropic model when the magnetization
4 oH,, KT exhibits two sharp nonbroadened steps, one at zero field and

the second aH = 3J/gp field, where the level withS =
€n 3/2, M = —3/2 crosses the degenerate pair of levEls €

Z exn— KT 0 andS;; = 1) S= 1/2,M = —1/2, so that th& = 3/2 level

" becomes favorable agairSt= 1/2; this can be clearly seen

Before we discuss the experimental data on thecMister, in Figure 6a. In Figu_re 6b, the effect of the normal part of
let us consider some general features of the field dependencdn® AS exchange is illustrated. As one can see, the normal
of magnetization related to the AS exchange by plotting the part of the AS exchange results in the broadening of the low-

results of sample calculations. From this point of view, the field step inu(H), while the high-field step remains non-
most spectacular is the low-temperature limit for which, with broadened. The broadening of the first step is closely related

the aid of eqs 6 and 9, one can find the following expressions [0 the magnetic anisotropy of the AS exchange that gives
rise to a quadratic Zeeman effect in the low perpendicular

field (see Figure 4b). It can be said that the normal part of

#o(HooT) = (11)

(38) Kahn, O.Molecular MagnetismVCH: New York, 1993.
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show that the low-temperature behavior of the magnetization
versus field is most sensitive to the AS exchange, while at
higher temperaturel(> 2 K), the effect of the smoothing

of the steps caused by population of the excited levels
dominates. To avoid artificial fitting, we adopt the following
initial set of parametersd = —0.847 cm't, g = 1.952, and

D = 0.22 cnt. This set of parameters gives the best fit to
the experimental data at very low temperature (0.1 K) in
the shape of the high-field stepldt~ 2.8 tesla, correspond-
ing to theS = 3/2 to S= 1/2 crossing region (eq 13). On
the basis of the zero-field splitting value of the degenerate
spin doubletsA = 0.14 cn1?, found from inelastic neutron

4 0 1 2 3 s 5 scattering experimer#&*°the expression containing second-

_ . Magnetic field , Tesla _ order correction with respect to the in-plane part of AS
Etatc magnetsation saloulated wih account for the solropic and AS ©XCNaNgeA = v/3 Dy — D#/8J, was used? Taking this
exchange interactiondH(; Cs). Experimental data: circle§; = 0.1 K; into account, we can get a reasonable initial valu®pf=

squaresT = 0.3 K; unfilled trianglesT = 0.9 K; filled triangles,T = 4.2 0.0851 cmit. The fit is reached by minimization of the mean

K. Solid lines represent the calculated curves with the best fit of the square error (hereafter MSE) defined as
parameters (see text).

gneton units

ation , Bohr 1

N

— _ 2
AS exchange reduces the perpendicular magnetization at low MSE = (1/N)Z(”the°'(H‘) H exH))
field and allows only second-order magnetic splitting and

Van Vleck paramagnetism. Since the magnetization is The pest-fit procedure gives the following set of param-
induced by the field and does depend on the field evéh at  gters: 3= —0.855 cmt, g = 1.94,Dg = 0.238 cm'?, and

=0, thejump_otu(H) acquires a peculiar shape (Figure 6b). p = 0.054 cm™. The parameted found from the best

Atthe same time, the normal AS exchange leaves the exacit js very close to that estimated in ref 29. It should be
crossing ofS = 3/2, M = —3/2 level with the lowest  noted that in-plane parametBr, brings a dominating con-

component ofS = 1/2 that results in absence of the tipytion to the overall AS exchange. This parameter is direct-
broadening of the high-field step (Figure 6b). Finally, when |y responsible for the behavior of the levels in the anticross-
both the normal and in-plane parts of the AS exchange arejng regionH ~ 2.8 tesla. Figure 7 shows that the model that
taken into account, we obtain broadening of both stepsjnclydes AS exchange interaction gives the perfect field-
(Figure 6c). Now the anticrossing in the regibin= 3J/g5 dependence magnetization fit in the whole range of fields
appears because of the couplingf 1/2,M = —1/2and  for || temperatures including extremely low temperature.
S=3/2,M = —3/2 levels through in-plane AS exchange  The |east MSE value (ins?) calculated for the whole set

(14)

that obviously gives rise to a smoothed switch fr8ns 1/2 of u(H) curves is found to be 2.3 102 The MSE values

to 3/2, as shown in Figure 6c. for the curves corresponding to different temperatures are
. the following: 1.7x 1073 (T = 0.1 K), 5.1x 103 (T =

5. Temperature and Field Dependence of 0.3K), 5.61x 107 (T = 0.9 K), and 6.97« 104 (T = 4.2

Magnetization of Vss Cluster K). This shows that the best-quality fit is reached at the

The low-temperatureT(= 0.1, 0.3, 0.9, 4.2 K) adiabatic highest temperature. In fact, the _dat_a_at4.2 K are only _s_IightIy
magnetization experiments ofysingle crystals have been affécted by AS exchange so this fit is almost insensitive to
reported in ref 29. The adiabatic magnetization versus field the model. In fa(it' the best fit for 4.2 K in the isotropic model
applied in the plane of the Mriangle H O C3) exhibits (atd = 0.864ch., g = 1.945) can be obFamgd with MSE
steps whose broadening and shapes are temperature depeng'-38 X 1,0_ which does ngt.exceed S|gn|f_|cantly the cor-
ent (Figure 7). Analysis of the experimental data in ref 29 responding value (6.9% 10) in the model with the account

has been performed in the framework of isotropic exchange for AS, exchange. The b_eSt'f't parameterandg are very -
model, eq 1, and also in a more general model that takesclose in both models, which demonstrates the low sensitivity
into account second-order anisotropic contributions such asmc the theoretical curves to the AS exchange at 4:2 _K' On
axial quadrupolar anisotropyh = Jyv = Jr7). Agreement the contrary, the data at 0.1 K cannot be fitted within the
. ) . . ) .
between the calculated curves and the experimental magnelSOtropic model (mentioned already 2 but are fitted
tization data proved to be quite good fBr= 0.9 and 4.2 K perfectly with the significant reduction of MSE from
! 3 3 i i
but the model fails to provide a fit to the low-temperature 6.3 x 1010 1.7 107> when AS exchange is taken into
data. In view of this, the AS exchange has been mentioned@ccount.
!n ref 29 as a pOS§Ible origin of the broadening of the steps (39) Chaboussant, G.; Basler, R.; Sieber, A.; Ochsenbein, S. T.; Desmedt,
in the magnetization curve. A.; Lechner, R. E.; Telling, M. T. F.; Kgerler, P.; Miier, A.; Gudel,
Modeling studies of the magnetization curves at different H.-U. Europhys, Lett2002 59 (2), 291,

. - . Chaboussant, G.; Ochsenbein, S. T.; Sieber, AdeGi.-U.; Mutka,
temperatures and the simple expressions in refs 12 and 13~ H.; Miiller, A.; Barbara, BEurophys. Lett2004 66 (3), 423.
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. 5 is applied in the plane of theMriangle. At the same time,
. . the in-plane components of AS exchange give rise to a
23 24 peculiar shape of magnetization versus field in the vicinity
e e of the crossing point of the magnetic sublevels belonging to
i 2 i S=1/2 and 3/2 levels. The influence of the AS exchange is
E &3 most pronounced at very low temperatufe= 0.1 K).
It was possible to reach a perfect fit to the experimental
0 0% 2 o1 1% data on the adiabatic magnetization versus applied in-plane
J.cm! g field in the whole temperature range including extremely low
@) (b) temperature and, for the first time, to estimate precisely two
7 8 components of the AS vector coupling constant, namely, the
6 7 effective in-plane componeridg , and the perpendicular part,
; ; 5 Dn. Furthermore it can be concluded that we understand more
58 = about the physical contents of the concept of spin frustration
= % 5 and about frustrated systems integrated in complex systems.
,ié £ Therefore, we intend to extend this to other complex systems,
3 3 for example, where frustrated systems are interacting as in
2 o {Mos7}{V3},** (see also the Introduction). We left out of

o

02 04 0 o1 02 the present discussion the question of the vibronic Jahn
Dy.cmd D"('d)cm' Teller interaction that is inherently related to the orbital
© degeneracy and spin frustration. This interaction is estimated
Figure 8. Total mean square errors as functions of the paramétéxs to be negligible for the 4 cluster but can play an essential
9 (b). Do (©). andbn (). role in the magnetic behavior of spin-frustrated systems if
the vibronic interaction is comparable with the AS ex-
The reliability of the fit can be illustrated by plotting the  change!
total MSE versus the best-fit parameters near the least MSE ] )
point These plots are shown in Figure 8 for each parameter Acknowledgment. Financial support from the German
provided that the remaining parameters are fixed. One canlsraeli Foundation (GIF) for Suenpﬂc Research & Develop-
see that the fit is stable for the parametrg, andDy, but ment (grcant G-775-19.10/2003) is gratefully ackqowledged.
however, it is less stable with respect@a. To determine A.M. thanks also Fhe Deutsche I_:orschungsgemelnsqhaft, the
this parameter more accurately, one needs low-field data at~onds der Chemischen Industrie, the European Union, and
ultralow temperatures and additional data like EPR at low the Volkswagenstiftung.
frequencies. In particular, one can expect that, in line of the
general Moria’s theory? the parameter®, and Dy can be
interrelated with Ag,/g)J and Ag-/g)J correspondingly (this
has been mentioned by a referee of this paper). To extract One can express the Hamiltonian, eq 3, in terms of the
more information, more detailed EPR measurements would jrreducible tensor operators (ITO) with the aid of the well-
be useful. known'8:3335-37 interrelations between the spherical compo-
nents § = 0, +1) of the vector product and the first rank
irreducible tensor product

Appendix |. Matrix Representation of the Full
Hamiltonian

Conclusion

We have analyzed the experimental data of the low-
temperature adiabatic magnetization of the nanoscopic low- [S x Slg=— iv2{ S, x Slj}lq (1.1)
spin cluster anion present ing/ "V 15As6042(H,0)]-8H,0 as ’
a function of applied field and temperature. The three-spin whereSy (i = 1, 2, 3) is the spin tensor (first-order ITO)
model of Vis was employed which includes isotropic relating to the sité and{S/' x Sy} is the componenq of
exchange interaction and antisymmetric AS exchange in thee tensor product of the rark Straightforward calculation

most general form compatible with the trigonal symmetry |o44s to the following Hamiltonian of AS the exchange
of the system. It was shown that the AS exchange plays Qexpressed in terms of ITO

crucial role in the understanding of the field and temperature
dependence of the adiabatic magnetization gf Xlthough — 1 2 2 3 3
the initial Hamiltonian of the AS exchange involves three Has . M/ED”({S{ 8 5131,0 +2{Sl xS }1’?+ {311 x

coupling constants, only two effective parameters are re-  S}10 + (D HID)NS" x §% 4, + (D, —IDH{S" x

sponsible for the physical manifestations of AS exchange. 512}1_1 + w*(D, + iD,){ 512 x 513}11+ (D, — iD){ 512 x
Furthermore, it was demonstrated that the orientation of the _ 3 . 3 P P 3

AS exchange vector, not only its absolute value, plays a spec- S}t @ IDNST x S, + (D, llD'){Sl x
ial physical role in the magnetic behavior of spin-frustrated St (12)
systems. In fact, the normal part of the AS exchange affects
the low-field part of the magnetization curve when the field (41) Tsukerblat, B.; Tarantul, A.; Migr, A. J. Mol. Struct In press.
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wherew = exp(2ri/3). This is the most common expression
for the AS exchange Hamiltonian compatible with the
trigonal symmetry. The matrix elements of the pairwise AS
exchange interactions in the triangle within tH{&,)SM]
basis can be calculated for an arbitrary segofS;, S in a
general way with the use of the ITO approach (see refs 18,
33, 35-37). The final result for the matrix elements of the
S = 1/2 triangle are

[(SISM{S" x S%}14/(S;)SM' =

_ &:_3(_1)1/2+s+s+2slzm(5 1 S,)x
2 -M g M

Y, [q[s][sm][slg](slz - 812)(812 + S12 + 1)
S % 1’2}{1’2 2 1’2}EGSQ)SM|{Sfxsf}1,q|

{812 S 1 Slz 1/2 1
\/13)(_1)3s+s+2312+2512'+3/2m(3 18 )x

(S,)SM'T=

4 -M q M

VISISISAS (S = S )(S + S, +1) = (S—9)
S, 12 1/2|[S, s 12
(s+s+1)]><{1/122 S, 1 }{32 S, 1 }[qsu)swn

\/C_’)( _ 1)3s+s+slz+3s 1243/2—M
4

{S° x §}14/(S,)SM =

(S iy )ﬂ/[sa[snsu][slzn(su— S,)(S+ Sy, +

—M g M
S, 12 112
1/2 Sy 1

SR

where the conventionally accepted notations for thargi
6] symbols are used an@[= 2S + 1.

After substitution of the numerical values of thea®d 6
symbols®® one obtains the matrix of the full Hamiltonian
Ho + Has + Hzeemin the |(S;2)SMbasis as follows:

1) — (S— S)(S+ S'+ 1)] x {

S, S 112
S S,1
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- %J+ %hz j"— —i#D,, 0 %iD+ 0 4,‘0_ 0

- j’w -3k 0 ;\/TED,, 0 3p. 0 2D
i%pn 0 -3+ 3k \/;Eh_ -3, 0 \/Tgp_ 0

0 —i%D” - %’w - %J - %hz 0 - #D . 0 %D_

3iD_ 0 2p_ 0 3+ \/g ho 0 0

0 #m_ 0 #D_ - \/gm %J + %hz ~2h_ 0
#imr 0 - \/TEDJr 0 0 -y - 3.
0 %iD+ 0 - ZD+ 0 0 — Jgh 4 %J - %hz

Tarantul et al.

In the matrix representation the following order of the basis
spin-functions is assumed

1005310005, — 1wz, Tz, - Siws, i,

1 3 1 3 3
24105 — I3 -

We use the notationB. = F+ 1 (D) £ iDy), which are
2
the cyclic components (defined in ref 35) of the AS exchange

g .
vector,h, = F E (Hx £+ iHv), andhz = g,fHz.

Appendix Il. Matrix of the Perpendicular Part of the
AS Exchange Operator and Zeeman Interaction in the
Restricted Basis

The unperturbed Hamiltoniaty + g-B(HxSc + HYSy),
that includes the isotropic exchange and perpendicular part
of the Zeeman interaction has the following eigenvectors that
correspond to the low-lying crossing levels (Figure 4a, 4b):

V2,331 V6,317, V6
2= 3 Wy 5wy gl

3

|(1)g!MEI=
3 17 v2,.3 3
Wy~ 5 3w 5L

V2

1. v2,.110, vV2,.1 1
- 2|(1)§,2D+ 5125, 2D (I1.1)

1 _
|(1)§' MEI - 2

These spin functions (left-hand side of eq Il.1) are enumer-
ated by the full spin,S, and intermediate spin quantum
number,S;,, and correspond to the spin projections

__3 §)
2

Mg = _5(312: 1,8=

and

M, = — %(slzz 1,5=Zands, = 0,5= %)

while the quantization axis is aligned in the plane of the
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triangle (symbolized by the sign ), in other words, coincides one can find the following 3 3 matrix of the AS exchange
with the direction ofH for a strong field. The eigenvectors in which the Zeeman part is diagonal:
correspond to the following eigen values in whidhs the

field in the arbitrary direction in the plane §(J — gfH) — E — E
3 3)_3., 3 1 1 2 3 2 w2
= — —|==] — = = — —| = D
€Dz Mg 2) P 'E((O)E' Mo=-3 - 7; %(—33 —gBH) 0 (I1.3)
4
e((l)%, M, = — %) — gJ - %gﬁH (1.2) 0, .
—— 0 S(~33-g5H)
42 2

Since the AS exchange is not included in the unperturbed
Hamiltonian theS= 1/2 levels form degenerate pairs. Using
the eigen-vectors given in eq 1.1 and the matrix of the AS
exchange and Zeeman interaction from Appendix | as a basis,|C061394J

The eigenvalues of this matrix are given in egsl®.
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