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The hyperfine structures of the EPR spectra of the spin-frustrated and distorted Cu(ll) trimers were calculated in
the spin-coupling model. The correlations between the hyperfine structures of the EPR spectra and geometry of
the Cus clusters (equilateral, isosceles, and scalene triangles) were found. For the EPR spectrum of the spin-
frustrated ground state 2(S = 1/2) of an equilateral triangle Cus cluster (J1o = Ji3 = Jo3 = J), the calculated
hyperfine structure represents the complicated spectrum of the 24 hyperfine lines, of total length 5a, where a is the
hyperfine constant of the mononuclear Cu center. For an isosceles Cus cluster (J1 # Ji3 = Ja3), the hyperfine
splittings of the EPR spectra of the two split S = 1/2 levels with intermediate spins S;; = 0 and S;; = 1 are
essentially different. The EPR signal of the |(S;; = 0)S = 1/2[Jevel is characterized by the four equally spaced
hyperfine lines (interval A = a) with the same relative spectral amplitudes 16:16:16:16 and total length 3a. For the
[(S12 = 1)S = 1/200evel, the calculated hyperfine structure represents the spectrum of the 16 hyperfine lines with
equal spacing (interval A" = a/3), the spectral intensity distribution 1:1:3:3:5:5:7:7:7:7:5:5:3:3:1:1 and total length
5a. These hyperfine spectra differ from the hyperfine structure (10 lines with interval a/3) of the EPR signals of the
excited S = 3/2 level of the Cus cluster. The quartet hyperfine structure, characteristic of a single Cu?* nucleus,
which was observed experimentally for the doublet ground state of the spin-frustrated Cus(ll) clusters, corresponds
to the hyperfine structure of the EPR signal of the |(S1, = 0)S = 1/2[Jlevel. This hyperfine structure is evidence
of the lowering of the Cus cluster symmetry from trigonal to orthorhombic and the small splitting of the spin-
frustrated 2(S = 1/2) ground state.
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possess trigonal symmetry. In the case of high symmetry of berg exchange parametedis = Ji3 = J,3 = J, which results
the cluster, the temperature dependence of magnetic suscepn the degenerate ground stat8 = 2(S = 1/2), represent

tibility »(T) (uex(T)) is described by the Heisenberg exchange
interactionH, = —2J%; §§ with equal exchange parameters
Jj = J. The exchange levelsE(S) = —JYS + 1)) of

the simplest case of the spin-frustrated clusters. Recently,
the hyperfine structure of the EPR spectra of the spin-
frustrated ground state witB = 1/2 of the trigonal Cul

symmetrical polynuclear clusters are highly degenerate: theclusters was observéfi’® The EPR spectra of the spin-

total spinS < Snax corresponds to two or more different
intermediate spin§;®"° (the spin-frustration effe#t!1a132023),

In the trinuclear clusters with the geometry of an equi-
lateral triangle, the highly degenerates levels corre-
spond to singl€STE or severaPSTE, 25H1A;, and 5HA,
trigonal multiplets®7¢® The high degeneracy or spin-
frustration of the spimS levels of the symmetrical pure

frustrated ground state witls = 1/2 possess a quartet
hyperfine structuré? characteristic of a single Cusite, that
was explaine by lowering the symmetry and localization

of the repaired electron orbital on only one of the three nuclei
of the Cu trimer. It was supposé? that the hyperfine
spectrum of the EPR signal of the ground spin-frustrated state
Sotat = 1/2 of an equilateral Gutriangle consists of 10

Heisenberg model is very sensitive to the interplay between hyperfine peaks. The complicated hyperfine multiplet, which
the exchange parameters, local anisotropy, and symmetrywas observed in EPR spectra of th&2{ 1/2) ground state
lowering. The non-Heisenberg exchange interactions, suchof the spin-frustrated GLclusteri® was not explained. The

as the DzialoshinskyMoriya antisymmetric exchandépw
= > D;[§ x §] and biquadratic exchandgse = 3 ji(55)%°
the “magnetic JahnTeller effect’242%2 gplit the spin-
frustratednSlevels.

Exchange-coupled G(I) clusters in synthetic and native

authors® suggested that this hyperfine structure may be
formed by a spin delocalization between the three Cu atoms.
The fine structure of the EPR spectra of the spin-frustrated
Cus clustert® which was described by the mononuclear Cu
hyperfine constangy,, was not explained. For the distorted

systems have been the subject of experimental and theoreticaCus cluster?® the author?® suggested that the observed six

investigationge4-192529 Cug(ll) clusters with the geometry

of an equilateral triangle and equal antiferromagnetic Heisen-
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hyperfine lines multiplet may be due to the superposition of
S = 1/2 signals from twoS = 1/2 levels with different
intermediate spins of the isosceles;@imer. For the trigonal
and distorted Cyclusters, the knowledge of the hyperfine
structures, which correspond to the spin-frustrat&F2(/2)
state and separated tv®— 1/2 levels, is required.

The model of the hyperfine splittings of the EPR signals
for spin-frustrated trigonal and distorted L£clusters was
not developed, which creates difficulties in an explanation
of the observed hyperfine structures of the Cu trimers. The
aim of this paper is the calculation of the hyperfine splittings
of the EPR spectra of spin-frustrated {Quusters with the
geometry of an equilateral triangle, comparison with the
hyperfine splittings for the distorted (isosceles and scalene)
Cu; clusters and experimentally observed hyperfine struc-
tures.

Spin-Coupling Model

The spin Hamiltonian of the G(I) trimer in the spin-

coupling modél has the form
H= _ZZ‘JijSS + Z (BSGH + §641)) 1)
[F] i=1I-3

where §; is the g-tensor;ahe hyperfine splitting tensor,
and$ andi; are the electron and nuclear spin operators of
thei ion of the triad, respectively. The correlations between
the individual g-factors and molecular g-factors for trimers
were considereg.”9102526The correlations between the
effective hyperfine constants and the single-ion hyperfine
constants for trimers were also considefetk>

For the spin-frustrated clusters with equilateral triangle
geometry, considering that the three Cu metals are almost

(29) Spiccia, L.; Graham, B.; Hearn, M. T. W.; Lasarev, G.; Moubaraki,
B.; Murray, K. S.; Tiekink, E. R. TJ. Chem. Soc., Dalton Trans.
1997, 4089.

(30) Takano, MJ. Phys. Soc. Jprl972 33, 1312.
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2(M=+112)

Spin-frustrated
ground state

(S,,=1)S=1/2>

2(S=1/2) 2l
I(S,,=0)S=1/2>

b

Figure 1. (a) The Zeeman splitting of the degenerate spin-frustrated
2(S= 1/2) ground state of the trinuclear €cluster with the geometry of
an equilateral trianglé2 = Ji3 = Jp3 = J. (b) The Zeeman splittings and
EPR transitions for th¢(0)1/2Jand |(1)1/2spin levels of the Cucluster
with the geometry of an isosceles trianglez = Ji3 = Joz = J.

structurally equivalent andi, = Jiz = J,3 = J, the spin
Hamiltonian has the formH = H,)

Ho=—2)(88 + &8 +88) + fosH, +
a8l 1z 1 8715 T 55713 (2)
We assume that all individual g-factors in the trigonal

cluster are equalg{ = g, = g3 = @) and form the cluster
g-factorg, = g. The orientations of the single ion hyperfine

Figure 2. Calculated hyperfine structure of the EPR signal of the spin-
frustrated 26 = 1/2) ground state of the Geluster with the geometry of
an equilateral triangle

Ei[(S2= 0)S= 1/2] = 0, E4[(S12 = 1)S= 1/2] = 26, 0 =
J — J1p,5 79102528y hich are characterized by the intermediate
SpinS2 (S12= 1 + &, S= Sp2 + s3), Figure 1b.

In the case of the spin-frustrated trigonal sCeluster
(3 = J, 0 = 0), both the (S, = 0)S = 1/20and

tensors in the coordinate system of the cluster g-tensor arel(Si2 = 1)S = 1/2[levels have the same energy and form
unknown. Since the hyperfine splittings of the EPR spectra the 4-fold degenerate spin-frustrated ground stee=2(/2).

were observed for the parallel cluster g-faétéf and the
cluster hyperfine constanAf; = 157G9) is close to the
hyperfine constant of the mononuclear Cu(ll) centgr=t
16—-18 x 102 cm'), we shall suppose that the local
components of the individual hyperfine tensors are parallel
to the moleculaiZ-axis of the cluster. We assume that all
individual hyperfine tensors are equal=a, = ag = a,, =

a due to the equivalence of the three ions and nuclei in the

Cus cluster. Sincea,, > ay, ayy for mononuclear Cu(ll)
centers &, = 0.0176 cm?, ag ~ 0.0024 cn?),3! we shall
consider onlyZ components of the hyperfine interaction in
eq 2.

Many examples have been reported for the Clusters
with the geometry of an equilateral triangle and strong
antiferromagnetic exchangel; = J = —1000 — —20
cm 1457911719 |n these clusters, strong antiferromagnetic
Heisenberg exchange (eq 2% gfH > a) results in the
degenerate /= 1/2) ground staté; %18 Figure 1a. The
excitedS = 3/2 level is separated by the interval 8om
the ground spin-frustrated stateS2€ 1/2). The effective
spin Hamiltonian for th&s= 3/2 level of the trigonal cluster
includes the axial operator of zero-field splittifg:

H' = Dy[$ — S(S+ 1)/3] + ASGH

For the Cy cluster with isosceles triangle symmethy
= Jos = J, J12 = J, the Heisenberg exchange interacttén

H, = =288 — 2)(5% 1 55) ®)
El(S)9 = —JSS+ 1) — 3/4]+ (I — )5S, + 1)

results in the splitting of the four-degenerate spin-frustrated
ground state Z= 1/2) on the separated Kramers doublets

(31) Abragam, A.; Bleavey, BElectron Paramagnetic Resonance of
Transition lons Clarendon Press: Oxford, 1970.

In the casay; = g, the Zeeman splittings of th¢0)1/20and
|(1)1/20levels are the same; the Zeemavidevels of the
ground spin-frustrated state€ 1/2) are 2-fold degenerate
(Figure l1la). Both EPR transitions between these Kramers
doublets are characterized by the same molecular g-factor.

The wave functions of the spin-frustrated ground state of
the Cy center have the form

%Sz S Mg My, My, mg, M) =
D[(S)SM @4 (11, M)@(lo M)@s(ls, M)

where the electronic ground state wave functidfiES;2) SMy
(Si2=0, 1;S= 1/2,Ms= +1/2) diagonalize the Heisenberg
exchange Hamiltonian (egs 2 and 3) and Zeeman interaction.
@i(li,m) is the nuclear wave function of theon, I; = 3/2
for Cu nuclei, the projectioM;, = my + m, + mg of the
total nuclear spinl has the valueM, = 9/2(1), 7/2(3),
5/2(6), 3/2(10), 1/2(12)] = I, + 1, + ls. To find the
hyperfine splittings for the degenerat®2Zeeman levels
(Figure 1a) of the spin-frustrated ground stat8 2(1/2), it

is necessary to diagonalize the hyperfine matrix [£¥2828]
(2(2 + 1)® = 128). The hyperfine splitting of the spin-
frustrated Ms Zeeman doublets is formed by the hyperfine
splittings in the|(0)1/20and |(1)1/20doublets and by the
hyperfine mixture of theM, states which belong to these
degenerate spin states, sinf@1/2Mg|51{ 57} [(1)1/2M=
H-}IMJV3.

Figure 2 shows the calculated hyperfine structure of the
EPR transition (Figure 1a) of the spin-frustrated ground state
2(S = 1/2) of the Cy cluster with the geometry of an
equilateral triangle. This hyperfine (HF) spectrum consists
of the 4 hyperfine lines with intensity 11, 8 HF lines with
intensity 6, and 12 HF lines with intensity 3. The relative
spectral amplitudes of the 24 hyperfine lines of the total
intensity 128 follow the ratio of 3:3:6:3:6:6:11:3:3:6:11:3:

Inorganic Chemistry, Vol. 43, No. 2, 2004 741



3:11:6:3:3:11:6:6:3:6:3:3. The extent of this hyperfine spec-
trum is 5. The positions of the hyperfine lines in Figure 2,
their intensities, and corresponding hyperfine components
are represented in the Appendix, section a.

In the hyperfine spectrum in Figure 2, the four hyperfine
lines 7, 11, 11, and 7 (positions+3a/2, +a/2, -a/2, —3a/2,
respectively) with intensity 11 are separated by the hyperfine
intervalsa. Maximal hyperfine splitting4£5a/2) takes place
for HF componentst3/2(3) (HF line 1) and+3/2(3) (line
1'). The interval between hyperfine lines 2 arid2and 3)
is 4.33 (3.86). In Figure 2, the hyperfine intervals between
the low-intensity HF lines are/3, for example A(1,2) =
a/3. The quasidegenerate hyperfine lines 5 and® 6) =
0.051) with intensity 6 are located close to HF line 7
(intensity 11),A(6,7) = 0.1a. In the EPR spectrum, these

close hyperfine lines (5, 6, and 7) can be observed as one

intensive hyperfine line. The positions of the hyperfine lines
3and 4{10 and 1} are also closeA(3,4)= 0.1a{A(10,11)

= 0.15}, and they can be observed as one hyperfine line.
In summary, the resulting calculated hyperfine spectrum of
EPR signal of the spin-frustrated ground stat& 2( 1/2)
represents the complicated hyperfine structure, of exi@nt 5
with hyperfine lines of different intensities, separated by
different hyperfine intervals.

Let us consider, for comparison, the hyperfine structures
of the EPR transitions 1 and 2 (Figure 1b) of the Kramers
doublets|(S;2 = 0)S= 1/20and (S = 1)S = 1/2[J respec-
tively, separated by the exchange interval 2( Ji) = 20
in an isosceles Gutriangle (eq 3). The EPR transitions
between the|(0)1/2Z0and |(1)1/20levels are forbidden.
For the |(0)1/20 state, the matrix elements of the spin
operators have the forf0)1/2Mg5,7[57]|(0)1/2Md = 0 and
[(0)1/2Vg557| (0)1/2M 0= Mg*1%25and only one ion (non-
equivalent ion at the vertex of an isosceles triangle)
determines the hyperfine splittings. The effective Hamiltonian
of the hyperfine interaction for thiels Zeeman levels of the
|(0)1/2state has the formli: = aSisz. For EPR transition
1 (Figure 1b), the hyperfine interaction results in four
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Figure 3. Calculated hyperfine structure of the EPR transitions of 8vo
= 1/2 levels of the Cgicluster with the geometry of an isosceles triangle:
(a) the|(S12 = 0)S = 1/20level; (b) the|(Si2 = 1)S = 1/200evel.

The hyperfine spectrum of EPR transition 2 represents the
16 equally spaced hyperfine lines with the spectral intensity
distribution 1:1:3:3:5:5:7:7:7:7:5:5:3:3:1:1. The interval be-
tween the hyperfine peaks & = a/3. The total extent of
this hyperfine spectrum iseb Maximal hyperfine splitting
+5a/2 { —5a/2} takes place for hyperfine componert8/2
{F3/2}. The positions of the hyperfine peaks in Figure 3b,
their intensities, and corresponding hyperfine components
are represented in the Appendix, section c.

The hyperfine structure (Figure 2) of the EPR transition
of the spin-frustrated &= 1/2) ground state is not the simple

hyperfine peaks with equal spacing, which are representedsuperposition of the hyperfine spectra in Figure 3a,b of EPR

in Figure 3a.

The relative spectral amplitudes of the four HF lines follow
the ratio 16:16:16:16, with total intensity I(2- 1)° = 64.
The positions of the calculated hyperfine peaks-aBa/2,
—al2,+al2, and+3a/2. The intervals between the hyperfine
lines are equal to the mononuclear hyperfine constant
a. The length of the hyperfine spectrum ig. I'he positions
of the hyperfine lines in Figure 3a, their intensities, and

transitions 1 (0)1/20) and 2 ((1)1/2) in Figure 1b due to
the hyperfine mixture of the degeneratd2Zeeman levels
of the spin-frustrated &= 1/2) state.

In the spin-frustrated clusted;e = Ji3 = Jo3 = J) with
different individual g-factor®, = g, # gs, the degeneracy
of the 2Ms Zeeman levels (Figure 1a) is liftedg, [(1)1/2M4]
— E[(0)1/2Mg] = 2(g: — g3)BHMJ3. There are two allowed
EPR transitions | and Il with g-factoig(S;2 = 0) = gz and

corresponding hyperfine components are represented in thegi(Si2 = 1) = (201 + g3)/3. In the case whefy: — gs|8H/3

Appendix, section b.

For the|(S2 = 1)S= 1/2pin state of an isosceles triangle
Cus cluster, the effective Hamiltonian of the hyperfine
interaction for theMs Zeeman levels has the foriyr =
2a5i4/3 — aSlsy, since [1)1/Mg31757] [(1)1/2M=
2M4/3, [{1)1/2Mg/37| (1) /M= —M4/3 (iz is the operator
of projection of the total nuclear spin). The hyperfine
structure of EPR transition 2 (Figure 1b) for tiig)1/2level
is represented in Figure 3b—§ in comparison with the
hyperfine spectrum of EPR transition {-).

742 Inorganic Chemistry, Vol. 43, No. 2, 2004

> g, the hyperfine splittings of EPR signals | and Il have
the form represented in Figure 3a,b, respectively.

Figure 4 shows the hyperfine structure of the allowed
EPR transitions|S = 3/2, Ms = —3/20— |3/2, —1/2[]
|S = 3/2, —1/20— |S= 3/2, 1/2ZJand |S = 3/2, 1/21—
|S = 3/2, 3/20for the S = 3/2 state of the Cyucluster. For
the S= 3/2 state, the correlatioliisz| 7= Mg/3,i = 1, 2, 3,
takes place for each vertex of the Luiangle and the
effective Hamiltonian of the hyperfine interaction has the
form H},- = aSi,/3 for thisS= 3/2 level.
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Figure 5. The hyperfine structure of the EPR signal of the gro&wt

Figure 4. The hyperfine structure of EPR signals of the excied 3/2 1/2 state of the scalene aluster: J9J1o = 0.9, JogJip = 0.8.

state of the Cgicluster.

The hyperfine spectrum (Figure 4) represents the 10 equally'vIorlya antisymmetric exchange interactiéhéeq 4)

spaced hyperfine peaks with the follow spectral intensity dis- —DZ%. « & Z1g « 3 Z1a « 3
tribution: 1[HF componeri¥9/2]:3[F7/2]:6[F5/2]: 10[F3/2]: Fow = Dl 83 X Salz Dzl S > Sdlz + Daif S5 8ilz (4)
12[F1/2]:12F-1/2]):10H=3/2]:6[+5/2]:3[+£7/2]:1[+9/2]. The  splits the degenerateR¢E 1/2) state:® (The Dzialoshinsky-
interval between the hyperfine linesA¢ = a/3. The total ~ Moriya antisymmetric exchange determines the chiral vector
length of the hyperfine spectra i.3Maximal hyperfine K=20% x %] + [ x & + [& x &)/3V3 in the
splitting +3a/2 [-3a/2] takes place for hyperfine components  geometrically frustrated magnetic systems: kagdatteces
+9/2 [F9/2]. In comparison with the hyperfine spectra in  that are composed of equilateral triangles of transition
Figures 2 and 3, all the same HF components belong to themetals??) The splitting of the degenerate®4£ 1/2) ground
single hyperfine line in Figure 4. The hyperfine structure state by the DzialoshinskyMoriya antisymmetric exchange
for the EPR transitions in th8 = 3/2 exchange level does has the fornEL(1/2) = ++/3G,/2, where the cluster vector
not depend on the symmetry of the Cu triangle and parametec, = (D%, + D3, + D%,)/3 is directed along the
corresponds to the ferromagnetic ordering of all spins in the trigonal z-axis of the trigonal Cu cluster’® The wave
trimer. functions which diagonalize the Dzialoshinskiyloriya
The author® supposed that the ground state of the spin- antisymmetric exchange (eq 4) for the trigonal:@luster
frustrated trigonal Cu triangle is the doub&t 1/2 and the have the form®.(1/2) = [|(0)1/20+i|(1)1/2J+/2. In the
EPR transition is characterized by the hyperfine spectrum case of the splitting of the spin-frustratedS2¢ 1/2) state
which consists of 10 hyperfine peaks. However, the HF by the antisymmetric exchange (eq 4), EPR transitions
spectrum of the EPR transition in the spin-frustrateg2(L/2) are allowed in theE;(1/2) andE-(1/2) doublets and also
ground state of the trigonal Cu triangle has the form repre- between theE_(1/2) and E+(1/2) levels. All three ions
sented in Figure 2 due to the degeneracy of tt&=2(@/2) are equivalent in th&(1/2, Ms) and E_(1/2, Ms) states:

ground state. (D (1/2 Mg)|51z| P (1/12 M) 0= [5,7| = 37| = M43. In

In the case of the scalene clustdiy(# Jiz, Ji2 = Joa, this case, the effective Hamiltonian of the hyperfine interac-
Jiz #= Jpa), the splitting between two Kramers doublets is tion has the formH},. = aSl;/3 for the E.(1/2) Kramers
A1 = Ei(1/2) — Ex(1/2) = 2[0? + I + Do — Jiodis — levels. The hyperfine structure of all EPR signats= Hy)

J1odos — J13)pg] 1253091025 Egch Kramers doublet is the  of the E.(1/2) levels has the form of the 10 hyperfine lines
mixture of the|(0)1/20and|(1)1/2states which depends on  With equal spacingA* = &/3) which follow the spectral
the exchange parameté?® o = (21, — Jiz — Jo3)/Ax: intensity distribution 1:3:6:10:12:12:10:6:3:1 and with total
W, (1/2) = c2|(1)1/20F c|(0)1/2) ci = +/(1+a)/2. For length 3@, represented in Figure 4.

the scalene Gucluster withgs = g, = gs = g, the EPR
transitions between the Kramers doublets are forbidden. The
effective hyperfine constarifs and hyperfine splittings The hyperfine spectra (Figures-2) of the EPR transitions
strongly depend on relatiodsyJi» andJ,'Jio. The hyperfine of the spin-frustrated trigonal Geluster, isosceles triangle,
spectrum of the EPR signal for the ground state of the scalene@d totally distorted (scalene) Cu trimers are essentially

Cus site Wx(1/2) = 0.269(1)1/2H 0.966(0)1/2Y(J1o/J1r = different. The hyperfine spectrum of EPR transition 1 of the
0.9,J,4J12 = 0.8) is represented in Figure 5 in comparison |(S2= 0)S= 1/2[level represents the well resolved quartet

with the hyperfine structure of the EPR signal of the pure Of equally spaced hyperfine lines of the same high intensity

(0)1/2level (——). The slight scalene deformatiodJss (16) with the inter!ine intervah = a.'A comparison of this.
= 1.125) of an isosceles Guwluster results in the disap- calculated hyperfine spectrum (Figure 3a) and hyperfine

pearance of the high-intensity quartet hyperfine spectrum

Discussion

(32) (a) Dzyaloshinsky, IPhys. Chem. Solidk958 4, 241. (b) Moriya, T.

characteristic of thé(0)1/2level (Figure 5). Phys. Re. 196Q 117, 635;120, 91.
: g _ _ _ (33) (a) Elhajal, M.; Canals, B.; Lacroix, ®hys. Re. B 2002 66, 014422.
In the trigonal spin-frustrated Galuster (i = Jia = J3 = J) (b) Nishiyama, M.; Maegawa, S.; Inami, T.; Oka, Phys. Re. B

with degenerate &= 1/2) ground state, the Dzialoshinsky 2003 67, 224435,
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splitting (Figure 2) of the ground (= 1/2) state of the In summary, the observ&tquartet hyperfine structure is
spin-frustrated trigonal cluster with the hyperfine structire not described by the spin-frustrated hyperfine structure
of the spin-frustrated Gicluster, which is characteristic of  (Figure 2). In the spin-coupling model, the obseifed
a single Cu(ll) nucleus, indicates that the hyperfine structure hyperfine structure corresponds to EPR transition 1 of the
observed in the EPR experiméhtan be attributed to the |(0)1/2Z]level (Figure 3a) of an isosceles Cu trimer; the
[(S12 = 0)S = 1/20level of the isosceles triangle. Since hyperfine structure of the second EPR transition of the
(s17[s7]||0= 0 andissz| = Ms for the |(0)1/20level, only |(1)1/200evel (Figure 3b) was not resolved.
one Cu ion §;) forms the molecular g-factor and hyperfine The correlation between the high magnetic symmetry
structure in this stat&%25As noted?® for the |(0)1/20evel (Jj = J), which corresponds to the crystallographic symmetry
of the isosceles Cu trimer, the paramagnetism will be of the cluster, and the possibility of small distortions# 0)
localized on the one Cu ion and the EPR of the trimer will of the trigonal metal centers is an important point for the
only reflect the properties of this ion. spin-frustrated clusters. In all spin-frustrated trigonal or quasi-
The single EPR transition’ 2n the ground state doublet trigonal Cu clusters} *° the variable-temperature magnetic
S= 1/2 was discussed in ref 19 since the douldet 1/2 susceptibilityy(T)(uex(T)) was described by a single Heisen-
was consideréd as the spin-frustrated ground state of the berg exchange parametip = Ji3 = J,3 = J. However, the
Cuws cluster with the geometry of an equilateral triangle. small splittings 2 of the spin-frustrated &= 1/2) ground
However, the degenerate26& 1/2) two-doublets state is  State on the two separated Kramers doul{&s= 0)S= 1/2]
the spin-frustrated ground state of the;@luster with the and |(S;; = 1)S = 1/20(or two doublets of the scalene
geometry of an equilateral triangle. If the obseA?edF triangle) may not be determined by the susceptibility mea-
structure belongs to thg0)1/2Zlevel (EPR transition 1 in  surements even at low temperatures. The susceptibility may
Figure 1b), the EPR transition 2 (Figure 1b) of tit€)1/20] be described by some sets of exchange paramé@ter®.2°
level should be observed also. The EPR transition of the Thus, for example, the magnetic susceptibility of the; Cu
secondS = 1/2 doublet of the spin-frustrated RE 1/2) clusters in LgCusM0Oy, was described by, = Jiz3 =
ground state was not considered in ref 19. For explanationJs; = —282.5 cnt.14 At the same time, the authéfsote
of the singleS= 1/2 EPR signal? one can suppose that the that calculated magnetic susceptibility did not change
exchange splitting@= 2(J — J;,) between thé¢(0)1/20and significantly even when [3| = 2|J;, — J| ~ 35 cnt?! like
[(1)1/20evels may be very small (for examplgp2= 0.1-1 Jio = =294 cm'Y, J (=13 = Jg) = —276.5 cmt for an
cm™) and EPR transitions 1 and 2 (Figure 1b) can be isosceles triangle andis/Ji, = 1.13,JdJi; = 1.07, 31, =
observed as the single EPR signal. At the same time, this—266 cni! for the scalene triangleAq = 60.5 cnt?);
exchange splitting @ being essentially stronger than the i.e., there is some uncertainty (flexibility) of the exchange
hyperfine splittings ¢ > a), is enough to destroy the parameters determined fropa(T) in the spin-frustrated
hyperfine structure (Figure 2) of the spin-frustrate8 2(1/2) cluster.
ground state EPR and form two separate EPR transitions with  An analogous problem of correlation between the trigonal
the hyperfine spectra characteristic of tf@, = 0)S= 1/20J cluster symmetry and distortions in spin-frustrated(ij
(Figure 3a) and(S;, = 1)S= 1/2[{(Figure 3b) states. Inthe and Fg(lll) basic carboxylate clusters was discus8é8in
case of relatively smab splittings, both transitions, 1 and these clusters, the magnetic susceptibility was described by
2, take place in the EPR spectra with their hyperfine a single exchange paramefeHowever, the low-temperature
structures. The well resolved quartet hyperfine structure, with spin-heat capacity, inelastic neutron scatterirf§?® and
total length 2, of the |(S2 = 0)S = 1/2level may be Mossbauer spectfaof the spin-frustrated trimeric basic
observed due to the large interval= a between hyperfine  carboxylates demonstrate small deviationss 1-5 cm?
peaks. In the EPR spectfaf the doublet state of the @u  of the magnetic parameters from the trigonal schédme=
spin-frustrated cluster, the well resolved quartet hyperfine Jiz = Joz = J.
structure was observed with= 157 G which exceeds the For the Cy clusterd* with J = —282.5 cmt in LayCus-
AHp, peak-to-peak line width= 116 G1° At the same time, MoO;,, the spin-heat capacity measuremé&rghow that the
the hyperfine structure (Figure 3b) with total length & degeneracy of the two Kramers doublets wBh= 1/2 is
EPR transition 2 of thé(S;, = 1)S= 1/20evel may be not lifted by a slight distortion of the trigonal cluster.
resolved in these conditions since the hyperfine intervals  As follows from the results of the spin-coupling model
between the hyperfine lines# = a/3 (~50 G) in this case.  of hyperfine interactions for the spin-frustrated (Figure 2)
One can note that nonobservation of the hyperfine structureand distorted (Figure 3) Guclusters, the observatighof
of the type in Figure 4 for EPR transitions in the excited the well resolved quartet hyperfine structure of the EPR
Cus S = 3/2 state (EPR transitions 1, 2 ané’)3is the signal of the Cu spin-frustrated cluster may be considered
argument in favor of this assumption. Indeed, as follows from as evidence of symmetry lowering, and the splitting of
Figure 4, the hyperfine structure for all EPR transitions in the 26 = 1/2) ground manifold on th§{S;, = 0)S = 1/20
the S= 3/2 level represents the 10 hyperfine lines with the and|(S;; = 1)S= 1/20Kramers doublets. In the case of the
HF interline intervalA* = a/3, the same a&' = &/3 in the
HF spectrum in Figure 3b for thgl)1/2Jlevel. Hyperfine (34) Sorai, M.; Tachiki, M.; Suga, H.; Seki, 8. Phys. Soc. Jprl971],
: ; ; 30, 75.
structures with this HF intervab(3) were not observed for (35) (a) Furrer, A.; Gdel, H. U.Helv. Phys. Actal977 50, 439. (b) Furrer,
the EPR transitions in th& = 3/2 levell® A.; Gidel, H. U.Phys. Re. Lett 1977, 39, 657.
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small splitting 2 ~ gfH, it is difficult to determine the structure of the Cuexchange pair or (2) the superposition
|(S12)S = 1/20ground state and intervald2from the EPR of S= 1/2 signals from both the grour{S,, = 1)S= 1/200
spectra. Spin-heat capacity and inelastic neutron scatteringand excited|(S;, = 0)S = 1/20levels of an isosceles Cu
experiments can provide information about the splitting and triangle, both of which are thermally accessible at 77 K.
symmetry of this spin-frustrated @a@omplex. In the case  Consideration of the two calculated hyperfine spectra in
of strongo-splitting 20 > gfH, the two EPR signals 1 and Figure 3a,b, which are characteristic of the essentially
2 with different hyperfine structure and lengtta(@nd &), separated grounidl1)1/27and excited(0)1/2devels, shows
and different temperature dependence may be observed. that any superposition of these two hyperfine spectra cannot
Observation of the quartet hyperfine structure in thg Cu produce the resulting obsenf@chyperfine spectrum of
complexX® shows also that the symmetry of the Giluster the six or seven equally spaced HF lines with the inter-
in this case is the isosceles triangle with= J = J13 = J,3 line separation~a/2. This analysis excludes the second
and not the scalene cluster when the high symmetrical proposed explanation of obseré&typerfine spectra of the
quartet hyperfine structure is destroyed by a slight scaleneCu triangle. For more detailed analysis, it is necessary to
type distortion of the isosceles gualuster (Figure 5). The  measure the hyperfine spectra at low temperature.
observed quartet hyperfine structure also demonstrates that Solutions of the trinuclear Cu(ll) clusters yield hyperfine
the Dzialoshinsky-Moriya antisymmetric exchange (with the  spectra characteristic of mononuclear copper(ll) compléxé&s.
hyperfine spectrum in Figure 4 for tf&= 1/2 doublets) is The observation of this mononuclear-type hyperfine structure
absent in this cluster due to the symmetry conditi@s< 0) with the interline intervalA ~ a was interpreteff as an
or is strongly reduced by the isotropic distortian>$ G;). indication that dissolution results in the formation of
The variable-temperature magnetic susceptibility of the uncoupled copper(ll) centers. At the same time, the authors
three [Cy(M3;—OH)L3A(H,0),]A-(H20), complexe¥ was confirm the persistence of the trinuclears@mits in solution.
described in the spin-frustrated mod&lx(= Jiz3 = Jo3 = J) The quartet hyperfine structure, characteristic of a Cu(ll)
with strong antiferromagnetic exchange- 190-198 cn?. monomer, was observed in the solid state EP& the
The observed fine structure of the axial solid state EPR groundS= 1/2 state of the Gyunits. This hyperfine structure
spectra of the spin-frustrated ground state was desdfibed is characteristic of th€S,, = 0)S= 1/2[level of the isosceles
by the hyperfine coupling constaA; = 135-151 x 10* Cu triangle (Figure 3a). The possibility of observation in
cm, which is close toA; characteristic of a single Cu solution of the isosceles Cu triangles with the hyperfine
nucleus. This hyperfine characteristic of the spin-frustrated spectra of theé(S2; = 0)S = 1/200evel, which are the same
2(S= 1/2) ground state may also be explained in the spin- as for a Cu(ll) monomer, should be taken into account in
coupling model with smalb distortion and the EPR spectra interpretation of the hyperfine structure of the EPR spectra
of the |(Si2 = 0)S = 1/20level with quartet hyperfine  of the Cuy clusters in solutions.
structure, Figure 3a. For dimeric Cu(ll) clusterd® the spin-coupling model
The parallel component of the EPR signal of the ground describes the observed hyperfine structure: the 7 equidistant
2(S= 1/2) state of the [C4{Br)(L10);](PFs). spin-frustrated (A = a/2) hyperfine lines with intensities 1:2:3:4:3:2:1 for
complex® with J = —19.5 cm! is characterized by the the EPR transitions in the triplet state. Figures52show
hyperfine structure of the four hyperfine lin&sThe authors that the spin-coupling model describes also the hyperfine
did not explain the hyperfine structure. They note that the structures of EPR spectra of all spin levels of the Gusters
hyperfine splitting is a complicated multiplet and is broad- with geometries of equilateral, isosceles, and scalene tri-
ened due to a spin delocalization between the three Cu atomsangles. The spin-coupling model of hyperfine splittings
The observett well resolved hyperfine structure can also provides the correlations between the hyperfine structures
be described as the hyperfine structure characteristic of theand magnetic symmetry of the trinuclear {Qiusters.
|(S12 = 0)S= 1/2[devel. The EPR spectra of the other spin-
frustrated [Cy(X)(LNO)s](PFs). complexe®® with small J Conclusion
values § = —0.3 — —4.8 cn1t) demonstrate more compli-
cated well resolved hyperfine structures and require consid- The hyperfine structures of the EPR transitions are very
eration of the superposition of the hyperfine spectra of the specific for the spin-frustrated @elusters with geometries
two S= 1/2 levels and S= 3/2 level. of an equilateral triangle and distorted isosceles and scalene
The calculated hyperfine structures (Figure 3a,b) may be copper trimers. The quartet hyperfine structure, characteristic
used for consideration of the hyperfine structure of the EPR Of @ single C&* nucleus, which was observed experimentally

transitions of theS= 1/2 levels of an isosceles gtriangle. for the S= 1/2 ground state of the spin-frustrated;QL)
The magnetic susceptibility of the €womplexX® with clusters, corresponds to thgS. = 0)S = 1/2Lllevel of an
various Cu--Cu distances (3.56, 4.56, 5.47 A) was described isosceles Cu triangle. This hyperfine structure is evidence
in the model of the isosceles triangle witly = —53 cnTt of the symmetry lowering from an equilateral to an isosceles
(or ca.—80 cnTY) andJ = —90 cnT (or —77 to—90 cnT?), Cu triangle and small splitting of the spin-frustrate®2(1/2)

E[(0)1/2] — E[(1)1/2] = 74 cnT12° For an explanation of ~ ground-state manifold.

the six equally spaced hyperfine components of the EPR
(36) (a) Bleany, B.; Bowers, K. CProc. R. Soc. Londoh952 A214 451.

powder spectral(= 77 K) with the separation of 77 G, (b) Abe, H.; Shimada Phys. Re. 1953 90, 316. () Kokoszka, G.
the author® proposed two possibilities: (1) the hyperfine F.; Duerst, R. WCoord. Chem. Re 197Q 5, 209.
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Appendix: Positions of the Hyperfine Lines, Their 1/2, mg = —1/20with M, = 3/2 result in hyperfine lines 5
Intensities, and Corresponding Hyperfine Components (position 1.6%, Figure 2) and 10(position —0.65a) with

. _ intensity 6. The HF splitting of the third possible nuclear
(a) The Spin-Frustrated 2@S = 1/2) Ground State of Nt ! - . .
an Equilateral Triangle Cus Cluster (Figure 2). The total spin seq1/2, 1/2, 1/Zith M, = 3/2 contributes to hyperfine

: : L line 11 (positiona/2, Figure 2).
spectral amplitudes (in brackets) of the hyperfine lined2 _ _
in the right part of Figure 2, positions and corresponding (b) The Kfa”ﬁers Doqblet (S = 0)S = 1./2D0f an
hyperfine components, are the following: 1[3}5a/2 Isosceles Cu Triangle (Figure 3a). The hyperfine compo-
+£3/2(3); 2[3] +13a/6 ;5/2(3). 3[6] +1.9% 11/2(6),- nents, which correspond to the hyperfine line at position
o —|—1,1a/6, 17/2(3);’5[6] 1.65, £ 3/2(6), 6['6] —|—1.603,, +3a/2 {+a/2} in Figure 3a, are the followingF3/2(1),
F1/2(6); 7[L1]+3a/2, £9/2(2), £5/2(3), £1/2(3), F3/2(3); [ L2(2), £1/2(3), £3/2(4), £5/2(3), £7/2(2), +9/2(1)
8[3] +7al6, FL/2(3); 9[3] 6, £1/2(3); 10[6] +0.65, L 2/2(1), T3/2(2), T1/2(3), £1/2(4), £3/2(3), £5/2(2),
F3/2(6); 11[11}+3a/2, £7/2(3),£3/2(2), F1/2(3), ¥5/2(3); - //2(L}. The hyperfine components, which correspond to
12[3] +a/6, £5/2(3).The positions of the hyperfine lines the hypﬁ]ﬁne line athp05|tf|_0|°r3a/2 {_alziji'ﬂ:/llavk? (IJpposne
1'-12 (left part of Figure 2a) and hyperfine components 3'.%”3' he sa;ne l.yper INeé compone | belong to
are obtained by the change of the corresponding sign. The ffterent hyperfine lines.

. : ; The Kramers Doublet |(S;2 = 1)S = 1/200of an
degeneracyn) of the hyperfine components is determined ©) . .
by the nuclear spin set&:(ly,m)ga(lam)@s(lams) = Isosceles Cu Triangle (Figure 3b). The total spectral

Imy, My, mgOwhich results inM,. The specific hyperfine amplitudes (in parentheses []), positions of the 8 hyperfine

characteristic of the spin-frustratedS2¢ 1/2) state is the ~ IneS In the right part of Figure 3b, and corresponding

; ; hyperfine components are the following: 1[H5a/2,
fact that all analogous [different] nuclear spin sgis, m, ) )
mgCwith the same fixedM, contribute to the same [different] +£3/2(1); 2[1] +13a/6, £5/2(1); 3[3] +11a/6, £7/2(1),

hyperfine lines. Thus, for example, the hyperfine splittings il/2(2);. 4[3]+3a/2, 19/2(1),13/2(2);.5[5]+7a/6, +5/2(2),

for the three analogous nuclear spin s@&, 3/2,—3/2[) F1/2(3); 6[5]+5a/6, £7/2(2), £1/2(3); 7[7]+a/2, i3/2(3.)’

13/2, —3/2, 3/Z) and |~3/2, 3/2, 3/Z)(and corresponding F3/2(4); 8[7] +a/6, £5/2(3), F1/2(4). For the 8 hyperfine
|—m,1 —m; ~ meOsets) form HE line 1 with intensity 3 lines in the left part of Figure 3b, the positions and
(posiition +,5a/2, Figure 2) and contribute to HF ling 7 corresponding hyperfine components have the opposite sign.

(position—3a/2). On the other hand, the hyperfine splittings
for the other six analogous nuclear spin gats—= 3/2,m = IC035141R
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