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We have designed and synthesized a new Cu,Gd heterotrinuclear complex, [LCu,Gd(OAc)s] (1), where H,L is a
bis(salen)-type tetraoxime ligand useful in the synthesis of discrete (3d),(4f) complexes. Complex 1 crystallizes in
the triclinic system, space group PL, with unit cell parameters a = 12.442(4) A, b = 13.397(3) A, ¢ = 13.966(4)
A, o= 77.052(8)°, B = 88.656(10)°, y = 77.761(8)°, and Z = 2. In the crystal structure of 1, Cu—Gd distances
are 3.3-3.5 A, whereas the two Cu atoms are separated by 6.08 A. The corresponding dinuclear CuGd complexes,
2 and 3, with mono(salen)-type chelate 3-MeOsalamo were also synthesized. Complex 2 crystallizes in the monoclinic
system, space group P24/c, with unit cell parameters a = 13.869(8) A, b = 13.688(7) A, ¢ = 18.728(10) A, B =
92.861(8)°, and Z = 4, and complex 3 crystallizes in the triclinic system, space group P1, with unit cell parameters
a=12.319(4) A, b= 13.989(4) A, c = 16.774(5) A, o. = 64.699(14)°, 8 = 66.672(13)°, y = 76.891(17)°, and
Z = 4. Interaction between Cu" and Gd" in the dinuclear complexes 2 and 3 is ferromagnetic (J = 4.5 and 7.6
cm™?, respectively, using spin Hamiltonian H = —JScu*Sca) as observed in the previously prepared [LCuGdXs]
complexes, where L is a salen-type chelate. Magnetic data for the Cu,Gd trinuclear complex can be reasonably
interpreted with the use of a spin Hamiltonian H = —JeucaScu* Sed — JeusdScuz* Sed — JeucuScur* Scuz With Jeued =
5.0 cm™t and Joyey = 0 cm™L. The S = 9/2 ground state resulted from the ferromagnetic interaction among the
Cu'"-Gd"-Cu" triad was also supported by the saturation magnetization at 1.8 K.

Introduction properties amenable to a rather simple analysis based on a
spin-only Hamiltonian because tl&;, single-ion ground

Multinuclear complexes containing both d- and f-block  giate of gadolinium(lil) has no first-order orbital momentum
transition metals have been intensively investigated becausg complicate the magnetic analysis. Ferromagnetic interac-

of their interesting magnetic propertieRecently, increasing tion between Cl—Gd" metal centefshas been observed
interest has also been focused on their potential application;, 2 number of dinuclear LCuGd systems, where L is a salen-
to luminescence materiasonlinear optical materiafsnear- type ligand? However, the high coordination number favored
infrared chiroptical sensofsand single-source precursors for 1, 4¢ metal centers sometimes leads to unexpected formation
metat-organic chemical vapor deposition (MOCVEAmMong of a trinuclear system (LCu(d 8 Furthermore, various di-,

these 3e-4f complexes, particular attention has been paid _ or tetradentate ligands form interesting oligometallig-Cu
to copper(ll)/gadolinium(lll) couples which display magnetic

(6) For the mechanism of ferromagnetic coupling in copper(ggdo-
linium(l11) complexes, see the following: Paulovic, J.; Cimpoesu, F.;
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Cu(ll) —Gd(lll) Complexes of Linear Oligooximes

Table 1. Crystallographic Data for Cu/Gd Complexgés3

param 1 2 3
formula [LCwGd(OAC)]-EtOH-Et,O [(3-MeOsalamo)CuGd(OAg]y2CHCL [(3-MeOsalamo)CuGd(Ng)s]
CaoH5:ClGdN4O18 CoeH29ClsCuGdNO12 C1gH1sCUGAN;O15
cryst system triclinic monoclinic triclinic
space group P1 P2,/c P1
alA 12.442(4) 13.869(8) 12.319(4)
b/A 13.397(3) 13.688(7) 13.989(4)
c/A 13.966(4) 18.728(10) 16.774(5)
o/deg 77.052(8) 64.699(14)
pldeg 88.656(10) 92.861(8) 66.672(13)
yldeg 77.761(8) 76.891(17)
VIA3 2216.6(10) 3551(3) 2394.0(12)
z 2 4 4
Dcaidg cnms 1.738 1.861 2.123
R12 (1 > 2a(1)) 0.0345 0.0817 0.0411
wR2 (all data) 0.0914 0.2061 0.0976

2R1= 3||Fol — IFcll/ZIFol; WR2 = [T (W(Fo® — Fc?)?)/3 (W(Fo)I)] M2

Gd, complexes ranging from GGd to CuyGd;» system$ solution of H(3-MeOsalamd} (36.1 mg, 0.10 mmol) in ethanol

by metal-assisted self-assembly, but their structures are(5 mL). The solution was concentrated in vacuo, and the residue

sometimes difficult to predict on the basis of the structure Was recrystallized from ethanol/ether to afford dark brown crystals

of the ligands. Thus, a useful strategy for selective synthesis®f 2 (65.8 mg, 82%). Anal. Calcd for £H,7CuGdNO.23H;0:

of CuGh as a multi-metallosystem has been required. ~ » 35-57: H, 4.10;N, 3.46. Found: C, 35.51; H, 3.93; N, 3.41.
We have recently developed a new linear tetraoxime Synthesis of [(3-MeOsalamo)CuGd(N@) (3). A solution of

ligand1® H.L, consisting of two Hsalamé! (=1,2-bis- copper(ll) acetate monohydrate (20.1 mg, 0.10 mmol) in ethanol

(salicylideneamino)oxy)ethane) moieties. This ligand is used (5 mL) and a solution of gadolinium(lll) nitrate pentahydrate (43.7

for th hesis of h . | | mg, 0.10 mmol) in ethanol (5 mL) were added to a solution of
or the synthesis of ZiM heterotrinuclear complexes (M ;3 MeOsalamo) (36.1 mg, 0.10 mmol) in ethanol (5 mL). After

Ca*, lanthanide(lll)) by using the site-selective transmeta- e solution was allowed to stand at room temperature, precipitates
lation of a Zn homotrinuclear comple¥. Synthesis of  \ere collected to afford dark green crystals3of66.8 mg, 87%).
trinuclear complexes containing a discrete trinucleayGel Anal. Calcd for GgH1sCuGdNiOss: C, 28.25; H, 2.37; N, 9.15.
core can be much simpler and more efficient via this method Found: C, 28.58; H, 2.45; N, 8.94.

because the complex is formed from only one ligand. Here  X-ray Crystallographic Analysis of Cu/Gd Complexes.In-

we report the synthesis, structure, and magnetic propertiestensity data were collected at 120 K on a Rigaku Mercury CCD
of a CuwGd complex containing the trinucleating oxime diffractometer with Mo Kx radiation ¢ = 0.710 69 A) Reflection

ligand HsL. data were corrected for Lorentz and polarization factors and for
absorption using the multiscan method. Crystallographic data are
(\o summarized in Table 1. The structure was solved by Patterson

methods (DIRDIF-99% and refined by full-matrix least squares
on F2 using SHELXL 973 The non-hydrogen atoms were refined

Z /N

Ve ¢ o
z @Q —| N=

O, “O‘M @

e Q90 (8) (a) Bencini, A.; Benelli, C.; Caneschi, A.; Carlin, R. L.; Dei, A.;

o ,,O,Me Gatteschi, DJ. Am. Chem. Sod.985 107, 8128-8136. (b) Bencini,

- -y o "Q A.; Benelli, C.; Caneschi, A.; Dei, A.; Gatteschi, Ihorg. Chem.
N Me Me

o

1986 25, 572-575.
N ax- (9) (a) Costes, J.-P.; Dahan, F.; Dupuis)iorg. Chem200Q 39, 5994—
k/o’ 3ACO™ 6000. (b) Shiga, T.; Ohba, M.; Okawa, Hhorg. Chem.2004 43,
4435-4446. (c) Chen, X.-M.; Wu, Y.-L.; Yang, Y.-Y.; Aubin, S. M.

2 X=0Ac . ; :
- J.; Hendrickson, D. Nnorg. Chem1998 37, 6186-6191. (d) Benelli,
1 [LCuGd(OAC)] 8 X=NO, C.; Caneschi, A.; Gatteschi, D.; Guillou, O.; Pardi,lhorg. Chem.
199Q 29, 1750-1755. (e) Benelli, C.; Blake, A. J.; Milne, P. E. Y.;
Experimental Section Rawson, J. M.; Winpenny, R. E. Rhem—Eur. J. 1995 1, 614-
618. (f) Stemmler, A. J.; Kampf, J. W.; Kirk, M. L.; Atasi, B. H.;
Synthesis of [LCwLGd(OAC)s] (1). A solution of copper(ll) Becl(\J/lralrkO' V. émggkCherPng%% 3% 2807*28\1/7-IA(9) Cu“%nr?’ A
H ., Malkanl, R. G.; Kampt, J. ., Pecoraro, V. Angew. em.,
acetate_ monohydra_ttg (20.0 mg, 0.10 mmol) in ethanol (20 mL) and Int. Ed. 2000 39, 2689-2691. (h) Chen, X.-M.. Aubin, S. M. J.; Wu,
a solution of gadolinium(lll) acetate tetrahydrate (20.3 mg, 0.050 Y.-L.; Yang, Y.-S.; Mak, T. C. W.; Hendrickson, D. N. Am. Chem.
mmol) in methanol/water (3:1, 20 mL) were added to a solution of Soc.1995 117, 9600-9601.

10 i . (10) (a) Akine, S.; Taniguchi, T.; Nabeshima, Ahgew. Chem., Int. Ed.
?;‘]L (|29:2 mg, 0.050 mmol) :j”.ChlorOformlztha”O' (152' 1‘2.:;"): 2002 41 4670-4673. (b) Akine, S.; Taniguchi, T.; Saiki, T..
e solution was concentrated in vacuo, and vapor phase diffusion  N\apeshima, TJ. Am. Chem. So@005 127, 540-541.

of ether into chloroform/methanol solution of the residue afforded (11) (a) Akine, S.; Taniguchi, T.; Nabeshima, Them. Lett2001, 682—

dark brown crystals of (34.0 mg, 79%). Anal. Calcd for GHzs- Sg%i%flgiln& S(-;)T&':ll(r?igucgi, I Nabehs,hiTmabl'rﬁorg-VC\?h?meOgél .
) . . . . . , . (c) Akine, S.; Taniguchi, T.; Dong, W.; Masubuchi,
CuGAN:O15H,0: C, 36.14; H, 4.01; N, 4.96. Found: C, 36.07; o Rabesuima, 1. Org. Chema0ss 70, 15041011,
H, 4.07; N, 4.92. (12) Beurskens, P. T.; Beurskens, G.; de Gelder, R.; Garcia-Granda, S.;
Synthesis of [(3-MeOsalamo)CuGd(OAg] (2). A solution of Gould, R. O.; Israel, R.; Smits, J. M. Mcthe DIRDIF-99 program
copper(ll) acetate monohydrate (19.8 mg, 0.10 mmol) in ethanol systemCrystallography Laboratory, University of Nijmegen: Nijmegen,

. . The Netherlands, 1999.
(5 mL) and a solution of gadolinium(lll) acetate tetrahydrate (40.4 (13) sheldrick, G. M.SHELXL 97, Program for crystal structure deter-

mg, 0.10 mmol) in ethanol/water (5:1, 6 mL) were added to a minatiory University of Gdtingen: Giatingen, Germany, 1997.
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Table 2. Selected Interatomic Distances (A) of Cu/Gd Compleke$

Complex1
Gd1-01 2.349(2) Cut014 1.983(3)
Gd1-02 2.765(3) CutN1 2.053(3)
Gd1-05 2.386(3) CutN2 2.366(3)
Gd1-06 2.368(3) Cu206 1.918(2)
Gd1-09 2.460(2) Cuz209 1.972(3)
Gd1-010 2.525(3) Cu2016 2.205(3)
Gd1-011 2.385(3) Cu2N3 2.018(3)
Gd1-013 2.412(2) Cu2N4 1.975(3)
Gd1-015 2.344(2) GdiCul 3.3092(9)
Cul-01 2.302(3) Gd*Cu2 3.4796(8)
Cul-05 1.932(2) CuxCu2 6.0798(14)
Cul-012 2.019(2)
Complex2
Gd1-01 2.396(6) Gd+012 2.394(6)
Gd1-02 2.569(6) CutO1 1.929(6)
Gd1-05 2.384(6) Cut05 1.995(6)
Gd1-06 2.570(7) Cut08 2.139(7)
Gd1-07 2.363(6) CuiN1 1.975(8)
ggi:g?o %fég((?) gcﬁgﬁl 239103%((3)) Figure 1. X-ray structure of [LCuGd(OAc)] (1) with ellipsoids drawn
Gd1-011 2-461(7) ’ at the 50% probability level. Hydrogen atoms and solvent molecules are
’ omitted for clarity.
Complex3
molecule & molecule B
Gd1-01 2.361(3) Gd2016 2.368(3)
Gd1-02 2.484(3) Gd2017 2.506(3)
Gd1-05 2.397(3) Gd2020 2.409(3)
Gd1-06 2.484(3) Gd2021 2.508(3)
Gd1-07 2.514(3) Gd2022 2.473(4)
Gd1-08 2.469(4) Gd2023 2.516(4)
Gd1-010 2.512(4) Gd2025 2.462(3)
Gd1-011 2.567(4) Gd2026 2.570(4)
Gd1-013 2.502(4) Gd2028 2.490(3)
Gd1-014 2.490(3) Gd2029 2.503(4)
Cul-0O1 1.926(3) Cu2016 1.927(3)
Cul-05 1.929(3) Cu2020 1.938(3)
Cul-N1 1.996(4) Cuz2N6 1.993(4)
Cul—N2 1.947(4) Cuz2N7 1.954(4)
Cul-Gd1 3.4978(12) Cu2Gd2 3.4988(12)

a Crystallographically independent molecules.

anisotropically except for a minor component of carbon atoms in
disordered dichloromethane. Hydrogen atoms were included at
idealized positions refined by use of the riding models. Selected Figure 2. X-ray structure of [(3-MeOsalamo)CuGd(OAE]2). Thermal

interatomic distances are summarized in Table 2. ellipsoids are drawn at the 50% probability level. Hydrogen atoms and

. . N solvent molecules are omitted for clarity.
Magnetic Measurements.Magnetic susceptibility data were

collected on powdered samples bf 3 using a Quantum Design . iaties coordinate to Gd1 (G distances: 2.3492.460
model MPMS XL5 SQUID magnetometer. Data were collected at A). In addition, weak coordination of the methoxy groups

a magnetic field of 0.2 T between 300 and 1.8 K. Data were
corrected for diamagnetism of the ligands estimated from Pascal’s (Gd1~-02 2.765(3) A, Gd010 2.525(3) A) was observed.

constantd4 Magnetization was measured at 1.8 K under an applied 1he distance between GdCul (3.3092(9) A), in which

field up to 5 T. the two metals are doubly bridged by twgacetato ligands,
_ _ is shorter than that of GadCu2 (3.4796(8) A) possessing
Results and Discussion oneu-acetato bridge. The resulting geometries of Cul and

Synthesis and Structure of the ComplexesTrinuclear ~ CU2 are octahedral and square pyramidal, respectively, and
cluster1 was synthesized by one-pot reaction of the free Gd1 is nonacoordinate. The two copper atoms Cul and Cu2
ligand H,L1° with 2 equiv of copper(ll) acetate and 1 equiv &€ separated by 6.0798(14) A .
of gadolinium(lll) acetate in 79% yield. Dinuclear complexes ~ Complex2 consists of a [(3-MeOsalamo)Cu] unit, a Gd
2 and 3 were obtained in high yield from each equimolar atom, and three acetate ions (Figure 2). The copper atom
mixture of Hy(3-MeOsalamo}! copper(ll) acetate, and CUul is located in an b0, site (N1, N2, O1, O3) of the
gadolinium(lll) salt. The crystal structures of the complexes Salamo moiety. The phenoxo oxygens (O1, O5) of the chelate
1-3 were determined by X-ray crystallography. ligand a_nd methoxy groups (02,. 06) coordinate to Gd1. One

In the CuGd trinuclear complex, the two copper atoms of the ligating acetate ions bridges the two metal atoms
(Cul and Cu2) are located at the®y salamo moieties (Cul—Gd1). The other two acetates coordinate to Gd1 in a

(Figure 1). The four phenoxy oxygen atoms of the salamo bidentate fashion. Consequently, the geometry around Cul
is square pyramidal and Gd1 is nonacoordinate. The distance

(14) Pascal, PAnn. Chim. Phys191Q 19, 5—70. between Cul and Gd1 is 3.433(2) A, which is similar to

3272 Inorganic Chemistry, Vol. 44, No. 9, 2005
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Figure 3. X-ray structure of [(3-MeOsalamo)CuGd(N)g (3). Thermal
ellipsoids are drawn at the 50% probability level. Hydrogen atoms are
omitted for clarity. One of the two crystallographically independent
molecules is shown.

those for previously reported CyGd systems containing
salen-type chelat€s.

In the crystal of comples, there are two crystallographi-
cally independent molecules of [(3-MeOsalamo)CuGd-
(NOs)4], which have a similar conformation (Figure 3). The
copper atom has a square planar geometry with 9 khe-
late of the salamo ligand (N1, N2, O1, O5). The four oxygen
atoms (01, 02, 05, 06) of the [Cu(3-MeOsalamo)] unit act
as a tetradentate ,digand for Gd1, as seen in complé&x
In addition, three nitrato ligands coordinate to Gd1 ip%a

fashion. The distance between Cul and Gd1 is 3.4978(12)

A, which is slightly longer than that of complex
Magnetic Properties. Temperature dependence of mag-

netic susceptibility of the dinuclear complex2sand 3 is
shown in Figure 4 in whichyy is the molar magnetic
susceptibility corrected for diamagnetism. Ther of 2 and

3 at 300 K are 8.18 and 8.30 énK mol™%, respectively,
which roughly correspond to the value (8.25%mol 1)
expected for the two uncoupled metal o, (= 1/2 and
Ssa = 7/2). At lower temperaturegu T values of2 and 3
increased and reached maximum of 9.6 and 10.3 Km

Table 3. Magnetic Data for Ct-Gd Complexes—3

J(cmY g O (K) 10°R2
1 5.0(1p 2.027(2) —0.057(8) 7.8
2 4.5(1) 1.978(1) —0.235(6) 35
3 7.6(2) 1.991(1) 1.9

AR =3 (yobsT — %calcT)¥3 (%obsT)% ° Jeucu= 0. ¢ Data at 16-300 K were
used for calculations.

state resulting from ferromagnetic coupling betweet (8

= 1/2) and G (S= 7/2) and assuming tha@at, = gcq =

2.0. The abrupt decrease giT belov 5 K may be
attributable to antiferromagnetic interaction between the
neighboring molecules.

In the case of the trinuclear systemsimilar temperature
dependence gfuT was observed (Figure 4). TheT is 8.99
cm® K mol~* at 300 K, which corresponds to the value (8.63
cm?® K mol™?) expected for the three uncoupled metal ions
(two Cd', one Gd'). At lower temperatures, thgmT
increased and reached a maximum of 12.9 &rmol—* at
5.5 K. This clearly indicates that the copper{tjadolinium-
(1) interaction is ferromagnetic and that the ground state
for the CuyGd triad isS= 9/2, in which the three local spins
aligned in a parallel fashion (expectgdT is 12.4 cni K
mol™1).

The experimental data for compléwere analyzed on
the basis of a spin-only expression derived from a spin
HamiltonianH = —J&-Ssq. Assuming that copper(ll) and
gadolinium(lll) have the samgvalue, the experimental data
fitted the expression

_ ang#? [15+7exp(—%)
bay k<T_®)I|9+7eXF(—ﬁ) +N,

wheref is the Bohr magnetork is the Boltzmann constant,
N, is the temperature-independent paramagnetism,@&nd
is the correction term for intermolecular magnetic interaction.
Nonlinear least-squares fitting of the experimental data in
the range of 1.8300 K leads ta) = 4.5(1) cm?, g = 1.978-
(1), and® = —0.235(6) K with the agreement fact® =

3.5 x 10°% R = Z(xobsT — ycach)?=(xobsT)? (Table 3). A

mol™* at 5.0 K, respectively. These values are comparable negative® value can explain the considerable decrease of

to the value (10.0 cAK mol™) expected for th&= 4 spin

xm T observed in comple® at below 5 K, which suggests

xmT/lem® K mol™

8 T T

A 14 B 11
T T 10

[S] [S]

S S

¥ x
E E

L L

~ =~

S R0

8 T T 8 + T T
0 100 200 300 0 100 200

TK

TK

300 0 100 200

TK

300

Figure 4. Experimental (open squares) and calculated (solid line) temperature dependence of the magnetic susceptibility of do(Aplex€B), and

3 (C) in the range of 1.8300 K.
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intermolecular antiferromagnetic interaction. In the case of 10 ]
complex3, analysis of the experimental data in the range of
10—-300 K leads tal = 7.6(2) cnt! andg = 1.991(1) with

R = 1.9 x 105 However, deviation of the experimental
avmT at 2-=10 K from the calculated values cannot be
explained, even i® was modulated in the calculation.

In a similar manner, the data for trinuclear systeémere
analyzed on the basis of a spin-only expression. In this
analysis, the two copper(ll) ions are assumed to be identical
for the sake of simplicity. The coupling of the spin
momentum of gadolinium and the two neighboring copper
ions is described by the spin Hamiltonigh= —JcucdScur
Sed — JeusdSouz Sed — JeucScur* Scuz, Wheredeysd andJeucy
are the Cli—Gd" and CU—CuU' interaction parameters, Figure 5 'Field dependence o_f mggnetizgtion for compleat 1.8 K.

. . . The solid line represents the Brillouin function for &= 25, + Sea =
respectively. The experimental data were analyzed using theg, syin state witry = 2.06.
expression

To confirm the nature of the ground state, we investigated
NQZﬂZ 4.5 64 the variation of the magnetizatidd versus the fieldH at
=——=1—11165+ 84 expg— +

v = 4K(T — ©) kT 1.8 K. As expected, th#1 = f(H) curve closely follows the
3.5 +3] 8] Brillouin function for anS = 9/2 spin (Figure 5). Hence,
~~PYCuGd CuCu CuGd _ . . Lpe
84 ex;(— T) + 35 ex;{— ?)] I only the ground stateS(= 9/2) is significantly populated at
this temperature.
4"5‘]Cqu 3'53Cu6d+ ‘]CuCu p
5+4exd— T +4exdq— — T + Conclusion

8Jcucd We have synthesized a new discrete,Gd heterotri-
3 ex;{— kT )]} TN, nuclear complex by the reaction of a bis(salen)-type tet-
radentate ligand kL with 2 equiv of CU and 1 equiv of
In complexl, the interaction between Cul and CuUg.t,) Gd". X-ray crystallographic analysis revealed that the two
is assumed to be 0 because the two copper(ll) ions are wellcopper atoms are separated by 6.08 A, whereas the distances
separated (6.08 A). A satisfactory theoretical curve fit to the between the copper and gadolinium atoms are-3.3 A.
experimental data was obtained for the following set of The temperature dependence of the magnetic susceptibility

parameters:Jcyca = 5.0(1) cnl, g = 2.027(2), and® = clearly indicates ferromagnetic interaction among thé-€u

—0.057(8) K withR = 7.8 x 10°5. Gd"—Cu' triad. TheJcucq Value was calculated to be 5.0
Positive J values for Cli—Gd" interaction for the di- cm™1, which is comparable to that of the corresponding

nuclear system2 and3 indicate a ferromagnetic coupling, dinuclear complex [(3-MeOsalamo)CuGgX2, X = OAc).

as observed in the previously prepared [LCuGld&om- Consequently, th& = 9/2 ground state of, in which the

plexes, where L is a salen-type chelafEhe stabilization three local spins are aligned in a parallel fashion, is
of the S= 4 state in Gd@Cu systems has been attributed to significantly populated at low temperatures. We have already
the coupling between the &uGd" ground configuration ~ shown that the tetraoximeheterotrinuclear complexes [L(3€)
and the Clil—Gd' excited configuration caused by the (4f)] have a helical conformation. Recently, magnetic materi-
electron transfer from the singly occupied 3d copper orbital als bearing chirality have been attracting much interest
to an empty 5d gadolinium orbit&t.However,J= 7.6 cm! because of their magnetochiral effetisielical arrangement
for 3 is significantly larger than that & (4.5 cnm?). It was of spins along the chelate sites of oligooximes is a promising
reported thafc,cqvalues strongly correlate with the dihedral  strategy for such chiral magnetic materials.
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of the trinuclear systerhis very close to that of the dinuclear for 1-3 in CIF format. This material is available free of charge
complex2 (4.5 cnt?). Consequently, this result suggests that yia the Internet at http:/pubs.acs.org.
there is ferromagnetic interaction at low temperatures among
the CU—Gd"—Cu' triad and resultant ground stee= 9/2,
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