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DIRECT EVIDENCE OF THE SPIN CONTRACTION IN THE ORGANIC SPIN[1037]/451 

spin Hamiltonain using the experimental determined '3C-hyperfiie tensor: 

where g, 0, and A c13 are the electron g, the fine-structure, and the 13C-hypefie tensors, 
respectively. are the nuclear g-factor, electron Bohr magnetron and 
nuclear magnetron, respectively. The agreement between the experimental data and the 
calculated ones are excellent, indicating the high accuracy of the obtained hyperfine tensor. 

The data analysis obtaining the accurate hyperfiie tensor from the ENDOR spectra was 
canied out by the following  procedure^.^ The data analysis FORTRAN programs were 
made by mainly one of the authors (Y.T.). The ENDOR frequency is given to first-order by 

where h is the Plank constant and H is the external magnetic field strength. We fmt obtained 
the crude hypefie tensors from the first-order analysis of the angular dependence using a 

HSph = IjkH.gS -+ S *Bs +S*A c13~z - g~ W I c  13, (3) 

The terms g ~ ,  fi  and 

VENDOR = 1-S- g N  /%lHl/k (4) 

least-square fitting based on 
equation (4). Then, we 
refined the tensor by 
comparing the observed 
ENDOR frequencies with 
the calculated values 
obtained by the exact 
numerical diagonalization 
of the matrix of the spin 
Hamiltonian (3). All the 

meters were finally 
determined fiom the 
numerical diagonalimtion 
of the spin Hamiltonian (3). 
The obtained I3C -hyperfine 
tensor on the divalent 
carbon site of the diphenyl- 
methylene moiety in 1 is 
given in Table II. The 
anisotropic terms Aaniso of 
the 13C-hyperfine tensor 
gives a direct information 
for both the spin (p? and 

spin Hamilt~nian para- 
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FIGURE 3 Angular Dependence of I3C-ENDOR 
Frequencies 
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4524 10381 Y. TEKI e /  rrl. 

the o spin densities (pa) on the divalent carbon site. Thus, these spin densities can be directly 

where B = -89.0 MHz. The obtained spin densities are also listed in Table 11. The 
magnitudes and absolute signs of the 13C -hyperfine splittings of the diphenylmethylene 
moiety in 1 should be compared with those of the Hutchison’s  experiment^.^ The I3C - 

TABLE II principal Values ofthe Ik-Hyperfine Tensor and 
(3 and x Spin Densities 

hyperfine splittings on the divalent carbon sites of the diphenylmethylene molecu!e were 
already reported to be Axx = 115.4, Ayy = -189.6 and Azz = 214.8 MHz by Hutchison et 
al.’ It should be notice that the determined I3C -hyperfine splittings in 1 are about muinus 
one-half of those of the diphenylmethylene molecule. Thus, the present results clearly 
show that the G and x spin densities at the divalent carbon sites in 1 are about one-half of 
those of the isolated diphenylmethylene molecule and the signs also opposite as predicted 
by the relationship shown in Table I@). The present results are the clear example of the 
spin contraction. Thus, these findings give the direct evidences of the spin contraction on 
the limited-size molecular spin systems. 

(b) Theoretical Calculation of the Spin Contraction as an Ouantum Size Effect 

In order to demonstrate that the observed spin contraction to be an quantum size-effect, we 
have carried out the folloulng theoretical model calculations. For the reason of the 
simplicity, we treated here the most spimple hetero-spin systems in which the spins and in 
the repeating units -SASE- corresponds to be ,‘? =1/2 and 9 =I.  We calculated the spin 
energies, the spin functions, and the spin densities of the ground states and the low-lying 
excited states for the several fenimagnetic Heisenberg spin systems (-S“-SB-SA-SB- - 
SA-SB-) with different chain lengths by the exact numerical calculations. The full matrix 
of the Heisenberg Hamiltonian was directly solved for the short chain systems by the 
numerical diagonalization. For the longer chain systems in whch number of the repeating 
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DIRECT EVIDENCE OF THE SPIN CONTRACTION IN ORGANIC SPIN [1039]/453 

unit is larger than 3,  we used the Lanczos method for the spin-energy calculations and the 
Converged Gradient (CG) method for the calculations of the spin functions? In order to 
neglect the edge effects in the spin chain, we used a periodic boundary conditions in these 
calculations. Only the size-dependency of the expectation values of Sz in the ground 
states is shown in Figure 4 since we interest here the quantum spin contraction. The 45 
values of the local spins on each site i can be related to the spin density on each site i by 

pi = 2<sZi>. 
The result of the shortest 
femmagnetic spin system (s*- 
SB) just fitted to the analytical 
solution in Table I(a) with the 
total spin S = 1/2. As clearly 
shown in Figure 4, the 
absolute values of <S% on 
each site have been increases 
with increasing number of the 
repeating units. This means 
that the spin contraction has 
been recovered with increasing 
size of the spin system. Thus, 
these theoretical calculations 
for the limited-size feni- 
magnetic linear chain systems 
reveal that the present spin 
contraction is a size-effect of 
the quantum spin system. 

- 
Repeating Units 

BY 0.9 

vl v 0.6 

0 1 2 3 4 
Number of Repeating Units 

I I I r 
1 2 3 4 

Number of Reoeatine Units 

FIGURE 4 Size-Dependency of < S 3  Values on Each 
Site in the Ferrimagnetic Spin System 

CONCLUSIONS 

The spin contraction as a quantum size effect has been clearly observed in the high-spin 
organic molecule 1 which is the most shortest fenimagnetic spin system by I3C-ENDOR 
experiments. The size-effect has also been examined by the exact numerical calculations 
for the model systems with the ferrimagnetic spin ordering. These experimantal and 
theoretical findings give the direct evidence of the spin contraction predicted by equation 
(2) as an quantum size-effect. 
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