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N u c l e a r m a g n e t i c re laxat ion in d i lute gases o f spher i ca l 
and s y m m e t r i c t op m o l e c u l e s is c o n s i d e r e d f r o m the po int of 
v iew of the k ine t i c theory o f transport and re laxat ion e q u a -
t ions b a s e d on the W a l d m a n n - S n i d e r equat i on . T h e der ivat ion 
of the f o r m of the sp in-rotat ion H a m i l t o n i a n in the a b s e n c e 
o f c e n t r i f u g a l d is tor t ion is r e e x a m i n e d and an express i on f o r 
the " s p i n - l a t t i c e " re laxat ion t ime is g iven f o r this case . 

This note is concerned with the kinetic theory of the 
nuclear magnetic relaxation in dilute polyatomic gases. 
The relaxation1 of nuclear spins I is considered for 
the case in which the decay of the nuclear magnetiza-
tion is associated with the spin-rotation interaction. 
Two cases are distinguished: 

(i) symmetric top molecules containing a single 
nucleus of spin 2, e. g., CHD3 , and 

(ii) spherical top molecules with four or six equi-
valent nuclei of spin i, e. g., CH4 , CF4 or SF6 . 

In particular, it is discussed under which conditions 
the theoretical expressions for the nuclear relaxation 
times are the same for both cases (i) and (ii). Such 
an assumption had previously been used successfully 
by B L O O M and co-workers 2 in an analysis of their ex-
perimental data. Moreover, it is pointed out that in this 
approximation the theoretical expressions for the nu-
clear spin relaxation are the same for both tetrahedral 
(CH4 , CF4) and octahedral molecules (SF6). This is 
in contrast to an earlier claim by M C C O U R T and HESS 3 

which, however, resulted from an incorrect treatment 4 

of the "anisotropic" part of the spin-rotation inter-
action Hamiltonian. 
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1 In d e a l i n g with re laxat i on p h e n o m e n a in gases it shou ld 
b e k e p t in m i n d that the co l l i s i on f r e q u e n c y a>Coll rather 
than the precess i on f r e q u e n c y COH p lays a very s igni f i cant 
r o l e in d e t e r m i n i n g which parts of the in t ramo le cu lar 
H a m i l t o n i a n are of i m p o r t a n c e . N o t i c e , that even f o r 
COH = 0 there is a n u c l e a r sp in re laxat ion , the relevant 
re laxat i on t ime b e i n g that ob ta ined in the l imit of e x t r e m e 
n a r r o w i n g i f , as usual , the d irect e f fec t of the m a g n e t i c 
field on m o l e c u l a r c o l l i s i o n s is n e g l e c t e d . 

- M . BLOOM. F. BRIDGES, and W . N. HARDY, Can. J. P h y s . 
4 5 , 3 5 3 3 [ 1 9 6 7 ] . - R . Y . DONG and M . BLOOM, C a n . ' j . 

This work is restricted to dilute gases (pressures 
below 30 atm. at room temperature) where the con-
dition 

COcoll £ r o t / f c ( 1 ) 

is satisfied. Here ft)Coll is a typical collision frequency 
for a change of the rotational angular momentum and 
£rot is a typical rotational energy splitting. Condition 
(1) implies that only that part of the spin-rotation 
coupling Hamiltonian diagonal with respect to the ro-
tational energy need be considered. 

Symmetric Top Molecules 

The spin-rotation interaction Hamiltonian JlgR gov-
erning the relaxation of a nuclear spin 2 in a sym-
metric top molecule such as CHD3 can be written as 

(1/fc) WsR = CI J + AcI ee J. (2) 

Here I and J are the nuclear spin and rotational an-
gular momentum vector operators in units of h (72 = f , 
J2 has eigenvalues ; 2 + j). The unit vector parallel to 
the figure axis of the molecule has been denoted by C, 
the sign . . . refers to the symmetric traceless part of a 
tensor. The strength of the spin-rotation coupling is 
determined by the isotropic and the anisotropic cou-
pling coefficients C and Ac. Due to the coupling de-
scribed by (2), I precesses about the total angular mo-
mentum F = I + J; Ac=¥ 0 implies that the precession 
frequency is different for J j| e (e C J = 1 J) and for 
JJ_e (ee-J=-iJ). 

That part of HSR which is diagonal with respect to 
the rotational energy is given by 

(1/fc) =cl J + AcI aj , (3) 
c = C + (ß)0Ac, __ 

a=ß-(ß\, ß=J~2J ee J. (4) 

Given the coupling Hamiltonian (3), expressions can 
be derived for the nuclear spin relaxation times 7\ , 
T2, by application of the kinetic equation approach 

P h y s . 4 8 , 7 9 3 [ 1 9 7 0 ] . 
3 F. R . MCCOURT a n d S. HESS, Z. Natur forsch . 2 5 a, 1 1 6 9 

[ 1 9 7 0 ] , 
4 T h e e x i s t e n c e of an error has b e e n p o i n t e d out b y I. OZIER 

in the p r e c e e d i n g note 5 . N o c o r r e c t e d result has b e e n given 
there , h o w e v e r : i n d e e d , most of the r e m a r k s m a d e there 
are n o t re levant to the m e t h o d of c a l c u l a t i o n e m p l o y e d 
h e r e or in R e f . 3 . In par t i cu lar , the r e m a r k s m a d e b y 
OZIER 5 in his s e c o n d p a r a g r a p h a p p l y o n l y at very l o w 
pressures w h e r e not o n l y the character is t i c f r e q u e n c i e s o f 
r i g id ro tat i on b u t a lso those o f c e n t r i f u g a l d is tort ion are 
very large c o m p a r e d wi th the co l l i s i on f r e q u e n c y . T h i s 
c o n d i t i o n is satisf ied in m o l e c u l a r b e a m m a g n e t i c reso-
n a n c e b u t not in the s tandard n u c l e a r m a g n e t i c re laxat ion 
e x p e r i m e n t in d i lute gases . 

5 I. OZIER, Z. Natur f o r s ch . 2 6 a , 1 2 3 2 [ 1 9 7 1 ] , the p r e c e e d i n g 
no te . 



(based on the Waldmann-Snider equation 6 ' 7) as used 
in Ref. 3. For the extreme narrowing limit where 
T1 = T2 — T, the resulting expression reads 

J L = A c 2 ( J 2 ) M _ + ( A ) 2 W X ( 5 ) 

< / 2 ) o co coll 

The bracket ( . . . ) 0 refers to an average evaluated with 
an equilibrium distribution function. Eq. (5) is equi-
valent to an expression derived by BLOOM, BRIDGES 
and H A R D Y 2 and also by BLICHARSKI 8 using a cor-
relation function approach. Here, however, the correla-

I / ^ 

tion times cucoll and w C o l i can be related to the linear-
ized Waldmann-Snider collision term 3> 6, 9>10 a>( ) 
through 

(JOcoi^O^Ö1 <J-CO ( J ) ) 0 , ( 6 ) 

(o coll = <a2 /2> o 1 ( a j - ( o ( a j ) ) 0 . (7) 
It has been assumed in these expressions that the nu-
clear spin is not affected by collisions. In the frequent-
ly^ used "equal correlation time approximation"2, 
03 coll is put equal to a ) C 0 l l . 

Spherical Top Molecules 

For spherical top molecules 11 such as CH4 or SF 6 , 
the spin-rotation interaction Hamiltonian can be writ-
ten as 12 

(l/fc) ^sr = c I - J + J c 2 s r e T e r J , (8) 
i 

with the total nuclear spin 13 

1 = 2 Si. (9) 
i 

Here the nuclear spin operator of nucleus "£" is de-
noted by Si (si2 = f ) and Ci is a unit vector pointing 
from the center of the spherical molecule to nucleus 
"£". The summation over i runs from 1 to 4 and from 
1 to 6 for tetrahedral, respectively, octahedral mole-
cules. That part of WSR which is diagonal with respect 

to the rotational energy is, in this case, given by 

(l/fc) =cl J + AcIJ, (10) 
with 

I='2aiSi (ID 

where cti is given by Eq. (4) with ßi instead of <?. 
In Ref. 3, some terms had been incorrectly omitted 

in the "Ac" part of ^ S R 8 . Hence, both Eqs. (2.12) 
and (2.17) of Ref. 3 should be replaced by Eq. (10)14 . 
This has the consequence that the quantity G/45 occur-
ring in Eqs. (4.6) — (4.10) of Ref. 3 has to be replaced 
by (I2 / 2 ) 0 (02}o02)o) I n the extreme narrowing 
limit the resulting nuclear relaxation time T is now 
given by 

| = | c w „ { < p p y < 1 
(I2)o<J2)o Wcoll 

+ lAc\2 <PP\ 

m <P>*<r>o Äcoii 

with 
Ä c o l l = < / 2 / 2 > ö l < J I : w ( I J ) > . 

(12) 

(13) 

For (Ucoii > see Eq. (6). 
If any symmetry-imposed correlation between the 

magnitudes of the total nuclear spin and of the rota-
tional angular momentum is ignored, the result for the 
averages occurring in Eq. (12) is 15 

<P/2>0 = </2>0</2>0 

and < 7 2 / 2 > O = ^ < / 2 > O < / 2 > O . (14) 

With this Eq. (12) reduces to 2 

JL 2 

T 
— = — „2 

< / 2 > 0 L E O N + 4 5 

(Ac\2 1 
\ c ) <5C( «>coll 1 

(15) 

The same result is obtained if Eq. (5) with O) coll = cöcoll 
is applied to the case of a spherical top where 

< a 2 / 2 > 0 = ( 4 / 4 5 ) < / 2 > 0 . 

6 L.WALDMANN , Z . N a t u r f o r s c h . 12 a , 6 6 0 [ 1 9 5 7 ] ; 1 3 a , 6 0 9 
[ 1 9 5 8 ] . - R . F. SNIDER, J. C h e m . P h y s . 32 , 1051 [ I 9 6 0 ] . 

7 F o r a rev iew of t h o s e e f fec ts which c a n b e treated us ing 
the W a l d m a n n - S n i d e r e q u a t i o n , see J. J. M . BEENAKKER 
a n d F. R . MCCOURT, A n n . Rev . Phys . C h e m . 21, 47 [1970] . 

8 J. S . BLICHARSKI, P h y s i c a 3 9 , 1 6 1 [ 1 9 6 8 ] . 
9 S. HESS, Z . N a t u r f o r s c h . 2 2 a , 1871 [ 1 9 6 7 ] . 

1 0 S . HESS, Z . N a t u r f o r s c h . 2 5 a , 350 [ 1 9 7 0 ] . 
1 1 T h e H a m i l t o n i a n f o r internal states f o r such m o l e c u l e s has 

b e e n d i s cussed e x t e n s i v e l y in c o n n e c t i o n with m o l e c u l a r 
b e a m m a g n e t i c r e s o n a n c e w o r k b y C. H . ANDERSON a n d 
N . F . RAMSEY, P h y s . R e v . 149 , 14 [ 1 9 6 6 ] ; P . - Y . Y i , I. 
OZIER, and C. H . ANDERSON, P h y s . R e v . 165 , 92 [ 1 9 6 8 ] ; 
I. OZIER, L. M. CRAPO, and S. S. LEE, P h y s . R e v . 1 7 2 , 63 
[ 1 9 6 8 ] . F o r c o m p a r i s o n with the results g iven in these 
p a p e r s , n o t e that c^ — Ac and c a = — c . 

1 2 S e c t i o n 2 o f R e f . 3 is c o r r e c t up to and i n c l u d i n g E q . ( 2 .9 ) . 
T h e p a r a g r a p h i m m e d i a t e l y f o l l o w i n g E q . (2.9) is not o n l y 
m i s l e a d i n g but a l so incor rec t . T h e results (2 .10) , (2 .13) 
and (2 .17, 18) are i n c o r r e c t b e c a u s e the c o m p l e t e d e g e n e r -
a c y o f the " K " l eve l s in spher ica l t ops was not c o r r e c t l y 
taken into a c c o u n t . T h u s , Sec t i on 2 f r o m E q . (2.9) to the 

end c a n b e c o m p l e t e l y d i s p e n s e d w i th a n d is s u p e r c e d e d 
b y the present t reatment . 

1 3 T h e total n u c l e a r sp in v e c t o r is treated as an o p e r a t o r 
a lso with respec t to its m a g n i t u d e a n d this i m p l i e s that / 2 

has the e i g e n v a l u e s 0 , 2 , 6 . H e n c e if s o m e o p e r a t o r has 
n o n v a n i s h i n g matr ix e l e m e n t s on ly wi th in a g iven / - m a n i -
f o l d , this is a u t o m a t i c a l l y t a k e n into a c c o u n t b y the f o r -
m a l i s m e m p l o y e d . 

1 4 T h i s n e w de f in i t ion of / has c e r ta in c o n s e q u e n c e s in S e c -
t ion 3 o f R e f . J . ^ ( i ) T h e th i rd term in E q . ( 3 . 8 ) s h o u l d 
n o w b e jus t J I : b w i th the c o n s e q u e n c e that in E q . ( 3 .9 ) , 
b s h o u l d n o w b e g iven b y 6 = 9 « / / > - < / J > e q ) / < / * / 2 > „ . 
( i i ) E q s . ( 3 . 1 0 ) s h o u l d b e m o d i f i e d as f o l l o w s : in the first 
e q u a t i o n , % A c ( I 2 a 2 / 2 ) o / ( 3 < / 2 ) o ) s h o u l d b e r e p l a c e d b y 
— J Ac(PI2)0l(P)0; in the th ird e q u a t i o n , — $ Ac s h o u l d 
b e r e p l a c e d b y - f Ac. ( i i i ) T h e de f in i t ion o f c 5 c o u , E q . 
( 3 . 1 2 ) , is r e p l a c e d by E q . ( 1 3 ) o f this note . 

1 5 In eva luat ing the t races o c c u r r i n g in these averages , the 
t race over the n u c l e a r m a g n e t i c q u a n t u m n u m b e r s has 
b e e n taken over each n u c l e a r sp in i n d e p e n d e n t l y . 



Notice that Eq. (15) applies equally to tetrahedral and 
octahedral molecules. Eq. (15) should replace Eq. 
(4.11) of Ref. 3. With this result, the conclusion of 

D O N G and BLOOM 2 that the best value for | Ac | in the 
"equal correlation time approximation" is 18.2 kHz1 6 

rather than 21.0 kHz 11 is reconfirmed. 
In the treatment presented here, the effect of centri-

fugal distortion on the relaxation of the nuclear mag-
netization has been completely disregarded. This can 
be done as long as the associated energy splitting £c.d. 
is collisionally quenched, i. e., if the condition 

( 1 /h) Ec.i. < Wcoi i ( 1 6 ) 

is satisfied. Condition (16) imposes a lower limit on 
the pressures for which Eqs. (12) or (15) can be ap-
plied. Since a)coll ~ 109 Hz at 1 atm., and 11 ~ 
107 to 108 Hz for molecules such as CH 4 , SiH4 , this 

1 6 P . - Y . YI , I . OZIER, A . KHOSLA, a n d N. F. RAMSEY, B u l l . 
A m e r . P h y s . S o c . 1 2 , 5 0 9 [ 1 9 6 7 ] . 

lower pressure limit is of the order of 0.1 to 1.0 atm. 
(at room temperature). Certainly, then, the role of 
centrifugal distortion on NMR needs further theoreti-
cal clarification. Recent experiments 17 in CH4 indicate 
that the influence of centrifugal distortion shows up 
below 0.5 atm. On the other hand, recent measure-
ments 18 in CF4 , SiF4 , GeF4 , and SF6 show that centri-
fugal distortion does not affect the nuclear spin relaxa-
tion down to about 0.01 atm. 

1 7 P . A . BECKMANN, E . E . BURNELL, and M . BLOOM, B u l l . 
Can . A s s o c . P h y s . 2 7 , N o . 4 , p . 74 [ 1 9 7 1 ] . 

1 8 J. A . COURTNEY and R. L. ARMSTRONG, p r i v a t e c o m m u n i -
ca t i on . 
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A f t e r i r rad iat ion w i t h fast neutrons , several p a r a m a g n e t i c 
c enters have b e e n o b s e r v e d in Z n O b y E S R . T h e y result f r o m 
e le c t rons t rapped at o x y g e n v a c a n c i e s a n d f r o m h o l e s t r a p p e d 
at m o r e c o m p l e x d e f e c t assoc iates . 

After exposure to fast particle irradiation (e~, n), 
various types of paramagnetic defect centers have been 
observed in ZnO single crystals by electron spin reso-
nance (ESR). One prominent defect is the F+-center, 
i. e. an electron trapped at an oxygen vacancy. An un-
ambiguous identification of this center was made pos-
sible by the observation of hyperfine structure arising 
from the four Zn67-ligands As in ZnS 2, we found that 
the F+-center in ZnO can also be created by grinding 
single crystals. In contrast, heating in zinc vapour does 
not lead to a noticeable formation of F+-centers, but to 
the incorporation of interstitial zinc into the ZnO lat-
tice. ESR of trapped-hole centers has also been observ-
ed in ZnO crystals exposed to 3 MeV electrons3 or to 
fast neutrons 4. The paramagnetic centers were ascrib-
ed to holes trapped at zinc vacancies. 

It is the purpose of this note to report additional in-
vestigations on these trapped-hole centers which make 
it appear rather unlikely that they arise from isolated 
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w a n d t e F e s t k ö r p e r p h y s i k , D-7800 Freiburg i. Br., Ecker -
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kochen , G e r m a n y . 

1 J . M . SMITH and W . E . VEHSE, P h y s . Let t . 3 1 A , 1 4 7 [ 1 9 7 0 ] . 

zinc vacancies: Nominally pure ZnO single crystals, 
obtained from the 3M-Company, were irradiated to a 
dosage of 1017 fast neutrons/cm2, at about 150 °C. To 
suppress activation, the samples were shielded by 1 mm 
Cd. Typical X-band ESR-spectra observed for such 
samples at 77 °K, and under H l| c are shown in Fig. 
1 a, b. 

We first consider the signal labeled P in Fig. 1 b. It 
arises from a 5 = 1 / 2 center having Cs-symmetry. The 
principal components of its g-tensor are g t = 2.0038(3), 
22 = 2.0180(3) and ?3 = 2.0191 (3). The gvaxis forms 
an angle of 69.3° with the c-axis. The <73-axis is per-
pendicular to the center's mirror plane, spanned by the 
axial and one of the six non-axial bond directions in 
the ZnO lattice. Thus, the P-center might arise from 
holes trapped at one of the three non-axial oxygen 
ligands around a zinc vacancy, as already postulated 
before 3 ' 4. 

However, no ESR signal arising from holes trapped 
at the axial oxygen ligand could be detected. This is 
surprising since previous ESR-studies of the deep ac-
ceptor center formed by substitutional Li+ in ZnO and 
BeO have shown that this axial site is energetically 
strongly favoured5. This is also true for the isolated 
Be-vacancy in BeO6 . Therefore, the P-center might 
arise from Zn —O divacancies, or even Zn —O —Zn 
trivacancies, both oriented along the c-axis. 

Above 77 °K, motional effects were observed in the 
ESR-spectrum of the P-center. At room temperature, 
the spectrum has reached axial symmetry around the 

2 J. SCHNEIDER and A . RÄUBER, So l id State C o m m . 5 , 7 7 9 
[ 1 9 6 7 ] . 

3 D. GALLAND and A . HERVE, P h y s . Lett . 3 3 A , 1 [ 1 9 7 0 ] . 
4 A . L. TAYLOR, G. FILIPOVICH, and G. K . LINDEBERG, S o l i d 

State C o m m . 8 , 1 3 5 9 [ 1 9 7 0 ] . 
5 O . F . SCHIRMER, J. Phys . C h e m . So l ids 2 9 , 1 4 0 7 [ 1 9 6 8 ] . 
6 A . HERVE and B. MAFFEO, P h y s . Lett . 3 2 A , 2 4 7 [ 1 9 7 0 ] . 



c-axis, with g\\ = 2.0149(5) and g= 2.0134(3). Ther-
mally activated hopping of the hole among equivalent 
or, within the range of k T, almost equivalent oxygen 
sites must account for this averaging process. The value 
observed for g\\ at 300 °K is definitely smaller than 
that observed for the P-center at 77 °K under H || c , 
where 0C = 2.0162 (3). This suggests that the hopping 
process may not be restricted to occur only between 
the three non-axial oxygen ligands around a zinc va-
cancy. Additional oxygen sites, within the range of 
k T, do not exist around an axial divacancy, but pos-
sibly around a linear, axial trivacancy. It should again 
be noted that the fir-shifts of the thermally averaged 
P-center are not compatible with a hole rapidly hop-
ping among the four oxygen ligands of an isolated 
metal site. In this case, a much smaller anisotropy 
9W — Q1. should result, as observed for the Li+-center 
in BeO 5. 

The signal labeled Q in Fig. 1 b also arises from a 
5 = 1 / 2 trapped-hole center, with 
0! = 2.0038 (3), 02 = 2.O182(3) and 03 = 2.0217 (3), 
at 77 °K. Its symmetry is only Ct. The gvaxis is tilted 
by about 10° from a non-axial bond direction. It is 
tempting to assign the ^-signal to centers resulting 
from non-axial ionic arrangements of a di- or tri-
vacancy in the ZnO lattice. 

Apart from the ESR-signal of the F+-center, seen in 
Fig. 1 b, the signals labeled R, 5 and U still await 
further investigation. The symmetry of the 5-center is 
lower than C^v, with gc = 2.0041 (3). Its angular de-
pendence occurs in a very narrow range of magnetic 
fields. The lines labeled U in Fig. 1 b arise from a low-
symmetry 5 = 1 center of unknown structure. 

The prominent lines labeled T in Fig. 1 a have been 
investigated more in detail. They arise from a 5 = 1 
trapped-hole center having Cs-symmetry. The magnetic 
parameters of this triplet center were reported previ-
ously 3 and agree well with our results: 

= 2.0095 (5), 02 = 2.0141(5), g3 = 2.0190 (5), 
| D | = 1465 (5) MHz and | E | = 58 (2) MHz, 

at 77 °K. D and gt are measured along one of the six 
axes connecting nearest non-axial oxygen sites. The 
03-axis forms an angle of 52° with the c-axis. These 
data are compatible with holes trapped at two non-

T T 

— i \ 1 1 1 1 1 1 
3150 3170 3190 3210 Gauss 

Fig . 1. E S R spectrum of a neutron-irradiated Z n O crystal re-
corded at 9.1 GHz , 77 ° K and under H || c . T h e magnet i c field 
scan of the upper spectrum (a) is 10 X that of the lower trace 

( b ) . 

axial oxygen ligands around a zinc vacancy. However, 
the lack of corresponding 5 = 1 centers formed by holes 
trapped at one axial and one non-axial oxygen site 
makes it again appear questionable that the center 
arises from an isolated zinc vacancy. 

The ESR-signals of the 7,-center disappear above 
100 °K. No motionally averaged ESR-spectra could be 
detected at elevated temperatures. At 77 °K, both T-
and [/-centers were completely quenched by illumina-
tion with the green 546 nm Hg-line. A slight increase 
of the intensity of the P- and (Reenter lines was simul-
taneously observed. The question remains whether the 
T-center is a different charge state of the P-center. 

To summarize we can state that fast particle irradia-
tion of ZnO at room temperature and above can lead 
to the formation of isolated oxygen vacancies in fair 
concentration, as demonstrated by the ESR-detection of 
the F+-center. In contrast, isolated zinc vacancies are 
probably mobile at room temperature and, consequent-
ly, tend to associate with oxygen vacancies — or with 
impurity ions in ZnO. Association of neutron-induced 
lattice defects with Fe3+ and Cu2+ ions will be reported 
in a forthcoming commmunication. In order to observe 
ESR of the isolated zinc vacancy in ZnO, fast particle 
irradiation at low temperature may be advisable. 




