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On Nuclear Magnetic Relaxation in Dilute Gases
of Symmetric and Spherical Top Molecules
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Nuclear magnetic relaxation in dilute gases of spherical
and symmetric top molecules is considered from the point of
view of the kinetic theory of transport and relaxation equa-
tions based on the Waldmann-Snider equation. The derivation
of the form of the spin-rotation Hamiltonian in the absence
of centrifugal distortion is reexamined and an expression for
the “spin-lattice™ relaxation time is given for this case.

This note is concerned with the kinetic theory of the
nuclear magnetic relaxation in dilute polyatomic gases.
The relaxation! of nuclear spins } 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 %, e. g., CHD,, and

(ii) spherical top molecules with four or six equi-
valent nuclei of spin %, e.g., CH,, CF, or SF;.

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 BLooM and co-workers? 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
(CHy, CF,) and octahedral molecules (SFg). This is
in contrast to an earlier claim by MCCOURT and HEss ®
which, however, resulted from an incorrect treatment *
of the “anisotropic” part of the spin-rotation inter-
action Hamiltonian.

Reprint requests to Dr. S. Hess, Institut fiir Theoretische
Physik der Universitidt Erlangen-Niirnberg, D-8520 Erlan-
gen, Gliickstrafie 6, or to Dr. F. R. McCourT, Chemistry
Department, University of Waterloo, Waterloo, Ontario,
Canada.
* On leave of absence from the Institut fiir Theoretische Phy-
sik der Universitdt Erlangen-Niirnberg, Erlangen, Deutsch-
land.
In dealing with relaxation phenomena in gases it should
be kept in mind that the collision frequency weoll rather
than the precession frequency wp plays a very significant
role in determining which parts of the intramolecular
Hamiltonian are of importance. Notice, that even for
wi=0 there is a nuclear spin relaxation, the relevant
relaxation time being that obtained in the limit of extreme
narrowing if, as usual, the direct effect of the magnetic
field on molecular collisions is neglected.
2 M. Broowm. F. Brinces, and W. N. Harpy, Can. J. Phys.
45, 3533 [1967]. — R. Y. DongG and M. Broowm, Can. J.
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This work is restricted to dilute gases (pressures
below 30 atm. at room temperature) where the con-

dition
Weonl <€ Erotjh (1)

is satisfied. Here weon is a typical collision frequency
for a change of the rotational angular momentum and
E.qt 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 Hgr gov-
erning the relaxation of a nuclear spin % in a sym-
metric top molecule such as CHDg can be written as

(1/k) Hsg=CI-J+4cI-ee-J. @)

Here I and J are the nuclear spin and rotational an-
gular momentum vector operators in units of & (I2=1%,
J? has eigenvalues j2+j). The unit vector parallel to
the figure axis of the molecule has been denoted by e,

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; 4c= 0 implies that the precession

frequencLis different for J | e (ee-J=3 J) and for
Jle (eeJ=-1J).

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

(1/h) HIRE —c I T+ AcI-aJ, (3)

C:C+<ﬂ>0‘dca o
a=p—(B), PB=IJ-ee-d. 4)

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

Phys. 48, 793 [1970].
3 F. R. McCourrT and S. Hess, Z. Naturforsch. 25a, 1169
[1970].
The existence of an error has been pointed out by I. Ozier
in the preceeding note ®. No corrected result has been given
there, however: indeed, most of the remarks made there
are not relevant to the method of calculation employed
here or in Ref. . In particular, the remarks made by
Ozier ® in his second paragraph apply only at very low
pressures where not only the characteristic frequencies of
rigid rotation but also those of centrifugal distortion are
very large compared with the collision frequency. This
condition is satisfied in molecular beam magnetic reso-
nance but not in the standard nuclear magnetic relaxation
experiment in dilute gases.
5 1. Ozier, Z. Naturforsch. 26 a, 1232 [1971], the preceeding
note.
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(based on the Waldmann-Snider equation ®7) as used
in Ref. 3. For the extreme narrowing limit where
T,= T, =T, the resulting expression reads

=3 X+ (5) G vl ©

@'coll
The bracket (...}, refers to an average evaluated with
an equilibrium distribution function. Eq. (5) is equi-
valent to an expression derived by BLooM, BRIDGES
and HArRDY 2 and also by BLICHARSKI® using a cor-
relation function approach. Here, however, the correla-
tion times weoliand weoll can be related to the linear-
ized Waldmann-Snider collision term3: & %10 (.. .)

through
Weoll =<fz>0_1 (J'w(J})o s (6)
weon ={a2 125 (ad-w(ad))e. (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,
@ coll is put equal to Weor .

Spherical Top Molecules

For spherical top molecules!! such as CHy or SFg,
the spin-rotation interaction Hamiltonian can be writ-
ten as!2

(1/R) SHSR=CI‘J+AciESi'ai‘J, (8)

with the total nuclear spin 13

1=§8i. ©

il

Here the nuclear spin operator of nucleus is de-
noted by 8; (s;ﬂ=§l; and @; is a unit vector pointing
from the center of the sphencal molecule to nucleus
“i”. The summation over i runs from 1 to 4 and from
1 to 6 for tetrahedral, respectively, octahedral mole-
cules. That part of Hgg which is diagonal with respect

8 L.WaALDMANN, Z. Naturforsch. 12a, 660 [1957]; 13 a, 609
[1958]. — R. F. SNIDER, J. Chem. Phys. 32, 1051 [1960].

7 For a review of those effects which can be treated using

the Waldmann-Snider equation, see J. J. M. BEENAKKER
and F.R. McCourT, Ann. Rev. Phys. Chem. 21, 47 [1970].

8 J.S. BLicHARSKI, Physica 39, 161 [1968].

S. Hess, Z. Naturforsch. 22 a, 1871 [1967].

10 S, Hess, Z. Naturforsch. 25 a, 350 [1970].

11 The Hamiltonian for internal states for such molecules has
been discussed extensively in connection with molecular
beam magnetic resonance work by C. H. ANDERsON and
N. F. Ramsey, Phys. Rev. 149, 14 [1966]; P.-Y. Y1, L
OziEr, and C. H. ANDERSON, Phys. Rev. 165, 92 [1968] ;
1. Ozier, L. M. CraPo, and S. S. LEg, Phys. Rev. 172, 63
[1968]. For comparison with the results given in these
papers, note that cq=4c and ca=—c.

12 Section 2 of Ref. ? is correct up to and including Eq. (2.9).
The paragraph immediately following Eq. (2.9) is not only
misleading but also incorrect. The results (2.10), (2.13)
and (2.17, 18) are incorrect because the complete degener-
acy of the “K” levels in spherical tops was not correctly
taken into account. Thus, Section 2 from Eq. (2.9) to the
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to the rotational energy is, in this case, given by

(1/h) HYs8 _ o1 J+Ac1-J, (10)

(11)

with -
I= ? a; 8i

where a; is given by Eq. (4) with e; instead of e.

In Ref. 3, some terms had been incorrectly omitted
in the “Ac” part of Hs, Hence, both Eqs. (2.12)
and (2.17) of Ref. ® should be replaced by Eq. (10) 4.
This has the consequence that the quantity ¢/45 occur-
ring in Eqgs. (4.6) — (4.10) of Ref. * has to be replaced

by (12 I%0 ({Ie{I2)e) ~L. In the extreme narrowing
limit the resulting nuclear relaxation time T is now
given by

12 Ery, 1
7= 3 X {at)o o weol
dc\e (Bpy, 1
+( ) T By ean | (12
with . . .
Beot =PI I 1 :0(1d)). (13)

For weon, 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
averai s occurring in Eq. (12) is1®

(B I2)o =< {I*)
and (B Jo= 5 (e, (14)
With this Eq. (12) reduces to 2
1 _ Ac 1
T g= <F>° {;coll T 45 ( c ) _“’;H} ' (15)

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

(a® I%)o= (4/45) (I, -

end can be completely dispensed with and is superceded
by the present treatment.

13 The total nuclear spin vector is treated as an operator
also with respect to its magnitude and this implies that I
has the eigenvalues 0, 2, 6. Hence if some operator has
nonvanishing matrix elements only within a given /-mani-
fold, this is automatically taken into account by the for-
malism employed.

14 This new definition of I has certain consequences in Sec-
tion 3 of Ref. 3. (i) The third term in Eq. (3.8) should
now be just J 1:B with the consequence that in Eq (3.9),
b should now be given by b =9 ((T J)— (T Jyeq) [(2 %), .
(ii) Eqgs. (3.10) should be modified as follows: in the first
equation, 3 Ac(I* a* J%),/(3(I*),) should be replaced by
—§ Ac{J? ?)o/{I*); in the third equation, — % Ac should
be replaced by +dc. (iii) The definition of @¢on, Eq.
(3.12), is replaced by Eq. (13) of this note.

15 In evaluating the traces occurring in these averages, the
trace over the nuclear magnetic quantum numbers has
been taken over each nuclear spin independently.
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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
DoNG and BLoOM 2 that the best value for | dc| in the
“equal correlation time approximation” is 18.2 kHz ¢
rather than 21.0 kHz ! 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 Ec.q.
is collisionally quenched, i. e., if the condition

(1/k) Ec.a. € weon (16)

is satisfied. Condition (16) imposes a lower limit on
the pressures for which Egs. (12) or (15) can be ap-
plied. Since weon == 10° Hz at 1 atm., and * Ecq./h =~
107 to 108 Hz for molecules such as CH,, SiH,, this

18 P.Y. Y1, I. Ozier, A. Kuosta, and N. F. Ramsey, Bull.
Amer. Phys. Soc. 12, 509 [1967].
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After irradiation with fast neutrons, several paramagnetic
centers have been observed in ZnO by ESR. They result from
electrons trapped at oxygen vacancies and from holes trapped
at more complex defect associates.

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 Zn%"-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 electrons? 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

Reprints request to Dr. J. ScHNEIDER, Institut fiir Ange-
wandte Festkorperphysik, D-7800 Freiburg i. Br., Ecker-
strafle 4.

* Present address: Carl Zeiss Medical Laboratory, 7082 Ober-
kochen, Germany.

1 J. M. Smite and W. E. VEHsE, Phys. Lett. 31 A, 147 [1970].
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lower pressure limit is of the order of 0.1 to 1.0 atm.
(at room temperature). Certainly, then, the réle of
centrifugal distortion on NMR needs further theoreti-
cal clarification. Recent experiments!? in CH, indicate
that the influence of centrifugal distortion shows up
below 0.5 atm. On the other hand, recent measure-
ments 18 in CF,, SiF,, GeF,, and SF; show that centri-
fugal distortion does not affect the nuclear spin relaxa-
tion down to about 0.01 atm.

17 P. A. BEckmann, E. E. BurneLr, and M. Broowm, Bull.
Can. Assoc. Phys. 27, No. 4, p. 74 [1971].

18 J. A. CourTNEY and R. L. ARMSTRONG, private communi-
cation.

Acknowledgements

The authors would like to thank Dr. I. Ozier for bringing
the existence of an error in our previous work to our attention.
We would also like to thank Professor R. L. ARMSTRONG, Pro-
fessor M. BLooM and Mr. J. A. CourTNEY for helpful discus-
sions on these matters.

zinc vacancies: Nominally pure ZnO single crystals,
obtained from the 3M-Company, were irradiated to a
dosage of 10'7 fast neutrons/cm?, 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 | ¢ are shown in Fig.
la,b.

We first consider the signal labeled P in Fig. 1b. It
arises from a S=1/2 center having Cs-symmetry. The
principal components of its g-tensor are g, =2.0038(3),
92:=2.0180(3) and g3=2.0191(3). The gy-axis forms
an angle of 69.3° with the c-axis. The gy-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 favoured ®. This is also true for the isolated
Be-vacancy in BeO® Therefore, the P-center might
arise from Zn—O divacancies, or even Zn—0—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

? J. Scunemer and A. RAuBer, Solid State Comm. 5, 779
[1967].

3 D. Garranp and A. HErVE, Phys. Lett. 33 A, 1 [1970].

¢ A. L. TaYLOR, G. FrLirovicH, and G. K. LINDEBERG, Solid
State Comm. 8, 1359 [1970].

5 0. F. SCHIRMER, J. Phys. Chem. Solids 29, 1407 [1968].

® A. Herve and B. Marreo, Phys. Lett. 32 A, 247 [1970].
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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 kT, 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 | ¢,
where g.=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
kT, do not exist around an axial divacancy, but pos-
sibly around a linear, axial trivacancy. It should again
be noted that the g-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
gll—g1 should result, as observed for the Li*-center
in BeO 5,

The signal labeled Q in Fig. 1b also arises from a
S=1/2 trapped-hole center, with

91=2.0038(3), g¢,=2.0182(3) and g;=2.0217(3),

at 77 °K. Its symmetry is only C, . The gy-axis is tilted
by about 10° from a non-axial bond direction. It is
tempting to assign the (J-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. 1b, the signals labeled R, S and U still await
further investigation. The symmetry of the S-center is
lower than Cgy, with ge=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 S=1 center of unknown structure.

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

9,=2.0095(5), g.=2.0141(5), gs=2.0190(5),
|D|=1465(5) MHz and |E|=58(2) MHz,

at 77 °K. D and g, are measured along one of the six
axes connecting nearest non-axial oxygen sites. The
gs-axis forms an angle of 52° with the c-axis. These
data are compatible with holes trapped at two non-
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3150 3170 3190 3210 Gauss

Fig. 1. ESR spectrum of a neutron-irradiated ZnO crystal re-

corded at 9.1 GHz, 77 °K and under H | ¢. The magnetic field

scan of the upper spectrum (a) is 10X that of the lower trace
(b).

axial oxygen ligands around a zinc vacancy. However,
the lack of corresponding S=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 T-center disappear above
100 °K. No motionally averaged ESR-spectra could be
detected at elevated temperatures. At 77 °K, both T-
and U-centers were completely quenched by illumina-
tion with the green 546 nm Hg-line. A slight increase
of the intensity of the P- and Q-center 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 Fe®** and Cu®* 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.





