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with the results of some previous investigators. Esti­
mates of the uncertainty for N—S, 4, and even 5 are 
very difficult to make, as (Z—sm) in these cases is less 
than unity. For the higher N, the values may be as 
much as 1 eV too low because of the large, negative, 
inaccurate a^N) values.24 The perturbation procedure is 
quite unsuited for the investigation of negative ions, so 
it is unfortunate, as Edlen remarks,3 that probably the 
only practicable extrapolation procedure in this con­
nection is an isoelectronic one. 

24 The situation is aggravated by the fact that summing the 
perturbation series through fourth order resulted, for all N, in a 
further arithmetic loss of significant figures due to the positive 
and negative terms nearly cancelling. 

INTRODUCTION 

ELECTRON spin resonance (ESR) studies of nitro­
gen atoms trapped at liquid helium temperature 

in inert gas matrices1,2 have shown that the interaction 
of the nitrogen atom with its surroundings increases 
the nitrogen hyperfme splitting (hfs) constant by some 
10 to 20% of the free atom value of 10.45 Mc/sec.3 

More recently, a spin-exchange optical polarization 
method has been used to determine the pressure shifts 
of the nitrogen hyperfme splitting in various buffer 
gases.4 The results of these two experiments are in 
qualitative agreement. 

* A preliminary account of this work was given at the March, 
1961 meeting of the American Physical Society in Monterey, 
California. 

t This work supported by Bureau of Naval Weapons, Depart­
ment of the Navy, under NOrd 7386. 
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The data of Johnson and Rohrlich, when account is 
taken of their ad hoc multiplicative factor, and the data 
of Edlen both fall within the limits set above, as they 
must, since the present method of estimation furnishes 
the maximum information permitted from the available 
ionization energies. 

ACKNOWLEDGMENTS 

The bulk of the computations was performed on an 
IBM 650 located at the University of Texas Computa­
tion Center. The authors would also like to express their 
appreciation to Charles Carlisle for his assistance in 
performing some of the necessary calculations on a desk 
computer. 

Effects of this type have been observed previously 
for hydrogen atoms and for alkali atoms in both inert 
solids5-6 and in the gas phase.7 The matrix and pressure 
shifts in nitrogen are, however, somewhat different from 
the shifts found for hydrogen and the alkali atoms, as 
might be expected from the difference in atomic struc­
ture between the two types of atoms. Specifically, the 
matrix and pressure shifts always increase the nitrogen 
hyperfme splitting, while the hydrogen and alkali atom 
shifts are sometimes positive and sometimes negative. 

In this paper we shall make an approximate calcula­
tion of the matrix and pressure shifts of the nitrogen 
hyperfme splitting following an earlier treatment of the 
hydrogen atom.8 In the hydrogen atom the matrix 
perturbation was assumed to be a combination of van 
der Waals and exchange forces. I t was found that the 

5 S. N. Foner, E. L. Cochran, V. A. Bowers and C. K. Ten, 
J. Chem. Phys. 32, 963 (1960). 
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Phys. Rev. 126, 1749 (1962). 

7 L. W. Anderson, F. M. Pipkin and J. C. Baird, Jr., Phys. Rev. 
Letters 4, 69 (1960). 
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Electron spin resonance studies of trapped nitrogen atoms show that the matrix interaction increases the 
hyperfme splitting by some 10 to 20% of the free atom value of 10.45 Mc/sec. A similar increase in the 
hyperfme splitting is produced by buffer gases used in optical spin-polarization studies of nitrogen atoms. 
These effects can be accounted for by van der Waals interactions between the trapped atom and the matrix 
or buffer gas particles. These interactions introduce (2s) {2pY excited states into the nitrogen wave function. 
Since the 2p shell of the *S nitrogen atom already contains three electrons with the same spin, only that 2s 
electron with opposite spin can be excited. This increases the unpaired electron density at the nucleus. An 
approximate calculation of this effect, carried out using perturbation theory, is in qualitative agreement 
with the experimental results. The magnitude of the effect is proportional to the polarizability of the matrix 
or buffer gas particle, so that the hyperfme splitting increases with the size of the perturbing species. 
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former tended to decrease the hydrogen atom hyperfme 
splitting, while the latter tended to increase the split­
ting. The competition between these two effects ac­
counted for the occurrence of both positive and negative 
shifts in the hfs constant, and also explained the fact 
that heavy buffer gases (e.g., argon) with a large 
van der Waals interaction produced negative shifts, 
while light buffer gases (e.g., helium and neon) gave 
positive shifts.7 In the nitrogen atom qualitative argu­
ments indicate that the exchange forces make only a 
minor contribution to the hfs shift, and van der Waals 
interactions are found to increase the hyperfme split­
ting for this atom. Thus, the hfs constant of the per­
turbed nitrogen atom is expected to be greater than the 
free atom value. 

THEORY 

As mentioned in the introduction we shall assume 
that the interaction between the nitrogen atom and a 
spherical nonpolar matrix or buffer gas particle may be 
described as the combination of an exchange interaction 
and a van der Waals interaction. The exchange or 
Pauli exclusion forces restrain two electrons of the 
same spin from occupying the same region of space. 
Thus, the general tendency of the exchange forces is to 
cause the wave functions of the interacting species to 
contract so as to reduce the overlap of the interacting 
charge clouds. In the case of the hydrogen and alkali 
atoms where the unpaired electron is in an s orbital 
this contraction increases the charge density at the 
nucleus with a consequent increase in the hyperfme 
splitting. 

In the nitrogen atom the situation is different be­
cause the unpaired electrons are in p orbitals. When 
the nitrogen atom is symmetrically surrounded by the 
matrix particles as in a solid, the exchange forces will 
contract the p orbitals in a symmetric fashion so that 
their charge density at the nitrogen nucleus remains 
zero. In the gas phase where the net perturbation of the 
nitrogen atom is the average of a number of individual 
collisions it is possible to have an unsymmetrical ex­
change perturbation of the p orbitals which will 
admix a small amount of es ta te in the form of nitrogen 
3s, 4? orbitals, etc. with the 2p orbital. However, this 
effect is expected to be smaller than the contribution 
of the relatively long-range van der Waals forces which 
can both excite the 2p electrons into higher s orbitals 
and also produce excitation of the closed shell 2s 
electrons, i.e., (2s)2{2p)z-* (2s)(2p)\ In such excited 
states only that 2s electron whose spin is opposite 
to that of the 2p electrons can be excited, so that a net 
hole is created in the 2s shell. Since the 2s electron has a 
much higher charge density at the nitrogen nucleus 
than do the outer s electrons this excitation is the domi­
nant source of the change in the nitrogen hyperfme 
splitting. The exchange forces which are of shorter 
range than the van der Waals forces will have a con­

siderably smaller effect on the inner 2s shell of the 
nitrogen atom. For these reasons we shall consider only 
the effect of the van der Waals forces on the nitrogen 
hfs splitting. 

Thus, we assume that a nitrogen atom interacting 
with a matrix particle M is subject to a perturbation 
3C' where 

3C' = 3CF+3Chfs. (1) 

Here, 3Q,y is the van der Waals interaction,9 

e2 

n£v= ]T 2^(2SNM2M>—OC^^XMV—yN^yMv), (2) 
R* V v 

where R is the separation between the interacting par­
ticles, JSNMJ ^NM> a n d yN/x are the coordinates of the /ith. 
electron of the N atom measured from the nitrogen 
nucleus and zMv, XMP, and yMv are the coordinates of 
the j>th electron of the matrix particle measured from 
the centroid of the charge distribution of M. The z 
coordinates are taken along the axis of the interacting 
species. The term 3Chfs is the spherically symmetric or 
contact term in the hyperfme interaction of the nitrogen 
electrons with the nitrogen nucleus. I t is given by the 
expression of the form10 

Xhfs^-4 X!M <K*"NM)SNM'IN, (3) 

where A is a constant which depends on the magnetic 
moment of the nucleus, / N is the spin of the nucleus, 
and ^Nfi IS the spin of the fxth nitrogen electron. The 
dipolar part of the hyperfine interaction will vanish 
both in a solid where the nitrogen atom is symmetrically 
surrounded by matrix particles and in a gas where the 
net effect is the average over collisions having all pos­
sible orientations. 

For the case of a solid where the N atom interacts 
with a number of matrix particles it will be assumed 
that the net change in the hyperfine splitting will be 
the sum of the shifts produced by the individual matrix 
particles. This assumption actually requires some ex­
planation since we have earlier assumed that the net 
effect of the exclusion forces was not simply additive 
when it was stated that the exclusion forces between 
an N atom and a symmetric array of matrix particles 
would distort the nitrogen p orbitals but would not 
alter their symmetry. Had we treated the hfs shift 
produced by the exclusion force between the N atom 
and each matrix particle separately and then added the 
results a net hfs shift would have resulted. This dis­
tinction arises because to a first approximation the 
exchange forces are regarded as arising from the forbid­
den overlap of the averaged charge clouds of each atom so 
that the net perturbing force experienced by the N 

9 J. O. Hirschfelder, C. F. Curtiss and R. B. Bird, Molecular 
Theory of Gases and Liquids (John Wiley & Sons, Inc., New York, 
1954), p. 923. 

10 A. Abragam and M. H. L. Pryce, Proc. Roy. Soc. (London) 
A205, 135 (1951). 
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electrons will be the sum of the contributions from the 
individual matrix particles. This net perturbation will 
by symmetric for an N atom symmetrically surrounded 
by matrix particles, and the resultant distortion of the 
nitrogen p orbitals will not cause them to acquire any 
s character. The van der Waals forces, on the other 
hand, are the result of a correlation between the motions 
of the nitrogen electrons and the electrons of the matrix 
particles which leads to a force of attraction between 
the instantaneous dipole moments of the interacting 
particles. For the case of an N atom interacting with a 
number of matrix particles, and assuming that the van 
der Waals interactions between the matrix particles are 
sufficiently small that there is no correlation between 
the motion of the elections on the different matrix 
particles, then the electrons of each matrix particle can 
separately correlate their motion with the motions of 
the electrons of the nitrogen atom so as to maximize 
the interaction between the instantaneous dipole mo­
ment of the N atom and the instantaneous dipole 
moment of that matrix particle. Under these conditions 
the van der Waals interaction with each matrix particle 
is independent of the other matrix particles and the 
effect of a number of such matrix particles is simply 
additive. This discussion is only approximate, of course, 
because the separation of the interaction into an exclu­
sion force between the averaged electron clouds and 
van der Waals forces due to the correlation between 
electron motions is somewhat artificial in the region 
where both effects are important. I t is felt, however, 
that this approximation is satisfactory in a qualitative 
treatment of the problem. 

In order to calculate the shift in the nitrogen hyper-
fine splitting due to the van der Waals interaction we 
shall calculate those terms in the energy due to the 
perturbation 3C' which are linear in 3ChfS. The first 
order term is just the hfs splitting of the free N atom. 
I t is readily shown that all second order terms vanish, 
that is 

(NoMo 13CF | JSMf,•) (NiMj | 3Chfs | N0M0) = 0, (4) 

where No and Nt- are the ground and ith excited states 
of the N atom, and Mo and Mj are corresponding quan­
tities for the matrix particle M. Thus, the first con­
tribution to the hfs shift will come from third order 
terms in the perturbation energy,8 namely, 

f (0015C | i/) (i/10C | *Q (*̂  13C100) 

a hi (E0o-Eij)(Eoo-Ekl) 

(0013CI £/)(&/13C100) 

-(oolxloo) E r . (5) 
« (Eoo-Ekl)

2 

Here, the symbol (ij\3Q,\kl) is an abbreviation for the 
quantity (NiMj\3Q,\NkMi). The primes on the sum­
mation signs indicate that the ground state N0M0 is 
omitted from the summation. 

In order to get the change in the hyperfine splitting 
energy AiEhfs we select out of W% those terms which are 
linear in 3Chfa. Omitting vanishing terms such as 
(0013CF100) gives the relation 

(0013CFI ij) (ij 13C71U) (U 13Chfs 100) 
AEhfB = 2 £ ' E ' 

a ki (Eoo—Eij)(Eoo—Eki)-

(0015Cy 1 mn) (mn | 3ChfS | pq) (pq | 3Cy 100) 

mn pq (EQQ —Emn) (EQQ —Epq) 

(00\3Q,v\st)(st\3Cv\00) 

-(oo|oehfB|oo)2:'- . (6) 
st (EoQ-Est)

2 

I t will turn out that the last term in Eq. (6) is con­
siderably smaller than the first two terms and may be 
neglected. (For a complete discussion of this term, see 
the Appendix.) Thus, we shall evaluate only the first 
two terms in Eq. (6). 

In the present semiquantitative treatment we shall 
estimate the sums over the various excited states by the 
customary process of replacing the energy denominators 
by appropriate average excitation energies. The choice 
of the average excitation energies will naturally depend 
on the nature of the excited states which contribute to 
the hfs shift so we turn our attention to this question. 
For the first term in Eq. (6) we note the following: 

1. If the matrix element (&/1 Xhfs 100) is to be non-
vanishing, then / must be the ground state of the matrix 
particle, and state k must be either a (2s) (2p)s(ns) or a 
(2s)2(2p)2(ns) configuration of the nitrogen atom. How­
ever, states of the form (2s)2(2p)2(ns) cannot be reached 
in second order from the (2s)2(2p)z ground state by 
the van der Waals perturbation which introduces ex­
cited states according to the selection rules 

3Cvs—> p and 3Cvp—> s, or d. 

Thus, state k has the configuration (2s) (2py (ns). 
2. There will be a net contribution to AEMS only if 

the final state k is reached through an intermediate 
state i which makes the excitation of the 2s electrons 
spin dependent. This requirement restricts the inter­
mediate state i to be either (2s)(2py or (2s)2(2p)2(ns). 
The intermediate state (2s)(2pY requires that the 
spin of the excited 2s electron be opposite to the spins 
of the 2p electrons, while the intermediate state 
(2s)2(2p)2(ns) requires that the subsequent excitation 
involve that 2s electron having the same spin as the 
2p electrons. Thus, it would appear that the contribu­
tions to AEhfs from these two intermediate states would 
cancel each other. Closer inspection shows, however, 
that reversing the order in which the 2s and 2p elec­
trons are excited to reach the (2s)(2pY(ns) final state 
corresponds to a permutation of the coordinates of the 
two excited electrons. The permutation of two electrons 
produces a reversal of sign so that the two intermediate 
states effectively yield the same final state. The selec-
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tion of the average energy for the intermediate states 
is simplified by the fact that these two states have 
nearly the same energy.11 For simplicity we assume that 
the two excitation energies are equal and have the 
value denoted by E^. 

From these considerations we obtain the following 
average excitation energies for the first term in Eq. (6): 

EQQ—Eij— E^-\-EM, Eoo—Eki=z2E]s 

Here, EM is the average excitation energy of the matrix 
particle which may be set equal to the ionization energy 
(with negative sign) for the rare gas atoms. Using the 
same considerations for the second term in Eq. (6) 
gives the following estimates of the average excitation 
energies appropriate to this sum: 

E oo—Emm=EQQ—Epq—E]$-{-EM- (8) 

By introducing the average excitation energies the 
first two terms of Eq. (6) may be summed by matrix 
multiplication. Note that the sum over k in the first 
term must be completed by the inclusion of the term 
corresponding to the ground state of the nitrogen atom. 
This quantity, while not strictly zero is, however, of the 
same order of magnitude as the third term in Eq. (6) 
which is shown to be negligible in the Appendix. The 
result of the summation is 

A£h 

1 1 

.EN(EN+EM) ( E N + E M ) 2 J 

X(00|Xy23Chfs |00), (9) 

where it is to be noted that 3Chfs and 3Cv commute. 
We introduce Eqs. (2) and (3) for 5CF and 3Chfs, 

respectively, and simplify by noting the following 
points. Mixed terms such a s ZMV^MV' 

vanish upon 
integrating over the coordinates of the matrix particle, 
and for a spherically symmetric matrix particle a term 
involving the z coordinates of the electrons makes the 
same contribution as the corresponding terms in the 
x and y coordinates. This gives the following equation 
for AEhis 

A£hfs=^4 r—^ 
LENCEN 

1 -]6e4 

(EN+EM) ' (EK+EMYJRS 

X X (0|2NMsN^ ,5(rNM'/)SNJu"- I N | 0 ) 

X S ( 0 | Z M A V , ' | 0 ) . (10) 
v , v ' 

In the present treatment it is not only likely to be more 
accurate, but is inherently desirable to relate as many 
of the theoretical terms as possible to experimental 
quantities. Thus, we introduce the polarizability of the 

11 R. F. Bacher and S. Goudsmit, Atomic Energy States (Mc­
Graw-Hill Book Company, Inc., New York, 1932), p. 293. 

matrix particle au which is given by the expression12 

2e2 

aM= L (0\zMvZMy'\0). (11) 
EM *y 

This leads to the relation 

3e2/ 1 1 \ EMOLM 
(7) AEhfs= - A—I — + 

R«\EN EN+EM/EN+Eto 

x E (o| 3NM2NM'^ (rNM") S N M " • I N | 0 ) . (12) 
H,fx' , /*" 

The simplest way to evaluate this last expression is 
to consider the ESR experiment where the electron and 
nuclear spins are quantized independently along an 
external magnetic field, and to evaluate the matrix 
element for the state where Ms=S=§.n For this case 
the ground-state wave function is 

^ o = ( 5 ! ) - * d e t | ^ ( l ) ^ ( 2 K ( % a ( 4 K ( 5 ) | , (13) 

where s is the nitrogen 2 s orbital, x, y, and z denote the 
nitrogen 2p orbitals oriented along the indicated direc­
tions, and a and 0 denote the parallel and antiparallel 
electron spin orientations. In evaluating the matrix 
element with the above wave function it may be noted 
that the determinantal form is essential because the 
only nonvanishing terms involve exchange of the sa 

and za orbitals. This is to be expected from the earlier 
discussion which showed that the action of the van der 
Waals forces in influencing the hyperfine splitting 
involved excitation of the 2s electrons into the 2p 
shell, a process which was spin dependent because the 
2p shell was half filled. Upon computing this matrix 
element and noting that in a strong magnetic field the 
hyperfine splitting energy is given by the expression 

EMS=ANMSMI, (14) 

one gets the following expression for the change in the 
hfs splitting constant of N14: 

A^4N1 4 = =-
2e2/ 1 

- -
RQ\EN E N + ^ i l f / ^ N 

EMOLM 

-\~EM 

X ( * | S | * ) 2 < 4 N " 2 . . (15) 

Here ^4N142S is the hyperfine splitting constant for a 2s 
electron of N14, and C?|s|s) is the matrix element of 
the operator z evaluated between the nitrogen 2s and 
2pz orbitals. 

12 H. Eyring, J. Walter, and G. E. Kimball, Quantum Chemistry 
(John Wiley & Sons, Inc., New York, 1944), p. 121. 

13 The shift in the hyperfine splitting constant will naturally be 
the same with or without an applied magnetic field. The hyperfine 
splitting can be calculated for the case of zero magnetic field using 
the usual methods of the theory of angular momentum operators. 
See, for example, E. U. Condon and G. H. Shortley, The Theory 
of Atomic Spectra (Cambridge University Press, New York, 1951), 
Chap. 3. 



A T O M I C N H Y P E R F I N E S P L I T T I N G 841 

The following values will be used for the nitrogen 
atom parameters appearing in Eq. (15). Using the 
Hartree atomic orbitals of nitrogen14 it was found that 
(s\z\z)2=0.607a0

2 and ^N
1 4

2 s=1510 Mc/sec. The aver­
age excitation energy of the nitrogen atom E-$ was 
taken to be the energy required to excite a 2s electron 
into the 2p shell. This gave E N = -0A02e2/aQ}1 

RESULTS AND DISCUSSION 

N Atoms in a Solid Matrix 

We shall use the present theory along with the experi­
mental results for the shift in the nitrogen hyperfine 
splitting to estimate the separation of the trapped N 
atom from the nearest neighbor matrix atoms. This 
value can be compared with the value predicted from 
the crystal structure of the host matrix for different 
possible sites which the trapped atom may occupy. 

The inert gases neon, argon, etc. crystallize in a face-
centered cubic structure.15 At liquid helium temperature 
nitrogen also crystallizes in a face-centered cubic 
structure.16 In a face-centered cubic lattice there are 
three possible trapping sites: (1) substitutional site; 
(2) octahedral site, and (3) tetrahedral site.5 The num­
ber of nearest neighbor matrix atoms for the substitu­
tional, octahedral, and tetrahedral sites are 12, 6, and 
4, respectively. 

In Table I we have calculated for each type of site 
the nearest-neighbor distance jRcai which when used in 
Eq. (15) gives the observed shift in the nitrogen hyper­
fine splitting. This value is compared with the observed 
nearest-neighbor distance for the various possible sites 
in the perfect crystal. From these results it is clear that 
the best agreement between the calculated and observed 
separations is obtained when the N atom is trapped 
substitutional^, and that a nitrogen atom trapped in 
either of the interstitial sites would experience a much 
larger hfs shift than is observed unless there was a 
marked outward distortion of the lattice. Thus, it is 
very likely that the nitrogen atoms are trapped sub-
stitutionally in these matrices. This conclusion is in 
agreement with the results obtained for hydrogen 
atoms in these matrices, which indicated that when the 
hydrogen atoms were produced in the gas phase by 
electric discharge and frozen out along with the matrix 
gas that all the hydrogen atoms entered the matrix 
substitutionary. Only when the hydrogen atoms were 
produced in the matrix at 4.2°K by the photolytic dis­
sociation of HI did one get additional ESR lines which 
were interpreted as due to interstitially trapped H 
atoms.5 Since all the nitrogen atom results are based on 
deposition from the gas phase, it is very unlikely that 

14 D. R. Hartree and W. Hartree, Proc. Roy. Soc. (London) 
A193, 299 (1948). 

16 E. R. Dobbs and G. O. Jones, Reports on Progress in Physics 
• (The Physical Society, London, 1957), Vol. 20, p. 560. 

16 M. Ruhemfinn, Z. Physik 76, 368 (1932). 

TABLE I. Comparison of the nearest-neighbor distance (i?cai) 
required to give the observed shift in the nitrogen hyperfine 
splitting with the corresponding distance (i?obs) in the perfect 
crystal. The calculation is made for nitrogen atoms trapped in 
the substitutional site and two interstitial sites of the host crystal. 

A^N 1 4 

(Mc/sec) 

1.002 

2.152 

1.631 

Site 

Subs. 
Oct. 
Tet. 
Subs. 
Oct. 
Tet. 
Subs. 
Oct. 
Tet. 

Rc&l (#o) 

7.08 
6.31 
5.90 
7.84 
6.98 
6.53 
8.32 
7.41 
6.93 

i^obs (#o) 

5.8115 

4.11 
3.56 
7.0915 

5.01 
4.34 
7.5716 

5.36 
4.63 

any of the nitrogen atoms would enter interstitial sites 
if the smaller hydrogen atoms were unable to do so. 

Nitrogen Atoms in Buffer Gases 

A nitrogen atom in the presence of a buffer gas will 
experience collisions with the buffer gas particles which 
will change the nitrogen hfs constant. Unless the buffer 
gas pressure is extremely low the net shift will be the 
average over all types of collisions. This average over 
collisions which is essentially a time average may, 
according to the usual procedures of statistical me­
chanics, be replaced by an ensemble average which 
gives us the following equation for the average hfs 
shift ( A ^ N ) : 

(AAN) = p AAN(R) t^[_~U{R)/kT~]dr. (16) 

Here, U(R) is the interaction energy between a nitro­
gen atom and a buffer gas particle and p is the density 
of buffer gas particles. 

In order to estimate the integral in Eq. (16), we 
represent U(R) by a Lennard-Jones 6-12 potential,17 

U(R) = *€l(<r/R)»-(*/R)*l. (17) 

The parameter a is a measure of the collision diameter 
of the interacting particles and € is the maximum energy 
of attraction or depth of the potential well. The collision 
diameter a is the sum of the collision radii of the inter­
acting particles, that is 

0-==|(7N + io'M. (18) 

The collision radii of the buffer gases are known from 
such properties as their virial coefficients18 and |(7N 
will be estimated from an empirical rule due to Pauling19: 

^a^ = R (covalent single bond)+1.5a0^2.9ao. 

17 Reference 9, p. 32. 
18 Reference 9, pp. 162 and 1110. 
19 L. Pauling, The Nature of the Chemical Bond (Cornell Uni­

versity Press, Ithaca, New York, 1960), 3rd ed., p. 263. 
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TABLE II. The maximum energy of attraction e between a 
nitrogen atom and various buffer gas molecules. 

Gas a (a0) Ev (e2/a0) e/k (deg K) 

I S 535 - 7.93/i?6 26/7 
Ne 5.51 -14 .6 /£ 6 41.2 
Ar 6.12 -54.8/i?6 82.3 
N2 6.41 -59.5/R* 67.7 

Our estimate of e is very rough and is obtained by-
computing the van der Waals interaction energy Ev 

as described in the Appendix and using the relation 

Ev=-4e(a/R)\ (19) 

Fortunately it will turn out that the results are only 
slightly dependent on the value of e. Using the formula 
for Ev given in the Appendix the values of e were com­
puted for the various buffer gases. These results are 
given in Table II. 

Using Eq. (15) for J N and Eq. (17) for U(R) in 
Eq. (16) gives 

4TTPCM /•« r 4 / 1 1 \ "I 
<A4N>=- f-4exp — ( )\dr. (20) 

Here, AA^(R) has been written as CM/R6 where CM 
is a constant depending only on the matrix gas, r=R/<r 
and T* = kT/e. The integral in Eq. (20) which we de­
note as I(T*) can be evaluated for the values of T* 
encountered here by a method described by Hirsch-
felder et al.20 This method expands the exponential 
term in r~6 in a power series to obtain a series expansion 
for I(T*). The results of this integration are given in 
Fig. 1. For a bulb temperature of 343 °K and the values 
of e/k given in Table I I the function I(T*) varies only 
from 0.50 to 0.46 in going from helium to argon. Thus, 
the results will be quite insensitive to the exact value 
chosen for e. I t also follows that the hfs shift will be very 
insensitive to fluctuations in temperature. 

The results for the pressure shifts in various buffer 
gases are given in Table III. Comparison with the 
experimental values shows that the calculated results 
are of the right order of magnitude, but are consistently 
too high by a factor of 2 to 3. The calculation contains 
several approximations which may contribute to the 

TABLE III . Effect of various buffer gases on the nitrogen hyper-
fine splitting constant. Results are in cycles/sec mm Hg for a 
bulb filled at room temperature. 

Gas 

He 
Ne 
Ar 
N2 

(A^N1 4) theory 

1.1 
1.8 
5.0 
4.8 

(A^N 1 4 ) exp a 

0.32 
0.57 
1.93 
2.40 

a See reference 4. 
20 Reference 9, p. 163. 

discrepancy between theory and experiment. For one 
thing the average excitation energy of the nitrogen 
atom E N was chosen to correspond to one of the lowest 
excited states, namely the (2s)(2pY state, because of 
the key role that this state played in producing spin 
unpairing in the 2s shell. However, higher excited states 
are also present in the excited wave function and a 
detailed analysis of their contribution would probably 
result in the choice of a larger value for E^. This would 
reduce the calculated value of the nitrogen hyperfine 
splitting. Another factor is the use of Hartree-Fock 
wave functions for the ground state of the nitrogen 
atom. Since the Hartree-Fock method neglects correla­
tion between the electrons, except for correlation due 
to the exclusion principle, it tends to give wave func­
tions which are somewhat too diffuse. As a result matrix 
elements such as (^|s|s) which appears in Eq. (15) 
may be somewhat too large. This also would overesti­
mate the shift in the nitrogen hyperfine splitting. 

FIG. 1. Integral giving the dependence of the shift in the 
nitrogen hyperfine splitting constant on temperature and on the 
maximum energy of attraction (e) between the nitrogen atom and 
the buffer gas particle. Here T* = kT/e, and for convenience a 
logarithmic scale is used for the abscissa. 

The results for nitrogen atoms in solid matrices also 
suggest that the computed results are high by a factor 
of two since the computed nearest-neighbor distances 
are somewhat greater than the nearest neighbor dis­
tances in the host crystal. Reduction of the computed 
hyperfine splitting shift by a factor of two would reduce 
the calculated nearest neighbor distance in Table I by 
a factor of (2)1/6, and they would then be in close agree­
ment with the nearest neighbor distances J?0bs of the 
perfect crystals. Thus, the present theory gives good 
correlation between the results obtained for nitrogen 
atoms trapped in solids and in buffer gases. 

CONCLUSIONS 

I t appears that the shift in the nitrogen hyperfine 
splitting produced by the interaction of the nitrogen 
atom with a host matrix or a buffer gas is largely the 
result of van der Waals interactions. The effect of the 
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van der Waals forces is chiefly to introduce (2s)(2pY 
excited states into the nitrogen wave function. Since 
the 2p shell of the 46* nitrogen atom already contains 
three electrons of the same spin only that 2s electron 
with the opposite spin can be excited. This creates a 
positive spin density at the nucleus, which increases 
the already positive free-atom hyperfme splitting con­
stant. The magnitude of the effect depends linearly on 
the polarizability of the perturbing species so that the 
shift tends to increase as one goes to larger more 
polarizable atoms and molecules. 

A similar but larger effect could be produced by the 
electric field of a polar molecule. Moreover, this mecha­
nism can produce changes in the hyperfine splitting 
constants of nitrogen nuclei in 7r-electron free radicals 
just as it did for the free nitrogen atom. Thus, one 
might expect relatively large variations in the hfs 
splitting constants of nitrogen nuclei for free radicals 
in highly polarizable or polar solvents. 
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APPENDIX 

In this section we shall estimate the van der Waals 
interaction energy between a nitrogen atom and a 
matrix particle, and incidentally obtain an estimate 
of the third term in Eq. (6) which was claimed to be 
negligible. 

Second-order perturbation theory gives the following 
formula for the van der Waals energy 

e* 
Ev = —Z' E ZCEoo-^-y)-1 

RQ i,i M,M' v,vf 

X (00 | IZ^^ZMV— XNnXMv — yNnyMv | ij) 

X (tj I 2zN/l>ZMp' — %Np'%Mv' — yNn'yMv' | 00), (A l ) 

where we have used Eq. (2) for the van der Waals 
Hamiltonian. Now a given excited state (ij) can be 
reached by only one of the operators zNfiZMV, XNVXMV 
or y^nyMv If the matrix particle is spherically sym­
metric, then all three operators will be equally effective 
so that 

6e4 (001 ZNPZMP | ij) (ij \ ZK^ZMV* 100) 

Ev=— £ ' E E 
R« ij w'vs (Eo-E.i) + (E0-Ej) 

(A2) 
If we replace the energy denominators by average 
energies for the excited states of the nitrogen atom 
( E N ) and the matrix particle (EM), use Eq. (11) for 
the polarizability of the matrix particle, and sum over 
the excited states of the nitrogen atom by matrix multi­
plication, we obtain the result 

— 3e2 aMEM 
Ev=- E ( 0 | 2 N „ 2 N „ ' | 0 ) . (A3) 

R6 E N + E M MM' 

Using the Hartree orbitals of nitrogen14 and the wave 
function of Eq. (13) it was found that ^2n,^ (01 SNM^NM' I ^) 
= 2.792, so that 

— 8.38e2 aMEu 
Ev=- . (A4) 

R« EN+EM 

Here E N was assigned the value — OAOe2/ao and EM 
was taken to be the ionization energy (with negative 
sign) of the matrix particle. The van der Waals inter­
action energies of the nitrogen atom with various matrix 
particles are given in Table II . 

We can now estimate the third term in Eq. (6) by 
using the average energy approximation for the energy 
denominator. This term is of the order of magnitude 
AKEV/(EN+EM), where ^4N= 10.45 Mc/sec is the hfs 
splitting of the free nitrogen atom.3 In argon, E N + E ^ 
= -0.9Se2/a0 and E F = -54.8/ i^ 6 , so that the contribu­
tion of this term to the hfs shift is 584/i^6. This is 
negligible in comparison to the contribution of the first 
two terms in Eq. (6) which produce a hfs shift of 
42 100/£6. 


