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1* Introduction 

Nuclear magnetic relaxation experiments are concerned with the time 
decay of the macroscopic magnetization M from its value in an initial 
nonequilibrium state to its value in an appropriate equilibrium state. 
The macroscopic equations that describe the time dependence of M 
are often quite simple and involve a small number of relaxation times 
which characterize the system under consideration. * The measurements 
of these relaxation times and their dependence on temperature, density, 
and composition contain information concerning the forces between 
molecules, the equilibrium distribution functions, and a number of 
correlation functions of the form (A(t) ^4(0)> where A(t) is the value of 
a dynamical variable at time t, A(0) its value at time 0, and the angular 
brackets denote an average in the equilibrium ensemble. 

In simple systems containing a single relaxing species, including those 
for which we will give results in this chapter, the decay of M toward 
equilibrium is adequately described by the Bloch equations [2], which 
characterize the relaxation in terms of two parameters: 7\ , the longi-

* For a fuller discussion of relaxation theory see, e.g., Abragam [1]. 
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tudinal, or spin-lattice relaxation time, and T2 , the transverse, or spin-
spin relaxation time 

^ = γ(ΜΧΗ)χ-^ξ (1) 

^ £ = y ( M x H ) , - ^ (2) 

dM, . „ _», M.—Ma 

_ ^ = y ( M x H ) , L _ . ( 3) 

Here, H is an externally applied magnetic field, consisting of a large 
static field H0 in the z direction and perhaps a weaker oscillating field 
2H1 cos œt perpendicular to it; M0 is the equilibrium magnetization in 
the static field, given except at exceedingly low temperatures by Curie's 
law: 

y is the nuclear gyromagnetic ratio μ/Ι/ι; and / is the nuclear spin. 
In simple liquids, there is an effective average isotropy of space 

arising from the speed of molecular motions compared to the Larmor 
precession described by the first terms in the right-hand side of 
Eqs. (l)-(3), and one ordinarily finds 7\ = T2. Therefore, from this 
point on, we concentrate our attention on 7\ , the time characteristic 
of the transfer of energy between the polarized spins and the other 
("lattice") degrees of freedom of the substance. 

The principal methods by which 7\ is measured are easily understood 
in terms of the Bloch equations. All make use of direct observation of 
Mx or My in the neighborhood of the resonant frequency ω0 = γΗ0 , 
where these components can be made large and can be detected by the 
current they induce in a coil by virtue of their macroscopic precession. 
In the steady state saturation method, an oscillating field 2H1 cos ωΐ i is 
applied. A solution of Eqs. (l)-(3) of the form 

Mr = u cos ωΐ — v sin œt 

My = —u sin œt — v cos œt 

can be found in the steady state, in which the detected transverse 
magnetization v in quadrature with the driving signal is 

1 + (ω - ω,)*Τ* + γ^Η^ΤχΤ2 

The saturation behavior of v as Hx is increased can be used to deduce 7\ . 
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Transient methods can also be employed. The simplest is to apply 
to the system at equilibrium an intense burst of resonant transverse 
field for a time tw = ττ\γΗχ, which produces an inversion of the 
magnetization Mz^> —M0, as one can see from (l)-(3) for the 
case γΗ1Τ2 ^> 1. According to (3), Mz now relaxes in the absence of H1 : 

M2(r) = M 0 [ l -2exp ( -T /T 1 ) ] . (7) 

At the time r another pulse is applied for a time t'w = ττ\2γΗχ, rotating 
M into the perpendicular direction. The initial value of the induced 
free precession signal measures Me(r), and repetition of the experiment 
for various values of r permits one to determine 7\ . 

Other methods have been outlined by Abragam [1]. 
The source of spin-lattice relaxation can be regarded as lying in 

transitions between the spin Zeeman levels induced by fluctuating fields 
originating in molecular motion. Relaxation will be effective to the 
degree that these field have Fourier components at ω0 (or in some cases 
at 2ω0). The fluctuating local fields may be classified according to 
a number of commonly occurring spin-lattice interactions. 

For monatomic systems of small atoms, e.g., 3He, with nuclei of spin 
\ , the predominant interaction leading to relaxation is the interatomic 
nuclear magnetic dipole-dipole interaction which depends on the inverse 
cube of the interatomic separation and is modulated by the time depend-
ence of that separation. For larger atoms, e.g., 129Xe, an interaction 
which couples the nuclear spin to the angular momentum of a colliding 
pair of atoms is of great importance [3, 4]. (An interaction of this type 
also produces a chemical shift.) Additional mechanisms for relaxation 
exist in monatomic systems with nuclei of / > \ , viz., that arising from 
the coupling between the nuclear electric quadrupole moment and 
electric field gradients induced at the nuclei during collisions. The 
above relaxation mechanisms also exist in systems of diatomic molecules 
but are usually less important than the intramolecular interactions. The 
predominant intramolecular interactions are nuclear dipole-dipole 
interactions which are modulated by the rotational motion of the molecule 
and the spin-rotation interaction between the nuclear spin and the 
magnetic field produced by the rotation of the molecule. The spin-
rotation interaction is modulated by the changes in the magnitude and 
direction of the molecular angular momentum J which are produced by 
anisotropic intermolecular interactions. Thus, all of the interactions 
producing nuclear relaxation are modulated by the intermolecular 
translational motions, and measurements of 7\ contain information 
concerning these motions and the intermolecular interactions. 

This is not the place for a detailed theoretical discussion of spin-



206 I. OPPENHEIM AND J. S. WAUGH 

lattice relaxation [1]. We shall, however, present a brief survey of 
theoretical developments to indicate the usefulness of the experimental 
data. We write the total Hamiltonian 3f of the system in the form 

3tf = tfL + tfz + W (8) 

where 3fL is the lattice Hamiltonian (that part of the total Hamiltonian 
which does not involve nuclear spins and contains the isolated molecule 
Hamiltonians in addition to the interactions between the molecules); 
tffz is the Zeeman Hamiltonian for the nuclear spins; and 3ß" couples 
the spins to the lattice. Since the nuclear spins are weakly coupled to 
the lattice, we can use linear response theory [5] or perturbation theory 
to arrive at an expression for l / 7 \ of the form 

i - = <M/>-i ^ fo dtq*", Mz]{tf'{t), M,]> + ex. (9) 

where the angular brackets denote an average in the equilibrium ensemble 
with Hamiltonian J^L + J^z, the square brackets denote the commutator, 
3tf"{t) is given by 

JT(*) = exp[//Ä(^l + ^ ) ψ Τ exp[-t/h(J^L + JPz)t] (10) 

and c.c. stands for complex conjugate. For dilute gases, Eq. (9) can be 
solved numerically by the methods of scattering theory [6, 7]. For 
denser fluids, approximations to Eq. (9) must be introduced in order 
to make the dependence on anisotropic inter molecular forces explicit [8]. 
Calculations for liquid H2 have been presented by Deutch and 
Oppenheim [9]. 

Full utilization of the intermolecular information contained in 7\ 
measurements demands a program of the following sort: A detailed 
molecular expression for Tx in dilute gases would enable one to determine 
the form of the anisotropic intermolecular potentials from the experi-
mental temperature dependence of 7\ . * Use of these interactions 
in a molecular expression for 7\ in dense fluids would enable one to 
obtain information concerning intermolecular distributions and motions 
from the experimental data. This program is at present in its infancy 
and is expected to develop rapidly in the next few years. 

2* Experimental Results 

In the following section we summarize what appear to us to be the 
most reliable experimental measurements of spin-lattice relaxation times. 

* An approximate theory for H2 gas has been developed by Bloom et al. [10]. 
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We confine our attention to ' 'simple' ' spherical or quasi-spherical 
nonpolar molecules. Unfortunately, the data on such systems are sparse 
so that the value of Tx measurements for the understanding of the liquid 
state cannot yet be properly assessed in a meaningful way. 

2.1. HELIUM 

Only the isotope 3He possesses nuclear spin (/ = \) and is thus 
accessible to relaxation measurements. A good deal of work has been 
done on liquid 3He, largely because of interest in the properties of Fermi 
liquids at low temperatures. Measurements of χ0 show, in fact, that 
Curie's law is obeyed down to temperatures considerably below that 
at which an ideal Fermi gas is expected to become degenerate. Nonethe-
less, χ0(Τ) behaves in the expected manner [11] if one defines a reduced 
temperature TR = Γ/Γ^*, where Γ^* is an "effective" degeneracy 
temperature of the order of 0.4°K whose definition has been discussed by 
Goldstein [12]. The same is true for 3He-4He solutions [13]. 

The study of nuclear relaxation in 3He poses severe difficulties because 
the spin-lattice interactions are weak and of high frequency, and con-
sequently 7\ is very long. One thus has to be concerned about the 
possible short-circuiting of the " true" relaxation by impurity and wall 
effects. 

Romer [14] and Gaines et al. [15] have taken these effects into account 
in their measurements along the liquid-vapor coexistence curve. Their 
results agree and are shown in Fig. 1. Recently, a very careful set of 
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FIG. 1. 7\ vs. T for liquid 3He in equilibrium with its vapor (after Romer [14] and 
Gaines et al. [15]). 
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measurements down to considerably lower temperatures and at various 
pressures have been reported by Beal and Hatton [11]. The results are 
in accord with the notion [16] that relaxation is caused by interatomic 
dipolar fields whose fluctuation is associated with translational diffusion. 
Accordingly, the relaxation time can be expressed in the form 

T -JL· x~Qp) 

into which the values of D reported by Anderson et al. [17] were 
inserted. Above 0.65°K it was found that C(p) = C>, with 

C" = 2.6 X 10"6 cm5 gm1 sec"2. 

At lower temperatures C depends on density in a more complicated way. 
The results are summarized in Table I. 

TABLE I 

VALUES OF C(p) REQUIRED TO FIT 7\ = DjC(p) FOR LIQUID 8He 

AT LOW TEMPERATURES0 

Molar volume 
(cm3 mole-1) 

36.0 
32.75 
29.2 
26.1 

( x l O 
C 

~8 cm2 

25.0 
19.1 
15.2 
19.8 

sec" -1) 
Temp, range 

(°K) 

0.08-0.7 
0.08-0.3 
0.08-0.2 
0.08-0.2 

a From Beal and Hatton [11], using diffusion coefficients from Anderson et al. [17]. 

2.2. XENON 

Among the inert gases beyond helium, xenon is the only one having 
abundant isotopes with usably large magnetic moments: 129Xe (/ = J) 
and 131Xe (/ = f). Only the former has been studied in the liquid [18], 
the very approximate results being given in Fig. 2. The long values of 7\ 
make it clear that wall and impurity effects are likely to make very 
accurate measurements difficult. 

2.3. HYDROGEN 

For the purposes of nuclear relaxation this substance must be treated 
as a two-component mixture of ortho- and parahydrogen. The para-
hydrogen has no resultant nuclear spin, and hence no relaxation behavior 
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FIG. 2. Approximate values of 7\ for 129Xe in liquid Xe (after Hunt and Carr [18]). 

of its own. Moreover the ortho- and para-molecules have quite different 
effective anisotropic interactions with the observed ortho-molecules, as 
shown by the strong dependence of 7\ on composition. 

The low ortho-region (found in ordinary liquid hydrogen near true 
equilibrium) has been carefully studied by Miller et al. [19], although 
only along the liquid-vapor coexistence curve. They express their results 
in the form 

r i ( s e c ) = 5010(^-00175) + 6 3 5 

where x is the mole fraction of orthohydrogen, and the above empirical 
formula is fitted in the range 20°K < T < 32°K. Figure 3 shows 
representative results. 

Earlier work by Hass et al. [20] at higher mole fractions (Fig. 4) is only 
in qualitative agreement with extrapolations of the data of Miller et 
al. [19], perhaps because of the rather large density variations over the 
range of the higher temperature results. 

Lipsicas and Hartland [21] have recently repeated some of these 
measurements over a range of densities, with results in essential agree-
ment with previous work. The density dependence of the ortho-para 
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FIG. 3. 7\ vs. ortho-concentration in liquid H2 at various temperatures (after 
Miller et al [19]). 

contribution to Tf1 is opposite to that of the ortho-ortho contribution, 
just as is the case for the temperature dependence. 

A detailed theoretical interpretation of all the above data has been 
attempted by Deutch and Oppenheim [22]. 

2.4. METHANE 

Proton relaxation in CH4 and its deuterated modifications up to 
CHD 3 have been studied by Bloom and Sandhu [23] over the temperature 
range of vapor-liquid equilibrium with the results shown in Fig. 5. The 
increase of 7\ with increasing deuterium substitution is in approximately 
quantitative accord with the reduction expected in the magnetic dipolar 
interactions as protons (/x = 2.79 nm) are replaced by deuterons 
(μ = 0.86 nm), the molecular motion not being perceptibly altered. 
Deuteron relaxation studies have not been made. 



NUCLEAR RELAXATION IN SIMPLE LIQUIDS 2 1 1 

3 0 0 h 

200h 

lOOh 

0 0.2 0.4 06 0.8 1.0 
x = MOLE FRACTION ORTHO 

FIG. 4. 7\ vs. ortho-concentration in liquid H2 at high ortho-concentrations (cf. Hass 
et al. [20]). The points at x = 1 are those that would be extrapolated from the results 
of Miller et al. [19]. The lack of agreement is probably associated with the fact that the 
measured Tx values, particularly of Miller's et al. depend on density, which was not 
independently controlled (see Lipsicas and Hartland [21]). 

The measurements of Rugheimer and Hubbard [24] on CH4 are in 
agreement except for a small deviation at high temperatures (cf. Fig. 5). 

A recent remeasurement of 7\ in CH4 by Sandhu [25] is in agreement 
with the previous results. 

100 

FIG. 5. Proton relaxation times in liquid methane and its deuterated modifications 
under their own vapor pressures: ( ) Bloom and Sandhau [23] and ( ). Rugheimer 
and Hubbard [24]. 
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2.5. CARBON TETRAFLUORIDE 

Rugheimer and Hubbard [24] have measured T1 in CF4 under its own 
vapor pressure over the liquid range (cf. Fig. 6). They also made 
approximate measurements of the 19F spin number density through its 
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FIG. 6. 19F relaxation and number density in liquid CF4 . 

effects on the intensity of the nuclear signal. The drop in 7\ at higher 
temperatures is undoubtedly connected with the growing importance 
of the spin-rotational mechanism of relaxation. The persistence of 
molecular rotation at high temperatures leads to a lengthened correlation 
time for this mechanism, while the correlation time associated with the 
dipolar mechanism is becoming shorter and therefore less effective. 

2.6. MIXTURES 

Apart from the special case of ortho- and parahydrogen mentioned 
earlier, almost nothing has been done to explore nuclear relaxation in 
mixtures of the simplest liquids. An exception is the fragmentary work 
by Rugheimer and Hubbard [24] on CH4-Ar and CF4-Ar, shown in 
Fig. 7. A meaningful interpretation of these results is made difficult by 
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FIG . 7. 7 \ and number density for CH4 and CF4 at 10% concentration in liquid 
argon (after Rugheimer and Hubbard [24]). 

the fact that the composition was allowed to change drastically over the 
temperature range (note the dashed lines in Fig. 7). The samples were 
prepared as 90 : 10 gas mixtures at room temperatures, and the liquid 
studied was the solution at equilibrium with a mixture of the two vapors 
in a closed vessel, the larger part of which was at room temperature. 

REFERENCES 

1. A. Abragam, "The Principles of Nuclear Magnetism." Oxford Univ. Press, London 
and New York, 1961. 

2. F. Bloch, Phys. Rev. 70, 470 (1946). 
3. H. C. Torrey, Phys. Rev. 130, 2306 (1963). 
4. I. Oppenheim, M. Bloom, and H. C. Torrey, Can. J. Phys. 42, 70 (1964). 
5. R. Kubo, in "Lectures in Theoretical Physics" (W. E. Brittin and others, eds.), 

Vol. I. Wiley (Interscience), New York, 1958; A. G. Redfield, Advan. Magnetic 
Resonance 1, (1965). 

6. R. G. Gordon, J. Chem. Phys. 44, 228 (1966). 
7. J. L. Kinsey, J. W. Riehl, J. H. Rugheimer, and J. S. Waugh, To be published. 
8. cf. I. Oppenheim and M. Bloom, Can. J. Phys. 39, 849 (1961); 41, 1580 (1963). 
9. J. M. Deutch and I. Oppenheim, J. Chem. Phys. 44, 2843 (1966). 

10. M. Bloom, I. Oppenheim, M. Lipsicas, C. G. Wade, and C. F. Yarnell, J. Chem. 
Phys. 43, 1036 (1965). 



2 1 4 I. OPPENHEIM AND J. S. WAUGH 

11. B. T . Beal and J. Hatton, Phys. Rev. 139, A1751 (1965), and previous references 
given therein. 

12. L. Goldstein, Phys. Rev. 133, A52 (1964). 
13. H. A. Schwettman and H. E. Rorschach, Jr., Phys. Rev. 144, 133 (1966). 
14. R. H. Romer, Phys. Rev. 117, 1183 (1960). 
15. J. R. Gaines, K. Luszczynski and R. E. Norberg, Proc. Intern. Conf. Low Temp. 

Phys.y 8th, London, p. 17. Butterworths, London and Washington, D.C., 1963. 
16. H. C. Torrey, Nuovo Cimento Suppl. 9, 95 (1958). 
17. A. C. Anderson, W. Reese, and J. C. Wheatley, Phys. Rev. 127, 671 (1962). 
18. E. R. Hunt and H. Y. Carr, Phys. Rev. 130, 2302 (1963). 
19. C. E. Miller, T . M. Flynn, T . K. Grady, and J. S. Waugh, Physica 32, 244 (1966). 
20. W. P. A. Hass, G. Hass, G. Seidel, and N. J. Poulis, Physica 26, 834 (1960). 
21. M. Lipsicas and A. Hartland, J. Chem. Phys. 44, 2839 (1966). 
22. J. M. Deutch and I. Oppenheim, J. Chem. Phys. 44, 2843 (1966). 
23. M. Bloom and H. S. Sandhu, Can. J. Phys. 40, 289 (1962). 
24. J. H. Rugheimer and P. S. Hubbard, J. Chem. Phys. 39, 552 (1963). 
25. H. S. Sandhu, J. Chem. Phys. 44, 2320 (1966). 




