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The spin-lattice relaxation time, TX, of the 2 3 N a - N M R line in N a N 0 2 is measured between 25 K 
and 160 K at two magnetic field strengths, 1.1 T and 6.9 T. The temperature dependence of TX for 
the center line, observed on a polycrystalline sample prepared by precipitation from aqueous 
solution, is given by a monotonous curve. Tx increases gradually as the temperature decreases. On 
the other hand for a single crystal, which is made by a modified Bridgman method, the temperature 
dependence of TX shows two deep dips below 150 K and a frequency dependence which cannot be 
explained by ordinary BPP theory. 

The dominant relaxation mechanism above and below 150 K is also investigated. 

1. Introduction 

The spin-lattice relaxation of the magnetization of 
a nucleus with / > \ in highly purified nonmagnetic 
material is usually dominated by an interaction of the 
nuclear quadrupole moment with thermally fluctuat-
ing electric field gradients. Investigations of the spin-
lattice relaxation of 2 3 Na-NMR lines and of 14N-
NQR lines above 77 K have been reported by Bonera 
et al. [1] and by G. Petersen et al. [2], respectively. 
They reported that the relaxation rate of the nuclear 
resonance lines simply decrease as the temperature 
decreases below room temperature. 

However, in the lower temperature region, below 
170 K, the temperature dependence of the spin-lattice 
relaxation time, T1; of the 1 4N-NQR line in N a N 0 2 

which has experienced some heating process, shows 
two minima around about 35 K and 70 K [3], and 
these minima are frequency dependent. On the other 
hand, Tx of a sample which was made by precipitation 
from an aqueous solution has no minimum in this 
temperature region and simply increases as the tem-
perature decreases [4]. If the sample has been annealed 
below the melting temperature, the Tx minima ap-
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peared on the curve of Tx = f (T) [5]. It seems that this 
results can be ascribed to a relaxation center gener-
ated in course of the annealing treatment. 

In the present study, the temperature dependence of 
Ti of the center line of 2 3Na-NMR in N a N 0 2 was 
observed for two different samples. They have been 
prepared by a modified Bridgman method and by a 
precipitation method from aqueous solution, respec-
tively. Measurements were performed at three differ-
ent external magnetic field strengths in order to study 
the frequency dependence of these properties. 

2. Experimental 

Two kinds of samples were used, a thermally heated 
one and non-heated one. Two single crystals measur-
ing about 0.8 x 0.8 x 1.5 cm3 were prepared by a mod-
ified Bridgman method. We call them samples 1A and 
IB. Measurements were performed mainly with the 
sample 1 A. Crystal powder was made by precipitation 
from a saturated aqueous solution of N a N 0 2 as non-
heated sample. We call it sample 2. 

The spin-lattice relaxation time of the resonance 
line was measured by the f — r — f method using a 
pulse NMR spectrometer. The field B0 was 1.1, 4.7, 
and 6.9 Tesla in order to explore the frequency depen-
dence of Tx=f (T). The external static magnetic field 
was chosen parallel to the crystal axis c in the mea-
surements on the samples 1A and 1B. The error in the 
angles between B0 and the c-axis was within +1° for 
B0 = \A Tesla, and ± 5° for B0 = 4.7 and 6.9 Tesla. 
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Fig. 1. Energy diagrams of 2 3 N a - N M R and transition prob-
ability between them for the case of quadrupole and mag-
netic relaxation. 

3. Method of Analysis 

We will describe the recovery laws for the quadru-
pole and magnetic dipole-dipole relaxation process. 

At first, we formulate them for the quadrupole re-
laxation [1]. We define the transition probability for 
A m = ± l as Wx and that for Am = ±2 as W2, as 
shown in Figure 1. Then, the rate equations are 

d n_ 3/2 

dr 

dn_ 1/2 

= -(Wl + W2)-n_ 3/2 

+ Wl-n_l/2 + W2-n1/2, 

= Wl-n_,ll-{Wl + W2)-Wn_ll2 
d t 1 ~3/ 

+ • « 3 / 2 

d n 1/2 

dr 

d n 3/2 

d r 

= W2-n_3/2-(W1 + W2)-Wnl/2 

+ Wl-n3l2, 

= W2-n_l/2+Wl-nll2-(W1 + W2)-n3/2 

(1) 

(2) 

(3) 

(4) 

where n_3/2, w_1/2, n1/2, and n3/2 are population dif-
ferences between the equilibrium value and the one at 
the time r, for each energy level. The eigenvalues of 
these equations are Wr, W2, Wl + W2. 

If we take as the initial condition that only the 
center line is saturated, a recovery function for the 
center line is calculated to be 

S(oo) — 5 ( f ) _ 1 

S{ oo) 2 
+ e •2 W2t 

For the case in which only one of the satellite lines 
is'saturated, the recovery law of the irradiated satellite 

PULSE SEPARATION 

Fig. 2. Theoretical recovery curve of magnetization in case of 
a quadrupole relaxation and W2 = 2 • Wx. 

lines is 

S(oo) — S( f ) _ 1 f 

S(oo) 2 1 + e -2 (W1+W2)t )• (6) 

We can see from (5) and (6) that the initial slopes of the 
recovery curve for the satellite lines are steeper than 
that for the center line, see Figure 2. 

Then, we consider the recovery law in the case of the 
dominant magnetic dipole-dipole relaxation. The 
transition probability is zero except for the transition 
Am= ±1, as shown in Fig. 1, where we define it as 
| <| 11)|2 • W. That is, we use W for the value except the 
part concerning the operator. The rate equations in 
this case are [6], 

d n_ 3/2 

dt 
= -3W-n_3/2 + 3W-n_1/2, 

d n. 1/2 

dt 

dnl 

= 3W-n_3/2-(4 + 3)W- n_ 

+ 4 W-n. 
1/2 

dr 

dn 

1 / 2 ' 

12 =4W-n_1/2-(4 + 3)W-n1/2 

+ 3W-n 3 / 2 ' 

3/2 

(5) where n_ 

dr 

3 / 2 ' 

= 3 W• n1/2 — 3W• n3/2, 

(7) 

(8) 

(9) 

(10) 

1/2' "1/2 ' , and n3j2 are defined in the 
same way as in the quadrupolar case. The eigenvalues 
of these equations are 2 W, 6 W, and 12 W. If only the 
center line is initially saturated, the recovery function 
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Fig. 3. Theoret ical recovery curve of magnet izat ion in case of 
magnetic relaxat ion. 
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Fig. 4. The temperature dependence of the spin-latt ice relax-
at ion rate of the center l ine of 2 3 N a - N M R in N a N 0 2 at 
53.4 M H z (4.7 T). The dashed line is an eye guide for sam-
ple 2. 

will be [7] 

S (oo ) -S ( r ) 
S(cc) 

10° 

= Töe 
9 
+ Jöe (11) 

For the condition that only one of the satellite lines is 
initially saturated, the successive recovery of the same 
satellite line is calculated to be 

(12) 
5 ( o o ) - S ( t ) 1 _ 5 _ 4 

S(oo) 
— e~2Wt + — e 
10 10 + i ö c 

These equations indicate that the recoveries of the 
satellite lines are slower than that of the center line, as 
shown in Figure 3. 

Thus, by comparing the recovery curves of the satel-
lite lines and of the center line we can distinguish 
whether the relaxation process is quadrupolar or mag-
netic. 

CO 
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Fig. 5. Magnet izat ion recovery at 220 K , B0 = 6.9 T. vc stands 
for center line, vH represents the satellite l ine whose reso-
nance frequency is higher than that of the center l ine and vL 

represents lower one. This def in i t ion is val id in Figs. 5 - 8 . 

4. Results and Discussion 

The temperature dependences of Tt of the center 
line of 2 3 Na-NMR in the two samples I B and 2 at 
53.4 MHz (B0 = 4.7 Tesla) are shown in Figure 4. The 
values of Tx are determined by fitting a single expo-
nential recovery function to the initial slopes of the 
experimental data. We see that T{~1 of sample 1B has 
two maxima around 44 K and 95 K, but for the pre-
cipitated sample it simply decreases as the tempera-
ture decreases. (There are no data below 77 K, but in 

the case of 1 4 N-NQR, Tx
_1 simply decreases as the 

temperature decreases. Thus it seems that the intrinsic 
relaxation is small in the low temperature region. 
Therefore we look on it as a simple decreasing curve.) 
This result is expected from the experiments on the 
1 4N-NQR line. 

Figures 5, 6, 7, and 8 show the precise recovery 
curve of the center line and the satellite lines in the 
sample 1A at 220, 115, 94, and 44 K at 79.3 MHz 
(B0 = 6.9 Tesla). The chosen temperatures 94 K and 
44 K are located at the two minima. Tx at 220 K 
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Fig. 6. Magnet izat ion recovery at 115 K , ß 0 = 6 . 9 T . The 
solid l ine is calculated w i th (11). The dashed line is calculated 
w i th (12) and the f i t t ing parameters of the center line. The 
lines in Figs. 7 and 8 are d rawn in a similar way. 
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Fig. 7. Magnet izat ion recovery at 94 K , B0 = 6.9 T. 
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Fig. 8. Magnet izat ion recovery at 44 K , B0 = 6.9 T. 
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Fig. 9. Temperature dependence of Tx of the center l ine of 
2 3 N a - N M R in N a N 0 2 at 1.1 T (12.1 M H z ) and 6.9 T 
(79.3 M H z ) for sample 1A. The sol id and dashed lines are 
calculated by appl icat ion of (13) to each data point . The 
dash-dotted line is d rawn by calculat ing (13) for 12.1 M H z , 
using the f i t t ing parameter at 79.3 M H z . 
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slightly depends on the way to prepare a sample. The 
satellite lines recover more rapidly than the center line 
at 220 K. But in contrast with this, the center lines 
relax more rapidly than the satellite lines at the other 
temperatures. This phenomenon suggests that the 
dominant relaxation mechanism in the low tempera-
ture region ( ^ 150 K) is different from the one in the 
high temperature region ( ^170 K). 

The solid lines in Figs. 6,. 7, and 8 are the best fit of 
(11) to the recovery curve of the center line. Using the 
factor W which is determined by this fitting, the 
dashed lines in the figures are calculated from (12). At 
115 K and 94 K, the solid lines almost approximate 
the recovery curves. But the solid line is not well Fitted 
by (12) at 44 K. We can not yet show the reason of this 
phenomenon. One should think about a rather differ-
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ent mechanism for these phenomena. But, from a 
qualitative point of view, it seems that the relaxation 
mechanism in the low temperature region is magnetic 
rather than quadrupolar because the initial slope of 
the recovery curve of the magnetization for the center 
line is steeper than that for satellite lines. 

Figure 9 shows the temperature dependence of Tx of 
the center line of the 2 3Na-NMR in N a N 0 2 at 12.1 
and 79.3 MHz. We can make sure that their behaviour 
depends on the resonance frequency. 

In order to explain this frequency dependence, we 
suppose that the dominant relaxation mechanisms in 
this temperature region are of the BPP type [8] be-
cause there are two dips in the temperature depen-
dence of Tj. We assume that the whole transition 
probability, W(az\/Tl), consists of two terms, and 
each term is described by a correlation time z. If z 
satisfies the Arrhenius's relation, W can be expressed 

W(T) = CH + CL - :
 H , (13) 

1 + (WT H ) 2 + C L 1 + (CDXL)2 

t h = ToH exp 

= T0L eXP 

a H 

kT 

Eol 
kT 

(14) 

(15) 

where at = 2 n v, Eall and EaL are the activation ener-
gies, zH and zL are the correlation times, and CH and 
CL are constant coefficients which do not depend on 
the temperature and the resonance frequency. The 
subscripts H and L indicate whether the values Ea, z, 
Zq, and C belong to the one or the other of the two 
terms of the function. If the temperature dependence 
of Tj can be fitted by these equations with common 
Ea, Zq , and C, we think that the relaxation processes 
are of the normal BPP type. 

The solid line in the Fig. 9 is a fitted line of (13) to 
the data for the resonance frequency 79.3 MHz, and 
the dashed line is for 12.1 MHz. One can see that they 
fulfill (13), but the fitting parameters are rather differ-
ent. The fitting parameters are shown in the Table 1. 
The dash-dotted line in the figure is calculated for 
12.1 MHz, using the fitting parameters derived for the 
case at 79.3 MHz. As we see from the discrepancy 
between the dashed line and the dash-dotted line, the 
temperature dependence of Tt of the 2 3Na-NMR line 
can not be explained only by (13). 

In order to show the discrepancy between the ex-
perimental data at 12.1 MHz and the calculated curve 
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Fig. 10. Frequency dependence of Tmin. Tmin is the tempera-
ture where 7 i _ 1 takes a maximum value. 

Table 1. Fi t t ing parameters of (13) to the experimental data 
of the Tl=f(T) curve. 

Frequency EaH T0 H EaL L 

79.3 M H z 
12.1 M H z 

620 K 
540 K 

3.5 x 10~12 sec 
1.8 x 1 0 - 1 1 sec 

310 K 
260 K 

2.1 x 10~12 sec 
1.5 x 10~11 sec 

by using the parameters derived from the data at 
79.3 MHz, we give a relation between the resonance 
frequency and the temperature where a minimum of 
Ti exists (we define the temperature as Tmin). If the Tx 

minimum is given at a temperature where co • z = 1, 
co = 2 n v, the relation between Tmin and co is given by 
solving (14) and (15) at Tmin: 

J - = - A . { l n M _ l n ( T o ) } . (16) 

This equation shows that is linear to In (co). Fig-
ure 10 shows experimental data of and a plot of 
(16) using the parameters derived from the data at 
79.3 MHz. The discrepancies between the experimen-
tal data and the plot of (16) is somewhat larger than 
the experimental error at 12.1 MHz. 

There is another anomaly in the curve of the tem-
perature dependence of Tx. If (13) is appropriate to 
this relaxation mechanisms, absolute values of Ti for 
lower resonance frequencies must be larger than that 
for higher frequencies at the same temperature except 
in the high temperature region above the dip which is 
located at the higher temperature side, as shown in 
Figure 11. But the experimental data clearly show that 
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Fig. 11. Theoretical temperature dependence of the spin-lat-
tice relaxation rate, Tx

_ 1 , in two different magnetic fields, 
where we assume a BPP type relaxation mechanism. We use 
(13) to calculate each curve. They do not meet below the 
temperature where on the higher temperature side a maxi-
mum exists. But for the experimental data in Fig. 9, they 
intersect with each other between the higher side maximum 
and the lower side maximum, where arrows in the figure 
point at. This phenomenon shows that the relaxation mech-
anism which gives the two maxima of 1 can not be fully 
explained by the simple BPP type model. 
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