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A B S T R A C T 

Measurements of the spin-spin relaxation t ime and of the effective, lattice-
induced, transition probabilities are reported for magnetically dilute potassium 
chromicyanide in chemically analyzed concentrations ranging from 0.06 to 1.5%. 
In these measurements the c-axis of the cobalticyanide matrix^ was parallel to 
the static magnetic field. All measurements were made a t a temperature of 4.2'' K. 
Measurements made at a concentration of 1.59c did not fit into the same pat tern 
as measurements made at lower concentrations, suggesting a change in the 
dominant mechanism of relaxation. Pulse and saturat ion measurements have 
been compared. The effective, lattice-induced transition probability by the 
pulse method for samples in the lower range of concentration was found to be 
independent of the concentration and of the transit ion involved and was found 
to have a value of 

i r = 6 5 ± 7 sec-i. 

The results for potassium ferricyanide were much less reliable and only two 
concentrations, 0.2 and 0A%,  have been examined. The static magnetic field was 
parallel to the ft-axis and the tempera ture was 4.2^ K. The value of Wis probably 
between 1000 and 2000 sec-^. 

P A R A M A G N E T I C R E L A X A T I O N 

Resonant methods of measurement applied to paramagnetic salts make it 
possible, as a first approximation, to consider only one pair of energy states, 
for example state i  and state j , out of the manifold available for experiment. 
When thermal equilibrium exists, these two states are populated by N^  and Nj 
spins. When the salt is placed in the cavity of a spectrometer and subjected to 
microwave radiation of frequency vo,  because of the probability V{ij)  that 
transitions will occur, the states take on an out-of-equilibrium population 
characterized by N'i and Nj. 

It is customary in the literature of this subject to make use of a saturation 
factor S{ij)  when discussing the populations of the states. Lloyd and Pake 
(1954) define the saturation factor and show that its relation to the parameters 
of the salt and of the radiation is 

(la) S{v)  =  {m -N'j)/{N,-Nj)  =  {l^V{tj)/W{ij)) 

{lb) W{tj)  = U{ji) + C{ji)-'j:U{jk)C{jk). 

- 1 

k^j 

The quantity W{ij)  is defined as an effective, lattice-induced transition pro­
bability. In equation {la),  quantities of which U{ji)  is typical are lattice-
induced, transition probabilities while quantities like C{ji)  are the cofactors 
of a determinant which appears in the Lloyd and Pake derivation. Equation 
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(la) makes clear the use of the word effective in connection with W{ij);  this 
quantity depends on lattice-induced, transition probabilities between all states 
unlike U{ij),  which is related to only two of them. 

In the literature of nuclear magnetic resonance and sometimes in para­
magnetic resonance there is defined a spin-lattice, relaxation time, Ti.  Insofar 
as it is possible to characterize the complex process of relaxation by a single 
time constant, Ti  is related to W  as in equation (Ic). 

(Ic) T^iij)  =  \l2W{i3). 

Andrew (1956, p. 22) has derived the imaginary component of the nuclear 
magnetic susceptibility. Andrew's method may be applied to the two levels of 
a paramagnetic salt of effective spin 5 containing a total of N  spins in all states 
to find an effective susceptibility x^{v)-  Power P,  incident on the coupling 
hole of the microwave cavity, sets up an alternating magnetic field, H{ri),  at 
the frequency vo  at which the spectrometer operates. The selected states are 
resonant with the radiation when the external static magnetic field has an 
amplitude Ho{ij)  but whatever the amplitude, the probability of a transition 
is V{ij).  In terms of these quantities the imaginary component of the effective 
susceptibility at a bath temperature T  is as follows: 

(2) x"{ij)  = NhhoS{ij)  V(j.j)/ir{2S-^l)kT  H{ri)\ 

It is convenient to be able to calculate the radiation-induced transition 
probability V{ij),  from the spin-Hamiltonian of the salt; this has been done 
for potassium chromicyanide by Chang and Siegman (1959). The first line of 
equation (3), which follows, is general and shows that the associated matrix 
element is to be calculated by applying the effective spin-operators to a set of 
wave functions for which the energy matrix derived from the spin-Hamiltonian 
is diagonal. Chang and Siegman give tables and graphs for the square of this 
matrix element which, however, include a factor of 2 as the spectroscopic 
splitting or ^-factor for potassium chromicyanide; for convenience subscripts 
indicating direction have been omitted from the symbol g.  The second line of 
equation (3) has been adjusted so that if C(ij)2 is the value picked from one 
of Chang and Siegman's tables, V{ij)  has the correct value. In the third line, 
power P  has been substituted for i7(rf)2; as indicated, power and the square 
of the field are related by the parameter Kp,  which is mentioned later in 
connection with equation (8). 

(3) V{ij)  =  {l/W)g{H),,\{i\m.g-^\j)\' 
= {WlQ){g^/n)'g{H),jH{ri)^C{ij)^ 
= {^/i^){g^/nyg{H),,KpP  c{ij)\ 

The transition probability V{ij)  depends on the static magnetic field H  in 
two different ways. For a given orientation of the salt there is a slow dependence 
on a field contained in the matrix element itself; this field dependence is 
taken into account when the matrix element is picked from the tables. Secondly, 
an explicit dependence appears in the line-shape factor g{H)ij.  This function 
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is normalized with respect to frequency and by definition has a maximum 
value equal to 2T2{ij)  where T2{ij)  is the spin-spin relaxation time. 

(4a) rg{H)dv  =  1, 

(4&) giHo),i  =  2T,{v). 
Substitution into equation (2) of the quantities defined in equations (3) 

and (4) leads to the final expression for x"{v)\  this expression is general 
although the form of V{ij)  appropriate to Chang and Siegman's values for 
chromicyanide has been used in defining M,  the maximum value of x"{ij)-

(5a) x"{ij)  =  {^I/'^TSJ))S{v)g{H),,, 

{bb) M  =  C{ijyNh?vo{g^/nYT2{ij)/^ir{2S-\-l)kT. 

The object of an experiment in paramagnetic relaxation should be to deter­
mine the values of the lattice-induced transition probabilities that appear in 
equation {lb);  this objective has not been reached but the effective, lattice-
induced transition probabilities W{ij)  have been measured. The quantity 
W{ij) enters the expression for the susceptibility (5a) through the saturation 
factor S{ij).  A useful analogy can be established between this subject and that 
of nuclear magnetic resonance by introducing a power-dependent parameter, 
(J, of the same general nature as that discussed by xA.ndrew (1956, p. 108). 

(6a) a{ij)  = T,{ij){g^/nYKoP c{ij)ym^{ij). 
In this relation Ko  is the value of Kp,  appropriate to an empty cavity. In 
terms of a,  the expression for the saturation factor becomes: 

{m S{ij)  =  [l-{-a{,j){Kp/Ko)g{H),j/2T2{ij)]-K 

Feher (1957) has analyzed the response of spectrometers to changes in x"-
Although equation (7a), below, is not in his notation, Feher shows that the 
quality factor, Qp,  of a cavity when a paramagnetic salt in it is absorbing 
power, is related to the quality factor of an empty cavity, Qo,  in the following 
way: 

(7a) a = Go(H-4^x"(y>Go)-^ 

The instrumental problem is to relate the instantaneous value of Qp  to the 
deflection of a recorder at the output of the spectrometer subject to the 
conditions under which the spectrometer is being used. Feher solves the 
problem with the aid of the assumption that x'{v)  is so small that equation 
(7a) can be approximated by the first term of a binomial expansion. During 
the course of the experiments reported here, it was observed that for many 
crystals which were used, Feher's approximation was not valid. 

It is convenient to characterize the reaction of the crystal on the microwave 
cavity by a constant, a,  defined as follows: 

(7^) « = 4:TrMr]Qo. 
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In terms of a,  and the other variables which have been defined, equat ion (7a) 

can be rewrit ten: 

{7c) Qp/Qo  =  {l^aS{ij)g{H),j/2T2{ij))-'-
Feher makes use of a coupling constant , /3o, related to the empty cav i ty ; it is 
now necessary to introduce a variable coupling constant ^p, which is defined 
in relation to Qp  in the same manner as (3o  is defined in relation to Qo.  Meyer 
(1955, Appendix) has defined and discussed the constant , Ko,  which relates 
the radio-frequency field in an empty cavit>' to the incident power. In a more 
exact analysis it is necessary to recognize tha t Kp  is a variable t h a t depends on 
Qp; it is related to the measurable constant Ko  in the following way : 

(8) Kp/Ko  =  ((2P/<2O)H1+/?O)H1 + /3O(2P/GO)-'. 

Reference to equations {6b),  {7c),  and (8) shows t h a t the exact equat ion 
relating Qp  to the measurable constants of the spectrometer and of the crystal 
is cubic in Qp.  The complexity of the solution for Qp  has made it necessary to 
seek experimental methods which depend on valid approximations to the exact 
relations. These experimental methods are explained under the section heading, 
Saturat ion Measurements . 

SPECIMENS 

In these experiments the Cr^+ ions of potassium chromicyanide (K3Cr(CN)6) 
or the Fe^+ ions of potassium ferricyanide (K3Fe(CN)6) were carried by single 
crystals of diamagnetic, potassium cobalt icyanide; this was arranged by 
dissolving a paramagnet ic salt in water in the desired rat io to the diamagnetic 
salt. Single crystals whose weight ranged between 40 and 100 milligrams were 
picked from the solution as the excess water evaporated. 

Crystals were selected from each batch and analyzed by the colorimetric 
method which has been described by Sandell (1959). The following table 
i l lustrates the typical relation between the nominal and the measured con­
centrat ion of paramagnet ic ions in the diamagnetic lattice^Jfor potassium 
chromicyanide. 

TABLE I 

Relation between nominal and measured concen­
trations. The number of chromium ions is expressed 

as a percentage of the cobalt ions 

Nominal concentration, Measured concentration, 
(: • C 
/(- /O 

0.1 0.071=t0.008 
0.5 0.20 dzO.Ol 
1.0 0.44 zbO.07 
3.0 1.57 
5.0 2.60 ± 0 . 1 7 

1.55 

Opposite the nominal concentrat ion of 5 % , there appear two values for the 
measured concentrat ion. These entries represent the anomalous behavior of 
one batch of crystals which has not been explained. 
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The concentrations of iron ions in the diamagnetic lattices have not been 
determined. It is assumed in what follows that the relation between nominal 
and measured concentrations for potassium ferricyanide is the same as that 
given in Table I. 

Information on the crystallography of the complex cyanides, on the elec­
tronic configurations, and on the constants of the spin-Hamiltonian can be 
found in a paper by Bowers and Owen (1955) and in the two papers by Baker, 
Bleaney, and Bowers (1956) and by Bleaney and O'Brien (1956). Tables 
relating to the energy level structure of potassium chromicyanide have been 
published by Chang and Siegman (1959) and very useful graphs of energy 
levels versus the magnitude of the static field for many orientations of the 
crystal have been published by Butcher (1957). The angular dependence of 
the paramagnetic resonance spectra of potassium ferricyanide has been 
calculated for the static magnetic field oriented in the three crystallographic 
planes by Kipling (1961). 

In view of the extensive literature on these salts it is sufficient to say that 
the Cr^+ ions have an effective spin 3/2; there are therefore three transitions 
associated with single quantum jumps and measurements are reported on all 
three transitions. The iron ion, Fe^+, in the cyanide environment exhibits an 
effective spin 1/2 only and there is only one transition to measure and discuss. 

The symmetry of the intramolecular field (in fact covalent bonding plays 
a major role) in these complex cyanides is such that the energy states of the 
two non-equivalent complexes are superimposed when the static magnetic field 
vector lies in either the ac  or be  plane of the crystal. This advantage is retained 
when the static field is oriented along the c-axis and with this orientation the 
resonant frequencies of the various transitions are so widely spaced that there 
is little danger of the experimental results being confused by the phenomena 
of cross relaxation that has been discussed at length by Bloembergen, Shapiro, 
Pershan, and Artman (1959). For these reasons, all results which are reported 
here on potassium chromicyanide were collected in experiments in which the 
static field was parallel to the c-axis of the crystal. 

Since for potassium ferricyanide there exists only one transition, cross 
relaxation is not a problem and in fact meaningful results can be obtained 
with any orientation of the static field. Convenience, arising from the required 
magnitude of the static field for resonance at the frequency of the spectro­
meters (9400 megacycles/second), dictated that the static field be oriented 
parallel to the 6-axis and this orientation has been used in all experiments. 

In the case of potassium chromicyanide there is some confusion in the 
literature concerning the naming of the energy levels. To avoid this confusion 
in this report, the lowest level is called 1 and the others are numbered in 
sequence up to 4. 

APPARATUS, EXPERIMENTAL CONDITIONS 

The spectrometers used in these measurements were similar to those des­
cribed by Feher (1957); the microwave sources were controlled by Pound 
stabilizers and operated at a frequency of 9400 megacycles per second. In 
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order to describe the measurements it is necessary to note two basic modi­
fications to the Feher-type spectrometer: (i) precision, microwave attenuators 
were added to the spectrometer immediately before and after the magic-T 
bridge. Compensating adjustments to the two permitted power to the micro­
wave cavity to be varied over a range of 50 decibels, while the power to the 
balanced mixer that preceded the I.F. preamplifier remained approximately 
constant; (ii) in some of the measurements, a pair of gyroline, ferrite attenua­
tors in series were interposed between the microwave source (a 2K39 klystron) 
and the first of the precision attenuators mentioned in (i). A pulse generator 
was used to supply pulses of current to these attenuators so that their attenu­
ation of 60 decibels could be reduced in a time of 15 microseconds to 2 decibels 
during the pulse; at the conclusion of the pulse the attenuation returned to its 
original value in the same time interval. A bypass network, consisting of two 
directional couplers and an attenuator, permitted a very low level monitor 
signal to reach the microwave cavity in a manner quite independent of the 
pulse system. 

As in the Feher-type spectrometer a pair of modulation coils were mounted 
on the pole pieces of the magnet and in saturation experiments (but not in 
experiments of other types) these coils were supplied with current alternating 
at a frequency of 200 cycles per second. By this means a small alternating 
component could be added to the otherwise static magnetic field, Ho,  to which 
the crystal was subjected. In this mode of operation the recorder traced a 
derivative with respect to field as the static magnetic field was allowed to 
sweep through resonance. 

In addition to the mode of operation described for saturation measure­
ments, two other modes were made possible by the insertion of the gyroline 
attenuators; in these modes field modulation was not used. When the line-
shape factor g{H)  and the spin-spin relaxation time T2  was under investigation, 
the microwave power to the cavity was amplitude-modulated by pulsing the 
gyroline attenuators with square waves recurring at the rate of 200 p.p.s. In 
this mode of operation the resonance line itself was traced by the recorder as 
the static magnetic field was swept through resonance. 

For the purpose of pulse measurements the gyroline attenuators were 
supplied with square waves of current at the rate of about 16 p.p.s. The output 
of the I.F. preamplifier passed through a special, main, I.F. amplifier whose 
gain was much reduced by the same pulse that decreased the attenuation of the 
gyrolines; the output of this amplifier was direct coupled through a crystal 
diode to a double beam oscilloscope. The more or less exponential return of 
x'{ij) to its thermal equilibrium value, after the pulse was cut off, was moni­
tored by a steady signal of very low power, supplied through the bypass 
circuit. The second beam of the oscilloscope was used to display the decay 
curve of an R-C network, the condenser of which had been charged b\- the 
same pulse that had decreased the attenuation of the gyroline. Since mani­
pulation of the controls of the oscilloscope permitted this curve to be super­
imposed on the curve exhibiting the decay of the saturation of the salt, adjust­
ment of the resistance in the R-C network permitted immediate evaluation of 
the time constant associated with the value of W{ij).  The decay curve of the 
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R-C network also provided a reference by which it could be decided whether 
one or more time constants were to be associated with the relaxation process. 

Two different spectrometers were used in the experiments. In one of these, 
the 12-in. magnet that supplied the static field was rotatable and in conse­
quence, errors in orientation made in placing the crystal in the microwave 
cavity could be compensated by external rotation of the magnet. In the other 
spectrometer, the 6-in. magnet could not be rotated. To avoid serious errors 
the crystal was usually cemented to the tuning plunger, which was then 
inserted in the cavity. 

The cavities of both spectrometers were immersed in liquid helium which 
was boiling at atmospheric pressure. Throughout this report all measurements 
were made at a temperature of 4.2° K. 

SATURATION MEASUREMENTS 

Figure 1 illustrates the saturation method of measuring W{ij).  Because of 
the field modulation, the recorder plotted a derivative with respect to the 

30 2 0 
POWER (db ) 

FIG. 1. A typical set of experimental points in a saturation measurement, fitted by a theo­
retical curve (solid line). The extrapolated linear regions, AB  and CD  meet at / . The power 
PI, used in equation (9), is calculated from the logarithmic power ratio P(db). 
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field when the static field was allowed to sweep through the resonance line. In 
many cases a sample of D.P.P.H. was placed in the cavity along with the 
sample under investigation. The ordinates of Fig. 1 are: 

^, ,,  .  ^^  ,  /max. value of derivative for D.P.P.H. \ 
S{dh) =  20 log I ,— )' 

\ max. value of derivative for sample / 

Since D.P.P.H. does not saturate, higher values of the ordinate express 
increased saturation of the sample. These ordinates are plotted against the 
power incident on the coupling hole of the cavity, expressed in decibels. 

The curve which appears in Fig. 1 is typical of all saturation measurements. 
On the logarithmic plot, two linear regions always appear, one for the condition 
S{ij) =  1, the other for S{ij)  == 0; the approach to a straight line for the latter 
condition is so slow that theoretical curves are required to establish the correct 
slope in any set of experiments. In Fig. 1, the two linear regions have been 
projected and are the straight lines AB  and CD;  these intersect at / , which 
provides a unique point on the diagram for determining W{ij). 

Andrew (1956, p. 108) provides enough information to determine the theo­
retical form of the saturation curves that appear in Fig. 1, when it is assumed 
that the line shape is of the Lorentz form and that the crystal characteristic a, 
equation {7b),  is zero; there are two subcases appropriate to whether the 
saturation factor S{ij)  is able to follow the modulation or whether it should 
be considered a constant. The exact solution when a  is not zero is a problem 
of considerable complexity and has not yet been solved. It is the purpose here 
to show that measurements based on the unique point of intersection, / , in 
Fig. 1 can be exact without a complete knowledge of the form of theoretical 
curves. 

In a theoretical derivation, the location of the straight line AB  is determined 
when the power P  to the cavity is very small, that is for a{ij),  equation (6a), 
approximately zero and S{ij)  very nearly unity. These approximations do not 
make Qp  equal to Qo  but they do simplify all relations in such a way that the 
equation of the line AB  can be found as a function of a.  When the power to 
the cavity is large, the parameter cr{ij)  is large and the saturation factor S{ij) 
approaches zero; in consequence the parameters of the empty cavity Qo,  /5o, 
and Ko  are excellent approximations for Qp,  /3p, and Kp.  The resultant equations 
are simple enough to permit the determination of the straight line CD  and 
hence to determine Pr,  the actual power (not its logarithm) appropriate to a 
perpendicular dropped from the point / to the axis of abcissae. 

The analysis shows that in terms of the power P / 

(9) W{ij)  = A{2T,{ij)  Viij)/H,\g(H),j)  K,P,. 

The multiplier A is a function of the crystal constant, a,  and the cavity cou­
pling constant ^Q.  Figure 2 represents a graph of the valuesof A plotted against 
the composite variable Q;/(1+/3O)- Four lines appear on the graph corresponding 
to the four subcases appropriate to a Lorentz or Gaussian model and to S{ij) 
invariant or variable with modulation. 
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<^ 

FIG. 2. The multiplier, A, from equation (9) plotted as a function of the variable a, 
equation {lb),  and da  the coupling constant for the empty cavity. The curves are plotted for 
different models: (1) Gauss, .S{ij)  invariant; (2) Gauss, S{ij)  variable; (3) Lorentz, S{ij) 
invariant; (4j Lorentz, S{ij)  variable. 

In order to improve the accuracy of the measurements, experimental points 
should be fitted by a theoretical curve in order to determine the location of the 
line AB  and the location and particularly the slope of the line CD  (see Fig. 1). 
This has been done with the approximate theoretical curves {a  =  0) which 
were available to the authors. It is from the fit and shape of these curves that 
conclusions have been drawn about whether or not the saturation factor S{ij) 
was to be regarded as a constant or a variable with modulation. 

PULSE MEASUREMENTS 

The same argument that has been used in connection with saturation 
measurements shows that, provided a{ij)  is large, the pulse measurements 
correspond to the decay of saturation. This restriction requires that the decay 
curve be fitted in its earlier portion for not too many time constants after the 
termination of the saturating pulse. 
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line AB and the location and particularly the slope of the line CD (see Fig. 1). 
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correspond to the decay of saturation. This restriction requires that the decay 
curve be fitted in its earlier portion for not too many time constants after the 
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All pulse data correspond to a single relaxation time. It is possible that 
later slow relaxation processes have been missed but since the circuits were 
operative 15 microseconds after the termination of the saturating pulse, it is 
unlikely that there were unobserved fast, initial relaxations. 

EXPERIMENTAL RESULTS FOR TsCy), THE SPIN-SPIN RELAXATION 
TIME 

In line-shape measurements, errors were avoided by picking crystals of such 
weight, In relation to the concentration of the paramagnetic ions, that there 
were too few spins to make necessary a correction for the reaction of the spins 
on the microwave cavity. In all measurements of line shape except one (on a 
ferricyanide sample) the spectrometer was operated so that the recorder traced 
line shapes rather than derivatives. 

There are available two methods for determining the value of T2  to be 
associated with an experimental line. The direct application of the definitions 
contained in equations (4a) and (46) require that the area under the curve be 
measured with a planlmeter; the error in this method may not be negligible If 
the line exhibits wide wings whose areas are difficult to determine. As a second 
method, the normalized Lorentz and the normalized Gaussian line shapes may 
be fitted at (for example) the half-height of the normalized experimental curve. 
This procedure has the advantage of not requiring a determination of the 
area under the wings but Is approximate since few experimental lines fit the 
models with precision. The result of both procedures applied to potassium 
chromicyanide appears In Table II. 

Transition 

T2 =  g{Ho)/2 
Lorentz model 

T A B L E 

Expressions 

(1-2) 

2.9C-0-56 
1.9C-o«3 

II 

for T2 

(2-3) 

6.8C-0-55 
5.6C-0-63 

(3-4) 

2.9C-0-65 
1.9C-0-63 

Results measured for potassium chromicyanide, when the c-axis was parallel 
to the static magnetic field and the temperature was 4.2° K. The entry expresses 
Tiiij) in units of lO"^ seconds. The measured magnetic concentration C  is to be 
expressed in per cent and the table is valid for 0.06 < C < 1.5. At the lowest 
concentration the half-width in magnetic field was Aff (1,2) = AH(3  4) = 10 5 
oersteds; Ai?(2,3) = 3.95 oersteds. 

The statements in Table II are to be regarded as predicting a mean value 
for T2  appropriate to a concentration C.  The average deviation In the experi­
mental results for each of the measured concentrations was ± 2 and in conse­
quence the following statement Is typical of the meaning of any entry: 

7^2(2,3) = (6.8C-o-^5±2)X10-» seconds. 

Precision Is expressed, using average deviation. In this manner in connection 
with experimental results that appear elsewhere In this report. 

It will be observed that results by the two methods overlap In view of the 
limits set by errors. In the process of fitting the experimental shapes, it was 
observed that when the concentration was below 1% the experimental shapes 
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approximated that of Lorentz. The higher concentrations departed from the 
Lorentz shape but could not be fitted by a Gaussian line. 

Bleaney and Ingram (1951) measured the line width of cobalt tutton salt 
as a function of concentration; they have reported that the line reached an 
approximately constant width for all nominal concentrations below 0 . 1 % and 
have suggested that the limiting width is set by the magnetic moment of the 
protons. It is interesting to note that in Table II there is no indication that a 
constant width is being approached, probably because of the small magnetic 
moment associated with the CN radicals. 

Castle, Chester, and Wagner (1960) have measured the line widths associated 
with the (2-3) transition in dilute chromicyanide for measured concentrations 
ranging from 0.06% to 1.9%. For many of the samples, the line was found 
to be Lorentzian out to three line widths. The line width increased with con­
centration even at the lowest concentrations. Evidence in their experiment 
suggests that the line is broadened inhomogeneously. The line widths of samples 
of the same concentration but from different sources were different from each 
other by ratios of more than 2:1. For purposes of comparison, using a Lorentzian 
model, the authors of the present paper have expressed the results of Castle 
et al.  in the same form as that used in Table I I ; the result is displayed for 
comparison in Table III . 

Swarup (1959) has made a study of the line shapes to be associated with 
the resonances In dilute chromicyanide. Most of the nominal concentrations 
are greater than have been considered In the present paper and further an 
error was made in reporting the measured concentrations which was later 
corrected; the relation between nominal and measured concentration, after 
correction, is not the same as the results In Table I of the present paper. Swarup 
finds Ai7(34) to be nearly the same as AH{12) and both of these to be somewhat 
greater than AH{23).  Marr and Swarup (1960) report values of r2(23) for 
three nominal concentrations of chromicyanide. The present authors have 
assumed that the nominal and measured concentrations are related as In Table 
I and on this basis have converted the Marr and Swarup results into the form 
displayed in Table III . 

TABLE III 

Comparison of various measurements of 7^2(23) 
for K3Cr(CN)6 

Author 3"2(23) seconds 

Castle, Chester, and 
Wagner 5AC-'-^^X10-' 

Marr and Swarup T.SC-o^xiQ-^ 
KSVW (Lorentz model) (5.6C-o-63±2)X10-9 
KSVW {g{Ho)/2)  (6. 8C-o-55±2) XIQ-^ 

The measurements by several authors have been converted to 
comparable form by (KSVW). 

In Table IV are listed the measured values of T2  for ferricyanide; the values 
ere computed from the experimental lines using the Lorentzian approxi-
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KSVW (Lorentz model) (5. 6C-O.63±2) X 10-9 

KSVW (g(Ho)/2) (6. 8C-O·55±2) X 10-9 

The measurements by several authors have been converted to 
comparable form by (KSV\V). 

In Table IV are listed the measured values of T 2 for ferricyanide; the values 
were computed from the experimental lines using the Lorentzian approxi-
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matlon. Values of T{23)  for chromicyanide computed from a Lorentz model 
are given for comparison. 

TABLE IV 
Values of T2 

Concentration, 
% 

0.2 
0.4 

T2 in units of 10 ^ seconds 

K3Fe(CN)6 K3Cr(CN)6 

14d=l 15=b2 
6 . 2 ± 1 8 . 6 ± 2 

EXPERIMENTAL RESULTS FOR W(ij),  THE EFFECTIVE, LATTICE-
INDUCED TRANSITION PROBABILITY 

Both pulse and saturation measurements of W{ij)  have been made on 
potassium chromicyanide. A very marked change in W{ij)  for the higher con­
centrations suggests the appearance of a new relaxation mechanism; accord­
ingly, the results are reported separately for the range of concentrations 0.49% 
and less and for a concentration of 1.5%. In the region of lower concentrations, 
it has not been possible to Identify any pattern In the results which would lead 
to the statement that one transition behaves In a manner different from the 
others; for this reason all values of W{ij)  have been averaged Into a single W 
and the value of this parameter Is taken to be representative of all transitions. 

Within the precision of the pulse measurements, relaxation in the range of 
concentrations from 0.061% to 0.49% is characterized by a single time constant 
and this time constant is independent of concentration. The value of W 
calculated from the pulse measurements is: 

W = 65±7 sec-i. 

In applying saturation analysis to the low concentration measurements, it 
was necessary to decide on a model line shape and also to decide whether or 
not, at a modulation frequency of 200 c.p.s., the saturation factor varied with 
the modulation. Line-shape studies have shown that the best approximation is 
the Lorentz line. In order to decide the question concerning the saturation 
factor, experimental results were fitted to theoretical curves and the excellence 
of fit given a score; the evidence was about two-to-one In favor of a saturation 
factor, S{ij)  invariant at the modulation frequency. Subject to these decisions 
the value of W  was found to be: 

1^ = 64 CO-28±10 sec-i. 

In this relation, C  is the measured concentration and the relation Is known to 
apply over the range of concentration expressed by 0.06% < C < 0.49%. 

There is as yet no explanation for the fact that the pulse measurements yield 
a value of W  which Is Independent of concentration while the saturation 
measurements indicate a small but unmistakable dependence on concentration. 

The measurements on samples containing 1.5% chromicyanide are sum­
marized in Table V. 
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mation. \Talues of T(23) for chromicyanide computed froln a Lorentz lllodei 
are given for comparison. 

TABLE IV 

Values of T2 

T 2 in units of 10-9 seconds 
Concentration, 

Cf 
/0 

0.2 
0.4 

14±1 
6.2±1 

15±2 
8.6±2 

EXPERIl\1ENTAL RESULTS FOR W(ij), THE EFFECTIVE, LATTICE­
INDUCED TRANSITION PROBABILITY 

Both pulse and saturation measurenlents of W(ij) have been made on 
potassium chromicyanide. A very marked change in W(ij) for the higher con­
centrations suggests the appearance of a new relaxation mechanislTI; accord­
ingly, the results are reported separately for the range of concentrations 0.49% 
and less and for a concentration of 1.5%. In the region of lower concentrations, 
it has not been possible to identify any pattern in the results which would lead 
to the statement that one transition behaves in a manner different from the 
others; for this reason aIl values of W(ij) have been averaged into a single W 
and the value of this parameter is taken to be represen ta ti ve of aIl transitions. 

v\Tithin the precision of the pulse measurements, relaxation in the range of 
concentrations from 0.061 % to 0.49% is characterized by a single time constant 
and this time constant is independent of concentration. The value of W 
calculated from the pulse measurements is: 

W = 65±7 sec-l . 

In applying saturation analysis to the low concentration measurements, it 
was necessary to decide on a model line shape and also to decide whether or 
not, at a modulation frequency of 200 C.p.s., the saturation factor varied with 
the modulation. Line-shape studies have shown that the best approximation is 
the Lorentz line. In order to decide the question concerning the saturation 
factor, experi men tal results were fi tted to theoretical curves and the excellence 
of fit given a score; the evidence was about two-to-one in favor of a saturation 
factor, S(ij) invariant at the modulation frequency. Subject to these decisions 
the value of W was found to be: 

W = 64 CO.28 ± 10 sec-l • 

In this relation, C is the Ineasured concentration and the relation is known to 
apply over the range of concentration expressed by 0.06% -< C -< 0.49%. 

There is as yet no explanation for the fact that the pulse measurements yield 
a value of W which is independent of concentration while the saturation 
measurements indicate a sm aIl but unmistakable dependence on concentration. 

The measurements on samples containing 1.5% chromicyanide are sum­
marized in Table V. 



KIPLING ET AL.: CONCENTRATION DEPENDENCE 1871 

There are three reasons why the Lorentz and Gauss assumptions, applied 
to saturation data, lead to the different values of W{ij)  displayed In Table V, 

TABLE V 

Values of Wiij)  for K3Cr(CO)6 

Transition 

(3-4) 

(2-3) 

(1-2) 

Pulse 
measurements 

460 

450 

190 

Model 

Lorentz 
Gauss 

Lorentz 
Gauss 

Lorentz 
Gauss 

Saturation measurements 

Dependence 

Invariant 

240 
190 

470 
380 

380 
270 

of S{ij)  on modulation 

Variable 

770 
970 

1800 
2000 

1200 
1200 

Values of Wiij)  in units of sec'i for potassium chromicyanide in a concentration of 1.5%. The crystals were at 
a temperature of 4.2° K and were oriented with the c-axis parallel to the static magnetic field, il(rf) was parallel 
to the &-axis of the crystal; transition probabilities V{ij)  correspond to this arrangement. Saturation results have 
been analyzed subject" in turn to each of the four possible ideal assumptions concerning the experiment. 

although the differences are not as great as might have been supposed. The 
greatest difference arises in the value chosen for Pj  because of the different 
shapes of the theoretical curves which were used to fit the experimental data 
in the manner shown in Fig. 1. Less important are the different values of A 
obtained from Fig. 2 and the different values of T2  which resulted from fitting 
the experimental line shapes with either a Lorentz or Gauss model. 

The pulse measurements of W{ij)  are considered to be the most reliable, 
partly because no assumptions are required and partly because the measure­
ments are so rapid that instrumental instabilities have little effect on the 
result. All the results, including the pulse measurements, were repeated on 
different davs; It is believed that there Is good justification for reporting that, 
at a concentration of 1.5%, the (1-2) transition does not respond in the same 
manner as do the other two. 

Comparable data on chromicyanide have been published by Marr and 
Swarup (1960) and by Castle, Chester, and Wagner (1960). Marr and Swarup 
have reported that, in nominal concentrations of 0 .1% and 0.5%, the spin-
lattice relaxation time, Ti, of chromicyanide is a function of the power used 
in saturating the salt. The authors of the present paper have not been able to 
repeat this result; W{ij)  appears to be independent of the saturatmg power. 
Values of W  computed from the Marr and Swarup, thermal-equilibrium, 
spin-lattice relaxation time (which they call H ) , are all higher than are 
reported in the present paper and this is particularly true for their nominal 
concentration of 1.0%. 

Castle, Chester, and Wagner (1960) report an increase in the rate and a 
marked change In the nature of the recovery In passing from a measured 
concentration of 0.5 to 1.0% Cr3+ Ion. Values of 1/Ti  appropriate to 4.2° K 
can be picked for two concentrations from their Fig. 6: for a concentration of 
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There are three reasons why the Lorentz and Gauss assumptions, applied 
to saturation data, lead to the different values of W(ij) displayed in Table V, 

TABLE V 
Values of W(ij) for K3Cr(CO)6 

Saturation measurements 

Dependence of S(ij) on modulation 
Pulse 

Transition measuremen ts Model Invariant Variable 

(3-4) 460 Lorentz 2-:10 770 
Gauss 190 970 

(2-3) 450 Lorentz 470 1800 
Gauss 380 2000 

(1-2) 190 Lorentz 380 1200 
Gauss 270 1200 

\Talues of lV(ij) in units of sec-1 for potassium chromicyanide in a concentration of 1.5%. The crystals were at 
a temperat~re of 4.20 K and wer~ ?riented wi.t~ .the c-~;Cis parallel to the ~tatic magnetic field. H(rf) was parallel 
to the b-axls of the crystal ~ transitIOn probablhUes yeU) correspond to thlS arrangement. Saturation results have 
been analyzed subject in turn to each of the four possible ideal assumptions concerning the experiment. 

although the differences are not as great as might have been supposed. The 
greatest difference arises in the value chosen for PI because of the different 
shapes of the theoretical curves which were used to fit the experimental data 
in the manner shown in Fig. 1. Less im portan t are the differen t values of A 
obtained from Fig. 2 and the different values of T 2 which resulted from fitting 
the experimental line shapes \vith either a Lorentz or Gauss model. 

The pulse measurelnents of W(ij) are considered to be the most reliable, 
partly because no assumptions are required and partly because the measure­
ments are so rapid that instrumental instabilities have little effect on the 
result .... ;,\11 the results, including the pulse measurements, were repeated on 
different days; it is believed that there is good justification for reporting that, 
at a concentration of 1.5%, the (1-2) transition does not respond in the san1e 

manner as do the other two. 
Comparable data on chromicyanide have been published by l\Iarr and 

Swarup (1960) and by Castle, Chester, and \Vagner (1960). :\'larr and Swarup 
have reported that, in nominal concentrations of 0.1 % and 0.5%, the spin­
lattice relaxation time, Tl, of chromicyanide is a function of the power used 
in saturating the salt. The authors of the present paper have not been able to 
repeat this result; W(ij) appears to be independent of the saturating power. 
Values of W computed from the :\1arr and Swarup, thermal-equilibrium, 
spin-Iattice relaxation time (which they calI T~), are aIl higher than are 
reported in the present paper and this is particularly true for their nominal 

concentration of 1.0%. 
Castle, Chester, and V\Tagner (1960) report an increase in the rate and a 

n1arked change in the nature of the recovery in passing from a measured 
concentration of 0.5 to 1.0% Cr3+ ion. Values of 11T l appropriate to 4.2

0 

K 
can be picked for two concentrations from their Fig. 6: for a concentration of 
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0.06%, l / T i is reported to be about 180 and for a concentration of 0.4% to 
be 200 sec-\ thus indicating a very slow increase In l / T i with concentration. 
In the present results, for low concentration W  has been found to be 65 sec~^ 
which yields for comparison a somewhat lower value of 130 sec~^ for l/7\. 

Potassium ferrlc^-anlde relaxes vcr\' rapidly; measurements have shown that 
Ti for chromicyanide is about 30 times as great as that for ferricyanide. This 
rapid relaxation has made measurements difficult and has led the writers to 
be suspicious of the accuracy- of the experimental results on this salt. The 
results In Table VI are to be regarded as order-of-magnitude figures; until 
further work is reported no great significance should be attached to the fact 
that W  for the higher concentration is smaller than W  for the lower concen­
tration. These measurements were made b>̂  the saturation method. The fit of 
the theoretical curves suggests that the saturation factor, S,  did not vary with 
the field modulation. 

TABLE VI 

Values of W  for K.3Fe(CN)6 

Dependence of 5 on modulation 
Concentration, 

% Invariant Variable 

0.2 2200±660 6500±2100 
0.44 960zh360 3100±1400 

Values of W  in units of sec~i for potassium ferricyanide. 
The crystals were at a temperature of 4.2° K and were 
oriented with the 6-axis parallel to the static magnetic 
field. The direction of H{ri)  was parallel to the c-axis of 
the crystal and the transition probability, V,  was calculated 
for this arrangement. A Lorentz line has been assumed. 

Bray, Brown, and Kiel (1960) have reported, briefly, on pulse measurements 
of Ti  for ferricyanide at temperatures between 2.6 and 4.2° K. The concen­
tration of the sample Is not mentioned In their abstract. They suggest that at a 
temperature of 4.2° K the Raman process is dominant. They find that the 
relaxation process Is characterized by two relaxation times; it is possible that 
the uncertainties associated with the measurements in Table VI are related 
to this result of Bray et  al. 

DISCUSSION 

The main purpose of this paper has been to report and collate experimental 
measurements; a second purpose has been to examine the relation between 
pulse and saturation measurements. The results give support to the idea that 
in a concentration of 1.5%, the Cr^+ ion in a cyanide environment relaxes by 
way of some mechanism which Is not present or at least not dominant when the 
concentration Is 0.5% or less. It would appear that if the results are to be 
understood, separate theories corresponding to the two different ranges of 
concentration are required. 

It may be supposed that the mechanisms are different in the two ranges of 
concentration because of differences in the amount of coupling throu^-hout the 
spin system. For the higher concentrations, the spins constitute one thermo-
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O.OGS~, l/T l is reported to be about 180 and for a concentration of 0.4% to 
be 200 sec-l thus indicatin a a very slow increase in 1/ Tl "vith concentration. , b J 

In the present results, for low concentration W has been found to be 65 sec-l, 
which yields for conlparison a sonlewhat lower value of 1:30 sec-l for 1/1'1. 

Potassium ferricyanide relaxes very rapidly; nleasurenlents have shown that 
Tl for chrolnieyanide is about 30 tinles as great as that for ferricyanide. This 
rapid relaxation has made 111easurelnents difficult and has led the writers to 
be suspicious of the accuracy of the experilnental results on this salt. The 
results in Table \'1 are to be regarded as order-of-magnitude figures; until 
further ,york is reported no great significance should be attached to the fact 
that W for the higher concentration is s111aller than W for the lower concen­
tration. These Ineasurell1ents were ll1ade by the saturation ll1ethod. T'he fit of 
the theoretical curves suggests that the saturation factor, S, did not vary with 
the field nlod ulation. 

TABLE VI 

Values of W for K3Fe(C~)s 

Dependence of S on modulation 
Concentration, -------------

% Invariant 

O. 2 2200 ±660 
0.44 960 ±360 

Variable 

6500±2100 
3100±1400 

Values of W in units of sec-1 for potassium ferricyanide. 
The crystals were at a temperature of 4.20 K and were 
oriented with the b-axis parallel to the static magnetic 
field. The direction of H(rf) was parallel to the (-axis of 
the crystal and the transition probability, V. \Vas calculated 
for this arrangement. .\ Lorentz line has been assumed. 

Bray, Brown, and Kiel (1960) have reported, briefly, on pulse measurements 
of Tl for ferricyanide at temperatures between 2.6 and 4.2 0 K. The concen­
tration of the sample is not mentioned in their abstracto They suggest that at a 
temperature of 4.2 0 K the Ralnan process is dominant. They find that the 
relaxation process is characterized by two relaxation tinles; it is possible that 
the uncertainties associated with the nleasurelnents in T'able VI are related 
to this result of Bray et al. 

DISCUSSIO:'\ 

The main purpose of this paper has been to report and collate experimental 
measurelnen ts; a second purpose has been to exall1ine the relation between 
pulse and saturation measurenlents. The results give support to the idea that 
in a concentration of 1.5%, the Cr3+ ion in a cyanide environment relaxes by 
way of some nlechanism which is not present or at least not dOlninant when the 
concentration is 0.5% or less. l t would appear that if the results are to be 
understood, separate theories corresponding to the two different ranges of 
coneen tra tion are req uired. 

l t may be supposed that the mechanisnls are different in the two ranges of 
concentration because of differences in the alnount of coupling throughout the 
spin system. For the higher concentrations, the spins constitute one thermo-
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dynamic system, the lattice another; relaxation is a co-operative phenomena. 
For the lower concentrations, to a first approximation, the paramagnetic ions 
are completely uncoupled from each other; each ion is on its own and relaxes 
to the lattice as an individual. This idea as It has appeared In the literature 
has been surveyed by \\^oonton in a review article to be published (written in 
the spring of 1960 and containing references only up to that time). 

For the lower range of concentrations, Kittel (1958) suggested a form for 
coupling between the individual spins and the lattice. Alattuck and Strandberg 
(1960) worked out a detailed analysis of this type of coupling. Shiren and 
Tucker (1961) have produced experimental evidence which tends to validate 
the theory. The operator, Jf̂ , which Alattuck and Strandberg have called the 
spin-lattice Hamiltonian can be used to yield values of the lattice-Induced 
transition probabilities such as U{ji).  Among other terms, the leading term 
of J^  Is the anticommutator of the effective spin operators. This leading term 
applied to the wave functions of ferric\ anide yields matrix elements which 
are identically zero, but this is not true in the case of chromicyanide. From 
this fact it must be concluded that it is unsafe to attempt to extrapolate the 
behavior of one salt as an explanation of phenomena related to the other. 

The leading term of the Alattuck and Strandberg operator applied to the 
wave functions of chromicyanide yields very small values for U{2,3),  U{S,2), 
U(l,^), and U{4:,1).  It had been hoped that differences In the values of W{ij) 
might appear because of these differences in the f/'s; it has been shown that 
within experimental error, the values of the W's  are all the same and so no 
specific statements can be made yet about the f/'s by the methods reported 
in this paper. It is now clear that the experiments should have been arranged 
so that the forbidden transitions could have been measured. 

\ ' an Vleck (1960, p. 398) has discussed ideas which apply in the range of 
higher concentrations: irregularities in the lattice constitute localized centers 
of very rapid relaxation which form a strong coupling between the lattice and 
the spin system. Van Vleck explains that by irregularities he means unusual 
situations for the paramagnetic ions such that an ion experiences an unusual 
stark splitting or that the ions happen to be in close-spaced groups of three 
or more, resulting In "exchange pockets". As Van Vleck says, "There Is the 
difficulty of getting enough energy transport from the average atom to one 
which Is a fast relaxer. The intermediary for doing this would have to be 
dipolar coupling". Van Vleck and others have suggested that the coupling 
mechanism is cross relaxation as worked out by Bloembergen et  al.  (1959). 
The experiments of Castle, Chester, and Wagner (1960) reinforce this sug-
eestion. Presumably the region of concentrations over which the mechanism 
of relaxation changes could be controlled by varying the orientation of the 
crystal with respect to the static magnet field, thus controlling the onset of 
strong cross relaxation. 
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