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mass by plotting the product MO2 so that they correspond 
to an average interatomic force constant in a central-
force model of lattice vibrations. I t is apparent that the 
force constant for hafnium is considerably larger than 
the force constants for the other three metals. The 
atomic volume of hafnium also is unusually small as 
shown in the second curve in the figure as a result of the 
lanthanide contraction which accompanies the filling of 
the 4 / shell. This contraction is due to a stronger field 
acting upon the valence electrons as a result of the in
complete screening by the 4 / electrons of the increased 
nuclear charge and results in increased binding forces. 
Thus the high force constant for hafnium is believed to 
be principally due to the lanthanide contraction. Elec
trons in both s and d bands contribute to the electronic 
specific heat. Since the 5-wave functions are more 

I. INTRODUCTION 

TH E application of an electric field to a crystalline 
lattice will produce an optical mode distortion of 

the lattice. This electric polarization of the lattice will 
produce an associated internal electric field and its 
corresponding spacial derivatives. Bloembergen1 has 
pointed out that for nuclei or paramagnetic ions in a 
lattice whose sites lack inversion symmetry, an exter
nally applied electric field E produces a change in the 
quadrupole coupling constants or in the crystalline 
field splittings which are proportional to E. Such 
changes in the nuclear quadrupole coupling were first 
observed as a frequency shift or a broadening of the 
nuclear quadrupole resonance line.2,3 This linear electric 

1 N . Bloembergen, Science 133, 1363 (1961). 
2 T. Kushida and K. Saiki, Phys. Rev. Letters 7, 9 (1961). 
3 J. Armstrong, N. Bloembergen, and D. Gill, Phys. Rev. Letters 

7, 11 (1961). 

penetrating, the bottom of the s band should be lowered 
with respect to the bottom of the d band by increasing 
nuclear charge. In terms of the two-band model then, 
this would result in a smaller number of electrons in the 
d band, and hence, a decreasing electronic specific heat 
with increasing nuclear charge. Strictly speaking, this is 
only true if a decrease in the density of states in the d 
band occurs with a decrease in the number of electrons 
in the band but experimental evidence from zirconium 
alloys indicates this to be a reasonable assumption. As 
a result of the lanthanide contraction, the s and d wave 
functions should overlap to a great extent in hafnium 
and, therefore, the density of states should be reduced 
still further. The figure shows that this effect must be 
small, however, compared to the shift in position of the 
s and d bands. 

field shift has also been observed in paramagnetic 
resonance spectra.4,5 

Bloembergen1 also suggested that if an oscillating 
electric field whose frequency matches the resonance 
condition is applied, transitions may be induced at a 
rate proportional to E2. This effect has been observed by 
means of a change in the nuclear free induction decay 
signal for Ga69, Ga71, and As75 in GaAs when electric 
quadrupole transitions, Am = ± 2 , were induced by 
means of an external electric field.6 

4 G. W. Ludwig and H. H. Woodbury, Phys. Rev. Letters 7, 
240 (1961); J. O. Artman and J. C. Murphy, Bull. Am. Phys. Soc. 
7, 14 (1962). 

5 E. B. Royce and N. Bloembergen, Bull. Am. Phys. Soc. 7, 
200 (1962). After completion of this experiment, Bloembergen has 
kindly informed us that R. Dixon has observed the dc electric field 
effect on Al27 NMR lines in Al203. This was accomplished by using 
as much as 300 kV/cm. We would like to acknowledge the valuable 
comment given by Professor N. Bloembergen. 

6 E. Brun, R. Hann, W. Pierce, and W. H. Tanttila, Phys. Rev. 
Letters 8, 365 (1962). 
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The application of an electric field to a crystalline lattice will, in general, produce an optical mode distor
tion. This lattice distortion will contribute to the electric field gradient tensor at the positions of the various 
atoms in the lattice. By applying an oscillating electric field to a single crystal of a-Al203 we have induced 
Am = ± 2 transitions for the Al27 nuclear spins. These "quadrupole" transitions were observed with a nuclear 
double resonance technique at 4.2°K. An rf electric field orthogonal to the trigonal axis of the crystal induced 
an oscillating asymmetry parameter rj in the electric field gradient tensor. The magnitude of y as determined 
from the transition probability is 1.5Xl0~7/(V/cm). The transient behavior as well as the steady-state pop
ulations were observed following the application and removal of the rf electric field. The initial slope of the 
signal following the application of the electric field was used to determine the quadrupole transition prob
ability, and the remaining transient response was interpreted qualitatively in terms of the normal modes of 
the relaxation. These modes were derived from the rate equations which included the external driving terms. 
The line shape for the Am = ± 2 nuclear electric resonance was observed indirectly and is more than twice as 
broad as the dipolar lines with a distinct asymmetry. The width and shape are interpreted in terms of the 
nuclear dipole-dipole interaction. 
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FIG. 1. Schematic drawing of the 
nuclear double resonance system to 
observe an electrically induced nuclear 
transition. 
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In the present experiment, we have observed electri
cally induced quadrupole transitions for Al27 in A1203 

using a double resonance technique. With the chosen 
geometry, the electric field produces an asymmetry rj in 
the field gradient tensor. The measured transition 
probability gives the magnitude of the induced rj. 

The nuclear orientation energy can be expressed by 
the following Hamiltonian, if an external magnetic field 
# 0 is parallel to the direction of the largest principal axis 
of the field gradient tensor, 

3C = •Hal, 
e2Qq 

4/(27-1) 
£3I*-P+Ml+

2+I-2n (1) 

where conventional notations are used and the direction 
of Ho is chosen as the z axis. 

Since the first (Zeeman) term is larger than the second 
(quadrupole) term in the present case, six equally spaced 
Zeeman levels corresponding to 7 = 5 / 2 for Al27 are 
perturbed by the quadrupole term giving five nuclear 
magnetic dipole resonance (NMR) lines which corre
spond to Am= ± 1 transitions.7 Since an A1203 (a-Al203) 
crystal has threefold symmetry about its c axis which is 
parallel to the direction of the principal axis of the field 
gradient tensor z, rj is zero when the external electric 
field is absent. If the oscillating electric field is applied in 
the xy plane, the local distortion of the environment 
about the Al ion will produce an oscillating asymmetry 
parameter. This can produce the quadrupole transitions 
A m = ± 2 , since (I+2+IJ) has nonvanishing matrix 
elements only for Am = ± 2 in the representation which 
diagonalizes the remaining time-independent terms. 

Since this electrically induced transition disturbs the 
nuclear populations among these energy levels, this 
transition can be observed as an intensity change or as 
a reversal of the intensity in the N M R signal which 
corresponds to one of the A m = ± l transitions. 

II. EXPERIMENTAL METHOD AND RESULTS 

The nuclear magnetic resonance line of Al27 was ob
served using a conventional modified Pound-Knight-

7 R. V. Pound, Phys. Rev. 79, 123 (1950). 

Watkins spectrometer as is shown in Fig. 1. In order to 
prevent the interference from the strong oscillating 
electric field, whose frequency is roughly twice that of 
the spectrometer frequency, an rf trap8 was inserted 
between the sample coil and the spectrometer. The 
experiment was carried out at liquid-He temperature. 
The steady-state signal and the relatively slow part of 
transient nuclear signals were displayed on the recorder, 
and the faster part was observed on the CRO screen of 
a Tektronix 545A. 

The sample was 0.01% Cr-doped single-crystal disk 
of ruby, A1203 with 11.2 mm diam and 1.9 mm thickness. 
The c axis was in the disk plane, and gold films were 
sputtered on these planes as electrodes. The axis of the 
spectrometer rf coil was perpendicular to the electrodes. 
The alignment of the c axis of the crystal to the direction 
of the magnetic field Ho was accomplished by observing 
the quadrupole splittings of the N M R lines with an 
accuracy of one degree. The misalignment of the crystal 
may cause a slight mixing of the energy states, which 
may permit weak magnetic dipole transitions between 
Am—±2 levels. Since the oscillating electric field is 
accompanied by a displacement current, the oscillating 
magnetic field produced by this current may induce 
weak A m = ± 2 magnetic transitions. This effect of 
the displacement current was actually observed in 
this laboratory for a similar but preliminary electric 
field experiment using a NaBr0 3 single crystal. The 
( ± 3 / 2 <=» ± 1 / 2 ) or the ( ± 3 / 2 <=± =Fl/2) transition be
tween Zeeman-split levels of Br81 was excited by the 
oscillating electric field, while the (+l/2<=» —1/2) tran
sition was monitored with the spectrometer at liquid-
nitrogen temperature. A strong enhancement in the 
spectrometer signal was observed only when the 
(±3/2<=±±l/2) transition was excited. No effect was 
observed for the ( ± 3 / 2 ^ =F 1/2) transition. Since the 
transition probabilities for these two transitions are 
expected to be about the same for the electric excitation, 
the observed effect is associated with the magnetic 
transition induced by the magnetic field associated with 
the displacement current. 

8 A. H. Silver, J. Phys. Chem. Solids 23, 273 (1962). 
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FIG. 2. The nuclear electric resonance 
line (5/2<=±l/2) observed as an intensity 
change in the monitor NMR signal 
(5/2 +± 3/2). The frequency markers indi
cate the frequency of the rf electric field. 
The signal to the left of the frequency 
marker 21 138.80 kc/sec shows the zero 
point of the system, the deflection be
tween the markers 21138.80 and 21139.55 
corresponds to the amplitude of the 
monitor NMR signal when the rf electric 
field does not hit the resonance frequency. 
As the frequency of the electric field 
increases, the monitor signal decreases, 
and near the center of the electric reso
nance the monitor signal goes beyond the 
zero point indicating the presence of an 
induced emission. The voltage of the rf 
electric field across the sample (1.9 mm 
thick) is 280 V p-p. 

In order to observe the electric field transition using 
the present technique, the spin-lattice relaxation time 
Ti must be longer than the inverse of the transition 
probability. The effect for the A1203 crystal was not ob
served at liquid-nitrogen temperature, because 7 \ is not 
long enough at this temperature. Our attempt to observe 
this effect at liquid-He temperature for the NaBrC>3 
single crystal was unsuccessful with the present setup, 
because the ( ± 1/2 +± T 1 / 2 ) line was very strongly 
saturated at this temperature even with the weakest 
possible rf level of the spectrometer. The effect would be 
observed if a bridge spectrometer or a Robinson-type 
spectrometer9 were used to reduce the rf level further. 

We will rule out the effects of the displacement cur
rents in our present experiments in AI2O3 for the follow
ing reasons: (i) The magnitude of the displacement 
current for the AI2O3 experiment was about one order of 
magnitude smaller than the case of the NaBr03 experi
ment, because the electric field frequencies used in these 
experiments were about 20 and 150 Mc/sec, respec
tively. Therefore, the transition probability accom
panied by this effect is different by two orders of 
magnitude, (ii) If this effect is responsible for the ob
served Aw=zb2 transitions in the present experiment, 
the transition probability must depend on the mixing 
rate of the states which make this magnetic transition 
possible. Therefore, the intensity of the observed transi
tions ought to depend strongly on the alignment of the 
crystal. The observed intensity, however, did not change 
with slight changes in the crystal axis orientation. 

A 180-W Heathkit Apache transmitter was used to 
provide the electric field in conjunction with an rf 
transformer. Since the tuning range of this transmitter is 
relatively small (21.000-21.450 Mc/sec), the magnetic 
field was so adjusted as to satisfy one of the Am = ± 2 
transitions for this frequency. The magnetic field was 
modulated with 280 cps. 

A "nuclear electric resonance" line thus observed is 
shown in Fig. 2. Here the spectrometer frequency was 
adjusted to the (5/2 *± 3/2) line so that the recorder 

9 F. N. H. Robinson, J. Sci. Instr. 36, 481 (1959). 

signal gives the negative maximum deflection in the 
derivative curve. The frequency of the Apache trans
mitter was swept over the (5/2 *± 1/2) transition fre
quency. The frequency markers in the figure indicate 
the transmitter frequencies. The off-resonance position, 
namely, the recorder indication when neither the spec
trometer nor the transmitter frequency satisfies the 
resonance conditions, is indicated at the left part of the 
curve. The spectrometer signal decreases when ap
proaching the resonance frequency for the Am = ± 2 
transition, and it reverses at the center of the line. This 
shows that the population at the 3/2 level was made 
larger than the lower-lying 5/2 level by the electric field 
pumping. 

I t is noted that the apparent linewidth is considerably 
larger than that of the usual N M R lines, which are 
about 8 kc/sec,10 and the line shape is not symmetric. 

Now the transient response of the N M R monitor 
signal was investigated. Figure 3 shows a typical 
transient response curve schematically. First, the static 
magnetic field was kept at an off-resonance value for 
more than 10 min in order to permit the nuclear spin 
system to reach its equilibrium state. The recorder trace 
gives the zero point of the system, which corresponds to 
the left part of A in the figure. 

The magnetic field was flipped to the value which 
gives the maximum deflection of the derivative curve 
of the NMR line (A at Fig. 3). After the intensity of the 
nuclear signal reaches equilibrium at a partially satu
rated value, the pumping electric field, whose frequency 
was previously adjusted to the center of the Am = ± 2 
transition, was switched on (B). This partial saturation 
is not necessary for the observation of the electric field 
effect and the interpretation of the observed curve be
comes simpler if the rf level of the spectrometer is kept 
sufficiently small so as to avoid saturation. I t was 
necessary, however, to keep the rf level at the partially 
saturating value for the present setup, in order to obtain 
a good signal-to-noise ratio with a relatively short time 
constant of 2.5 sec for the lock-in amplifier. 

10 A. H. Silver, T. Kushida, and J. Lambe, Phys. Rev. 125, 1147 
(1962). 
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When the pumping field is switched on the nuclear 
signal amplitude changes rapidly at first and then 
gradually reaches a new stationary value. Incidentally, 
the electric resonance shown in Fig. 2 was obtained with 
a sufficiently slow sweep speed for the transmitter fre
quency so that the observed resonance curve follows this 
stationary value as a function of the transmitter 
frequency. 

The shape of the transient curve depends on which 
N M R line one is observing, which transition is saturated 
by the electric pumping, and the value of both pumping 
voltage and the spectrometer rf level. 

A general consideration which will be shown later 
indicates that the response curve can be described as a 
linear combination of at most five normal relaxation 
modes for the case of spin 5/2. Each mode has a 
characteristic time dependence e x p ( — \ w t ) , where the 
\(k) ( £_ 1? 2, • • *, 5) are the inverse of the five charac
teristic relaxation times, respectively. I t is noted that 
any number of external driving fields and/or spin-
lattice relaxation mechanisms does not increase the 
number of the relaxation modes. They only change the 
magnitude of \ w , and the initial condition changes the 
amplitude of the normal modes of relaxation. 

Since the over-all response time of the apparatus in
cluding the spectrometer through the recorder was 
about 2.5 sec, the initial fast response of the nuclear 
signal was masked by the equipment response time. 
Therefore, this initial part was displayed separately on 
the CRO screen as shown in Fig. 1, without using the 
phase detector and the recorder. The over all response 
time of this latter system was less than 1 sec and was 
predominantly determined by the bandwidth of the 
tuned amplifier. 

After the spin system attained equilibrium with the 
pumping field, the electric field was turned off (C in 
Fig. 3), and the recovery curve to the equilibrium spin 
distribution with the rf magnetic field was recorded, 
(C—D), At D the magnetic field was changed to the 
off-resonance position to check the zero point of the 
system. 

The transient curves were observed for all five N M R 
lines when the (5/2 <=± 1/2) or the (3/2 <F± - 1 / 2 ) pump
ing electric field was applied, since the (m^±m—2) 
pumping gives the same results for the (m'-^±mf-~ 1) 
monitor signal as the [—m^± — {m— 2)] electric transi
tion produces to the [_—mf ̂ ± — (mr — \)~] magnetic 
transition. 

An appreciable electric transition probability was 
observed for an rf voltage of about 50 V(p-p) across the 
sample, the maximum applied voltage being 280 V 
across the sample whose thickness was 1.9 mm. 
The transient curves for the (5/2 <=± 1/2) and the 
(3/2 <=± —1/2) pumping are shown in Figs. 4 and 5, 
respectively. 

The fast part of the response curve right after the 
turn-on of the pumping was investigated as a function 

FIG. 3. Schematic plot of the transient response of the monitor 
NMR signal. The left side of A: off-resonance; A: the magnetic 
field is brought to the resonance value of the monitor NMR so that 
the maximum deflection I0 in the derivative curve of the line is 
observed; B: the rf electric field is turned on; C: the electric field 
off; D: the magnetic field is flipped off. 

of the pumping voltage by taking pictures of the CRO 
signals. 

The initial slope of the response curve, 

is shown as a function of the square of the pumping field, 
E2, in Fig. 6. Here the amplitude of the signal is normal
ized with respect to the nuclear signal without the 
electric field or saturation effect, Jo (see Fig. 3). In 
Fig. 6, © indicates the case where VE= (3/2 ^± —1/2) 
and VM= (3/2 *± 1/2), and A corresponds to VE 
= (3/2 <± -1/2) and vM= (1/2 <± - 1 / 2 ) . The straight 
line represents -I<r1(dI/dt)t=o+= 1.0X10~6£2, where 
E is the applied field expressed in V/cm. 

III. RATE EQUATIONS AND THEIR SOLUTIONS 

In order to interpret the experimental results de
scribed in the previous section and derive the magnitude 
of the distortion in the field gradient tensor caused by 
the electric field, it is necessary to analyze the relaxation 
rate equations which include the spin-lattice relaxation 
parameters, the rf magnetic excitation, and the rf 
electric field excitation. 

The population difference Nj between adjacent levels 
j+1/2 and y—1/2 is described by a series of rate 
equations. If the energy level separations are nearly 
equal so that the equilibrium population differences Nf 
can be approximated by a mean value iV° but they are 
different to such an extent that completely separate 
N M R lines are observed, a normalized population differ
ence tij=Nj/N° can be described by8 

dnj/dt=Y.i(A}i+Bji)ni—Y.i Aih (2) 

where the Aji's are the spin-lattice relaxation matrix, 
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FIG. 4. The transient response 
curves of the monitor NMR signals 
when the electric rf field is applied to 
the (5/2 <=± 1/2) spacing, VM in the 
figure indicates the NMR transition 
which is monitored. E is the rf p-p 
voltage across the sample (1.9 mm 
thick). A, B, C, and D have the same 
meanings as in Fig. 3. 

and Bji's are the matrix elements which describe the 
external driving fields. 

The solutions of these equations have been treated for 
a few cases: (i) The case where Bji=0 and the Aj/s 
are a quadrupole relaxation, has been considered by 
Andrew and Tunstall11; (ii) one of the authors8 solved 
these equations numerically when the Aji's are the 
quadrupole relaxation and the Bj/s are caused by an 
acoustic excitation; and (iii) Simmons et al.12 have 
developed a general theory for the case when the Aji's 
are caused by paramagnetic impurities and there is no 
Bji term. 

The elements of the relaxation matrix, Ajiy are c 
numbers when the relaxation is caused by quadrupole 
and/or direct paramagnetic relaxation.8'11,12 If spin 
diffusion is responsible for the relaxation, Simmons 
et al.12 have shown that the elements of An are pro
portional to the operator V2. However, this operator can 
be approximated by c number matrix elements as will 
be shown in the Appendix. We shall treat the elements 
Aji as c numbers throughout the remainder of this 
paper. 

A. Steady-State Solution 

If the only driving field is to excite A w = ± l transi
tion, an important example being the rf magnetic field, 
the matrix B has the form,8 

Bn=-2K, 

Biti+1—Bi)i-i=K, 
(3) 

and all other Bji are zero. Here the driving field is 
applied to the Zth energy spacing, and K is its transition 
probability. 

11 E. R. Andrew and D. P. Tunstall, Proc. Phys. Soc. (London) 
78, 1 (1961). 

12 W. W, Simmons, W. J. O'Sullivan, and W. A. Robinson, Phys. 
Rev. 127, 1168 (1962). 

If we observe the /th population difference using a 
spectrometer, the signal intensity will be, 

where A = d e t 4 # , and Hu is 

I 

Hu= det 

(4) 

Ai+2,l+l 
A 1+1,1+1 
A 1,1+1 
A i-i,i+i 
A 1-2,1+1 

0 
1 

- 2 
1 
0 

A 1+2,1-1 
A 1+1,1-1 
Ai,i-v 
A i-hi-i 

A 1-2,1-1 

l. (5) 

Equation (4) is the formal extension of the familiar 
saturation equation for 1= 1/2,13 

n=ll+iy2Hi2Tig(v)J-\ (6) 

Generally, the population difference at the &th spacing is 

nk=l-KHkl/(A+HuK), (7) 

where Hki is the determinant of the matrix A a whose 
&th column is replaced by the following column, 

0 

0 

- 2 - - . / 
1 — / — 1 . 
0 

6 

(8) 

13 N. Bloembergen, E. M. Purcell, and R. V. Pound, Phys. Rev. 
73, 679 (1948). 
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FIG. 5. The transient response 
curves of the monitor NMR signals 
when the electric rf field is applied 
to the (3/2 ?=* - 1 / 2 ) level. The nota
tion is the same as in Fig. 4. 

Equation (7) includes Eq. (4) as the special case oik = l. 
It must be noted that in Eq. (7) 

Hh = 0 for k^L (9) 

if the thermal relaxation mechanism produces only 
Am= db 1 transitions, because in this case the Ith column 
of the relaxation matrix A,i has the form 

0 

0 

2w-l (10) 
— w - -l— 1, 

0 

6 

- i « 

[APPLIED FIELD (V/Cm)] 
1.0 x I06 

FIG. 6. Initial slope of the amplitude of the monitor NMR signal 
as a function of the square of the applied rf electric field. ©: 
vE= (3/2 <=± - 1 / 2 ) and w = (3/2 T± 1/2). A : y* = 3/2 <=* - 1 / 2 ) 
and v j f=( l /2?=±- l /2) . 

where w is the appropriate thermal transition prob
ability. 

If the driving field corresponds to the transition 
Am = ± 2 , examples being the present electric field or 
acoustic Am = ± 2 excitation, the matrix B is8 

5 = 

6 
p 

-p 
o -p 
o p 
o o 

i 

•o 
o 
0 

6 
p 

-p 
-p 

p 
0 

0 
o. . . 
0 . . . 
o. . . 
0 . . . 
o. . . 

1+2 
l+l 
I 
J - l . 

(11) 

where the driving field is applied to the energy spacing 
I—»(H-1), and P is its transition probability. 

If the yth population difference % is observed with a 
sufficiently weak rf magnetic field, 

2PjiP 

A+(Pi+u+Pu)P 
(12) 

where Pji is the determinant of the matrix A a whose 
yth column is replaced by the following column, 

0 

(13) 

0 

If the observing rf power level is not small, which is the 

0 
1-
1-
1-
1-
0 

-1+2 
4+1 
•I 

• / - l 



1698 T. K U S H I D A A N D A. H. S I L V E R 

present case, Bji is the sum of Eqs. (3) and (11), the calculation is straightforward and the result is 

A+(Pn+Pi+u-2Pjt)P 

m—-A + (P„+Pl+u)P+Z(HP)JUl+ (HP)Jn.1M2KP+HiiK 
(14) 

Here (HP)jitji and (HP)ji+ui are the determinants of 
Aji whose j and lib. and j and ( /+ l) th columns, respec
tively, are replaced as follows: 

(£rP)y,,y,= det 

3 
0--

6 
I 
2-. 
1 
0 

• 

/ 
• 0-

6 
0 

• 0-
0 
0 

i 
- l 
- l 

I 
0 

0-

for J9*l, (15) 

(&P)y,,yi = 0 for j=l. 

(HP)Ji+ui=det for js*l+l, (16) 

j l+l 
0--- 0 

6 6 
1 0 

- 2 . . . o-< 
1 0 
o o 

6 
I 

- l 
- l 

I 
0 

6 

(£TP)yu.i,y,=0 for y = / + l . 

The successive saturation experiments, therefore, give a 
combination of some of the co-factors in the relaxation 
matrix. When the Ay's contain only a few unknown 
parameters, such steady-state saturation experiments 
might be sufficient to determine these parameters. In 
general, however, these experiments do not give full 
information to derive each component of Aij. 

B. Transient Solution 

The general transient behavior of the solutions of the 
rate equations (2) have been discussed when there is no 
external driving term Bij by Andrew and Tunstall11 and 
by Simmons et at}2 Their results can easily be extended 
so as to include the effect of Bi3 by taking the time 
derivative of Eq. (2), 

d?nj/dt2=Y.i{Aji+Bji)dni/dt. (17) 

The solutions of Eq. (17) are 

dnj/dt^Ysk fly<*> exp(-X<*>*), (18) 

and the solutions of Eq. (2) are, therefore, 

k x<*> 
•exp(-A(*>/)+»y(oo). (19) 

Here the %(«> )'s are the steady-state solutions obtained 
in the previous section; \{k) and a^k) are the eigenvalues 
and the eigenfunctions of the matrix (Aji+Bji), namely, 

ZMji+Bji+djik^a^^O. (20) 

Therefore, the transient solutions of Eq. (2) are a 
superposition of the normal mode relaxations which are 
characterized by \(k) in Eq. (20). Since the number of k 
is at most equal to 27, any transient change of the 
observed signal must be expressed by a linear combina
tion of at most 21 relaxation functions, exp(—\{kH). 

The ratios among ay w ' s with the same k but different 
j values are determined as the eigenfunctions in Eq. 
(20), and the magnitudes of the ajW are determined by 
the initial conditions. Since only the ratios among a/fc),s 
with the same k are determined by Eq. (20), Eq. (19) 
can be rewritten as 

nj(t) = ajW exp ( - \W0+%(<*O, (21) 

.(fc) by rewriting —a3
Xk)/\ik) in Eq. (19) as a3-

If the transient curves are obtained experimentally 
for every n3; fitting these curves to Eq. (19) will, in 
principle, determine all the relaxation constants \(k) and 
all (27X27) values of a3

{k). These values permit a 
determination of all the matrix elements of Aji+Bji 
through Eq. (20). 

These results are a generalization of those shown in 
references 11 and 12 so as to include the external driving 
fields. 



E L E C T R I C A L L Y I N D U C E D N U C L E A R R E S O N A N C E IN R U B Y 1699 

C. Initial Rise Time 

Another important quantity derived from the rate 
equations (2) is the initial rise time (or initial slope) of % 
when one of the external driving fields is suddenly-
turned on. From Eq. (2) we can write 

where Bji{l) is the external driving field which is con
tinuously present, and 2?y/2) is the one which is turned 
on at / = 0 . 

If the system has been in a stationary state before 
t=0, 

(dnj/dt)t<o==yEi(Aji+Bj^
1))ni-Y,iAji=0J 

therefore, 
(rf»y/A)«-a4-=Ei^<2>»<(0). (22) 

Here (dtij/dt)t=o+ is the initial rise rate (slope) right 
after Bji(2) is switched on. The transition probability 
caused by the driving field Bji{2) can be directly obtained 
from Eq. (22) using such relations as Eq. (3) for 
A w = ± l excitation and Eq. (11) for Am = ± 2 excita
tion if the initial values %(0) are known. 

IV. ANALYSIS OF EXPERIMENTAL RESULTS 

A. Initial Slope 

The nuclear transition probability caused by the 
external electric field, which is the main interest of this 
paper, is most directly obtained from the initial slope 
observation. 

Equation (22) with the matrix element Bj^2) given 
by Eq. (11) gives 

{dm/dt)M+= -P (»o (0 )+» i (0 ) ) , (23) 

(dno/dt)t-<n.= -P (»o (0 )+« i (0 ) ) , (24) 

where the subscript m of n corresponds to the level 
spacing between the (ra+1/2) and the (m—1/2) level, 
and the electric field is switched on between the 3/2 
and —1/2 level. 

ni(0) in Eq. (23) and wo(0) in Eq. (24) can be esti
mated as 0.5 from the saturation curves with the rf field 
in Fig. 5. no(0) and wi(0) in Eqs. (23) and (24) could be 
measured in a separate experiment or could be calcu
lated from the Eq. (7), if all the relaxation matrix 
elements A a as well as Bjia) are known. Here it is, 
however, simply assumed that they are equal to unity, 
because the dominant relaxation mechanism in this 
0.01% Cr ruby is the dipole-dipole relaxation between 
the Al27 nuclei and the Cr ions through a direct and a 
diffusion mechanism,12 and therefore, the A w = ± l 
relaxation predominates. Thus, the relation, (dni/dt)t=o+ 
= (dno/dt)t=o+, justifies fitting the 0 and the A data 
points by a single straight line as shown in Fig. 6. 

The electrically induced transition probability P was 
estimated from the experimental curve as 

P= (1.0/1.5) X10~6£2, 

which must be equated to the square of the correspond
ing time-dependent off-diagonal element in Eq. (1). 
Since the matrix element is 

e2Qq 
(3/215C | - 1 / 2 ) = 3V2T?, 

4 / ( 2 7 - 1 ) 

and the frequency difference in N M R lines between the 
adjacent energy spacings Av, which is known to be 
360 kc/sec,10 is given by 

Av=-
*Qq 

f\ is obtained as 
7 ( 2 / - 1 ) 

X 2 y 

^=1.5X10- 7 (V/cm)-1 . 

B. Estimation of drj/dEj. 

The ruby lattice (a-Al2Or) has rhombohedral sym
metry. The Al ion is located at a site whose local sym
metry is C3 and is surrounded by a distorted octahedron 
of oxygen ions.14,15 Namely, the Al ion is surrounded by 
two O ion triangles whose planes are perpendicular to 
the c axis. Their centers are right above and below the 
Al ion, but the distances from the Al ion are not equal, 
their sizes are different, and their relative angles are 
almost but not exactly 60°. This geometry, which has 
no local inversion symmetry about the Al ion, provides 
the necessary condition for the electric field effect to be 
observed.2,3 

Although a general and formal symmetry theory3,5 

gives the relations among the third-rank tensors, 
d cpij/dEk, where the <pifs are the components of the field 
gradient tensor with respect to the i and the j Cartesian 
coordinates, a specific model which will be considered 
here may give some physical picture of the electric field 
effect. 

Since the local symmetry is C3, the electric field effect 
can be visualized as caused by the relative polarization 
distortions of the oxygen triangles whose centers are on 
the c axis which passes through the Al ion. 

If a point-charge model is assumed, a relative dis
placement of the surrounding ions with respect to the 
Al ion, 5X, can be expressed by 

5X=a-E, (25) 

where a is a polarizability tensor for a particular ion at a 
particular site. Since the small displacement 5X of the 
ion is equivalent to placing a dipole edX at the position 
of the ion, the additional field gradient caused by the 
electric field at the Al ion can be calculated as the super
position of the effect of these dipoles. 

If we choose a cylindrical coordinate system (r,d,z) 
for the particular ion, Oi, in Fig. 7, for instance, the dis-

14 R. W. G. Wyckoff, Crystal Structure (Interscience Publishers, 
Inc., New York, 1948), Vol. II. 

15 N. Laurance, E. C. Mclrvine, and J. Lambe, J. Phys. Chem. 
Solids 23, 515 (1962). 
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FIG. 7. The relative posi
tions of an Al ion and three 
equivalent O ions about a 
Cz axis. 

placement of this ion is 

\8x^\ 
\ 8XQI = 

[8xz] 

ar 

&rB 

arz 

are 
ae 
aez 

ar 
ae 
az 

E, 
Ez 

(26) 

In the present experiment Ez is equal to zero. I t can be 
shown that (i) the net effect of the tangential displace
ments dxe of the three equivalent ions (Oi, 02 , and 0 3 

in Fig. 7) does not produce any first-order change in 
ipij) (ii) the net effect for <pzz, namely, d<pzz/dEi is 
always zero, as expected from the general symmetry 
argument;2,5 and (hi) the electric field produces only an 
asymmetry in the initially symmetric field gradient 
tensor and although the directions of the principal axes 
of this deformed <pzy depend on the direction of the 
applied electric field, their magnitudes are independent 
of the E direction. 

A straightforward calculation gives 

8<p± = db {[(9/4) ( - 3/3+ 2mH)ar+ {^/^)l2mar ZJ 

+ L(9/^)(-SP+2mH)ar8+(4:5/4:)Pma6ZJ}112 

X (l2+m2)~7'2E, (27) 

where / is the distance between the center of the triangle 
and the ions of the triangle, and m is the distance be
tween the Al ion and the center of the triangle as shown 
in Fig. 7. 8(p+ and 5<p_ are the distortions in the field 
gradient tensor expressed in the principal axis system in 
the xy plane and are related to the induced rj by 

r)= (8<p+— 5<p-)/<pzz=28(p+/cpzz. (28) 

The last statement (iii) implies that the magnitude of 
the electrically induced asymmetry parameter rj does 
not depend on the direction of the electric field in the 
xy plane. 

In order to estimate the dr)/dEL for the ruby crystal, 
where E is the electric field in the xy plane, only the six 
neighboring oxygen ions about the Al ion are considered, 

and aez are neglected, and ar for the inequivalent 
O ions are assumed to be equal. 

The asymmetry parameter thus estimated is 

drj/dEx = 0.7ar (29) 

where the antishielding constant (1—7*,) is assumed to 
be 5 and <pzz of Eq. (28) is the experimental value. The 
comparison with the experimental value of dr)/dEk 

= 1.5X10_7 (V/cm) - 1 gives the polarizability ar, which 
agrees within an order of magnitude with an estimation 
of ar using dielectric constant data.3 The crude models 

and the precision of the experimental data do not seem 
to warrant any further argument. 

C. Transient Response 

The transient behaviors shown in Figs. 4 and 5 could 
be quantitatively reproduced by the Eq. (21) if all the 
elements of the relaxation matrix Aji were known, since 
the matrix for the external driving fields Bji can be 
known from the steady-state values and the initial slope. 
If the Aji's were obtained, the relaxation mechanism 
itself could be derived from them. 

One of the most convenient ways to get A # is to excite 
the center line (1/2 ^± —1/2) with an rf field so that 
the center line is at least partially saturated and then 
observe the saturation recovery of the three lines, 
(1/2 ^± —1/2), (3/2<=±l/2), and (5/2 <=± 3/2) [or the 
other equivalent three, (1/2 <=̂  - 1 / 2 ) , ( - 3 / 2 <=± - 1 / 2 ) , 
and ( - 5 / 2 <± - 3 / 2 ) ] after the rf field is shut off. This 
can be done either using a spectrometer with a suffi
ciently weak Hi or using a pulse method.6 In this case, 
the rate equations (2) reduce to three equations,11 be
cause the symmetric initial conditions permit setting 
fij—ft-j. The saturation recovery curves are then ex
pressed by the linear combination of only three 
exponentials. 

Brun et al.6 observed the saturation recovery of the 
center line, (1/2 «=±- l /2 ) in 0.01% ruby at 4.2°K, 
which corresponds to our experimental condition, after 
symmetric saturation. The curve (a) in Fig. (8) in their 
paper suggests the three exponentials. Their curve can 
be fitted by 

no(t) = OAU-°-ut+0.51e-°-m+OA7e-omt. 

If the similar recovery curves for n\{t) and n^(i) or for 
n-.i(t) and n^2(t) were observed after the same symmetric 
saturation, one could get all the necessary matrix 
elements A a for this sample at this temperature. Since 
the experimental equations give the eigenfunctions a^k) 

and the eigenvalues X(fc) in Eq. (19) [or in Eq. (21)], a 
series of equations, Eq. (20) with Bji=0, for k= 1, 2- • • 
with any one value of j will determine Aji, Aj2, • • •. And 
this would permit a comparison of Aji with the theo
retical matrix for spin diffusion12 and for quadrupole 
relaxation.8,11 

Since this information is not available at present, only 
a qualitative discussion is given for the observed tran
sient curves. 

If the electric and magnetic rf transition probabilities, 
P and K, respectively, have the relation, 

P>>iG>>^, 

and we neglect Aji in the relaxation matrix, the charac
teristic relaxation constants, \ik) in Eq. (21) are easily 
calculated for the present case of spin 5/2 as 

(i) \ = 0,010,2P+^K+O(K2/P)J and §K+0(K2/P)y 

(ii) X = 0 , 0 , 0 , 2 P , and 2K. 
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The first solution (i) corresponds to the case where P 
and K overlap or contact, i.e., where the relation be
tween the electric field frequency VE and the rf magnetic 
field frequency VM is given by 

hvE= (£m—Ew_2), 

and 

JiVM~ Em+l — &m, km— E"m-h Em-1~Em-2, 

or 

solution (ii) corresponds to the other cases. 
In any case, if the neglected terms An are taken into 

account, it may be said that the largest of the five 
characteristic relaxation constants is determined pre
dominantly by the electric field transition P , the second 
largest is mainly determined by K, and the remaining 
three represent the slow relaxations which are deter
mined by the spin-lattice relaxation matrix elements A n 
and their cross terms with P and K. 

In the present case since the assumption P^>>K is 
satisfied but K^Aji, the second largest relaxation con
stant has the same order of magnitude as the other 
three. Therefore when the strong rf electric field is 
suddenly turned on (B in Fig. 3), the signal intensity 
changes very rapidly first, where the initial slope is given 
by Eq. (22) and the subsequent time dependence is 
described by e~2Pt. Following the initial change, the 
signal intensity relaxes with larger time constants of the 
same order of magnitude as the A a. Finally the signal 
approaches the steady-state values given by Eq. (14). 

This may be interpreted physically as follows: the 
strong transition corresponding to VE predominates 
immediately after the rf electric field is turned on, and 
then the redistribution of population among all the 
levels follows with time constants of the order of the 
•fi-ji S . 

I t is noted that since the amplitude and the sign of 
each normal mode of relaxation are dependent on the 
initial conditions, the transient curves are not neces
sarily monotonic with respect to time and some of the 
normal modes do not show up for particular initial con
ditions. There is no sharp initial change, for instance, 
in the noncrossing cases, \_VE— (5/2 +± 1/2); VM 
= ( - l / 2 < = ± - 3 / 2 ) , or V M = ( - 3 / 2 < = > - 5 / 2 ) ] and 
lvs= (3/2 *± - 1 / 2 ) ; VM= ( - 3 / 2 <=± - 5 / 2 ) ] in Figs. 4 
and 5, because of the vanishing Bj^2) in Eq. (22), which 
indicates that the fastest relaxation mode is very small. 
Only the slow redistribution processes are observed in 
these cases. Another example of the preferential excita
tion is the case of the symmetric saturation shown pre
viously, where only three modes out of five, the 
fastest, the third fastest, and the slowest mode, are 
observed.6,11,12 

The direction of the initial sharp change for each case 
in Figs. 4 and 5 agrees with what is expected from 
Eq. (22). 

D. Line Shape of Nuclear Electric Resonance 
The nuclear electric resonance line observed by 

means of the double resonance technique is considerably 
larger in width than the straight N M R line and is 
asymmetric in shape as shown in Fig. 2. The half-width 
of the former is about 25 kc/sec, whereas the width of 
the NMR lines is only about 8 kc/sec.10 

Each NMR line has a fine structure, which, except 
for the center line, is not symmetric. These structures 
have been interpreted in terms of the dipole-dipole inter
action between the nearest neighbor Al nuclei.10 

The calculation similar to that in reference 10 was 
carried out for the (5/2 —> 1/2) nuclear electric reso
nance line. The result derived from the dipole-dipole 
interaction between the nearest neighbor Al27 pair is 
shown in Fig. 8. 

- IOd ' 0 IOd 

d = 0.3998 KC 

FIG. 8. The dipolar fine structure of (5/2 *± 1/2) line calculated 
in terms of the nearest neighbor dipole interaction. 

I t is noted that the dipole linewidth is about twice 
as big as that of the N M R lines shown in Fig. 2 of 
reference 10. This is understood physically as follows: 
The energy levels of the Al27 nucleus, which are specified 
by mz, are split into five fine structure components by 
the local dipole magnetic field of the nearest neighbor Al 
nucleus. The splitting is proportional to mz. Therefore, 
the linewidth of the Am = 2 line is twice as big as that 
for the A w = l line. This pictorial model merely illus
trates the linewidths and does not consider in detail the 
dipole-dipole Hamiltonian. 

The calculated dipole structure is asymmetric as is 
the case for the Am— ± 1 lines. The observed linewidth 
is, however, about three times as much as the observed 
N M R lines. One of the reasons for this extra broadening 
is that the linewidth of each component line in Fig. 8 is 
larger than that for the Am— 1 line for the same reason 
as stated above. The other reason is the fact that since 
the rf electric field is so strong as to reverse the intensity 
of the monitor signal near the center of the line, the 
response of the monitor signal is not linear with respect 
to the line shape of the Am— ± 2 transition. The peak of 
the observed line shape in Fig. 2 may be squashed appre
ciably, and the apparent half-width may be wider than 
the real width. 

The direction of asymmetry of the line shape is 
determined by the relative signs of the g value and the 
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quadrupole coupling constant for the Al27 nucleus. Since 
the former sign is known, the sign of the quadrupole 
coupling constant can be derived as positive in agree
ment with the conclusion in reference 10. 

SUMMARY 

The electrically induced nuclear resonance was ob
served for Al27 in a ruby single crystal using nuclear 
double resonance technique. The line shape is asym
metric, and its width is more than twice as much as the 
straight N M R lines. The shape and the width are 
interpreted in terms of the nearest neighbor dipole inter
action. The direction of the asymmetry agrees with the 
previously determined sign of the quadrupole coupling 
constant. The transient response of the monitor N M R 
signal was observed. The initial rise (or fall) time gives 
the transition probability of the electrically induced 
nuclear quadrupole transition. The transition proba
bility thus obtained gives the magnitude of an electri
cally induced asymmetry parameter ?? in the field 
gradient tensor. The induced r\ is tentatively interpreted 
in terms of the polarization displacements of the sur
rounding ions accompanied by the external electric field. 

The entire transient curves can be divided into two 
parts: the initial rapid change which is predominantly 
determined by the electric excitation and the following 
slow change which takes place in a time comparable 
with the spin-lattice relaxation time. The qualitative 
behavior of the transient curves is interpreted using the 
normal relaxation modes. The normal mode formalism 
is extended so as to include the external driving field. 
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APPENDIX 

When the spin diffusion is the relaxation mechanism, 
Simmons et al.12 have shown that the spin-lattice 

relaxation matrix Aji in Eq. (2) contains the operator V2 

as is shown in Eq. (34) in their article. I t is shown 
that this operator can be approximately replaced by c 
numbers as follows. 

The rate equation which must be considered is 

dnj/dt = ZiAj^ni, (Al) 

where %=%(r/ ) is a local population difference at the 
position r. Further 

AjiW^Aji+Aji'V*, (A2) 

where Aji and Aj/ are c-number matrix elements whose 
values are given in Eq. (34) in reference 12. 

The solution of (Al) has the form12 

», = E* «/*>$<*>(r) exp(-\<*>0. (A3) 

Inserting Eq. (A3) into Eq. (Al) and integrating them 
with respect to r, one obtains 

E<(X(*)ay<fc)5y.-+i4,W^>+^y/at-<*^W)==0, (A4) 

where 

</<*> = /v2<£>W(r)ir / [&»dr. (A5) 

Equation (A4) is approximately satisfied by <£(7c)(r) and 
\W m Eq# (37) 0f reference 12 as shown by Simmons. 
From the \ w one can determine the eigenfunctions 
ofa/*>. 

If we assume that det\a3
Xk) | is not zero, then we can 

obtain a matrix /3# which satisfies the relation 

a / * y w = E / M i ( t ) . (A6) 

For any one value of i we can write the k equations 
represented in (A6) from which the fiih 0{2, • • * can be 
deduced; hence, all /?# can be evaluated. By further 
defining Ajif/ = Y,iAjif3u, Eq. (A4) can be reduced to 

ZiiXWSji+Aji+AjSWV^O. (A7) 

The matrix elements (Aji+Aj/') are, therefore, the 
required c numbers. 


