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The nuclear resonance of Nb93 in a single crystal of KNb03 has been studied in magnetic fields of approxi­
mately 5000, 100, and zero oersteds, and at temperatures between — 196°C and +460°C. The quadrupole 
splitting of the magnetic resonance line in strong fields is found to be a sensitive function of crystal structure 
and, hence, of temperature. Temperatures of the phase transitions found in this way at about —50, +220, 
and +430°C are in agreement with other known data for this substance. The splitting Av of one satellite 
line is a continuous function of temperature between 220 and 430°C; near 430°C Av changes abruptly, 
indicating a first-order phase change. Below the Curie temperature (430°C) KNb03 is ferroelectric, with 
noncubic crystal structure. Above 430° it is cubic and a single resonance line is observed. 

Four lines have been identified in the pure quadrupole spectrum in zero magnetic field, and at 20°C. 
From the four frequencies the quadrupole coupling constant and asymmetry parameter are evaluated to 
be 23.1 Mc/sec and 0.80, respectively. At — 196°C, the frequencies are different from the room temperature 
values, and the quadrupole coupling is evaluated to be 16.0 Mc/sec and the asymmetry parameter 0.0, 
the latter appropriate to the rhombohedral crystal structure at this temperature. The Zeeman effect in 
magnetic fields up to about 100 oersteds is shown to be an aid in identifying the absorption lines and in 
locating the principal axes of the crystalline electric field gradient. The value of the quadrupole coupling 
constant is consistent with the existence of a strong covalent character in the chemical bonding to the Nb. 

I. INTRODUCTION 

PRIOR to the present experiments,1 the crysta* 
structure of K N b 0 3 was studied extensively by 

both x-ray and optical means,2 and four modifications 
of the perovskite structure (Fig. 1) are known. These 
are, in order of decreasing temperature, cubic, tetrag­
onal, orthorhombic, and rhombohedral, where one may 
think of the latter three modifications as being respec­
tively generated by elongations along an edge, face 
diagonal or body diagonal of the cell shown in Fig. 1. 
The transition temperatures are about 430, 220, and 
— 50°C. In addition, a large body of data on the elec­
trical properties of this substance is available. Below 
the Curie point (430°C) it is ferroelectric, and discon­
tinuities in the dielectric constant appear at the three 
transition temperatures.3,4 Around each transition 
temperature the measured dielectric constant shows a 
marked hysteresis, and latent heats of transition are 
observed.4 I t is known further that a natural twinning2 

during growth of the crystal prevents one from ob­
taining a large crystal of one domain only. Thus, any 
measurements of electrical properties on single crystals 
are somewhat complicated. 

Now, although a good deal of theoretical work5 has 
been done in an attempt to understand the microscopic 
local field which results in the spontaneous polarization 
in such ferroelectrics, the theoretical treatments are 
limited by lack of direct experimental information 
about the polarizing forces. I t is generally agreed that 

t Supported in part by the Office of Naval Research. 
1 R. M. Cotts and W. D. Knight, Phys. Rev. 93, 940 (1954); 

W. D. Knight, Phys. Rev. 94, 1408 (1954). 
2 E. A. Wood, Acta Cryst. 4, 353 (1951). 
3 B. T. Matthias and J. P. Remeika, Phys. Rev. 82, 727 (1951). 
4 Shirane, Danner, Pavlovic, and Pepinsky, Phys. Rev. 93, 672 

(1954). 
8 See, for example, E. T. Jaynes, Ferroelectricity (Princeton 

University Press, Princeton, 1953). 

the ferroelectric state is associated with a displacement 
of the central ion (in this case Nb) from the center of 
symmetry of the surrounding oxygen octahedron. This 
is a complicated cooperative phenomenon, and depends 
on the potential well affecting the central ion; the 
surrounding oxygen ions are also supposed to be polar­
ized in such a way as to enhance the Nb polarization 
by a Lorentz type of local field interaction. Whether or 
not it is possible to describe this interaction accurately 
will depend to a large extent on whether or not direct 
experimental evidence can be found not only for the 
geometrical displacement of the Nb ion in the crystal, 
but also for the electrical forces actually causing this 
displacement. 

Since the measurement of the coupling between the 
nuclear quadrupole moment and the crystalline field 
gradient should be helpful in this respect, we have 
undertaken the present series of experiments on the 
nuclear magnetic resonance (NMR) and the nuclear 
quadrupole resonance (NQR) in hopes of shedding light 
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FIG. 1. The perovskite structure, 
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FIG. 2. Nuclear magnetic resonance absorption peaks at several orientations of a single crystal of KNb03 . 
The limits of the spectrum are from about 6 to 8 Mc/sec. 

on the problem. To be sure, the interpretation of these 
results will not be an easy matter, but one may, as we 
shall show, reasonably expect to extract results which 
will roughly indicate the relative strength and direction 
of bonding to the Nb ion in the crystal. The difficulties 
are briefly the following: The quadrupole coupling 
constant e2qQ/h= (dEz/dz)/h and asymmetry param­
eter 7}= (dEx/dx-dEy/dy)/(dEe/dz) are evaluated di­
rectly in the experiments, but in order to calculate 
eq=dEz/dz, one needs to know Q for the Nb nucleus. 
At present no experimental value is available and one 
can only estimate6-7 the value for Q. Furthermore, even 
if the Q were known exactly, the interpretation of the 
dEJdz is difficult because a complete theory for the 
wave functions involved in the covalent bonding in 
such a crystal is not available; nor is the extent of the 
distortion of the ion core known. Even so, we hope to 
show that this new approach to the ferroelectric 
problem can give unique and valuable information. 

Following a description of the apparatus, we shall 
discuss successively the nuclear resonance experiments 
on KNb03 in a strong magnetic field, first as the crystal 
is rotated in the field, and then as the temperature is 
changed. This is followed by a description of the 
experiments in zero magnetic field at two temperatures, 
and finally in small fields of the order of 100 oersteds 
at room temperature as the crystal is rotated. 

6 Townes, Foley, and Low, Phys. Rev. 76, 1415 (1949). 
7 K. Murakawa and T. Kamei, Phys. Rev. 92, 325 (1953). 

II. APPARATUS 

A Pound spectrometer8 was used as a detector of both 
the NMR and NQR. The N M R of Nb93 was observed 
in a permanent magnet field of 5250 oersteds9 which 
was sine wave modulated at 100 cps with an amplitude 
about equal to one-half the resonance line width. 
Temperatures up to 460 °C were reached in a stainless 
steel Dewar with a power dissipation of 70 watts in a 
heater coil which was wound around the rf head. For 
low-temperature work, the space below the heater was 
partially filled with liquid nitrogen and the current 
through the heater coil was adjusted to obtain an 
intermediate steady-state temperature. 

The 29-turn rf-coil (12.5 mm in diameter and 20 mm 
long) was held together with Sauer Eisen cement, and 
was suspended by two 0.100-in.-diameter ceramic tubes 
which fit inside two 0.125-in.-diameter stainless steel 
tubes extending downward from the top of the Dewar. 
One end of the coil was grounded to the tubing and the 
other ran through the ceramic piece, thus forming a 
coaxial line. Leads to the heater were carried in double-
hole ceramic insulators from the top of the Dewar. 
Iron and constantan thermocouple wires extended down 
the inside of a third tube which held the sample crystal 
in the coil. Because of the magnetic effects of the iron, 

8 R. V. Pound and W. D. Knight, Rev. Sci. Instr. 21, 219 (1950). 
9 The field was about 7000 oersteds during the rotation experi­

ments. For most of the other high-field experiments, the gap was 
increased, which resulted in the lower field of about 5000 oersteds. 
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the thermocouple was kept about 1 cm above the coil 
and crystal during a run. A separate calibration run 
was performed later to determine temperature at this 
location in terms of the temperature in the sample. 

The NQR was modulated by an on-off antisymmetric 
square wave fiT-field10 of about 100 oersteds amplitude. 

Small dc fields for Zeeman splitting were generated 
by two coils of 9-in.-diameter, spaced 4.5 in. apart. 
The rf coil, shield, and modulating coils were mounted 
together as a unit on a turn table between the Zeeman 
coils. With this arrangement, the angle between the 
crystal axes and the modulating coils was kept constant 
at an orientation of the modulating field most effective 
in splitting the line. 

III. ROTATION SPECTRUM IN STRONG 
MAGNETIC FIELDS 

The energy levels for a nucleus of spin 9/2 in strong 
magnetic fields have been calculated to the third order 
of perturbation.11 However, explicit expressions for the 
orientational dependence have not yet been deduced 
beyond the second order. One expects in general to see 
27=9 absorption lines, unequally spaced with respect 
to the unperturbed Larmor frequency, where the fre­
quencies of all components will vary in a complicated 
way with the orientation of the crystal in the magnetic 
field. Furthermore, the relative intensities are expected 
to be functions of orientation. Since the Larmor fre­
quency in a 7000-oersted field will be about 7000 
kc/sec, and the absorption spectrum (see Fig. 2) 
extends over a 2000-3000 kc/sec range, one expects 
that any evaluation of the quadrupole coupling must 
be made on the basis of a third-order theory. It was, 

in fact, found that second-order calculations do not 
agree with the experimental results. Figure 3 shows the 
results of a 180° rotation of the crystal at 5° intervals, 
where the polar axis (assumed tentatively to coincide 
with the axis of symmetry of the crystalline field 
gradient tensor) was at right angles to the axis of 
rotation, the latter being perpendicular to the external 
magnetic field. The following qualitative features are to 
be noticed. Figure 3 shows two groups of 9 lines which 
tend toward a partial convergence near 7.2 Mc/sec 
which is the Larmor frequency. The convergences occur 
at angles of approximately 70° and 140° of the chosen 
polar axis with respect to the magnetic field. We see, 
further, that three pairs of lines, one of each pair 
apparently being associated with each of the domain 
twins, cross at 100°. This crossing apparently represents 
respective orientations for the two domains for which 
the quadrupole perturbations are the same. The above 
result is consistent with that of Mrs. Wood,2 that the 
crystals are predominantly of only two domains. 

Since any more detailed examination of the above 
results seemed too difficult to warrant the necessary 
labor involved, we temporarily abandoned the high-field 
rotation experiments (until a larger magnetic field is 
available) in favor of three other lines of investigation. 
First, it was clear from the results shown in Figs. 1 
and 2 that the quadrupole splittings are large enough 
to allow a measurement of the effects of thermally 
induced changes in crystal structure which produce 
appropriate variations in the crystalline field gradient. 
Thus, if the lattice parameter changes continuously as 
a function of temperature in a given crystal phase, the 
quadrupole splitting should exhibit a corresponding 
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FIG. 3. Rotation pattern for a single crystal of KNb03 . Each circle represents an absorption peak. Zero 
degrees represents an orientation for which the polar axis is parallel to the magnetic field. The rotation is 
made about an axis perpendicular to the dc magnetic field but parallel to the oscillating (rf) magnetic field. 

10 F. Reif and E. M. Purcell, Phys. Rev. 91, 631 (1953). 
11 R, Bersohn, J. Chem. Phys. 20, 1505 (1952). 
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FIG. 4. Partial magnetic absorption spectrum of KNb(>3 at 
four different temperatures, showing the effects of crystal structure 
on the quadrupole splitting. 

behavior. Also, if the lattice parameter changes more 
abruptly at a phase transition, the quadrupole splitting 
would be expected to behave accordingly, the sharpness 
of the transition being easily observed as a function of 
temperature in this way. I t was clear at the outset that 
any such changes would be meaningful, even if the 
value of the quadrupole coupling constant for the 
crystal was not known. Second, the quadrupole splitting 
seemed large enough so that one could predict that a 
successful observation of the NQR in zero magnetic 
field would be possible. In the absence of a strong 
magnetic field the number of absorption lines to fit 
into the theoretical spectrum would be smaller (i.e., 4) 
and the effects of domain structure should become less 
important. Third, the application of a small Zeeman 
field should split the NQR lines in a predictable way 
and, except for ambiguities introduced because of the 
crystal twinning, allow verification of the energy levels 
and of the principal axes of the crystalline field gradient. 

IV. PHASE TRANSITIONS—STRONG-FIELD RESULTS 

As we have pointed out previously, the quadrupole 
coupling should be sensitive to the crystal structure and 
hence to the temperature. The experiments proceeded 
as follows. Part of the Nb93 N M R spectrum was 
recorded for a single crystal of KNbC>3 in a magnetic 
field of 5250 oersteds. The crystal was orientated so 
that at least two strong lines appeared near the Nb 
Larmor frequency. Then both the intensities and fre­
quencies^! Jthesejlines were measured / I t was not 

-50 -25 
T,°C 

400 425 
T,°C 

necessary to scan the whole Nb spectrum since any 
change in the quadrupole coupling would, of course, 
affect all the lines in the spectrum. At temperatures 
between phase transitions, the splittings of the lines 
were observed, while at both sides of the — 50°C 
transition and the low-temperature side of the 430 °C 
transition a combination of change in intensity and 
frequency occurred. At the — 50°C transition the change 
occurred over a temperature range wide enough to 
allow measurement of an increase in intensity of lines 
appropriate to the new phase while the corresponding 
decrease was measured in lines of the old phase. The 
crystal was assumed to be in thermal equilibrium 
during these measurements. At both sides of the 220°C 
transition and the high-temperature side of the 430°C 
transition the structure change occurred in range of 
temperature so small that the intermediate intensities 
were not seen. Then the change in frequencies alone 
served as an indicator of phase transitions. The magni­
tude of frequency changes in the spectrum can be seen 
in Fig. 4. 

In Table I will be found comparative data on the 
transition temperatures as found by x-ray, optical,2 and 
dielectric measurements,3,4 and in our experiments. 

TABLE I. Phase transition temperatures (°C) in KNb03 
as measured by various methods. 

Method rhombohedral— orthorhombic — tetragonal — cubic 

X-ray, opticala 

Dielectric constantb 

Nuclear magnetic 
resonance 

- 5 5 to - 1 0 
- 5 2 to - 2 7 

225 
210 to 220 
207 to 222 

435 
410 to 435 
426 to 431 

FIG. 5. Hysteresis effects in the KNb03 magnetic absorption 
spectrum near the three phase transitions. 

a See reference 2. 
b See references 3 and 4. 

The rhombohedral-orthorhombic transition occurs 
upon heating at — 27°C and the reverse transition 
occurs upon cooling at — 52°C. Here the intensity of 
the absorption lines was used as a criterion of structure 
change. The temperatures were held constant to ± 2 ° C 
or better during the runs, which were 20 to 30 minutes 
long. The line intensity changes gradually over about a 
12° range upon heating and about a 20° range upon 
cooling. This is in contrast to abrupt changes in the 
dielectric constant seen at this transition.4 A plot of 
line intensity vs temperature appears in Fig. 5. 

This transition showed a peculiar annealing effect. 
At room temperature, the spectrum (a) in Fig. 6 was 
seen. When the crystal was cooled to — 196°C, spectrum 
(b) was observed. The crystal was then warmed rapidly 
to room temperature and spectrum (c) was observed. 
The original (a) spectrum had vanished and a vestige 
of the (b) spectrum remained, indicating that the low-
temperature rhombohedral phase persisted in part. 
The room-temperature orthorhombic phase is not 
visible in (c). The crystal was then recooled to — 196°C 
and the spectrum (b) appropriate to the rhombohedral 
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phase reappeared. Then, when the crystal was heated 
slowly to room temperature, the rhombohedral spectrum 
disappeared and the original orthorhombic spectrum 
(a) reappeared in (d) with reduced intensity. The 
crystal was originally clear, but the above treatment 
produced a cloudy appearance indicating the presence 
of gross imperfections in the crystal. The crystal was 
then used for observations of high-temperature phase 
transitions where this annealing effect was not observed. 

After the high-temperature runs were completed, the 
exact — 50°C transition temperatures were measured. 
Repeated thermal cycling through this transition in­
creased the cloudiness and actually caused minor 
splittings in the crystal surface. The persistence of the 
rhombohedral pattern above — 50°C was not again 
observed after the first runs shown in Fig. 6. Apparently 
a serious fracturing took place throughout the crystal 
so that it never completely regained the original struc­
ture it had before the first cooling to —196°C. 

FIG. 6. Partial magnetic absorption spectrum at a single 
orientation and at temperatures above and below the orthorhombic-
rhombohedral transition, (a) 27°C, (b) -196°C, (c) 27°C after 
rapid heating, (d) 27°C after recooling to - 196°C and subsequent 
slow heating. 

FIG. 7. (a) Cut-out section of the single crystal II, showing 
direction of laminar twinning. Arrows indicate the polar direction. 
Two adjacent unit cells are also indicated, (b) Orthorhombic 
unit cell referred to monoclinic axes a, b, c. a', c' include the obtuse 
angle 90° 21/, not drawn to scale here; a and c are orthorhombic 
cell edges. 

The orthorhombic-tetragonal transition, Fig. 5, 
occurs at 222°±3°C upon heating and at 207 °=b3°, on 
cooling. Here the line intensities change less gradually 
than in the —50° transitions. Within a range of 5°C, 
the new lines appeared at full strength and the old lines 
disappeared. In these runs, the temperature was held 
constant to ± 2 ° and did not vary faster than about 
0.2°C/min. Each run required several minutes. 

The transition at the Curie point occurs at 430±1° 
upon heating and at 425±2° upon cooling (Fig. 5). 
The spectrum changes were observed while the temper­
ature changed less than 1°C per minute. Upon heating, 
the transition covers a range of less than 2°C and, 
upon cooling, the transition covers a range of about 7°C. 

Since considerable importance may be attached to 
the behavior of the crystal over the whole temperature 
range of a single phase, the splitting Av of one, satellite 
line from the Nb N M R frequency was measured as a 
function of temperature throughout the tetragonal 
phase. Av was found to be a smoothly varying function 
of T up to within 5° of the Curie temperature, in which 
range about 50 percent of the change in Av occurs. This 
rapid change indicates a discontinuity in VE and we 
therefore suppose that the Curie-point transition is a 
first-order transition. 

I t will be interesting to compare the relative change 
in Av with the lattice-constant values (c/a—l) and 
with values of spontaneous polarization in the tetrag­
onal phase, when reliable values of c/a and Ps are 
available. 

V. PURE QUADRUPOLE SPECTRUM 

The pure NQR was observed in the crystal (I) 
described in Sec. IV as well as in another single crystal 
(II) which had not been subjected to the fracturing 
effects of the - 5 0 ° C transition. Crystal I I was placed 
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FIG. 8. The pure nuclear quadrupole resonance absorption spectrum at 25°C. The lines are labeled A through 
D in Table I I in order of increasing frequency. The symmetrical wings on the negative side of the no-resonance 
trace are caused by absorption when the modulating field is on. 

in the rf coil with the polar direction, shown in Fig. 7 (a), 
perpendicular to the axis of the coil. In the unfractured 
crystal II, four lines, Fig. 8, appropriate to a spin of 
9/2, were found at the frequencies given in Table II. 
The temperature of the crystal was slightly higher than 
25 °C because of heat generated by the modulating 
current. A small-temperature coefficient for the reso­
nance frequencies was noticed and is now being studied. 

The measured frequencies were fitted to a graph of 
frequency ratios vs axial asymmetry parameter rj, and 
the energy, levels for 1=9/2 as calculated by Cohen12 

(Fig. 9) were used to plot Fig. 10. In Fig. 10 the ratio 
of the second-lowest frequency to the lowest frequency 
was plotted as one line. This procedure was followed 
for each pair of lines at successively higher frequencies. 
The transition frequencies associated with each ratio 
are shown on the graph. The measured frequency ratios 
intersect the calculated ratios in a straight line at 
constant 77 = 0.806=L 0.002. From the measured fre­
quencies and the energy-level parameter of Cohen, 
the quadrupole coupling constant is found to be 
#qQ/h=23.120±0.05 Mc/sec. With the fit of meas­
ured and calculated frequency ratios, the transitions 
can be identified. The identification is shown in Table 
II. These lines correspond to \Am\ = 1 . Possible \Am\ 
= 2 lines would be predicted12 at 4.62 and 5.14 Mc/sec 

TABLE II. Identification of zero field nuclear quadrupole 
spectrum of Nb93 in KNb03. 

Crystal 
structure 

Orthorhombic 

Rhombohedral 

Line 

D 

C 

B 

A 

H 

G 

F 

Fre­
quency 

(Mc/sec) 

3.648 

3.030 

2.527 

2.085 

2.674 

2.004 

1.335 

Meas­
ured 
ratio 

1.204 

1.198 

1.214 

1.335 

1.503 

Calculated 
ratio 

V =0.806 

1.204 

1.196 

1.213 

(r, =0 .0) 

1.333 

1.500 

Identifi­
cation 

(9/2, 7/2) 

(3/2,1/2) 

(7/2, 5/2) 

(5/2,3/2) 

(9/2, 7/2) 

(7/2, 5/2) 

(5/2,3/2) 

" M. H. Cohen, preceding paper [Phys. Rev. 96, 1278 (1954)]. 

with lower intensities. However, careful search over the 
range from 3.7 to 5.7 Mc/sec did not show these lines. 

The NQR in the rhombohedral phase was observed 
in crystal I at — 196°C. Before cooling this crystal, the 
fractured one, the NQR was observed at room temper­
ature and found to agree with crystal II, which has 
never been taken through the — 50°C phase transition. 
At — 196°C, absorption lines are seen in crystal I at 
2.674, 2.004, and 1.335 Mc/sec. In this phase e2gQ/h 
= 16.0±0.1 Mc/sec and ^=0.0 . These three lines fit 
the frequency ratio chart at 77 = 0 and do not fit con­
sistently elsewhere. There should also be another line 
of low intensity at about 0.670 Mc/sec, but this line 
has not as yet been definitely observed. The signal-to-
noise ratio at this frequency is expected to be about 
unity and a series of attempts to improve the signal 
were not successful, although some evidence for an 
absorption around 0.68 Mc/sec was found. A value 
77 = 0 is consistent with the coincidence of the polar 
axis and the vE principal axis in a rhombohedral 
symmetry. 

Experiments on the NQR in the tetragonal phase are 
under way and will be reported on elsewhere. 

VI. WEAK-FIELD ZEEMAN EFFECT 

The identification of the principal axes of VE is 
complicated by the twinning of the crystal. The princi­
pal axes are identified in NQR from the orientational 
dependence of line intensity or of the Zeeman splitting 
of the lines, but any estimate of the relative contribution 
of each twin to the line intensity is complicated by 
the fact that the fraction of the total crystal occupied 
by each twin is not known. 

When a small perturbing magnetic field H0 is applied, 
each line is split into four components. The magnitude 
of the splitting is different for each twin, so that there 
could be eight components for each absorption line in 
the NQR in small H field. Because of the low intensity 
and breadth of the lines, all eight components have not 
been resolved for any one line, although as many as 
four have been observed. 

The transition having the simplest Zeeman depend­
ence is the (9/2, 7/2) 3.65-Mc/sec line. Although this 
is the weakest line of the four, a measurable symmetric 
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splitting was observed. For 7=9/2 and 77=0.8 as for 
Nb in KNb03, Cohen's results may be used to show 
that the Zeeman splitting for the (9/2, 7/2) transition 
has essentially only 0 dependence, where 6 is the angle 
between the Zeeman field Ho and the z principal axis 
of VE. The calculation gives 

I Av I = (gpHo/h) (4.47±3.34) | cos01 

as the splitting from the pure NQR. The + and — 
signs go with the outer and inner satellites, respectively. 
For Nb93, gft/A=1.045 Kc/sec/oersted. In a dc field 
of 89 oersteds, the inner satellite lines followed the 
relation, 

I Av I = (100±6) I cos01 Kc/sec, 

which is within 6 percent of the predicted dependence 
at all angles. Analysis shows that the z principal axis 
of VE lies within 5° of the plane aid in Fig. 6 and 
within 20° of the polar direction of the crystal. This 
Zeeman pattern was somewhat complicated by an outer 
component of the (3/2, 1/2) transition which, for this 
Ho, lies near the (9/2, 7/2) frequency. This satellite, 
which was of low intensity and tended to broaden the 
(9/2, 7/2) lines, was a major cause of uncertainty in 
the assignment of the direction of the z axis of VE. 

If the polar direction of one domain is the z direction, 
the z direction of the other domain will always be at 
90° with respect to Ho and the modulating field for the 
axis of rotation used. Thus the absorption line from 
the latter domain is not split by either Zeeman or 
modulation fields, and is not seen at all. 

Attempts to analyze the splitting of other lines have 
so far proved unsatisfactory. No Zeeman splittings 
have yet been tried in the rhombohedral phase. 

VII. LINE WIDTHS 

Above the Curie point the structure is cubic and, as 
would be expected, the quadrupole interaction is drasti­
cally reduced and a single resonance line is seen at the 
Nb NMR frequency. The intensity of this absorption 
line is about 5 times as large as the individual lines in 
the tetragonal phase. The line width, measured between 
peaks of the derivative of the absorption, is 5.0±0.5 
kc/sec, which is about half the line width observed in 
the tetragonal phase. Because the line is narrower and 
the quadrupole interaction is greatly reduced, one 
would expect a greater intensity increase than a factor 
of 5. It is expected that imperfections and strains in 
the crystal resulted in enough random quadrupole 
interactions to "wash out" some of the signal. 

The calculated magnetic dipolar width given by the 
formula of Van Vleck13 is from 1.6 to 3.6 kc/sec, 
depending upon the orientation of the crystal axes. 
Since an arbitrary orientation was used, the direction 
of the crystal axes was not known. The observed extra 
width is partially attributed to random static quadru-

13 J. H, Van Vleck, Phys. Rev. 74, 1168 (1948). 

FIG. 9. Pure quadrupole absorption frequencies calculated as a 
function of the asymmetry parameter, rj. (See reference 12.) The 
ordinates are in units of 6e2qQ/4J(2I—l)h. 

pole interactions from crystal imperfections. Also, since 
the resonance could not be saturated with the available 
rf power from the spectrometer, it is assumed that the 
spin-lattice relaxation time 7\ is rather short, and that 
there is probably a line-width contribution from the 
relaxation mechanism. The contribution to T\ from 
thermally induced random quadrupole interactions14 

has been estimated, and this is in reasonable agreement 
with the observed width, which indicates that T\ at 
450°C is perhaps as short as 10~4 sec. The large intensity 
of the lines at — 196°C [Fig. 6(b)] is also evidence 
for the existence of a strong spin-lattice relaxation 
mechanism. 

The line widths in zero field were found to be three 
to four times the widths at 5000 oersteds. In the 
orthorhombic phase the zero field widths at half maxi­
mum were 27 kc/sec, 45 kc/sec, 30 kc/sec, 45 kc/sec 
for lines A, B,C, D, respectively, in Table I, and in the 

0<?<.38 .38<*<.66 .66<*<I.O 

FIG. 10. Determination of the asymmetry parameter, 17, from 
measured frequency ratios. The insert at the right is an expanded 
view in the region of ?? = 0.8. 

14 N. Bloembergen, Nuclear Magnetic Relaxation (Martinus 
Nijhoff, The Hague, 1948), pp. 118-121. 
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rhombohedral phase the widths were 25 kc/sec, 30 
kc/sec, and 30 kc/sec for the lines F, G, and H. The 
theoretical problem of NQR line width for spin 9/2 
has not yet been solved. Abragam and Kambe15 show 
that the NQR line is broader than the NMR line for 
spins 1 and 3/2, and that there is a greater increase in 
width over the N M R for the spin 3/2 than for the 
spin 1 nucleus. The large increase in line width of 
NQR over N M R which we observed in this experiment 
might then be expected because of the large spin of Nb, 
7 = 9 / 2 . 

VIII. CONCLUSIONS 

We have shown that the quadrupole interaction offers 
a way of finding and measuring phase transitions in 
noncubic solids. Furthermore, the measurement of the 
quadrupole coupling provides a new piece of informa­
tion, useful in calculations of the microscopic structure 
of such solids. 

With good temperature control, accurate phase-
transition temperatures, and associated hysteresis 
effects can be measured. In addition, information can 
be gained on the qualitative nature of phase transitions. 
The quadrupole interaction, being very sensitive to 
crystal structure, shows whether the transition occurs 
continuously or discontinuously. A gradual change in 
quadrupole interaction would indicate a second-order 
transition, while a discontinuity in the interaction 
would indicate that the transition was of the first order. 

In all of the phase transitions observed the frequency 
changes and, hence, the quadrupole interaction changes 
were abrupt. However, the changes in line intensity 
were not always discontinuous. In the — 50°C transition 
the intensity changed gradually over a range, 8T, of 
about 15°C, Fig. 5. This effect was also seen at the 
430°C transition where 5T^5°C. The intensity change 
in the 220° transition occurred within a 5°C range. 

This means that the transition of any given unit 
cell or small region in the crystal is discontinuous, and 
that the whole crystal does not change structure at one 
temperature. If each cell changed continuously with 
temperature, then the nuclear resonance spectrum 
would show a gradual shift in frequency at approxi­
mately constant intensity. This, as stated above, is not 
what is observed in KNb0 3 . Therefore, the fact that 
the transition occurs over a range of temperature 8T 
can be attributed to the fact that different localities 
of the crystal change at slightly different temperatures. 
Such a temperature dependence upon the position of a 
given cell in the crystal could be caused by imperfections 
in the crystal or, possibly, a temperature gradient in 
the crystal. If the latter were the determining factor, 
then one would expect 8T to be directly proportional 
to the gradient in the crystal. Also, the gradient should 
be, to first approximation, proportional to the difference 
between the transition temperature and the room 
temperature. This would give a much bigger 8T for the 

16 A. Abragam and K. Kambe, Phys. Rev. 91, 894 (1953). 

430°C transition than for the — 50°C transition. This 
certainly is not the case in these measurements. 

Local activation energies for nucleation could depend 
on imperfection concentration. Then if there is some 
average energy JSj, associated with an imperfection, 
it will have a greater relative effect on a transition for 
which the normal activation energy is small. This 
mechanism would suggest that the temperature range 
8T decreases as the activation energy increases. The 
latent heats of these transitions have been measured,4 

and it is found that the latent heat increases as the 
transition temperature increases. This would predict a 
decrease in 8T as T increases, in agreement with the 
observations. Similar arguments may also apply to the 
widths AT of the temperature hysteresis curves. 

The problem of accounting for the observed quadru­
pole coupling for Nb in KNb03 in a nearly cubic struc­
ture must now be faced. Investigations of atomic hyper-
fine structure of Nb do not show a deviation from the 
interval rule because of quadrupole interaction.16 As yet 
no upper limit, based on a calculated field gradient in 
atomic Nb, has been placed on the quadrupole moment 
of Nb. We estimate however, from the plots of Townes6 

and of Murakawa,7 that Q is of the order of 0.1X10"24 

cm2. In order to account for the measured quadrupole 
coupling in the orthorhombic phase of KNb03, then, 
the field gradient eq should be about 3X1015 esu/cm3. 

Also, any model for this crystal should give an 
estimate of t\ and for the direction of the principal 
axes of VE as well as for the magnitude of eq. 

In the orthorhombic phase, the calculated field 
gradient produced a charge of 2 esu in the position of 
the each six nearest-oxygen neighbors to Nb does not 
agree with the experimental measurements. The calcu­
lated gradient is about £#^2X101 3 esu/cm3, which is 
too small by a factor of about a hundred. The calculated 
principal axis of the gradient caused by the oxygens is 
perpendicular to the rhomb face and the axial asym­
metry parameter is about 0.5, neither of which results 
agrees with experiment. This calculation was made for 
both a displaced and an undisplaced Nb ion. 

Another kind of lattice-point calculation based on 
the covalent bonding suggested by Megaw17 was tried. 
She suggests that Nb forms covalent tetrahedral bonds 
with the four oxygen atoms nearest to the displaced 
position of Nb. In this calculation it was assumed that 
there is an average concentration of charge halfway 
between niobium and each oxygen atom. Approxi­
mately the right magnitude, 2X1015 esu/cm3, for eq 
results, but the asymmetry parameter, ?7'—'0.1, and the 
principal axis of VE is perpendicular to the rhomb face. 
So we see that neither of these crude approximations 
to the measured field gradient fits the observed data at 
all. An important conclusion to be drawn is that simple 
lattice-point calculations for \E in such a complicated 

16 W. W. Meeks and R. A. Fisher, Phys. Rev. 72, 451 (1947); 
F. A. Jenkins (private communication). 

17 H. Megaw, Acta Cryst. 5, 739 (1952). 
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crystal are not capable of giving even qualitative 
results. Furthermore, it is not expected that a complete 
lattice-point calculation using appropriate dipole-fleld 
factors will be significantly better. I t is therefore felt 
that the large size of the quadrupole coupling which we 
observe can only be the result of covalent bonding, 
where the \E is generated by valence electrons which 
penetrate the ion core. Magnification effects18 may 
contribute significantly. 

I t should be pointed out that the large observed 
quadrupole coupling in the tetragonal phase and the 
single magnetic resonance line in the cubic phase are 
inconsistent with the Mason-Matthias19 model of six 
equilibrium positions for the central ion. 

Perhaps a better correlation between the quadrupole 
interaction and ferroelectric properties could be made 
if there were more data available on the ferroelectric 
properties in the tetragonal phase. A comparison of this 
interaction, with the lattice constants (c/a—1) and 
with the spontaneous polarization (Ps) would be appro­
priate. These properties are well known for BaTi03 but 
not for KNb03. The (c/a—1) measurements involve 
extensive x-ray work and the measurement of Ps seems 
to be inhibited by the high conductivity of KNb03 
near the Curie temperature4 as well as by the twinning. 

In order to indicate the range of applicability of the 
nuclear resonance techniques to problems of this sort, 
we note that the Curie temperature of NaNbOs is not 
known. (X-ray measurements2 indicate a cubic struc­
ture above 470°C, while optical data would make this 
temperature 640°C.) Furthermore, there is evidence 

18 Foley, Sternheimer, and Tycko, Phys. Rev. 93, 734 (1954). 
19 W. P. Mason and B. T. Matthias, Phys. Rev. 74,1622 (1948). 

that this substance may be antiferroelectric. Both of 
these questions can, in principle, be resolved by doing 
a careful series of nuclear resonance experiments. I t 
will not be easy to do satisfactory experiments on the 
nuclear resonance in BaTi03. First, it would be neces­
sary to grow crystals containing enriched Ti isotopes. 
Second, large BaTi03 single crystals are usually grown 
with too much paramagnetic "dope" to expect to see 
good nuclear resonances. Third, even these crystals are 
usually in the form of thin plates, which is not con­
venient for use in the nuclear resonance rf coils. 

A study of YAIO3 would be useful since the nuclear 
quadrupole moment of Al is known,20 and the quadru­
pole coupling of Al has been measured21,22 in other 
compounds. 
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FIG. 2. Nuclear magnetic resonance absorption peaks at several orientations of a single crystal of KNb03. 
The limits of the spectrum arc from about 6 to 8 Mc/sec. 



FIG. 6. Partial magnetic absorption spectrum at a single 
orientation and at temperatures above and below the orthorhombic-
rhombohedral transition, (a) 27°C, (b) -196°C, (c) 27°C after 
rapid heating, (d) 27°C after recooling to — 196°C and subsequent 
slow heating. 



FIG. 8. The pure nuclear quadrupole resonance absorption spectrum at 25°C. The lines are labeled A through 
D in Table II in order of increasing frequency. The symmetrical wings on the negative side of the no-resonance 
trace are caused by absorption when the modulating field is on. 


