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We present the results of measurements on a single crystal sample of scandium
metal at temperatures down to 100 wK using nuclear quadrupole resonance
(NQR). We find two regimes in the relaxation curves: an initial fast relaxation,
Jollowed by a slower relaxation consistent with the three exponential recovery
expected for an 1 =7/2 system in zero external magnetic field. The Korringa
constant for this longer time relaxation in our sample is 90+ 9 msec K ~'. By
observing deviations in the ratio of the intensities of adjacent nuclear spin
transitions at the lowest attainable temperatures, we have been able to make
a determination of the sign of the total electric field gradient present in the
crystal. We find that the lowest energy state of the nuclear spin system
corresponds to m; = +7/2. A combination of these deviations and pulse NQR
allows us to use this system as an absolute thermometer in the uKelvin regime.

1. INTRODUCTION

Quadrupolar systems present several unique opportunities for study at
very low temperatures. The origin of the splitting of the nuclear energy
levels is the interaction of the electric quadrupole moment of the nucleus
with the electric field gradient present at the nucleus. It is therefore possible
to make measurements at zero external magnetic field. We have measured
spin-lattice relaxation times in single crystal samples of pure scandium (Sc)
metal at zero field over a temperature range from 300 4K to 10 mK. The
model for relaxation based on mutual nuclear-electron spin flips'~* predicts
a multi-exponential decay for pure quadrupolar systems. We find two
separate regimes in the relaxation curves. At short times (¢« 1sec) after
saturation a very fast relaxation is observed. Relaxation curves compatible
with a three-exponential decay are measured at all temperatures for times
greater than 1 sec after saturation. The value of the Korringa constant that
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we obtain from this long time relaxation is an order of magnitude smaller
than the value measured at high temperature and high field along the c-axis.*
The zero field value is expected to be a factor of 2 smaller than the high
field value if the nuclear spin coupling is strictly dipolar;'”” however, in
experiments performed elsewhere larger reductions of the Korringa constant
have been observed in some samples of Cu® and Pt’ at low temperature
and low field.

After determining the spin-lattice relaxation times we have also demon-
strated the use of these systems as absolute thermometers by simultaneous
measurements of the population differences in two adjacent transitions as
a function of temperature. In the infinite temperature limit, where the
characteristic splitting of the energy levels AE « kT, the ratio of the intensity
in the two transitions is constant. As the temperature is decreased the ratio
of intensity of the higher frequency transition to that of the lower frequency
transition increases. Once the high temperature value is measured, a given
value of the ratio corresponds to a unique and calculable value of tem-
perature.

From these measurements we have also made the first determination
of the sign of the total electric field gradient in Sc. We find that the lowest
energy state corresponds to m; = +7/2. This information, combined with
the expected value of the lattice contribution to the internal electric field
gradient® suggests that the field gradient from the non-s nature of the
conduction electrons has the same sign as the contribution from the lattice
and is about the same size.

2. BACKGROUND
2.1. Quadrupolar Interactions

The coupling of the nuclear electric quadrupole moment to the lattice
can be observed under the following conditions. The nuclear spin, I, must
be greater than 1/2 since the interaction depends on the orientation of the
nucleus. An electric field gradient must also be present in the crystal.” In
the simplest case of an axially symmetric field gradient the energy levels in
zero external magnetic field are described by

__€qQ
41121 -1)

In this expression eQ is the electric quadrupole moment of the nucleus,
and eq is the total electric field gradient present at the nucleus. From this
expression it is clear that the +m; levels are degenerate and that the energy
levels are not equally spaced (see Fig. 1). This feature is critical to all of
the measurements reported in this paper.

E,, Bmi-I(I+1)) (1)
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Fig. 1. The energy levels of an I =7/2 nucleus are

shown in the case of pure quadrupolar splitting on the

left, and in the presence of a small magnetic field on

the right. Note that in the pure case, the £m, levels

are degenerate. +/=7/2 — —_—-ZC

For Sc the energy levels are described by Eq. (1) with e’qQ/h=
2.0 MHz, where Q = —0.22 barns'® and I =7/2. The size of the splittings in
Sc are 130 kHz between the +1/2 and the +3/2 states; 260 kHz between
the +£3/2 and the +5/2 states and 390 kHz between the +5/2 and the +7/2
states. In temperature these splittings correspond to 6, 12, and 18 uK. The
sign of g, the gradient, will determine whether the +£7/2 states or the +1/2
states have the lowest energy at zero field.

If the crystal is non-cubic there are two contributions to the gradient.
The first is associated with the lattice of ion cores. This part of the gradient
is calculable for an hcp crystal'! if the c¢/a ratio and the Sternheimer
anti-shielding factor'? are known. The second contribution to the gradient
is the non-s nature of the conduction electrons which is difficult to calculate
since it depends on the details of the band structure of the crystal. Since
the gradient is assumed to be the sum of these two, the conduction electron
component can be inferred from a measurement of the total gradient. For
the case of nuclei which do not have a radioactive isotope,'’ determination
of this sign requires cooling the sample down to a temperature which is of
the order of the characteristic level spacing and measuring either the heat
capacity'* or the relative population in different levels. For Sc this requires
cooling the system to a temperature on the order of 100 uK since the
condition AE « kT starts to break down in this regime.

2.2. NQR

Population differences between the different m; levels can be measured
with pulse techniques, similar to pulse NMR. Either free induction decays
(FID)"® or spin-echoes'® can be observed. In the case of pure quadrupolar
splitting (zero external field) there is no net nuclear magnetization since
the +m; levels are degenerate. The excitation and pickup coils must not
have orthogonal axes and the signal results from the constructive interfer-
ence of the +m; components as they precess in opposite directions after a
tipping pulse.’® It is common to use the same coil for both purposes.
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Generation of an FID is preferable since this method measures the
population differences immediately before the pulse is applied, thus one
need not worry about the possibility of eddy-current heating of the system
from the pulse.'” It is advantageous to use a single crystal for these measure-
ments since the gradients will be more uniform than in a poly-crystalline
sample. In the current studies on single crystal samples FIDs are clearly
visible up to 8 mK. In our previous studies on the polycrystalline samples'®
of similar size, FIDs were only visible below 1 mK due to inhomogeneity
of the gradients. Since the spin-spin relaxation time of the sample is short
the spin-echo technique makes it possible to take data at higher tem-
peratures. As a check we can compare the value of T; obtained by both
techniques at a suitably low temperature. We find good agreement between
the two methods. Therefore the spin-echo technique may be used to examine
relaxation at higher temperatures where the signals are smaller, but heating
effects are not expected to be a concern.

2.3. Relaxation Times

At low temperature the relaxation time T, is a measure of the nuclear
spin-conduction electron coupling since the lattice degrees of freedom are
frozen out. In the NQR case, where the levels are unequally spaced, mutual
nuclear spin flips do not always conserve both energy and angular momen-
tum. Therefore during the relaxation process the nuclear spin levels are not
at a unique spin temperature. Each level has a characteristic time constant
with which it relaxes to the lattice temperature. Eventually, after relaxation
is complete, the nuclear spin temperature is equal to the lattice temperature.
However, changing the population in one level can affect the population
differences in more than one set of levels. For instance if the 3/2 to 5/2
level is saturated it is clear that all of the population differences will be
altered from their equilibrium values. For the case of magnetic (Am =1)
transitions in an I =7/2 system the time dependent return to equilibrium
of the population difference between adjacent levels after an initial disturb-
ance can be derived from basic quantum mechanics® and has the form

-3t —10¢ =21t
Meq—M(t)=Aexp<T>+Bexp( T )+Cexp( T ) (2)

1 1 1

In this expression A, B, and C are constants that depend on the initial spin
conditions and T, is the corresponding magnetic relaxation time. At higher
temperatures Am =2 transitions which are mediated by the lattice can
occur;'® however, at the low temperatures of this work only Am = 1 transi-
tions are expected. The most important features of this equation are the
effective time constants which are well defined fractions of T,; consequently
the relaxation is faster than in a comparable magnetically split system.
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2.4. Thermometry

Quadrupolar systems have important applications as absolute ther-
mometers at low temperatures. The relevant temperature range is dictated
by the characteristic splitting of the levels. In a system which has two
unequally spaced transitions of energies £, and &, the ratios of the relative
populations of the levels change in a unique way with temperature. The
following general expression results for the ratio of population in the higher
energy transition to that in the lower energy transition

R =ex (&,+¢&,) sinh(e,/2kT) 3)
“*PTOKT  sinh(e,/2kT)

In this expression k is the Boltzmann constant. When the ambient tem-
perature T >» ¢,/k, €,/k, Eq. (3) reduces to R =¢,/¢, and is independent
of temperature. In the regime where Eq. (3) can be used a given value of
R corresponds to a unique value of T. The thermometer is calibrated by
measuring the high temperature value of the ratio and normalizing the
theory to that value. Figure 2 shows the expected behavior of R for the
two highest frequency transitions.

A similar technique for creating an absolute thermometer based on
applying a small magnetic field to a quadrupolar system and looking at the
population differences between the Zeeman split levels has been proposed
by Sullivan.*®

3. APPARATUS

These measurements were made on a nuclear demagnetization cryostat
consisting of an Oxford*’ model 600 dilution refrigerator and an 80 mole
copper bundle. The sample is a single crystal foil of Sc metal obtained from
Ames Labs.” The c-axis of the crystal is perpendicular to the plane of the
foil. The foil size is 10 mm X 30 nm. Its thickness is tapered so that the
upper part of the sample, where the pickup coil is mounted, has been
electropolished to a thickness of 250 um. This thickness is less than twice
the skin depth at 260 kHz. At the bottom of the crystal, where it is thermally
and mechanically anchored with a copper clamp, it is 500 um thick. The
electrical resistance of similar clamp joints has been measured to be on the
order of u{)s. The sample is clamped onto a copper cone which is secured
in a mating tapered hole on the stage plate of the cryostat. Compensation
coils on the demagnetization magnet reduce the field in this vicinity to about
10 mT even when the main field is at 9 T. These small residual fields are
screened from the sample by a superconducting Nb tube maintained at the
temperature of the dilution refrigerator mixing chamber.
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Fig. 2. A graph of the expected behavior of Eq. (3) as a function of temperature for the two
higher frequency transitions.

A single excitation/pickup coil is used for the NQR experiments. It
has an inductance of about 800 xH and is connected to the room temperature
electronics by a superconducting cable. The natural resonance frequency
of the circuit is 440 kHz; it can easily be tuned to any lower frequency by
the addition of appropriate parallel capacitors at room temperature. It is
possible to change the tuning on the usec time scale by computer so that
more than one transition can be studied; however, for the purpose of this
work the tuning was kept fixed for a given experiment.

A diagram of the spectrometer used for all of the measurements is
shown in Fig. 3. The entire system is controlled by the computer which is
programmed to select appropriate sequences for the timing simulator, to
adjust the frequency of the synthesizer, to initiate pulse sequences at the
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Fig. 3. A schematic diagram of the spectrometer electronics is shown. More information about

the manufacturers is given in Ref. 23.
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appropriate time intervals, and to record and do preliminary analysis on
the data. One output from the synthesizer is converted into square wave
and serves as an external clock for the timing simulator. The frequency of
this external clock can be scaled by a logic circuit during portions of the
timing sequence to allow us to make the very long (=minutes) time scale
measurements required for some of the T; measurements. A second output,
phase shifted to obtain optimal pulse shape, provides rf input to the
transmitter and detection circuits. Gating of the pulses in the transmitter
circuit is achieved by using two mixers in series as a switch. This scheme
achieves a better on/off ratio (>100 dB) than that from a single mixer, and
a particularly clean pulse is generated (no excess ringing) when the first
mixer is turned on for a longer time than the second by one rf cycle before
and after. The amplitude of the transmitter pulse can then be adjusted by
the computer controlled variable attenuator. We have determined that the
best performance (little or no distortion of a pulse) occurs when using two
lower power amplifiers in the transmitter. Once amplified, the pulse is fed
through the wall of the shielded room through a series of high power
isolation transformers and EMI filters. Several pairs of crossed diodes
provide additional isolation of low level signals from the transmitter to the
sample. Through the use of a logic circuit which is optically coupled to the
electronics outside of the shielded room, an rf relay connects the selected
coil. From room temperature to 4.2 K the coaxial cable is commercial Be-Cu
hardline. Further down in the cryostat we use homemade superconducting
coaxial cable. The spectrometer can generate pulses with peak to peak
voltages of 15V at the top of the cryostat.

The first stage of amplification on the receiver is a home-built pre-
amplifier™ which is mounted on the top plate of the cryostat at room
temperature and sits inside the shielded room. The noise figure for this
amplifier is 4 nV/vHz. The use of an internal quench circuit reduces the
dead time of the system to about 30 usec. The control circuit for the quench
circuit is located outside of the shielded room and optically isolated signals
are transmitted through the wall. After amplification by the second stage
of gain, the response of the spins is fed back through lower power isolation
transformers and EMI filters to the outside of the shielded room. The signal
is split and mixed with 0 and 90° reference signals before being amplified,
filtered, and finally digitized and sent to the data acquisition computer.

The spectrometer is also used to monitor a '>>Pt NMR thermometer.
All of the quoted temperatures are derived from the Pt susceptibility assum-
ing a strict Curie law behavior. The Pt thermometer is calibrated using the
Korringa relation (assuming T,T =29.6 msec K™') at dilution refrigerator
temperature, typically 6-10 mK, and by checking against the ‘A’ and solid
transitions of the *He melting curve thermometer.”® The field at which the
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Pt NMR is measured is higher than any at which deviations from the above
value of the Korringa constant have been observed (=200 G).” The ther-
mometer consists of 1000 turns of S N Pt wire from California Fine Wire
Co0.?® TIG welded into a Pt rod. This rod is TIG welded into a silver post
which is in turn TIG welded into a copper cone. The design is similar to
that discussed in Ref. 7. The cone is attached to the stage plate in the same
manner as that of the Sc experiment.

4. MEASUREMENTS

There are two types of measurements that are reported in this paper:
those associated with the relaxation times and those associated with absolute
thermometry. In this section we will discuss the experimental technique
involved in making both kinds of measurements.

4.1. Relaxation Times

The relaxation time measurements are made by sampling the magnetiz-
ation at time intervals ranging from hundreds of usecs to hundreds of
seconds after saturating the spins with a “comb” of between 50 and 75
pulses. The pulses in the comb are approximately 7° in tipping angle and
are separated by a time longer than the inverse linewidth of the resonance
line and significantly shorter than the expected value of T,. A comb is
required to saturate the sample. No magnetization is visible immediately
after the comb. The sampling pulse is a single pulse of about 10° tipping
angle so all of the relaxation measurements are based on FID signals. As
a check on heating, every fourth sequence consists of a sampling pulse
alone. The amplitude of the resulting FID is checked against the expected
signal height at a given temperature. In this way we are confident that the
ambient temperature of the cryostat does not change during the time interval
required for a T, measurement. The thermal time constant of the clamp
joint through which the electrons in the sample are cooled to the stage
temperature is several orders of magnitude shorter than the measured value
of T,; therefore we do not expect to have significant heating from the pulsing
on the time scale over which the experiments are done.

Different combinations of pulse duration in the comb, pulse separation
and spectrometer frequency have been tried. The resulting values of T, are
consistent at any given temperature.

4.2. Thermometry

The simultaneous measurements of the population in the 3/2-5/2 state
and the 5/2-7/2 state are made as follows. The tuning on the coil is set to
390 kHz since the background is quieter than at 260 kHz. The spectrometer
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is set at 320 kHz and is operated in the homodyne mode to allow for phase
coherence between different traces. A single 32 usec pulse is used. The
Fourier transform of this pulse has frequency components at the position
of each of the two lines. The size of the tipping pulse for each transition
is only a few degrees. In addition the excitation pulses have roughly the
same magnitude for both transitions. The resulting FID signal contains
information about both transitions and is recorded as a function of Pt
temperature in the course of a demagnetization run. The waiting time
between pulses varies from run to run but is never shorter than 5T;.

5. RESULTS
5.1. Lineshapes

At temperatures below 8 mK free induction decay signals are visible
from the two higher frequency transitions. For the 3/2-5/2 transition the
lineshape can be well fitted by a Gaussian with a full width at half maximum
of 17 kHz. This corresponds to an FID with a characteristic decay time of
32+1 usec. The 5/2-7/2 signal is slightly more complicated; it seems to be
made up of two Gaussians, one centered at 400 kHz, the second centered
at 378 kHz. The decay time of the FID corresponding to the higher frequency
line is 25+ 2 usec; the corresponding decay time of the lower frequency
line is 33+ 4 usec. The splitting of the 390 kHz line occurs for a variety of
excitation pulses and frequencies. An external magnetic field of 10 Gauss
would cause this splitting, but if such a field were present a splitting of the
260 kHz line should have been observed. Furthermore, it would be hard to
understand the origin of such a field.

5.2. Relaxation Time Measurements

Figure 4 shows a typical linear relaxation plot for the 3/2-5/2 transition
at 1 mK. These plots are displayed as AM as a function of delay time. The
data points are the result of integrating the Fourier transform of one phase
of the FID signal over a suitable region.

Two separate regimes for the relaxation are observed, possibly indicat-
ing two different relaxation processes. The short time (delays up to 0.1 sec)
relaxation is very fast (inset Fig. 4). One unusual feature displayed in this
regime is an apparently single exponential relaxation with a time constant
that decreases as the temperature is decreased (see Fig. 5). The time scale
ranges approximately from 0.1 sec at 8 mK to 0.03 sec at 0.3 mK. In addition
there is a small “overshoot” in the recovering magnetization which becomes
more prominent at lower temperature. This feature is more prominent in
our previous studies of polycrystalline samples'® where the overshoot of
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Fig. 4. A typical relaxation curve taken on the single crystal sample at T =1 mK. The inset is
a detail of the early time region showing the transition from fast to slow relaxation and the
appearance of a very slight minimum.

the initial recovery is more pronounced and there is a minimum in the
relaxation curves (see Fig. 6) at a fixed time of 0.1sec after saturation
independent of temperature, over the entire temperature range investigated.
One would expect a thermal process to have a temperature dependence.
The polycrystalline recovery curve shown in Fig. 6 was taken at the same
temperature as the trace from the single crystal shown in Fig. 4. For the
single crystals the minimum is still visible at the same time interval although
it is not as pronounced. In addition the fits done for the later time relaxation
(described below) suggest that the magnetization is left in an unusual state
at t=0.1sec. If we assume that a given transition is saturated at ¢t =0 the
populations among the levels redistribute into an “‘anti-thermal”’ distribution
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Fig. 5. The data points represent the characteristic time constant of the best fit of a single
exponential decay to the initial fast relaxation. The time constant decreases as the temperature
decreases.

following this fast relaxation; the population in a higher energy levels
appears to increase relative to that of a lower enegy level. The coefficients
describing the populations in these states vary smoothly as a function of
temperature.

A fast initial relaxation could be caused by a long thermal time constant
between the sample electrons and the copper bundle;?” however, a thermal
process should not cause an overshoot in the recovery. Rapid initial relaxa-
tion has been observed in systems with magnetic impurities®® although in
the case of CuMn the initial relaxation was found to be nonexponential.*®
It is well known®® that magnetic impurities, especially Fe, have a dramatic
effect on the behavior of Sc metal at low temperatures. However, it appears
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Fig. 6. This relaxation curve was taken on a polycrystalline sample at T=1mK. The inset
again shows the early time region. The minimum is more pronounced than in the case of the
single crystal which is shown at the same temperature in Fig. 4.

that low concentrations of Fe, less than 5 ppm, do not alter the behavior
of the metal.’® Our single crystal samples have a 3 ppm Fe impurity con-
centration. In addition the effect on the relaxation time of the addition of
significant amounts of rare earth impurities to Sc has been studied at high
field’' An enhanced rate of nuclear relaxation was observed. Again our
single crystal sample has very low rare earth impurity content (on the order
of or less than 1 ppm). One interesting mechanism for enhanced relaxation
is discussed in Ref. 32 which involves the coupling of the nuclear spin to
the spin of an impurity. Although this mechanism predicts a relaxation rate
that increases as the temperature decreases at very low magnetic fields, it
is not clear what the expected behavior is at very low temperature.
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It is not practical to fit the recovery which occurs between 0.1 sec and
1 sec since this is'the cross-over regime between the two different processes.
At times longer than 1sec the decay of the magnetization cannot be
adequately fitted by a single exponential. A three-exponential recovery
yields a reasonable fit to the data, as expected for the Am =1 relaxation
between the nuclear spins and conduction electrons. Data taken at various
temperatures have been fitted to Eq. (2) by floating the parameters A, B,
C and T,. Figure 7 shows the result of fitting the data of Fig. 4 to this
form. The inset shows the log of the magnetization difference as a function
of time after saturation. A single exponential time constant would corres-
pond to a straight line on this plot. The points appear to deviate from such
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Fig. 7. The solid line represents the best fit of the long time (¢>1 sec) data of Fig. 4 to Eq.
(2). The time constant, T,, is extracted from this fit. The inset shows the natural log of
magnetization as a function of decay time. A decay characterized by a single time constant
would be a straight line on such a plot.
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a line. As previously mentioned the values of A B, and C at 1 sec do not
correspond to a state in which one set of levels has been saturated, presum-
ably because of the effect of the initial relaxation. The fit to the polycrystal-
line recovery data is in good agreement with the results from the single
crystal. Results for T, as a function of temperature are shown in Fig. 8. We
find that the Korringa constant for Sc at zero external magnetic field (more
precisely at the earth’s field which is small compared to the internal fields)
is T,T=90+9msec K™' where the quoted error is the statistical error
obtained from standard analysis. This value is an order of magnitude shorter
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Fig. 8. The open squares represent T, T from relaxation curves such as the one shown in the
previous figure for the 3/2-5/2 transition. The open triangles are data from the 5/2-7/2
transition. In all cases the size of the error bars reflect the quality of the fit to the raw data.
The fit to the data to find the Korringa constant was done assuming a standard 1/a? weighting
for each data point.
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than the values at B> 0 and T>300 mK.*>* Figure 8 shows data from the
two higher frequency transitions. The symbols are described in the figure
caption.

We have observed a signal from the 1/2-3/2 transition at about 130 kHz
at the lowest temperatures, T =100 K, but the signal is weak.

5.3. Absolute Thermometry and Determination of the Sign of the
E-Field Gradient

Fourier transforms of FIDs resulting from a pulse used for absolute
thermometry are shown in Fig. 9. The x axis is the actual frequency and it

1 1

170.0 270.0 370.0 470.0
Frequency (kHz)

Fig. 9. Two Fourier transform spectra at different temperatures of the response of the
spins to a pulse used for thermometry. Both transitions are visible. The trace with less
amplitude at 390 kHz was taken at 300 uK; the other was taken at 99 uK. The y axes
have been rescaled as explained in the text. The increase in the amplitude of the 390 kHz
transition yields information about the sign of the electric field gradient and makes the
system useful for absolute thermometry.
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is clear that both transitions are resolved. Note that the x axis is rescaled;
the spectrometer is set at 320 kHz which explains the additional noise around
this frequency on the graph. The two traces shown represent the response
of the spins to the same pulse sequence at 300 wK and 99 uK. The y axes
have been rescaled so that the height of the 260 kHz peak is the same for
both traces. The relative height of the 390 kHz peak is larger for the lower
temperature trace. This effect will increase dramatically at even lower
temperatures. Figure 10 shows the integrated intensity of the high frequency
peak divided by that of the low frequency peak as a function of Pt NMR
temperature. We were careful not to include the noise around 320 kHz in
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Fig. 10. The data points represent the ratio of the integrated intensity in the high frequency
peak to the low frequency peak as a function of temperature. The solid line is the best fit to
Eq. (3) through the points. The only free parameter in the fit is an overall multiplicative
constant. The open and closed circles represent data taken in two different runs. In some cases
signal averaging was employed.
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these integrations. The data in this figure were taken in two separate runs,
denoted by different symbols. The time between points in both cases was
more than 2 h. Although the effect is small it is clear that the intensity in
the 5/2-7/2 transition increases relative to that of the 3/2-5/2 transition
as the temperature decreases. The line through the data points is a fit to a
constant times Eq. (3). (The constant is the high temperature normalizaion
previously discussed.) These data and Eq. (3) indicate that the +7/2 levels
are the ground state of this system. Given that the sign of the electric
quadrupole moment of the nucleus is negative, from Eq. (1) it follows that
the total field gradient present in the crystal is positive. This measurement
provides the first determination of the sign of the total field gradient in Sc.
Since the calculated value of the lattice contribution is positive® and smaller
than the total measured value it follows that the contribution from the
conduction electrons is also positive.'

6. CONCLUSION AND FUTURE WORK

Quadrupolar systems have several features which makes them useful
in the uK regime. First of all they have shorter relaxation times than
magnetically split systems of the same order because of their unequally
spaced levels. This shorter relaxation time is important for applications
such as thermometry. The unequally spaced levels provide a unique oppor-
tunity to use these systems as absolute thermometers, which are rare in the
nK temperature regime. We have also demonstrated that it is possible to
determine the sign of the electric field gradient due to the conduction
electrons in Sc.

Quadrupolar systems also provide a unique opportunity to measure
the field dependence of the Korringa constants. Although it is possible to
measure zero-field relaxation in NMR by field cycling techniques,® these
measurements are quite easy to make with pure NQR. Since there is evidence
of unusual behavior at low fields this is a question of great practical relevance
for materials which will eventually be used as demagnetization stages or
thermometers. The question of magnetic impurities is also an important
one since it is difficult to obtain materials with impurity levels much lowgr
than 10 ppm. If the unusual relaxation effects that we are observing are due
to impurities they have a large influence on the behavior of the sample. We
plan to repeat these studies in non-zero applied magnetic field. We are also
currently pursuing studies in Sc alloys which have larger quadrupolar
splittings.
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