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Abstract

The nuclear magnetic relaxation in scandium metal is investigated at liquid helium tem-
perature for both single crystal and powder samples. The obtained temperature and field
dependencies of the Korringa constant can be described by means of the spin fluctuation the-
ory for 3d electrons. It is shown that the most probable reason for the decreasing relaxation rate
at high magnetic field is the quenching of spin fluctuations. Another possible reason — the in-
fluence of magnetic impurities — is also analyzed. We discuss the reasons for the experimentally
observed variations of the Korringa constant. The possible sources of non-single-exponential
relaxation in scandium metal are investigated.

Introduction

The interest for investigations of the behavior of the nuclear spin system in scandium
458c (I = 7/2) metal is motivated by two main reasons. First of all, scandium is
a transition metal, which has only one 3d electron. Among other transition metals,
possessing unique magnetic properties due to their 3d electrons, scandium is, probably,
less understood, although, in principle, with only one d electron it might be expected
one of the best understood. The reason is in great difficulty, up to recent years [1], to
obtain impurity-free scandium metal, especially with respect to the iron content.

Second, scandium is one of the metals where it could be possible to get and to
investigate the nuclear magnetic ordering [2, 3]. Due to the small value of Korringa con-
stant the nuclear spin-relaxation time is so short, that the temperature of conduction
electrons and the temperature of nuclear spins are practically equal during an exper-
iment. It means that the exchange interaction between nuclear spins is rather strong
that should lead to rather high temperatures of nuclear ordering (the order of pK,
while in such metals as Cu, Ag and Rh the corresponding temperatures have the order
of few nK and even of hundreds pK [4]). Besides the knowledge of the parameters of
nuclear spin system nuclear magnetic resonance (NMR) yields information about con-
duction electron subsystem, which is hardly deduced from band structure calculations.
In particular, the core electrons and the valence electrons give distinct contributions to
the Knight shift and nuclear magnetic relaxation time. This motivates the importance
of precise determination of nuclear spin-lattice relaxation time from evolution of nuclear
longitudinal magnetization.

There are rather few NMR investigations of Sc metal in the temperature range
0.001 = 300 K [5-11]. They give rather different values for the Korringa constant K
(from 0.09 c¢-K to 1.6 c-K) in the dependence on experimental conditions, particularly
on the applied magnetic fields (see Table 1). It should be noted that in zero magnetic
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Table 1. Korringa constant values obtained in NMR measurements at different conditions

Sample, purity Tempera- Frequen- Magnetic T, sK Ref.
and angle 0 ture, K cy, MHz field, T
between magnetic
field and crystal
c-axis
powder, 99.9% 1.7+300 14.5 1.4 0.6 5
1.5+77 10.0 0.967 0.11 6
single crystal, 77.0 8.0 0.77 (1.25 — 0.58sin? ) * 8
99.9%, 0
powder 1.0+4.0 17.0 1.64 1.3£0.2 7
30.0 2.89 1.34+0.2 12
powder, 99.98% 1.5+77 10.0 0.967 1.5+0.2 9
single crystal, 7 8.0 0.77 0.81 10
cosf =1
single crystal, 7 8.0 0.77 1.49
cosf =0
single crystal, 4.2 8.0 0.77 1.1+0.1
cosf = 1/\/5
powder 300 12.0 1.16 1.240.1
powder 1.3+-300 50.0 4.82 1.6 11
powder 1.3+4.2 20.0 1.93 1.48
powder 1.3+4.2 5.0 0.48 1.36
single crystal foil | 0.003+0.01| 0.39, 0.26 | 0 (NQR) 0.09-+0.009 13

field (nuclear quadrupole resonance investigations [13]) the value of the Korringa con-
stant, obtained from the longest magnetization decay, is extremely low, namely 0.09 ¢- K.
A priori it might be expected that magnetic field dependence of the Korringa constant
could be explained as the result of the influence of spin fluctuations. It is well known
that the specific heat at high magnetic fields is decreased because of spin fluctuation
quenching [14]. Such behavior for nuclear magnetic relaxation was observed for Sc inter-
metallic alloys [15]. However, in the case of pure Sc metal there is no information about
influence of spin fluctuations on the nuclear spin system. It should be noted here that
the recent theoretical calculations of spin relaxation times and susceptibilities, based
on magnetic correlation functions [16], showed the importance of Fermi surface effects
as well as the band structure in a finite energy range. Nevertheless, in the framework of
this approach it is impossible to explain the variation of the Korringa constant obtained
in the different experiments.

The motivation for a study of nuclear magnetic relaxation in scandium metal is to
shed light on behavior of °Sc nuclear spin system. We focus our main interest on the
reasons for observed magnetic field dependence of the Korringa constant as well as on
the possible sources for non-exponential relaxation.

The paper is organized as follows. After short description of our samples given in
the next section we report the results of continuous wave NMR measurements in Sec. 2.
Sec. 3 deals with results of pulse NMR measurements and discussions of magnetic field
dependence of Korringa constant. In Sec. 3 the possible sources for non-exponential
nuclear magnetic relaxation in scandium metal are studied theoretically. The paper is
concluded in Sec. 4.
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Fig. 1. cw *°Sc NMR spectrum (v = 5.133 MHz) in powder at liquid helium temperature.
The position of the resonant field is shown

1. Samples

The purity of our powder sample which we bought from Rare Metallic Co., Ltd. is
3N. A single crystal used in our experiments was grown in Ames Laboratory. It has
a dimension of 3.5 x 2.0 x 27 mm?® with the long direction parallel to the a-axis. The
main magnetic impurities in our specimen analyzed in Ames Laboratory are 3 at. ppm
Fe, 0.23 at. ppm Cr and 3.2 at. ppm Mn.

2. Continuous wave NMR spectra

Because of hexagonal symmetry NMR, spectrum of °Sc (I = 7/2 ) should consist
of the main central peak with six satellites. The anisotropy of the Knight shift [17] leads
to asymmetrical form of each satellite line as well as central one. In Fig. 1 the NMR
spectrum of Sc polycrystalline sample at liquid helium temperature (7" = 1.5 K) is
shown.

We were not able to observe all satellite lines. Namely the lines corresponding to
the transitions 7/2 < 5/2 and —5/2 < —7/2 were not detected. The reason is the
sensitivity of our apparatus as well as the polycrystalline form of sample. Only very
careful preparation of samples allowed to observe all six satellite lines in a powder
sample [17]. Tt was shown in [18] that the spacings between corresponding satellite
pairs in NMR lineshape in metals are unaffected by the anisotropic Knight shift in
the second order of perturbation theory, and are also independent of the second-order
quadrupole contributions:

V(m+1<—>m)l/(m<—>m1)<m%>1/@, (1)

where vg = 3e2qQ/2I(2I — 1)h is a convenient measure of the quadrupole interaction
strength. Here e is the charge of electron, e@ is the electric quadrupole moment of
the nucleus, eq is the total electric field gradient at the nucleus, I denotes the angular
momentum quantum number and h is the Planck’s constant. We obtained from our data
vg ~ 0.128 MHz that agrees well with the value v = 0.144 MHz reported in [17] for the
polycrystalline sample, with the value v = 0.124 MHz obtained in [10] from nuclear
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Fig. 2. **Sc free induction decay at T = 1.5 K. The corresponding frequencies and pulse
durations are shown in frame

resonance measurements at single crystal sample and with the value v = 0.13 MHz
measured in [13] by nuclear quadrupole resonance method.

The continuous wave (cw) NMR of scandium is the first important step if one is
going to provide the correct measurements of spin-lattice relaxation by using pulse NMR
technique. Using cw NMR one can estimate the pulse duration for complete saturation
of all transitions between nuclear energy levels. It is well known that NMR spectrum
can be obtained by the Fourier transform of free induction decay (FID). In Fig. 2 one
can see FID signals of #°Sc in a single crystal at different frequencies (6.3, 4.71 and
3.65 MHz). Obviously the scandium FID signal is complicated due to the interference
with copper signal, coming from NMR coil wires. The gyromagnetic ratio of copper is
rather close to corresponding value of scandium (v/(27) = 1.0348 kHz/Oe for 4 Sc,
v/(27) = 1.128 kHz/Oe for 3Cu and ~/(27) = 1.208 kHz/Oe for %5 Cu), so the
lowering of the external magnetic field leads to overlapping of all signals.

3. *°Sc nuclear magnetic relaxation

3.1. Transverse and longitudinal relaxation measurements. Successful ob-
servation of NMR in metallic single crystals is rather seldom because of skin effect. For



56 S. ABE ET AL.

T T T T T T T T T T
A(t)=A *exp(-t/T,) A(t)=A exp(-UT))
A =(61,7+0,9) A=(71+4)
S0l T,=(276+3) us 110k T,=(146+7) ps i
=]
=
=
2
g O “Sc single crystal
< 45 =) T=1.5K
Sc powder _
Tt =2.6us
T=4.2K; v = 4.86 MHz pust
Tpu]slzl Sus Tpuls271 us
1L rpulszZI.Sps 11l O |
1

1 1 1 n 1 n n 1 " 1 "
200 400 600 800 1000 1200 200 400 600 800 1000 1200
21, mks 21, mks

Fig. 3. *5Sc transverse magnetization decays in single crystal and powder at liquid helium
temperature. The pulse durations are shown in lower frames. In both cases the transverse
magnetization decays are described by single exponential function. Solid lines correspond to
the fitting with single exponential function with parameters shown in the upper frames
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Fig. 4. Dependence of ** Sc nuclear longitudinal relaxation time on the pulse duration time at
temperature 1.5 K. The NMR frequencies are listed

example, the measurements of NMR in metallic T1 [19], Ga [20], Al [21], Sc [10] sam-
ples can be mentioned. Using home made pulse NMR technique we have observed the
spin echo in polycrystalline samples and single crystal in inhomogeneous applied mag-
netic field. The corresponding transverse magnetization decays are shown in Fig. 3. It
is seen that both decays have essential single exponential character and the correspond-
ing lineshapes have the Lorentz form. The difference in 75 values can be attributed to
the Knight shift dispersion in polycrystalline samples, which leads to a longer value of
transverse relaxation time. As was mentioned above, for correct 77 measurements it is
very important to choose the pulse duration for the complete saturation of nuclear spin
system. The Fig. 4 illustrates T} dependence on pulse duration time. When we use long
pulse duration time (the corresponding spectrum is more narrow), we saturate only
some part of nuclear magnetic resonance spectrum. Consequently the measured T} is
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Fig. 5. The evolution of *°Sc nuclear longitudinal magnetization in different magnetic fields
at temperature 1.5 K. The NMR frequencies are listed

shorter because of spectral diffusion processes, and the relaxation has multi-exponential
character (see [22] and Sec. 4). Naturally, all our measurements have been performed
using the shortest pulse duration time. As in case of T5 measurements the longitudinal
magnetization decays have also single-exponential character. One can see it in Fig. 5,
where longitudinal magnetization evolution is presented for three different frequencies
(3.65 MHz, 4.71 MHz and 6.3 MHz). The obtained values of T} in our experiments
and the data known before [5-13] allowed us to plot the magnetic field dependence of
the Korringa constant, which is shown in Fig. 6. The obtained magnetic field depen-
dence can be explained at least in two ways. They are the magnetic influence on spin
fluctuations in electron subsystem, and the dependence of impurity magnetization on
applied magnetic field.

3.2. The quenching of spin fluctuations. As far as the relaxation rate increases
with decreasing of magnetic field is observed, we can think first of all about the quench-
ing of spin fluctuations by magnetic field and apply the formalism of self-consistent
renormalization (SCR) theory [23]. Namely, it is known from the heat capacity mea-
surements, that spin fluctuation is quenched at magnetic field above 5 T [14]. The
spin-lattice relaxation rate of 4°Sc in intermetallic alloy Scs/n increases almost five
times when magnetic field goes down from 6.8 T to 0.8 T at low temperatures [15].

If we restrict ourselves by consideration only Fermi contact interaction between
nuclear and electronic spins, then the rate of the nuclear spin-lattice relaxation is de-
termined by the following expression [24]:

Ty =~2A5,T

(2)
where Ajp; describes the hyperfine interaction,
X Tgw) = z/ dt - exp (iwt) <[Sf(q,t), St (—q, 0)]>
0

is the transverse electronic dynamic susceptibility. It was assumed here that an external
magnetic field as well as internal one are directed along the z-axis. The calculations of
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Fig. 6. Magnetic field dependence of Korringa constant. The data known before as well as our
data are shown. The solid line represents results of fitting procedure (Eq. (3)). The dash line
shows the results of fitting with taking into account spin fluctuation effect as well as impurity
influence (see Sec. 3.2)

X T(g,w) in the framework of SCR theory [25] lead to the formula for the Korringa
constant [26]:

B-M/H 3
1+C-M3/H’ 3)
which can be rewritten in more convenient form for the comparison with the experi-
mental data:

(M\T) ' =A+

1+ CB Z H?’ )
3.

where ¢ = M/H. The values of parameters A, B and C in Eq. (4) can be obtained

from the behavior of the Korringa constant at different magnetic field. So, at high

magnetic fields (see, for example, the experimental results in [11]), when one approaches

the magnetization saturation limit, the contribution coming from the second term in

Eq. (3) will be negligible, and we get the value of parameter A.

We should note here that Eqs. (3) and (4) can not be applied for very low magnetic
fields. The well-known Korringa relation has been obtained in the approximation when
the interaction between nuclear spins is small compared to the nuclear Zeeman energy.
So it was possible to consider the energy levels for the isolated nucleus and to make
corresponding calculations. At small magnetic fields one should consider the system of
all nuclear spins and use some thermodynamic relations, for example, spin temperature
concept. Such situation has been realized, for example, in the measurements of nuclear
magnetic relaxation in Cu [27]. It was shown in [27] that at low magnetic fields (lower
than local magnetic fields) magnetic impurity, such as Fe, Cr, Ni, Mn, can strongly
influence the nuclear spin-lattice relaxation process.

It is important also that at small magnetic fields the effect of electron spin fluc-
tuations can be partially washed out by the influence of non-equal spacings between
nuclear energy levels (for nuclei with quadrupole moments), and by nuclear spin-spin
interactions.

It follows from the above that as far as the impurity contents in Cornell’ group
experiments [13] was approximately the same as in ours, and these experiments were

(M) ' = A+
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Fig. 7. Magnetic field dependence of the parameter ¢ (see Eq. (4)). Solid and dash lines
represents the results of fitting with use Eqs. (5) and (6) correspondingly

provided at zero magnetic field (nuclear quadrupole resonance measurements) we have
to exclude the Cornell data from our analysis of the influence of spin fluctuation quench-
ing on Korringa constant and from the Fig. 6.

Generally speaking for the fitting procedure it is necessary to have the magnetic
field dependence of ¢ parameter which is, in fact, magnetization divided by value of the
applied magnetic field. The SQUID measurements at liquid helium temperature give us
the necessary data shown in Fig. 7. Magnetic field dependence of { parameter is not so
strong and can be described by the exponential function:

(=ai+by exp (—%) (5)

as well as by function similar to the pointed out one in Eq. (4):

bo

= —_— . 6
¢ a2+1+02H2 (6)

The results of these fittings are presented in Fig. 7 and in Table 2.

Both functions (5) and (6) can be used in the fitting procedure for the equation (4).
The result of this fitting is shown by solid line in Fig. 6 (the difference in the fitting
results with use the function (5) or (6) is negligible so only one solid line is presented
in Fig. 6). Of course, the quantitative agreement between experimental points and the
theory is not so good, because of rather big difference between the experimental points
obtained by different group. However, qualitative tendency for the magnetic relaxation
rate to increase at low magnetic field allows us to refer this behavior, at least in part,
to the spin fluctuation quenching.

3.3. Impurity influence. Another possible reason for the observed increasing of
relaxation rate at lower fields is the influence of impurities. Scandium, like palladium, is
an exchange-enhanced metal and its magnetic properties are very sensitive to 3d impu-
rities. The giant magnetic moments associated with Fe impurities in a Pd matrix have
been observed, and their ground state has been investigated by Pobell’ group [28]. In
the case of scandium there is also possibility for the enhancement of impurity magnetic
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Table 2. The fitting parameters for Egs. (5) and (6)

Eq. (5) Eq. (6)

Magnetic field | a1, emu/g | b1, emu/g | c1, T | a2, emu/g | b2, emu/g | c2, T
along a-axis | 8.1810°° | 1.14107° | 0.99 | 817-107° | 1.04-10°° 1.70
along c-axis 7.75 1.47 1.24 7.75 1.33 1.05

moments by exchange interactions. Magnetic impurity effect on the magnetic property
of Sc metal was discussed in [29], where the observed anomalies below 1 mK in mag-
netic susceptibility and magnetization have been explained by the spin glass behavior.
It is well known that the magnetic impurities contribution to the nuclear spin-lattice
relaxation rate is proportional to (1 —p2), where pg is the equilibrium magnetic polar-
ization of impurity. For a two-level system it is equal to tanh [(mH)/(2kpT)] .Here kp
is the Boltzmann constant, T' is temperature and m stands for the magnetic moment
of impurity atom. The dash line in Fig. 6 shows the results of fitting when one takes
into account two contributions to the magnetic relaxation rate — the magnetic field
independent contribution coming from Korringa mechanism and contribution from the
magnetic impurities. The value of the impurity magnetic moment obtained in this fit-
ting procedure is equal approximately to 8up, that is in a reasonable range and two
times bigger than estimations of effective magnetic moment of iron impurity in scan-
dium metal [29]. From this point of view we could conclude that one has to take into
account all possible mechanisms for magnetic field dependence of nuclear spin-lattice
relaxation in scandium metal — the quenching of spin fluctuations as well as the impurity
influence. However, the proportionality of the relaxation rate to (1 —p3) in the case of
taking into account only impurity influence means that the production 777" also should
be temperature dependent. From another point of view accordingly to SCR theory at
temperature well above the magnetic ordering temperature nuclear relaxation rate Tfl
is approximately proportional to Ty . At these conditions the scandium electron suscep-
tibility x changes a little with temperature [29]. So it seems reasonably to think that
most dominant field dependence of the Korringa constant comes from spin fluctuations.
Additional measurements at lower temperatures can help to eliminate the influence of
spin fluctuations.

4. Possible sources of non-exponential relaxation in scandium

4.1. The influence of incomplete saturation. As it was mentioned above,
45Sc NMR spectrum consists of seven unequally spaced lines: the central line at wy
corresponds to the transition +1/2 <+ —1/2, and six satellite lines correspond to m «
m—1. The spectrum is rather wide, at magnetic field 1.483 T (corresponding frequency
is 15.33 MHz) the overall splitting of NMR spectrum changes from 0.5 MHz to 0.8 MHz,
depending on the magnetic field orientation with respect to crystallographic axis c.
This enormous width of the nuclear resonance leads to some difficulties in the usual
pulse NMR experiments, in which the recovery of the nuclear magnetization is observed
after applying the saturating “comb” of radio-frequency pulses. It is difficult to achieve
complete saturation of the spin-system (i. e. to equalize the populations of all nuclear
spin levels) because of big difference in the resonant frequencies for the transitions
m < m—1 (for the system of unequally spaced levels the simultaneous nuclear spin-flips
involving two different, transitions are forbidden by energy conservation requirements
[30]). The question about the influence of the incomplete saturation of spin system
on the nuclear magnetization recovery in the case of two isotopes of titanium (47 Ti,
I=5/2 and ¥ Ti, I = 7/2) has been investigated in [22].
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Fig. 8. The nuclear magnetization evolution at different initial levels of saturation of *°Sc NMR
spectrum (see text for detailed explanations). For numerical calculation the nuclear relaxation
time has been chosen equal to 600 ms

Here we report only the results of our numerical calculations. In Fig. 8 the curves
of magnetization recovery are shown at different initial conditions. We assume here for
the numerical calculation purposes the nuclear spin-lattice relaxation time being equal
to 600 ms. The curve 1 in Fig. 8 corresponds to the case when only central transition
1/2 < —1/2 is saturated, while the other levels have equilibrium populations. The curve
2 is obtained for the case when a comb of sufficient duration is used in order to allow
the populations of the |m| > 1/2 levels to attain the thermal equilibrium with those of
the |m| = 1/2 levels. In other words, just after the comb the 1/2 « —1/2 transition
is saturated, while the population differences between all other pairs of adjacent levels
are determined by the lattice temperature. Finally, the curve 3 represents the single
exponential relaxation observed when all transitions are saturated at initial time.

Our results of longitudinal relaxation measurements presented in Fig. 5 are well
described by single exponential function (see solid lines in Fig. 5) so we can conclude
that by choosing the shortest pulse duration time we escape the influence of incomplete
saturation on the form of relaxation curves.

4.2, The overheating of electron system by rf-pulses. Now we would like
to show that the incomplete saturation of NMR line because of its enormous width
is not the unique source for the multi-exponential relaxation in Sc metal. In order
to observe single exponential relaxation it is necessary to saturate completely nuclear
spin system by the comb. At the same time the new effect appears, which involves the
conduction electron system. Usually, in order to escape the skin-effect manifestations,
NMR experiments in metals are provided with powder samples, and the crystalline
particles are covered by the paraffin to isolate them from others. Then we have to
keep in mind that in NMR experiments at liquid helium temperatures such paraffin
layer may introduce bottleneck in the heat exchange between powder particles and
helium bath. So, just after a comb, the conduction electron system, being the thermal
reservoir for nuclear spin system, can have a temperature different from the helium
bath. Calculations of the phonon contribution to the molar heat capacity of Sc metal
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Table 3. Phonon and electron heat capacities at low temperatures for scandium metal (see Egs.
(7) and (8))

Temperature, K | Cpp, 1077 J/(K -mol) | Ce, 1077 J/(K - mol)
4.2 3.1 44.9
1.5 0.14 16.1

accordingly to the Debye’s model (Debye temperature ©p = 352.2 K [31])

1274 T\*
Con = Nkp | — 7
=2 (- @)
and the electron contribution
Cel = %Ta (8)

where 7, = 10.38 mJ/mol - K* [31], give us the values listed in Table 3.

One can see that the phonon heat capacitance is insufficient to drive the conduction
electron system into thermal equilibrium state at these temperatures, and other thermal
reservoir is necessary, for example, the helium bath. The effects of finite phonon heat
capacity in the nuclear spin-lattice relaxation problems were investigated during many
years [32-34]. In this section we will not discuss in details the mechanism of energy
transfer from the conduction electrons to the helium bath, but we consider phenomeno-
logically the heat exchange between conduction electrons and the helium bath in the
following two particular cases:

a) The “usual” heat exchange, when the heat flow from conduction electrons to liquid
helium is proportional to the difference between their temperatures;

b) The heat exchange of the “Kapitza resistance” type, when the heat flow is pro-
portional to the difference of the fourth powers of their temperatures.

In Fig. 9 the simplified scheme of the thermal reservoirs and heat flows for the
problem of nuclear magnetic relaxation in metals is shown. @1 and @2 represent the
amounts of heat coming to the nuclear spin system and the conduction electron system
from the radio-frequency pulses, saturating nuclear spin system.

After a comb the heat flows can be described by the following kinetic equations:

dQu ., dT, _

aT = nﬁ = —« (Tn - Tel) ) (9)
dQel o dTel . o 7 _
dt — Uel dt - ﬂ (Tel TO) « (Tel Tn)7 (Case a) (10)
dQ. dT,
Zi -0y dtl =0 (T4 - T3) — (T — T,), (case b) (11)

Here «, o, 3, §' are the kinetic parameters, T),, Ty, and T, are the temperatures of
nuclear spin system, conduction electron system and liquid helium correspondingly. As
far as at liquid helium temperatures the heat capacity of the nuclear spin-system is very
small in comparison with the conduction electron one we can neglect the second term
in the equations (10), (11). Then, equations can be re-written in the more convenient
form by introducing the inverse temperatures of systems — f3,, B¢, [Bo for nuclear
spin system, conduction electron system and liquid helium correspondingly, and the
dimensionless quantity m and n:

m=1-0,/80 and n=1-8/po. (12)
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Fig. 9. The nuclear magnetization evolution at different initial saturation of ** Sc NMR, spec-
trum (see text for detailed explanations). For numerical calculation the nuclear relaxation time
has been chosen equal to 600 ms

We should take into account also that the heat capacity of the conduction electrons
depends linearly on temperature. The final system of kinetic equations reads:

dm 1 n—m

At T l-n’ (13)
(case a)

dn n

dt T

dm 1 n—m

At g l-n’ (14)
(case b)

dn 1 1—(1—n)!

e g

In order to obtain the temporal dependence of the nuclear magnetization it is neces-
sary to find the time dependence of the quantity m(t) from Eqs. (13) or (14), and then
take into account that nuclear magnetization M is proportional to the inverse nuclear
spin temperature 3, (Curie law).

The non-linear systems of kinetic equations (13) and (14) can be solved numerically
for the different values of the kinetic parameters 7,¢;, Te0 and 7., and initial deviations
of the conduction electron temperature from the equilibrium value (the initial value
of the parameter n). The results of numerical solutions for the time evolution of the
quantity m(¢) are given on Figs. 10, 11. Calculations show that due to the heating of the
conduction electron system by radio-frequency pulses the nuclear magnetic relaxation
has essentially non-single exponential character.

Our measurements of longitudinal nuclear magnetic relaxation (see Fig. 5) are well
described by usual exponential function and we are able to get the value of Korringa
constant. But in some experimental situations especially at very low temperature and
high rf-pulse power the overheating of conduction electron system can lead to non-
exponential relaxation and difficulties in the getting of the correct value of Korringa
constant.

Conclusions

We studied the nuclear magnetic relaxation in scandium metal in both powder and
single crystal samples. Compared to previous NMR experiments on Sc, we paid atten-
tion on complete saturation of #>Sc NMR spectrum in order to investigate the single
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exponential decay of the longitudinal magnetization. The following conclusions can be
emphasized from our investigations:

1) At liquid helium temperature Korringa constant has the magnetic field depen-
dence. The origins of this dependence are the spin fluctuation effect and the impurity
influence. Our theoretical analysis in the framework of SCR theory allows to consider
the quenching of spin fluctuations in electron system at high magnetic field as most
important reason for magnetic field dependence of Korringa constant. The further ex-
perimental investigations at more lower temperature can give the final answer.
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2) There are at least two sources for non-exponential nuclear relaxation in scandium
metal. They are the incomplete saturation of NMR spectrum and the overheating the
conduction electron system by radiofrequency pulses. These factors have to be taken in
account for correct interpretation of NMR data in scandium.

This research was supported partially by the CRDF under grant REC-007.

Pesome

C. A6e, A.B. Ezopos, M. Xondo, A.B. Kaouxos, U.P. Myxamedwun, B.B. Hansemos,
X. Cysyxu, M.C. Tazupos, J.A. Tarwpcruti. AnepHas MarHuTHAsA peJIaKCAUAd B MeTAJIIU-
YEeCKOM CKAHJIUM.

B pa6ore mccmenoBana sifiepHas MATHATHASA PETAKCAITAA B METAIIAYIECKOM CKaHIu#| (MO-
HOKPHCTAJIBI U TIOPOUIKM) TMPU HU3KUX Temreparypax. [lokazano, 910 HabI01aeMble TeMIIe-
paTypHas U MarHUTHO-TIOJIEBAs 3aBUCUMOCTH MOCTOAHHON KOppUHTHU MOTYT OBITH 00bACHEHBI
3a CYET BJIUSAHUS CIUHOBLIX (QuiykTyanuii 3d sjexTponos. Hanbosiee BepOsTHON TPUIUHON 115
YMEHBIIEHUs CKOPOCTHU siJIEPHON PEJIAKCAIIUU B CUIbHBIX MAIHUTHBIX TOJISIX ABJIIETCA 3aMOpa-
JKUBaHWE CIUHOBBLIX (uiykTyanmii. Tak:ke MpoaHa/JIM3UPOBAHa ApyTras BO3MOXKHAs MPUYNHA —
BAUAHUE MArHUTHBIX rnpumeceii. O0CYKIal0TCs MPUYUHBL PA3IUIUil U3MEPEHHBIX 3HAYCHUN
nocrosuuoit Koppunru. VcciemoBanbl BO3MOXKHBIE UCTOYHUKY HEIKCIIOHEHITUAIBHON d1epHOM
peslakcarun B MeTaJIJINIeCKOM CKaHIVH.
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