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UDK 537.622+537.635NUCLEAR MAGNETIC RELAXATIONIN SCANDIUM METALS. Abe, A.V. Egorov, M. Hondoh, A.V. Klohkov,I.R. Mukhamedshin, V.V. Naletov, H. Suzuki,M.S. Tagirov, D.A. TayurskiiAbstratThe nulear magneti relaxation in sandium metal is investigated at liquid helium tem-perature for both single rystal and powder samples. The obtained temperature and �elddependenies of the Korringa onstant an be desribed by means of the spin �utuation the-ory for 3d eletrons. It is shown that the most probable reason for the dereasing relaxation rateat high magneti �eld is the quenhing of spin �utuations. Another possible reason � the in-�uene of magneti impurities � is also analyzed. We disuss the reasons for the experimentallyobserved variations of the Korringa onstant. The possible soures of non-single-exponentialrelaxation in sandium metal are investigated.IntrodutionThe interest for investigations of the behavior of the nulear spin system in sandium
45S (I = 7/2) metal is motivated by two main reasons. First of all, sandium isa transition metal, whih has only one 3d eletron. Among other transition metals,possessing unique magneti properties due to their 3d eletrons, sandium is, probably,less understood, although, in priniple, with only one d eletron it might be expetedone of the best understood. The reason is in great di�ulty, up to reent years [1℄, toobtain impurity-free sandium metal, espeially with respet to the iron ontent.Seond, sandium is one of the metals where it ould be possible to get and toinvestigate the nulear magneti ordering [2, 3℄. Due to the small value of Korringa on-stant the nulear spin-relaxation time is so short, that the temperature of ondutioneletrons and the temperature of nulear spins are pratially equal during an exper-iment. It means that the exhange interation between nulear spins is rather strongthat should lead to rather high temperatures of nulear ordering (the order of µK ,while in suh metals as Cu, Ag and Rh the orresponding temperatures have the orderof few nK and even of hundreds pK [4℄). Besides the knowledge of the parameters ofnulear spin system nulear magneti resonane (NMR) yields information about on-dution eletron subsystem, whih is hardly dedued from band struture alulations.In partiular, the ore eletrons and the valene eletrons give distint ontributions tothe Knight shift and nulear magneti relaxation time. This motivates the importaneof preise determination of nulear spin-lattie relaxation time from evolution of nulearlongitudinal magnetization.There are rather few NMR investigations of S metal in the temperature range
0.001 ÷ 300 K [5�11℄. They give rather di�erent values for the Korringa onstant K(from 0.09  ·K to 1.6  ·K) in the dependene on experimental onditions, partiularlyon the applied magneti �elds (see Table 1). It should be noted that in zero magneti



NUCLEAR MAGNETIC RELAXATION IN SC METAL 53Table 1. Korringa onstant values obtained in NMR measurements at di�erent onditionsSample, purityand angle θbetween magneti�eld and rystal
c-axis Tempera-ture, K Frequen-y, MHz Magneti�eld, T T1T , s·K Ref.powder, 99.9% 1.7÷300 14.5 1.4 0.6 51.5÷77 10.0 0.967 0.11 6single rystal,99.9%, θ

77.0 8.0 0.77 (1.25 − 0.58 sin2 θ)−1 8powder 1.0÷4.0 17.0 1.64 1.3±0.2 730.0 2.89 1.3±0.2 12powder, 99.98% 1.5÷77 10.0 0.967 1.5±0.2 9single rystal,
cos θ = 1

77 8.0 0.77 0.81 10single rystal,
cos θ = 0

77 8.0 0.77 1.49single rystal,
cos θ = 1/

√
3

4.2 8.0 0.77 1.1±0.1powder 300 12.0 1.16 1.2±0.1powder 1.3÷300 50.0 4.82 1.6 11powder 1.3÷4.2 20.0 1.93 1.48powder 1.3÷4.2 5.0 0.48 1.36single rystal foil 0.003÷0.01 0.39, 0.26 0 (NQR) 0.09±0.009 13�eld (nulear quadrupole resonane investigations [13℄) the value of the Korringa on-stant, obtained from the longest magnetization deay, is extremely low, namely 0.09  ·K.A priori it might be expeted that magneti �eld dependene of the Korringa onstantould be explained as the result of the in�uene of spin �utuations. It is well knownthat the spei� heat at high magneti �elds is dereased beause of spin �utuationquenhing [14℄. Suh behavior for nulear magneti relaxation was observed for S inter-metalli alloys [15℄. However, in the ase of pure S metal there is no information aboutin�uene of spin �utuations on the nulear spin system. It should be noted here thatthe reent theoretial alulations of spin relaxation times and suseptibilities, basedon magneti orrelation funtions [16℄, showed the importane of Fermi surfae e�etsas well as the band struture in a �nite energy range. Nevertheless, in the framework ofthis approah it is impossible to explain the variation of the Korringa onstant obtainedin the di�erent experiments.The motivation for a study of nulear magneti relaxation in sandium metal is toshed light on behavior of 45S nulear spin system. We fous our main interest on thereasons for observed magneti �eld dependene of the Korringa onstant as well as onthe possible soures for non-exponential relaxation.The paper is organized as follows. After short desription of our samples given inthe next setion we report the results of ontinuous wave NMR measurements in Se. 2.Se. 3 deals with results of pulse NMR measurements and disussions of magneti �elddependene of Korringa onstant. In Se. 3 the possible soures for non-exponentialnulear magneti relaxation in sandium metal are studied theoretially. The paper isonluded in Se. 4.
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Magnetic field, OeFig. 1. w 45S NMR spetrum (ν = 5.133 MHz) in powder at liquid helium temperature.The position of the resonant �eld is shown1. SamplesThe purity of our powder sample whih we bought from Rare Metalli Co., Ltd. is
3N . A single rystal used in our experiments was grown in Ames Laboratory. It hasa dimension of 3.5 × 2.0 × 27 mm3 with the long diretion parallel to the a-axis. Themain magneti impurities in our speimen analyzed in Ames Laboratory are 3 at. ppmFe, 0.23 at. ppm Cr and 3.2 at. ppm Mn.2. Continuous wave NMR spetraBeause of hexagonal symmetry NMR spetrum of 45S (I = 7/2 ) should onsistof the main entral peak with six satellites. The anisotropy of the Knight shift [17℄ leadsto asymmetrial form of eah satellite line as well as entral one. In Fig. 1 the NMRspetrum of Sc polyrystalline sample at liquid helium temperature (T = 1.5 K) isshown.We were not able to observe all satellite lines. Namely the lines orresponding tothe transitions 7/2 ↔ 5/2 and −5/2 ↔ −7/2 were not deteted. The reason is thesensitivity of our apparatus as well as the polyrystalline form of sample. Only veryareful preparation of samples allowed to observe all six satellite lines in a powdersample [17℄. It was shown in [18℄ that the spaings between orresponding satellitepairs in NMR lineshape in metals are una�eted by the anisotropi Knight shift inthe seond order of perturbation theory, and are also independent of the seond-orderquadrupole ontributions:

ν (−m + 1 ↔ −m) − ν (m ↔ m − 1) =

(

m −
1

2

)

νQ, (1)where νQ = 3e2qQ/2I(2I − 1)h is a onvenient measure of the quadrupole interationstrength. Here e is the harge of eletron, eQ is the eletri quadrupole moment ofthe nuleus, eq is the total eletri �eld gradient at the nuleus, I denotes the angularmomentum quantum number and h is the Plank's onstant. We obtained from our data
νQ ≈ 0.128 MHz that agrees well with the value νQ = 0.144 MHz reported in [17℄ for thepolyrystalline sample, with the value νQ = 0.124 MHz obtained in [10℄ from nulear
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Fig. 2. 45S free indution deay at T = 1.5 K. The orresponding frequenies and pulsedurations are shown in frameresonane measurements at single rystal sample and with the value νQ = 0.13 MHzmeasured in [13℄ by nulear quadrupole resonane method.The ontinuous wave (w) NMR of sandium is the �rst important step if one isgoing to provide the orret measurements of spin-lattie relaxation by using pulse NMRtehnique. Using w NMR one an estimate the pulse duration for omplete saturationof all transitions between nulear energy levels. It is well known that NMR spetruman be obtained by the Fourier transform of free indution deay (FID). In Fig. 2 onean see FID signals of 45S in a single rystal at di�erent frequenies (6.3 , 4.71 and
3.65 MHz). Obviously the sandium FID signal is ompliated due to the interferenewith opper signal, oming from NMR oil wires. The gyromagneti ratio of opper israther lose to orresponding value of sandium (γ/(2π) = 1.0348 kHz/Oe for 45S,
γ/(2π) = 1.128 kHz/Oe for 63Cu and γ/(2π) = 1.208 kHz/Oe for 65Cu), so thelowering of the external magneti �eld leads to overlapping of all signals.3. 45S nulear magneti relaxation3.1. Transverse and longitudinal relaxation measurements. Suessful ob-servation of NMR in metalli single rystals is rather seldom beause of skin e�et. For
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Fig. 3. 45 S transverse magnetization deays in single rystal and powder at liquid heliumtemperature. The pulse durations are shown in lower frames. In both ases the transversemagnetization deays are desribed by single exponential funtion. Solid lines orrespond tothe �tting with single exponential funtion with parameters shown in the upper frames

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
250
300
350
400
450
500
550
600
650
700
750
800

 

 

=6.5 MHz
=3.9 MHz
=3.2 MHz

T 1 , 
m

s

pulse
 , sFig. 4. Dependene of 45 S nulear longitudinal relaxation time on the pulse duration time attemperature 1.5 K. The NMR frequenies are listedexample, the measurements of NMR in metalli Tl [19℄, Ga [20℄, Al [21℄, S [10℄ sam-ples an be mentioned. Using home made pulse NMR tehnique we have observed thespin eho in polyrystalline samples and single rystal in inhomogeneous applied mag-neti �eld. The orresponding transverse magnetization deays are shown in Fig. 3. Itis seen that both deays have essential single exponential harater and the orrespond-ing lineshapes have the Lorentz form. The di�erene in T2 values an be attributed tothe Knight shift dispersion in polyrystalline samples, whih leads to a longer value oftransverse relaxation time. As was mentioned above, for orret T1 measurements it isvery important to hoose the pulse duration for the omplete saturation of nulear spinsystem. The Fig. 4 illustrates T1 dependene on pulse duration time. When we use longpulse duration time (the orresponding spetrum is more narrow), we saturate onlysome part of nulear magneti resonane spetrum. Consequently the measured T1 is
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Fig. 5. The evolution of 45S nulear longitudinal magnetization in di�erent magneti �eldsat temperature 1.5 K. The NMR frequenies are listedshorter beause of spetral di�usion proesses, and the relaxation has multi-exponentialharater (see [22℄ and Se. 4). Naturally, all our measurements have been performedusing the shortest pulse duration time. As in ase of T2 measurements the longitudinalmagnetization deays have also single-exponential harater. One an see it in Fig. 5,where longitudinal magnetization evolution is presented for three di�erent frequenies(3.65 MHz, 4.71 MHz and 6.3 MHz). The obtained values of T1 in our experimentsand the data known before [5�13℄ allowed us to plot the magneti �eld dependene ofthe Korringa onstant, whih is shown in Fig. 6. The obtained magneti �eld depen-dene an be explained at least in two ways. They are the magneti in�uene on spin�utuations in eletron subsystem, and the dependene of impurity magnetization onapplied magneti �eld.3.2. The quenhing of spin �utuations. As far as the relaxation rate inreaseswith dereasing of magneti �eld is observed, we an think �rst of all about the quenh-ing of spin �utuations by magneti �eld and apply the formalism of self-onsistentrenormalization (SCR) theory [23℄. Namely, it is known from the heat apaity mea-surements, that spin �utuation is quenhed at magneti �eld above 5 T [14℄. Thespin-lattie relaxation rate of 45S in intermetalli alloy S3In inreases almost �vetimes when magneti �eld goes down from 6.8 T to 0.8 T at low temperatures [15℄.If we restrit ourselves by onsideration only Fermi ontat interation betweennulear and eletroni spins, then the rate of the nulear spin-lattie relaxation is de-termined by the following expression [24℄:
T−1

1 = γ2A2
hfT

∑

q Im [χ−+(q, ω0)]

N2ω0

, (2)where Ahf desribes the hyper�ne interation,
χ−+(q, ω) = i

∫

∞

0

dt · exp (iωt)
〈[

S−(q, t), S+(−q, 0)
]〉is the transverse eletroni dynami suseptibility. It was assumed here that an externalmagneti �eld as well as internal one are direted along the z -axis. The alulations of
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Fig. 6. Magneti �eld dependene of Korringa onstant. The data known before as well as ourdata are shown. The solid line represents results of �tting proedure (Eq. (3)). The dash lineshows the results of �tting with taking into aount spin �utuation e�et as well as impurityin�uene (see Se. 3.2)
χ−+(q, ω) in the framework of SCR theory [25℄ lead to the formula for the Korringaonstant [26℄:

(T1T )
−1

= A +
B · M/H

1 + C · M3/H
, (3)whih an be rewritten in more onvenient form for the omparison with the experi-mental data:

(T1T )
−1

= A +
B · ς

1 + C · ς3 · H2
, (4)where ς = M/H. The values of parameters A , B and C in Eq. (4) an be obtainedfrom the behavior of the Korringa onstant at di�erent magneti �eld. So, at highmagneti �elds (see, for example, the experimental results in [11℄), when one approahesthe magnetization saturation limit, the ontribution oming from the seond term inEq. (3) will be negligible, and we get the value of parameter A .We should note here that Eqs. (3) and (4) an not be applied for very low magneti�elds. The well-known Korringa relation has been obtained in the approximation whenthe interation between nulear spins is small ompared to the nulear Zeeman energy.So it was possible to onsider the energy levels for the isolated nuleus and to makeorresponding alulations. At small magneti �elds one should onsider the system ofall nulear spins and use some thermodynami relations, for example, spin temperatureonept. Suh situation has been realized, for example, in the measurements of nulearmagneti relaxation in Cu [27℄. It was shown in [27℄ that at low magneti �elds (lowerthan loal magneti �elds) magneti impurity, suh as Fe, Cr, Ni, Mn, an stronglyin�uene the nulear spin-lattie relaxation proess.It is important also that at small magneti �elds the e�et of eletron spin �u-tuations an be partially washed out by the in�uene of non-equal spaings betweennulear energy levels (for nulei with quadrupole moments), and by nulear spin-spininterations.It follows from the above that as far as the impurity ontents in Cornell' groupexperiments [13℄ was approximately the same as in ours, and these experiments were
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Fig. 7. Magneti �eld dependene of the parameter ζ (see Eq. (4)). Solid and dash linesrepresents the results of �tting with use Eqs. (5) and (6) orrespondinglyprovided at zero magneti �eld (nulear quadrupole resonane measurements) we haveto exlude the Cornell data from our analysis of the in�uene of spin �utuation quenh-ing on Korringa onstant and from the Fig. 6.Generally speaking for the �tting proedure it is neessary to have the magneti�eld dependene of ς parameter whih is, in fat, magnetization divided by value of theapplied magneti �eld. The SQUID measurements at liquid helium temperature give usthe neessary data shown in Fig. 7. Magneti �eld dependene of ζ parameter is not sostrong and an be desribed by the exponential funtion:
ζ = a1 + b1 · exp

(

−
c1

H

) (5)as well as by funtion similar to the pointed out one in Eq. (4):
ζ = a2 +

b2

1 + c2H2
. (6)The results of these �ttings are presented in Fig. 7 and in Table 2.Both funtions (5) and (6) an be used in the �tting proedure for the equation (4).The result of this �tting is shown by solid line in Fig. 6 (the di�erene in the �ttingresults with use the funtion (5) or (6) is negligible so only one solid line is presentedin Fig. 6). Of ourse, the quantitative agreement between experimental points and thetheory is not so good, beause of rather big di�erene between the experimental pointsobtained by di�erent group. However, qualitative tendeny for the magneti relaxationrate to inrease at low magneti �eld allows us to refer this behavior, at least in part,to the spin �utuation quenhing.3.3. Impurity in�uene. Another possible reason for the observed inreasing ofrelaxation rate at lower �elds is the in�uene of impurities. Sandium, like palladium, isan exhange-enhaned metal and its magneti properties are very sensitive to 3d impu-rities. The giant magneti moments assoiated with Fe impurities in a Pd matrix havebeen observed, and their ground state has been investigated by Pobell' group [28℄. Inthe ase of sandium there is also possibility for the enhanement of impurity magneti



60 S. ABE ET AL.Table 2. The �tting parameters for Eqs. (5) and (6)Magneti �eld Eq. (5) Eq. (6)
a1, emu/g b1, emu/g c1, T a2, emu/g b2, emu/g c2, T−2along a-axis 8.18·10−6 1.14·10−6 0.99 8.17·10−6 1.04·10−6 1.70along c-axis 7.75 1.47 1.24 7.75 1.33 1.05moments by exhange interations. Magneti impurity e�et on the magneti propertyof S metal was disussed in [29℄, where the observed anomalies below 1 mK in mag-neti suseptibility and magnetization have been explained by the spin glass behavior.It is well known that the magneti impurities ontribution to the nulear spin-lattierelaxation rate is proportional to (1− p2

0) , where p0 is the equilibrium magneti polar-ization of impurity. For a two-level system it is equal to tanh [(mH)/(2kBT )] .Here kBis the Boltzmann onstant, T is temperature and m stands for the magneti momentof impurity atom. The dash line in Fig. 6 shows the results of �tting when one takesinto aount two ontributions to the magneti relaxation rate � the magneti �eldindependent ontribution oming from Korringa mehanism and ontribution from themagneti impurities. The value of the impurity magneti moment obtained in this �t-ting proedure is equal approximately to 8µB, that is in a reasonable range and twotimes bigger than estimations of e�etive magneti moment of iron impurity in san-dium metal [29℄. From this point of view we ould onlude that one has to take intoaount all possible mehanisms for magneti �eld dependene of nulear spin-lattierelaxation in sandium metal � the quenhing of spin �utuations as well as the impurityin�uene. However, the proportionality of the relaxation rate to (1 − p2
0) in the ase oftaking into aount only impurity in�uene means that the prodution T1T also shouldbe temperature dependent. From another point of view aordingly to SCR theory attemperature well above the magneti ordering temperature nulear relaxation rate T−1

1is approximately proportional to Tχ . At these onditions the sandium eletron susep-tibility χ hanges a little with temperature [29℄. So it seems reasonably to think thatmost dominant �eld dependene of the Korringa onstant omes from spin �utuations.Additional measurements at lower temperatures an help to eliminate the in�uene ofspin �utuations.4. Possible soures of non-exponential relaxation in sandium4.1. The in�uene of inomplete saturation. As it was mentioned above,
45S NMR spetrum onsists of seven unequally spaed lines: the entral line at ω0orresponds to the transition +1/2 ↔ −1/2 , and six satellite lines orrespond to m ↔
m−1 . The spetrum is rather wide, at magneti �eld 1.483 T (orresponding frequenyis 15.33 MHz) the overall splitting of NMR spetrum hanges from 0.5 MHz to 0.8 MHz,depending on the magneti �eld orientation with respet to rystallographi axis c .This enormous width of the nulear resonane leads to some di�ulties in the usualpulse NMR experiments, in whih the reovery of the nulear magnetization is observedafter applying the saturating �omb� of radio-frequeny pulses. It is di�ult to ahieveomplete saturation of the spin-system (i. e. to equalize the populations of all nulearspin levels) beause of big di�erene in the resonant frequenies for the transitions
m ↔ m−1 (for the system of unequally spaed levels the simultaneous nulear spin-�ipsinvolving two di�erent transitions are forbidden by energy onservation requirements[30℄). The question about the in�uene of the inomplete saturation of spin systemon the nulear magnetization reovery in the ase of two isotopes of titanium (47Ti,
I = 5/2 and 49Ti, I = 7/2) has been investigated in [22℄.
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Fig. 8. The nulear magnetization evolution at di�erent initial levels of saturation of 45 S NMRspetrum (see text for detailed explanations). For numerial alulation the nulear relaxationtime has been hosen equal to 600 msHere we report only the results of our numerial alulations. In Fig. 8 the urvesof magnetization reovery are shown at di�erent initial onditions. We assume here forthe numerial alulation purposes the nulear spin-lattie relaxation time being equalto 600 ms. The urve 1 in Fig. 8 orresponds to the ase when only entral transition
1/2 ↔ −1/2 is saturated, while the other levels have equilibrium populations. The urve2 is obtained for the ase when a omb of su�ient duration is used in order to allowthe populations of the |m| > 1/2 levels to attain the thermal equilibrium with those ofthe |m| = 1/2 levels. In other words, just after the omb the 1/2 ↔ −1/2 transitionis saturated, while the population di�erenes between all other pairs of adjaent levelsare determined by the lattie temperature. Finally, the urve 3 represents the singleexponential relaxation observed when all transitions are saturated at initial time.Our results of longitudinal relaxation measurements presented in Fig. 5 are welldesribed by single exponential funtion (see solid lines in Fig. 5) so we an onludethat by hoosing the shortest pulse duration time we esape the in�uene of inompletesaturation on the form of relaxation urves.4.2. The overheating of eletron system by rf-pulses. Now we would liketo show that the inomplete saturation of NMR line beause of its enormous widthis not the unique soure for the multi-exponential relaxation in S metal. In orderto observe single exponential relaxation it is neessary to saturate ompletely nulearspin system by the omb. At the same time the new e�et appears, whih involves theondution eletron system. Usually, in order to esape the skin-e�et manifestations,NMR experiments in metals are provided with powder samples, and the rystallinepartiles are overed by the para�n to isolate them from others. Then we have tokeep in mind that in NMR experiments at liquid helium temperatures suh para�nlayer may introdue bottlenek in the heat exhange between powder partiles andhelium bath. So, just after a omb, the ondution eletron system, being the thermalreservoir for nulear spin system, an have a temperature di�erent from the heliumbath. Calulations of the phonon ontribution to the molar heat apaity of S metal



62 S. ABE ET AL.Table 3. Phonon and eletron heat apaities at low temperatures for sandium metal (see Eqs.(7) and (8)) Temperature, K Cph, 10−3 J/(K ·mol) Cel, 10−3 J/(K ·mol)4.2 3.1 44.91.5 0.14 16.1aordingly to the Debye's model (Debye temperature ΘD = 352.2 K [31℄)
Cph =

12π4

5
NkB

(

T

ΘD

)3 (7)and the eletron ontribution
Cel = γeT, (8)where γe = 10.38 mJ/mol ·K2 [31℄, give us the values listed in Table 3.One an see that the phonon heat apaitane is insu�ient to drive the ondutioneletron system into thermal equilibrium state at these temperatures, and other thermalreservoir is neessary, for example, the helium bath. The e�ets of �nite phonon heatapaity in the nulear spin-lattie relaxation problems were investigated during manyyears [32�34℄. In this setion we will not disuss in details the mehanism of energytransfer from the ondution eletrons to the helium bath, but we onsider phenomeno-logially the heat exhange between ondution eletrons and the helium bath in thefollowing two partiular ases:a) The �usual� heat exhange, when the heat �ow from ondution eletrons to liquidhelium is proportional to the di�erene between their temperatures;b) The heat exhange of the �Kapitza resistane� type, when the heat �ow is pro-portional to the di�erene of the fourth powers of their temperatures.In Fig. 9 the simpli�ed sheme of the thermal reservoirs and heat �ows for theproblem of nulear magneti relaxation in metals is shown. Q1 and Q2 represent theamounts of heat oming to the nulear spin system and the ondution eletron systemfrom the radio-frequeny pulses, saturating nulear spin system.After a omb the heat �ows an be desribed by the following kineti equations:

dQn

dT
= Cn

dTn

dt
= −α (Tn − Tel) , (9)

dQel

dt
= Cel

dTel

dt
= −β (Tel − T0) − α′(Tel − Tn), (ase a) (10)

dQel

dt
= Cel

dTel

dt
= −β′

(

T 4
el − T 4

0

)

− α′(Tel − Tn), (ase b) (11)Here α , α′ , β , β′ are the kineti parameters, Tn , Tel and T0 are the temperatures ofnulear spin system, ondution eletron system and liquid helium orrespondingly. Asfar as at liquid helium temperatures the heat apaity of the nulear spin-system is verysmall in omparison with the ondution eletron one we an neglet the seond termin the equations (10), (11). Then, equations an be re-written in the more onvenientform by introduing the inverse temperatures of systems � βn , βel , β0 for nulearspin system, ondution eletron system and liquid helium orrespondingly, and thedimensionless quantity m and n :
m = 1 − βn/β0 and n = 1 − βel/β0. (12)
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tenFig. 9. The nulear magnetization evolution at di�erent initial saturation of 45 S NMR spe-trum (see text for detailed explanations). For numerial alulation the nulear relaxation timehas been hosen equal to 600 msWe should take into aount also that the heat apaity of the ondution eletronsdepends linearly on temperature. The �nal system of kineti equations reads:
dm

dt
=

1

τnel

n − m

1 − n
, (13)(ase a)

dn

dt
= −

n

τel0

;

dm

dt
=

1

τnel

n − m

1 − n
, (14)(ase b)

dn

dt
= −

1

τ ′

el0

1 − (1 − n)4

1 − n2
.In order to obtain the temporal dependene of the nulear magnetization it is nees-sary to �nd the time dependene of the quantity m(t) from Eqs. (13) or (14), and thentake into aount that nulear magnetization M is proportional to the inverse nulearspin temperature βn (Curie law).The non-linear systems of kineti equations (13) and (14) an be solved numeriallyfor the di�erent values of the kineti parameters τnel , τel0 and τ ′

el0 and initial deviationsof the ondution eletron temperature from the equilibrium value (the initial valueof the parameter n). The results of numerial solutions for the time evolution of thequantity m(t) are given on Figs. 10, 11. Calulations show that due to the heating of theondution eletron system by radio-frequeny pulses the nulear magneti relaxationhas essentially non-single exponential harater.Our measurements of longitudinal nulear magneti relaxation (see Fig. 5) are welldesribed by usual exponential funtion and we are able to get the value of Korringaonstant. But in some experimental situations espeially at very low temperature andhigh rf-pulse power the overheating of ondution eletron system an lead to non-exponential relaxation and di�ulties in the getting of the orret value of Korringaonstant. ConlusionsWe studied the nulear magneti relaxation in sandium metal in both powder andsingle rystal samples. Compared to previous NMR experiments on S, we paid atten-tion on omplete saturation of 45S NMR spetrum in order to investigate the single
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Fig. 10. The time evolutions of the quantity m(t) obtained by numerial alulations ofEqs. (13) and (14). Open symbols orrespond to the ase of �usual� heat exhange (ase a),whereas solid ones orrespond to �Kapitza resistane� type of the heat exhange (ase b). Ki-neti parameters are the following: τnel = 1 s, τel0 = τ
′

el0 = 2 s. The initial onditions for theeletron system are shown in the frame. The nulear spin system is assumed to be ompletesaturated at initial time
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Fig. 11. The same as in Fig. 10. τnel = 1 s, τel0 = τ ′

el0 = 10 sexponential deay of the longitudinal magnetization. The following onlusions an beemphasized from our investigations:1) At liquid helium temperature Korringa onstant has the magneti �eld depen-dene. The origins of this dependene are the spin �utuation e�et and the impurityin�uene. Our theoretial analysis in the framework of SCR theory allows to onsiderthe quenhing of spin �utuations in eletron system at high magneti �eld as mostimportant reason for magneti �eld dependene of Korringa onstant. The further ex-perimental investigations at more lower temperature an give the �nal answer.



NUCLEAR MAGNETIC RELAXATION IN SC METAL 652) There are at least two soures for non-exponential nulear relaxation in sandiummetal. They are the inomplete saturation of NMR spetrum and the overheating theondution eletron system by radiofrequeny pulses. These fators have to be taken inaount for orret interpretation of NMR data in sandium.This researh was supported partially by the CRDF under grant REC-007.�åçþìåÑ. Àáå, À.Â. Åãîðîâ, Ì. Õîíäî, À.Â. Êëî÷êîâ, È.�. Ìóõàìåäøèí, Â.Â. Íàëåòîâ,Õ. Ñóçóêè, Ì.Ñ. Òàãèðîâ, Ä.À. Òàþðñêèé. ßäåðíàÿ ìàãíèòíàÿ ðåëàêñàöèÿ â ìåòàëëè-÷åñêîì ñêàíäèè.Â ðàáîòå èññëåäîâàíà ÿäåðíàÿ ìàãíèòíàÿ ðåëàêñàöèÿ â ìåòàëëè÷åñêîì ñêàíäèè (ìî-íîêðèñòàëëû è ïîðîøêè) ïðè íèçêèõ òåìïåðàòóðàõ. Ïîêàçàíî, ÷òî íàáëþäàåìûå òåìïå-ðàòóðíàÿ è ìàãíèòíî-ïîëåâàÿ çàâèñèìîñòè ïîñòîÿííîé Êîððèíãè ìîãóò áûòü îáúÿñíåíûçà ñ÷åò âëèÿíèÿ ñïèíîâûõ �ëóêòóàöèé 3d ýëåêòðîíîâ. Íàèáîëåå âåðîÿòíîé ïðè÷èíîé äëÿóìåíüøåíèÿ ñêîðîñòè ÿäåðíîé ðåëàêñàöèè â ñèëüíûõ ìàãíèòíûõ ïîëÿõ ÿâëÿåòñÿ çàìîðà-æèâàíèå ñïèíîâûõ �ëóêòóàöèé. Òàêæå ïðîàíàëèçèðîâàíà äðóãàÿ âîçìîæíàÿ ïðè÷èíà �âëèÿíèå ìàãíèòíûõ ïðèìåñåé. Îáñóæäàþòñÿ ïðè÷èíû ðàçëè÷èé èçìåðåííûõ çíà÷åíèéïîñòîÿííîé Êîððèíãè. Èññëåäîâàíû âîçìîæíûå èñòî÷íèêè íåýêñïîíåíöèàëüíîé ÿäåðíîéðåëàêñàöèè â ìåòàëëè÷åñêîì ñêàíäèè.
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