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Observation of a Nuclear-Magnon Contribution to the Nuclear Spin-Lattice Relaxation
of PPt in Ferromagnetic Cobalt
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We report the first indication for a nuclear spin-lattice relaxation mechanism originating from the
coupling of the impurity nuclei to nuclear magnons. The magnetic hyperfine interaction and the nuclear
spin-lattice relaxation of®' Pt (T, = 2.8 d) in fcc Co were measured with NMR on oriented nuclei at
temperatures between 8 and 14 mK in external magnetic fields= 0.1-10 kG. BetweenB., = 5
and 1 kG the relaxation rate increases by 2 orders of magnitude. This increase is attributed to the
interaction of °!'Pt with nuclear magnons originating from tA&Co nuclear spin system. [S0031-
9007(97)03473-X]

PACS numbers: 76.60.Es, 75.30.Ds, 75.50.Cc, 76.80.+y

The nuclear spin-lattice relaxation (NSLR) of impurity field dependence of the NSLR is still a controversial
nuclei in the ferromagnetic host lattices Fe, Co, andsubject. With NMR, Kontaniet al. [6] observed an in-
Ni has been the subject of many investigations, bottcrease of the NSLR rate between high field and zero field
experimental and theoretical [1-11]. Nevertheless, notor several3d and 4d impurities in Fe. They tried to
all mechanisms which are responsible for the relaxatioexplain this field dependence as a relaxation mechanism

process are understood in detail. due to electronic spin waves. The functional dependence
The strength of the NSLR is described by a relaxatiorof Cx on B., calculated within their model was, however,
rate, very different from the experimental observation [6,7]. A
R =1/Ck, 1) further approach was a phenomenological model, the so-

_ - _ _ called enhancement factor model [8,9]. For not too small
where Ck is a specific constant for each impurity-host external magnetic fields, this model described moderately
system, analogous to the Korringa constant. At presenfye|| the functional dependence 6% on Bey, for several
it is an open question whether an electronic spin-waveystems. Based on the measurement of the NSLR with Fe
mechanism yields an appreciable contribution to the reésingle-crystal samples, Riitet al. [10] and Van Rijswijk
laxation rate. Weger [1] studied the relaxation in Fe, Cogt gl [11] favored an electronic spin-wave mechanism
and Ni. He proposed that there is a strong contributiorys the origin. Again, the correct functional dependence
to the relaxation rate which originates from the interactiongs Ck 0N Bey could not be predicted. Nevertheless,
of the conduction electrons with the nuclei via electronicnjesen [12] speculated recently that an electronic spin-
spin waves. Moriya [2] performed calculations includ-\yave relaxation mechanism could imply the functional

ing d-band electrons in a tight-binding approximation. Hedependence af x on Bey as experimentally observed.
found that the predominant NSLR mechanism comes from Thys, an entirely new approach to the problem seemed

the fluctuation of the orbital current of tikeband electrons to be necessary. The new idea was as follows: With Co

and that the electronic spin-wave contribution is smaller byys the host lattice, the question can be addressed whether
1 or 2 orders of magnitudeAb initio calculations of the  nyclearspin waves have an influence on the relaxation be-
NSLR rates were started by Kanametial. [3]. In 1988,  havior of impurity nuclei and whether nuclear spin waves
Akai [4] published such calculations for all elements asinfluence the enhancement factgr The nuclear spin
impurities in Fe (with the exception of the rare earths andyaves are due to a collective coupling of t&€o nu-
actinides), in which electronic spin-wave processes Werg|ear spins via the long-range Suhl-Nakamura interaction
not included. A comparison of the calculated rates with 13,14] The nuc|ear-magnon dispersion relation can be

experimental rates shows a unique trend. All calculate¢hflyenced experimentally via the external magnetic field
rates are too small by a factor of 2—5. This can be interand the temperature.

preted as an indication that an important relaxation mecha- |n the absence of collective effects, the single-spin-flip

nism is missing in his model [5]. At present, however, it resonance frequenay, of ¥Co in Co is given by

cannot be stated whether this missing mechanism is the _

relaxation via electronic spin waves. vo = lgunBur + Bew)/hl. (2)
As another experimental fact, it was early found that thevhereg is the nuclearg factor andByr is the magnetic

relaxation rate depends on the external magnetic figlg  hyperfine field. The frequenay,—, of thek = 0 nuclear-

[6—11]: For high fieldgB.. = 6 kG), the relaxation rate Magnon excitation mode is given by the relation [15,16],

is field independentR..); for small fields(Bex: = 1 kG), 5 5 mq (I;) mq (I;)

the relaxation rate increases by a facteB—10. This V=0 = V0<1 BRLETA T)(l BRCETA T) (3)
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Here n, andn, are the enhancement factors in thand : ' ' '
y direction, respectively, i.e., perpendicular to the orien- 0.0
tation axis f takes into account the enhancement of an

external magnetic field at the nuclear site by the hyper-

fine interaction)n, is the saturation value of the nuclear —01
magnetization)M| is the saturation value of the electronic
magnetization, andl,)/I is the fraction of nuclear polar-

ization of the>Co spin system. In first order, the fre-

quency shiftSv, = vi—9 — v is given by 4
P k=0 0 0.0 Boy = 3 KG

nx T ny mo (I,) ¢
. 4 59
2 My 1 () J Co

The nuclear-magnon frequencies lie betwegrnk = «)
and v;,—o (k = 0). The upper boundy, is fixed; the ;
lower boundr;—, depends on the external magnetic field 02| yRpwwT oo oo 0.00
(via myy) and on the temperature (vid.)/I). Thus, 200 205 210 215
by the proper choice ofB. and/or T, the nuclear- Frequency [MHz]
magnon spectrum may be adjusted to overlap with th%lG 1
resonance frequency of the Impurlty nuclei.  In th'Snances) and calorimetrically detected rf absorptionkby: 0
context the systert! PtCd’ was viewed to be the most nyuclear magnons (originating from the collective coupling of
promising. The zero-field single-spin-flip resonance of°Co nuclear spins) measured fd., = 5 (top) and 3 kG
»CoCdf®) is deduced as follows: With the hyperfine (bottom) at a temperature of 14(1) mK. The single-spin-flip
spliting of “CoCd!e”) of 125.08(1) Mz and the known [Reriie iacton cLEcber B hatked Wi P owe.
rag';’ of gf f)aCtorS’ g(6°C0)/g(5_900) N 0.5747(2) [17], k=20 nuclear-n?agexr;bn excita(tqion m)(/)de and the single-spin-flip
v(¥CoCd?)) = 217.6(1) MHz is obtained. hyperfine interaction o¥?CoCd'®) becomes larger. Addition-
Samples of°'PtCdf®) were prepared in the follow- ally, the frequency width of thé = 0 nuclear-magnon mode
ing way: Commercially available Co foils (thickness increases. Thus, an overlap of tHéPtCd' resonance with
2 um) were electrically heated for3 m to ~1000°C  thek = 0 nuclear-magnon mode occurs fBr, < 3 kG. Ae
and then quenched to room temperature witkihs. In IS the resonant change of theanisotropye = W(0°)/W(90%),
. e whereW (#9) is the angular distribution of rays emitted in the
this way the hcp structure of Co (this is the stable _struc?ur%ecay of oriented nuclei.
for T < 420°C) is strongly suppressed. The radioactive
91pt nuclei were recoil-implanted into Co using the nu-
clear reactiod®20ga, 51)'°'Pt. The'*!PtCdfe®) samples
were soldered to the cold finger of Ble-*He—dilution re-  the NMR-ON resonances showed no dependencB.Qn
frigerator with a top-loading facility, and cooled down to the average value of = 0.75(5) MHz indicates a high
a temperature of~-10 mK. An external magnetic field quality of the fcc structure of the Co foils. At the known
B = 0.1-10 kG was applied to orient the ferromag- frequency for'®'Pt in hcp Co [18], no resonance signal
netic domains of fcc Co. The rays were detected with was observed.
four Ge detectors placed @at, 90°, 180°, and270° with Second, the resonance of tA¥CoCdf*®) system was
respect to the direction of the external magnetic field. Theneasured fof” = 14(1) mK by calorimetric NMR. Here
temperature of the cold finger was measured via the the rf was applied unmodulated. The resonance absorp-
anisotropy of #°CoCdheP) nuclear thermometer. tion of the radio frequency causes a temperature increase
First, the nuclear magnetic resonance on oriented nwf the sample (and hence of the sample holder and the
clei (NMR-ON) signal of*'PtCdf®) was measured for CoCd"*P) thermometer) which was observed via the
Bext = 0.1,1,2,3,5, and 10 kG. The spectra foB,, =  anisotropy of thé°CoCdP) thermometer. The spectra
3 and5 kG are shown in Fig. 1. Here, successively meafor By, = 3 and5 kG are shown in Fig. 1. The maxima
sured spectra with frequency modulation (FM) (modu-of the broad resonance structures are located significantly
lation bandwidthA f,.a = *0.3 MHz) and without FM  below the>*CoCdf*® single-spin-flip resonance (marked
(Afmoa = 0) were subtracted. In all FM-off spectra the with bold arrows). The resonance centers are shown in
resonance amplitude was zero. The resonance centers &ig. 2. They coincide well with the expectation calcu-
shown as circles in Fig. 2. Fromle@ast-squares figsolid  lated according to Eq. (3) fof = 14 mK (dotted line).
line in Fig. 2) we obtainv(B., = 0) = 203.14(7) MHz From the fact that the resonance structure could be excited
anddv/dB., = —0.257(10) MHz/kG. The shift of the with unmodulated rf, we must conclude that the width of
resonance witlB.y, is in good agreement with the expec- the resonance is due mainly to homogeneous broadening.
tation taking into account the knowa factor of '°!Pt:  (The large homogeneous linewidth is due to a short spin-
dv/dBey = —0.255(2) MHz/kG. The half-widthT" of  spin relaxation time originating from the strong coupling
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: ' ' of vy—og on (I,)/I [see Eq. (4)]. To illustrate this, the

o:%Co T=14mK calculated lower bound of the 95% absorption region for
T = 8 mK is also shown in Fig. 2. Thus, the overlap of
the 1°'PtCdf® resonance with thé = 0 nuclear-magnon
excitation mode can be forced by a proper choice of the
external magnetic field and the temperature.

Third, we measured the spin-lattice relaxation of
191ptCdfee) as a function ofB.; with the commonly used
technique of switching the frequency modulation. The
first measurements were performed for= 8(1) mK.
The relaxation spectra for 0.1 and 10 kG are shown in
Fig. 3. Note that the time scales differ by 2 orders of
magnitude. The solid lines are the result of least-squares
fits. The theoretical curves are multiexponential functions
which are obtained by solving the rate equations with

the Korringa constanCx and the rf couplingC\es? 2

as free parameters. (The rf coupling Constéfﬁtgp is
proportional to the powepP,,, of the applied rf field.)
0 5 10 The relaxation rateCx " as a function ofB.y is shown
Bow [kG] in Fig. 4. For0 < Bex < 1 KG and5 < By < 10 kG,
it is nearly constant; fronB.,, = 5 to 1 kG, it increases
FIG. 2. Resonance centers of the NMR-ON resonances 06y about 2 orders of magnitude. The fast relaxation

¥1ptCdfee) (circles) and %CoCdf (diamonds) for T = . . . .
14(1) mK. The dotted line represents the theoretical resonanc@CCUrs in the frequency region, for which, as illustrated

frequency for thé’Co k = 0 nuclear-magnon excitation mode in Fig. 2, the °!Pt resonance overlaps with the= 0
according to Eq. (3). The agreement with the measured values

is remarkably good. The shaded area enveloped by the dashed

curves represents therXrequency region in which 95% of the

rf absorption by the nuclear-magnon excitations takes place. In : T T T
addition, the calculated lower bound for the 95%-absorption 191 (fee)

region for T = 8(1) mK is shown by a dashed curve. It PtCo

is evident that the overlap region between tHéPtCdf® 0.15
resonance and the= 0 nuclear-magnon excitation mode shifts w

to a higher value oB.,; with decreasing temperature.

o ¥pt

/59Co T = o

210

v [MHz]

205

200

of the ¥°Co nuclear spins.) Thus we conclude that the
observed resonance structure represents the0 nuclear-

magnon excitation mode. Attempts to measure the reso-
nance forB. = 1 kG failed, most probably because of

the fact that the linewidth at low magnetic fields becomes w
so large that the statistical accuracy obtainable within rea-
sonable measurement times was not sufficient to resolve 0.25
the resonance. There is no theoretical prediction on the . . . .
width of this resonance. Experimentally, it was found o 100 200 300
that the width increases with decreasing external mag- t [s]

netic field: ForB.. = 10, 7.5, 5, and 3 kG, the half-

width was found to b& = 1.45(15), 1.75(10),2.7(2), and ~ FIG. 3. Nuclear spin-lattice relaxation measurements on

i i Ei 1ptCcdfe for B., = 0.1 kG (top) and 10 kG (bottom): y
4.9(3) MHz, respectively. The shaded area in Fig. 2 rerJreanisotropye 'S timte. The resonant excitation of th&Pt nu-

sents the frequency region in which 95% of the absorptloraei and the subsequent relaxation to thermal equilibrium were
by thek = 0 nuclear magnons takes place. The frequencyontrolled by switching the frequency modulation bandwidth
difference between th€'PtCo and thé’CoCo resonance between Afpos =0 (‘FM off") and  Afpeq = =1.2 MHz
depends strongly on the external magnetic field: Below('FM on”). (By applying the rf permanently and switching the

3 kG, the overlap between th¥ Pt resonance and tie— FM instead of the rf power, it is excluded that time-dependent
' warming effects by eddy-current heating influence the mea-

Orjuclear—magnon excitatipn mode beco'mes strong. L,O\Néurements.) Both measurements were performed with the
ering the temperature, this overlap region can be shiftedame rf power. Note that the time scales differ by 2 orders of
to higher values oB.. This is due to the dependence magnitude.
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In summary, we have shown that a nuclear-magnon
contribution to the nuclear spin-lattice relaxation exists.
It is responsible for the increase of the nuclear spin-lattice
relaxation rate of\°'Pt in fcc Co by about 2 orders of
magnitude. These processes are also responsible for an
increase of the enhancement factor for the rf field by
about the same amount. On the basis of these results, we
conclude that the “normal” magnetic-field dependence of
the spin-lattice relaxation originates from the interaction
of the impurity nuclei with electronic spin waves. The
magnetic field dependence of the enhancement factor is,
thus, also a spin-wave excitation property. In the light
of these facts, it becomes evident why the enhancement
factor model described moderately well the magnetic-
field dependence of the normal NSLR. Our experiments
suggest that a new theoretical approach should be initiated
to describe the spin-lattice relaxation with a complete
inclusion of the spin-wave processes.

We wish to thank E. Smolic for experimental help.

FIG. 4. Top: experimental relaxation rate 8fPtCd’« vs  This work has been funded by the Deutsche Forschungs-
Bex for T = 14(1) mK (diamonds) and8(1) mK (circles). gemeinschaft (DFG) under Contract No. Ha 1282/3-3
The transition from normal to fast relaxation is shifted to aand, partly, by the Forschungszentrum Karlsruhe.

higher external magnetic field for lower temperature. The solid
lines indicate the experimental trend. Bottom: experimental
enhancement factor for the rf field. Note that the functional
dependences of the relaxation rate and the rf enhancement
factor on B,y are slightly different. The solid lines indicate
the experimental trend.
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