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Electric quadrupolar contribution to the nuclear spin-lattice relaxation of Au and Ru in Fe
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The electric quadrupolar contribution to the nuclear spin-lattice relaxation of Au and Ru in Fe was deter-
mined by nuclear magnetic resonance on oriented nuclei. The magnetic and quadrupolar parts of the relaxation
were separated by the comparison of relaxation measurement&fanand**°Au and on®’Ru and'®Ru in
the same sample. The high-field limits of the magnetic relaxation constants were deducedR{p be
=1.99"39) (s K)™* for **¥Au andR,,=0.484) (s K)~* for ®’Ru. The high-field limits of the quadrupolar relax-
ation constants werB,=0.60 1)) (s K)™* for **Au and R,;=0.06215) (s K)™* for *™Ru. TheR,’s deviate
distinctly from the predictions adb initio calculations. However, the large systematic underestimation by the
calculations that is observed for the magnetic relaxation seems to be absent for the quadrupolar relaxation. The
importance of the quadrupolar contribution for the spin-lattice relaxation at impurities in Fe is discussed. In
addition, the quadrupole moment 3fRu was determined by modulated adiabatic fast passage on oriented
nuclei to beQ(*’Ru)=-0.1139) b.
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[. INTRODUCTION ation of1®Ir in Fe showed that its magnitude is in agreement
with the ab initio calculations, and that its field dependence
The nuclear spin-lattice relaxation in metals at low tem-is distinctly smaller than that of the magnetic relaxatién.
peratures arises from the scattering of conduction electrons at To establish those results by more data and to obtain a
the nuclear sité-* The scattering can be due to the magnetic-more complete picture of the role of the quadrupolar relax-
dipolar or electric-quadrupolar parts of the hyperfine interac-ation, we measured the magnetic and quadrupolar relaxations
tion. According to the magnitudes of the nuclear magnetioof Ru and Au in Fe. Ru and Au were chosen mainly for
and quadrupole moments, for most isotopes the magnetigractical reasons: A convenient way to separate the magnetic
relaxation dominates. The magnetic relaxation also domiand quadrupolar parts of the relaxation is to compare the
nates, if mainlys electrons are scattered. Therefore, the elecrelaxation rates of two isotopes of the same element. At least
tric quadrupolar part has been neglected in most of the exene of the isotopes should have a large quadrupole moment
perimental and theoretical work on the spin-lattice relaxatiorand a small magnetic momentRu and'®Ru, and*®®Au
in metals. and*®°Au are suitable isotope pairs, which can moreover be
Recently several calculations have shown that for a feweasily produced in the same sample by neutron irradiation.
isotopes with large quadrupole and small magnetic moments In previous studies it was already noted that the experi-
a nonnegligible quadrupolar relaxation is expe®@dhere  mental relaxation rates 8fRu and'®Ru in Fe and of®’Au
is still little experimental information: A quadrupolar relax- and**®Au in Fe do not scale with the square of the nuclgar
ation has been reported fdfMo in Mo (Ref. 8, 1?'Sb and factor, as would be expected for a purely magnetic
1233h in Sh(Refs. 9 and 1f) 1®Ru in Ru(Refs. 11 and 12  relaxation!*1" This was, however, attributed to technical dif-
and®r in Fe (Ref. 13. ficulties with certain measurement techniques.
The motivation for a dedicated study of the quadrupolar
relaxation is basically that the combination of both parts of
the relaxation offers more information than the magnetic Il. QUADRUPOLAR RELAXATION IN METALS
relaxation alone. In particular, there is a close relationship
between the quadrupolar relaxation and the part of the mag:

nefic relaxation that arises from the orbital hyloerfinescribedb three relaxation constants, the magnetic relaxation
interaction>® The quadrupolar relaxation thus helps to dis- y ' 9

; { (2)
tinguish orbital and nonorbital mechanisms in the magneti({ateRm_and the quagrupolar rglaxatmn ra@q'%). andR% due
relaxation. o Am=11 andAm=%2 transitions, respectively. They are

This is, for example, desirable in the case of the spin—d.eflned in such a way th"’.irl’ the relaxation time in the
lattice relaxation in Fe, where there are two problems_hlgh-temperature limit, is given by
namely, the systematic underestimation of the relaxation (TlT)‘lzR:Rm+Rgl)+Rff). (1)
rates by theab initio calculations and the magnetic-field de-

pendence. Those problems may result from additional relax- Ry, Rgb, andR® depend on the nuclear moments and the
ation mechanisms in ferromagnetic metals. In particular dispin of the particular isotope. Isotope-independent relaxation
rect and indirect spin-wave mechanisms have beekonstants can be specified By/g?, RY/ Ny, and Rff)/Nq.
discussed?~1¢ But the actual origin of the problems is still Hereg is the nucleag factor, defined byuw=gluy, whereu

not established. The investigation of the quadrupolar relaxis the nuclear magnetic momenis the nuclear spin, andy

If there are both a magnetic and a quadrupolar contribu-
n, the nuclear spin-lattice relaxation in metals can be de-
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is the nuclear magneton. The dimensionless fabipis de-
fined by

_QA21+3)
T 2021-1)°

where it is assumed that the numerical value of the quadru-
pole momeniQ in units of barns is used.

At the low temperatures of nuclear orientation experi-
ments, the relaxation can no longer be described by a single
time constant. Instead, a set of rate equatiGthse master
equation for the populationsp,, of the sublevels must be
solved,

)

d
apm = E (Wn,mpn - Wm,npm)a (3)
n

whereW,, , is the transition rate from the sublevel with mag-
netic quantum numben and energyE,, to the sublevel with
magnetic quantum numberand energye,. Due to the low
concentration of the probe nuclei of less than®.ehe spin-
spin relaxation can be neglected in this work.

The transition rates are given ‘byf-18

R./g°

)
Ry /Nq

10
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Wm,m+l = th,m+1
2kB(1 - bm m+l) . . .
' FIG. 1. Orbital and quadrupolar relaxation constants for a given
X[RmCETT,)ml + ukﬁﬂyﬁ)m] + ercmml, density of states as a function of the amount,gfsymmetry ater.
Only d electrons are considered. The absolute magnitudes of the
W NV me1Pmme1 relaxation constants are arbitrary, but relative to each other the mag-
m+1,m 2Kg(L ~ b me) nitudes are correctly reproduced.
X[Roctm L+ RV 1+ R, independent: If intra-atomic shielding effects are neglected,
the relative magnitudes d?gl)/Nq, Rff)/Nq, andR,/g? de-
N me2 2@ pend onIy_ on the symmetry of t_he e_lectron wave fun_ctio_ns at
Winme2 = 8ka(1—b )[Rq Crome2ls the Fermi energye: and the direction of the quantization
B mm+2 axis. Figure 1 shows the relative magnitudes for the case that
the relaxation is due td electrons. The symmetry of the
Winom= M[Rgz)cgg’% . (4)  orbitals is characterized by
8kB(1 bm,m+2) Nt (eF)
Here 1 ;=(E;~E;)/h is the respective transition frequency = m (6)
and b; ;=exp(—hv; ;/kgT) is the corresponding Boltzmann € tog

factor. Thevy,m.q's deviate only slightly from the magnetic where N, (&) is the partial density ofty; states and
resonance frequencyy, and thevy, .o's only slightly from 2N, (&) is the partial density ok, states ag:. f is in general

i (m) (91) (92) i . . .
2vy. The coefficients, 10, ¢y, andcy., are given by ifferent for the spin-up and spin-down bands. The depen-
(1) (2) ; ; L
Cmm: [1(1+ 1) - m(m+ 1], dences oR "~ andR:” on the direction of the magnetization

are illustrated in Fig. 1 by the two extreme ca$¢$[100]
andM|[111]. Rq:Rg1)+Rff) is independent of the direction
(5)  of the magnetization.
If the lattice symmetry is cubic and the relaxation is due
to p electrons, the following ratios can be derived:

@ _5@m+ D1 +m+1)(1-m)
Cmme1 = (21 +3)(21 - 1) ‘

@ _5(+m+2)[17-(m+1)*(1 -m)

C = /N
mim2 (21+3)(2 - 1) %;Eg = 0.546, @)
ercmml is the additional transition rate that arises from the
applied radio frequencyrf) field. If no rf field is applied R &(]12
is zero. If only a selected transition is excited by the rf field, Rgz) =0.25. (8)

R does not vanish only for that transition.

RY R? and the contribution of the orbital hyperfine For d electrons and cubic lattice symmetry, the following
relations apply:—©

interaction toR,, the orbital relaxation constaiR,, are not
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Ry/Ng (8 — 4f + 11f?) fitted to the combined data set consisting of a relaxation
R/g? =0.149 8f(4-3f) ' (9 measurement on each isotope and the ratios oRf® and

the Ry's. Of course, this procedure only Works,l‘ifq/g2 is
different for the two isotopes, if the nuclear moments are

(1) — - 2 S
Ry _ f(4—f) + 8(1 - 3f + 2f)F(a) (10) known with sufficient precision, and R, is non-negligible

R? "~ 8-8f+12f2-8(1-3f + 2{)F(a)’ at least for one of the isotopes.
The following two systematic errors must be taken into
Fla) = (a§a§+ a§a§+ a?d?). (11  account: First, the value oR; that is deduced from

o ) NMR-ON relaxation curves depends slightly on the assumed
He(e @y, Ay, .and a, are the d|rect|qnal cosines of the mag- (4tig RY/R® which in turn was known only within certain
netization with respect to the cubic axesy, andz. F(«) limits: Accgrding to Eq(10), RY/R? was assumed to be in

varies from 0 forM|I[100] to 1/3 for MII[111]. the range 0.11-0.28 foM|I[100], precluding the extreme
casef<0.2.
H 23,24
l. MEASUREMENT OF THE QUADRUPOLAR Second, due to the hyperfine anomakiFA), = the
RELAXATION BY NMR-ON Fermi-contact interaction does not scale exactly wgitiA\c-

cordingly, the exact scaling d®,, depends on the magnitude
A. Measurements on different isotopes of the same element  of the Fermi-contact contribution t8,, which in turn isa
In nuclear magnetic resonance on oriented nué¥iR-  Priori not known. The static hyperfine field and, are
ON) the resonance is detected via changes in the anguldpainly due to the Fermi-contact interacti®hif this is also
distribution of the y radiation from oriented radioactive tU€ forRy, Ry, scales withuy, However, ifRy is dominated
probe nuclet? NMR-ON is also a well established technique PY @ noncontact contribution, for example, By, Ry, scales

- - - . 2 1, . _
to measure the nuclear spin-lattice relaxation in ferromagWith g°- HFAS are usually smaller than 1% and thus unim
netic metald416.29The frequency modulatiofEM) of the rf portant for relaxation measurements. But this is different for

field is periodically switched on and off to alternately excite Measurements of the quadrupolar relaxation, since a small

the nuclear spins and let them relax back to thermal equilibMagnetic moment is the prerequisite for both a large quadru-

rium. The relaxation constants are determined ldast Polar relaxation and a large HFA.

squaresfit to the resulting relaxation curve of the aniso- _ _

tropy. Due to the inhomogeneous broadening of the reso-  B: Other signatures of the quadrupolar relaxation

nance, practically no nuclei are excited without FM. We also investigated by model calculations, whether and
The solution of the master equation for the sublevel popuin which way differences between the quadrupolar and mag-

lations has been described in detail in Refs. 18 and®ie  netic relaxations become apparent in the NMR-ON relax-

procedure that is suggested in Ref. 21 to symmetrize th@tion curves. The main motivation was to find additional

transition-rate matrix does not work in the presence of bothsignatures by whiciR,, RY, andR® can be distinguished.

Réz) andR;. However, the diagonalization of the unsymme- We arrived at the following conclusions.

trized matrix turned out to be unproblemafidhe angular (i) Within the typical accuracy of NMR-ON measure-
distribution W(6) of the y radiation is given b ments, the magnetic and quadrupolar relaxations can usually
not be distinguished by the shape of the relaxation curve.
W(6) =1 +k§4AkBkPk(0039)- (12) " There are only a few exceptions. For example, if b

and R,, are negligible with respect t®?, the absence of
Here 6 is the angle between the detector and the axis of thhm=+1 transitions prevents the complete relaxation back to
nuclear orientationpP, is the Legendre polynomial of order equilibrium.

k, the Bs are linear combinations of the sublevel popula- (i) The apparent magnetic relaxation const@&ft which
tions, and theA's are the angular distribution coefficients of is obtained by assuming a purely magnetic relaxation, is in
the particulary transition. general not simply given bR, +R."+R?. InsteadR; =R,

In principle, the only change in the formalism due to the+d R, applies withd, typically between 0.55 and 1.00. Thus,
presence of the quadrupolar relaxation are the additiongklative to the magnetic relaxation, the quadrupolar relax-
terms in the transition-rate matrix. However, there is now theation tends to be slower in NMR-ON experiments than ex-
problem that there are three relaxation constaﬁ;s,Rgl), pected from the respective Korringa constadisdepends on
and R?, but the information from one relaxation measure-1, T, R, Aul Ay, Ry/ Ry, anngl)/R(z). The dependences dn
ment Is usually not sufficient to determine more than oneand R; are, however, too small for a reliable separation of
relaxation constant. Ry Rgl), and Rff) by relaxation measurements at different

In this work R, and Rq:Rgl)+R(2) were separated by re- temperatures or rf-excitation strengths.
laxation measurements on two isotopes of the same element, (iii) It is well known from perturbed angular correlation
whereasRY/R? was taken from the theory. The necessarystudies thatR,, R(l), and R? contribute with different
additional information was provided by the ratios of lRgs  weights to the relaxations of tHe=2 andk=4 terms of Eq.
and theRy’s of the two isotopes, which were known from the (12).%6 This effect can be used to distinguish the contribu-
scaling ofR;,, and R, with g® and Ng. Thus four relaxation tions. However, it is of little use for NMR-ON studies, be-
parameters—th&,’'s and theR,'s of both isotopes—were cause for isotopes with appreciable quadrupolar contribution
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to the relaxation, th&=4 term is usually too small for a erator, and cooled down to temperatures below 10 mK. The
reasonably accurate determination of its relaxation behaviotemperature was measured b§°&oCo(hcp) nuclear orien-
This is due to the small magnetic moments of these isotopesation thermometer. The anisotropy was measured by four
which lead to small degrees of nuclear orientation, which inGe detectors, placed at 0°, 90°, 180°, and 270° with respect
turn strongly suppress especially thke4 term. to the direction of the magnetic field. The count-rate ratio

(iv) Ry, Rgl), and R? are also weighted differently ac-
cording to which transitions are excited by the rf field. R .
Therefore, the relaxation constants can be separated by a = W(O°) +W(180°) -
combination of relaxation measurements that employ differ- W(90 °) + W(270 °)
ent selective excitations and/or nonselective excitation. This
method has been used in relaxation measurements by nuclesas used to analyze the data. The magnetic field was applied
quadrupole resonan@é® There are, however, some practical in the foil plane along th§100] or [110] directions([100] or
limitations to its application to NMR-ON: [110] geometry.

First, the transition frequencies must be different. This is The frequency was doubly modulated: In addition to the
in principle the case, since a small spin-orbit-induced electrid00 Hz FM with the desired bandwidth, a second 1 Hz FM
field gradient(spin-orbit EFGQ gives rise to a quadrupole with bandwidth 200 Hz was applied. The second FM
splitting of the resonance intd 2quidistant subresonances. served to destroy, together with the statistical FM noise of
The resonance frequencies are given by the rf synthesizer, any phase coherence between the rf field

and the spin system. The variation Rf across the sample
due to the skin effect was taken into account by analyzing
Vmme1= Vm~ Avg(m+ 1/2), (13 the relaxation data for different assumptions on the skin
depth. It turned out that the choice of the skin depth had only
whereAwq is the subresonance separation, is referred 3 negligible influence on the deduced relaxation constants
to as thew; resonancey;_, - as thew, resonance, and so on. and the quality of the fit.
But often the subresonances are not sufficiently well sepa- The magnetic field dependence of the spin-lattice relax-
rated because the inhomogeneous broadening of the resgtion was described assuming that the relaxation rate is the
nance is larger thad v, sum of a high-field limit and a contribution that is propor-
Second, the resonance amplitudes must be large enougldnal to ¢, where 7 is the nuclear magnetic resonance

for reasonably accurate relaxation measurements. This is @MR) enhancement factor. In t{&00] geometrys is pro-
serious limitation, since the resonance strength in NMR-ONyortional to(B,+B,,) ! and one obtains

spectra is often largely concentrated in theesonance. But
also the resonance amplitude for nonselective excitation may

become too small, if a relatively large FM is required to _ B B,

excite all subresonances and the rf power per frequency unit R =Ri(>) +[Ri(0) ~ Ri(~)] Bex+ Ba/ (14)
is C{)grgrespondingly reduced. That was in this work the case

for ““Au. Here R representsR,, or Ry, B,;=0.059 T is the anisotropy

Third., the achievable accuracy is rather modest. For exfie|d in Fe, R(=) is the high-field limit, andR(0) is the
ample, in Ref. 13 the relaxation behaviors ‘BfirFe after  (qjaxation constant at zero field. This description is a gener-
nonselective excitation and after the excitation of #heeso-  5jization of the so-called enhancement factor maEEM),
nance were compared alﬂl)/Rgz):O.119) was deduced. \yhereg=2 is assumed and which has successfully been ap-
This is less stringent than E¢LO) in combination with the  plied in the past#28
assumptiorf >0.2. R/(%¢) must be compared with the resultsaif initio cal-
culations, since the relaxation is field independent within the
theoretical framework of those calculations. Although the
origin of the » dependent contribution is not specified within

The samples were &m thick cold rolled polycrystalline the EFM, displacements of the magnetization probably play
foils of the respective dilute Fe alloy. The RuFe sample cona central role, sincey is a measure of the susceptibility to
tained 0.2 at.% Ry0.1at. %°Ru and 0.1at. %4°Ru), the  such displacements.

AuFe sample contained 0.01at. % Au and 0.1at. % Pt. Due

to a special sample preparatidithe crystallographic orien-

tation was nearly uniform. The foil surface was(&00) V. MEASUREMENTS

plane. The[11Q] directions within the surface were parallel
and perpendicular to the rolling direction. The angular

IV. EXPERIMENTAL DETAILS

A. NMR-ON and MAPON measurements on®’Ru and *Ru

spreadsgfull width of half maximum) of the crystallographic The resonances 6fRu and'®Ru were measured in the
orientations around this nominal orientation were only abouf{100] and[110] geometries. Figure 2 shows NMR-ON spec-
8°. tra in the[100] geometry. To determine the unknown quad-

The radioactive probe nuclei were produced by neutrorrupole moment of'Ru, the quadrupole splittings 8fRu and
irradiation. After the irradiation the samples were annealed®Ru were determined by modulated adiabatic fast passage
for 1 h at 700 °C, mounted into ¥He-*He dilution refrig-  on oriented nucle{MAPON).2%-31 MAPON spectra in the
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Frequency (MHz) FIG. 3. °Ru and®Ru in Fe: MAPON spectra in thgl10]

geometry atBq=0.1 T. Measurements were performed for both

97 10 P . P
FIG. 2. BRU_%ng Tgl?l_l;] ml Fe: NMlR-_ONl_speg:jri |nf “;%1%0] sweep directions and the data from an equal number of sweep-up
geometry aB.,=0.2 T. The larger relative linewidth of t u and sweep-down runs were added.

resonance is due to the inhomogeneous broadening of the quadru-
pole splitting. To obtain the resonance efféat, the y anisotropy
was measured with and without FM and the respectgewere
subtracted from each other.

Since, in contrast to previous measurements on RuFe, the
electric hyperfine interaction was investigated and measure-
ments were performed for different directions of the magne-

. tization, the hyperfine splitting frequencies may also be of
[110] geometry are shown in Fig. 3. The MAPON spectrajyiarest. They are listed in Table |.

can, apart from a prefactor and an offset, be identified with The determination ofA% defined as the center of
the integral ’

P(Avg), suffered from the fact tha®(Avg) was inhomoge-
neously broadened by more than 100%. In this case, which is
often encountered in Fe and Ni, the MAPON spectrum can

Av
[P(Avg) + P(— Avg)] dAvg,
0

where P(Avg) is the distribution of the subresonance

separatiort>®2 The signs of the quadrupole splittings were 0.0 F 9"RuFe ]
determined from the shapes of the relaxation curves after

adiabatic fast passagesAFP’s) of opposite sweep w 02} ]
directions®>® Figure 4 shows the respective relaxation

curves in thg100] geometry. .

Using the fact that the MAPON spectraBRu and*Ru 04 [ A sveepup 4 sweep down
are transformable into each other by the multiplication of the ! L L
Av scale by the ratio of the quadrupole splittings, the follow- 0 1000 2000
ing value of that ratio was deduced from the comparison of . . T .
the MAPON spectra of both isotopes, 008 | 3

193p,Fe
0.06 b
Avo(*Ru)/Avg(*™Ru) = - 0.054537). ©
0.04 b
Using Q(***Ru)=+0.623) b (Ref. 34, the quadrupole mo- 002 ) ]
ment of°’Ru is given by ' [ sweep up 4 sweep down
0 2500 5000 7500
Q(*Ru)/Q(**Ru) = - 0.18212), t (s)

FIG. 4. °"Ru and'®Ru in Fe: AFP relaxation curves in tfi00]

Q(97Ru) =-0.1139) b. geometry aBg,=0.1 T.
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TABLE |. Magnetic and electric hyperfine splitting frequencies

of “Ru and'®Ru in Fe atB,=0.2 T.

Isotope Geometry vm (MHZ) AV(QO) (MHz)
9"Ru [100] 117.0818) +0.003...+0.012
[110 117.12@8) +0.001...+0.011
Ry [100] 51.0%8) -0.22...-0.05
[110 50.959) -0.21...-0.02

be described by a broad range Mzg))’s, including Avg)
=0, almost equally well. Only an upper limit bivg)| can be

deduced from the MAPON spectrum and, in combination

with the AFP data, also a lower limit and the sigfnn the

[100] geometry those limits correspond to a spin-orbit EFG

between —0.3% 10'® and -0.06< 10'6 VV/cm?.
The quotedy,s are already corrected for the displace-

ment of the resonance by the unresolved quadrupole split-

ting. The results foP’'Ru point to a small anisotropy of the

hyperfine field of RuFe:

Byue(M 11[100]) - Bye(M 1 [110]) = +0.0165) T.

B. Relaxation measurements ori’Ru and *°Ru

All relaxation measurements were performed in th@Q]
geometry. The relaxation curvesBt,=0.2 T are shown in
Fig. 5. At this field the frequency was modulated between
116.8 MHz and 117.4 MHz and between 50.33 MHz and

0.05
v 0.10 |

0.15 [ AFM ON Q\FM OFF

"RuFe

0 250 500

750

1000

0.07 |

0.06

- [AFM ON QA FM OFF
1 1 1

103p Fe

0 2500 5000

t (s)

7500

10000

FIG. 5. °Ru and'®Ru in Fe: NMR-ON relaxation curves in
the [100] geometry atBe,=0.2 T. T=10.02) mK for *Ru and

T=7.42) mK for %%Ru.
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FIG. 6. Magnetic and quadrupolar relaxation constant¥'®fi
and'®Ru in Fe in the[100] geometry. The dashed curves describe
the data by Eq(14).

51.53 MHz for®’Ru and'*Ru, respectivelyR, andR, were
separated using the ratios

Ru(*RU)/Ry(1®Ru) = 5.27619),

Ry(“Ru)/R,(***Ru) = 0.007910),

which were deduced from the ratios of the magnetic reso-
nance frequencies and quadrupole moments. Figure 6 shows
the relaxation constants as a function of the magnetic field.

The contribution oR, to the relaxation of ‘Ru turned out
to be negligible. The relaxation 8fRu thus directly gave the
magnetic relaxation constant. But even fdfRu, R, was
distinctly smaller tharR,,, which considerably reduced the
statistical accuracy of the determinationRy.

Relaxation measurements dfRu were performed for
Be=0.01T,0.02T,0.05T,0.1T,0.2T,04T,and 0.8 T.
Using Eq. (14), the least squaresfit to the data
yielded £=1.0525), R, (*)=0.484) (sK)™, and R.(0)
=1.11(5) (s K)™L. Ry(*) is in agreement with the literature
value R()=0.49414) (s K)™* for ¥Rul4

Due to the much smalley anisotropy of*®*Ru, only two
relaxation measurements could be performed on this isotope.
Therefore, the quadrupolar relaxation could be determined
only for Be,=0.01 T and 0.2 T. The systematic error RRf
due to the uncertainty iRY/R® and the neglect of the HFA
was of the order of 5% and thus much smaller than the sta-
tistical error. Assuming that the field dependenceRgfhas
the same form, but not necessarily the same amplitude as the
field dependence oRy Ry(»)(**Ru)=0.06215) (s K)™
andR,(0)/Ry(e)=1.4(5) were deduced. No conclusions can
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FIG. 8. NMR-ON relaxation curves df®Au (411 keV transi-

tion) and *°°Au (158 keV transitiop in the [100] geometry aBegy

=0.2T. For Au only the »; resonance was excited.

T=19.714) mK for *%®Au and T=18.714) mK for ***Au.

be drawn on the field dependence of the quadrupolar relax-

ation, sinceR,(0)/Ry() is not significantly different from The quadrupolar contribution to the relaxation was non-

both 1 andR,(0)/Ry()=2.31(22). negligible for both!®®Au and **°Au. But even for'®Au it
was smaller than the magnetic contribution. The field
dependence of the relaxation was described by (E4). It

C. Relaxation measurements ort**Au and **Au was assumed that it has the same form, but not necessarily

NMR-ON spectra of®®Au and'*°Au are shown in Fig. 7.

FIG. 7. %8au and **°Au in Fe: NMR-ON spectra in thg100]
geometry aBq,=0.1 T.

The subresonances were sufficiently well separated for the = . -
selective excitation of individual subresonances only for o RO 150 &
199Au. Accordingly, in the relaxation measurements'3tu @ *‘ Q@
all subresonances were excited. In the relaxation measure- Py 15 ¢ AR -
ments on**°Au only the »; resonance was excited, since it 3 1ok Seo 2
provided by far the largest resonance effectsBg§=0.1 T, 2 B o P o | 25 o

for example, the frequency was modulated between "\E 0.5 F ':-é
257.14 MHz and 261.74 MHz for'®Au and between o o

167.27 MHz and 167.97 MHz for’°Au. 0.0 F Jo.0
Relaxation measurements were performed in110€)] ge-

ometry atBg,=0.01T, 0.1 T, and 0.2 T. The relaxation 15 L%

curves aB,,=0.2 T are shown in Fig. 8. To separd&g and ) +‘ 110

R, the following ratios were used:

Ry(*%®Au)/R,(**°Au) = 0.6886),

Ro,(1%%AU)/R,(1%%Au) = 2.6877), 0-5 1

if R, g? was assumed, and 0.0 [

Rm(lgsAU)/Rm(lggAu):2.4211), 0 005 01 015 02

. 2 . Bext (T)

if Ryocv;, was assumed. The ratio of the quadrupole mo-

ments was taken from Ref. 31, the ratio of théactors from FIG. 9. Magnetic and quadrupolar relaxation constantS%#fu

Ref. 35, and the ratio of the,'s from the NMR-ON mea- and °°Au in Fe in the[100] geometry_Rgl)/Rgz):o,ZS andR,,
surements. Figure 9 shows the relaxation constants as a funeg? were assumed. The dashed curves describe the field depen-
tion of the magnetic field. dence according to Eq14).

R (***Au) [(s K)™']
R (***Au) [(s K)™']

0.0
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TABLE II. AuFe: High-field limits and field dependences of the magnetic and quadrupolar relaxations for
different scalings oR,, and values oRgl)/Rff).

Scaling Ren(0) (*%8Au) Rq()(**°Au)
of Ry Ry /R [(sK™] [(sK™] Ru(0)/Rn(®)  Rq(0)/Ry()
ocg? 0.28 1.8827) 0.6411) 3.15) 2.55)
0.25 1.8429) 0.6712) 3.2(6) 2.55)
0.11 1.7832) 0.9017) 3.37) 2.1(5)
2 0.28 1.9827) 0.51(10) 3.1(5) 2.36)
0.25 1.9%28) 0.5310) 3.1(5) 2.36)
0.11 1.8134) 0.6913) 3.37) 2.06)
the same amplitude fdR,, andR,. The exponent of they* VI. DISCUSSION

term was¢=2.08), where the large error is a consequence  The quadrupolar relaxation is now known for RuFe. IrFe,
of the fact that it is difficult to determine the form of the ang AuFe. The second and third columns of Table Il list the
field dependence from relaxation data for only three dif-moment-independent high-field limits of the magnetic and

ferent fields. I guadrupolar relaxations of those systems.
The deducedr;'s depended significantly oﬁi1 )/Rf]) and

the scaling ofR,. Those quantities ara priori known only
within certain limits, but they are predicted by every com- A. Information on other relaxation mechanisms

plelte theory. Therefore, we quote in Table .” the high-field Ab initio calculations underestimate the relaxation rates in
I|_m|ts a(rz)d f!g:)ld dependences f_or several dlffereng assumpe, by a factor of 3-5 for thedsimpurities and by about a
tions. Ry /R, =0.25 and a scaling dR,, between=1j, and - gacior of 2 for the 4 impurities One aim of this work was
*g” were regarded as the m%s); probable situation. Permitting, fing out if the same problem also occurs for the quadru-
also other assumptionBy(=<)(**°Au)=0.607) (s K)™* was polar part of the relaxation. This information would delimit
adopted as the final result for the high-field limit of the qua-the range of relaxation mechanisms that can be made respon-
drupolar relaxation. sible: According to theab initio calculations, the relaxation
The results forRy(=<)(**°Au) (third column of Table I} via the orbital hyperfine interaction dominates the spin-
agree with the more precise literature valRg(=)(**®Au) Iattice relaxation of the transition-metal impuritislf the
=1.968) (s K)™1.* However, if the quadrupolar relaxation problem arises from an incorrect description of that mecha-
would have been neglecteBy,()(**®Au)=2.1528) (s K)™*  nism, it should also occur with the quadrupolar relaxation
would have been obtained. This shows that the neglect of theecause of the close relationship between both relaxation
guadrupolar relaxation leads to an overestimatiolRqfby =~ mechanisms. In contrast, if the problem is due to a so far
12(5)% and that the literature value should be corrected actindiscovered or grossly underestimated nonorbital relaxation
cordingly. mechanism, it should be absent for the quadrupolar relax-
The field dependencB,(0)/Ry(=) (last column of Table ation.
) is significantly different from 1. However, the data are not To compare the quadrupolar relaxation with #ieinitio
accurate enough to decide whether the field dependences edlculations, the theoretical quadrupolar relaxation Fﬂé
R, and R, are similarly strong or whether the field depen- had to be inferred indirectly from the theoretical orbital re-
dence ofR is considerably smaller as in the case of Itfe. laxation rateRg‘e. Dedicated calculations of the quadrupolar

TABLE lll. Experimental and theoretical high-field limits of the magnetic and quadrupolar relaxation of
RuFe, IrFe, and AuFe&R™ was taken from thab initio calculations of Ref. 36. Within those calculations the
orbital and the total magnetic relaxation are almost identlé??.was derived fronR"™ as described in the

text.
Ru()/ g2 Rq(%)/Ng Re/ g2 RI/Ng (Rq(oo)/qu)/
System (sK)™ (sK)™ (sK)™ (sK™ (Ru(=)/g%)
RuFe 4.9814)2 0.12129) 2.4 0.31-0.67 0.026)
IrFe 13.87)° 0.45 %)) 3.3 0.43-0.92 0.033"%)
AuFe 2233 1.4 3.1 0.40-0.86 0.083)

aReference 14.
bReference 13.
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relaxation of the 8 impurities in Fe have been reported in of the stable Hf isotopes. NevertheleBg,can be determined
Ref. 7, but there is probably a problem with those calculafor almost the completedbseries. In contrast, Ru seems to
tions, since the calculatel),/R,'s were much smaller than it be the only 8 or 4d impurity whereR,; is accessible by the
should be possible according to E@8) and(9). Therefore, experiment.
the Rghe's from Ref. 36 (fourth column of Table Ilj were The relaxation constants of the transition-metal impurities
converted into the respectivlag‘es via Eq. (9). The fifth  in Fe are compiled in Ref. 14. Since they have been inter-
column of Table Il lists the ranges def]he/ N, that were preted as purely magnetic relaxation constants, the deduced
derived assuming>0.15. values ofR,/g? are probably in several cases significantly
For IrFe it had been found th&, is well reproduced by too large. The deviation is known for Ir and Au: The litera-
the ab initio calculations® The new data on RuFe and AuFe ture values oR,/g? for IrFe and AuFe, which were derived
provide a more refined picture. They confirm thtis not ~ from relaxation data ort®r and %8Au, are too large by
systematically underestimated by the calculations. But the®(2)% and 125)%, respectively. For the other systems only
also show thatR, is in general not well reproduced: estimates are possible: The literature valuesRgfg?® are
Ry(RuFg is distinctly smaller andR,(AuFe) is distinctly  probably too large by a factor of 2—4 for WFe, wh&gwas
larger than predicted by the calculations. This suggests thaterived from data od®W, by 20-80 % for TaFe and PtFe,
the description ofR, and R, is basically correct. But the WwhereR,, was derived from data off’Ta, *°Ta, and'*'pt,
accuracy of the calculations seems to be insufficient to reand be several % for PdFe, ReFe, and OsFe, wRgre/as
produce those relaxation constants for each particular syslerived from data of®Pd, *Re, and'*®Os.
tem. Discrepancies between the relaxation constants from SE-
NMR measurements and those from NMR-ON and thermal
cycling measurements led to the conclusion that the SE-
B. Importance of the quadrupolar contribution NMR technique yields systematically too large relaxation
to the relaxation constants for the &impurities!* However, if the quadrupo-

lar relaxation is taken into account, this conclusion turns out

The ratioR,/R, can also be used to estimate the quadruy, pe incorrect and the discrepancies are at least in part re-
polar part of the spin-lattice relaxation, if experimental infor- ., Jued. Quantitative conclusions are possible for IrFe and

mation is not availabl@ It can be calculated via the EqS) A\ Fe. Taking only the literature value &,,/g? from Ref.
and(9). In Eq. (9) f=0.5 can be assumed for simplicity. At 14 R1931)=0 191) (s K)"L would be predicted. This is
the beginning of each transition-metal seriksand R, are much smaller than the SE-NMR resultR(*%3r)
probably due to thep electrons and Eq(7) should be =0.626) (sK)™! (Ref. 37. However, takinng}gZ and

used®*® A compilation of the(R,/R;)’s of the transition- 193\ _ 1 )
metal isotopes reveals that a non-negligible quadrupolar cor}lzgqll\lqr fror:] E?t\)/:/?ﬂ!”t'r? ( Sﬁé)&&'g&rlg’) fts }2 .'IS pr;i‘g;f;e)d '
tribution to the relaxation can be expected only for a few agreeme € St~ esult. Similary u

isotopes, in particulardisotopes, with large quadrupole and =0.221) (s K) 12would be expected from the lg?rature
small magnetic moments. value +502f R./g= of AuFe alone, whereasR(*™'Au)

In addition, R, is not necessarily the only important con- =0.89'33) (s K)™ is predicted with the relaxation constants
tribution to Ry, andRy/Ry, is in general smaller thaRy/R,. ~ Of Table Ill. The SE-NMR resultR(**’Au)=0.436) (s K)™*
The respective reduction factoRs/R,, can be deduced from (Ref. 37, thus seems to be rather too small than too large, as
the experimental values 0R,/N,)/(R,/g?), which are listed ~ previously assumed.

in the last column of Table Ill, by dividing them by The relaxation constants 8Os, **W, and**'Ta, which
5 were determined by SE-NMR, were also significantly larger
(Ry/Ng)/(Ry/g”) = 0.130, than expected from the literature valuesRyf/ g2. In the case

of Os and Ta this may well be due to the quadrupolar con-
tribution to the relaxation, which is larger f6#0s and*®'Ta
than for the isotopes that were used to deriRedg? (**%Os,
18313, and'®2Ta). Only in the case ot®3W the discrepancy
must have another origin.

which is predicted by Eq9) for f=0.5. The precise value of
R,/ Ry, obviously depends on the impurity,but a similar order
of magnitude is also expected for the other impurities in Fe
That order of magnitude and a compilation of {R/R;)'s
was used to derive the order of magnitudeRgf R, for the
transition-metal isotopes that are suitable for spin-echo NMR

(SE-NMR) or NMR-ON measurements. This revealédthe

possibilities for further studies of the quadrupolar relaxation ACKNOWLEDGMENTS

and(ii) the need to reinterprete known relaxation constants.
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