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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 measurements on198Au and199Au and on97Ru and103Ru in
the same sample. The high-field limits of the magnetic relaxation constants were deduced to beRm

=1.95s +30
−49

d ss Kd−1 for 198Au andRm=0.48s4d ss Kd−1 for 97Ru. The high-field limits of the quadrupolar relax-
ation constants wereRq=0.60s +47

−19
d ss Kd−1 for 199Au and Rq=0.062s15d ss Kd−1 for 103Ru. TheRq’s deviate

distinctly from the predictions ofab 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 of97Ru was determined by modulated adiabatic fast passage on oriented
nuclei to beQs97Rud=−0.113s9d b.
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I. INTRODUCTION

The nuclear spin-lattice relaxation in metals at low tem-
peratures arises from the scattering of conduction electrons at
the nuclear site.1–4The scattering can be due to the magnetic-
dipolar or electric-quadrupolar parts of the hyperfine interac-
tion. According to the magnitudes of the nuclear magnetic
and quadrupole moments, for most isotopes the magnetic
relaxation dominates. The magnetic relaxation also domi-
nates, if mainlys electrons are scattered. Therefore, the elec-
tric quadrupolar part has been neglected in most of the ex-
perimental and theoretical work on the spin-lattice relaxation
in metals.

Recently several calculations have shown that for a few
isotopes with large quadrupole and small magnetic moments
a nonnegligible quadrupolar relaxation is expected.5–7 There
is still little experimental information: A quadrupolar relax-
ation has been reported for97Mo in Mo (Ref. 8), 121Sb and
123Sb in Sb(Refs. 9 and 10), 103Ru in Ru(Refs. 11 and 12),
and189Ir in Fe (Ref. 13).

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
relaxation alone. In particular, there is a close relationship
between the quadrupolar relaxation and the part of the mag-
netic relaxation that arises from the orbital hyperfine
interaction.5,6 The quadrupolar relaxation thus helps to dis-
tinguish orbital and nonorbital mechanisms in the magnetic
relaxation.

This is, for example, desirable in the case of the spin-
lattice relaxation in Fe, where there are two problems—
namely, the systematic underestimation of the relaxation
rates by theab initio calculations and the magnetic-field de-
pendence. Those problems may result from additional relax-
ation mechanisms in ferromagnetic metals. In particular di-
rect and indirect spin-wave mechanisms have been
discussed.14–16 But the actual origin of the problems is still
not established. The investigation of the quadrupolar relax-

ation of189Ir in Fe showed that its magnitude is in agreement
with the ab initio calculations, and that its field dependence
is distinctly smaller than that of the magnetic relaxation.13

To establish those results by more data and to obtain a
more complete picture of the role of the quadrupolar relax-
ation, we measured the magnetic and quadrupolar relaxations
of Ru and Au in Fe. Ru and Au were chosen mainly for
practical reasons: A convenient way to separate the magnetic
and quadrupolar parts of the relaxation is to compare the
relaxation rates of two isotopes of the same element. At least
one of the isotopes should have a large quadrupole moment
and a small magnetic moment.97Ru and103Ru, and198Au
and199Au are suitable isotope pairs, which can moreover be
easily produced in the same sample by neutron irradiation.

In previous studies it was already noted that the experi-
mental relaxation rates of97Ru and103Ru in Fe and of197Au
and198Au in Fe do not scale with the square of the nuclearg
factor, as would be expected for a purely magnetic
relaxation.14,17This was, however, attributed to technical dif-
ficulties with certain measurement techniques.

II. QUADRUPOLAR RELAXATION IN METALS

If there are both a magnetic and a quadrupolar contribu-
tion, the nuclear spin-lattice relaxation in metals can be de-
scribed by three relaxation constants, the magnetic relaxation
rateRm and the quadrupolar relaxation ratesRq

s1d andRq
s2d due

to Dm= ±1 andDm= ±2 transitions, respectively. They are
defined in such a way thatT1, the relaxation time in the
high-temperature limit, is given by

sT1Td−1 = R= Rm + Rq
s1d + Rq

s2d. s1d

Rm, Rq
s1d, andRq

s2d depend on the nuclear moments and the
spin of the particular isotope. Isotope-independent relaxation
constants can be specified byRm/g2, Rq

s1d /Nq, and Rq
s2d /Nq.

Hereg is the nuclearg factor, defined bym=gImN, wherem
is the nuclear magnetic moment,I is the nuclear spin, andmN
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is the nuclear magneton. The dimensionless factorNq is de-
fined by

Nq =
Q2s2I + 3d
I2s2I − 1d

, s2d

where it is assumed that the numerical value of the quadru-
pole momentQ 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 equations(the master
equation) for the populationspm of the sublevels must be
solved,

d

dt
pm = o

n

sWn,mpn − Wm,npmd, s3d

whereWm,n is the transition rate from the sublevel with mag-
netic quantum numberm and energyEm to the sublevel with
magnetic quantum numbern and energyEn. Due to the low
concentration of the probe nuclei of less than 10−6, the spin-
spin relaxation can be neglected in this work.

The transition rates are given by4,16,18

Wm,m+1 =
hnm,m+1

2kBs1 − bm,m+1d

3fRmcm,m+1
smd + Rq

s1dcm,m+1
sq1d g + Rrfcm,m+1

smd ,

Wm+1,m =
hnm,m+1bm,m+1

2kBs1 − bm,m+1d

3fRmcm,m+1
smd + Rq

s1dcm,m+1
sq1d g + Rrfcm,m+1

smd ,

Wm,m+2 =
hnm,m+2

8kBs1 − bm,m+2d
fRq

s2dcm,m+2
sq2d g,

Wm+2,m =
hnm,m+2bm,m+2

8kBs1 − bm,m+2d
fRq

s2dcm,m+2
sq2d g. s4d

Here ni,j =sEi −Ejd /h is the respective transition frequency
and bi,j =exps−hni,j /kBTd is the corresponding Boltzmann
factor. Thenm,m+1’s deviate only slightly from the magnetic
resonance frequencynm, and thenm,m+2’s only slightly from
2nm. The coefficientscm,m+1

smd , cm,m+1
sq1d , andcm,m+2

sq2d are given by

cm,m+1
smd = fIsI + 1d − msm+ 1dg,

cm,m+1
sq1d =

5s2m+ 1d2sI + m+ 1dsI − md
s2I + 3ds2I − 1d

, s5d

cm,m+2
sq2d =

5sI + m+ 2dfI2 − sm+ 1d2gsI − md
s2I + 3ds2I − 1d

.

Rrfcm,m+1
smd is the additional transition rate that arises from the

applied radio frequency(rf) field. If no rf field is applied,Rrf
is zero. If only a selected transition is excited by the rf field,
Rrf does not vanish only for that transition.

Rq
s1d, Rq

s2d, and the contribution of the orbital hyperfine
interaction toRm, the orbital relaxation constantRo, are not

independent: If intra-atomic shielding effects are neglected,
the relative magnitudes ofRq

s1d /Nq, Rq
s2d /Nq, and Ro/g2 de-

pend only on the symmetry of the electron wave functions at
the Fermi energyeF and the direction of the quantization
axis. Figure 1 shows the relative magnitudes for the case that
the relaxation is due tod electrons. The symmetry of thed
orbitals is characterized by

f =
Nt2g

seFd

Neg
seFd + Nt2g

seFd
, s6d

where 3Nt2g
seFd is the partial density oft2g states and

2Neg
seFd is the partial density ofeg states ateF. f is in general

different for the spin-up and spin-down bands. The depen-
dences ofRq

s1d andRq
s2d on the direction of the magnetization

are illustrated in Fig. 1 by the two extreme casesM i f100g
and M i f111g. Rq=Rq

s1d+Rq
s2d is independent of the direction

of the magnetization.
If the lattice symmetry is cubic and the relaxation is due

to p electrons, the following ratios can be derived:4–6

Rq/Nq

Ro/g
2 = 0.546, s7d

Rq
s1d

Rq
s2d = 0.25. s8d

For d electrons and cubic lattice symmetry, the following
relations apply:4–6

FIG. 1. Orbital and quadrupolar relaxation constants for a given
density of states as a function of the amount oft2g symmetry ateF.
Only d electrons are considered. The absolute magnitudes of the
relaxation constants are arbitrary, but relative to each other the mag-
nitudes are correctly reproduced.
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Rq/Nq

Ro/g
2 = 0.149

s8 − 4f + 11f2d
8fs4 − 3fd

, s9d

Rq
s1d

Rq
s2d =

fs4 − fd + 8s1 − 3f + 2f2dFsad
8 − 8f + 12f2 − 8s1 − 3f + 2f2dFsad

, s10d

Fsad = sax
2ay

2 + ay
2az

2 + az
2ax

2d. s11d

Here ax, ay, andaz are the directional cosines of the mag-
netization with respect to the cubic axesx, y, and z. Fsad
varies from 0 forM i f100g to 1/3 for M i f111g.

III. MEASUREMENT OF THE QUADRUPOLAR
RELAXATION BY NMR-ON

A. Measurements on different isotopes of the same element

In nuclear magnetic resonance on oriented nuclei(NMR-
ON) the resonance is detected via changes in the angular
distribution of the g radiation from oriented radioactive
probe nuclei.19 NMR-ON is also a well established technique
to measure the nuclear spin-lattice relaxation in ferromag-
netic metals.14,16,20The frequency modulation(FM) of the rf
field is periodically switched on and off to alternately excite
the nuclear spins and let them relax back to thermal equilib-
rium. The relaxation constants are determined vialeast
squaresfit to the resulting relaxation curve of theg aniso-
tropy. Due to the inhomogeneous broadening of the reso-
nance, practically no nuclei are excited without FM.

The solution of the master equation for the sublevel popu-
lations has been described in detail in Refs. 18 and 21.(The
procedure that is suggested in Ref. 21 to symmetrize the
transition-rate matrix does not work in the presence of both
Rq

s2d andRrf. However, the diagonalization of the unsymme-
trized matrix turned out to be unproblematic.) The angular
distributionWsud of the g radiation is given by22

Wsud = 1 + o
k=2,4

AkBkPkscosud. s12d

Hereu is the angle between the detector and the axis of the
nuclear orientation,Pk is the Legendre polynomial of order
k, the Bk’s are linear combinations of the sublevel popula-
tions, and theAk’s are the angular distribution coefficients of
the particularg transition.

In principle, the only change in the formalism due to the
presence of the quadrupolar relaxation are the additional
terms in the transition-rate matrix. However, there is now the
problem that there are three relaxation constants,Rm, Rq

s1d,
and Rq

s2d, but the information from one relaxation measure-
ment is usually not sufficient to determine more than one
relaxation constant.

In this work Rm andRq=Rq
s1d+Rq

s2d were separated by re-
laxation measurements on two isotopes of the same element,
whereasRq

s1d /Rq
s2d was taken from the theory. The necessary

additional information was provided by the ratios of theRm’s
and theRq’s of the two isotopes, which were known from the
scaling ofRm and Rq with g2 and Nq. Thus four relaxation
parameters—theRm’s and theRq’s of both isotopes—were

fitted to the combined data set consisting of a relaxation
measurement on each isotope and the ratios of theRm’s and
the Rq’s. Of course, this procedure only works, ifNq/g2 is
different for the two isotopes, if the nuclear moments are
known with sufficient precision, and ifRq is non-negligible
at least for one of the isotopes.

The following two systematic errors must be taken into
account: First, the value ofRq that is deduced from
NMR-ON relaxation curves depends slightly on the assumed
ratio Rq

s1d /Rq
s2d, which in turn was known only within certain

limits: According to Eq.(10), Rq
s1d /Rq

s2d was assumed to be in
the range 0.11–0.28 forM i f100g, precluding the extreme
casef ,0.2.

Second, due to the hyperfine anomaly(HFA),23,24 the
Fermi-contact interaction does not scale exactly withg. Ac-
cordingly, the exact scaling ofRm depends on the magnitude
of the Fermi-contact contribution toRm, which in turn isa
priori not known. The static hyperfine field andnm are
mainly due to the Fermi-contact interaction.25 If this is also
true forRm, Rm scales withnm

2 . However, ifRm is dominated
by a noncontact contribution, for example, byRo, Rm scales
with g2. HFA’s are usually smaller than 1% and thus unim-
portant for relaxation measurements. But this is different for
measurements of the quadrupolar relaxation, since a small
magnetic moment is the prerequisite for both a large quadru-
polar relaxation and a large HFA.

B. Other signatures of the quadrupolar relaxation

We also investigated by model calculations, whether and
in which way differences between the quadrupolar and mag-
netic relaxations become apparent in the NMR-ON relax-
ation curves. The main motivation was to find additional
signatures by whichRm, Rq

s1d, andRq
s2d can be distinguished.

We arrived at the following conclusions.
(i) Within the typical accuracy of NMR-ON measure-

ments, the magnetic and quadrupolar relaxations can usually
not be distinguished by the shape of the relaxation curve.
There are only a few exceptions. For example, if bothRq

s1d

and Rm are negligible with respect toRq
s2d, the absence of

Dm= ±1 transitions prevents the complete relaxation back to
equilibrium.

(ii ) The apparent magnetic relaxation constantRm8 , which
is obtained by assuming a purely magnetic relaxation, is in
general not simply given byRm+Rq

s1d+Rq
s2d. InsteadRm8 =Rm

+dqRq applies withdq typically between 0.55 and 1.00. Thus,
relative to the magnetic relaxation, the quadrupolar relax-
ation tends to be slower in NMR-ON experiments than ex-
pected from the respective Korringa constants.dq depends on
I, T, Rrf, A4/A2, Rq/Rm, andRq

s1d /Rq
s2d. The dependences onT

and Rrf are, however, too small for a reliable separation of
Rm, Rq

s1d, and Rq
s2d by relaxation measurements at different

temperatures or rf-excitation strengths.
(iii ) It is well known from perturbed angular correlation

studies thatRm, Rq
s1d, and Rq

s2d contribute with different
weights to the relaxations of thek=2 andk=4 terms of Eq.
(12).26 This effect can be used to distinguish the contribu-
tions. However, it is of little use for NMR-ON studies, be-
cause for isotopes with appreciable quadrupolar contribution
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to the relaxation, thek=4 term is usually too small for a
reasonably accurate determination of its relaxation behavior.
This is due to the small magnetic moments of these isotopes,
which lead to small degrees of nuclear orientation, which in
turn strongly suppress especially thek=4 term.

(iv) Rm, Rq
s1d, and Rq

s2d are also weighted differently ac-
cording to which transitions are excited by the rf field.
Therefore, the relaxation constants can be separated by a
combination of relaxation measurements that employ differ-
ent selective excitations and/or nonselective excitation. This
method has been used in relaxation measurements by nuclear
quadrupole resonance.9,10There are, however, some practical
limitations to its application to NMR-ON:

First, the transition frequencies must be different. This is
in principle the case, since a small spin-orbit-induced electric
field gradient(spin-orbit EFG) gives rise to a quadrupole
splitting of the resonance into 2I equidistant subresonances.
The resonance frequencies are given by

nm,m+1 = nm − DnQsm+ 1/2d, s13d

whereDnQ is the subresonance separation.nI−1,I is referred
to as then1 resonance,nI−2,I−1 as then2 resonance, and so on.
But often the subresonances are not sufficiently well sepa-
rated because the inhomogeneous broadening of the reso-
nance is larger thanDnQ.

Second, the resonance amplitudes must be large enough
for reasonably accurate relaxation measurements. This is a
serious limitation, since the resonance strength in NMR-ON
spectra is often largely concentrated in then1 resonance. But
also the resonance amplitude for nonselective excitation may
become too small, if a relatively large FM is required to
excite all subresonances and the rf power per frequency unit
is correspondingly reduced. That was in this work the case
for 199Au.

Third, the achievable accuracy is rather modest. For ex-
ample, in Ref. 13 the relaxation behaviors of189IrFe after
nonselective excitation and after the excitation of then1 reso-
nance were compared andRq

s1d /Rq
s2d=0.17s9d was deduced.

This is less stringent than Eq.(10) in combination with the
assumptionf .0.2.

IV. EXPERIMENTAL DETAILS

The samples were 1mm thick cold rolled polycrystalline
foils of the respective dilute Fe alloy. The RuFe sample con-
tained 0.2 at.%Ru(0.1at. %96Ru and 0.1at. %102Ru), the
AuFe sample contained 0.01at. % Au and 0.1at. % Pt. Due
to a special sample preparation,27 the crystallographic orien-
tation was nearly uniform. The foil surface was a(100)
plane. The[110] directions within the surface were parallel
and perpendicular to the rolling direction. The angular
spreads(full width of half maximum) of the crystallographic
orientations around this nominal orientation were only about
8°.

The radioactive probe nuclei were produced by neutron
irradiation. After the irradiation the samples were annealed
for 1 h at 700 °C, mounted into a3He-4He dilution refrig-

erator, and cooled down to temperatures below 10 mK. The
temperature was measured by a60CoCo(hcp) nuclear orien-
tation thermometer. Theg anisotropy was measured by four
Ge detectors, placed at 0°, 90°, 180°, and 270° with respect
to the direction of the magnetic field. The count-rate ratio

e =
Ws0 ° d + Ws180 °d
Ws90 ° d + Ws270 °d

− 1

was used to analyze the data. The magnetic field was applied
in the foil plane along the[100] or [110] directions([100] or
[110] geometry).

The frequency was doubly modulated: In addition to the
100 Hz FM with the desired bandwidth, a second 1 Hz FM
with bandwidth ±200 Hz was applied. The second FM
served to destroy, together with the statistical FM noise of
the rf synthesizer, any phase coherence between the rf field
and the spin system. The variation ofRrf across the sample
due to the skin effect was taken into account by analyzing
the relaxation data for different assumptions on the skin
depth. It turned out that the choice of the skin depth had only
a negligible influence on the deduced relaxation constants
and the quality of the fit.

The magnetic field dependence of the spin-lattice relax-
ation was described assuming that the relaxation rate is the
sum of a high-field limit and a contribution that is propor-
tional to hj, where h is the nuclear magnetic resonance
(NMR) enhancement factor. In the[100] geometryh is pro-
portional tosBa+Bextd−1 and one obtains

Ri = Ris`d + fRis0d − Ris`dgS Ba

Bext + Ba
Dj

. s14d

Here Ri representsRm or Rq, Ba=0.059 T is the anisotropy
field in Fe, Ris`d is the high-field limit, andRis0d is the
relaxation constant at zero field. This description is a gener-
alization of the so-called enhancement factor model(EFM),
wherej=2 is assumed and which has successfully been ap-
plied in the past.14,28

Ris`d must be compared with the results ofab initio cal-
culations, since the relaxation is field independent within the
theoretical framework of those calculations. Although the
origin of theh dependent contribution is not specified within
the EFM, displacements of the magnetization probably play
a central role, sinceh is a measure of the susceptibility to
such displacements.

V. MEASUREMENTS

A. NMR-ON and MAPON measurements on97Ru and 103Ru

The resonances of97Ru and103Ru were measured in the
[100] and[110] geometries. Figure 2 shows NMR-ON spec-
tra in the[100] geometry. To determine the unknown quad-
rupole moment of97Ru, the quadrupole splittings of97Ru and
103Ru were determined by modulated adiabatic fast passage
on oriented nuclei(MAPON).29–31 MAPON spectra in the
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[110] geometry are shown in Fig. 3. The MAPON spectra
can, apart from a prefactor and an offset, be identified with
the integral

E
0

Dn

fPsDnQd + Ps− DnQdg dDnQ,

where PsDnQd is the distribution of the subresonance
separation.29,32 The signs of the quadrupole splittings were
determined from the shapes of the relaxation curves after
adiabatic fast passages(AFP’s) of opposite sweep
directions.32,33 Figure 4 shows the respective relaxation
curves in the[100] geometry.

Using the fact that the MAPON spectra of97Ru and103Ru
are transformable into each other by the multiplication of the
Dn scale by the ratio of the quadrupole splittings, the follow-
ing value of that ratio was deduced from the comparison of
the MAPON spectra of both isotopes,

DnQs97Rud/DnQs103Rud = − 0.0545s37d.

Using Qs103Rud= +0.62s3d b (Ref. 34), the quadrupole mo-
ment of97Ru is given by

Qs97Rud/Qs103Rud = − 0.182s12d,

Qs97Rud = − 0.113s9d b.

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
interest. They are listed in Table I.

The determination ofDnQ
s0d, defined as the center of

PsDnQd, suffered from the fact thatPsDnQd was inhomoge-
neously broadened by more than 100%. In this case, which is
often encountered in Fe and Ni, the MAPON spectrum can

FIG. 3. 97Ru and 103Ru in Fe: MAPON spectra in the[110]
geometry atBext=0.1 T. Measurements were performed for both
sweep directions and the data from an equal number of sweep-up
and sweep-down runs were added.

FIG. 4. 97Ru and103Ru in Fe: AFP relaxation curves in the[100]
geometry atBext=0.1 T.

FIG. 2. 97Ru and103Ru in Fe: NMR-ON spectra in the[100]
geometry atBext=0.2 T. The larger relative linewidth of the103Ru
resonance is due to the inhomogeneous broadening of the quadru-
pole splitting. To obtain the resonance effectDe, the g anisotropy
was measured with and without FM and the respectivee’s were
subtracted from each other.
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be described by a broad range ofDnQ
s0d’s, including DnQ

s0d

=0, almost equally well. Only an upper limit ofuDnQ
s0du can be

deduced from the MAPON spectrum and, in combination
with the AFP data, also a lower limit and the sign.32 In the
[100] geometry those limits correspond to a spin-orbit EFG
between −0.3131016 and −0.0631016 V/cm2.

The quotednm’s are already corrected for the displace-
ment of the resonance by the unresolved quadrupole split-
ting. The results for97Ru point to a small anisotropy of the
hyperfine field of RuFe:

BHFsM i f100gd − BHFsM i f110gd = + 0.016s5d T.

B. Relaxation measurements on97Ru and 103Ru

All relaxation measurements were performed in the[100]
geometry. The relaxation curves atBext=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

51.53 MHz for97Ru and103Ru, respectively.Rm andRq were
separated using the ratios

Rms97Rud/Rms103Rud = 5.276s19d,

Rqs97Rud/Rqs103Rud = 0.0079s10d,

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 ofRq to the relaxation of97Ru turned out
to be negligible. The relaxation of97Ru thus directly gave the
magnetic relaxation constant. But even for103Ru, Rq was
distinctly smaller thanRm, which considerably reduced the
statistical accuracy of the determination ofRq.

Relaxation measurements on97Ru were performed for
Bext=0.01 T, 0.02 T, 0.05 T, 0.1 T, 0.2 T, 0.4 T, and 0.8 T.
Using Eq. (14), the least squares fit to the data
yielded j=1.05s25d, Rms`d=0.48s4d ss Kd−1, and Rms0d
=1.11s5d ss Kd−1. Rms`d is in agreement with the literature
valueRms`d=0.494s14d ss Kd−1 for 97Ru.14

Due to the much smallerg anisotropy of103Ru, only two
relaxation measurements could be performed on this isotope.
Therefore, the quadrupolar relaxation could be determined
only for Bext=0.01 T and 0.2 T. The systematic error ofRq

due to the uncertainty inRq
s1d /Rq

s2d 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 dependence ofRq has
the same form, but not necessarily the same amplitude as the
field dependence ofRm, Rqs`ds103Rud=0.062s15d ss Kd−1

andRqs0d /Rqs`d=1.4s5d were deduced. No conclusions can

TABLE I. Magnetic and electric hyperfine splitting frequencies
of 97Ru and103Ru in Fe atBext=0.2 T.

Isotope Geometry nm (MHz) DnQ
s0d (MHz)

97Ru [100] 117.081(8) +0.003. . . +0.012

[110] 117.120(8) +0.001. . . +0.011

103Ru [100] 51.01(8) −0.22. . .−0.05

[110] 50.95(9) −0.21. . .−0.02

FIG. 5. 97Ru and103Ru in Fe: NMR-ON relaxation curves in
the [100] geometry atBext=0.2 T. T=10.0s2d mK for 97Ru and
T=7.4s2d mK for 103Ru.

FIG. 6. Magnetic and quadrupolar relaxation constants of97Ru
and103Ru in Fe in the[100] geometry. The dashed curves describe
the data by Eq.(14).
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be drawn on the field dependence of the quadrupolar relax-
ation, sinceRqs0d /Rqs`d is not significantly different from
both 1 andRms0d /Rms`d=2.31s22d.

C. Relaxation measurements on198Au and 199Au

NMR-ON spectra of198Au and199Au are shown in Fig. 7.
The subresonances were sufficiently well separated for the
selective excitation of individual subresonances only for
199Au. Accordingly, in the relaxation measurements on198Au
all subresonances were excited. In the relaxation measure-
ments on199Au only the n1 resonance was excited, since it
provided by far the largest resonance effects. AtBext=0.1 T,
for example, the frequency was modulated between
257.14 MHz and 261.74 MHz for198Au and between
167.27 MHz and 167.97 MHz for199Au.

Relaxation measurements were performed in the[100] ge-
ometry at Bext=0.01 T, 0.1 T, and 0.2 T. The relaxation
curves atBext=0.2 T are shown in Fig. 8. To separateRm and
Rq, the following ratios were used:

Rqs198Aud/Rqs199Aud = 0.688s6d,

Rms198Aud/Rms199Aud = 2.687s7d,

if Rm~g2 was assumed, and

Rms198Aud/Rms199Aud = 2.427s1d,

if Rm~nm
2 was assumed. The ratio of the quadrupole mo-

ments was taken from Ref. 31, the ratio of theg factors from
Ref. 35, and the ratio of thenm’s from the NMR-ON mea-
surements. Figure 9 shows the relaxation constants as a func-
tion of the magnetic field.

The quadrupolar contribution to the relaxation was non-
negligible for both198Au and 199Au. But even for199Au it
was smaller than the magnetic contribution. The field
dependence of the relaxation was described by Eq.(14). It
was assumed that it has the same form, but not necessarily

FIG. 7. 198Au and 199Au in Fe: NMR-ON spectra in the[100]
geometry atBext=0.1 T.

FIG. 8. NMR-ON relaxation curves of198Au (411 keV transi-
tion) and 199Au (158 keV transition) in the [100] geometry atBext

=0.2 T. For 199Au only the n1 resonance was excited.
T=19.7s4d mK for 198Au andT=18.7s4d mK for 199Au.

FIG. 9. Magnetic and quadrupolar relaxation constants of198Au
and 199Au in Fe in the [100] geometry.Rq

s1d /Rq
s2d=0.25 andRm

~g2 were assumed. The dashed curves describe the field depen-
dence according to Eq.(14).
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the same amplitude forRm and Rq. The exponent of thehj

term wasj=2.0s8̄d, where the large error is a consequence
of the fact that it is difficult to determine the form of the
field dependence from relaxation data for only three dif-
ferent fields.

The deducedRq’s depended significantly onRq
s1d /Rq

s2d and
the scaling ofRm. Those quantities area priori known only
within certain limits, but they are predicted by every com-
plete theory. Therefore, we quote in Table II the high-field
limits and field dependences for several different assump-
tions. Rq

s1d /Rq
s2d=0.25 and a scaling ofRm between~nm

2 and
~g2 were regarded as the most probable situation. Permitting
also other assumptions,Rqs`ds199Aud=0.60s +47

−19
d ss Kd−1 was

adopted as the final result for the high-field limit of the qua-
drupolar relaxation.

The results forRms`ds198Aud (third column of Table II)
agree with the more precise literature valueRms`ds198Aud
=1.96s8d ss Kd−1.14 However, if the quadrupolar relaxation
would have been neglected,Rms`ds198Aud=2.15s28d ss Kd−1

would have been obtained. This shows that the neglect of the
quadrupolar relaxation leads to an overestimation ofRm by
12(5)% and that the literature value should be corrected ac-
cordingly.

The field dependenceRqs0d /Rqs`d (last column of Table
II ) is significantly different from 1. However, the data are not
accurate enough to decide whether the field dependences of
Rq and Rm are similarly strong or whether the field depen-
dence ofRq is considerably smaller as in the case of IrFe.13

VI. DISCUSSION

The quadrupolar relaxation is now known for RuFe. IrFe,
and AuFe. The second and third columns of Table III list the
moment-independent high-field limits of the magnetic and
quadrupolar relaxations of those systems.

A. Information on other relaxation mechanisms

Ab initio calculations underestimate the relaxation rates in
Fe by a factor of 3–5 for the 5d impurities and by about a
factor of 2 for the 4d impurities.14 One aim of this work was
to find out if the same problem also occurs for the quadru-
polar part of the relaxation. This information would delimit
the range of relaxation mechanisms that can be made respon-
sible: According to theab initio calculations, the relaxation
via the orbital hyperfine interaction dominates the spin-
lattice relaxation of the transition-metal impurities.36 If the
problem arises from an incorrect description of that mecha-
nism, it should also occur with the quadrupolar relaxation
because of the close relationship between both relaxation
mechanisms. In contrast, if the problem is due to a so far
undiscovered or grossly underestimated nonorbital relaxation
mechanism, it should be absent for the quadrupolar relax-
ation.

To compare the quadrupolar relaxation with theab initio
calculations, the theoretical quadrupolar relaxation rateRq

the

had to be inferred indirectly from the theoretical orbital re-
laxation rateRo

the. Dedicated calculations of the quadrupolar

TABLE II. AuFe: High-field limits and field dependences of the magnetic and quadrupolar relaxations for
different scalings ofRm and values ofRq

s1d /Rq
s2d.

Scaling
of Rm Rq

s1d /Rq
s2d

Rms`ds198Aud
fss Kd−1g

Rqs`ds199Aud
fss Kd−1g Rms0d /Rms`d Rqs0d /Rqs`d

~g2 0.28 1.88(27) 0.64(11) 3.1(5) 2.5(5)

0.25 1.84(29) 0.67(12) 3.2(6) 2.5(5)

0.11 1.78(32) 0.90(17) 3.3(7) 2.1(5)

~nm
2 0.28 1.98(27) 0.51(10) 3.1(5) 2.3(6)

0.25 1.95(28) 0.53(10) 3.1(5) 2.3(6)

0.11 1.87(34) 0.68(13) 3.3(7) 2.0(6)

TABLE III. Experimental and theoretical high-field limits of the magnetic and quadrupolar relaxation of
RuFe, IrFe, and AuFe.Ro

the was taken from theab initio calculations of Ref. 36. Within those calculations the
orbital and the total magnetic relaxation are almost identical.Rq

the was derived fromRo
the as described in the

text.

System
Rms`d /g2

ss Kd−1
Rqs`d /Nq

ss Kd−1
Ro

the/g2

ss Kd−1
Rq

the/Nq

ss Kd−1
sRqs`d /Nqd/
sRms`d /g2d

RuFe 4.98(14)a 0.121(29) 2.4 0.31–0.67 0.024(6)

IrFe 13.8(7)b 0.45s +21
−12

db 3.3 0.43–0.92 0.033s +15
−9

d
AuFe 22s −5

+4
d 1.7s +14

−5
d 3.1 0.40–0.86 0.08s +8

−3
d

aReference 14.
bReference 13.
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relaxation of the 5d impurities in Fe have been reported in
Ref. 7, but there is probably a problem with those calcula-
tions, since the calculatedRq/Ro’s were much smaller than it
should be possible according to Eqs.(7) and (9). Therefore,
the Ro

the’s from Ref. 36 (fourth column of Table III) were
converted into the respectiveRq

the’s via Eq. (9). The fifth
column of Table III lists the ranges forRq

the/Nq that were
derived assumingf .0.15.

For IrFe it had been found thatRq is well reproduced by
theab initio calculations.13 The new data on RuFe and AuFe
provide a more refined picture. They confirm thatRq is not
systematically underestimated by the calculations. But they
also show thatRq is in general not well reproduced:
RqsRuFed is distinctly smaller andRqsAuFed is distinctly
larger than predicted by the calculations. This suggests that
the description ofRq and Ro is basically correct. But the
accuracy of the calculations seems to be insufficient to re-
produce those relaxation constants for each particular sys-
tem.

B. Importance of the quadrupolar contribution
to the relaxation

The ratioRq/Ro can also be used to estimate the quadru-
polar part of the spin-lattice relaxation, if experimental infor-
mation is not available.6 It can be calculated via the Eqs.(7)
and (9). In Eq. (9) f =0.5 can be assumed for simplicity. At
the beginning of each transition-metal seriesRo and Rq are
probably due to thep electrons and Eq.(7) should be
used.6,36 A compilation of thesRq/Rod’s of the transition-
metal isotopes reveals that a non-negligible quadrupolar con-
tribution to the relaxation can be expected only for a few
isotopes, in particular 5d isotopes, with large quadrupole and
small magnetic moments.

In addition,Ro is not necessarily the only important con-
tribution to Rm, andRq/Rm is in general smaller thanRq/Ro.
The respective reduction factorsRo/Rm can be deduced from
the experimental values ofsRq/Nqd / sRm/g2d, which are listed
in the last column of Table III, by dividing them by

sRq/Nqd/sRo/g
2d = 0.130,

which is predicted by Eq.(9) for f =0.5. The precise value of
Ro/Rm 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 thesRq/Rod’s
was used to derive the order of magnitude ofRq/Rm for the
transition-metal isotopes that are suitable for spin-echo NMR
(SE-NMR) or NMR-ON measurements. This revealed(i) the
possibilities for further studies of the quadrupolar relaxation
and (ii ) the need to reinterprete known relaxation constants.

If we requireRq/Rm.0.3 for a reliable determination of
Rq, suitable isotope pairs exist for Pt, Os, W, Ta, and Lu,
apart from Au and Ir. For the Hg and Re isotopes,Rq is not
large enough. Hf is not soluble in Fe, which prevents the use

of the stable Hf isotopes. Nevertheless,Rq can be determined
for almost the complete 5d series. In contrast, Ru seems to
be the only 3d or 4d impurity whereRq is accessible by the
experiment.

The relaxation constants of the transition-metal impurities
in Fe are compiled in Ref. 14. Since they have been inter-
preted as purely magnetic relaxation constants, the deduced
values ofRm/g2 are probably in several cases significantly
too large. The deviation is known for Ir and Au: The litera-
ture values ofRm/g2 for IrFe and AuFe, which were derived
from relaxation data on192Ir and 198Au, are too large by
5(2)% and 12(5)%, respectively. For the other systems only
estimates are possible: The literature values ofRm/g2 are
probably too large by a factor of 2–4 for WFe, whereRm was
derived from data on187W, by 20–80 % for TaFe and PtFe,
whereRm was derived from data on182Ta, 183Ta, and191Pt,
and be several % for PdFe, ReFe, and OsFe, whereRm was
derived from data on105Pd, 186Re, and193Os.

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-
NMR technique yields systematically too large relaxation
constants for the 5d impurities.14 However, if the quadrupo-
lar relaxation is taken into account, this conclusion turns out
to be incorrect and the discrepancies are at least in part re-
moved. Quantitative conclusions are possible for IrFe and
AuFe. Taking only the literature value ofRm/g2 from Ref.
14, Rs193Ird=0.19s1d ss Kd−1 would be predicted. This is
much smaller than the SE-NMR result,Rs193Ird
=0.62s6d ss Kd−1 (Ref. 37). However, takingRm/g2 and
Rq/Nq from Table III,Rs193Ird=0.58s13d ss Kd−1 is predicted,
in agreement with the SE-NMR result. Similarly,Rs197Aud
=0.22s1d ss Kd−1 would be expected from the literature
value of Rm/g2 of AuFe alone, whereasRs197Aud
=0.89s +52

−20
d ss Kd−1 is predicted with the relaxation constants

of Table III. The SE-NMR result,Rs197Aud=0.43s6d ss Kd−1

(Ref. 37), thus seems to be rather too small than too large, as
previously assumed.

The relaxation constants of189Os,183W, and181Ta, which
were determined by SE-NMR, were also significantly larger
than expected from the literature values ofRm/g2. In the case
of Os and Ta this may well be due to the quadrupolar con-
tribution to the relaxation, which is larger for189Os and181Ta
than for the isotopes that were used to derivedRm/g2 (193Os,
183Ta, and182Ta). Only in the case of183W the discrepancy
must have another origin.
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