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Spin-orbit induced noncubic charge distribution in cubic ferromagnets.
I. Electric field gradient measurements on % impurities in Fe and Ni
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The spin-orbit induced electric field gradient at the nuclear sité#ds and'®Re impurities in Fe and of
191pt and'®qr impurities in Ni was determined fdrL00], [110], and[111] orientations of the magnetization.
The measurements were performed on single-crystal samples using nuclear magnetic resonance on oriented
nuclei and modulated adiabatic fast passage on oriented nuclei. In the Ni experiments the electric field gradient
was also determined for other orientations of the magnetization ifltt® plane. These data, together with
previous results on thedbimpurities, provide the first fairly complete data set on the spin-orbit induced electric
field gradient in cubic Fe, Co, and Ni. Our results establish in particular that the effect depends in general
considerably on the direction of the magnetization. We summarize the present knowledge of these electric field
gradients, their magnitude, their systematics, and the form and magnitude of their dependence on the direction
of the magnetization. The properties of the effect are explained within the tight-binding model in terms of the
spin-orbit induced deformation of the electron distribution. We also present and discuss data on the dependence
of the hyperfine field on the direction of the magnetization, which was found to be smaller thinat@l on
the inhomogeneous broadening of the electric field gradient.
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I. INTRODUCTION of the technique greatly facilitates the study of the hyperfine
interaction at impurities, especially in single-crystal samples.
The spin-orbit couplingSOQ induces in ferromagnetic But the first MAPON experiments revealed further diffi-
transition metals not only the well-known unquenched or-culties, which had not been noticed in previous studies, but
bital moment but deforms also the spatial electron distribuwhich now became apparent due to the improved resolution.
tion. This leads in ferromagnets with cubic lattice symmetryOne difficulty was the strong inhomogeneous broadening of
to a noncubic charge distribution. The effect can be studiethe SO-EFG: If it exceeds considerably 100%, a precise de-
via the hyperfine interaction: The electric field gradienttermination of the SO-EFG is no longer possible and the
(EFGQ) at the nuclear site is a direct measure of the noncubi®IAPON experiment gives essentially only the width of the
charge distribution around the nucleus. EFG distribution. This has so far been the case in all
The EFG in cubic ferromagnets was first observed on Ir abJAPON experiments on @ and 4sp impurities in Fe and
a dilute impurity in Fe (IFe) and also on Wi and F&e by  Ni.**~1®The only exception was Ge. In that case the SO-
various techniquek:* It was explained as a consequence of EFG could be determined with moderate precision[i@0]
the spin-orbit coupling:>~’ The spin-orbit EFG(SO-EFGQ  orientation of the magnetizatidi:1®
was observed since then for several other impurity host A second difficulty was the neglect of the anisotropy of
combination€ 1% but precise data remained until recently the SO-EFG—that is, the dependence of the effect on the
restricted to only a few favorable systems. The main problendirection of the magnetization relative to the crystallographic
was that the quadrupole splitting of the nuclear magneti@axes. Model calculations predicted a distinct anisotropy of
resonance due to the SO-EFG is in most cases concealed the order of 50%.But in two experiments on e and INi
a much larger inhomogeneous broadening of the resonancéhe SO-EFG was found to be isotropic within the experimen-
However, this problem has meanwhile been solved by theal error of about 10%>° The SO-EFG was since then be-
introduction of the technique of modulated adiabatic fastieved to be essentially isotropic.
passage on oriented nuclé/APON).***? The modulated Recent MAPON experiments provided, however, strong
adiabatic fast passage concept allows the determination dfints at a distinct anisotropy of the SO-EFG: In some experi-
the quadrupole splitting, even if it is much smaller than thements on 8 and 4sp impurities in single-crystal samples
inhomogeneous broadening of the resonance. MAPON condifferent EFG distributions were observed for different direc-
bines this concept with the detection of the resonance via théons of the magnetizatiot?:'*° Because of the excessive
v radiation of radioactive probe nuclei. The high sensitivityinhomogeneous broadening, it was, however, not clear
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whether this anisotropy is due to the SO-EFG or due to adfactor, uy the nuclear magnetorgQ the nuclear spectro-
ditional contributions to the EFG that cause also the inhomoscopic quadrupole moment, ai,,, the component of the
geneous broadening. A further hint came from experimentgrG tensor alonds.

on the & impurities Au and Ir in polycrystalline Fe  according to Eq(1) the resonance frequency of the NMR

samples#' The average SO-EFG was found to be magnetigransition between the sublevéts) and|m-+ 1) is given by
field dependent in the regime of incomplete magnetization,

where the direction of the magnetization is also magnetic v 1= vt Avg(m+1) )
field dependent. This pointed also to an anisotropy of the momEl Tm A e
SO-EFG. The broadening of the EFG was in this case less

than 100%, but an unambiguous distinction between an an- vm=|gunB/h], )
isotropy and a real magnetic field dependence is not possible
for polycrystalline samples. 3 eQVyrz

From this experience the requirements for further experi- AVQ_2| (21-1) h )

ments were clear: For a proper treatment of the anisotropy

single-crystal samples were necessary. To reduce the inh@hus, there is a quadrupole splitting of the magnetic reso-
mogeneous broadening of the SO-EFG to a tolerable extemiance atv,, into 21 equidistant subresonances with subreso-
much attention had to be paid to the sample preparation. Theance separation vg. Avg is the central quantity in this
SO-EFG of the 8 impurities was obviously less affected by work since it provides the desired information on the noncu-
the inhomogeneous broadening, presumably because thdc charge distribution.

SOC is an order of magnitude larger than for thi @ 3d B is the sum of the hyperfine fieBl, the external mag-
!mpurmets. Therefore we used thel 3mpurities as the start- oy fiejq B,,,, and the demagnetization field. If all fields
Ing point. are parallel to the magnetization, which was fulfilled in this

Using NMR-ON (nuclear magnetic resonance on oriented ; -
. work for all measurements of the magnetic hyperfine inter-
nucle) and MAPON we determined the SO-EFG of RPej action, v, is given by

PtFe, IrFe, OFe, Re~e, AuNi, PiNi, and INi for [100],
[110], and[111] orientations of the magnetization. In addi-

_.(0)
tion, the average SO-EFG of Pt, Ir, Os, and Re infem vm="vm +(dv/dBey)Bo, ®)
was determined. Now, for the first time a reasonably com-
plete and accurate data set is available to investigate the sys- vﬁ?)z |gunBre/h|, (6)
tematics and the anisotropy of the noncubic charge distribu-
tion in cubic Fe, Co, and Ni. dv/dBey=|gun/h|sgnBup) (1 +K), @)

The experiment on Fe provided the first unambiguous
evidence for the anisotropy of the SO-EFG. It was already
discussed in Ref. 22. The measurements dreRtere re-
ported in Ref. 23, the measurements on tikeifhpurities in
Co(fcc) in Ref. 24. A complete account of the experiments Bo=Bext—Bdem fOr Bex™Bgem- (8
on Og-e, ReFe, PiNi, and INi is given in Sec. IV. The
physics of the spin-orbit induced noncubic charge distribu-The zero-field magnetic resonance frequenf}) represents
tion is discussed in Sec. V on the basis of the tight-bindinghe intrinsic magnetic hyperfine interaction. The paramister
analysis that is presented in the following pageart I1).2° takes Knight shift and diamagnetic shielding into account
and is of the order of 1%B, is the “effective” external
magnetic field and includes the shielding by the demagneti-
zation field.Bgen, is the demagnetization field for the fully
A. Hyperfine interaction in cubic Fe, Co, and Ni magnetized sample. Since our samples were not rotation el-
lipsoids and the sample shape and the position of the beam

In Fe, Co, and Ni the electric hyperfine interaction be-S ot were in general not exactly symmetiiy,, had to be
tween the SO-EFG and nuclear quadrupole moment is super-p 9 y sy m

imposed onto a much stronger magnetic hyperfine interactioEalCUlated numerically for each orientation of the magnetiza-
between hyperfine field and nuclear magnetic moment. Th
sublevel energieg,, of a nuclear state with spihare given

by

Bp=0 for Bey<Bgem

Il. EXPERIMENTAL METHODS

Equations(1) and (2) hold exactly only if the EFG is

axially symmetric and the main axis is parallelEio Due to
the anisotropy of the SO-EFG, this is in general fulfilled only
eQV,., for [100] and[111] orientations of the magn.etizatiéleo_w-
En=—guyBm+ ————[3m2—I(I1+1)]. (1) ever the spin-orbit induced quadrupole interaction is very
41(21-1) small with respect to the magnetic interaction. In this situa-
tion, Eq. (1) is true within the experimental accuracy for all
The sublevels are eigenfunctions lgf . Thez' axis is the  directions of the magnetization. This also means that only the
direction ofB, the effective magnetic field at the nuclear site.z'z’ component of the EFG tensor can be deduced from the
It is referred to ag’ to distinguish it from the cubic axes  experiment. Therefore, in the following the quanti
y, andz. mis the magnetic quantum numberthe nucleag  will be referred to shortly as the SO-EFG.
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B. NMR-ON The “MAPON spectrum” is they anisotropy after the

The magnetic and electric hyperfine interactions were deSWeep as a function afv. For a uniform quadrupole split-

termined by NMR-ON and the related MAPON technique.ing it is simply a step function with step av=Av,.

Both methods make use of the anisotropiemission from ~HOwever, it turned out thal\vg is also inhomogeneously
oriented radioactive probe nuclei. The nuclear spins are theRroa@dened. The MAPON spectrum is then, apart from some
mally oriented in the strong hyperfine fields in Fe and Ni atconstants, the |nte?0r)al over the distributiBA vg).
temperatures in the millikelvin range. For NMR-ON the To determineAvq”, the quadrupole splitting that repre-
anisotropy is measured as a function of the frequency of th&ents the undisturbed system, we assumed a Gaussian distri-
applied radio frequencyrf) field. Resonant deorientations of bution of Avg and described the MAPON spectrum as the

the nuclear spins are detected via the corresponding chaniiegral overP(Ag). The centet v’ and widthl"q of the
of the y anisotropy?’ distribution were determined vialaast-squares fitif neces-

To realize the single-impurity limit a low dose of the im- sary, a second, much broader, Gaussian distribution was in-
purities was mass separator implanted in carefully preparetfoduced to describe a broad background due to nuclei with
Fe and Ni single crystals. NMR-ON and MAPON are ideally Somewhat more disturbed surroundings.
suited for hyperfine interaction studies on such samples be- Only the MAPON spectrum was used to obtain the final
cause of the high sensitivity, which allows precise measuretesults. But in most cases the first derivative of the MAPON
ments on less than 1®probe nuclei. spectrum is also shown to provide a picture RfAvg).

The width of the individual subresonances is given in theThere are several reasonable ways to differentiate the
simplest case by ,,, the inhomogeneous broadeningigf. ~ MAPON spectrum. We plot in this work
If the subresonance splittin§yvq, is larger tharl",, it can be
Q|rectly determlned from the NMR-ON spectrum. However, (Ein—EN(Av s —Aw,)
if I'y, is considerably larger thadvq, all subresonances

merge into one resonance aAd', can be determined onl . . L .
d Q y as a function of Av;, ,+Aw;)/2. This quantity is strictly

by the MAPON method. Apart from some favorable cases; : > .
this is the usual situation in cubic Fe, Co, and Ni. speaking only the average of the derivative over the interval

— . Avi.,—Av;). E; is the MAPON effect at theth dat int.
The center of the NMR-ON resonaneedeviates in gen- (Avien=Aw). Eiisthe ON effect at theth data poin

| f b h b litud n is chosen in a way to achieve a reasonable compromise
eral lromvy,, because the su resonance amplitudes are "Yetween the accuracy of each point and the error introduced
symmetrically distributed around,,. This deviation can be

A, . . by the averaging. The usedls range in this work from
still significant even if the subresonance structure is not re to 4

solved. To determinery, in these cases_t_he NMR'O.N spec- Thé 1:1 correspondence between the MAPON spectrum
trum was described as the superposition of the mdmdua(ljlnd the integral ofP(Avg) is not exact. The power

subresonances. The distributionmf/Q,P(AvQ), was taken roadening’ and the nuclear spin-lattice relaxation during
from the MAPON measurements. The relative strengths of,o \APON sweep modify this simple relationship and in-
the subresonance amplitudes were calculated. There afgy,ce 4 slight deviation of the center of the MAPON spec-
some uncertainties in this procedut®: One has to rely on trum from the center oP(A ). The deviation can be re-

calculated subresonance amplitud@s.The simple superpo- duced by an appropriate choice of the rf power and the

sition of subresonances is only approximately correct if more " :
. . R/ r t is th
than one subresonance of a nucleus is excited at the sal Sweep time to less tharydv/dt, where dv/dt is the

3 (0)s .
time. (iii) A Gaussian shape d®(»,) has to be assumed. TaroN sweep raté® The quotedAry’'s contain already

, o appropriate corrections that were estimated by model
Therefore, a systematic error of 30% »f »; was added t0 3¢ lationst2? These corrections are, however, small: Even

the final result forvy,. v, is the subresonance between ¢,. 18R e and 188rNi. where large sweep rates were nec-

the most occupied sublevels and represents the limit of essary because of the fast nuclear spin-lattice relaxation, the

for T—0. corrections were only of the same order as the statistical
error.

C. MAPON

For a full account of the MAPON method we refer to D. Sign of the quadrupole splitting

Refs. 11, 12, and 17. MAPON is an extension of the adia- According to Eq.(2), the subresonance between the most
batic fast passagéFP) technique, where the rf frequency is occupied sublevels is situated at the low-frequency end of
swept over the resonance in a time that is short with respecthe resonance fak vo>0 and at the high-frequency end for

to the relaxation time. In the MAPON methado rf fields Avy<0. Moreover, the NMR-ON technique is characterized
with fixed frequency separatiahv are swept over the com- by a strong decrease in the occupation numbers from the best
plete resonance structure. There are essentially only two dibccupied sublevel to higher sublevels, which leads to a cor-
ferent final states after the MAPON sweep as a function ofesponding strong decrease in the amplitudes of the associ-
Av: one forAv<<Awvg and the other foAv>Avq. The final  ated subresonances. Therefore, the sign of the quadrupole
state is in particular independent of,,. In this way the splitting can be directly read off the arrangement of the sub-
influence of the inhomogeneous broadening of the magnetieesonance amplitudes in the NMR-ON spectrum, if the sub-
hyperfine splitting is eliminated. resonance structure is resolved.
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TABLE |. Details of the sample preparation.

Dimension$ Surface Eimpl Number of Implantation
Experiment (mm) preparation (keV) probe nucldl  dosé (1/cm?) Annealing
180s8%ReFe 8x8%0.88 sputter. 60 510° 1x 101 1 h at 1070 K
19PN 12x12x0.74  electropol. 60 %10t 4x10'2 no
189y Ni 12x8x0.85 sputter. 60 210 2x10'? no

3 ong axis X short axisx thickness of the disk-shaped single crystal.
bEstimated via the observegactivity.
‘Dimensions(and position of the beam spot determined by autoradiography.

The sign of the quadrupole splitting cannot be obtainedbtained via the mass separator implantation of a suitable Hg
from the MAPON spectrum, since both signs & are  precursor which decays into the desired isotope. Suitable ra-
projected onto the positivAr axis. However, the final state dioactive isotopes are available in this way for the complete
after the sweep depends on the sweep direction. The respaapper & series(Re to Hg with relatively high yields and
tive difference in the relaxation of the anisotropy back to virtually no contamination from other masses. At the implan-
equilibrium is very characteristic and can be used to detertation energy of 60 keV the impurities are distributed in a
mine the sign ofA v : If the sweep first enters the subreso- depth of ~25 nm below the surface within a layer ef15
nance between the most occupied sublevels, the relaxatiaomm width. This means for the low implantation doses in our
lasts longer and starts with a much broader peak than if iexperimentgsee Table)lthat the impurity concentration was
first enters the subresonance between the least occupied suways well below 104,
levels. Examples for this difference, which is referred to in It is well known that a heat treatment after the implanta-
the following as the “sweep asymmetry,” will be found in tion can considerably reduce the linewidths. Previous experi-
Sec. IV. Either AFP or MAPON sweeps withv>Avg can  ments on IFe and PEe showed that annealing well over
be used? 870 K was necessary to obtain small linewidths. In contrast,

no improvement by annealing was found iNIr experi-
ll. EXPERIMENTAL DETAILS ments. Therefore, the Fe sample was annealed, the Ni
samples not. After the annealing the Fe sample was slowly

The samples were Fe and Ni single-crystal disks with(within 1 h) cooled down to room temperature.

(110 plane that were spark cut from commercially available  After the implantation and annealing the samples were
bulk single crystals. The orientation of the plane perpendicusoldered with Galn to a Cu coldfinger and loaded into a
lar to[110] and the marking of thg100] direction within the  3He-“*He dilution refrigerator(model TL-400 from Oxford
plane was controlled by Laue backscattering and was accunstruments The experiments were performed at tempera-
rate within about 0.3°. Table | summarizes the sample ditures around 10 mK. The radiation was detected with four
mensions and other important parameters of the samplge detectors placed at 0°, 90°, 180°, and 270° with respect to
preparation. the magnetic field that was used to magnetize the sample.

A careful surface preparation proved to be crucial to re-The y anisotropy was measured via the quanétyhich is
duce the inhomogeneous broadening, especially that of thgefined as the following ratio of the individual count ratés
SO-EFG, to a tolerable extent. To remove the structural dam-

age at the surface after the mechanical polishing steps the W(0°)+W(180°)
sample was either electropolished or sputtered by ins. €= o ——1.
The narrowest EFG distribution was obtained on the elec- W(90°)+W(270°)

tropolished Ni sample, but the sputtering procedure proved
to be more reliable and yielded altogether the better results. The frequency spectrum for MAPON was generated by
The sample for the Rti experiment was electropolisheed  mixing the carrier frequency, from a rf synthesizer and
min in H,SO, (66%), a Pt anode was used, and a voltageAr/2 from an audio frequency function generator. This pro-
U=1.25 V was applied. The other samples were prepared bgiuces a spectrum with the two main componentsv at
repeated cycles of Ar ion sputteringat 300 K) and anneal- +Awv/2 andv.—Av»/2 and ensures that the separation be-
ing (at 830 K for Fe and at 870 K for Nin a commercial tween these two frequencies remains constant whers
VG ESCALAB 200 UHV chamber. The concentration of im- swept over the resonant€The carrier frequency and higher
purities at the surface and the ordering of the surface wereide bands were suppressed with respect to the two main
controlled by x-ray photoelectron spectroscopy and low encomponents by more than 25 dB fé#ReFe and by more
ergy electron diffraction. than 30 dB for the other experiments. The rf power was
The systematic investigation of the SO-EFG was madepplied only during the sweep.
possible by implantations at the on-line mass separator The rf signal generators, the timing of the sweep, and the
ISOLDE at CERN. There a long chain of Hg isotopes isdata acquisition were controlled by computer via a CAMAC
available after spallation reactions that are generated by 60§/stem. The temperature was determined GoC o(hcp)
MeV protons in a liquid Pb target. ThedSimpurities are  nuclear orientation thermometer.
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The magnetic field was applied along 0], [110], or TABLE Il. NMR-ON and MAPON results for'®0sFe.
[111] direction ([100], [110], or [111] geometry. All three
directions lie in the(110 plane of our samples. For each Bext Vm L' AvY Iq
geometry the sample had to be newly mounted on the col€eometry (T) (MHz)  (MHz) (MHz) (MHz)

finger and loaded into the refrigerator to place the respectiv

crystallographic direction parallel to the field of the magnet.FlOO] 0.2 1514818 087 +02838) 029423

A peculiar feature of these three geometries is that a com- 0.4 +02799)  0.29126)
plete orientation of the magnetization along the magneti 110 04 151.3¢14) 0.84) +0.2086)  0.20617)
field is already obtained at a finite magnetic field strength 0.6 +0.18713)  0.25139)
which is given byB,+ Bye,,. The anisotropy fields, in the 111 04 1514110 0.81) +0.1876) 0.16813

0.6 +0.1915) 0.16513)

(110 plane are, according to the anisotropy constants from
Ref. 29, in Fe, 0.008 T for thEl10] geometry and 0.044 T
for the [111] geometry, and in Ni, 0.49 T for thgl00Q] ge-
ometry and 0.19 T for th¢1l10] geometry. The easy direc-
tions for Fe and Ni ar¢100] and[111], respectivelyBgem
was of the order of 0.15 T for thé®®OsFe and %°ReFe
experiment, 0.02 T for thé®PiNi experiment, and 0.03 T
for the *¥9rNi experiment.

The orientation of the magnetization was monitored as
function of the magnetic field via thg anisotropy. The mag-
netic and electric hyperfine interactions fdvi||[100],
M|[[110], and M|][111] were measured for magnetic fields

The NMR-ON spectrum foM||[111] is shown in Fig. 1.
It can be well described by a single Gaussian line. However,
if we take the quadrupole splitting into account, we find that
the resonance center is shifted with respect g by
—0.4710) MHz. The linewidth is also in part due to the
guadrupole splitting. WittBy.,=0.16(5) T, 0.145) T, and
%.15(5) T for M|[100], M|[110], and M|[111], and
dv/dBgy= —1.35(3) MHz/T, we obtain, according to Eqs.
(5) and (8), the following magnetic hyperfine splittings at

well aboveB,+ Bgem to ensure the complete orientation of zero field:

the.magnetlzatmm/l. The complete orientation was also ex- fo]))(1830§:e,M||[100])=151_5(1 19) MHz,
perimentally tested: The EFG was measured in most cases

also for a second, considerably larger field. No change in the VO/(1850F e, M|[ 110]) = 151.7116) MHz,

EFG with the magnetic field was detected in this way, as is
expected for a complete orientation along the direction of the
magnetic field.

In the Ni experiments the SO-EFG was also measured in . 0),18
the rangeBe<Ba+ Bgem- In this range the magnetization _ 1-51%83(82) MrHe:l:clrtjm Redfe\élgt?l'he r;r;irrr: re];i(n;i)(n th?g de-
rotates from the easy to the hard direction and every orien-. ~ ™"~ Ce -
tation of the magnetization in tH&10) plane can in principle viation Is that an erroneous q“f”‘dmpo'e splitting was as-
be realized by an appropriate choice Ry, and the geom- sumed in Ref. 30. For the dete.rmlnatlon of thiactor, how— _
etry. The only problem is to specify for a giveBy,; the ever’lg this has only ngn%r) consequences:  With
direction of the magnetization. This direction could be cal-Br( 90§_e)=110.62(%g3T18 Ym =151.6(3) .MHzlg and
culated typically within=5°. The error comes fromi) the  the hyperfine anomaly™*A 9=2% we obtaing(**Os)

spread of the anisotropy constants in the literatgig,a  — 0-180(4) instead of 0.178) from Ref. 30.
possible misalignmer{t=2°) of the sample, andii ) demag- MAPON spectra for the different orientations of the mag-

netization effects in the magnetization behavior, which ard'€tization are shown in Fig. 2. The frequency was swept, for
difficult to describe exactly. example, forM||[111] andBg,=0.4 T in 1 s from 149 to

No measurements in the ranBg,< B+ By, Were per- 154 MHz. For other magnetic fields and/or quadrupole split-
X a em

formed for the Fe sample, because B> B, the magne- tings the sweep range was modified accordingly. The distri-
1 a
tization behavior is dominated by domain growth rather than : .
by rotation of the magnetization, and the direction of the ; Y
m
[

v{0(18%0gFe M||[111])=151.7512) MHz.

magnetization for a giveB.,, is difficult to specify. o0 |

Ae

IV. EXPERIMENTAL RESULTS
A. ¥0sFe

Only about 5<10° A=183 nuclei could be implanted
during 4 h ofimplantation because of the rapid decline of the . . .
Hg yields with decreasing mass number fox 185. More- 150 152 154
over, the half-life of 1%0s is only 13 h. Nevertheless, v [MHz]

NMR-ON and MAPON measurements could be performed

for all three major orientations of the magnetization. The FIG. 1. %0se NMR-ON spectrum forM||[[111] and By
measurements and the deduced hyperfine splitting frequer- 0.4 T. Modulation bandwidtt »"=+0.5 MHz, T~13 mK. The
cies are compiled in Table IlI. arrow marks the position of,, .
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¥ MAPON up 7 MAPON down
0.4 . 0.5 | ¢ .
M| [100]
w
03 f .
[
o5t 183 1 0.0 b 1 1 1 ) ]
OsFe 0 100 200 3800 400
t [s]
0.4 M| [110] 1 . .
w FIG. 4. Asymmetry in the®®30sFe MAPON postpassage signal
os | R ] for Av>Avq in [111] geometry.Bey=0.4 T.
’ *
M|[110], where they differ by two standard deviations. We
adopt as the final results
04 f .
Av)(*F0sF e, M||[100]) = +0.2816) MHz,
03 .
oz b 1 Av)(*F0sFe M|[110]) = +0.20311) MHz,

0.4 AV (*F0Fe M|[111])= +0.1894) MHz.

Av [MHz]

0.6

The sign of the quadrupole splitting was determined from
FIG. 2. 8%0ge MAPON spectra for different orientations of the AEP or MAPON sweep asymmetry. It is positive for all
the magnetizatiorBe,=0.4 T. directions of the magnetization. Figure 4 shows the MAPON
] o ) sweep asymmetry favl||[111]. It also shows that the over-
butions of the quadrupole splitting(Avg), deduced by dif-  5)] MAPON effect, which was in this case averaged for the
ferentiation of the MAPON spectra, are shown in Fig. 3.\JAPON spectrum over a time window of 84 s after the
magnetic fields are in perfect agreement apart fromyas used for all MAPON measurements.

' ' ' ' ' B. %ReFe
Loy M| [100] ] After the decay of:8%0s the®*0sFe sample was used for
05 F 1 a further series of experiments on the daughter isof§fRe
(1™=5/2",T,,=71 d). Table Ill compiles the measurements
0.0 = ¢ 7 and the deduced hyperfine splitting frequencies. Because of
— the weak *®Re activity, the resonance was measured only
= + 1830sFe for M|[100] andM|[[111] and only one MAPON spectrum
S5 10k ] was measured for each geometry.
g + M [ [110] Figure 5 shows the NMR-ON spectrum fd>n||[1QQ]. _
© 05F : Again, there is no indication of the quadrupole splitting in
-~ . ¢ . the spectrum. Taking into account the quadrupole splitting,
3 0.0 F = 1 the demagnetization fields, and du/dBg( *Re)
hg =—9.53(10) MHz/T we deduce
1.0 | ¢ 1 O (18ReFe,M||[100]) = 724.3551) MHz,
05 | Ml [111] ]
' v{O(18ReFe, M||[111]) =724.7148) MHz.
00 F =- ]
TABLE Ill. NMR-ON and MAPON results for'®ReFe.
0 02 04 06 08
Avg [MHz] Bext Vi T AvE) T
Geometry (T) (MHz) (MHz) (MHz) (MHz)
FIG. 3. P(Avg) of '8%0sFe for different orientations of the
magnetization, obtained by differentiation of the MAPON spectra in[100] 0.2 723.9718) 2.23) +0.67%20) 0.78429
Fig. 2. Due to a small fraction of probe nuclei with negativey, [110] 0.4 +0.60624) 0.57569)
the derivative of the MAPON spectrufsolid line and data points  [111] 0.4 722.3814 2.63 +0.58910) 0.35423

andP(Avg) (dashed lingare not completely identical.
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. § 10} — ]
715 720 725 730 s M|l [110]
0.5 ]
v [MHz] S
FIG. 5. ReFe NMR-ON spectrum forM|[100] and By <:l° 00 ==~ ' ]
=0.2 T.Av"=%1.0 MHzT ~26 mK. T
(0)(18 1oy ]
In Ref. 32, v} (1%°ReFe) =722.28(37) MHz was reported,
about 2 MHz smaller than found in this work. However, the 05 L M| [111] ]
quadrupole splitting, which shifts the resonance center by ¢
—1.0(1) MHz in our experiment, is not taken into account in 00 F == + m ]
Ref. 32. The remaining difference of about 1 MHz might be . . . . .

ascribed to the structural damage in the samples of Ref. 32,
where the resonance linewidth wBs-5.6 MHz compared to

PHYSICAL REVIEW B 66, 174401 (2002

o
av]

0.5 1 1.5
Avq [MHZ]

I'=2.8 MHz in our experiment. However, the discrepancy in

m

19 is well below 1% and, therefore, does not affect the

derivation of the nucleag factor of ®Re.

Figures 6 and 7 show the MAPON spectrum &d vq)
for [100], [110], and[111] orientations of the magnetization. .
Care was taken to measure especially the0] spectrum
with high statistics since the precise determination of th
center of the MAPON spectrum becomes rapidly more diffi-
cult as the inhomogeneous broadening exceeds 100%.
choice of the sweep time and the rf power required also som

-04
M || [100]
-06 waReE
)
-03t} ¢
w
—oal M [ [110]
*
e
[ ]
04T M| [111]
_06 1 1 1 1 1
0 0.5 1 1.5 2
Av [MHz]

FIG. 7. P(Avg) of '®ReFe, deduced from the MAPON spectra
in Fig. 6.

care to minimize both the nuclear spin-lattice relaxation dur-
ing the sweep and the power broadening. For example, the
carrier frequency was swept [100] geometry from 718.5

Hz to 729.5 MHz in 0.1 s. The shift of the center of the
TIMAPON spectrum relative ta\ v}’ was estimated in this
gase as-7(7) and —9(8) kHz due to the power broadening
and the relaxation during the sweep, respectively. The results
in Table Il are already corrected for these effects.

The sign of the quadrupole splitting was determined from
the characteristic form of the postpassage signal after the
MAPON sweep for sweep up anilv>Av{) . It is positive
for all orientations of the magnetization. The positive sign
was confirmed if100] geometry by an AFP measurement,
which is shown in Fig. 8.

C. PN

The hyperfine interaction of*’PtNi was investigated for
the first time. The hyperfine field of Rt had already been

00 .

w-05r

ol 4 AFP up

£ AFP down

0 5 15 20

10
t [s]

FIG. 6. ¥ReFe MAPON spectra for different orientations of

the magnetizationB,,=0.2 T ([100] geometry or =0.4 T ([110]

and[111] geometry.

FIG. 8. ®ReFe postpassage signal after AFP sweep up and
down.[100] geometry,B,,=0.2 T.
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T T T 004 FT T T T
0.00 ¢ + + + 191Ptm
' ¢ Vs w
M || [100] 0.03 | -
Byt = 10T
—002t | . - %
81 82 83
0.07 | -
*
0.00 . w
Y ¥ 006 | MITLLL] ’ ¢ 1
M| [110] ¢
B = 05 T 1 1 1 1
~0.04 " . . ] 0 0.5 1 1.5
82 83 84 Av [MHz]
FIG. 10. ®%PtNi MAPON spectra fof100] geometry andB,,
0.00 . =0.6 T (top) and for[111] geometry and,,=0 (bottom).
MI[111] [ ) MAPON spectra are shown in Fig. 10. The sharp transitions
~0.05| B, =0T PtNi - from Av<Awg to Av>Avq indicate an unusually small
a ) . inhomogeneous broadening of the SO-EFG of only about
a3 84 85 10%, the smallest so far observed in cubic Fe, Co, and Ni.
v [MHz] The MAPON and NMR-ON results forM||[100],

M|[110], and M|[111] are listed in Table IV. With

FIG. 9. */PtNi NMR-ON spectra for different orientations of q,/dB,, andB.,as deduced below, we obtain for the mag-
the magnetizationAvT=+0.1 MHz. The frequency axes are netic hyperfine splitting

shifted relative to each other by (dv/dBgyy) (Beyi— Bgem) SO that

the positions of the resonances can be directly compared. VE,?)(lglPtNi,MH[lOO])=84.34645) MHz,
determined with spin-echo NMR on stabl®¥Pt3® but v ('PNi, M| [110]) = 84.32G44) MHz,
no investigation of the SO-EFG was possible because

| (19%Pt) =1/2. vO(11PiNi, M| [111]) = 84.3494) MHz.

NMR'ON spgctra foM[100], M”[HQ]’ ade||[111] Table IV shows that for each geometry the quadrupole split-
are shown in Fig. 9. In contrast to the situation for mogdt 5 tings for different magnetic fields and from the NMR-ON

impurities in Fe and Ni, the subresonance structure is clearly , 4 MAPON measurements are in reasonable agreement. By
(0) i g . )
resolved andAvy’ can be determined by NMR-ON. The combining all results we obtain

arrangement of the subresonance amplitudes directly gives

the sign of the quadrupole splitting. It is negative for all AvE)(**PNi,M|[100]) = —0.7575) MHz,
orientations of the magnetization. NMR-ON turned out to be
even more efficient for the determination myg” than Av(*%PiNi,M|[110]) = —0.8145) MHz,
MAPON. Therefore, only two MAPON measurements were
performed. The MAPON sweep range was very large com- Ayg’)(lglpﬁ\li,mn[lll]): —0.8336) MHz.

pared to the NMR-ON modulation bandwidths &0.1 or
+0.15 MHz: For example, the carrier frequency was swept In [100] and[110] geometries additional NMR-ON mea-
for the [111] spectrum from 86.1 to 82.1 MHz in 1 s. The surements were performed in the rangg,<B,. The re-

TABLE IV. NMR-ON and MAPON results for'®PiNi in the rangeBqy=> (Ba+ Bgem -

Bext Vi r AV (NMR-ON)  AvY)) (MAPON) I'o
Geometry (T) (MHz) (MHz) (MHz) (MHz) (MHz)
[100] 0.6 82.93412)  0.155) —0.76911) —0.7538) 0.0873)
1.0 81.9569) 0.202) —0.7559)
[110] 0.3 83.65110)  0.223) —0.81411)
0.5 83.1525) 0.11(2) —0.8145)
[111] 0.0 84.3494) 0.11(1) —0.8374) -0.8216) 0.102)
0.1 84.10412)  0.173) -0.83812)
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[110] TABLE VI. *PiNi: calculated and measured subresonance
0.85 amplitude ratios for the three NMR-ON spectra in Fig. 9.
e T Calculated Experiment
% 080 Geometry  (mK) 15/l I3/14 I1,/14 I3/14
o [100] 17.6 0.17 —0.55 0.136) —0.567)
3 [110] 13.9 020 -047 028) —0.445)
~0.75 ] [111] 9.8 0.24 -0.33 0.232) -0.323)
90° with  —2.474) MHz/T, which is expected from
9 g(**Pt)=0.329(5) (Ref. 34 if the diamagnetic shielding is
HEoN | ) taken into account.
FIG. 11. Angular dependence of the'PiNi quadrupole split- The clear separation of the subresonances offered also the

ting in the (110 plane. 4 is the angle of the magnetization in
the (110 plane relative to thg100] axis (#=0° for M|[100], =54.7°
for M||[111], =90° for M|[[110]). The data a®¥=8°, 19°, 28°, 36°,

rare opportunity to test our calculation of the subresonance
amplitudes, which is else used to dedugefrom unresolved
and 65° were measured [it00] geometry aB,,=0.5, 0.4, 0.3, and SUbrﬁf%nanCt?ds}:ucu]fl;is'.;LablebVI Comparfs tthe calculated
0.2 T and in[110] geometry atB.,=0.1 T, respectively. The amplitude ratiol;/1, of theith subresonance to thg reso-

hatched band is the extrapolation 8¥’([100]), A»§)([110), ~ "aN¢e with the observed ratio. The calculated and experi-
andAv®([111]) according to Eq(13). mental amplitudes are found to be in perfect agreement.

18 H
spectiveA v’s are shown in Fig. 11 as a function of the D. *rNi

direction of the magnetization in th€l10) plane. As ex- The quadrupole splitting of theNri NMR spectrum was
pected, allA Vg’)’s are somewhere between the maxima andesolved in the past fOflg"”_, 199y, 193y, 9%, and 188"-_
minima atM||[111] andM||[100]. However, the limited ac- This was so far not possible fot*ar, because the ratio

curacy and the small anisotropy of the SO-EFG allow noAvq/I'n>Q/[gl(21-1)] is considerably smaller for this
further conclusions on the form of the anisotropy. isotope. However, due to the MAPON technique, this repre-

The resonance shift with the magnetic field was investi-sents no longer a problem. Therefore, we cht¥# as the
gated in thg111] geometry by NMR-ON measurements of

the v, resonance. Table V presents the respective data. It can ' « M I (100 '
be perfectly described by Eq&) and (8) using the follow- 011 |18610Nj I [100) 4
ing parameters: Bee = 06T
- 0.0 -
dv/dBe= —2.4498) MHz/T, Vg
258 260 262
Bgen{[111])=0.009415) T. T T T
M| [110]
The result forByem is significantly “too small”: The mini- 0.05 Bey = 0.3 T 1]
mum demagnetization field in the center of the sample 3
is calculated to be 0.020 T; the effective averdgyg,, for 000 [ ® ]
the beam spot should be around 0.025 T. We have found ) Vm*
no explanation for this discrepancy. To deduaé® 2(;0 2(;2 2é4
for the other orientations of the magnetization we adopted . . .
Bgenr=0.017(10) T. dw/dB,,; is in perfect agreement M [111]
0.05 F By = 0.1 T |
TABLE V. ®PiNi: shift of the v; resonance withBy;. ext = V-
Bext V1 0.00 [ v ]
Geometry (M (MHz) ! . m’ !
[111] 0.0 85.1852) 260 , 2[(;421{2] 264
0.008 85.188)
0.015 85.1684) FIG. 12. ¥9rNi NMR-ON spectra for different orientations of
01 84.96€5) the magnetizationAv"=+0.2 MHzT~25 mK for M||[100] and
0.5 83.9845) ~20 mK for M||[110] andM|[111]. The frequency axes are dis-
1.0 82.7518) placed relative to each other by(dv/dBgy) (Bext— Bgen) t0 cOM-

pensate the different magnetic fields.
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TABLE VII. NMR-ON and MAPON results for'®irNi in the 0.15 7 ' ' ' ™
rangeBe,> (B, + Beern)- -
Be  ¥m Lm Avg) Lo o0 M || [100]
Geometry (T) (MHz) (MHz) (MHz) (MHz)
[100] 0.6 259.5110) 0.1723 +0.15715)  0.20213 005
0.8 +0.1605) 0.18613)
[110] 0.3 2616112 0.2710) +0.3513)  0.10798) 0.20
0.4 +0.3482)  0.1036) 0.15 1861, Ni
0.7 +0.3443) 0.1239) g
[111] 0.1 2627813 0.2910) +0.374415) 0.0604) 0.10 M| [110]
0.3 +0.372321) 0.0757) 0.05
- - . - " 0.15 } ]
probe isotope, since it combines stropdransitions, largey
anisotropies, and a convenient resonance frequency in Ni.
The 88r resonance was measured 1df{[100], M||[110], 0.10 b
and M|[111]. Figure 12 shows the NMR-ON spectra. The M| [111]
deduced magnetic hyperfine splittings are listed in Table VII.
With dv/dBe,=—5.78(6) MHz/T andB.,=0.017(6) T, 0.05 .
0.04013) T, and 0.03211) T for the[100], [110], and[111] : ' ' : '
geometries, we finally derive 0 02 Av [(m-lz] 0.6 08
Vi (**4rNi, M||[ 100]) = 262.8811) MHz, FIG. 13. 4rNi MAPON spectra for different orientations of
the magnetizationB,,=0.8 T for M||[100],=0.4 T for M||[110],
v O(*84rNi,M||[110]) = 263.1114) MHz, and=0.1 T for M||[111].

(0) 1861, N _ _ o o
v (*4rNi, M|[111]) = 263.1714) MHz. effect is clearly visible in Fig. 12. This is in contrast to the

These results are in agreement with©(28rNi) ~ NMR-ON results on®4rNi in single-crystal samples from
—263.17(8) MHz from Ref. 35 m Ref. 2. There the quadrupole splitting was deduced from the

The subresonance amplitudes, which are needed to d_g._symmetric shape of the resonance and no significant change
scribe the form of the NMR-ON spectrum, were calculatedn the center and shape of the resonance was found between
assumingU,A,= —0.31 andU,A,= —0.14 for the angular MI[100] and M||[111]. However, the reported quadrupole
distribution coefficients of the 297 keV transition &fdr.  Splitting was also much larger than found in latéfirNi
These coefficients were determined in a recéffirFe  experiments’* This suggests that the asymmetric shape of
experiment® and they are given here since no explicit val- the *%4r resonance in Ref. 2 was not due to a quadrupole
ues are available in the literature, although several nucleaplitting at all.
orientation experiments off8r had been reported. For the precise determination of the quadrupole splitting

Although the quadrupole splitting is not resolved in the MAPON measurements were performed. The geometries,
NMR-ON spectra, it causes an asymmetric shape of the resoragnetic fields, and the deduced quadrupole splittings are
nance and a significant displacement of the resonance centesmpiled in Tables VII and VIII. Because of the relatively
relative to v,,. The strong dependence of the quadrupolefast nuclear spin-lattice relaxation, short sweep times were
splitting on the direction of the magnetizatidgeee below necessary. For example, for tHd11] spectrum atB.y
leads, therefore, also to a distinct Change in the pOSition and 0.1 T the carrier frequency was Swept from 260.1 to 266.3
the shape of the resonance fraMj[100] to M[111]. This  MHz in 0.1 s. However, the shift of the center of the
MAPON spectrum due to the power broadening and the re-
laxation during the MAPON sweep could be kept to below 2
kHz in nearly all cases by a careful choice of the sweep time
Boy AvS” Buy Avg’) and the rf power.

MAPON spectra forM|[100], M|[110], and M|[[111]
Geometry (D) (MH2) Geometry (1) (MH2) are shown in Fig. 13; the respecti®A vg)’s are shown in

TABLE VIII. *9rNi quadrupole splittings in the rangRey
<(Ba+ Bdem)-

[100] 0.1 +0.3539) [110] 0.0 +0.3723) Fig. 14. The anisotropy of the inhomogeneous broadening of
0.2 +0.31%5) 0.05 +0.3743) the EFG becomes particularly obvious from these data since
0.3 +0.2555) 0.1 +0.3653) it shows the opposite sign as the anisotropy of the SO-EFG.
0.4 +0.2165) 0.15 +0.3555) This leads to the conspicuous decrease of the relative width
0.5 +0.1745) 0.2  +0.3475) of P(Avg) from 125% forM||[100] to 31% for M|[[110]

and to 17% forM|[111].
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' ' ' ' ' [100] [111] [110]
1.0 F . 0.4 F 1 ' T -
1 I
M || [100] ! : '
05 $ 7 w : ! .
sy I - | I
’ o0 = 03, 1 1]
0.0 B — I ! !
— s 1 1 1
g 1 _ A | :
g . — ‘ 02 | : : lﬁﬁlrm : 4
. IrNi : l
T osl M [110] : . ' :
Py 0° 30° 60° 90°
N e
3 00} :
o 1ot 1 FIG. 16. Angular dependence of th#IrNi quadrupole splitting
’ in the (110 plane.# and the hatched band have the same meaning
as in Fig. 11.
05 M| [111] -
rangeBe<B,. The complete angular dependenceofy’
00 | ] in the (110) plane is shown in Fig. 16. As expected, we find
' . . . . . a smooth variation oA v’ betweer{100], [110], and[111].

FIG. 14.P(Avg) of ®3rNi, deduced from the MAPON spectra

in Fig. 13.

0 0.

2 0.4 0.6 0.8

Avg [MHz]

Figure 16 shows also the lowest-order interpolation of the
[100], [110], and[111] data. The experimentally observed
form of the anisotropy deviates slightly from this prediction.
The experiment just described was actually already our
second™®rNi experiment(sample 1). The first experiment
(sample } was mainly used to optimize the annealing proce-

For each geometry the MAPON measurements at differdure after the implantation. Sample | was annealed after im-
ent magnetic fields gave consistent results. We adopt as thgantation at 940 K and in further steps at 1070 K and 1370

final results

K. After each step the linewidths were measured it1]
geometry by NMR-ON and MAPON. The results are com-

AvS(**4rNi,M||[100]) = +0.159446) MHz, piled in Table IX together with the respective results for

sample Il. The fact that the linewidths were considerably
larger in sample | than in sample Il is not necessarily an
effect of the annealing since the surface of sample | was
prepared by electropolishing and the surface of sample Il by
. . - Ar" ion sputtering. More relevant is that the already rela-

The positive sign of the quadrupole splitting was aIreadytiveW broad linewidths of sample | were increased rather

k?or\]/v h from previous_explerifrnen&irggNcharacteristic fofr_m than reduced by the further annealing. This suggested that, in
of the postpassage signal after SWEEp Up CONNIMMEf, a5t to the experience for Fe, annealing after the implan-

Av(*F9rNi,M|[110]) = +0.347Q17) MHz,

Av(*F4rNi,M|[111]) = +0.373712) MHz.

this sign for all orientations of the magnetization. Figure 15

shows an example.

The quadrupole splitting for other orientations of the mag
netization can be deduced from the MAPON data in th

tation is not necessary for the Ni samples. This conclusion
was confirmed by the relatively small linewidths in the ex-

“periments on sample Il and tHE*PtNi sample, which both

ad been not annealed.
The data from Table IX show also the influence of the

02t - inhomogeneous broadening on the hyperfine splitting. This
1% 1rNi _ .
— TABLE IX. Center and inhomogeneous broadening of the
-047T i 89rNi hyperfine splitting for different samples and heat treatments.
w All measurements were performed[itl1] geometry aB.,,=0.1 T.
— - o ~ _
0.6 . r oA T
Dav>avg §ov<byg Sample Annealing (MHz) (MHz) (MHz)  (MHz)
—0.8 & : " e I no 261.543) 1.21) +0.3741) 0.081)
t [s] | 1hat940 K 260.06818) 4.84) +0.37012) 0.394)

1 hat 1070 K 259.316) 5.94)
1 hat 1370 K

+0.36612) 0.474)
FIG. 15. ®9rNi postpassage signal after MAPON sweep down +0.38431) 0.5511)

for Av>Avg andAv<Avg. [111] geometryBgy=0.1 T.
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TABLE X. SO-EFG in cubic Fe and Ni. TABLE XI. Average SO-EFG in polycrystalline samples.
Vi, (10 Viem?) (Vyrz) (Vyp)

System  M|[100] M||[110] M||[111] Ref.  System (18 vicm?®) Ref. System (1¥ V/icm?) Ref.
AuFe —-1.577) —1.034) —0.796) 28 PtCo(fcc) +0.235) 24 ReCo(fcc) +0.3626) 24
PtFe —0.124) -0.292) -0.352) 23 IrCo(fcc) —1.045) 24 Fde +0.134) 2 4
IrFe —4.025) —2.576) —-2.1703) a O<Lo(fcc) —1.15(11) 24
OsFe +0.898) +0.657) +0.6005) b =
ReFe +0.889  +0.799) +0.778) b T=299K Q(*'Fe)=0.16(1) b(Ref. 41.
AuNi +0.104) 0.007) -0.032) 40 _ _ _ _ _ _
PiNi +0.723) +0.774) +0.794) b simplest assumption—that all orientations contribute with
IrNi ~0.772) ~1.692) ~1.822) b equal weight to{V,:,,)—is not necessarily fulfilled since it
CoFe +0.296) c requires that the sample be fully magnetized, that there be no
NiNi 0.071)° 10 textures in the sample, and that the effective rf coupling to

the probe nuclei be identical for all orientations. It should be
Aeighted average fot*dirFe and *®rFe from Refs. 22 and 36. & good approximation for the @foc) data, since the nearly

bThis work. complete absence of textures in the(fto) samples was
“Weighted average fot’‘CoFe, 58CoFe, and®®CoFe from Refs. 17 confirmed by x-ray diffraction. However, no information on
and 18. textures is available for the Fe experiment.

dSign unknown. Precise data on the SO-EFG of the light impurities

(3d,4d,5sp, . . .) are still very rare despite MAPON experi-
information is particularly important for the quadrupole split- ments on several of these systems. The reason is the large
ting: Since its inhomogeneous broadening is very large on éhomogeneous broadening of the SO-EFG of considerably
relative scale, the question arises whether the center dgnore than 100% that was found in all these experiments,
P(Avg) still represents the intrinsic quadrupole splitting. With the exception of CBe in [100] geometry. The MAPON
There exists no experience on this subject, since the precigeéchnique allows us to deduce only the upper and lower lim-
determination of both\ Vg’) and I’ by the MAPON tech- its for Avg’) from these extremely broadened MAPON
nique is a rather new achievement. The data from Table Xépectr&* The upper limit is of the same order as the broad-
show that the variation in the width &f(Avg) from 17% to  ening, the lower limit often much smaller.

140% has no significant influence on the centeP@A vy). The upper limit for the SO-EFG that can be deduced from
This confirms the interpretation of this center as the intrinsidhe available MAPON data is for most light impurities of the
quadrupole splitting even for large inhomogeneous broaderprder of several 18 V/cm?. The lower limit is of the order
ings. We also note a small but significant shift of the centerof several 1&* V/icm?. Since a table of rather unspecific up-
of the magnetic resonance to lower frequencies with increagPer and lower limits would provide only little information on
ing width of the resonance. Similar shifts are well knownthe systematics, we list in Table XII only the sign of the
from NMR experiments in Fe and Ni when the linewidth SO-EFG for the light impurities. In most cases it can be
exceeds 1%. unambiguously determined by the sweep asymmetry.

It should be mentioned that rather precise quadrupole
splittings were deduced in the past from extremely broad
MAPON spectra using a questionable differentiation
A. SO-EFG data procedure®6*?A »{)) was determined in these cases as the
Gposition of the maximum in the derivative of the MAPON

spectrum. The inspection of the MAPON data shows, how-

in cubic Fe, Co, and Ni fo{100}, [110], and[111] orien- ever, that this maximum is only present in the used deriva-
tations of the magnetization. The following quadrupole " =" "~ © yp o )
tive. It is either clearly absent or not significant in the slope

moments were used to obtain the EFG’s from the quadru- o o
pole splittings of this work: Q(X¥Pt)= —0.87(4) b* of the original MAPON spectrum or it is due to the power

broadening in the regiodhr—0. Thus, the deduced maxi-
18 — 38 18 — 39
851863:23)_: +2é5f(82()3 1b)3g§) ’Th(g( Aau(zz) d;ts.tzn(ez;)re?i,miig?y mum of the EFG distribution is in these cases an artifact of

since the surface of the used sample was only mechanicalﬂ?e differentiation and/or the power broadening. The quadru-

polished and the linewidths were accordingly rather large. A _ ) o
confirmation by an experiment on a more carefully prepared JA;B:LECXII. S'(?rl'\l.of the SO-EFG for 4 and & impurities in
sample would be desirable. The table includes also data froft'>'¢ "€ =0 and ii.
a recent Ali experiment that will be described elsewhéte.
. . - Ref. - Ref.
For some systems data are only available from experliQ"yStern S9Nz2) N System S9Nz ) €

V. DISCUSSION

Table X compiles the available data on the SO-EF

ments on polycrystalline samples. Table XI summarizeRuFe - 28  CdCo(fcc) - 42
these data. The center of the EFG distribution is in this casgrFe + 28 CaNi - 16
only an averageg,V,:,), over many different orientations of MnFe — 15 MnNi + 13

the magnetization relative to the crystallographic axes. The
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2TABLE Xlll. & and(1/r®) for the free atom from Ref. 44 and IrNi (6.2x 10 2 for M||[111]). It is thus not accidental that
(I, = 1(1+1)13)/V,, for severald elementsag is the Bohr radius.  the SO-EFG was first found for these systerfis) <|§,
—1(I+1)/3) can also be about an order of magnitude

<|2,_ '(|+1)>/V, , smaller: This is the case forP¢ (0.4x 102 for M||[111]),

¢ (1) “ 3 o PCo(fcc) (0.7 10°3), and ANi (0.2x10°3).

Element (ev) (ag?) [(10 vicm?) 1] The magnitude of the noncubic charge distribution is
3 else only known for the & systems NWi(M|[111]),

Qf %'_22 113;3 é'; 18_3 CoFe(M|[100)), and Fé&e: |(I§,—I(I +1)/3)|~0.4x 103,

Ir 0.48 105 3.410°3 1.8x 1073, and 0.%< 103, respectively. It is difficult to de-

Os 0.42 0.3 391023 cide at the moment whether these numbers are typical for the

Re 0.36 8.1 44103 3d impurities or represent only a selection of the very largest

Ni 0.086 7.0 5.%10°3 noncubic charge distributions.

Co 0.068 5.9 6.%10°2 The magnitude of the noncubic charge distribution reflects

Fe 0.054 5.0 7.210°3 the quenching of spin-orbit effects in transition metals: The

mixing of states by the SOC is suppressed by the energy
splitting of these states within the band structure. The non-
pole splittings and EFG’s for the light impurities that are cubic charge distribution appears in a perturbative treatment
compiled, for example, in Refs. 16 or 43 were deduced irof the SOC in second order. Therefore, it scales with

this way and are not considered in this wawkith the ex-  (¢/W)2. & is here the SOC strength, defined by the expres-

ception of Cé-e in [100] geometry. sion &si for the SOC:W is the bandwidth. Table XIII listg
for several transition-metal elements. Again, these numbers
B. Magnitude of the noncubic charge distribution can serve only as a guide since they were calculated for the

free atom.

The prefactor in front of §/W)? depends on the band
structure in the particular case. Its general order of magni-
f P,(cos®) tude is investigated in part Il: For a band with uniform spin

The EFG and the charge distributi@p () around the
nucleus are related by

V,=— p(r)d3r, (99  direction and smooth density of statk{$§,—l(l+1)/3)| is

somewhere between 0 and 16/\\V)?. However, the struc-
where 9 is the angle between and thez’ direction. Due to  ture of the band and the overlap of spin-up and spin-down
the weighting byr —3, the main contribution comes from the bands also play a role. The model calculations on more real-
electrons at the lattice site of the probe nucleus. Their nonistic band structures indicate thdf, —1(I+1)/3) ranges up
cubic spatial distribution can be expressed in terms of théo about 14 €/W)?2 for an Fe-like band structure and up to
orbital quantum numbers by the expectation ve(ILfe—|(| about 5 ¢/W)? for local band structures similar to those of
+1)/3), which is summed over all occupied states at theR€, Os, or Irin Fe. Takin§V~5.5 eV, {(5d)~0.5 eV, and
impurity site. Assuming that onlyl electrons are relevant, §(3d)~0.07 eV we expect accordingly noncubic charge dis-
the following relation to the EFG can be derived from Eq, tributions up to 46<10~° for the & elements and up to
(9) (Ref. §: 2.3x10 8 for the 3d elements.
The few data on the®elements are in in full accord with
, 1(+1) 3 this rough estimate. However, the noncubic charge distribu-
Vo =e(2N| 15~ 3 (1), (10 tions of the & impurities are all smaller than a third of what
in principle should be possible for these systems. This may
For p electrons instead af electrons the prefactor would be point to an additional suppression of the SOC for these sys-
6/5 instead of 2/7. Table XIII |iSt$l/l’3> and the respective tems, but may also be accidental. Moreover, our estimates
conversion factors between EFG and noncubic charge distrare based on free atom values {a/r®) andé and on model
bution for several 8 and 3 elements. Of course, these pand structures. More accurate calculations will be necessary

numbers can serve only as a guide, since they were takag see if the theory really overestimates the magnitude of the
from Hartree-Fock calculations for the free ato(mlr3) can effect.

deviate in solids considerably from the free atom value, de- The observation of several particularly small noncubic

pends on the electron energy, and can in principle be alseharge distributions can be explained by the strong variation

different for ey andty, orbitals?®® of the effect with the impurity(see below Since there are
Taking the conversion factors from Table XIll, we can several sign changes in the systematics, some systems acci-

now deduce the magnitude of the noncubic charge distribudentally lie close to a sign change.

tion from our datafi) For the majority of the 8 impurities

the SO-EFG strength is nearxt10® Viem? and |(1%, —I(]

+1)/3)| ranges between 24102 and 4.5¢ 107 2. (ii) Con- C. Systematics of the noncubic charge distribution

siderably larger (12, —1(1+1)/3)’s are found only for The SO-EFG of the 8 impurities in cubic Fe, Co, and Ni
IrFe(13.7x10 2 for M||[100] and 7.4<10 3 for M|[111]) and s shown in Fig. 17 as a function of the atomic number of the

I,3
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= /\ FIG. 18. Interpretation of the observed systematics for te 5
or //’ & impurities in Fe as a band filling effect. The top and bottom parts
S schematically show the common pattern in the density of states and
-1r ! . in the dependence of the noncubic charge distribution on the Fermi
" energy, respectivelyMost of the lower part of the band is omit-
—2r b ted) The dashed lines and solid circles represent a set of Fermi

Re Os Ir Pt Au energies that reproduces roughly the experimental trend.
X The band structure of thedsimpurities in Fe, however,
has been investigated in part Il of this work. It turned out that
FIG. 17. SO-EFG of the & impurities in cubic Fe, Co, and Ni.  these systems show a common basic pattern in the density of
If data from single-crystal samples are availabt€,’” (open dia-  states and in the dependence of the noncubic charge distri-
monds and V57 (solid diamondsis shown. Otherwise, only an  bution on the band filling. These patterns are shown sche-
average EFQV,:,) (solid circles is shown. matically in Fig. 18: The 8 band shows a marked separation

impurity. Positive SO-EFG’s correspond to oblate deforma-into a bonding(lower) and an antibondinguppey part. The

tions of the electron distributiofoblate with respect to the SPin-up band lies in each part somewhat lower than the spin-
direction of the magnetizationnegative SO-EFG'’s to pro- down band._As _the_ba}nd is successively filled t.he nonggbm
late deformations. charge distribution is in each part of the band first positive,

The parameters, W, and(1/r3) vary only smoothly with ~ then negative, then positive, and at last negative again. The
the impurity and host. However, they determine only thegeneral trend of the systematics is determined by the succes-
possible magnitude of the effect. The actual value of thesive rise of the Fermi energy within this pattern with increas-
noncubic charge distribution varies within this frame rathering atomic number of the impurity.
strongly with the band filling and form of the band structure.  Although the model calculations in part Il fail to repro-
This becomes apparent in the systematics as a strong depeatuce the SO-EFG'’s of the individuabGmpurities in Fe, the
dence on the impurity and host: The change in the SO-EFGust-described band filling scheme should nevertheless be
from one impurity or one host to the next is often of the samecorrect. Therefore, we propose that the Fermi energies are
order of magnitude as the SO-EFG itself. The systematics iactually positioned in this scheme somewhat more to the left
thus a sensitive probe of the evolution of the local electronichan calculated in part Il. These modified positions are
structure within the 8 impurities. shown in Fig. 18. They were chosen in such a way that the

The strong variation of the effect is theoretically well un- experimental signs and relative magnitudes of the noncubic
derstood. For example, it is shown in part Il that the effectcharge distribution are moderatly well reproduced, that the
passes through at least three sign changes as the conductiéermi energy rises continually from Re to Pt, and that the
band is filled. This implies a sign change at least everyd2.5 complete picture is as similar as possible to the one given in
electrons and explains already a large part of the observephrt Il. Of course, this interpretation of the systematics is at
variation. the present stage rather speculative.

For a detailed discussion of the systematics the local den- In Fig. 18 it is assumed thatAe lies near a maximum of
sities of states should at least be approximately known. Théhe noncubic charge distribution. As mentioned above, this is
discussion of the & impurities in Cdfcc) and Ni must, at variance with our model calculations in part Il. They pre-
therefore, be postponed until such calculations become avaittict that the maximum noncubic charge distribution is about
able. three times larger than the experimental noncubic charge dis-
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TABLE XIV. SO-EFG ratios in Fe and Ni from this work and relative strength of the SOC and the crystal potential. This
Refs. 22, 23, 28, and 36. was based, however, on an unrealistic model of the band
structure, as is shown in part Il of this work. In contrast, the
tight-binding calculations from Ref. 7 predicted, foiNir,

VIO /1ty
o) Z[lzll)

100 111 100 110
system VLWL vERWEET VIRV VU< (1/2)vIH This now turns out to be remarkably
AuFe 1.9914) 1.526) 0.31(6) close to the experiment.. . _
PEe 0.3512) 0.42(15) 0.277) For a detailed discussion of the anisotropy the partial den-
IrEe 1.85513) 1.55619) 0.22623) sities of states should at least be approximately known.
OFe 1.495) 1.398) 0.1513) Therefore, we can discuss here only treeiBpurities in Fe.
ReFe 1'1 44) 1'11(6) 0'21(32) The partial densities of states of these systems were investi-
PN 0.9099) 0.9308) 0.259) gated in part Il. o . .
IrNi 0.42512) 0.45813) 0.12410) The experimental trend in Fe is that, with the exception of

PtFe, the noncubic charge distribution is larger fdt{[ 100]

than forM||[111]. This is interpreted in part Il as an intrinsic
o property of the bcc lattice: In bcc band structures e
tribution of IrFe. If we would have assumed the latter, all states are concentrated in the upper half of dhieand in
systems in Fig. 18 would have to lie relatively near a zergsrominent density of states peaks. A concentration of states
crossing and the increase of the Fermi energy would bgj in general enlarge the noncubic charge distribution.

rather discontinuous: The increase from Os to Ir would beSinceeg states are mainly concerned, the effect is particu-
much smaller than from Re to Os or from Ir to Pt. This is &|a/ly prominent forM||[ 100].

further hint that the model calculations overestimate the typi- The exception e confirms this interpretation: Changes

cal magnitude of the noncubic charge distribution. in the sign of the noncubic charge distribution will, as a
Despite the crude nature of our interpretation of the SySfynction of the band filling, in general not occur at exactly

tematics, it shows already that Re must be a special case: ihe same number of electrons (][ 200] and M||[111].

From the systematics up to Pt clearly a sign change bemeeﬁerefore, the ratio o199 to V1t passes near a sign

N . . 7'z 77!
Pﬂ:e and AU?e Is expected, which is, however, not ObserVecjchange necessarily through a wide range of values, irrespec-
in the experiment.

tive of the general trend. Pe seems to be just such a case:
The anisotropy is opposite to the general trend, but at the
D. Anisotropy of the noncubic charge distribution same time the noncubic charge distribution is also particu-

. — . larly small.
The data on the anisotropy are compiled in Table XIV in he directi fth ization h
the form of several EFG ratios. The variation of the effect; The dependence on the direction of the magnetization has

betweerM [ 100] andM [ 111] depends strongly on the par- lowest-order perturbation theory the following fcfin
ticular system and ranges from about 10% foNP&nd (0 @), 22, 2.2, 22
ReFe up to about a factor of 2.5 for Pe and INi. For Vap([axayaz) =V, + Vs, (agay+ ayas + ajay).
AuNi the noncubic charge distribution changes even the sign 11
(see Table X The model calculations in part Il show that
this is the range of anisotropies that is expected for realisti

a’he a;’s are the directional cosines between the direction of

band structures. thg_magnetization and the cubic axes. The maximum and
The distinct dependence of the noncubic charge distribuMinimum effects are found fav [ 100] and M[[111]. The

tion on the direction of the magnetization is a consequenc&CMPIete a”%‘jlar dep(eg]dencg can thus be described by two

of the nonspherical symmetry of the band structure, whictfoefficientsV;,>, andV;’;, , which are given in terms of the

manifests itself for a cubic symmetri¢ band in different [100] and[111] EFG’s by

partial densities of states for tieg and thet,, orbitals. The

ey andt,, states contribute with different weight according V{0, =00,

to the orientation of the magnetization: In short, &yeorbit-

als are somewhat more important fo[ 100], the t,4 or-

2) _ [111] [100]

bitals more forM||[111].2° The anisotropy probes thus in Vo =3V = V).

first line the different distribution of they andt,, states

over the band. Equation(11) should hold as long as the SOC strength is

The anisotropy of the noncubic charge distribution is notsmall relative to the characteristic energy scale of the band
surprising in view of the clear differences betweenegg@nd  structure. This condition is only moderately well fulfilled for
tyq densities of states in realistic band structures. Neverthethe relatively large SOC strengths of thd Blements. Nev-
less, this point was not clear for a long time: Experiments orertheless, Eq.11) may be still a good approximation, since it
Ir in Fe and Ni reported the SO-EFG to be isotropic withinis just the most simple angular dependence that is consistent
10%2° Our experiments show now for just these two sys-with the cubic lattice symmetry.
tems large anisotropies of the quadrupole splitting, which are Equation(11) predicts the position of thgl10] EFG with
discernible even in the NMR spectrum. The supposed isotrespect to th¢100] and[111] EFG's. As a linear measure of
ropy was theoretically justified in Ref. 6 in terms of the this position we define the EFG ratia
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TABLE XV. Absolute and relative anisotropy of the magnetic
10fp-—-=-===""=="="="="="="=="=-"=-=--- . hyperfine field in cubic Fe and Ni.
[100]
ReFe BH'QO]_ B[HlFu]
o 05 Au& Ir& Ir& i BHEO]—BH'é'll BH.SO]
_o_4 o---&- _+_ _____ System (M (1073 Ref.
S + ______ * PiFe 0.008) 0.06) 28
’ PAF OsF PN [111] IrFe —0.115) +0.84) 22,36
€ USEE ! Ose +0.1916) ~1.6(14) a
ReFe +0.047) —0.5(10) a
FIG. 19. Position of th¢110] EFG with respect to thel00] and  PiNj 0.002) 0.05) a
[111] EFG’s for several 8 impurities in Fe and Nik is defined in [N +0.053) -1.1(7) a
Eqg. (12). The lowest-order prediction is=1/4.
&This work.
\/[110] _/[111]
__zz Tz 12 The coefficients are given in terms of th&00], [110], and
K= oo (114 12 )
VZ’Z’ _VZ’Z’ [111] EFGS by
x equals 0 foN[z%?]:V[zl,;l] and 1 forV[zl,g’]:V[z%g?]. Equa- Vg, =V[Zl,(z)9],
tion (11) predicts thatk=1/4. V[Zl,i(,)] should thus be 3 times " (10 (100
closer toV[Zl,i,l] than toV[zl,(Z’(,’]. Figure 19 shows the experi- V=4V, = Vo),
mentalx’s: Equation(11) describes correctly the position of 3) [111] [110] , y,[100]
the [110] EFG within the experimental error for almost all V. =93V, =4V, + V...

systems. A significant deviation is found only foNii. . . . . .
y ¢ y This form of the anisotropy is compared with the experiment

Deviations from Eq(11), as found here for Ni, are of . Fia 16 | hat for Mi his th
interest as deviations from lowest-order perturbation theory" F19- 16: It turns out that for Mi even this three-parameter

In lowest-order perturbation theory only the band structure ir{nterpolation deviates slightly from the experimental angular
the absence of the SOC and the paramétare important. dep’)\lent(lljence. h _ ilable for the liaht |
However, it would be interesting for the theory of the SOC in No data on the anisotropy are available for the light im-
metals whether the more spin-orbit-specific higher-order efPurities. However, a S|m|.Ir.:1r range of anlso'grople_s s expected
fects are also correctly described. Higher-order effects aris[éjr the 3d an_d “ |mp_ur_|t|es as for the_a impurities, be-
when the SOC strength becomes of the same order of magauSe the anisotropy is in lowest order independest aind
nitude as the energy splitting of the states that are mixed b€ differences between tigg andty, densities of states are
the SOC or when the SOC itself changes appreciably theimilar for the 31, 4d, and 5 systems. On the contrary, no
band structure. Higher-order effects can be separated in caiSOtropy is expected for trgp impurities since all threg
culations simply by varying the SOC strength and observing{)rb'tals have the same density of states in cubic band struc-
the deviations from the behavior at low SOC strengths. AptUr€s:

propriate techniques to vary the SOC strength witiinini-

tio calculations have recently been develof&However, to E. Anisotropy of the hyperfine field

probe selectiv_ely _only the higher-_order effects in th_e experi- | all experiments we also measured the magnetic hyper-
ment, a quantity is needed that is known exactly in lowestine splitting for different directions of the magnetization.
order. « is such a quantity. Table XV compiles the respective anisotropies of the mag-
Figures 11 and 16 show the complete angular dependenggtic hyperfine field. The magnetic hyperfine field turns out
of the noncubic charge distribution in th&10 plane for (4 pe jsotropic within the typical experimental error of 0.1 T
PtNi and INi. One finds a smooth variation of the noncubic (absolute errgror 1x 10°2 (relative erroy. A similarly per-

charge d|st_r|b_ut|on betwegri\/l ||[100]_, M ||[110], gnd fect isotropy is also known from the magnetization of Fe and
M||[111]. This is expected since the different weightings of N which is isotropic within 1044748
the ey andtyy orbitals can change only slowly as a function  Thjs isotropy is in marked contrast to the anisotropy of
of the direction of the magnetization, even if H41) is N0 the SO-EFG, in particular since there are also orbital contri-
longer valid. butions to the hyperfine field and the magnetization of the
The position of the[110] EFG already showed that Ed. order of several perceAt*® As discussed in part I, this
(11) fails to describe the form of the anisotropy foNIr The  gjfferent behavior is a special property of the cubic lattice
next-higher-order polynomial in the;'s has the form symmetry and is well understood: The orbital hyperfine field
is in fact anisotropic but only in higher-order perturbation
theory, since the cubic lattice symmetry allows in first-order
perturbation theory no anisotropy of the orbital moment. The
+V& (a2a2a?). (13) : : : bt -
272/ Ex &y Q7 second potentially anisotropic contribution to the hyperfine

VZrZ,([axayaZ])=V(0) +Vv2 (a§a§+ a§a§+ agai)

z'z' z'z'
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field is the spin-dipolar field that arises from the spin-orbit TABLE XVI. Inhomogeneous broadening of the EFG distribu-
induced noncubic spin distribution. The latter is, as its countion for several Fe and Ni experiments.
terpart, the noncubic charge distribution, anisotropic already

in lowest-order perturbation theory. But it contributes only Iy (10'° viem?)

about 103 to the total hyperfine field. Simple order of mag- System M||[100] M[[110] M[[11Y] Ref.

nitude estimates show that the anisotropy of the hyperfin

field due to the orbital and spin-dipolar contributions should%ﬂ:e 0.5812) 0.374) 0.212) 23
- o8 IrFe 0.6412 0.6610) 0.4213 22

be of the order of several 10 for the 5d impurities: 0.663) 0.392) 36

The accuracy in the comparison of the00] and [111] o 0'9 10 0.688 0'5 5

hyperfine fields was limited in this work mainly by the esti- € 9410 -688) 535 a

mation of the demagnetization field and the determination olReF_e 1.0311) 0.7912) 0.46(5) a

vy from NMR-ON spectra with unresolved quadrupole split- "N 0.083) 0.102) a

IrNi 0.94(5) 0.533) 0.31(3) a

tings. An accuracy of ¥ 10 * should be feasible by using
thinner samples and selected systems with resolved quadrb,lrhiS work
pole splitting in the NMR-ON spectrum. '

represents an extraordinary sensitivity to disturbances. The
absolute widthl'y, of the EFG distributions is compiled in
Table XVI. The entries are in principle not directly compa-
rable, sincel’y depends on the sample preparation. Never-
The inhomogeneous broadening of the hyperfine interactheless, a common order of magnitude seems to emerge for
tion is often used as a rough measure of the disturbance &d impurities in carefully prepared samplds; ranges be-
the lattice in the vicinity of the probe atom. Its recording is, tween 0.%10'® V/cm? and 1.0<10' V/cm?. Only T
therefore, important for the improvement of the sample~0.1x 10 V/cm? for PiNi is somewhat smaller.
preparation and the comparison of different experiments. The ReFe and Ofe represent a special case: The measure-
broadening of the SO-EFG may, however, be more than thathents were performed in the same sample on the same lattice
Its anisotropy seems to be independent of the anisotropy @ites. The broadenings are thus directly comparable and it is
the SO-EFG. This suggests that the broadening is also sefound that they agree within the experimental error. This may
sitive to parameters that are independent of the samplgoint to a system unspecific broadening of the EFG, but
preparation and that it can provide information on the physmuch more data are required to postulate such an effect.
ics of the noncubic charge distribution. The anisotropy of the inhomogeneous broadening is of the
The interpretation of the broadening is at present difficultsame order of magnitude as the anisotropy of the SO-EFG:
since virtually nothing is known on the nature of the responT,, varies by up to a factor of 3 betweev |[100] and
sible lattice defects or how they cause the broadening. Thm||[111], The anisotropy has the sameRé&, Os-e) or the
mechanism may be the induction of extra EFG’s by the diSopposite (PEe,IrNi) sign as the anisotropy of the SO-EFG.
turbance of the cubic lattice symmetry or the modification ofThe inhomogeneous broadening behaves in this respect like
the SO-EFG strength by changes in the local band structureyn independent spin-orbit effect. The trend in Fe is thats
Modification of the SO-EFG strength seems to be more probconsiderably larger foM|[100] than for M||[111]. This
able since the anisotropy and the Gaussian form of th@(end was already observed fdg,,, and may have the same
broadening would be difficult to explain by extra EFG’s. The origin: A general trend to larger SO-EFG’s fov||[100]

inhomogeneous broadening would in this case provide inforshould also lead to larger variations of the SO-EFG in re-
mation on the sensitivity of the quantity noncubic chargesponse to disturbances.

distribution to changes of the band structure. In principle,

one can also speculate on intrinsic, sample-independent, con- VI. CONCLUSIONS

tributions to the broadening, wherever they may come from

(charge density waves, Jahn-Teller effect, dynamic fluctua- The two parts of this work investigate the spin-orbit in-

tions in the charge and spin densities, or something.else duced effect of the noncubic charge distribution in cubic Fe,
Since the origin of the broadening is not known, we will Co, and Ni both experimentally, by EFG measurements on

confine ourselves in the following to a short summary of the5d impurities, and theoretically, within the tight-binding

main experimental facts and leave the interpretation as amodel.

open problem. A better understanding of the inhomogeneous The EFG measurements in part | complete the recent re-

broadening of the SO-EFG may arise in the future from morénvestigation of the SO-EFG at thelSmpurities. These new

data on the systematics of its anisotropy, from experimentglata are summarized in this work. It is the first accurate and

on the same system in samples with different inhomogeneousomplete data set on the SO-EFG: Previously, the effect

broadening, from more data on different probe atoms in theould be determined only for a few selected systems and was

same sample, and from experiments with deliberately introassumed to be essentially isotropic. Now, it is known for a

duced, well-known impurities. continuous series ofbimpurities and has been determined
The most conspicuous experimental fact is the large relain Fe and Ni for at least three different orientations of the

tive broadening of the EFG distribution: It ranges in our magnetization.

experiments from 10% for Rfi to more than 100%. This A transparent and yet realistic tight-binding treatment of

F. Inhomogeneous broadening of the noncubic charge
distribution
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the SO-EFG was developed in part Il. The basic properties adifferent distributions oy andt,, states, the exact form of
the noncubic charge distribution and its relation to the bandts anisotropy is sensitive to deviations from perturbation
structure were investigated within this scheme and are nowheory, and its inhomogeneous broadening may be a general
qualitatively well understood. On the contrary, the previouslymeasure of the sensitivity to disturbances of the band struc-
accepted qualitative interpretation of the effect was based oture.

an unrealistic model and turned out to be partially incorrect. Several schemes were recently developed to treat the SOC

Our study also showed that the quantity SO-EFG can inself-consistently withinab initio calculations’*~>2 It would
deed make important contributions to the understanding dbe interesting to test these schemes by the SO-EFG data.
the spin-orbit effects in transition metals. The main featuredHowever, noab initio calculations on the SO-EFG were re-
of the effect in this context are the following. ported so far.

(i) The noncubic charge distribution arises in second- The experimental investigation of the effect is also still at
order perturbation theory. It provides thus complementarythe beginning: The & impurities were a convenient starting
information to the more often studied first-order effects, likepoint because of the unproblematic implantation behavior
the orbital moment or Kerr effect, and to the more complex,and the large SOC strength. However, precise SO-EFG data
higher-order effects, like the anisotropy energy or magnetowould also be desirable for smallerdtd impurities and
striction. Moreover, the effect can in principle be measuredarger (Gp impurities SOC strengths, for a dominamt
for a wide range of impurities. Decisive parameters like thecharacter of the conduction electronsp(impurities, for
SOC strength and the symmetry of the electrons can be vagystems with pronounced local momentsd(8npurities,
ied in this way in a controlled manner over a wide range. and for the pure systems Fe, @), and Ni, which are well

(i) The effect is also an ideal probe of the local bandknown from a multitude of other studies.
structure of the particular system: On the one hand, it is
sensitive to the local electronic structut&his is not a mat-
ter of course: The hyperfine field, for example, shows no sign
change from Lu to Hg, although the sign of both the spin and We wish to thank Professor H.-J. Keer for his continu-
orbital moment changes in this serf8s9 But the sensitivity ~ous interest and support of this work. We appreciate very
to band structure details is also not too large: Calculationsnuch the effort made by the ISOLDE and Orsay group for
that reproduce the main features in the density of statethe development of the liquid Pb target. We also wish to
should also be able to reproduce the systematics of the S@lank Dr. J. Vikl, W. Clauss, G. Neff, H. Schneider, M.
EFG. Stanger, and H. Utz of the Kristall-Labor for support in

(i) The noncubic charge distribution provides a lot ofthe preparation of the single crystals and E. Smolic for
information: Its magnitude is sensitive to the interaction be-experimental help. The work has been funded by the
tween the SOC and band structure, its systematics is senddeutsche Forschungsgemeinsché@FG) under Contract
tive to the band structure, its anisotropy is sensitive to théNo. Ha 1282/3-3.
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