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Electric field gradient of Pt, Ir, Os, and Re in cubic cobalt
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The electric quadrupole interaction 8t'Re, 18%0s, #4r, and %Pt in polycrystal samples of cubic Co has
been measured using modulated adiabatic fast passage on oriented nuclei. The average electric field gradients
of Re, Os, Ir, and Pt in cubic Co were deduced to -b@.3626), —1.15(11), —1.045), and +0.235)
10% v/cm?, respectively. These results are compared with the spin-orbit induced electric field gradietts of 5
impurities in Fe, Ni, and hexagonal Co. In addition the hyperfine field of Re in cubic Co has been determined
to be —48.4(2) T and the difficulties in deducing the intrinsic electric field gradient from strongly inhomo-
geneously broadened field gradient distributions are discussed.
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I. INTRODUCTION in cubic Co so far has been particularly scarce: The EFG of
AuCo(fcc) has been investigated with spin-echo nuclear
The electric field gradientEFG) at the nuclear site is a magnetic resonand®MR);* the sign of the EFG however
measure for the deviation of the surrounding electron chargeould not be determined and the quadrupole splitting in the
distribution from cubic symmetry. Therefore, in solid matter NMR spectrum could not be resolved, making the interpre-
the EFG is usually connected with a noncubic lattice symtation of the spectrum somewhat ambiguous. The EFG of
metry around the respective nucleus. However, in ferromagCoCo(fcc) has been investigated with MAPOR but the
netic Fe, fcc Co, and Ni the lattice symmetry is cubic and theEFG proved to be inhomogeneously broadened by more than
EFG is a consequence of the spin-orbit coupling. This spin100%. In this situation an accurate determination of the
orbit EFG (SO-EFQ is of interest in connection with rela- quadrupole splitting is impossible even with MAPO{The
tivistic effects in the magnetism of transition metals. Theimplications of this large inhomogeneous broadening for the
SO-EFG was first detected for Ir as a dilute impurity in Feinterpretation of the MAPON spectrum have in our opinion
and Nil~* The interpretation as a spin-orbit effect has beemot been adequately taken into account in Ref) More
worked out in Refs. 1, 2, 5 and 6. information is available for the SO-EFG in hexagonal Co. In
Although the SO-EFG has been a long known effect, itthis case a peculiar pattern was found in the systematics of
has been determined so far only for a few systém&, the SO-EFG: Whereas the SO-EFG dE &(hcp) is remark-
mainly because the splitting of the magnetic resonance into ably large, the SO-EFG of Pt, Au, and Hg is consistent with
set of equidistant subresonances induced by the SO-EFG rero*’
relatively small. This quadrupole splitting is therefore usu-
ally hidden by the inhomogeneous broadening of the mag- Il. MEASUREMENT OF SMALL QUADRUPOLE
netic hyperfine splitting. The introduction of the MAPON SPLITTINGS

(modulated adiabatic fast passage on oriented nuclei o o ) )
technique 23 however, has recently solved this experimen- In the hyperfine interaction in Fe, Co, and Ni the electric

tal problem: Using MAPON, quadrupole splitings much duadrupole interaction is superimposed on a much larger
smaller than the inhomogeneous broadening of the magnetf@@dnetic hyperfine interaction. This causes a splitting of the
hyperfine splitting can be determined. Furthermore, MAPONTagnetic resonance of a nuclear state with dpinto 21
measures directly the distribution of the quadrupole splitingSuPresonances with equidistant subresonance separation
in the sample. This is an essential improvement, since thé ¥o- The frequency of the transition between the nuclear
SO-EFG shows a strong tendency to inhomogeneous broagublevels with magnetic quantum numbensand m+1 is
ening. A further shortcoming of previous studies was thediven by
complete neglect of the strong dependence of the SO-EFG

— 1
on the direction of the magnetization with respect to the Vm-m+1= Vm— Avg(M+2), @)
crystallographic axes. Although this anisotropy of the SO- - -
EFG was theoretically predicted some time &gohas only Vm=|9un(Burt Be/hl, 2
recently been demonstrated experimentally fdrelrand
Pte.!t Ay 3 eQVz, 3
Due to these recent improvements a more systematic in- Q77 (21-1) h ’ &

vestigation of the SO-EFG has now become feasible. Here

we report on MAPON measurements on the Bnpurities wher_eg s the nucleag factor,.eQ Is the n.ucle_ar spectro-
Pt, Ir, Os, and Re in cubic Co. Thed3mpurities were cho- scopic quadrupole momert, . is the hyperfine fieldBey is

sen as the starting point, since there, as the consequence orfhf external magnetic field: amﬂ i_S thezz componerlt of
large spin-orbit coupling, the SO-EFG is considerably largethe EFG tensor. The direction is given by the sum @
than for lighter impurities. The information on the SO-EFG and B,;. Equations(1)—(3) are valid if the sublevels are
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eigenfunctions ofl,. In the limit v,>Avq, which here
should be a very good approximation, this holds irrespective
of the form of the EFG tensor. This also means that only one
component of the EFG tensbrt,, is accessible to the experi-
ment. Therefore in the following we will refer t@,, briefly

as the EFG.

The technigue of nuclear magnetic resonance on oriented
nuclei (NMR-ON) is well suited to measure the hyperfine
interaction of dilute impurities in ferromagnetic host lattices:
The samples containing the radioactive impurities of interest
are cooled to temperatures near 10 mK, where the nuclear
spins become oriented with respect to the direction of the
hyperfine field. This orientation leads to an anisotropic emis-
sion of they radiation. The interaction of the nuclear spin
system with the radio frequencyf) field is then detected via
changes in they anisotropy. If the subresonance separation
Avq is larger than the inhomogeneous broaderipgof the

P(Avg) (arb. units)
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magnetic hyperfine splitting, the individual subresonances
are well resolved, and v can be directly determined from
the NMR-ON spectrum.

If the subresonance structure is not resolved in the FIG. 1. Top: /Pt MAPON spectrum aB,=0.5 T. The data

NMR-ON spectrum, the MAPON technique can be . 0)
S 1213 " - ) . can be well described by a broad ranger#(Q . The two extremes
applied. MAPON is an extension of the adiabatic fast are (i) Avg”:o, T,, =874 kHz (solid line and (i) AV%))

passageAFP) techni_que,.where the rf frquency is s'Wem=—295 kHz, T'y, =390 kHz (dashed ling respectively. Bot-
1 VQ .
over the resonance in a time that is short with respect to th%m: The distributionP(A vg) in cases(i) and (ii). Although the

”“C'e?r splq-r:a}t_tlcz ][elaxatlon time. Irt]mMAPOMO rftfre- MAPON spectra foKi) and(ii) are practically indistinguishable the
quencies with Tixed Irequency separaulir aré swep oyer fraction f, of the nuclei with the reverse sign dfvq is strongly
the resonance. In the presence ¢fstibresonances split by itterent: 50% for(i), 3.7% for (ii). By combining MAPON and

the quadrupqle interaction there is little change in the SUbarp gata the range possible mwg) can be confined to the shaded
level populations forAv<<Avg and large changes fakv

>Avqg. The magnitude ofA v can thus be obtained from
the MAPON spectrum, which is the anisotropy after the ting is known from the MAPON measurement and the rela-

MAPON sweep measured as a function bp. Since the e sypresonance amplitudes are calculated as outlined in
magnetic hyperfine splitting does not enter, the method IRef 18.

independent of the corresponding inhomogeneous broaden- In MAPON experiments on impurities in cubic Fe, Co, or

ing. Usually the quadrupole splitting is also inhomoge-; the difficulty that the inhomogeneous broadening of the
neously broadened. Then the_ MAPON spectrum s, apar uadrupole splitting considerably exceeds 100% arises quite
from some constants, the integral of the pl|str|but|onOftenn,le,lg-zland an accurate determination @f)g)) from
P(AVQ.)' In _mo_st c_asesP(AvQ) (c(:)?n be vv_eII described by a the MAPON spectrum is then impossible. Since the implica-
Gaussian distribution. Centérvg " and widthT’y,, are ob- yions of this situation for the interpretation of the MAPON
tained via a least squares fit of the integral over this diStrispectrum have been |arge|y ignored so far, they will be dis-
bution to the MAPON spectrumi vy’ is interpreted as the cussed here in some detail.
subresonance separation, which would be found in a perfect The difficulties arise because in MAPON both signs of
sample. Avq are projected onto the positiver axis. The MAPON
The sign of the quadrupole splitting can be obtained byeffect e(Av) is thus given by
comparing the time dependence of thanisotropy after the
sweep for both sweep directions. For an AFP sweep or Av
MAPON sweep withA v>|Avg| there is a characteristic dif- e(Av)=cy+ [c1P(Avg) +CoP(—Avg)]dAvg,
ference(sweep asymmetjydepending only on the sign of 0
Avg and the sweep direction: For positiverg the relax- (4)
ation back to equilibrium is fastdand the change in the
anisotropy often largerfor sweep down than for sweep up.
The reverse is true for negativer,. : \ ;
The MAPON results were aiso used to interpret the,”Ot very different, the MAPON spegtrum is. essentially the
NMR-ON spectra with unresolved quadrupole splitting asint€gral OV_erP(A?QHP(?O)A_VQ)- This f“”Ct'(()O”) turns out
the superposition of strongly overlapping subresonances. [if be very insensitive td vy’ if I'y, . =1.3|Avg’|. For the
this way a more precise value of the magnetic hyperfineexample!®*PtCo(fcc) Fig. 1 illustrates that a broad range of
splitting can be obtained, provided that the quadrupole split{A v, Ta,,) pairs includingA»y=0 can describe the

frequency region.

wherecg, ¢;, andc, are constants. Since the weighting of
positive and negativé v with ¢, andc, is in many cases
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spectrum equally well and only an upper limit fikv$’|  ture within <1 s. The high temperature and the rapid
can be deduced from the MAPON spectrum. quenching proved to be essential for minimizing the content
In principle a more accurate determination zbi»g’) is  of hcp Co. The hcp Co content of the samples was deter-
possible if the sweep asymmetry is also taken into accountnined by the intensity of the characteristic x-ray deflections
As can be seen from Fig. 1, the two distributioR§Avg)  to be less than 5% directly after the heat treatment and about
resulting in very similar MAPON spectra differ considerably 20% after the recoil implantations. In this work only the
in the extent to whichP(Avg) contains both signs of the hyperfine interaction in the fcc phase was investigated. Con-
quadrupole splitting. Therefora v{)? can be determined tributions from the hcp phase can be definitely ruled out,
with moderate precision from the MAPON spectrum, if in- Since in all cases the resonance frequencies in hép €o
dependent information is available for the paraméterde-  are well outside the frequency range of the NMR-ON,
fined as the fraction of the nuclei with the less frequent sig®MAPON, and AFP measurements.
of the quadrupole splitting. Since a nonzero valud ofill A direct indicator for the structural quality of the fcc
reduce the sweep asymmetiy, can be determined along Phase in the immediate vicinity of the probe nuclei is the
with the relaxation constant and the adiabatic fagtéiom a  linewidth of the NMR-ON resonance. In the experiments on
least squares fit to the time dependence of ghenisotropy ~ *Pt, **3r, and **Re the relative width of the magnetic
after sweep up and sweep doWMAPON or AFP. hyperfine splitting was found to bEy,/vy,=3.6(5)x10"%,
Unfortunately, in practice the quantitative interpretation1.5(4)<107°, and 4.0(1.3x10 2, respectively. This is
of the postpassage signal is subject to systematic errors arignly slightly larger than the linewidths found in coldrolled
ing mainly from temperature changes during the measureFe and Ni foils of high purity(The linewidth of the'®%0s
ment: The rf power is applied only during the sweep to prefesonance is almost completely due to the quadrupole split-
vent a too strong heating of the sample by nonresonariing. The pure magnetic linewidth can therefore not be de-
absorption of rf power. Thus there is a sudden increase iduced from the NMR-ON spectrujn.
temperature during the sweep and a subsequent cooling until For the production of theimpurities the recoil implan-
the next sweep. This will diminish the true MAPOMFP)  tation technique was employed: A stack of eight target foils
effect and introduce an additional change in thenisot-  (of natural Os, Re, or W to implant the Pt, Ir, or Os isotgpes
ropy, which is insensitive to the sign &fvg . In this way the ~ each followed by a Qdcc) foil was irradiated witha: par-
sweep asymmetry can be considerably reduced. A quantitdicles. The probe nuclei are produced in the target foils by
tive treatment, however, is difficult because the time depenfa,xn) reactions. Their kinetic energy is sufficient to im-
dence of the temperature is not known with sufficient accuplant the nuclei produced in the rear part of the target foil
racy. (This clearly demonstrates the advantages of thénto the surface layer of the next Gec) foil within a thick-
MAPON method, which is independent of the exact form ofness of ~0.2 um. To implant Pt (17=3/2", Ty,
the postpassage signalt is however possible to infer at =2.9 d) the reaction *%?0s(a,5n)**'Pt (E,~55 MeV)
least a reliable upper limit fof, from the sweep asymmetry was used. *®9r (I"=5%, T,,=15.8 h) and " (17
in the following way: The maximum sweep anisotropy =17, T,,=40.5 h) were implanted via the reactions
would be found forf,=0, A>1 and no temperature changes **>**Re(a,3n)'%®'%r (E,~40 MeV). The Os isotopes
during the measurement. With respect to this maximum an*8:!82189s were recoil implanted via the reactions
isotropy the actual anisotropy is reduced, becdysed, the ~ 18218318}y(«,5n) 181182185 (E,~55 MeV). B%0s (17
adiabatic factoA does not fulfill A> 1, and/or because of the =9/2", T,,=13 h) was used for the NMR-ON measure-
temperature rise during the sweep. If we neglect the temperanents on O§o(fcc). The measurements on ®e(fcc) were
ture variation and assunfe>1 in the theoretical description performed on the decay products $fOs and!®20s, '#'Re
of the postpassage signal the whole asymmetry reduction id "=5/2", T,,=20 h), and'®Re ("=2", T,,=12.7 h).
put into the parametefr, and we obtain an upper limit fdi, ~ All « irradiations were carried out at the cyclotron in
from a least squares fit to the actual postpassage signal. Ukarlsruhe.
ing this upper limit in the interpretation of the MAPON spec-  After the implantation the Gécc) foils were soldered
trum we obtain a lower limit fofA »§’|. In this way|A»$’|  with Galn eutecticum to the Cu coldfinger, loaded into a
- Loy 3 4 T .
can be delimited: An upper limit is deduced from the “He-"He dilution refrigerator(model TL-400 from Oxford
MAPON spectrum alone, and a lower limit can be deducednstruments and cooled down to temperatures around 10
from the MAPON spectrum in combination with an upper mK. The y radiation was detected with four Ge detectors
limit for f, from the sweep asymmetry. placed at 0°, 90°, 180°, and 270° with respect to the direc-
tion of the external magnetic field used to magnetize the
sample. They anisotropye is defined as the following ratio

IIl. EXPERIMENTAL DETAILS of the different count rate®V:

In the preparation of the fcc Co samples care was taken to o o
suppress the formation of hcp Co, which is the stable Co e= W(0°) + W(180°) _
phase belows420°C. 2um-thick Co foils purchased from W(90°) +W(270°) ™
Goodfellow Ltd. (purity 99.9% were electrically heated for
about 4 min to ~1100°C in high vacuum g  The temperature was measured witA°%&oCo(hcp) nuclear
<107 mbar). Then they were quenched to room temperaeorientation thermometer.

®
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The frequency spectrum for the MAPON measurements
with two frequencies separated By was obtained by mix-
ing the frequency of a rf synthesizévlarconi, model 203]L
with a modulation frequency »/2 from an audio frequency
function generator, using a double-balanced mixer. With re- w 02 F
spect to the two main components other components in the
frequency spectrum were suppressed by more than 30 dB.

04 I<7 AFP cliown I€7AFP L;p T

For the MAPON (or AFP) measurements a linear voltage ‘9‘Ptc_o“°°)

sweep was applied to the external modulation input of the 00 . . . |
synthesi;er. T_he voltag_e sweep was supplied by an integrator 0 100 200 300 400

circuit with adjustable time constant. For the NMR-ON mea- t [s]

surements the frequency was doubly frequency modulated:

100 Hz with bandwidth between 0.3 and+1 MHz, and 1 FIG. 2. %Pt AFP postpassage signal for both sweep directions,

Hz with bandwidth100 Hz.(In this way it is assured that Bex=0.5 T. Although the data can be well described hy=0

the splitting of the spectrum by the modulation in discrete(S°lid lin®), the Korringa constartt, =0.60(4) Ks obtained in this
Fourier components is finer than the power broadening ant/®y deylﬁtilsl\/lfsnocr\;(;()'fzzz(z)és nfﬁe_;':lsurec;l in th(t; same experi-
the stability of the rf generator and is thus smoothed)out. Me"t Wit “ON (Ref. 28. This failure of our description is
For each frequency the anisotropy was measured with and presumably due to neglecting the temperature variations during the

. . . AFP measurement. But even without detailed knowledge of these
without frequency modulation and the difference of both - . . S

. . temperature variations one can obtain at least a reliable upper limit
anisotropies was analyzed.

for f, by analyzing the AFP data with the assumptid® 1 for the
adiabatic factor. From the data shown here we obta®0.262).

IV. MEASUREMENTS
A 1PtCo(feo) sweep _is nearly independent of the sweep direction. The AFP
' data (Fig. 2 demonstrate that the sign of the quadrupole
Besides the SO-EFG of €b(fcc) the following aspect of  splitting is negative for the majority of th&'Pt nuclei.

the hyperfine interaction specific to the isotopePt was From the quantitative analysis of the AFP data with the
also investigated: For magnetic fielBg,<0.4 T the®Pt  restrictionA>1 we obtain as an upper limft <28%. With
resonance happens to partly overlap the resonance frequenitys information we obtain from the MAPON spectrum a
of stable®®Co. It is known that in this case the static and/or lower limit for |Avg))| and get as the final result:
dynamic hyperfine interaction of impurity nuclei can be af-

fected by a coupling to the nuclear spin wa%&%he nuclear —295 kHKAVS))(lglPt,BeXF 0.5 T)<—195 kHz.
spin waves are collective excitations of tPFR€o nuclear spin
system, which arise at low temperatures through the coupling B. 186184y Co(fcc)

of the nuclear spins via the Suhl-Nakamura interactton. ) o
Actually we found an increase of the nuclear spin—lattice With the resonance frequency ofr in fcc Co from Ref.

relaxation(NSLR) of 19%Pt by 2 orders of magnitude due to 4 ang the kn.<1)i\3/vzr; rati% of the resonance frequencies*df

this effect. A detailed discussion of this aspect of the experi&nd 4r in Ni**#’the **%r resonance can be calculated to be

ment is given in Ref. 26. at _551.Q4.2) MHz for Bg,=0.1 T, the error originating
The static hyperfine interaction, however, seemed not téhainly from the unknown quadrupole splitting. The actual

be affected: Although the NSLR changed dramatically, theposition of the *®ar resonancey=550.35(3) MHz atBy

position and the width of thé®Pt resonance remained es- =0.1 T, agrees well with this prediction. Fig. 3 shows the

sentially constant between 10 mTdad T apart from the

usual resonance shift with the external field. The resonance

frequency v in zero field was deduced to be 203(7¢ 0.05

MHz.?® Taking the quadrupole splitting into account we ob-

tain the magnetic hyperfine splitting in zero field:

186Irco(t’cc)

Ae

vn(PPPIC o(fec), Boy=0)=202.939) MHz.

To avoid any complications from the influence of the 0.00 r T
nuclear spin waves the MAPON measurements were per- me

formed atB.=0.5 T (sweep region 199.3—204.3 MHz, du- ! ' ' '
ration of MAPON sweep 1 s, sweep dowirigure 1 shows 548 550 552 554
the %Pt MAPON sp((aé:)trum. It is a typical example of v [MHz]

the 5|tuat|onl“A,,Q>AvQ . The spectrum can be well de- FIG. 3. NMR-ON spectrum of ®r for By—0.1 T. T

: 0
scribed by arMAVgg” between 0 and 295 kHz. To deduce <26 mK. Modulation bandwidthA » = +0.5 MHz. The arrow

the sign ofA vg’) the AFP postpassage signal had to be meamarks the position of the magnetic resonance frequency, as recon-
sured, since forl =3/2 the final state after the MAPON structed with the help of the MAPON results.
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FIG. 6. NMR-ON spectrum of'%r for Be,=0.3 T. A"
=+0.5 MHz. For the nuclear spih=1 of ®r the NMR-ON
spectrum consists of two subresonanagsand v,, the amplitudes
having opposite signs.
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FIG. 4. MAPON spectrum of®4r for two magnetic fields. 18 ) ,
ments on®4r the shift 0Avg was estimated to be-7(7)

NMR-ON spectrum. Taking the external magnetic field andand —6(6) kHz for 0.1 and 0.3 Tiespectively, which is of

the quadrupole splitting into account we obtain the same order of magnitude as the statistical effidiese

estimates are rather inaccurate because only the order of

magnitude of the adiabatic parameter is known relially.

o ) most cases the power broadening can be safely neglected
The quadrupole splitting was measured with MAPON for it respect to the experimental error. This does not apply

Bex=0.1 and 0.3 T(sweep range 547.5-558.5 MHz for nere hecause of the short sweep time: For a given adiabatic

Bex=0.1 T, 546.8-554.8 MHZ foB,,;=0.3 T, duration of  arameter the power broadening is proportional/t/dt,
sweep 0.05 s, sweep ugrigure 4 shows both MAPON spec- ihe square root of the sweep rate.

tra. The short sweep time was necessary because of the short\\R-ON measurements were also performed 8.
nuclear relaxation time. The positive sign of the quadrupol§gre the quadrupole splitting is resolved due to the low spin
splitting was determined from the asymmetry between AFR| — 1) of this isotope. Because of the low intensity of the
sweep up and sweep dowfiig. 5. The deduced quadrupole 5514 kev transition, which is the transition most suitable

vm(18rCo(fec),Bey=0)=551.6213) MHz.

splittings are

Ayg))(l%lr’Bext:O.l T)=+2139) kHz,

AV (1, Be=0.3 T)=+2139) kHz.

The relative width ofP(Avg) is 838)% and 7410% for
0.1 and 0.3 T, respectively.

The Avg))’s given above are already corrected for rf
power broadening. As discussed in Ref. 13 the power broad-
ening contributes to the width of the MAPON spectrum and

for NMR-ON, only one NMR—-ON spectrum could be mea-
sured(Fig. 6). From this spectrum we deduce the following
hyperfine splitting frequencies:

vn(PB8rCo(fec),Boy=0)=219.5610) MHz,

A (8, B,,=0.3 T)=—-1.9220) MHz.

The following ratios between th&8r and the *¥9r hyper-
ine splitting frequencies in fcc Co can be deduced from our
data:

in general also causes a small shift, which can be estimate

by model calculation$®?! For the two MAPON measure-

-02F

Avg(*88r)/Avo(*¥r)=-9.0(1.0),

ve(Y880) v, *88r) = 0.398 0320).

These are in perfect agreement with the more precisely
known ratios for hcp C&?

Avg(*88r)/Avo(*¥9r)= - 8.51832),

18 18 _
0310 app up D arp AL U 288I0) /v (1961r) = 0.398 065).
0 5 [1(]) 15 20 C. 1830s,18118ReCo(fcc)
t|s

FIG. 5. Asymmetry in the AFP postpassage signal &,

The *¥30sCo(fcc) resonance could be predicted within
2% from the known hyperfine fieft?. A NMR-ON spectrum

B.,=0.1 T. The slight deviations here and in Fig. 9 between thefor #%0s was measured f@.,=0.1 T (Fig. 7). The center
data and the theoretical descriptitsolid line) may be due to tem- and the width of the resonance were found to be 11389

perature variations not taken into account by the theory.

and 1.83) MHz, respectively. Although the quadrupole split-
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v | "®®0sCot | & MAPON up & MAPON down |
++* m 0.55 h
$
o 0.00 | 1
< + © 0.50 | 1
-0.02 | 1 0.45 130sCo )]
116 118 120 122 124 o 50 100 150 200
v [MHz] t [s]
FIG. 7. NMR-ON spectrum of*0s for Be=0.1 T. T FIG. 9. 1%30s MAPON postpassage signal for both sweep direc-
~12 mK. AvT=+0.3 MHz. tions, Be,=0.5 T.

ting is not resolved in the NMR-ON spectrum it considerably The negative sign OA,,S)) was obtained from the asymme-
shifts the resonance center and is the dominant contributiogy in the MAPON postpassage signal between sweep up and
to the linewidth. Taking the quadrupole splitting into accountgygn (Fig. 9. Ty, /A was found to be 513)%

we deducey,,=118.53(28) MHz and extrapolating to zero 55(14)%, and 3911)2% for% 103 and 05T ’

field we obtain: After completion of the measurements 6#fOs the hy-
v (1830C0(fec),Boy=0) = 118.6628) MHz. perfine interaction of'®'Re and!®Re was investigated. At
Bex=0.1 T the ®'Re resonance was searched in the range
MAPON measurements o®0s were performed for from 400 to 500 MHz. According to the hyperfine field of
Bey=0.1, 0.3, and 0.5 Tsweep from 115.6 to 121.6 MHz, ReCo from Ref. 28 the resonance was expected to be around
117.3 to 121.3 MHz, and 115.6 to 121 MHz for 0.1, 0.3, and430 MHz, however a significarf’Re signal was found only
0.5 T, respectively, sweep time 0.5 s, sweep.uphe at ~470 MHz (no '#Re signal was observed in this fre-
MAPON spectra are shown in Fig. 8. The following quadru-quency region The 182Re resonance could then be accu-

pole splittings are deduced: rately predicted. Figure 10 shows th&'Re and '®Re
NMR-ON spectra. The resonance centers are 4628%nd
Av(1830sBey=0.1 T)=—-42017) kHz, 620.9716) MHz for **'Re and'®Re, respectively. Taking
into account the quadrupole splitting and extrapolating to
Av(*B0s B, =0.3 T)=—37217) kHz, zero magnetic field we obtain
AVO(1B0sB =05 T)=—35410) kHz. vm(1'ReCo(fce),Bey=0)=471.2638) MHz,

vr(PReCo(fec),Bey=0) =622.7049) MHz.

0.00 FT T T T T ™3
183OSC_O(fcc) | |
181 (fce)
-0.05 | Be = 01T _ + ReCo
0.02 _
w
) t
00T 1 0.00 | ]
é]’ =03T . |
ext . 0 pr
-0.05 - | .
¢ 0.05 | |
0.00 T _
w
<
ext
ooy | 0.00 | |
1 1 1 1 1 1 1 1
0 200 400 600 800 1000 620 625
Av [kHz] v [MHz]

FIG. 8. MAPON spectrum of'®0s for different magnetic FIG. 10. NMR-ON spectra of8'Re (top) and '®?Re (bottom)
fields. for Bey=0.1 T.AvT=+0.5 MHz (top), = +1.3 MHz (bottom.
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FIG. 11. MAPON spectrum of®Re, B.,,=0.1 T. FIG. 12. '¥Re MAPON postpassage signal farv>Avq in

both sweep direction®8,,=0.1 T.

The resulting ratio of the hyperfine splittings, ] .
however be interpreted as the hyperfine anomaly between

193, which has a large single level hyperfine anomaly, and
189, This is supported by the fact that the ratios between the
magnetic hyperfine splitting frequencies Bfir and %r in

is in good agreement with the ratio 1.3228), which canbe  Nj and Cdfcc), where the hyperfine anomaly should be
deduced from the resonance frequencie$®6f®***Re in Fe  apout the same, agree within the experimental error:

and Ni from Refs. 21, 29, and 30.  vEYuE=6.65(14) (this work, Ref. 28 and vil9vi°
The quadrupole splitting of*Re was measured with —F g52(5)(Refs. 27 and 38 For ReCo(fcc) there is also a
MAPON for Be,=0.1 T, the rf frequency was swept from gignificant discrepancy of about 10%. A hyperfine anomaly
464 t0 476 MHz in 0.4 s. The MAPON spectrum is shown in of this order of magnitude betwedfRe and!®518Re is not
Fig. 11. The MAPON postpassage signal for>Avq Was  expected. But meanwhile we have also determined the hy-
also measured for sweep down, and it is compared with thSerfine field of 83ReCo(hcp) in zero field to be 44.417)
sweep up signal in Fig. 12. The asymmetry between both 21 Thus in Ref. 28 probably the hyperfine field of
sweep directions shows unambiguously that the quadrupolgec()(hcp) was determined.
splitting is predominantly positive. There is however no o the determination of a quantity, which is expected to
clearly defined transition region in the MAPON spectrumpe gependent on the direction of the magnetization with re-
from Av<Awq to Av>Avq. As discussed in Sec. Il, this gpact to the crystal axes, experiments on single crystals
happens if the inhomogeneous width RBfAvq) is consid-  should be performed. However, these are not available for
erably larger than 100%. |(lg)th|3 situation only upper andco(fcc). Thus only the EFG averaged over different direc-
lower limits for the centeA vy’ of P(Avq) can be obtained  tions of the magnetization can be determined from polycrys-
from the quantitative analysis of MAPON spectrum andta| samples. The orientation of the crystal axes in ouffp

vm(1BRe) v m(1Re) = 1.321415),

sweep asymmetry. In this way we obtain f6¥Re: foils was investigated by scanning tfEL1] x-ray reflection
in a pole figure. No deviation from a completely random
+80 kHz< AvS’)(lglRe,BexF 0.1 T)<+480 kHz. orientation of the crystal axes could be detedfi@dcontrast

to coldrolled Fe and Ni foils, where the pole figures revealed
the presence of strong textuyeBor a uniform magnetization

of the sample alonB., at high fields(for our samples the
anisotropy saturated aroum},.=0.5 T) this implies a ran-
From v,,(Bex=0) we can deduce the hyperfine fields of dom orientation of the magnetization with respect to the
Pt, Ir, Os, and Re in Qécc), which are listed in Table I. The crystal axes. In zero field however the magnetization should
following g factors were used:g(**Pt)=0.3295)°3 be preferentially oriented along the easy agdd1]). Thus
g(*89r) =0.759(24)%>" g(*8%0s)=0.1786(31) (Ref. 32, re- the anisotropy of the SO-EFG may introduce a magnetic
calculated with v,,(18%0sFe)=151.6(2) MHZ' in zero field dependence of the EFG in polycrystal samples. For
field), and g(*®'Re)=1.277(5) (Ref. 30, recalculated with IrCo(fcc) no significant magnetic field dependence was
Bue(18ReFe) = — 74.94(28) T9). The hyperfine fields of found. For O€o(fcc) the quadrupole splitting foBey
Pt, Ir, Os, and Re in Co had already been obtained witii=0-1 T is slightly larger, which may point to a larger SO-
spin-echo NMR by Kontani and Ito#f. These hyperfine EFG for M|[111]. For ReCo(fcc) the quadrupole splitting
fields are also listed in Table I. However it is not clear was measured only f@.,=0.1 T. In this case, however, a
whether the hyperfine fields quoted in Ref. 28 refer to the fcgossible slight magnetic field dependence can be neglected
or hcp phase of Co, although in most cases it will be the fcavith respect to the large experimental error. For the deriva-
phase. For Ro(fcc) and O€o(fcc) the hyperfine fields tion of (V,, for Pt, Ir, and Os only the results fdB.y
deduced in this work and in Ref. 28 agree within the experi=0.3 T had been used. Th{¥,, given here can be inter-
mental error. For IEo(fcc) there is a discrepancy, which can preted as the SO-EFG averaged over all possible orientations

V. RESULTS AND DISCUSSION
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TABLE I. Hyperfine field and electric field gradient for Re, Os, Ir, Pt, and Au in cubic Co from this work

and from spin-echo NMRSE NMR) experiments.

Impurity Bur (T) (NMR-ON) By (T) (SE NMR) (V) (10 viem?)
Re —48.42)2 (**'Re) —43.69)P¢ (18518Re) +0.36(26)
Os —87.215)2 (18%0s) -85.817)° (1%°0s) —1.1511)2
Ir —95.330)2 (89y) —102.720)° (*%4r) —1.045)2
Pt —80.912? (9Pt —81.817)° (19%Pt) +0.235)2
Au -78.257)¢ (*7Au) +1.1330¢

&This work.

bReference 28, recalculated with magnetic moment
‘ProbablyB(ReCo(hcp)).
YReference 15.

of the cubic lattice relative to the direction of the magneti-
zation.

To derive(V,, from the quadrupole splitting the follow-
ing quadrupole moments were used:Q(°Pt)
—0.87(4) b3 Q(*8r)=-2.548(31) K¥? Q('%0s)
=+3.12(27) b** and Q(**'Re)~Q(**Re)=+2.1(2) bB*
(within the experimental errot®’Re and*®3Re are expected
to have the same quadrupole momeéntThe average SO-
EFG’s in Cdfcc) deduced in this way are listed in Table 1.
They are shown as a function of the $mpurity in Fig. 13.

(V,»(AuCo(fcc)) from Ref. 15 is not shown in Fig. 13

should be viewed with some caution: The quadrupole spl
ting was not clearly resolved in the spin-echo NMR spectru
and therefore the interpretation of the spectrum had to rel
on some assumptions on the form of the inhomogeneo
broadening of the magnetic and the quadrupole splitting.

it-

nf

u?eld,” %6 the SO-EFG is determined mainly by the local spin-

s from Ref. 37.

One advantage of hyperfine interaction studies is the pos-
sibility of investigating the systematics of an effect on a con-
tinuous series of impurity elements. This now also becomes
possible for the SO-EFG. The most conspicuous feature of
the systematics in Fig. 13 is the strong impurity dependence.
The variation of the SO-EFG with the atomic number of the
impurity is of the same order of magnitude as the SO-EFG
itself. A similar situation has recently been found for Fe as
the host: The SO-EFG of Pt in Fe is drastically smaller than
the SO-EFG’s of the neighboringdselements Au and

The physical reasons for the strong impurity dependence
&re: (i) The local magnetic and orbital moments change ap-
reciably over the 8 impurity series(ii) In contrast to the
magnetic hyperfine interaction, which is dominated by the

nly slightly impurity dependent “transferred hyperfine

The SO-EFG was determined until recently for only a'orbit coupling.(iii) The SO-EFG, as an effect second order

small number of impurities because of the insufficient resol" the spin-orbit coupling, is more sensitive to band structure
lution of the measurement techniques available, and not béletails than, for exgmple, the local orbital moment, which is
cause an appreciable SO-EFG exists only for a small numbé first order effect:* The SO-EFG is thus an ideal quantity
of impurities. This has already been suggested in Ref. 2 antpr studying the interplay between spin-orbit coupling and
is now confirmed by our measurements: The SO-EFG'’s of [Pand structure, where the local band structure can be varied
and Os in Cécc) are of the same order of magnitude in @ defined way via the impurity. Because of the large in-
(10 V/cm?) as the well known SO-EFG’s of Ir and Au in fluence of the local band structure however we have to leave
Fe and Ni. But our measurements also show that for somtis interpretation of our data to futued initio calculations.

impurity host combinations like Pio(fcc) the SO-EFG is  SPin-orbit contributions to the magnetic part of the hyperfine
nearly an order of magnitude smaller. interaction have already been calculatédhut in this case a

comparison with the experiment is difficult, since the contri-
bution from the local orbital moment can usually not be
separated from the much larger Fermi-contact field.

For Ir in hexagonal Co the average SO-EFG(}$,,)
—3.78(7)x 10 V/cm? " about four times larger than in
Ca(fce). In view of the similar lattice spacings, similar mag-
netization and similar magnetic hyperfine fields of the two
Co phases, this is evidence for a remarkably strong sensitiv-
ity of the SO-EFG to the lattice symmetry.

To summarize, although the SO-EFG in Fe, Co, and Ni
has been known for a long time, an experimental investiga-
tion of the systematics of this effect has become possible
only recently due to the MAPON technique. We have mea-
sured the SO-EFG of Pt, Ir, Os, and Re in cubic Co. The
same order of magnitude and a similar strong impurity de-

Host: Co(fcc)

| \//.

Re

<V,,> [10®V/em?]

Os

Ir

Pt

FIG. 13. Average SO-EFG in @c) for the 5d impurities.
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