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Nuclear magnetic resonance of?Br in hcp Co
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The static and dynamic hyperfine interactions of radioactiBr in single-crystal hcp Co were measured
with the techniques of nuclear magnetic resonance on oriented MMER-ON), modulated adiabatic fast
passage on oriented nuclei, and pulsed NMR-ON. The isotropic and anisotropic parts of the magnetic and
electric hyperfine interaction with respect to the single-crystakis were determined. The principal compo-
nentV,, of the electric-field gradient tensor consists of an isotropic and an anisotropi()/ﬁ;??tis small but
nonzero;V(ZaZ”i) has positive sign, in contrast to all other presently known impurity—hcp-Co systems for which
Vg”i) is negative. The nuclear spin-lattice relaxation is considerably faster than expected from known data on
Y, Nb, and Zr in hcp Co[S0163-182809)11621-7

[. INTRODUCTION points along the direction of the magnetic hyperfine field.
The existence of such an EFG has been ascribed to an un-
The static hyperfine interaction at the nuclear site of atquenched orbitall moment arising from the spin-orbit inter-
oms dissolved as dilute impurities in ferromagnetic hcp Coaction. We denote this type of EFG henceforth as spin-orbit
consists of two contributiongi) the magnetic interaction of EFG (SO-EFQ. There is no information on the existence or
the nuclear magnetic momentwith the magnetic hyperfine nonexistence of a SO-EFG for a ndrelement in hcp Co.
field Bye; (i) the electric quadrupole interactidEQI) of (i) The anisotropic contribution to the electric quadrupole
the nuclear spectroscopic quadrupole mone@twith the  interaction is caused by the EFG originating from the non-
electric-field gradien{EFG) V,, at the site of the nucleus. cubic structure of the lattice. Here the Sternheirggantish-
The aim of investigations of the hyperfine interaction ofielding factor enters, which depends on the electronic con-
impurity—hcp-Co systems has mainly been twofglistudy ~ figuration at the impurity site. Depending on the electronic
of electric quadrupole moments of radioactive nuclei utiliz-configuration at the Br site—which is unkown—the sign of
ing the EFG in hcp CéRefs. 1-4; (ii) study of the magnetic the quadrupole interaction could be opposite to the “nor-
hyperfine field and the EFG in hcp Co. mal” sign: The principal component of the *“anisotropic”
For Fe and Ni as host lattice, the magnetic hyperfine fieldEFG is negative for all impurity—hcp-Co systems that are
is known experimentally for most elemenitShe theoretical ~Presently known. Thus the experiment could also yield infor-
description has been improved considerably in the last fevination on the core electronic configuration of the halogen
years; the theoretical hyperfine fields are in moderately goo@romine in the metal cobalt.
agreement with the experimental valie8.For hcp Co as Therefore we investigated the system Br—hcp-Co with
host matrix, experimental information on the magnetic hy-l'adlatlon -based NMR methods utilizing the radioactive iso-
perfine fields is much less complete. This is due to the factope ®2Br.
that it is very difficult to prepare dilute hcp-Co-based alloys
by thermal methods because of the hcp-fcc phase transition Il. HYPERFINE INTERACTION IN HCP Co
of Co at ~420°C. Thus, for investigations on impurity—
hcp_Co SystemS, it is more appropriate to prepare Samp|es by As function of the ang|e9 between the direction of the
implantation techniques and to determine the hyperfine interelectronic magnetizatiokl and thec axis of a hcp Co single
action with a radiation-based method. The NMR-ONCcrystal, the magnetic hyperfine fieBi,r and the principal
(nuclear magnetic resonance on oriented niitéghnique is  componentV,, of the traceless EFG tensor can in good ap-
well suited for that purpose, since practically for every ele-proximation be described by
ment at least one suitable isotope exists on which NMR-ON

can be observed. Bue(6) =B+ BE"p,(cog), (1)
For hcp Co, both the magnetic hyperfine field and the
principal component of the EFG are anisotropic, i.e., they V,A0)=V{0+VvEDP,(cos). 2)
depend on the angle between the direction of the electronic
magnetizatiorM and the crystallographic axis. In the case of a combined magnetic-dipole plus electric-

The EFG of Br in hcp Co has two interesting aspe€ts: quadrupole hyperfine interaction the NMR signal consists of
It is known that for the pure system Co("®? an isotropic  a set of 2 subresonances. These are located at
contribution to the electric quadrupole interaction exists,
originating from an EFG the principat’ axis of which Vmom+1= Vmag~ A vo(M+1/2), 3
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Vmag™ vm(60)+ 9] un[Bex( 1+ Ko cosd strongly diffgrent for the Fwo different rf sweep direction;:
The population of the first accessed sublevel is carried
— Benl 0) 1SgN(By)/h, (4 through to the last sublevel, and the remainirigpgpula-
tions are shifted by one level. This means that the sign of the
vm(0)=|gunBre(0)/h|, (5 quadrupole interaction can be determined with AFP-ON.
The principle of MAPON is described in detail in Refs.
vo(0)=eQV,A6), (6) 13 and 14. A MAPON sweep consists of a sequenctvof

_ AFP sweeps that are separated in frequencyAby The
Avg(0)=3vg(0)/[21(21-1)], (") influence of the MAPON sweep on the time evolution of the

where v and v, are the magnetic hyperfine splitting fre- Sublevel populations is different foAr>Avq and Av
quency and the quadrupole interaction frequempgndeQ  <Awvq: For a sharp EQI the MAPON spectruny @nisot-
are the nucleayg factor and the spectroscopic quadrupoleropy as function ofA ») would be ag function with the step
n‘]oment,Bext is the external magnetic f|e|dKS is the reso- atAV:AVQ. The distribution of the EQl is determined by
nance shift parameter that includes Knight shift and diamagdifferentiation of the MAPON spectrum—in this caseda
netic shielding, sgri,) is the sign ofB, with respect to function. In reality, the quadrupole intera(_:tion is inhomoge_—
Bext» Baemis the demagnetization field, addv, is the quad- ngoqsly.broadened, which can be described by a Qaussmn
rupole subresonance separatiéFhe demagnetization tensor distribution of the quadrupole subresonance frequencies. The
can in good approximation be replaced by a set of sampleMAPON spectrum is then given by the integral of this dis-
geometry_dependent main-axes demagnetization fje|ds' tribution, i.e., an error function. The half value of the mea-

If the quadrupole subresonance separation is small consured MAPON spectrum is denoted 483"") . For the de-
pared to the magnetic inhomogeneous broadening, the sukermination of the EQI fromAngAP) several (smal)
resonances cannot be resolved. In this case there is an offsmirrections have to be applied) Avg""), due to the finite

between the magnetic-resonance frequency and the centersweep time of the MAPON sweep with respect to the nuclear

of the observed resonance signal, spin lattice relaxation timefii) Av{", due to rf power
B B broadeningiii) 90° geometry onlyAv$?, due to the un-
V= Vmag— Avg(Mm+1/2). (8) avoidable misalignment of the single-crystabxis with re-

_ ) ) spect to the direction oB,,; [this angle is typically«
Here (m+ 1/2) takes into account the weighted average of all=89.55)° instead of the exact 90°]tiv) 90° geometry
subresonances, which depends mainly on the temperature gpjy, AV&QIM) , due to the fact that the principal axes systems

it can be calculated as outlined in Ref. 10. of the electric quadrupole interaction and the magnetic inter-
action are not collinear. All thes@enerally sma)l correc-
Ill. MEASUREMENT TECHNIQUES tions can be determined by model calculatiohs.

The time dependence of the MAPON post-passage signal
is for | >3/2 different for both sweep directions. This feature

In the NMR-ON method the resonant absorption of ancan also be used for the determination of the sign of the
applied radio frequencyrf) field is detected via nuclear quadrupole interaction.

radiation!! The angular distributioW(9) and the anisot-
ropy A(9) of y rays emitted in the decay of oriented nuclei

at the temperature is given by IV. EXPERIMENTAL DETAILS

A. NMR-ON

Radioactive®Br was produced by neutron irradiation of
KBr at the reactor FRG-1 in Geesthacht for 3 days in a
neutron flux of 6< 10'3 n/cn? s. It was implanted into a hcp
where all parameters have their conventional meatig.  Co single crystal at the mass separator in Bonn with an im-
the present work the ratio of count rates at 0° and 90°,  plantation energy of 138 keV. The total impurity dose was

. . 6x 10'9cn?. The NMR-ON, AFP-ON and MAPON mea-
e=W(0°)/W(90°) —1, (10 surements were performed at thide-*He-dilution refrigera-
is analyzed, which is independent of the decreasing courf! in Munich. Two experiments were performed, with the

rate due to the radioactive decay. single crystalc axis parallel (0° geometjyand perpendicu-
lar (90° geometryto the direction of the external magnetic

field Bey. In 0° geometry, the measurements were per-
formed in zero external magnetic field. In 90° geometry,

In _the techniques of adiabatic fgst passage on oriented_ =15-18 kG was applied to force the electronic magne-
nuclei (AFP-ON) and modulated adiabatic fast passage onization parallelB

oriented nucle(MAPON) the rf is slowly and continuously
swept through the resonance conditions. The interaction with
the nuclear-spin system |s_detected via thanisotropy after V. MEASUREMENTS
the sweefpost-passage signal

With AFP-ON on a quadrupole split system, cyclic per- NMR-ON spectra measured for 0° geometry wBh,,
mutation of the sublevel populatiorss, is obtained. For a =0 and 90° geometry witB.,,= 15 kG are shown in Fig. 1.
quadrupole-split system the final state after an AFP sweep i&ccording to Eq.(8) the magnetic-resonance frequency is

A(9)=W()—1= kgenAkBAam) P(cos®)Qy, (9)

B. AFP-ON and MAPON

ext-
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0.02 | 90° geometry ] 0 100 200 300 400
Y Bew = 15 kG t [s]
0.00 - + ] FIG. 3. Sweep-down and sweep-up MAPON post-passage sig-
: Av nal for 82BrCo("® with M|c. The solid line is the result of a
. . , m . least-squareéit with the Korringa constanty for the nuclear-spin-
148 150 152 154 lattice relaxation, the adiabatic paramegefor the AFP inversion,
Frequency (MHz) and the sign of the EQI as free parameters. The sign of the EQI is

uniquely found to be positive.
FIG. 1. NMR-ON spectra off2BrCo("®® measured foM||c

(top, Beyy=0) andM_L c (bottom, B.,,=15 kG). The offset of the
ma%neetixé sp)litting from the resonance center)is marked with arrows® VE?MAP): 288.0(5) kHz, FAVSV'AP): 9.5(1.0) kHz.  The
width is slightly larger; the power-broadening shift even at
_ —this higher power level is negligibly small. The shift due to
displaced from the observed resonance center by ( the finite sweep time of the MAPON sweep is estimated to
+1/2)Avq; therefore the quadrupole interaction must bebeA,,gw):Jrolog, kHz, which can be neglected. With the
taken into account for a correct interpretation of the meayapON post-passage signal for both sweep directions—the
sured NMR-ON spectra. spectrum is shown in Fig. 3—the sign of the quadrupole

A MAPON spectrum measured for 0° geometry with gpjitting is uniquely determined to be positive. Thus, we find
Bey=0 (sweep time is 2)sis shown in Fig. 2. The result is AV%: +287.8(4) kHz and hence

AP =287.8(4) kHz. The width of the distribution is
FAVEMAF’):G.Z(?) kHz, i.e., extremely small; the relative

width is Ty, e /A vQP)~2.2x1072. It is a remarkable

fact thatA v§"*") can be determined with an accuracy of 0.4 A MAPON spectrum measured for 90° geometry with
kHz, for a resonance frequency ef150 MHz. At such a Bex=17 kG is shown in Fig. 4. The results ang"'AP)

high precision it cannot be excluded priori that the shift =145.1(9) kHz, T'y,map)=17(3) kHz. Here the relative
due to power broadening can be neglected. To get experi- ) MAP) L )
mental information on the rf power broadening effect, anWidth is T'y,gne /A" ~12x107%, ie., considerably
additional MAPON spectrum was measured with the saméarger than observed for 0° geometry. At present we cannot
adiabatic factorA: The sweep time was reduced and the rfgive a convincing explanation for the different relative
power was increased, both by a factor of 8. In this way thewidths. However, such a behavior has been observed for
shift of A »{*") by the power broadening should increase byother isotopes alsb. The sign of the quadrupole splitting

a factor of \/§ The results for this measurement areWwas in this case determined with AFP-ON. From the differ-
ence of the post-passage signals for sweep up and sweep
down (see Fig. bit is uniquely found to be negative. Taking

' now A ") = —145.1(9) kHz and applying corrections as

described in Sec. 1B o\ v§)=—1.5(1.5) kHz,Av™

V= +8.63412) MHz.

®B1Co

—0.25 | 0° geometry

0.04 b
82BrCo +

90° geometry

-0.30 | 5 q 002
270 280 290 300
Av [kHz]

0.00
FIG. 2. MAPON spectrum of?BrCo"® measured foM||c. , , , , ,

The solid line is the result of ast-squareit, taking into account 100 120 140 160 180

a Gaussian distribution for the quadrupole subresonance resonance Av [kHz]

separation. The MAPON signal is given by the integral of this

distribution, i.e., an error function with half value Aw{™" and FIG. 4. MAPON spectrum of #BrCol"® measured for

width Ty, . ML ¢(Boy=17 kG).
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FIG. 5. Sweep-up and sweep-down AFP-ON fBBrC oo FIG. 6. Time dependence of thg anisotropy after resonant

with M_L ¢ (Bey=17 kG). From the asymmetry of the post-passagedepolarizationFM on) and return to the thermal-equilibrium value
signal for the different sweep directions the sign of the EQI is(FM off) for #BrC o with M|c andBe,=0.
uniquely found to be negative.
By ;== +598.2963) kG.
=—0.5(3) kHz, Av§Y=—0.3(3) kHz, Av{D =

—0.4(6) kHz, the final result is The isotropic and anisotropic contributions are
vh=—4.436) MHz. B{*9)= +600.1263) kG,
Taking into account the quadrupole-splitting frequencies B&M= +3.6560) kG.

as obtained from the MAPON measurements the continuous- o ] ]
wave NMR-ON spectra were analyzésblid curves in Fig. The hyperfine fields in hosts Fe, Ni, and hcp Co of the ele-
1). The results for the magnetic hyperfine spllttmg frequen-ments betweerz=31 and 36—this is one of the regions
cies (marked with arrows in Fig. )1 are v},(Bex=0) where the hyperfine fields are positive—are listed in Table 1.
—149.715) MHz and v;(Bey=15 kG)=151.99413) MHz The sign of the hyperfine fields in hcp Co is the same as for
. ex . . ) ) o
For the correct extrapolation of the latter valueBig,= 0 the Fe_ and Ni as .hOSt Iqttlpe, the charaqterlstlc dependende on
sign of the hyperfine field has to be known. It was deter- b?'p,? q(LIJa)Iltatlver similar. Fgr _bror_nme in h_cp Co th_e ratio
mined with measurements of thg resonance of ‘Br in hcp i /Bpr = +0.62(10)<10°° is different in magnitude
Co in 90° geometry® From v (Bey=15 kG)=304.2G11) and S|gn from the corresponding ratio for the pure system
. ex ' (hcp) 2 (|so)

MHz and v (B,= 17 kG)=305.8613) MHz the sign of the COEB“‘”D [-2. 3|7(4)>< 1077, fTh'S ;“eans ;hat EO“B "
hyperfine field is uniquely determined to be positive. Taking are element-specific and can t us be taken for
for 82Br dv/dB,,= +0.248(2) MHz/kG and taking into ac- meanlngful tests of future th%aretlcal calculations. o
count the error introduced by the angular uncertainty oithe ~ 1aKing Q= +0.748(10) bi’* we get for the principal
axis with respect toBg, in the 90° geometry, we get COmponents of the EFGs

L _ _ .
vm(Bex=0)=148.40(15) MHz. As final results we adopt V@ 1 0.4766)x 107 Vicm?,
| (Bex=0)=149.7615) MH
14 . Z,

M V9= —0.0042) x 1047 V/en?.
31(Bex=0)=148.4015) MHz.

TABLE |. Hyperfine fields in Fe, Ni, and hcp Co.
Our value forvL(BexF 0) is slightly larger than 148(9)

MHz reported by Demrich and Herzog® B(Fe) B B{hep Co)
A relaxation spectrum measured for 0° geometry withz  Element (kG) (kG) (kG)
Bex= 0 is shown in Fig. 6. The result for the Korringa con-
stant isCx=1.27(12) Ks. From a second measurement we3l Ga —11037 -12521°  -8L&3
getCx=1.38(18) K s. Taking into account the results @ 32 Ge +70(3)¢ +38.81.29° +46.520°
from the MAPON and AFP-ON measurements we adopt as 83 As +343.93)' +1062)% +2746)°
final result 34 Se +69050)" +151.13.5  (+)42040"
35 Br +813.18)! +80(1)X  +600.1263)
Cx=1.30110) Ks. 36 Kr +660270™ —7(1)
h
VI. RESULTS AND DISCUSSION ZREfereme 18. Reference 21.
Reference 5. Reference 26.
With the magnetic hyperfine splitting frequencies given in°Reference 27. IReference 22.
Sec. V we get, taking.=1.6270(5uy,’ for the hyperfine  “Reference 19. kReference 9.
fields, *Reference 24. This work.
'Reference 20. MReference 23.

Blie=+603.7763) kG, 9Reference 25.
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Let us first discuss the isotropic EF@dere and in the TABLE Il. Reduced relaxation rates in hcp Co.
following “EFG” is used for “principal component of the 5
traceless EFG tenson”For the pure system @un("P) Re /vy
Feketeet al?® showed that an isotropic contribution to the  Element [107 s/K) Ref.
EFG exists, which has been ascribed to the relativistic con-
S . . Co 12.27) 32
tribution of thed band to the electronic-field gradient at the .
59 . . . . . . Br 3.4(3) This work
Co site. The origin of this type of EFG is the spin-orbit 7 1.279 15
interaction. In addition to the pure system@g"*), a SO- NL N 12(1)2 1
EFG in hcp Co is known at present only fod 5rC o("cP):29 1312
Rh 1.524) 15

Recently it was found that the SO-EFG for Ir in hcp Co is
relatively large, whereas it is at least two orders of magni-
tude smaller for Pt and Hg—the experimental SO-EFG'’s forexplained plausibly. Consequently, the bromine ions in the
Pt and Hg are consistent with zero. For Br, the result for themetal cobalt should be in the core electronic configuration
isotropic EFG indicates that it might be slightly different 3+ close to the electronic configuration of cobalt itself.
from zero; within two standard deviations, however, zero is For a comparison of the relaxation of different impurities
included. In any case, it is at least about two orders of magit is convenient to quote the reduced relaxation t%,ze!vf,,,
nitude smaller than the anisotropic EFG. whereR=1/Cy . For Brin hcp Co it is

The lattice contribution to the EFG in hcp Co is positive; _
all hitherto known EFG’s are, however, negative. For the RK/V%"=3'4(3)X10 /K.
pure system 080" Feketeet al?® explain this with the The reduced relaxation rates for Co, Br, Zr, Nb, and Rh in
empirical rule of Raghavaat al. for nonmagnetic noncubic hcp Co are listed in Table II. The faster relaxation of Co with

metals, according to which the EFG is given by respect to Zr, Nb, and Rh is probably due to a process in-
(latt) volving the & electrons. This mechanism is missing for Br.
Vo= (1=K)Vg; (1= 720), (1) compared with Zr, Nb, and Rh, the relaxation for Br is by a

factor of ~3 faster. The faster relaxation indicates a higher
density of electrons at the Fermi energy that could be con-
nected with the core electronic configuratiott.3

whereK is a “universal” constantK =+32% and (1- y.,)
takes into account the electronic shieldiantishielding of
the EFG at the nuclear sitSternheimer effegt In this way,
the negative signs of the presently known EFG's of
impurity—hcp-Co systems are also plausible. For Br, the

free-atom shielding factors depend on the electronic configu- We wish to thank E. Smolic for experimental help. The
ration: According to calculations by Feiock and Johnbn, support of the Forschungszentrum Geesthacht, Zentralabtei-
¥..=—5.9, +834.6, and—210.0 for (40.,)°, (4p1»)? and lung Forschungsreaktoren, in the production®r is ac-
(4p1)%(4p3n)?, respectively. This means that the electronicknowledged. This work was funded by the Deutsche Fors-
configuration of Br in hcp Co must be dominated by chungsgemeinschafDFG) under Contract Nos. Ha 1282/
(4py»)? by which the positive sign of the EFG would be 3-3 and He 1316/3-1.
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