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Nuclear magnetic resonance of82Br in hcp Co
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The static and dynamic hyperfine interactions of radioactive82Br in single-crystal hcp Co were measured
with the techniques of nuclear magnetic resonance on oriented nuclei~NMR-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-crystalc axis were determined. The principal compo-
nentVzz of the electric-field gradient tensor consists of an isotropic and an anisotropic part:Vzz

(iso) is small but
nonzero;Vzz

(ani) has positive sign, in contrast to all other presently known impurity–hcp-Co systems for which
Vzz

(ani) is negative. The nuclear spin-lattice relaxation is considerably faster than expected from known data on
Y, Nb, and Zr in hcp Co.@S0163-1829~99!11621-7#
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I. INTRODUCTION

The static hyperfine interaction at the nuclear site of
oms dissolved as dilute impurities in ferromagnetic hcp
consists of two contributions:~i! the magnetic interaction o
the nuclear magnetic momentm with the magnetic hyperfine
field BHF; ~ii ! the electric quadrupole interaction~EQI! of
the nuclear spectroscopic quadrupole momenteQ with the
electric-field gradient~EFG! Vzz at the site of the nucleus
The aim of investigations of the hyperfine interaction
impurity–hcp-Co systems has mainly been twofold:~i! study
of electric quadrupole moments of radioactive nuclei util
ing the EFG in hcp Co~Refs. 1–4!; ~ii ! study of the magnetic
hyperfine field and the EFG in hcp Co.

For Fe and Ni as host lattice, the magnetic hyperfine fi
is known experimentally for most elements.5 The theoretical
description has been improved considerably in the last
years; the theoretical hyperfine fields are in moderately g
agreement with the experimental values.6–9 For hcp Co as
host matrix, experimental information on the magnetic h
perfine fields is much less complete. This is due to the
that it is very difficult to prepare dilute hcp-Co-based allo
by thermal methods because of the hcp-fcc phase trans
of Co at ;420 °C. Thus, for investigations on impurity
hcp-Co systems, it is more appropriate to prepare sample
implantation techniques and to determine the hyperfine in
action with a radiation-based method. The NMR-O
~nuclear magnetic resonance on oriented nuclei! technique is
well suited for that purpose, since practically for every e
ment at least one suitable isotope exists on which NMR-
can be observed.

For hcp Co, both the magnetic hyperfine field and
principal component of the EFG are anisotropic, i.e., th
depend on the angle between the direction of the electr
magnetizationM and the crystallographicc axis.

The EFG of Br in hcp Co has two interesting aspects:~i!
It is known that for the pure system CoCo(hcp) an isotropic
contribution to the electric quadrupole interaction exis
originating from an EFG the principalz8 axis of which
PRB 590163-1829/99/59~21!/13948~6!/$15.00
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points along the direction of the magnetic hyperfine fie
The existence of such an EFG has been ascribed to an
quenched orbitald moment arising from the spin-orbit inter
action. We denote this type of EFG henceforth as spin-o
EFG ~SO-EFG!. There is no information on the existence
nonexistence of a SO-EFG for a non-d-element in hcp Co.
~ii ! The anisotropic contribution to the electric quadrupo
interaction is caused by the EFG originating from the no
cubic structure of the lattice. Here the Sternheimer~anti!sh-
ielding factor enters, which depends on the electronic c
figuration at the impurity site. Depending on the electron
configuration at the Br site—which is unkown—the sign
the quadrupole interaction could be opposite to the ‘‘n
mal’’ sign: The principal component of the ‘‘anisotropic
EFG is negative for all impurity–hcp-Co systems that a
presently known. Thus the experiment could also yield inf
mation on the core electronic configuration of the halog
bromine in the metal cobalt.

Therefore we investigated the system Br–hcp-Co w
radiation-based NMR methods utilizing the radioactive is
tope 82Br.

II. HYPERFINE INTERACTION IN HCP Co

As function of the angleu between the direction of the
electronic magnetizationM and thec axis of a hcp Co single
crystal, the magnetic hyperfine fieldBHF and the principal
componentVzz of the traceless EFG tensor can in good a
proximation be described by

BHF~u!5BHF
(iso)1BHF

(ani)P2~cosu!, ~1!

Vzz~u!5Vzz
(iso)1Vzz

(ani)P2~cosu!. ~2!

In the case of a combined magnetic-dipole plus elect
quadrupole hyperfine interaction the NMR signal consists
a set of 2I subresonances. These are located at

nm→m115nmag2DnQ~m11/2!, ~3!
13 948 ©1999 The American Physical Society
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PRB 59 13 949NUCLEAR MAGNETIC RESONANCE OF82Br IN hcp Co
nmag5nM~u!1ugumN@Bext~11Ks!cosu

2Bdem~u!#sgn~BHF!/h, ~4!

nM~u!5ugmNBHF~u!/hu, ~5!

nQ~u!5eQVzz~u!, ~6!

DnQ~u!53nQ~u!/@2I ~2I 21!#, ~7!

where nM and nQ are the magnetic hyperfine splitting fre
quency and the quadrupole interaction frequency,g andeQ
are the nuclearg factor and the spectroscopic quadrupo
moment,Bext is the external magnetic field,Ks is the reso-
nance shift parameter that includes Knight shift and diam
netic shielding, sgn(BHF) is the sign ofBHF with respect to
Bext, Bdem is the demagnetization field, andDnQ is the quad-
rupole subresonance separation.~The demagnetization tenso
can in good approximation be replaced by a set of sam
geometry-dependent main-axes demagnetization fields.!

If the quadrupole subresonance separation is small c
pared to the magnetic inhomogeneous broadening, the
resonances cannot be resolved. In this case there is an o
between the magnetic-resonance frequency and the cenn̄
of the observed resonance signal,

n̄5nmag2DnQ~m̄11/2!. ~8!

Here (m̄11/2) takes into account the weighted average of
subresonances, which depends mainly on the temperatuT;
it can be calculated as outlined in Ref. 10.

III. MEASUREMENT TECHNIQUES

A. NMR-ON

In the NMR-ON method the resonant absorption of
applied radio frequency~rf! field is detected via nuclea
radiation.11 The angular distributionW(q) and the anisot-
ropy A(q) of g rays emitted in the decay of oriented nuc
at the temperatureT is given by

A~q!5W~q!215 (
k even

AkBk~am!Pk~cosq!Qk , ~9!

where all parameters have their conventional meaning.12 In
the present work the ratio of count rates at 0° and 90°,

e5W~0°!/W~90°!21, ~10!

is analyzed, which is independent of the decreasing co
rate due to the radioactive decay.

B. AFP-ON and MAPON

In the techniques of adiabatic fast passage on orien
nuclei ~AFP-ON! and modulated adiabatic fast passage
oriented nuclei~MAPON! the rf is slowly and continuously
swept through the resonance conditions. The interaction w
the nuclear-spin system is detected via theg anisotropy after
the sweep~post-passage signal!.

With AFP-ON on a quadrupole split system, cyclic pe
mutation of the sublevel populationsam is obtained. For a
quadrupole-split system the final state after an AFP swee
-

e-

-
b-
set
r

ll

nt

d
n

th

is

strongly different for the two different rf sweep direction
The population of the first accessed sublevel is carr
through to the last sublevel, and the remaining 2I popula-
tions are shifted by one level. This means that the sign of
quadrupole interaction can be determined with AFP-ON.

The principle of MAPON is described in detail in Ref
13 and 14. A MAPON sweep consists of a sequence oftwo
AFP sweeps that are separated in frequency byDn. The
influence of the MAPON sweep on the time evolution of t
sublevel populations is different forDn.DnQ and Dn
,DnQ: For a sharp EQI the MAPON spectrum (g anisot-
ropy as function ofDn) would be au function with the step
at Dn5DnQ. The distribution of the EQI is determined b
differentiation of the MAPON spectrum—in this case ad
function. In reality, the quadrupole interaction is inhomog
neously broadened, which can be described by a Gaus
distribution of the quadrupole subresonance frequencies.
MAPON spectrum is then given by the integral of this d
tribution, i.e., an error function. The half value of the me
sured MAPON spectrum is denoted asDnQ

(MAP) . For the de-
termination of the EQI fromDnQ

(MAP) several ~small!
corrections have to be applied.~i! DnQ

(sw) , due to the finite
sweep time of the MAPON sweep with respect to the nucl
spin lattice relaxation time;~ii ! DnQ

(rf) , due to rf power
broadening;~iii ! 90° geometry only,DnQ

(a) , due to the un-
avoidable misalignment of the single-crystalc axis with re-
spect to the direction ofBext @this angle is typicallya
589.5(5)° instead of the exact 90°];~iv! 90° geometry
only, DnQ

(Q/M) , due to the fact that the principal axes syste
of the electric quadrupole interaction and the magnetic in
action are not collinear. All these~generally small! correc-
tions can be determined by model calculations.15

The time dependence of the MAPON post-passage sig
is for I .3/2 different for both sweep directions. This featu
can also be used for the determination of the sign of
quadrupole interaction.

IV. EXPERIMENTAL DETAILS

Radioactive82Br was produced by neutron irradiation o
KBr at the reactor FRG-1 in Geesthacht for 3 days in
neutron flux of 631013 n/cm2 s. It was implanted into a hcp
Co single crystal at the mass separator in Bonn with an
plantation energy of 138 keV. The total impurity dose w
631012/cm2. The NMR-ON, AFP-ON and MAPON mea
surements were performed at the3He-4He-dilution refrigera-
tor in Munich. Two experiments were performed, with th
single crystalc axis parallel (0° geometry! and perpendicu-
lar (90° geometry! to the direction of the external magnet
field Bext. In 0° geometry, the measurements were p
formed in zero external magnetic field. In 90° geomet
Bext515–18 kG was applied to force the electronic magn
tization parallelBext.

V. MEASUREMENTS

NMR-ON spectra measured for 0° geometry withBext
50 and 90° geometry withBext515 kG are shown in Fig. 1
According to Eq.~8! the magnetic-resonance frequency
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displaced from the observed resonance center bym̄
11/2)DnQ; therefore the quadrupole interaction must
taken into account for a correct interpretation of the m
sured NMR-ON spectra.

A MAPON spectrum measured for 0° geometry wi
Bext50 ~sweep time is 2 s! is shown in Fig. 2. The result is
DnQ

(MAP)5287.8(4) kHz. The width of the distribution i
GDn

Q
(MAP)56.2(7) kHz, i.e., extremely small; the relativ

width is GDn
Q
(MAP) /DnQ

(MAP);2.231022. It is a remarkable

fact thatDnQ
(MAP) can be determined with an accuracy of 0

kHz, for a resonance frequency of;150 MHz. At such a
high precision it cannot be excludeda priori that the shift
due to power broadening can be neglected. To get exp
mental information on the rf power broadening effect,
additional MAPON spectrum was measured with the sa
adiabatic factorA: The sweep time was reduced and the
power was increased, both by a factor of 8. In this way
shift of DnQ

(MAP) by the power broadening should increase
a factor of A8. The results for this measurement a

FIG. 1. NMR-ON spectra of82BrCo(hcp) measured forM ic
~top, Bext50) andM'c ~bottom,Bext515 kG). The offset of the
magnetic splitting from the resonance center is marked with arro

FIG. 2. MAPON spectrum of82BrCo(hcp) measured forM ic.
The solid line is the result of aleast-squaresfit, taking into account
a Gaussian distribution for the quadrupole subresonance reson
separation. The MAPON signal is given by the integral of th
distribution, i.e., an error function with half value atDnQ

(MAP) and
width GDnQ

.

-

ri-

e
f
e

DnQ
(MAP)5288.0(5) kHz, GDn

Q
(MAP)59.5(1.0) kHz. The

width is slightly larger; the power-broadening shift even
this higher power level is negligibly small. The shift due
the finite sweep time of the MAPON sweep is estimated
be DnQ

(sw)510.05 kHz, which can be neglected. With th
MAPON post-passage signal for both sweep directions—
spectrum is shown in Fig. 3—the sign of the quadrup
splitting is uniquely determined to be positive. Thus, we fi
DnQ

i 51287.8(4) kHz and hence

nQ
i 518.634~12! MHz.

A MAPON spectrum measured for 90° geometry wi
Bext517 kG is shown in Fig. 4. The results areDnQ

(MAP)

5145.1(9) kHz, GDn
Q
(MAP)517(3) kHz. Here the relative

width is GDn
Q
(MAP) /DnQ

(MAP);1231022, i.e., considerably

larger than observed for 0° geometry. At present we can
give a convincing explanation for the different relativ
widths. However, such a behavior has been observed
other isotopes also.15 The sign of the quadrupole splittin
was in this case determined with AFP-ON. From the diffe
ence of the post-passage signals for sweep up and sw
down ~see Fig. 5! it is uniquely found to be negative. Takin
now DnQ

(MAP)52145.1(9) kHz and applying corrections a

described in Sec. III B ofDnQ
(a )521.5(1.5) kHz,DnQ

(Q/M)

s.

nce

FIG. 3. Sweep-down and sweep-up MAPON post-passage
nal for 82BrCo(hcp) with M ic. The solid line is the result of a
least-squaresfit with the Korringa constantCK for the nuclear-spin-
lattice relaxation, the adiabatic parameterA for the AFP inversion,
and the sign of the EQI as free parameters. The sign of the EQ
uniquely found to be positive.

FIG. 4. MAPON spectrum of 82BrCo(hcp) measured for
M'c(Bext517 kG).
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520.5(3) kHz, DnQ
(sw)520.3(3) kHz, DnQ

(rf)5
20.4(6) kHz, the final result is

nQ
'524.43~6! MHz.

Taking into account the quadrupole-splitting frequenc
as obtained from the MAPON measurements the continuo
wave NMR-ON spectra were analyzed~solid curves in Fig.
1!. The results for the magnetic hyperfine splitting freque
cies ~marked with arrows in Fig. 1! are nM

i (Bext50)
5149.76~15! MHz andnM

' (Bext515 kG!5151.99~13! MHz.
For the correct extrapolation of the latter value toBext50 the
sign of the hyperfine field has to be known. It was det
mined with measurements of then1 resonance of77Br in hcp
Co in 90° geometry:15 From n1

'(Bext515 kG!5304.20~11!
MHz andn1

'(Bext517 kG!5305.86~13! MHz the sign of the
hyperfine field is uniquely determined to be positive. Taki
for 82Br dn/dBext510.248(2) MHz/kG and taking into ac
count the error introduced by the angular uncertainty of thc
axis with respect toBext in the 90° geometry, we ge
nM

' (Bext50)5148.40(15) MHz. As final results we adopt

nM
i ~Bext50!5149.76~15! MHz,

nM
' ~Bext50!5148.40~15! MHz.

Our value fornM
i (Bext50) is slightly larger than 148.9~2!

MHz reported by Da¨mmrich and Herzog.16

A relaxation spectrum measured for 0° geometry w
Bext50 is shown in Fig. 6. The result for the Korringa co
stant isCK51.27(12) K s. From a second measurement
getCK51.38(18) K s. Taking into account the results forCK
from the MAPON and AFP-ON measurements we adopt a
final result

CK51.30~10! K s.

VI. RESULTS AND DISCUSSION

With the magnetic hyperfine splitting frequencies given
Sec. V we get, takingm51.6270(5)mN ,17 for the hyperfine
fields,

BHF
i 51603.77~63! kG,

FIG. 5. Sweep-up and sweep-down AFP-ON for82BrCo(hcp)

with M'c (Bext517 kG). From the asymmetry of the post-passa
signal for the different sweep directions the sign of the EQI
uniquely found to be negative.
s
s-

-

-

e

a

BHF
' 51598.29~63! kG.

The isotropic and anisotropic contributions are

BHF
(iso)51600.12~63! kG,

BHF
(ani)513.65~60! kG.

The hyperfine fields in hosts Fe, Ni, and hcp Co of the e
ments betweenZ531 and 36—this is one of the region
where the hyperfine fields are positive—are listed in Tabl
The sign of the hyperfine fields in hcp Co is the same as
Fe and Ni as host lattice, the characteristic dependenceZ
being qualitatively similar. For bromine in hcp Co the rat
BHF

(ani)/BHF
(iso)510.62(10)31022 is different in magnitude

and sign from the corresponding ratio for the pure syst
CoCo(hcp) @22.37(4)31022#. This means that bothBHF

(iso)

and BHF
(ani) are element-specific and can thus be taken

meaningful tests of future theoretical calculations.
Taking Q510.748(10) b,17,4 we get for the principal

components of the EFGs

Vzz
(ani)510.476~6!31017 V/cm2,

Vzz
(iso)520.004~2!31017 V/cm2.

e
FIG. 6. Time dependence of theg anisotropy after resonan

depolarization~FM on! and return to the thermal-equilibrium valu
~FM off! for 82BrCo(hcp) with M ic andBext50.

TABLE I. Hyperfine fields in Fe, Ni, and hcp Co.

BHF
(Fe) BHF

(Ni) BHF
(hcp Co)

Z Element ~kG! ~kG! ~kG!

31 Ga 2110~3!a 212.5~2.1!b 281.5~3!c

32 Ge 170~3!d 138.8~1.2!e 146.5~20!e

33 As 1343.9~3!f 1106~2!g 1274~6!c

34 Se 1690~50!h 1151.1~3.5!i ~1!420~40!h

35 Br 1813.1~8!j 180~1!k 1600.12~63!l

36 Kr 1660~270!m 27~1!k

aReference 18. hReference 21.
bReference 5. iReference 26.
cReference 27. jReference 22.
dReference 19. kReference 9.
eReference 24. lThis work.
f
Reference 20. mReference 23.

gReference 25.
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Let us first discuss the isotropic EFG.~Here and in the
following ‘‘EFG’’ is used for ‘‘principal component of the
traceless EFG tensor.’’! For the pure system CoCo(hcp)

Feketeet al.28 showed that an isotropic contribution to th
EFG exists, which has been ascribed to the relativistic c
tribution of thed band to the electronic-field gradient at th
59Co site. The origin of this type of EFG is the spin-orb
interaction. In addition to the pure system CoCo(hcp), a SO-
EFG in hcp Co is known at present only for 5d IrCo(hcp):29

Recently it was found that the SO-EFG for Ir in hcp Co
relatively large, whereas it is at least two orders of mag
tude smaller for Pt and Hg—the experimental SO-EFG’s
Pt and Hg are consistent with zero. For Br, the result for
isotropic EFG indicates that it might be slightly differe
from zero; within two standard deviations, however, zero
included. In any case, it is at least about two orders of m
nitude smaller than the anisotropic EFG.

The lattice contribution to the EFG in hcp Co is positiv
all hitherto known EFG’s are, however, negative. For t
pure system CoCo(hcp) Feketeet al.28 explain this with the
empirical rule of Raghavanet al. for nonmagnetic noncubic
metals, according to which the EFG is given by

Vzz5~12K !Vzz
(latt)~12g`!, ~11!

whereK is a ‘‘universal’’ constant,K513,30 and (12g`)
takes into account the electronic shielding~antishielding! of
the EFG at the nuclear site~Sternheimer effect!. In this way,
the negative signs of the presently known EFG’s
impurity–hcp-Co systems are also plausible. For Br,
free-atom shielding factors depend on the electronic confi
ration: According to calculations by Feiock and Johnson31

g`525.9, 1834.6, and2210.0 for (4p1/2)
0, (4p1/2)

2, and
(4p1/2)

2(4p3/2)
4, respectively. This means that the electron

configuration of Br in hcp Co must be dominated
(4p1/2)

2, by which the positive sign of the EFG would b
nd

R

, D

e

D
n,
n-

i-
r
e

s
-

e

f
e
u-

explained plausibly. Consequently, the bromine ions in
metal cobalt should be in the core electronic configurat
31 close to the electronic configuration of cobalt itself.

For a comparison of the relaxation of different impuriti
it is convenient to quote the reduced relaxation rateRK /nM

2 ,
whereRK51/CK . For Br in hcp Co it is

RK /nM
2 53.4~3!310217 s/K.

The reduced relaxation rates for Co, Br, Zr, Nb, and Rh
hcp Co are listed in Table II. The faster relaxation of Co w
respect to Zr, Nb, and Rh is probably due to a process
volving the 3d electrons.7 This mechanism is missing for Br
Compared with Zr, Nb, and Rh, the relaxation for Br is by
factor of ;3 faster. The faster relaxation indicates a high
density of electrons at the Fermi energy that could be c
nected with the core electronic configuration 31.
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TABLE II. Reduced relaxation rates in hcp Co.

RK /nM
2

Element @10217 s/K) Ref.

Co 12.2~7! 32
Br 3.4~3! This work
Zr 1.22~9! 15
Nb 1.13~12! 15
Rh 1.52~4! 15
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