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Modulated adiabatic passage of oriented nuclei. II. Experimental results for CoFe alloys
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The new technique of modulated adiabatic passage on oriented nuclei (MAPON) is shown to pro-
vide self-consistent signs and magnitudes for the principal component of the electric-field-gradient

tensor at Co and Co nuclei in single-crystal iron. The best result for the mode value is

Vzz =+3.4(5))& 10 V/m . A further test of MAPON using '~Co in single-crystal iron yields a
quadrupole moment of Q&6

——+25(9) fm~, in excellent agreement with systematics and theory. Ex-

perimentally derived distributions in electric 6eld gradients are found to be consistent with sample-

preparation procedures. These results Srmly estabhsh MAPON as capable of resolving extremely
Sne features in the electronic charge distribution at nuclear probes and with the wide apphcability
and sensitivity of nuclear-magnetic-resonance spectroscopy on oriented nuclei.

I. INTRODUtÃiON

It is the purpose of this paper to demonstrate through
self-consistent measurements that modulated adiabatic
passage of oriented nuclei (MAPON) provides detailed
knowledge on the magnitude, sign, and distribution of the
electric field gradients (EFG's) at light to intermediate-
mass nuclei in nominally cubic ferromagnets. By com-
parison with single passage, the approach does not neces-
sarily demand knowledge of the rf field at the nuclei, nor
require the statistically demanding time resolution of
midpassage signals (MPS). ' No detailed curve fitting of
the raw data is required once the efFects of the spin-lattice
relaxation and inhomogeneous broadening on the basic
MAPON signals presented in the previous paper (to be
referred to as I) are understood. Furthermore, it is
shown that gross inhomogeneous broadening is not a fun-

damental limitation of the technique.
In order to establish the credentials of MAPON we

have chosen a series of cobalt isotopes separately diN'used

into single-crystal iron hosts. Only those results which
impinge on establishing MAPON are presented here; fur-

ther results, in particular, the precision measurement of
the EFG as a function of principal crystal directions will
be presented in a later publication.

A prehminary MAPON experiment to deduce the sign,
mode magoitud, and distribution of the electric quadru-
pole interaction (EQI) at Co in single-crystal iron has
been published previously. 3 Encouraging agreement was
obtained between Plh and the earlier single-passage re-
sult of Callaghan et al. ' for the same system, where P is
defined by Eq. (7) in I. Noting, however, the inherent
difliculties of analysis of single-passage NMR ON data, it
was necessary to seek further con5rmation of the CoEe
MAPON result. In particular, the sign and magnitude of
the impurity EFG for Col'e is independently measured by

usmg Cos whose quadrupole moment ls

known with comparable accuracy to that of Co. A fur-
ther MAPON study is made using Co, prepared pri- .

marily as part of a concurrent NMR ON spin-echo pro-
gram, but with the additional aim to determine its quad-
rupole moment using the deduced EFG from MAPON
measurements on the other Co isotopes; agreement with
systematics or calculation would serve as a final self-
consistent check on MAPON. The spin-echo program is
linked to the present study both in the investigation of
nuclear spin-spin relaxation and the associated question
of a spin temperature, and in the modification of the
spin-echo decay through the quadrupole interaction. As
noted in I, the latter is the subject of future work.

II. EXPERIMENTAL

A. Samples

COFe. The CoEe sample was prepared using an iron
single-crystal from Kristallhandel Kelpin (I.eimen,
F.R.G.) cut in the (110) face as a 9-mm-diameter, 1-mm-
thick disk. A 5-mm disk was spark cut from the center
and polished to 1 asm, first with 600 paper and followed
by diamond paste and etched lightly in 0.1M HNO&. The
activity was carrier-free Co deposited by micropipette
at the center of the disk. The activity was disused at
830'C for 30 mins under fiowing hydrogen at one atmo-
sphere pressure. After loading, the sample was allowed
to cool at about 10'C per min. Subsequent etches in
0.1M HNO~ removed 75% of the activity. The average
cobalt concentration within the diffusion depth of -0.5
pm was estimated to be 0.001 at. %.

COI'e. This iron single crystal was obtained from a
dil'erent source, as a 3.5-mm diameter, 0.6-mm-thick
disk. The surface was etched in dilute nitric acid, dia-
mond polished to 1 pm, and loaded with —180 pCi of
carrier-free Co. Diffusing for 15 mins at 830'C again
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under fiowing hydrogen led to —10% loss of activity to
the surrounding crucible and vitreous silica tube, and a
further 48% loss by repeated wiping with cotton buds
soaked in distilled water. Cobalt concentration was of
the order 0.001 at. %. An earlier weaker Co sample us-

ing an iron single-crystal host from the same batch yield-
ed well-resolved midpassage structure in single passage„
indicating a well-de6ned EFG.

Core. The sample preparation has been described
earlier. The iron single crystal was from the same batch
as the COFe samples. A notable feature of this relative-

ly highly concentrated (0.03 at. % +Co; 0.6 at. %
~Co+ 'sCo) sample, prepared for parallel and detailed
NMRON spin-echo studies, was its inability to yield
time-resolved midpassage signals in single passage. Al-
though some midpassage structure was just discernable,
the EFG was clearly not as well defined as the earlier,
much more dilute sample prepared by Callaghan et al.

B. Cryogenic assembly

In all three experiments the single-crystal disk samples
were oriented to +2' using Laue back-reAection x-ray
photographs and mounted in an adiabatic demagnetiza-
tion cryostat with the [001](magnetically easy) axis in the
(110) plane of the disk parallel to both the y-ray detector
and the polarizing field. The samples were cooled to be-
tween 10 and 15 mK using a 250-g chrome-alum-salt pill.
In all cases these samples were subjected to magnetic
fields of up to 6 T along the easy axis prior to and during
the cooling process. In this way large working anisotro-
pies were achieved in zero magnetic f][eld, once the sam-
ple was cooled. In the case of the earlier ~ CoFe the
zero-field y-ray anisotropy equalled the saturating high-
field anisotropy, indicating almost perfect alignment of
domains alollg the [001]dlrectloil 111 tile plaile of tlie salii-
ple. For CoFe and CoFe spin-echo NMRON mea-
surements were undertaken, often with the same cryogen-
ic assembly.

An important requirement for adiabatic passage is that
T& and T2 relaxation times be much greater than the
time taken to sweep the natural linewidth y8&. In our
experiments this transit time is less than 1 ms, many or-
ders of magnitude less than T&, and considerably less
than the spin-spin relaxation times for Co and Co in
these single-crystal iron samples. The spin-spin relaxa-
tion times, as measured by the irreversible decay of the
spin echoes, were comparable and of order 50 Ms, about
one order of magnitude slower than ihe previously pub-
lished result for Co in polycrystalline iron. The COFe
resonant frequency of 440 MHz is too high fof the If
power amplifiers in our spin-echo apparatus.

C. MAPS methodology

In the preceding paper MAPON was described as a de-
velopment from single-passage NMRON. For modula-
tion frequencies which greatly exceed the quadrupole
splitting the modulated passage can be viewed in terms of
the successive single passages of two rf fields. In the vi-

cinity of the MAPON "en'ect" where the modulation fre-

quency is comparable with the splitting, the passage
comprises a succession of pseudo-spin-I subresonances.
This leads to a final population distribution, prior to
spin-lattice relaxation, that depends on the direction of
sweep, and more importantly, on the frequency separa-
tion of the two rf fields relative to the EQI subresonance
splitting.

General expressions for the nuclear hyperfine Hamil-
tonian and the electric quadrupole interaction are given
by Eq. (7) of I. In this experimental paper, however, cy-
clic frequencies are used except where reference is made
to the preceding paper. %'e focus our attention on the
subresonance separation 2P/h, where the quadrupole
sphtting factor P is given by Eq. (S) of I. For the pur-
poses of this paper we assume that the EFG is parallel to
the dominant magnetic axis (i.e., a =0, so that
V„=Vzz), and possesses axial symmetry, so that the
asymmetry parameter q=0. Additional measurements
are required to test these assumptions. However, in this
work only the nuclear probe is varied, and the EFG sym-
metry axis in each sample should possess a common
orientation.

In I the responses of MAPON passages were calculated
as a function of f for difFerent spins and rf conditions.
The results may be summarized as follows: (a) A clear
difference is found in the NMRON postpassage signal
(PPS) depending on whether the rf sideband splitting of
2f exceeds or is less than 2P/h, and a marked inflection
is obtained in the region 2f~ -2P/h of the MAPON
spectrum. (b) The point of inflection experiences a small
shift to lower frequency by an amount of order
2yk 8, /2m, where 8, is the circularly polarized rf am-

plitude at the nucleus and k as given in I is of the order
2 to 4 for the cases analyzed here. (c) While the magni-
tude of the PPS is dependent on. the adiabatic parameter
A [Eq. (28) of I], it is not necessary to measure or fit this
quantity in order to find F /h. Relatively low levels of ap-
plied rf field were initially employed so that consideration
(b) was not of great consequence.

The experiment to determine P/h consists of measur-
ing the NMR ON PPS as a function of f . Again, the
y-ray distribution W(8) is given by

W(8) = Q B„U„F„P„(cos8)

with terms as de6ned in I. The NMRON signal 68' is
the relative destruction of thermal equilibrium anisotropy
[1—W~E(0) ], defined by

6W = ( W,r —W~E ) /( 1 —W~E ) x 100% .

It is necessary to consider the elects of spin-lattice re-
laxation (SLR) during transit through the inhomogene-
ously broadened line. For most practical systems the
SLR strongly modifies the form of the ideal signals seen
in I. This is due to finite sweep times through the inho-
mogeneously broadened line. Less fundamentally, the
practice of obtaining experimental signals b, W(t), as an
integral count over a time ~indow should this represent a
significant fraction of the SLR, further modifies the MA-
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PON theoretical signals of I. Note that this relaxation
occurs on a time scale much larger than that required for
transit of one isochromat and does not alect the adiabati-
city .Our detailed hne-shape calculations refer to CoI'e
since this system yields the largest and best defined EQI
and furthermore demonstrates the general advantages of
MAPON over single passage. For each value of f the
time-dependent signal b, W(t) was found by applying the
2j+ 2 successive subresonance operators

~

U „~ to the
spin ensemble [see Eq. (25) of I], starting from thermal
equilibrium. Relaxation is incorporated during and after
the passage according to a "master equation"

=g(W p —W p ),

where p is the population of the nuclear substate
~
m ).

The transition probabihties W ~ were obtained from
a relaxation constant Cx ——0.108 s K as appropriate. for
ssCoEe [001] in zero external Seld.9 In Fig. 1 the relaxa-
tion curve IW(t) is shown with and without broadening
at fixed f pP/h. At time tz immediately following the
passage through an isochromat large signals are predict-
ed, for first entering the most populated or least popu-
lated levels [lkW(tz)= —150% or + 700%, respective-
ly]. However, for t & tz the signal rapidly changes due to
SLR. This large transient signal is further obscured by
broadening, also shown in Fig. 1, in which b, W( r ) is con-

voluted over a presumed Gaussian line shape. In Fig. 2
the "integral" MAPON spectrum b, W(t ) is shown for a
range of modulation frequencies centered on P/h for (a)
ideal case, i.e., without relaxation, and (b) counting a
finite time following a passage which includes SI.R and
broadening. Figure 2(b) mirrors typical experimental
conditions of a 2-s window measured after completion of
the rf sweep. Clearly the form of the spectra is modi6ed
due to SLR and broadening, the magnitude and sign of
the changes refiecting similar variations to those obtained
with single passage. ' In particular the signal for entering
the most populated level with f & P /h has changed sign
so that the integral spectra for the two sweep directions
are nova similar in form. Nevertheless, the positions and
widths of the transition regions are not altered by more
than of order yB, /2n in frequency, so that the observa-
tions (a)-(c) for the ideal spectra still agpiy. Similar con-
siderations and conclusions apply to ~6' CoI'e.

It is instructive to compare the above MAPON con-
siderations with those for time-resolved MPS in single
passage NMRON. Co is a more suitable case for time
resolution since the structure of the unbroadened MPS is
constant within 30% throughout the 2j population inter-
changes. This enables P/h to be extracted from the MPS
in samples for which the inhomogeneous broadening hf
is as great as (2j —1)2P/h. By contrast, for Co, the nu-
clear decay coefficients UiFi and U~F4 are of opposite
sign which produces rapid fluctuations in the sign and

g

aoO

210
O
CO
I

end of
rf sweep

time after start of sweep (sj
FIG. 1. Theoretical postpassage signals (PPS} for ' CoFe following a MAPON sweep for fixed f ~P/h. Curves are for first

entering (a) most populated, (b) least populated quadrupolar split subresonances. Solid curves are for an isochromat with P/h =25
kHz; t~ de6nes the end of the MAPON passage. For clarity the structure of the rapidly oscillating midpassage signal 4,

'MPS) up to t~
is omitted. The dashed curves include inhomogeneous broadening of 800 kHz; T=12.5 mK, A =8.0, C~ =0.108 s K (see text and
Ref. 9).
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magnitude of 58' during the passage. This more com-
plex structure is sensitive to hf of the order 2P/h. The
time resolution of the Co MPS is thus impeded despite
the larger value of the spectroscopic quadrupole moment.

%e may thus make important distinctions between
MAPON and single passage, in that the MAPON signal
for selected f is obtained by observing postpassage sig-

nals, which are usually much more slowly varying func-
tions of time than the midpassage signals, and conse-
quently far less sensitive to broadening. Furthermore the
analysis of the MPS requires a detailed and quantitative

derivative

6t of the time dependence of the y-ray anisotropy and is
dependent upon a knowledge of the exact distribution of
rf fields. This necessity is obviated by MAPON whereby
one need only observe a change in PPS resulting from a
change in modulation frequency.

D. MAPON elec@'one;s

Experimentally the MAPGN sweep depicted in Fig. 4
of I is achieved by amplitude modulating a swept rf car-
rier, of frequency f„uis ng a double-balanced mixer, as
shown in Fig. 3. This produces a double-sideband,
suppressed carrier, with rf components f,+f, sweeping
with fixed frequency separation 2f . The audio modulat-
ing frequency f is derived from a programmable func-
tion generator. In the present experimental study the
amplitudes of the carrier component f, and spurious har-
monics at f,knf were more than 34 dB below the prin-
cipal sidebands in the present apparatus. The adiabatic
parameter associated with these spurious components
was thus so small that their contributions to the resonant
signals were negligible. Of greater importance is the
spectral purity of the two principal sidebands. This is
limited largely by spectral noise in the rf generator, and
incidental FM signals entering via the sweep circuitry. In
the present study the full width at half maximum of each

SWEPT
rf fc

DOUBLE BALANCED
MOGUL ATOR

der|uettue

100

SIGNAL
GEN. fm

fc& fm

0 2
t l

' units of
FIG. 2. Theoretical "integral" MAPON spectra measured

from PPS relaxation curves from a range of modulation fre-
quencies. Curves are for (a) ideal MAPON signals prior to SLR
and without broadening, {b) practical MAPON signals consist-
ing of 2-s windows for inhomogeneously broadened resonances.
The count is commenced on completion of entire sweep. Curves
are labeled for entering the most populated quadrupolar subres-
onance 6rst ( $), or for entering least populated Srst ( f ). Note
the greatly reduced sweep asymmetry of the practical MAPON
signals, particularly for small A. The abscissae are dimensioned
in units of rf Seld yS„ thereby directly demonstrating the shift
to lower frequencies of the MAPON in8ection. Insets: The
"difFerential" spectra for A =8.0, and forward s~eep ( f ).

OOUBLE SIOEIANO
SUPPRESSEQ CARRIER

34 dB

FIG. 3. Generation of swept rf pair for MAPON experiment,
using double sideband, suppressed carrier modulation of the
linearly swept rf carrier.



sideband was less than 200 Hz, which restricted the
lowest f for sensible MAPON population interchanges
to -500 Hz. Care is required to monitor and preserve
the fidelity of the rf sidebands used in MAPON (and sin-
gle carrier in single-passage experiments), as spurious in-
cidental FM signals will lead to subresonance population
equalization and not the required cyclic perrnutations. '

III. RESULTS

A. COEe

i Pl

~li 86

80 I I I I

0.2 0.4 0.6

Bpo( (T)

The "magnetization" curve for this sample is plotted in
Fig. 4(a) as W(8) versus polarizing field 8 i. This was
measured for decreasing 8,). In the region

8~,) -0.4~0.3 T the anisotropy [1—8'(8)]% decreases
from its saturation value [1—JY(0)]= 16% during
domain nucleation, increasing again in lower field. The
zero-field anisotropy corresponds to 75% alignment of
domains along that [001]easy axis which is aligned iii the
plane of the sample and parallel to the detector direction,
assuming the remainder are along the other two [001]

axes. The zero-field cw NMRON line shape in Fig. 4(b}
indicates a central resonance at 441.3(2) MHz with a full
width at half maximum of 1.2 MHz, which includes 0.2
MHz modulation broadening. Due to loss of enhance-
ment factor the saturation field resonance could not be
obtained without sigm5cant rf heating.

Preliminary single-passage measurements were per-
formed to detect the presence of the quadrupole interac-
tion and to try to observe any midpassage structure. Fig-
ure 5 shows the time-dependent anisotropy upon sweep-
ing through the zero-field resonance. The postpassage
asymmetry due to quadrupole splitting' is evident and
indicates that the sign of P is positive. However, the mid-

passage structure is obscured, and this precludes the pos-
sibility of extracting the magnitude of P using unmodu-
lated single passage.

The raw MAPON "sweep profiles" for both sweep
directions, measured from the commencement of the
modulated passage, are shown in Fig. 6(a), using the same
rf parameters as in Fig. 5, with f =50 kHz. The sweep
direction asymmetry is clearly evident, due to the greater
changes in 8„'s produced by the passage of the 2 rf side-
bands, for f & P/h. With the same rf parameters, but
setting f =500 Hz, a remarkable absence of signal fol-
lowing the passage is observed [Fig. 6(b)]. This results
from the almost complete reversal of each subresonance
population inversion by the second rf sideband, as expect-
ed for f ~P/h. For these experiments the applied field
was zero. For saturating fields the contrast between

f & P/h and f & P/h was less well pronounced due to
the reduction in efFective adiabatic parameter and techni-
cal complications due to the rf heating.

The "integral" MAPON spectrum is now obtained by
recording b W, measured as a 2-s count following a 2-
MHz sweep up, as a function off . In Fig. 7 b, W is al-
most zero at low frequencies, rising to above 60% at the
highest modulation frequencies, consistent with the pre-
vious calculations. The parameter P/h is found directly
from this curve by differentiation. The result, as seen in
Fig. 8, is a broad spectrum, with mode value and full
width at half maximum (FWHM) given by

)o
gO

8

4.

Ch

Ck

I I

a+6 ~2
r (mvzj

FIG. 4. {a) "Magnetization" curve for CoI'e; y-ray anisot-
ropy [1—W(8)]% measured in decreasing field along [001]. (1)
Zero-6eld cm NMRON resonance for above sample using
d f =+500kHz.

(P /h )FwHM = 12 kHz

For the purpose of discussion the adiabatic parameter
was estimated by inspection of the sweep profiles. The
relative form of the postpassage relaxation curves for the
two sweep directions is approximated by selecting A =4.0
and P&0, as shown by the solid curves in Fig. 6(a). A
complete calculation wouhl include the attenuation of the
rf 6eld within the sample, as was done for single passage. '

From this value of A the effective experimental linewidth
—,'yk~8, /2n (Sec. III 8 of I) is estimated to be of the or-
der 900 Hz. Clearly the experimental data are dominated
by broadening of the EQI, and the rf field makes little
contribution to this result, either to ihe width or the
mode value for CoEe. Attempts to observe the efFect of
the rf field at higher power were prevented by rf heating.
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FIG. 5. Single-passage sweeps for "CoEe. Note the complete absence of MPS as a result of the broadening. 1/T=80 K
8„,~ ——0 T, sweep 2 MHz in 2 s. The solid lines are calculated for sweeping through a broadened resonance of 800 kHz, assuming
A =4.0, P positive, Cz ——0.108 s K.

A high-field (0.7 T) MAPON spectrum was obtained for
comparison. Due to loss of rf enhancement, the correc-
tions to mode values are of even less significance. Be-
cause of the better definition of P /h and well-defined
direction of the magnetic hyperfine field for the magneti-
cally saturated host, we take as our best value for Vzz for
CoFe the high field Co result Vzz ——+ 3.4(5)X10'
V/m~.

8. COEe

A zero-field MAPON spectrum for CoFe [001] is also
shown in Fig. 8 for comparison, the results being

P /h =+4.5(10) kHz

(uncorrected for rf field shift)

depressed by the rf 6eld strength by about 1 kHz as deter-
mined from 90' pulses using pulsed NMRON, but the
table entries are uncorrected values read directly from
the inflection of the MAPON response. It is clear that
the signs and magnitudes of the electric 6eld gradients
are consistent between the two isotopes and the magni-
tudes the same, within the accuracy of the data, in zero
and saturating magnetic 6elds. The bias to lower values
for Vzz for Cor'e almost certainly rejects an effective rf
field —,'k 8, somewhat larger than in the s CoFe experi-
ments.

C. ~ COFe

MAPON measurements using CoFe [001] also yield a
sweep asymmetry corresponding to a positive I'. The in-
tegral and differential spectra are shown in Fig. 9 for
d

~
co

~

/dt&0. These data indicate a broad distribution
described by

(P /h )FwHM =5 kHz P /h =+5.8(10) kHz

Again the MAPON response reQects broadening of the
EQI. In this sample a high-frequency tail is seen, extend-
ing to nearly 40 kHz. The zero-6eld spectrum is very
similar to the 0.3-T result published previously for the
same sample. A 2.0-T spectrum containing fewer data
due to increased warming of the salt pill, led to a less ac-
curate but consistent result of

P /h =+7.0(20) kHz

(P/h )FwHM = 5 kHz

The distribution of P/h, as for CoI'e, is characterized
by a high-frequency tail, but extending only to 25 kHz.
The electric quadrupole moment of the ground state of

Co may now be obtained from Eq. (7) of I using the best
value of Vzz [3.4(5))&10' V/m ]. We use the high-field
result of this sample together with that of CoI'e to give

Q 56/Q ~s = + 1. 13(34)

From the mode values of these results Vzz can be
found using Eq. (7) of I, and these are summarized in
Table I. The zero-field mode values for CoFe are also

and using Qss = + 22(3) fm (Ref. 11) we have

Q56=+25(9) fm
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FIG. 6. MAPON sweep for i8coFe for fixed f using the same peak-te-peak rf amplitude as in Fig. 5. (a) f =50 kHz; (1)

f =500 Hz. 1/T~SO K ', 8~„=0T, sweep 2 MHz in 2 s. The solid curves were calculated as in Fig. 5 assuming P/h =25 kHz.

This value is in excellent agreement with the microscopic
shell-madel calculation'z which predicts Q56

—+ 25 fm .

IV. DISCUSSION

The experimental investigation has sought primarily to
test the general apphcability of the MAPON technique in
extracting a weak electric quadrupole splitting in the
presence of a much larger Larmor frequency and inho-
mogeneous broadening. Consistent results for the CoFe
impurity EFG have been obtained using Co and Co
over a range of rf excitation conditions.

EFG distributions from all three samples have broadly
similar characteristics, with fuB widths at half maxima of
50-100% of the mode value. The widths in the I' distri-
butions are of the order 10—20 times the intrinsic MA-
PON linewidth. The Co snd Co results each have a
high-frequency tail extending to several times the mode
value, which is not apparent in the more symmetrical

Co result. %'e believe this feature, in part, arises from
additional strain-induced EFG's" in the "Co and ~Co
host disks. The Co host was spark cut from the central
region of a much larger disk, and peripheral strain would
have been removed. The more extensive distribution in
the CoI'e spectrum compared with CoFe may indicate
a contribution from nearest-neighbor Co atoms. It has
been noted in (3) that a satellite cw NMRON resonance

was observed in this sample, arising from the high- Co
carrier concentration (p95Wo) in the Co activity. By
contrast carrier-free Co and Co were used in the
present study. The difFering distributions, therefore, sp-

ear to reflect additional broadening of the EQI in the
Co sample, indicating that the MAPON technique can

provide detailed information on the distribution, as well
as the sign and magnitude of Vzz. Further work with
codiffused samples is required to verify this aspect.

The Co result is particularly encouraging, since this
system is not amenable to single-passage MPS analysis,
even when the distribution of rf Aelds is known over the
diffusion proNe. In fact the relaxation curves for both
single and modulated passage were reproduced by assum-
ing that only 40% of the Co nuclei are resonated. This
is not surprising, as the rf skin depth at 440 MHz is only
about 0.5 pm, which is comparable with the dNusion
depth of the activity. Furthermore, the total
quadrupolar-split resonance width (2j —1)2P/h (-200
kHz) is less than 20% of the inhomogeneously broadened
linewidth in this sample, and the possibility of observing
a statistically signi6cant differential resonance displace-
ment' is diminished by the lower y-ray anisotropy and
faster spin-lattice relaxation. Despite these problems the
MAPON technique has proven highly effective for this
system, a result w'hich supports the suggestion that MA-
PON is a spectroscopic tool, depending on the details of
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FIG. 7. MAPON "integral" spectrum for 'ScoFe. Each
point is the result of 50 individual svreeps, the time vrindom be-

ing taken as the first 2 s of the postpassage signal for sweep up.
To minimize the e(feet of baseline drift the frequency f was

stepped after each individual MAPON sweep, Experimental
conditions as for Fig. 6.

the rf frequency but not its magnitude.
The measurement of Plh for s CoFe yields a quadru-

pole moment Q&6
——+25(9) fm that is in accord with

systematics and calculation. The ground-state nucleus is
isobaric with and only one proton deilcient from the dou-
bly magic Ni core nucleus. Quadrupole moments are,
therefore, likely to be small, certainly less than 50 fm .
The addition of two neutrons to form Co is not likely to
significantly alter the quadrupole moment since, within
the independent coupling scheme of the j-j shell model,
these neutrons should pair off leaving the quadrupole mo-
ment essentially determined by the proton configuration
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FIG. 9. ' CoFe MAPON "integral" spectrum for 8~& ——0 T.
Inset: The distribution of I'/h, obtained by di8'erentiation.

of the 6Co nucleus. Thus the best estimate for Q~6 based
on known experimental values is that for Co, namely,
+ 22(3) fm . Note that irrespective of whether the Q5s

value becomes superseded the MAPON result predicts a
similar valued Q56. In addition, the shell-model calcula-
tions of Mooy and Glaudemans' leading to Q56= + 25
fm incorporate a larger than usual configuration space
with no imposed restrictions on configuration mixing.
Their calculations are remarkably successful in predict-
ing excitation energies, g-factors, and quadrupole mo-
ments for all nuclei in the mass range A =52-60. In
particular they calculate Q5s

——+ 26 fm in close agree-
ment with the experimental value of + 22(3) fm .

These considerations give us confidence in proceeding
with further, more accurate MAPON measurements of
the EFG and for other crystal directions. A full discus-
sion of the EFG orientation dependence is deferred until
these measurements are completed. However, some
points are noted here, for the [001]crystal direction.

The observation of gross sweep asymmetry in single
passage and MAPON points immediately to an EFG that
is predominantly unique in magnitude and sign. Such an
EFG, spin orbit in origin, is well established for the
heavy impurities Ir and Au. ' Comparison of the EFG
distribution for CoI'e with the less well-defined EFG's

TABLE I. Experimental values for the EQI aud associated
electric field gradient for CoI'e as measured by MAPON.

I'/h (kHz) V (10' V/rn }

(aszj
FIG. 8. Distribution of P/h for ' CoFe for 8~& ——0 T ob-

tained by differentiating the best-fit curve for data in Fig. 7.
Also shown is the zero-Seld result for Core. The extensive
high-frequency tail on the CoFe data is not apparent in the

CoFe data, as discussed in the text.

"Co (0.7 T)
Co (0.3 T)

(2.0 T)

Zero field

+ 23.0(10)
+ 4.5(10)

Saturating fields

+ 22.5(20)
+ 4.5(10)
+ 7.0(20)

+ 3.5(5)
+ 2.5(6)

+ 3.4(5)
+ 2.5(6)
+ 3.9(5}
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for CoFe and 6CoFe, after due allowance for the
different quadrupole moments, suggests that there prob-
ably is an underlying, essentially unique Vzz. This is,
however, sumtciently small in Cor'e alloys that random
contributions arising from impurities and defects, which
vary from sample to sample, can significantly compete in

determimng the electrostatic energy of nuclear orienta-
tion. Note that for the integral spin systems studied here,
there is no concern with the absence of first-order qua-
drupolar broadening in the —,

' ~——,
' substate transition of

the —,
' integral spin systems which may lead to an errone-

ous interpretation of the extent of broadening. The ori-
gin of the unique component can, for single-crystal stud-
ies, be spontaneous magnetostriction, local-moment
spin-orbit coupling, or both.

The constancy of the MAPON response between zero
field and saturating field along the [001] direction is in-

teresting. It is tempting to immediately reject magneto-
striction as an important mechanism since the mode
value does not change with field. Suppose, however, in
zero Seld, the magnetostrictive strain axis is solely along
the [001] detector direction because of the magnetic
prehistory. For an unmagnetized single crystal we expect
preferential domain alignment along the easy [001] axes
and similar alignment of the impurity magnetic hypgrfine
fields, assuming these are parallel to the domain magneti-
zation. The integral anisotropy "magnetization curves"
for both ' CoFe and CoEe provide at most for 25% and
12%, respectively, of nuclei in zero-applied magnetic Seld
to be along the two orthogonal [001] axes, where a, if 0'
for the detector axis, is now 90'. Although Pz(cosa)
changes sign and halves in magnitude for these nuclei, it
is doubtful whether the total elect of so few nuclei would
have been easily discernable at our current level of accu-
racy for determining P /Ii. The geometry of these
domain nuclei is such that the rf field is more likely to
move their domain walls than reach the active nuclei,

tending to exclude them from the MAPON signal ob-
served in zero 6eld. Indeed the very large zero-Geld an-
isotropy and the form of the integral anisotropy magneti-
zation curves suggest, respectively, predominant zero-
field alignment of the domains along the [001] detector
axis and predominant l80' wall displacement during the
magnetization process. Under these conditions the bulk
magnetostriction is nearly fully developed in zero field,
and so the characteristic signature of increasing strain
with magnetization is heavily diluted.

Alternatively, should the minority orthogonal [001]
domains in zero field possess a well-defined rnagnetostric-
tive principal axis parallel to their magnetization, then
a=0' for all domain nuclei. The zero-field and high-field
limits for the EFG would be indistinguishable, no matter
what fraction experience the resonant rf fields, as is the
case for the spin-orbit mechanism. In principle very
careful MAPON experiments at intermediate fields along
[001], or more sensibly, at saturating fields along other
crystal directions could distinguish between the two
mechanisms. They might also yield values for the EFG
asymmetry parameter when the sample is magnetized
along, for example, the [110]axis.

In summary, the experiments performed to date do not
preclude magnetostriction as a significant contribution to
the EFG in CoFe alloys although the spin-orbit local-
moment contribution is more readily reconcilable with
the field insensitivity of the mode values.
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