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Observation of a Positive Hyperfine Field for Dilute Fe Impurities in Ca
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The magnetic hyperfine field for isolated Fe impurities in Ca metal has been measured
as a function of temperature (86 K(T (300 K) by use of the technique of perturbed angular
distributions. The data indicate the presence of an unquenched orbital local moment. This
is the first such observation for Fe impurities in any metal host. The results could not be
explained by the assumption of a purely ionic configuration for the impurity and are inter-
preted in terms of the Friedel-Anderson model.

PACS numbers: 75.20.Hr, 75.10.Dg, 76.30.Fc

In this Letter we report on the first observation
of a positive hyperfine field for an isolated Fe
impurity in a metal. host. The system studied
was CaFe. This system had never been investi-
gated before because the low solubility' of Fe in
C.a made it inaccessible to the standard tech-
niques used to study local. magnetism such as the
Mossbauer effect and NMH. For this work we
used the method of perturbed angul. ar distribu-
tions (PAD), whose recent applications to this
field are described in our earlier work." This
method introduces extremely l.ow impurity con-
centrations (( 1 ppm) and makes it possible to
probe a wide variety of host-impurity combina-
tions. The CaFe system is particularl. y interest-
ing since the positive hyperfine fiel.d indicates
the existence of an unquenched local orbital mo-
ment. This is a rare phenomenon for d-shel. l
impurities in nontransition metals and has suc-
cessfully been explained in only one other sys-
tem, AuCo. ' From the analysis of many f-shell
impurity systems and the results for Co in Au it
was assumed that the orbital. local moment coul. d
survive onl. y if the impurity el.ectrons maintained
an ionic configuration. We will, show that this
need not be true for Fe in Ca and that the data can
be explained within the context of the Friedel-
Anderson model. "

The Fe probe used for these experiments was
the I' =10' isomer of ' Fe,' whose lifetime, 7

= 515(5) ns, and nuclear moment, g =+ 0.7281(10),~'
make it well suited for the study of smal. l hyper-
fine fields. The ' Fe nuclei were produced in a
1-mg/cm2 Sc foil via the reaction ~'Sc('2C, 2nP)'~Fe
with a, 39-MeV, pulsed "C beam (~ =2.0 y. s, full
width at half maximum= 2 ns) from the model FN
tandem Van de Graaff accelerator of the State
University of New York at Stony Brook. The
beam momentum served to make the product nu-

clei recoil into a) O. SS9 pure Ca backing which
was mechanical. ly sandwiched between the Se tar-

get and a 0.30-mm Pb sheet. The Ca backing was
prepared by evaporation from ) 0.99-purity com-
mercial-grade Ca which was preheated in vacuum
to remove the major impurity, Mg. Its thick-
ness, 1.4 mg/cm', was chosen so as to stop all
the Fe recoil nuclei (E„„,, —9 MeV) but not the
direct beam which was stopped in the Pb. The
target assembly was mounted on a Cu finger at-
tached to a CryoTip Joul. e- Thomson expansion
device, and the temperature could be varied
from 84 to 300 K. A transverse magnetic field,
B =0.7516(l) T, was applied and the Larmor pre-
cession of the angular distribution of the 411-,
1130-, and 1408-keV y-ray transitions was ob-
served by two Nal(Tl) detectors pl. aced at+ 135'
to the beam direction.

To enhance the Larmor oscillations and el.im-
inate the nuclear lifetime, the ratio

Y (+ 135') —Y'(- 135')
Y'(+ 135')+Y(-135 )

was formed from the normalized y-ray yields,
Y(&,.), in each detector. The data were then an-
alyzed by fitting with the function

R(t)= ,' ,bG(t) isn(—v t+6),
where &u„= g tJ,„H(T)/5, p,„ is the nuclear mag-
neton, H(T) is the time-averaged total magnetic
field at the nucl. eus, b, is the angular distribu-
tion coefficient, ' and G, (t) is a function described
by Dafni et al."which accounts for any static
weak electric fiel.d gradients present near the
probe.

Figure 1 shows the data obtained at hvo differ-
ent temperatures. The dashed vertical line was
drawn to emphasize that the frequency increases
with a decrease in temperature, in contrast to
that observed for Fe in Pt,' Cu, Au, Bi, and
other hosts where a local moment is formed. '

Figure 2(a) is a plot of ~L as a function of in-
verse temperature. The solid line is a fit by a
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FIG. 1. Ratio functions for Fe in Ca.
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Curie law, coL= a+P/T, with the values o. = 27.62(8)
Mrad/s and P =+0.262(13)x10' K Mrad/s. It can
be shown that in this temperature region pB
«kT and the Curie parameters can be expressed
as

o. = +0(1+6K), P = [&uo p'H~&'(8'+ 1)]/3kJ', (2)

where ~,= II„g 8/h; Z' is some effective elec-
tronic spin with associated moment, p,', and total
hyperfine field, HM", and AK is the temperature-
independent component of the frequency shift.
Substituting the experimental values for a, P,
andg we obtain

II'HI, f [(Z'+ ,1)/Z'] =+ 446(26) koe pB
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The crystal-field and spin-orbit parameters, Dq
and X, respectively, were constrained to the
physical limits, Dq» o.083 eV and X» 0.033 eV.
No reasonable fit could be obtained for either
a+2 or + 1 charge-state configuration [see Fig.
2(b)l."

and b, K =+ 0.054(5). These large positive values
indicate that the orbital angular momentum for
Fe in Ca is not quenched. For the case of AMCo,
the only other instance where a positive hyper-
fine field was observed for a 3d impurity in a
nontransition metal, the data were explained by
assuming a pure ionic configuration for the Co
impurity. ' We attempted a similar analysis for
Fe in Ca. By means of the formalism of Ref. 5,
with minor modifications to account for the larger
spin of the Fe ion, the data were fitted by expres-
sions for the frequency shift and hyperfine fields
derived from energy l.evels obtained by diagonal-
izing the Hamiltonian
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FIG. 2. (a) ~~ vs 1/T tg = 0.7616(1) T]. (b) Best
fits to the data for (eL-~0) vs T. (A, = —200 K, Dq
= 500 K.)

On the other hand, the data could be explained
with an analysis based on a modified Friedel. -
Anderson model, which includes the crystal-field
potential. "With the assumption of near-integral.
occupation numbers for the el.ectronic states, "
the valence of the Fe impurity was taken as ap-
proximately+ 2, the same as for the Ca host.
The spin and the effective orbital. angul. ar mo-
mentum of the impurity are therefore S- 2 and
L - 1. The total time- averaged hyperf ine field
can be written as

H(t) =[IJ,,H, (S+1)/S+ P. ,H, (L 1)+/L]/AT, (4)

where p,, and p, , are the spin and orbital. el.ectron
magnetic moments and H, and H, are the spin
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FIG. 3. Virtual level diagram for Fe in Ca.

and orbital hyperf inc fields. The spin-orbit in-
teraction was neglected since for 3d el.ements
b, /X» 10 (see Fig, 3).

Setting H(T) =[+446(26) kOe p B]/'3kT and using
H, ~+ 635 kOe, "we obtain H, /p ~

~ —35 kOe/ALJ, e.
This value, though large when compared to the
calculated field, H, /p, , = —120 kOe/p. „' is not
unusual. . Typical fields measured for Cr and Mn
ions in nontransition-metal hosts range from
—80 to —30 kOe/p, B." Neither has an orbital.
contribution to the hyperfine field since Mn is an
S-state ion and Cr is in the 3, crystal-field ground
state. The observed reduction in the magnitude
of the spin hyperfine field was explained by Hirst
as due to an impurity-induced dynamic polariza-
tion of the conduction el.ectrons parallel to the ex-
ternal field. '

Figure 3 shows an energy diagram for the vir-
tual. level. s of an Fe impurity in Ca metal con-
sistent with our results. The energy scale is
drawn relative to the Fermi energy, EF. The
values of the Coulomb and exchange integrals
U and J, are fairly host independent and were

obtained from the data of Fe in Cu." From the
figure it can be seen that an orbital. moment for
a 3d impurity can exist onl. y when the virtual lev-
el. width is less than the larger of the two quan-
tities, U —J or the crystal-field spl. itting. Since
either of these is much weaker than the Coulomb
repulsion between electrons of opposite spin, this
condition is much harder to satisfy than that for
the existence of a spin-only local moment.

The temperature-independent frequency shif t
AK, can have both spin and Van Vleck orbital
components, For Fe in Ca it can be shown that
the spin component, mostly due to the Knight shift
and diamagnetic correction, is only + 0.0047,'
and can be neglected. The Van Vl.eck frequency
shift from the single d electron whose orbit lies
close to ZF (see Fig. 3) is given by~4

Substituting the previously defined values for H,
and a& into Eq. (5) we obtain a crystal-field
splitting of 10Dq& 0.5 eV. To account for the ob-
served orbital moment of CaFe this value also
implies a virtual level width, b, ~ 0.5 eV. These
results are surprising within the context of the
Friedel-Anderson model where 6 = m I V l' 'E "'
~ ~

~ce ~ F
is given by the host density of states at the Fermi
energy, p(ZF), and the interaction matrix ele-
ment between the 3d and the conduction electrons
V„„. From specific-heat measurements it is
known that the p(EF) for pure Ca is approximately
5 times larger than that for Cu, Ag, and Au where
no orbital moment was found. " This is consis-
tent with the NMR measurements on CuFe which
give 10Dq-0.5 eV and 6-0.7 eV"

A possible explanation for our results may be
that the Fe impurity is probing an effective local
density of states in Ca which is very different
from that of the bulk. Band-structure calcula-
tions" have shown that the unoccupied d band in
Ca produces anomalously l.arge fl.uctuations in
p(E~), leading to a sma. ll level width 6 and the
existence of a local moment.

A narrow 6 can also be achieved by a reduction
in I V„„l'. An explanation for this process based
on the impurity-host volume mismatch is given
by Kornrumpf, Nishiyama, and Riegel "
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