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The hyperfine magnetic field Ah~ at extremely dilute impurities of Ga, Ge, and As in a
single crystal of hcp Co has been measured as a function of the temperature T up to T
—= 900 K. The functions Bh&(T) exhibit dramatic differences for these adjoining elements;
while Bh~(T) in AsCo scales with the hcp host magnetization o.(T), B&~(T) in GaCo decreas-
es much faster than cr(T) and A&~(T) in GeCo increases by - 25%. This is the first obser-
vation of an increase with temperature of the magnitude of the hyperfine field at an im-
purity atom in any ferromagnetic metal.

It is well known that the systematics of hyper-
fine fields Bh& at dilute nonmagnetic impurities
in 3d ferromagnets exhibit striking variations
with the impurity charge number Z. The sign of
H Qf reverses from negative to positive regularly
at the middle of the s-p series of each period,
e.g. , near Ge (4sp) a.nd near Sn (5sp). Although
these systematics have been studied for over a
decade, a complete understanding is still lack-
ing. It is believed that these sign reversals of
8 hf result from competition between eonduetion-
electron polarization (CEP) and overlap-exchange
polarization of the valence s-like electrons of the
impurity, but the physical origins of these con-
tributions, especially the latter, remain contro-
versial. ' Direct experimental information on the
components that make up H hq is scarce and not
easy to obtain. From this point of view, the im-
purities immediately around the point of sign
crossover of H h& (e.g. , Ge or Sn) for which the
different contributions compete nearly equally
and produce a small net field are particularly
interesting. In these cases, differences between
the temperature dependence of those components
sensitive to radial dependence or volume effects,
and that of the CEP which is expected to scale
roughly as the host magnetization o(T), could
produce large effects in the observed H h(T). In-
directly, this could lead to important insight into
the origin of these hyperfine fields.

Experimental data on H hgT) are available for
sp impurities, mainly for an Fe host. ' These

show that although small deviations of the order
of several percent from the reduced magnetiza-
tion of the host o(T)/o(0) are commonly observed,
it is not possible to draw clear eonelusions on
the origin of these effects. On the other hand,
H hgT) for Sn in Co, which is located at the sign
crossover of H M of the 5sp-series impurities, is
known to be strikingly anomalous. ' This anomaly
is thought to be due to the influence of thermal
vibrations on the overlap contribution to H hf.

'
This is, however, not completely established
and furthermore the SnCo anomaly remains so
far the only one of its kind. It is therefore inter-
esting to investigate whether it is an isolated
case or whether similar anomalies are present
systematically for the isoelectronic 4sp impuri-
ties in a Co host,

In this Letter, we report measurements of
Hqt(T) in the range T =77 to 900'K for Ga, Ge,
and As impurities (concentration -10 ") in a
single crystal of Co. Our results show that the
temperature dependences of the hyperfine field
at these adjacent impurities are dramatically
different. For As, H q(T) follows closely the
host magnetization v(T) in the hcp phase; for Ga,
Hh(T) decreases much more rapidly than o(T),
while for Ge, Hqt(T) displays a deviation from
cr(T) of the opposite kind, viz. , it actually in-
creases by about 25% in the temperature range
studied. Considering that the host magnetization
decreases by about 6% in this range, the GeCo
result is remarkable and represents the first
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observation of an increase with temperature in
the magnitude of the hyperfine field of any dilute
impurity element in a ferromagnetic metallic
host.

The systematic nature of the present results
has been made possible by new and important
advances in time-differential perturbed y-ray
angular distribution techniques accruing from
the application of pulsed heavy ions. These tech-
niques have been applied in the past to hyperfine
interaction (HFI) studies using nuclear reactions
induced by light ions (p, d, a, etc.).' However,
such studies were often hampered by the limited
choice of useful probes and by the fact that HFI
could be studied only in the target material itself,
limiting the choice also of the host materials.
Compound-nuclear reactions induced by heavy
ions such as "0 are highly specific in exciting
isomeric nuclear states with substantial cross
sections, Because of the high angular momentum
transferred, the excited isomer is also highly
aligned. By using the right projectile at suitable
energies, it is possible to excite probe nuclear
states convenient for HFI studies in almost every
element. The technique thus succeeds in provid-
ing a wide choice of isomeric probes for system-
atic probe-dependent studies of hyperfine fields.
Because of the high projectile energies used in
these reactions (-50 MeV), the activated isomer
has large recoil energies available. This per-
mits it to be recoiled out of relatively thick reac-
tion targets into an independent host material.
Thus, a clean separation of the nuclear and solid-
state aspects of the experiment is achieved and
host materials of unusual forms such as single
crystals can be used routinely.

The experiments reported here were performed

with a 53-MeV "0beam from the Rutgers-Bell
tandem accelerator. The beam was pulsed with
a repetition period of 1 @see. A list of probe
nuclear states and their production reactions
used in the present work is given in Table I. Tar-
gets of the appropriate isotope in the form of
metallic layers -1 mg/cm' thick were clamped
together with a single crystal of Co (dimensions
0.75 cm&&1 cm X0.65 mm) in the hexagonal close-
packed (hcp) phase. The reaction y rays (see
Table I) were detected by either a planar Ge(Li)
crystal or a NaI(T1) detector at *45' to the beam
axis. The c axis of the hcp Co crystal was ori-
ented perpendicular to the reaction plane. An
external magnetic field of 1.7 kQe was applied
parallel to the c axis of the crystal. The time
distributions of the y-ray intensity after each
beam burst, recorded by standard slow-fast elec-
tronics, were used to construct the standard ra-
tio R(t), the normalized difference in counting
rates for the field directions "up" and "down. "
This yields R(t) =2 sin2&uzt, where ~„ is the
Larmor precession frequency. Typical preces-
sion patterns are shown in Fig. 1. Determination
of ~q leads directly to the observed field at the
impurity, H,b, . The hyperfine field is then deter-
mined from the relation Hgf —Hob, -H, ~+HDM, H, )(,

being the external applied field and HDM the de-
ma. gnetization field (0.8 kOe). Values of the hy-
perfine fields obtained are, in kilo-oersteds,
Hhf(GaCo) (77'K) = —81.5(30); Hhf(GeCo) (77'K)
=+ 46. 5(12); ffh(AsCo) (306'K) =+274(6). In these
values, the correction for the Lorentz field is
not included, and the errors include those of the
nuclear g factors (see Table I).

The temperature dependence of Hhf was mea-
sured in the range T = 77 to -900'K. The reliabil-

TABLE I. Excitation reactions and properties of nuclear probes.

Probe Reaction
E.XC

(keV) (keV)
T &/2

(nsec) g factor

3$
68Ga

&&Ge
67

&7~&As

" Mn( 0, 2pn)

Fe( 0, 2pn)

"Co("0,2pn)

1280

561

120, 125
201,605

199

60(2)

70(7)

S7(2)

+ 0.10'(2)'

—0.211(1)"

+ 0.116(2)
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FIG. l. Hyperfine nuclear precession of (a) Ge and
(b} 6 Ga in a Co single crystal at low and high tempera-
tures. Note the faster precession for Ge in Co at high
T and the sloven precession for Ga in Co at high 7'.

ity of the temperature measurement was checked
by the vanishing of the HM close to the Curie point
of Ni (631'K) in previous experiments on Hht(T)
in Ni performed with the same experimental ar-
rangement. The main features of the Hq(T) re-
sults were carefully confirmed by measurements
in which two impurity elements at a time were
simultaneously excited by using composite tar-
gets (e.g. , Mn and '4Fe and Ga, and Ge) and also
by using the reactions in the Co-crystal backing
which produces As impurities. Repeated mea-
surements showed the Hhf(T) data reported here
to be well reproducible.

The observed Hhf(T)/Hhf(77') curves for a Co
host are shown in Fig. 2(a). Included for com-
parison in Fig. 2(b) are results reported pre-
viously from this laboratory on Hht(T)/Hh(77')
for Ge and As in a Ni host, ' In Ni, the tempera-
ture curves for both As and Ge are closely simi-
lar and show a small deviation from &(T)/v(0).
This behavior appears to be typical for sp impuri-
ties in an Fe host also." In marked contrast to

FIG. 2. Temperature dependence of the reduced hy-
perfine field ffM{T)/H&&{77') for various impurity ele-.
ments in Co {curves a, } and in ¹i(curves b; data from
Ref. 5). The errors on representative data points are
only statistical errors of the cu L measurements. The
solid lines represent the reduced saturation magnetiza-
tion 0(T)/0(0) of the hosts. The inset shows the system-
atics of H&& at relevant impurities of the 4sp and 5sp
series in Co.

Fe and Ni, the nature of H&f(T)/Hhf(77') for these
impurities in Co is quite unusual in that they are
very different for Ga, Ge, and As.

The quality of the precession curves obtained
throughout this work (see Fig. 1) indicates that
all our results refer to implanted impurity nuclei
being located at unique sites. That these are al-
most certainly substitutional lattice sites is indi-
cated by the fact that Ga, Ge, and As are all
known to be soluble in Co.' Present experience
in implantation studies indicates that in such
cases the implanted impurity always ends up at
substitutional sites in the host. ' Ion-channeling
experiments are, however, being planned to ob-
tain experimental proof of substitutionality of
these implants in Co.

The unusual anomaly for Hht(T) in GeCO dis-
covered here invites comparison with the well-
known anomaly' for the isoelectronic 5sp element
Sn in Co. In that case, however, the nature of

1549



VOLUME $9, NUMBER 24 PHYSICAL REVIEW LETTERS 12 DECEMBER 1977

the anomaly is quite different: Hhf decreases
steeply with T a.nd around T/T, =0.5 it even
changes sign. But it must be pointed out that the
sign of Hht(SnCo) is negative (--22 kOe) while
that of Hhi(GeCo) is positive (-+46 kOe); the sign
crossover is slightly shifted in phase in the two
series for a Co host (see inset in Fig. 2). Thus
one might expect an anomaly similar to Hhf(SnCo)
rather for Ga in Co and our data do indeed bear
this out qualitatively. Hqt(T) in GaCo decreases
rapidly although less steeply than for Sn. Thus
Ga and Qe with hyperfine fields of opposite signs
display strong anomalies which appear to be com-
plementary to each other. In the case of As
which has a large positive field (-+275 kOe),
Hht(T) shows close scaling with o(T)/o(0) up to
T/T = 0.5 where the hcp -fcc phase tra.nsition oc-
curs. At this point, however, there is a discon-
tinuity and Hqq abruptly seems to scale with a
normalization quite different from that of the fcc
host magnetization. A discontinuity at the same
point is observed also for Hhf(T) in GaCo. Hhi(T)
in GeCo shows no discontinuity within experi-
mental errors but does attain a maximum at this
temperature.

Anomalies of the types reported here, together
with that for Sn, occur only in a Co host they
appear to be related to each other and occur sys-
tematically at well-defined elements in the 4sp
and 5sp series. These clues, especially the lat-
ter, might indicate that their origin is connected
intimately with the basic feature of these hyper-
fine fields, namely, the competition of the differ-
ent contributive interactions. This special set of
temperature anomalies of the hyperfine fields of
sp elements at the points of sign crossover pres-

ents many distinctive features, which may provide
for the first time sufficiently compelling criteria
for a unique and common theory for these effects.
It is to be hoped that this would lead to new knowl-
edge especially about the origin of positive hyper-
fine fields which have been the subject of much
debate. -
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Using precise lattice-parameter measurements, "cubic" Na„%03 (0.62 ~x & 0.94) has
been found to transform from the ideal perovskite structure to three other related forms.
The transition sequence is described in terms of a single vectorlike order parameter
involving static in-phase tilts of W06 octahedra and is the zone-boundary analog of the
ferroelectric series of transitions in BaTi03, the [001j tilt component arising from the
condensation of the ~3 mode. Unexplained features of structural and Raman studies can
now be interpreted.

The nonstoichiometrig compounds Na„WO, have
recently attracted much attention because of
their unusual electronic-transport properties.

Of particular interest are the metal-nonmetal
transition at x =0.2, ' the enhancement of the su-
perconducting properties' around this composi-
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