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as does the itinerant model used here.
We have reported optical-conductivity data

which provide an unambiguous first observation
of the 5f states in an actinide metal. The itiner-
ant model provides distinctly better agreement
with experiment than does the localized model.
Thus, we conclude that the 5f electrons found in

the thorium excitation spectrum 1-5 eV above
the Fermi energy are itinerant in nature. This
result provides strong confirming evidence for
the prediction2" that the occupied 5f states in the
lighter actinide metals are itinerant.
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That the muon ean be a fundamentally impor-
tant tool for condensed-matter physics has re-
cently begun to be recognized. ' The work of
Sehenck and Crowe' and Brewer et al. ' has shown
that the implanted positive muon behaves very
much like a hydrogen nucleus, and that muon
studies can provide information about lattice
structure and chemical reacti. ons. The present
Letter provides new evidence of the usefulness
of implanted muons for the study of metals and
internal magnetic fields. The behavior of hydro-
gen in metals is of intrinsic interest as one of
the simplest alloy problems. ' It is also a prob-
lem of considerable technological importance. '
The behavior of the hydrogenlike positive muons
in ferromagnetic metals is of additional interest

Polarized p+ were stopped in ¹ and Fe. The magnetic fields at the site of the muons,
the initial polarization, and the depolarization time constant were obtained from 300 to
700'K, i.e., through the Curie temperature of Ni. This experiment demonstrated that
precession of muons stopped in ferromagnetic material can be observed and, and it de-
termined what the magnitude of the internal fields are: ~ 150 0 for Ni and 4000 0 for
Fe.

We implanted polarized positive muons in nick-
el and iron. The magnetic fields at the sites of
the muons (B„)were measured by observing the
precession of the angular distribution of the de-
cay positrons. The same data yieMed the initial
polarization (P) of the stopped muons and the
time constant (~) of the slow depolarization. Da-
ta were collected as a function of temperatuxe
from room temperature to '700 K so that we ob-
served the shift from the ferromagnetic to the
pa1 amagnetie state 1n nickel. This experiment
demonstrated for the first time that the preces-
sion of muons stopped in ferromagnetic material
ean be observed, and it further determined what
the magnitude and direction of the internal fields
are.
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because of the interactions with the magnetic
medium. Implanted muons cause minimal radia-
tion damage, occur in infinitesimal concentra-
tion, leave no residual contamination, have no
nuclear or quadrupole interactions, and do not
possess a complicated ion core. Consequently
the use of implanted muons cannot only yield fun-
damental solid-state information, but also con-
tribute to the understanding of radioactive ion
implantation, particularly in the case of ferro-
magnetic targets.

The positive muon is also an excellent probe
from the standpoint of experimental simplicity.
High count rates are available with polarization
approaching 100%. The muon mean life (2.2
p, sec) is long enough for easy timing and short
enough for high count rates. The decay positrons
are easily detected and the angular distribution
of these positrons is highly anisotropic [dN/de
= N(1+0.33 cos8)]. The muon's magnetic mo-
ment has been determined to a few parts per mil-
lion allowing high-precision measurement of 8„.

Positive muons from the Space Radiation Ef-
fects Laboratory synchrocyclotron were implant-
ed in large (20x20x1 cm') targets of nickel and
iron because the experiments were performed
without the benefit of the meson channel. For
measurements on paramagnetic nickel, the ex-
ternal magnetic field was supplied by a large
Helmholtz pair capable of providing about 100 G
with a homogeneity of about 2%. The external
field for ferromagnetic targets was supplied by
an iron-core electromagnet. The ferromagnetic
sample almost completely closed the magnetic
flux path. A small air gap (=0.25 cm) allowed
us to enclose the sample in a furnace and to mea-
sure the field in the gap.

Scintillators 1, 2, and 3 were in front of the
sample, 4 behind, and 5 at 90 . A muon which
stopped in the sample would traverse scintilla-
tors 1, 2, and 3 but not 4. Approximately 90%
of the incident muons were stopped. A stopped
muon signal, a 1234 (meaning a coincidence be-
tween counters 1, 2, and 3 but not 4), was used
to start a. time-to-amplitude converter (TAC).
A decay positron signal, either a 41 or a 51,
stopped the TAC. (The 1 anticoincidence require-
ment ensured that the signal in 4 or 5 was not
due to a particle from the incident beam. ) The
output of the TAC was fed to a pulse-height analy-
zer which directly produced a plot of the number
of decay positrons as a function of time after a
muon stop.

Figure 1 provides examples of data for para-
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magnetic nickel (at 670'K) and ferromagnetic
nickel (at 551'K). Each set of data is the result
of approximately 8 h of counting. Note that the
time scales differ by about a factor of 10. The
data were fitted by the function"'

&(t) = N, exp(- A.t) [1+aP exp( t/r) cos(~t-+ p) j

+ background.

N, is for normalization. The term exp(-Xt) ac-
counts for the fact that the muon decays into a
positron with a 2.2- p. sec mean life. P is the ini-
tial polarization of the stopped muons and a is
the positron anisotropy. v is the time constant
characterizing the relaxation of the transverse
polarization of the precessing muons. The angu-
lar precession frequency ~ =2p&B&/5, where IL&

is the magnetic rioment of the muon, provides
direct measurement of the magnetic field at the
muon site, 8„.y is the initial phase angle. The
solid lines in Fig. 1 are the fitted functions.

Paxamagneti e nickel results. —In this region
B„=B„„the externally applied field, approxi-
mately 50 G. The paramagnetic Knight shift was
small, and significant variation of B& with tem-
perature was not detected. The initial polariza-

Flo. 1. Data for paramagnetic nickel at about 670 K
and ferromagnetic nickel at 551 K. The data shown are
semilog plots of the number of decay positrons detected
by scintillator number 5 as a function of time after a
muon stop. Note that the time scales differ by a factor
of 10.

1065



VOLUME 50, NUMBER 21 PHYSICAL REVIEW LETTERS 21 Mwv 1973

I.5—

V)
M l0
C9
O

a. 05—
Kl

Oi
Qo

0

I
-X—-X-

600
I I I I I

200 400
TEMPERATURE ('K)

FIG. 2. Bp as a function of temperature. Circular da-
ta points were obtained with 1.5 A in the electromagnet,
the square datum point with 3.0 A.

tion P was equal to 0.8Pc, where Pc was the ini-
tial polarization observed in a carbon target of
similar dimensions. Muons stopped in carbon
retain virtually 100% of their polarization. '
Therefore carbon is useful for calibration. The
depolarization time constant v was 4 p. sec. The
parameters B„,P, and r did not vary significant-
ly over the temperature range 630 to 705'K (Tc
=630'K). Paramagnetic nickel thus behaves as
a normal metal in that little or no muonium ap-
pears to have formed. Muonium formation would

have resulted in reduced polarization and the ap-
pearance of frequency components about 100
times higher than the frequency observed. Qur
resolution was sufficient to detect such high-fre-
quency components, and none were present.

Eexxomagneti c nickel results. —In this region
we were able to fit B„with a Brillouin function
(see Fig. 2) with a saturation field of 1550 G.
The circular data points were taken with a cur-
rent of 1.5 A in the electromagnet. This corre-
sponded to a field in the small gap between the
magnet and target of 1100 G at room tempera-
ture. Increasing the field to 2200 G in the gap
or lowering the field to 500 G or even to zero
had little effect on B„.In the runs with nickel
below 385'K and in an external field of about 1100
G, we were not able to detect the precession of
the angular distribution. Qn increasing the mag-
netic field in the gap to approximately 2200 G, we

were able to observe the precession (the square
datum point in Fig. 2). The internal field is in

the same direction as the external field. This
was determined by noting the relative phase of
the data from detectors 4 and 5 and also by not-
ing that the initial phase for each detector was
maintained during the transition from paramag-
netic to ferromagnetic behavior.

Figure 3 shows the behavior of P and 7. P/Pc ~0 p DEPOLARIZATION
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FIG. 3. Initial polarization P and depolarization time
constant v as functions of temperature. The solid line
is a measure of domain alignment: the measured sam-
ple permeability divided by B~. The dashed line is only
to guide the eye.

600

increases from about 20% at room temperature
to near 40% as Tc is approached. We believe
this is due to domain alignment. A muon will not
precess if it stops in a domain where the magne-
tization or internal field is in the same direction
as the polarization. The amplitude of the pre-
cession signal thus depends upon the degree to
which the domains are aligned transverse to the
muon polarization. The solid line in Fig. 3 is a
measure of this domain alignment extracted by
dividing the measured permeability by the mag-
netization and normalizing to P. We were unable
to saturate the sample, but increasing the mag-
net current from 1.5 to 3.0 A increased P only
slightly, indicating that the initial polarization
even at saturation may be less in ferromagnetic
than in paramagnetic nickel.

7 was on the order of 0.25 p, sec and increased
slightly with temperature and dropped sharply
as T& was approached. The dashed line in Fig. 3
is intended only to illustrate this trend. Varying
B„bychanging temperature or varying the exter-
nal field seemed to have little effect on z, im-
plying that the depolarization was not arising
from field inhomogeneity.

I' exxomagneti c iron results. —In the tempera-
ture range from room temperature to 675'K, B„
decreased from approximately 4100 to 3700 G.
P/Pc was a.bout 10% and T was on the order of
0.5 JLLsec. It is interesting that the ratio of the
field in Fe to that in Ni is not much different
from the ratio of the magnetizations.

There is evidence that hydrogen atoms are im-
planted in the octahedral or body-centered site
in nickel. ' It is reasonable to assume that the
muon stops in the same site although it may not
be as well localized due to its smaller mass. It

1066



VOLUME $0, NUMBER 21 PHYSICAL REVIEW LETTERS 21 Mpv 1973

is interesting to compare B„for ferromagnetic
nickel, 1550 6, to a number of possible contribu-
tions. Because of the site symmetry, the classi-
cal dipolar field due to the nickel ions is zero.
Further, because of sample geometry, the de-
magnetizing field is negligible. The hyperfine
field at the muon in free muonium is on the or-
der of 160000 G. The I.orentz field 4'/3 for
nickel is about 2800 G, nearly double B„.The
contributions to B& from core polarization and
conduction-electron polarization cannot be esti-
mated using conventional techniques"" because
the muon does not possess a core in the usual
sense and its interstitial location makes extrapo-
lation of conduction-electron polarization from
previously existing data questionable. Neverthe-
less the major contribution to the internal field
should arise from the Fermi contact interaction
with the conduction electrons, provided the muon
exists as a nonmagnetic impurity. Except for un-
usual circumstances, hydrogenlike impurities in
metals should be nonmagnetic and in fact the
present result that B„follows the host magnetiza-
tion confirms the nonmagnet character of the im-
planted muon. "'" Under these conditions, one
can approximate the conduction-electron contri-
bution to B„by"

B„=(16m/3) gs 5p(0),

where 5p(0) is the net spin density at the muon.
If we neglect other contributions, the observed
B„of1550 G implies a net spin density of approx-
imately 1.0% of that of free muonium. If we in-
clude the I.orentz field, the spin density is of the
same order but of opposite sign. The smallness
of this number may reflect a cancelation between
the contributions from the d-band and s-band
electrons to 5p(0) at the interstitial site. In fact
Friedel shows that the electronic density attract-
ed to an interstitial hydrogen nucleus is roughly
similar to that of a hydrogen atom in vacuum,
and that the screening in transition-metal hosts
is primarily by electrons from the d band, al-
though the s-band contribution is not negligible.

It seems clear that the problem of calculating the
field at the muon site lacks many of the obscur-
ing complications associated with other implant-
ed impurities and therefore provides a sensitive
and intrinsically interesting test for the theory
of internal fields.

The experiment will be continued shortly using
the prime muon beam, allowing us to use much
smaller targets, much more intense and homo-
geneous magnetic fields, and a more uniform
sample temperature, permitting more accurate
measurements near T c and in the paramagnetic
region. This will also allow us to magnetically
saturate our samples. From these improved da-
ta we should be able to examine critical behavior
near Tc, the depolarization mechanism, the tem-
perature dependence of the paramagnetic Knight
shift, the relative d- and s-band electron contri-
bution to the screening charge, the true fast de-
polarization, and the apparent shielding of the ex-
ternal field from the muon site.

Meeting on Muons in Solid State Physics, Burgen-
stock, 1-3 September 1971 {unpublished) .
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