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from the equilibrium one. We believe this effect
is a very useful tool for studying the impurity
states and the profile of the hot-electron distri-
bution function under strong magnetic fields.
Furthermore, we have information of the cyclo-
tron-resonance absorption in the pulsed electric
field. ' Assuming that the emission and absorp-
tion bandwidths are nearly equal, we can esti-
mate the bandwidth of the emission line as AX/
X-10 2 at A. = 119 p.m. Such a narrow bandwidth
offers the possibility of application as a tunable
far-infrared source.
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Measurement of Spin-Scattering Anisotropy and Exchange-Coupling Energy in Cu-Fe,
Using the Wave Shape of the de Haas —van Alphen Effect*
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A linearly field-dependent and temperature-independent exchange energy and spin-scat-
tering anisotropy has been measured in a Cu-93-ppm Fe alloy using wave-shape analysis
of the de Haas-van Alphen effect for the (ill) neck orbit over a field range of 30-45 kG
and a temperature range of 1-2'K.

Landau quantum oscillations such as the de
Haas-van Alphen (dHvA) effect provide an ex-
plicit measure of the interaction between conduc-
tion electrons and magnetic impurities. Ln con-
trast to bulk-property measurements' (resistance,
NMR, etc. ), only specific orbits are observed
and comparison' with theory is more direct. An-
alysis of the amplitudes gives the local scatter-
ing rate directly, ' and analysis of the wave shape
gives spin-dependent information. Recently,
Coleridge, Scott, and Templeton" have observed
a shift in angular position of the dHvA spin-split
zero in Cu doped with Cr and other transition-
metal impurities, and have interpreted their
data to obtain the sign (negative or antiferromag-
netic) and estimated magnitude of the impurity-
electron exchange energy e,„=p ~B„. They also
observed in some cases the disappearance of the

spin-split zero, which they interpreted as due to
anisotropy of scattering of spin-up and spin-down
electrons by the magnetic impurity. '

We have developed a more general technique'
using dHvA wave-shape analysis for the measure-
ment of spin scattering anisotropy (SSA) and ex-
change energy, which does not require the (ac-
cidental) spin zero. The dHvA signal is resolved
into the harmonic components contributed by
spin-up and spin-down electrons. Since the har-
monic amplitudes from each spin may be unequal
in the presence of a magnetic impurity, the re-
sultant wave shape is altered in magnitude and
phase from the usual Lifshitz-Kosevich (LK) ex-
pression. '

Consider the four most dominant contributions
to the dHvA magnetization M„', where 0 is the
spin index and x is the harmonic index. Using
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(Fig. 2) is about —105'. In the limit of total SSA,
the value would be 180'. From the sign of the
shift, it can be deduced that spin-up electrons
are scattered more strongly than spin-down elec-
trons. " A summary of results of measurements
at a temperature of 1.2'K and of computed theo-
retical parameters defined above is given in
Table I. Qur results are in general agreement
with those of Coleridge, Scott, and Templeton'
using the spin-zero technique. However, com-
parisons involve additional theoretical and exper-
imental complications beyond the scope of this
Letter.

Measured and calculated quantities are listed
in Table I. The values of H,„and 5~ scale linear-
ly with field, and extrapolate to zero in the H = 0
limit. It is of interest to compare these results
with several recent calculations. ""

We note that for Cu-Fe, we are in the low-tem-
perature, low-field regime of the Kondo ground
state, since the experimental range of field and
temperature covers

2.5 & [(ks T)'+ (p sII)']'/' &4.6 & (ks TK ) 10 K).

Simpson and Paton" have developed expressions
for the quantities 5~ and 4 measured in this ex-
periment:

FIG. 2. (a) Relative phase 2&i- p2 as a function of
the applied field in Cu-93-ppm Fe at 1.23'K. The mea-
sured value in pure Cu was —45', the Fe impurity in-
troducing a shift of approximately —105'. Although

2p( —y2 is determined mode, a comparison between Cu

and Cu-Fe data taken under identical conditions allows
the shift 20&- 62 to be evaluated mod27|. The larger er-
ror bars at low field are a result of a rapidly decreas-
ing record harmonic amplitude. (b) In(R&/Rt) as a func-
tion of 1/H at 1.22'K. The value of Q/R& is found from
the measured harmonic amplitude ratio as described in
the text.

ks5x = 2cÃp(S, )(1+a log term),

~m* cZ(S, )4 c„—4 c„F,= ' - (1+a log term).
JU gH

Although these are not expected to be precisely
correct in the T &TK regime since the calculation
was only to third order in perturbation theory, a
more exact calculation is likely to alter only the
log term. We note that the data agree with the
theory in that the dominant H dependence is con-
tained in the (S,) term. Mossbauer measure-

TABLE I. Measured quantities and derived quantities discussed in the text for 93-ppm Cu-Fe at 1.23 K. The log-
arithmic derivative (column 3) is similar to a conventional scattering temperature, and is defined as 146.9{m*/m)
x d(ln(R&/R&))/d(1/8) . We observe no appreciable temperature dependence (within the approximate uncertainties
quoted in the table, bottom line) in 26& —82 and the calculated quantities over a temperature range from 1.2 to 2.1 K.

Field
(kG)

2 0( —82

(deg) ln(R q/R |)

Logarithmic
derivative

(K)
@Cll @Cll Fe +CX

(deg) (kG)
X (spin down) dx

(.K) (.K)

&'+dx (spin up)
('K)

30
45

—107.6
—102.0

+2

—1.86
—1.09
+0.1

1.02

+ 0.1

12.6
12.6

+ 1.5

4.55
6.8
+ 0.8

1.09
1.14

+ 0.08

0.28
0.38

+ 0.03

1.37
1.52
+ 0.1
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ments" in Cu-Fe indicate that the polarization
(S,) of the Fe moment is linear in H to fields
well above 50 kG, in agreement with our observa-
tion that both II„and 5~ are linear in II. We

note that the scattering rate for spin-down elec-
trons is nearly field independent, while the rate
for spin-up electrons increases with applied
field. This is opposite to the small negative bulk
magnetoresistance. Further interpretation of

this difference in terms of the details of the Cu
Fermi surface, details of the impurity level, and
differences between the scattering rates mea-
sured by dHvA and by resistivity, are beyond the
scope of this note.

The wave-shape analysis technique outlined
here may be used for other orbits, and is partic-
ularly useful in systems without convenient spin
Zeros (Au-Fe, for example). The ability to re-
solve individual spins and follow the individual
field and temperature dependence provides addi-
tional information on the impurity interaction not
available by other techniques.
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here.
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