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de Haas —van Alphen quantum oscillations have been seen for the first time in single crystals of
LaAlq heavily doped with the magnetic impurities Ce and Gd. Spin-split zeros have been detected
on the I -centered sheet of the Fermi surface in pure LaA12. These change to spin-split minima in
the doped crystals. From these observations, along with orbitally averaged effective-mass measure-
ments, estimates have been made of the g-value shift and the spin-. dependent scattering due to the
presence of the rare-earth impurities. Measurements of the scattering rate were made, as a function
of temperature, in the 0.5 at. % Ce and the 0.5 at. % Gd impurity-doped crystals, for two orbits.
An orbit selected for high s-p —wave character showed no temperature dependence for either impur-
ity, whereas an orbit selected for high d fcharacter s-howed Kondo-like behavior for both the Ce-
and the Gd-doped crystals. This is in contrast to the resistivity, which has a Kondo-like behavior
for Ce but not for Gd doping. Dingle-temperature anisotropy has been studied on the I -centered
sheet of the Fermi surface for the 0.3 at. % Ce and the 0.5 at. % Gd impurity-doped crystals, with
use of three orbits of qualitatively different symmetry character. Data from the Ce-doped sample
indicate the presence of extreme spin-dependent scattering for the orbit passing through four (100)
directions in k space, which include a strong f wave comp-onent. This behavior is consistent with
the spin-split-minimum rotation diagrams, which show increased spin-dependent scattering as one
proceeds in the direction of increasing f-wave character from ( 111) to ( 100) in the (110) plane.

I. INTRODUCTION

The superconductor LaA12, when doped with small
amounts of Ce (0.6—0.7 at. % substitution for La) is
found to exhibit the characteristics of reentrant supercon-
ductivity. A reentrant superconductor has the following
properties: The material has an initial superconducting
transition temperature, T, &, if the sample is further
cooled, it returns to its normal state at temperature T,2,

' if
cooled still further, it once again becomes superconduct-
ing at temperature T, 3 (the existence of T, 3 has not yet
been detected in LaA12). Such behavior was theoretically
predicted by Mueller-Hartmann and Zittartz' (MH-Z) to
occur in magnetically-doped superconducting materials
which, in their normal state, exhibit the Kondo effect,
provided that Tz ~& T, &. Here Tz is the Kondo tempera-
ture, Ttc~TFexp[ —I/~ J, f ~

N(Ep)], where TF is the
Fermi temperature, J, f is the coupling strength parame-
ter for the interaction between conduction electrons and
the f-electron local moment, and N(EF) is the density of
states at the Fermi energy, EF.

The MH-Z theory is based on the assumption of a
spherical Fermi surface for the host matrix. Results of
recent theoretical calculations, ' as well as experimental
Fermi surface mapping of LaA12 (Refs. 4 and S) indicate

an extremely complex Fermi surface (Fig. 1). In an effort
to better understand the mechanisms involved in reentrant
superconductivity, a study was undertaken to measure
electron scattering anisotropy over the anisotropic Fermi
surface of LaAlq doped with Ce and Gd.

The technique employed in this study was the de
Haas —van Alphen (dHvA) effect. Although originally
used primarily to map out Fermi surface dimensions in
metals, the dHvA effect is an effective tool for measuring
electron scattering lifetimes due to the presence of impuri-
ties. The most general expression for dHvA oscillations
in a metal, in the presence of magnetic impurities, is

M= —(m/2) g g C„D'E "sin[2trr(F/H y)—
cr r=1

+pm'/4 onrS'], (1)—
where M is the magnetization, r is the dHvA harmonic
index, F is the dHvA frequency (=fied/2ne), A is the
extremal cross-sectional area of the Fermi surface normal
to the magnetic field, H is the magnetic field, y is the On-
sager phase factor (= —,

' for free electrons), p= —1(+1)
for maximal (minimal) cross-sectional areas, C„ is the
dHvA amplitude reduction factor due to finite tempera-
ture,
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of an electron for the extremal orbit in question (in units
of mo), mo is the mass of the electron, c is the speed of
light, g is the electronic cyclotron orbitally-averaged g
factor, and k~ is Boltzmann's constant. X,„ is the aver-

age Dingle temperature for spin-up (t) and spin-down (l)
electrons: X„=(Xd,+X~,}/2, where Xd, the Dingle tem-

perature, is defined as

Xd = (R/2m k~ )[I/r(k)],

—K

FIG. 1. (a) Perspective of the tenth-band electron sheet of the
Fermi surface for LaA12 {from Ref. 2). (b) Perspective of the
ninth-band multiply connected hole sheet of the Fermi surface
for I.aA12 (from Ref. 2).

C„=v(TF)/(A "rH)'~ [I/sinh(rKom'T/H)],

v=[4kg/(2~)' ](e/Rc}

= 1.30X 10 Oe' /K

Ko =2&k~I0c

/elan

= 146.9 kOe/K,
A"=

i
d2A /dkII' i,

fh =H —( I/F)(dF/BO)e (1/F sine)(BF/BP)P—,

o= —1 (+1) for spin-down (-up} electrons,

D =exp( rKom 'X,„s/H ), —
E=exp( —Kom '5x /H },
S'=(m*/2)(g+H, „/H) .

The quantity m" is the orbitally-averaged effective mass

and r(k) is the electronic scattering lifetime at a point k
on the Fermi surface. The quantity 25x =X~,—Xd, is the
difference in Xd of the two scattered components.
H,„=E,„/u~, where E,„ is the exchange energy between
the impurity and the conduction electrons, and uz is the
Bohr magneton.

The Fermi surface of LaAlz, depicted in Fig. 1, consists
of (1}a closed, I -centered electronlike sheet, arising from
the tenth 'band, which is nearly circular in shape, with
bumps in the (100) directions; (2) a multiply-connected
holelike sheet, formed from the ninth band; and (3) a set
of hole pockets (not shown in Fig. 1) surrounding the
points labeled I.. Comparison of theoretically derived ex-

tremal areas with experimentally measured extremal
areas shows good qualitative agreement (see Fig. 2}.

Maple and S~ith suggested that interaction of I' aA12
with Ce impurities proceeds mainly via conduction elec-
trons having a high degree of f-partial-wave character.
They proposed that the interaction occurs via covalent
mixing of impurity energy levels with f-wave
conduction-electron levels. In support of this argument
they made measurements indicating a pressure depen-
dence of T, ~ for La~ „Ce„Alq. No pressure dependence
of T, &

is found for La~ «Gd„Alz, a superconductor
which is not of the reentrant type, but which instead ex-
hibits a depression of T, versus impurity concentration
typical of ferromagnetic impurities (as predicted by Abri-
kosov and Gor'kov }. According to Maple and Smith, the
pressure dependence of the Ce alloy is associated with a
relative energy-level shift between f-character impurity
energy levels and host conduction-electron energy levels of
large f-wave character, which alters the overlap, and
resonant interaction. Seitz et al. have suggested that
electrons with large f-wave character can be found at the
(100) bumps of the I -centered electron sheet, and also
on the smaller, holelike pieces of Fermi surface. '

The dHvA effect provides a microscopic probe of the
interaction between impurities and host matrix conduc-
tion electrons of varying symmetry character, since (a) the
frequency spectrum allows orbits of different symmetry
character to be studied separately, and (b} for each orbit
the g factor, scattering rate, and spin dependence of
scattering may be determined.

The subset of orbits chosen for study was limited to
those orbits which could give adequate spectral resolution
for accurate measurements of dHvA signal amplitude.
The following dHvA orbits were chosen for observation of
electron scattering. The normal to each planar orbit lies

in the (110)plane in k space,
(a) One orbit is the extremal orbit on the I -centered

sheet whose normal is the [100] direction in k space; this
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FIG. 2. (a) dHvA measured frequencies of LaAlq for orbits in
the (110) and (100) planes (from Ref. 4). (b) Theoretically de-
rived extremal areas for LaA12 (from Ref. 2).

orbit passes through four (100) directions.
(b) A second orbit is the orbit on the I -centered sheet,

whose normal is the [111]direction in k space; this orbit
passes through no (100) directions.

Orbits (a) and (b) were chosen for observation because it
was expected that scattering of electrons due to Ce for or-
bit (a), which contains four f-like "bumps, " would be
greater than scattering for orbit (b), which is circular
(free-electron-like).

(c) A third orbit is the orbit on the I -centered sheet,
whose normal is at an angle of 15' to the [100] direction.
This orbit was selected for observation because prelimi-
nary theoretical calculations" indicate that d-wave char-
acter increases as one proceeds from the direction [111]to
[100] in the (110) plane, whereas f-wave character is

sharply peaked within 15' of [100]. In order to distin-
guish d-wave scattering from f-wave scattering, orbit (c),
which does not pass through the (100) f-like bumps, was
chosen for comparison to orbits (a) and (b).

(d) A fourth orbit is the orbit on the smaller, holelike
piece of Fermi surface, whose normal is the [100] direc-
tion in k space, and whose dHvA frequency is 0.35 mG.
We expected that scattering of electrons on this orbit
would be greater than that of orbit (b), due to the expected
higher f-wave character of the smaller pieces of Fermi
surface, as compared with the free-electron-like orbit
(b) 3,4

It is to be noted here that we are not aware of any
augmented-plane-wave (APW) partial-wive analysis cal-
culations for dHvA orbits on the Fermi surface of LaA12.
In the absence of such calculations, it was felt that the or-
bits (a) and (d) chosen for study would show the greatest
scattering effects due to the interaction of Ce with those
electrons having large f-wave character.

In addition to studying Ce-doped LaAlz, one sample of
Gd-doped LaA12 was chosen for study to contrast the
behavior of the antiferromagnetic (AF) dopant Ce on the
host matrix LaAlq. As was mentioned above, gadolinium
behaves as a ferromagnetic (F) dopant in LaAlz, ' it does
not produce the reentrant superconductive phenomenon.

As no dHvA experiments had been done on
Lal „R„A12 (R =Ce,Gd) crystals prior to this work,
selection of the range of impurity concentrations for study
was a nontrivial problem. Dilute alloy samples were re-
quired which would (1) exhibit rare-earth (RE) interac-
tions with conduction electrons, (2) be in the single ion (no
impurity-impurity interaction) region, and (3) not be so
high in RE concentration as to obliterate dHvA signals.
Past work on these compounds' ' indicated that, for
concentrations x &0.5 at. %, Ce and Gd (substituting for
La) behave as single-impurity scatterers. The other re-
quirements, (1) and (3) above, were also fortuitously satis-
fied by the crystals which were chosen for this study.

Single crystals of LaA12 and Lal „R„A12 (R=Ce,Gd)
were prepared using the Czochralski technique. ' They
were then annealed under a vacuum of -2X10 Torr,
in order to improve the residual resistance ratio W. Dur-
ing annealing, each sample was wrapped successively with
Ta, Zr, and Ta foils (based on annealing techniques
described in Refs. 16 and 17). The final sample dimen-
sions were approximately 1 & 1 & 3mm.

The set of samples chosen for this work was the follow-
ing:

(1) LaAlz, annealed 48 h, 1000'C A'=655; long axis
equal to (110).

(2) La0997Ce0003Alz, annealed 72 h, 900'C %=155;
long axis equal to (111).

(3) La0995Ce0~»A12, annealed 24 h, 700'C &=79.5;
long axis equal to (110).

(4) La0995Gd0005Alz, annealed 96 h, 900'C %=65;
long axis equal to (111).

II. OBSERVATIONS

Three types of measurements were made: (i) detection
of spin-split zeros, and of their angular shifts with vary-



325686 EPSTEIN, HIGGINS, LOWNDES, STEGLICH, AND SMITH

time versus temperature for various orbits; an ii'

surement of Xd anisotropy.

g'm =i%,)fc (3)
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TABLE I. SSZ's and SSM's observed in LaA1~, LaCeA12, and LaGdA12.

First SSM (Assuming m g&&
——3)

Angle
(deg)

+ 15.2

+ 13.3
+11.5

+ 12.4
+ 12.7

—5.5
+5.6
+7.5
—6.4
—4.5

—31.0

Magnetic
field
(kG)

72.1

84.4
74.9

84 4
84.4

84.4
84.4
84.4
84.4
56.3

84.4

5x
(K)

SSZ

0.038
0.022

0.0099
0.017

0.001 77
0.001 77
0.0050
0.0013
0.001 77

. Temp.
(K)

1.25

0.54
1.18

0.54
1.15

0.54
0.54
1.28
1.28
0.54

0.54

m'/mo

1.59

1.56
1.54

1.55
1.55+

1.53
1.53
1.53+
1.53
1.53

Pure

0.3 at. % Ce
1.92
1.95

0.5 at. % Ce
1.94
1.94—

0.5 at. % Gd
1.96
1.96
1.96—
1.96
1.96

1.36

go

1.89

1.62
1.37

1.50
1.54

~g =—g —go

+0.30
+0.58

+0.44
+0.40

H,„—=H(hg )

(kG)

25.3
43.4

37.1
33.8

5H,„—=H(5' )

(kG)

16.0
14.2

16.0
16.0

Second SSM (Assuming m*go ——5)

Pure
+ 19.2

+ 18.5
+19.0

+ 18.0

84.4
74.9

84.4

SSZ

0.42
0.31

0.39

1.25

0.54
1.18

0.54

2.04

2.01
2.03

0.3 at. % Ce
2.50
2.46

0.5 at. % Ce
2.47

2.45

2.35
2.42

2.28

—0.15
—0.04

—0.19

12.7
2.99

16.0

18'.6
16.5

18.6

'No m* versus 8 data available near this orbit.

which in turn is directly related to 5x, the amount of
spin-dependent scattering, as follows:

lying between the measured values were obtained by linear
interpolation of the measured values.

5x =(H/Idiom*)2/I —1+[1+(4c/R )]' (4)
3.2—

where H is the value of the magnetic field, R is the mag-
nitude of the signal at the minimum, and
c =(R' —R )/(@), R' is the amplitude of the signal at a
point near the minimum, and @ is the phase of the signal
measured from the minimum: 4&=—~(m'g' —1).

In practice, in order to evaluate 5x, a knowledge of the
variation of orbital effective mass, m, with rotation an-
gle is necessary. As this information has not been mea-
sured previous to this work, effective-mass measurements
were made at four points at intervals of S', beginning with
[111]+5'. [In addition, effective masses were measured
for several other points on the I -centered sheet; these
were needed in order to evaluate Xd, for use in measure-
ments of Xd anisotropy (Sec. II C).] All effective masses
were measured by varying sample temperature between
2.0 and 1.1 K. The measured values appear in Fig. 4.
Also plotted in Fig. 4 are the theoretically calculated
values of m, scaled to the measured value at [111],so
as to include the effect of the electron-phonon interaction.
This scaling is necessary in order to compare these "bare
mass" numbers with dHvA measured values. (For a dis-
cussion of electron-phonon interaction in the dHvA ef-
fect, see Refs. 6 and 21.) The effective masses at angles

3.0—

2.8—

2.6—

24—

E
2.2

E

2.0—

I6—

40 tiIQ] 30 20
I

I 0 [I I I] IQ 2Q 3Q

DIRECTION [IN (I 10) PLANE]

40 SQ jIQOj

FIG. 4. Experimentally determined orbital effective masses
on the I -centered sheet. (Values at [11lj aud [100] taken from
Ref. 4.) Also plotted are theoretically calculated values of orbi-
tal effective mass (from Ref. 20). Angles are measured in units
of degrees.
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The values of 5x were calculated at the SSM's for
several values of R' at angles close to the SSM, using the
interpolated values of effective mass; the results were then
averaged. Due to the difficulty in estimating amplitude
of the dHvA signal at a given point on the rotation dia-
grams, values of 5x are at best an indication pf the order
of magnitude of the spin-dependent scattering. The
values of g' were calculated assuming the relation
m'g'=3 for the first SSM, and m'g'=5 for the second
SSM. The values of go, the g factor in pure LaA12, were
calculated by assuming a linear variation of go between
angles at which the first and second SSZ's (where
m *g =3 and m *g=5, respectively, see discussion below)
were seen in the pure crystal. The values of
JI,„=E,„/u~, where E,„ is the exchange energy of the
impurity-conduction-electron interaction, were calculated
from g'=gp —(E /ugH).

5H,„, the error associated with H,„, was calculated us-

ing estimates of error in the values of g' and go intro-
duced from errors in m* interpolation, as follows: A
value of g' for one of the SSM's in the Ce-doped alloy was
arrived at using relation (3) and a value of m' interpolat-
ed from the measured effective masses. An error of dm*
in the interpolated effective mass results in
dg'= —(g'/m*)dm". In a similar fashion, using data
taken on the undoped sample, dgo ———(go /m "

) dm.
5II,„=H(5bg ) =II(dg' dgo) is then d—etermined.

In order to conclude from rotation diagram data that a
shift in the angular position of a SSZ implies F or AF ex-
change, one must know go, the value of the g factor for
the pure material, for the same orbit at which the shifted
SSZ (or SSM) occurs. In the case of some metals, notably
copper, it is known by independent measurement that
the g factor of the pure metal is practically constant for
orbits in the region of a SSZ. Consequently a shift in the
angular position of the SSZ due to the presence of a mag-
netic impurity, such as in the alloy Cu-Cr, can be unam-
biguously interpreted as an antiferromagnetic shift. ' For
the case of LaA12, no values of orbitally-averaged g factor
have been previously measured. The presence of two
SSZ's within 5' of one another, in a region where m" is
rapidly varying, necessarily implies that go is varying rap-
idly with 8, where 8 is the angle of rotation in the mag-
netic field; this rapid variation is necessary in order that
relation (3) be satisfied for two different values of iV'. As-
suming a linear variation of g(8) between the two SSZ's,
the ambiguity in the value of the g factor as obtained
from the relation m*g=1,3,5, . . . , introduces ambiguity
in the slope of the g(8) curve. Hence the sign of the mag-
netic impurity-conduction-electron exchange, H„, cannot
be determined uniquely from the rotation diagrams alone,
because for one choice of end points of the g(8) curve
g' —go &0, whereas another choice of end points will re-
sult in g' —go ~0. However, plausible inferences can be
made which point the way for future study.

It will be assumed in this analysis that the first SSZ
corresponds to gom*=3, while the second SSZ corre-
sponds to gom*=5. In this way the go value for each of
these orbits is close to the free-electron value go ——2.0. g
values may differ from 2.0 from simple interband terms
in the band structure near a degeneracy (absent here), or

due to electron-electron interactions. While we are
unaware of a direct calculation of exchange-enhanced go
values in LaA12, and crystal purity does not permit go
measurement by conduction-electron spin resonance
(CESR), the change in orbit character when going from
[111] (s-p-like) towards [100] (d-f-like) suggests that ex-
change enhancement will pull go upwards, not down-
wards. If this supposition is correct, then accepting the
upper go value of -2.4 for the second SSZ gives a plausi-
ble basis for interpolation of go at other angles in the Ce
alloys.

With this assumption, along with the assumption of a
linear variation of g(8) at angles near the SSZ's of the
pure I.aA12, we can see, from Table I, the following.

1. Ce alloys

The g shift for both the 0.3 at. % Ce and the 0.5 at. %
Ce alloys is positiue for the first SSM. This implies a fer-
romagnetic interaction between Ce and the host conduc-
tion electrons. The g shift for the Ce alloys at the second
SSM is, within error limits, approximately zero.

A possible explanation which is consistent with the
above results is as follows: It is well known that the
exchange coupling strength parameter, J,„, can be ex-
pressed as follows:

Jex Jferro+ Jcovalent ~

where Jf, „the positive part of the exchange constant, is
mediated between host conduction electrons and magnetic
impurities through the s and d partial waves, whereas

J„„,~,„„is mediated through the p and f partial waves. 6' 7

The d-wave character on the I -centered sheet in the
region of [111] is much larger than is the f-wave
character: preliminary theoretical estimates" are
(1=3

~
P) =0.03, (l =2

~
g) =0.21. Hence, even a rela-

tively large J„„,~,„, has little effect on the g factor shift
when compared with the contribution of J~„„,due to the
greater amount of d character in the wave function.

The fact that Xd versus T measurements (Sec. IIB,
below) indicate no Kondo-like behavior in the 0.5 at. %
Ce alloy at [111]on the I -centered sheet lends support to
the positive g shift obtained by this analysis. g-factor
measurements in the pure crystal, which can be obtained
by harmonic ratio measurements (at lower temperatures
and higher magnetic fields than are possible with the
present experimental apparatus) would resolve the ques-
tion of g shift.

The difference between Xd for spin-up and spin-down
electrons, 6x, in the Ce alloys is in all cases small and in-
creases as one proceeds in the direction from [111] to-
wards [100] in the (110)plane.

2. Gd alloy

The first SSM is located at an angle very close to [111],
where the variation of m* with angle is very small.
Hence the value for 5x calculated from Eq. (4) [under the
assumption that g(8)-const in this region] is 5x =-0.

B. Scattering lifetime versus temperature

The dHvA measurable quantity known as the Dingle
temperature, Xd, is inversely proportional to the lifetime
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TABLE II. Effective masses of each cited orbit

Orbit

(a)
(b)
(c)
(d)

Experimentally determined
orbitally-averaged

effective mass

2.17
1.52'
2.18
0.55'

'Previously published values from Ref. 4.

~(k), of an electron in its "racetrack" orbit, as seen in Eq.
(2). It can be thought of as representing the k-dependent
resistivity for electrons in the host. Maple's' measure-
ments of bulk resistivity versus temperature indicated the
presence of a pronounced Kondo minimum for Ce-doped
LaAlz alloys. It is reasonable to assume that this same
resistivity minimum should be visible, on a microscopic
basis, for those electrons which participate in the Kondo
effect, and should be absent for those electrons which do
not participate in the Kondo phenomenon. The
phenomenon of reentrant superconductivity occurs in
those materials for which the Kondo effect is also present.
Hence, looking at Xz versus temperature for an individual
orbit will determine whether or not the states on this orbit
of the Fermi surface are in fact participants in the bulk
Kondo phenomenon, and in reentrant superconductivity.

The dHvA effect will not see a Kondo-like (AF)
minimum in Xq because the dHvA effect does not see the
scattering effects of phonons on electrons at the Fermi
surface. Within the temperature range for which the
dHvA effect is visible, we expected a ln T-type behavior of
the X~ for those orbits which are AF. For those orbits
which are not AF we expected Xd to be temperature in-
dependent.

The two orbits were chosen for observation in this por-
tion of the study were (b) and (d) (see the Introduction for
explanation of orbit labeling). Of the four orbits observed
in this study, only (b) and (d) were of sufficient signal
strength (due to their lower effective masses, shown in
Table II) to permit significant temperature variation
versus amplitude measurements to be made, as the dHvA
signal amplitude diminishes exponentially with rising
temperature.

Measurements were made on the x =0.5 at. %%uoCeand
x=0.5 at. %%uoGdcrystals . Theresult sof thes emeasure-
ments are shown in Fig. 5. Also included for comparison
is a plot of bulk resistivity versus lnT for a 0.5 at. % Ce
crystal.

We note the following observations.
(1) Scattering due to the Ce impurity at a given tem-

perature, for both orbits (b) and (d), is roughly twice that
for the case of the Gd impurity.

(2) The (d) orbit shows a strong dependence of Xd upon
temperature for the 0.5 at. % Ce crystal.

(3) The 0.5 at. %%uoGdcrysta 1 als oshow s a temperature
dependence of Xd for orbit (d), although not quite as
strong as in the case of Ce doping. In light of the fact
that there is no bulk Kondo resistivity minimum for this
material, the observation of a temperature dependence of

I.o—

Gd, orbit (b)

Q~.Gd, orbit (d)

—I.O

Cb

0.8 —.

0.6

3—0.4

0.2

Xd in the Gd-doped crystal is a very surprising result.
(4) For orbit (d), there thus exists an AF temperature

dependence of Xd for both Ce- and Gd-doped alloys.
(5) For orbit (b) no temperature dependence of Xd exists

for either alloy.
From the above observations, the following conclusions

are suggested. (1) The existence of Kondo phenomena is
highly k-dependent in Lai „R„Ali. (2) It is possible for
an alloy to show no bulk Kondo effects, i.e.,
La~ Gd„A12, and yei have temperature-dependent
(Kondo-like) impurity scattering on some orbits [i.e., orbit
(d)] on the Fermi surface.

C. Dingle-texnperature anisotropy

This portion of the study was done using the 0.3 at. %
Ce crystal and the 0.5 at. % Gd crystal for orbits (a), (b),
and (c) on the I -centered sheet. The 0.5 at. % Ce crystal
showed too much scattering to obtain reliable Xd mea-
surements for orbits (a) and (c).

The quantity X~ can be calculated as

X~ =ECom '( b, inlVl /b, H ),
i.e., the slope of the graph of lnM versus Kom */H, where
M is the amplitude of the dHvA signal. The value of. X~
obtained from such a graph is a measure of the scattering
of conduction electrons due to the presence of the magnet-
ic impurity, provided the following conditions are met.

(a) One is far from the region of a SSZ (SSM). A SSZ
will cause a minimum in the amplitude of the dHvA sig-
nal as the magnetic field is varied, in a manner exactly
analogous to the behavior of a SSZ in a rotation diagram.
In a rotation diagram the magnetic field is kept constant,
and the product m g' is allowed to vary by varying the
angle of the sample within the magnetic field. In this case
of X~ measurements, nz' is constant but H varies, so
g'=go+H, „/p~H varies. The product m g' will vary,
resulting in a SSZ occurring at that value of H such that
m g'= l, 3, . . . . In order to ensure that one is far from
the region of a SSZ (or SSM), one must first be able to
determine both m ', and the effective g factor, g'.

0 --'
I

I.O

v(K)

FIG. 5. Experimentally measured values of X~ versus lnT for
La~ „Gd„A12 and La~ „Ce„A12, x=0.5 at. %, for orbit (b) and
for orbit (d). Also plotted is bulk resistivity versus lnT for
La~ „CexA12, x =0.5 at. % (from Ref. 13).
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(b) No spin-dependent scattering (SDS) exists. A differ-
ence of Xd for spin-up and spin-down electrons will cause
the plot of lnM versus ICom */H to deviate from
straight-line behavior, as the contributions add vectorially,
with their relative phase being dependent upon the magni-
tude of H. A SSM seen in a plot of lnM versus 1/H will
indicate the presence of SDS in the same manner as is evi-
dent in a SSM seen in a rotation diagram, i.e., the sharp-
ness of the minimum is indicative of the amount of spin-
dependent scattering. A calculated example is shown Fig.
6.

IO.O—

8.0—

7.0—
C:

6.0—

La, ,Ce,Alz

(c)

The procedure (known as dHvA wave-shape analysis)
for determining g' and 5x depends upon the measurement
of the amplitudes and relative phases of the higher dHvA
harmonics (see Ref. 6 for a detailed discussion of wave-
shape analysis). Unfortunately, for the orbits studied in
this work, effective masses were too great to permit obser-
vation of adequate higher dHvA harmonic amplitudes
within the range of magnetic field and temperature avail-
able with the apparatus employed. In order to extract the
maximum amount of information from the data recorded
in this portion of the study, interpretation will be given in
the light of observations from Sec. II A.

Figure 7 shows a plot of dHvA amplitude versus 1/H
for the 0.3% Ce-doped crystal. The Xd plot for orbit (b)
deviates somewhat from a straight line. The least-
squares-fitted straight line gives a value of Xd ——3.89
K/at. % Ce. The fact that the plot is not quite linear,
points to the possibility that a SSM lies just outside the
observed magnetic field range. The X~ plot for orbit (c)
shows a substantially greater slope: Xd ——5.56 K/at. %
Ce. The data points to not fall on a straight line. An ar-
row in the figure indicates a possible SSM. If this is the
case, the minimum is extremely shallow, indicative of

4.0—
SSM, orbit &a)

SSM,
orbit (c) Possible SSM, orbit (b)

I

2.0 40 5.0
(K ')

FIG. 7. Experimentally measured values of lnM versus
m*Ko/K on orbits (a), (b), and (c), for La& „Ce„A12, x =0.3
at. %%uo, at T=0.5SK. Arrow s indicat eposition sof SSM's.
Data for orbits (b) and (c) are shown with both a least-squares

straight-line fit and an approximate curve fit. Error in ampli-
tude measurement is represented by size of the data points, i.e.,
AM/M =0.05.

50 6.0 7.0

strong SDS.
The Xd plot for orbit (a) has a very small slope. The

slope at the low-field (50—54 kG) end of the curve is

Xd = 1.89 K/at. % Ce. The prominent feature of this plot
is the existence of a SSM. This feature is seen more clear-

ly in Fig. 8. This data was obtained in the same manner as
was that in Fig. 7; however, in Fig. 8 magnetic field
values were chosen which are more uniformly spaced in
1/H. An estimate of the amount of SDS can be calculat-
ed from

In JVI
6.I—

60—
SSM

pm 5.9—

0 ppm

40 5.0
l

6.0
I/O

FIG. 6. Calculated spin-split minima (SSM) as a function of
the amount of impurity within strong spin-dependent scattering.
This example is due to R. Hendel (Ref. 31), and is appropriate
for iron impurities in Cu-Cr alloys.

(K-')
H

FICx. 8. lnM versus Rom /K for La~ „Ce„Al2, x =0.3
at. %, for orbit (a). Arrow indicates position of SSM. Error bars
represent AM/M =0.05.
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P/Q=exp(Kom*5x/H) „

where P and Q are the amplitudes of the spin-up and
spin-down contributions to the signa1. ' Using estimates
for P and Q extracted from Fig. 8, 5x = 1.0 K, or normal-
ized to 1 at. % Ce, 5x =3.3 K/at. % Ce. It appears that
the SDS is extreme for this orbit.

The values of 5x calculated from the rotation diagrams,
listed in Table I, when viewed with the above result of
SDS at orbit (a), demonstrate that Ce causes spin-
dependent scattering for dHvA orbits on the I -centered
sheet of LaA12, with 5x increasing as one goes [in the
(110) plane] from [111]to [100]. That is, the coupling of
the Ce impurity to the conduction electrons is seen to in-
crease with increased conduction-electron f-wave charac-
ter.

For the 0.5% Gd-doped crystal, amplitude versus I/H
is shown in Fig. 9. The Xz plot for orbit (b) is a straight
line with X~=3.32 K/at. %%uoGd . Tha t ther e isvirtually
no SDS for this orbit can be inferred from the negligible
amount of SDS present for the SSM (which is virtually a
SSZ) located at [111]+5.6' (see Table I).

The X~ plot for orbit (c) has a very high slope,
Xz ——8.10 K/at. % Gd. This large slope can be caused by
(1) a large amount of scattering of conduction electrons
from their orbits, and/or (2) a SSM which occurs at a
magnetic field value just below the range of observation of
the dHvA signal. If (1) is true, then a comparison of Xq
for this orbit and the, orbit (b), together with the partial-
wave character for each orbit, will illuminate which
partial-wave component(s) gf the host wave function is a
strong participant in the interaction. If (2) is true, then
firm conclusions can be reached only when data at lower
temperatures, which will permit observation at lower
magnetic fields, become available.

The plot of lnM versus m'Ko/H for orbit (a) has a
slope of Xz ——3.32 K/at. % Gd at —50 kG, and Xz ——0.72
K at —80 kG. The low-field value of X~ is comparable
to the X~ of orbit (b). It appears that the field range for
this plot is just below the magnetic field value needed for
a SSM to be observable. Verification of this hypothesis
requires apparatus capable of higher magnetic field
values.

The hypothesized SSM which may be responsible for
the steepness of slope of the Xq plot for orbit (c), and also
for the curvature of the X~ plot for orbit (a) in the Gd-
doped crystal, is consistent with the appearance of a SSM
in the rotation diagram of the Gd-doped crystal at
[111]—31'. This can be seen as follows: An interpolation
of effective mass gives a value of m -2.14 for the
[111]—31' orbit; this mass is very close to the measured
mass for orbits (c) and (a). Hence it is quite plausible that
a SSM could be just out of magnetic field range on the X~
plots of both of these orbits.

7.0—

6.0—

5.0—

3.0—

1.0— (c)

l l

5.0
I I

3.0 402.0

'(K-)
H

FIG. 9. Experimentally measured values of lnM versus
m*Ko/II, for La~ „Gd„A12, x=0.5 at. %, at T=0.55 K, or-
bits {a), (b), and (c). Error bars for data points on each of the
curves represented by the size of the data points, i.e.,
AM/M =0.05.

III. SUGGESTIONS FOR FUTURE STUDY
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In order to more systematically and quantitatively
describe the interactions between the magnetic impurity
Ce (or Gd) and conduction electrons of LaA12, a calcula-
tion of the APW partial-wave coefficients (BA/Bgt ) (Ref.
32), for several different orbits on several sheets of the
Fermi surface of the host matrix needs to be carried out.

Further insights into the behavior of LaA12 doped with
Ce or Gd can be gained experimentally by making dHvA
measurements at higher magnetic fields and lower tem-
peratures. It is hoped that the confirmation of scattering
anisotropy on the Fermi surface of LaA12 demonstrated in
this work will stimulate theorists to reexamine the MH-Z
theory of reentrant superconductivity, and begin incor-
porating features of band structure into its assumptions.

Present address: Solid State Division, Oak Ridge National
Laboratory, Oak Ridge, TN 37830.
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