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Recent data suggest that the high-T, compound Sm2 Ce Cu04 —y presents considerable difficulties

for conventional theories of magnetic pair breaking. We report results of x-ray diffraction,
superconducting-quantum-interference-device magnetization, and resistivity measurements for single-

phased polycrystalline specimens of Sm2 M„Cu04 „(M=Ce, Y, La, and Sr) for various x and y. In
each case, the magnetic Sm + ions are diluted by a nonmagnetic species: isovalent Y'+ and La'+, or
nonisovalent Ce + and Sr +. Rare-earth magnetic order occurs below 6 K in SmzCu04', isovalent dilu-

tion with M= Y results in a depression of the Neel temperature T& at an initial rate
( 1/TNO)(dT&/dx) = —0.0110/at. %, a result that can be well described by a simple theory of magnetic
dilution. Isovalent dilution with M=La reveals a small steric effect. Nonisovalent dilutions are inter-

preted in terms of concentration-dependent exchange interactions; electron and hole dopings result in

depression and enhancement of the rare-earth exchange coupling, respectively. Our results (~'~ 6 meV)

indicate that the coupling between rare-earth ions and superconducting electrons is probably much
smaller than previously suggested, and that conventional magnetic pair-breaking theory adequately de-

scribes these materials. Some magnetic features suggestive of a subtle transition in the range
x =0.10-0.15 in the insulating M= Ce series are also observed.

I. INTRODUCTION

The discoveries of high-temperature superconductivity
in the Lz, Ce„Cu04 „(L=Pr, Nd, Sm, and Eu;
x=0.15),' and Lz „Th„Cu04 ~ (L=Pr, Nd, and Sm;
x =0.15), compounds and, more recently, in the
infinite-layer Sr, Nd„Cu02 material have demonstrat-
ed that superconductivity can occur by electron doping
into an insulating copper-oxide parent compound. Such
materials, with relatively modest T, 's (3—42 K), offer the
opportunity to access a greater portion of their phase dia-
grarn with attainable laboratory magnetic fields. Recent-
ly, an upper-critical-field investigation of the magnetic
superconductor Sm2 Ce Cu04 provided evidence
that an appreciable interaction between rare-earth mag-
netic order and superconductivity can exist in the copper
oxides. As discussed below, such strong interactions
would indicate that the high-T, materials present consid-
erable difficulties for conventional theories of magnetic
pair breaking. We present measurements here that at-
tempt to quantify rare-earth —conduction-electron in-
teractions by a comparative magnetic dilution technique.
We find that while electron (or hole) doping causes con-
siderable changes in Sm-Sm exchange couplings, little, if
any, additional indirect exchange coupling via conduc-
tion electrons can be deduced. The result suggests that
the rare-earth —conduction-electron exchange interac-
tions are much smaller than previously suggested, and
that conventional pair-breaking theory at present ade-
quately accommodates magnetic interactions in these ma-
terials.

After a discussion of experimental details in Sec. II,
some theoretical remarks and preliminaries concerning

both magnetic pair-breaking and magnetic dilution ap-
pear in Sec. III. Experimental results, discussion, and
analysis are presented in Sec. IV, followed by summariz-
ing remarks in Sec. V.

II. EXPERIMENTAL

Polycrystalline specimens of Sm2 „M„Cu04 y
(M= La, Y, Sr, and Ce) were prepared by solid state reac-
tion from stoichiometric mixtures of high-purity oxides
or carbonates: 99.99% Smz03, Y203, CeOz, La&03,
SrCO3, and 99.999% CuO. Samples were sintered in air
at 900'C for ten days, with several intermediate grind-
ings, then compressed into pellets under -2 kbar pres-
sure, and fired in air at 1100'C for three days; a buffer
layer of the same material was used to avoid contamina-
tion from the alumina crucibles. Samples were then an-
nealed in flowing oxygen, cooling from 900'C at the rate
of 25'C/h. All iodometric titrations performed on such
oxygen-annealed specimens of Sm2 M Cu04 „ indicat-
ed oxygen deficiencies y =0.00+0.02; all such specimens
will subsequently be termed Srnz „M Cu04. For
M=Ce, oxygen annealing may actually result in excess
oxygen content (y (0.00), as recently suggested; howev-

er, such differences could not be detected within our ac-
curacy (by =0.02). To induce metallic and/or supercon-
ducting behavior in the M=Ce specimens, a reduction
anneal in Aowing He was performed: The samples were
heated at 2'C/min to 850'C, annealed for 16 h, and rap-
idly cooled to room temperature over a period of 0.5 h.
For M=Ce, both oxygenated and reduced samples were
studied. Titrations of reduced specimens indicated oxy-
gen deficiencies y =0.02+0.02.
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Phase purity and lattice constants were determined by
x-ray powder diffraction using a Phillips 42273
diffractometer, Cu Ka radiation, and internal silicon
standards. A nonlinear least-squares fit of the eleven in-
tense peaks occurring in the range 20=20' —60 was used
to determine lattice constants. With the exception of the
x=0.20 specimen for M= Ce, which exhibited a trace im-

purity ( —1% unreacted CeOz), all samples for which

magnetic, structural, or transport data are reported
below were single phased. A comparison with the
M= Ce superconducting system is the main intent of this
study; the tetragonal T' phase persists' in the polycrys-
talline Ndz Ce Cu04 system only for concentrations up
to x=0.20. (For flux-based single-crystal growth of
Ndz, Ce Cu04, the solubility range apparently extends

up to x=0.23; for polycrystalline Smz „Ce Cu04, the

limit ' may be only x =0.18.) Thus the M=La, Y, and
Sr systems were studied in detail only over the concentra-
tion range x =0—0.20. We note, however, that the
M= La and Y systems were observed to be single phased
over broader ranges, up to x =1.0 and 0.5, respectively.
For M=Sr, however, a narrower range of dopant solubil-
ity occurs: impurity peaks were observed for all speci-
mens with x 0.15; a plot of the intensity of such impuri-
ty peaks versus concentration extrapolates to zero inten-
sity at x =0.10. Thus, for M=Sr, only data for x=0.05
and 0.10 specimens are reported here.

Magnetic data were obtained using a Quantum Design
Model MPMS SQUID magnetometer. Typically, a mag-
netic field H=1000 Oe was applied; for several speci-
mens, measurements at higher and lower fields indicated
that the reported data represent low-field (field-
independent) susceptibilities. Corrections ( -2%) for the
susceptibility of the sample capsules were made. Neel
temperatures were determined from the cusp in the mag-
netic susceptibility by identifying the temperature at
which extrapolations of the data above and below the
cusp intersected. Other magnetic parameters were deter-
mined by nonlinear least-squares fitting of the full tem-
perature dependence of the susceptibility as described
below. For resistivity measurements, platinum wires
were attached to gold contact pads on —1X1X6 mm
bar-shaped specimens using silver epoxy; data were ob-
tained using a Linear Research LR-400 four-wire bridge
operating at a frequency of 17 Hz.

III. THEORETICAL CONSIDERATIONS

In this section, we first review relevant aspects of mag-
netic pair breaking in superconductors, including recent
results for Smz „Ce Cu04 . The exchange coupling
between the superconducting electrons and the rare-earth
ions will be denoted&'. We comment on the behavior of
T, in the L z „M„Cu04 y system and the expected
effects of magnetism on superconductivity. We then turn
our attention to antiferrornagnetisrn; the net exchange
coupling between two rare-earth ions is denoted 4, and
the effects of dilution on the Neel temperature Tz are dis-
cussed. By accounting for the effects of isovalent dilution
with constant 8, the concentration dependence of cf due
to electron doping or hole doping can be determined. Fi-

where gJ is the usual Lande g factor of the rare-earth ion.
On general grounds, Abrikosov-Gor'kov pair-breaking
theory' predicts that the magnetic pairbreaking resulting
from such an interaction will scale with the exchange
scattering rate, 1/r, or, alternately, by the pair-breaking
energy parameter, ' 2a=h/2m'. The scattering rate is

given by'

1/r=2mnh 'N(e~)& (gj —1) J(J+1),
where n is the concentration of paramagnetic rare-earth
ions, h is Planck's constant, and N(E~) is the density of
electronic states at the Fermi energy cF. The degree of
depression of the superconducting transition temperature
T, from its value in the absence of rare-earth magnetic
ions, T,p, is determined by the strength of a compared to
its critical value, a„=0.882k' T p at which T, =0. The
full dependence is given by the dig amma function,
P(z)=d [lnl (z)]/dz, where I (z) is the usual gamma
function. The form is'

Tc
ln

cp

1 1 a—0 —+
2 2 2~k~ T,

(3)

where k~ is Boltzmann's constant. As is generally ob-
served, Eq. (3) predicts that T, is a linearly decreasing
function of a for small a, and decreases more rapidly as

a„is approached. Note that a is also proportional to the
de Gennes factor of the rare-earth ion in question,

(gz —1) J(J +1). For small a, the expansion of the di-

gamma function gives'

T, = T,o (era/4k' ) . — (4)

For the electron-doped 2:1:4 materials, variations of
the rare-earth hosts and/or dopant ions result in varia-
tions in superconducting properties. It has been pointed
out' that such variations do not correlate with rare-earth
magnetic properties. For example, in the lanthanide
series L z Ce„Cu04 —y note the monotonic trend: The
L =Gd compound is nonsuperconducting, the lowest-T,
superconducting compound occurs for L=Eu, with in-

nally, the possible changes in 8 due to an additional in-

direct exchange enabled by the insulator-metal transition
for M= Ce are discussed.

We consider only the simplest aspects of the interac-
tion of magnetisrn with superconductivity; more
comprehensive reviews may be found elsewhere. " Super-
conductivity and long-range magnetic order have been
observed to coexist in many copper-oxide superconduc-
tors, ' and the relatively low T, of the electron-doped
2:1:4compounds (T, ~ 24 K) provides the opportunity to
access much of the magnetic phase diagram with avail-
able laboratory magnetic fields. Recent upper critical
field measurements suggest that the exchange coupling
between rare-earth ions and superconducting electrons in

Sm& Ce, Cu04 y may be large, with a value of approxi-
rnately &'=60—110 meV. The exchange interaction be-

tween conduction electron spins S and a rare-earth ion
with total angular momentum J is given by'

%=—2(gJ —1)g'(J S),
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creasingly higher T, 's for L =Sm and Nd; the corre-
sponding de Gennes factors are scattered: 15.75, 0, 4.46,
and 1.84, respectively. Since magnetic properties ap-
parently have at most a secondary effect on T„attempts
have been made to correlate superconducting properties
with intralayer and/or interlayer spacings. ' *' For the
purposes of this discussion, it is sufficient to note that the
L =Sm system has one of the highest T, 's of the series, so
that any magnetic pair-breaking effects cause at most a
hT, ~ 2 K. For any reasonable estimate of the density of
states N (EF ), Eqs. (2) and (4) immediately imply

8k AT,
' 1/2

2
&10 meV,

rrnN(s~)(gJ 1) J(J—+1)
where a conservative value of N(sz)=1
stateeV 'atom ' has been used to obtain an upper
bound on ~' [values of N(sz) between 1 and 10
stateseV 'atom ' are typically obtained for the various
high-T, copper oxides' ' ]. Of course, if the small de-
crease in T, is not largely attributable to magnetic effects,
and/or a less conservative estimate is made, one would
conclude an even smaller &'&1 meV. Thus the value
&'=60-110 meV suggested by upper critical field mea-
surements presents considerable difficulties for conven-
tional pair-breaking theory. (Note also that since
5T, ~&, such large &' values would have a truly
overwhelming effect on T, .) We point out that in other
magnetic superconductors, such anomalous behavior is
not observed: For example, in SmRh4B4, upper critical
field measurements indicate that~'=23 meV, and a cor-
responding, large, zero-field value of ET, =8 K (com-
pared to YRh4B4) is indeed observed. With these con-
siderations in mind, it is apparent that further investiga-
tion is warranted.

Below, we attempt to estimate an upper limit on the
rare-earth-conduction-electron exchange constant ~' by
observing its effect on the net exchange coupling 8 be-
tween two rare-earth ions. This is done by comparative
magnetic dilution, ' we simply use isovalent substitution to
account for the changes due merely to dilution, and ob-
serve the concentration-dependent 8 that occurs with
electron doping or hole doping. We are then particularly
interested in any additional concentration dependence of
8 that accompanies the insulator-metal transition; such a
contribution would be attributable to indirect exchange
as described below; first, a brief preliminary discussion of
magnetic dilution is in order.

Theories of magnetic dilution tend to differ for a num-
ber of specific predictions; ' however, various available
results, including those obtained by effective-Hamiltonian
or efFective-field, ' cluster-expansion or cluster-
variation, and modern renormalization-group
techniques all give similar results for the case of interest
here. The results are supported by Monte Carlo and ex-
perimental data. Many calculations are limited to
the ferromagnetic case or to spin- —,

' systems with nearest-
neighbor Heisenberg, XY, or Ising coupling. Real com-
plications, such as extended interactions, spins other than
—„anisotropy, multiple spin species, and complex lattice
structures, have rarely received treatment. Fortunately,

differences arising from such complications primarily
affect parameters such as the critical concentration and
critical exponents; the concentration dependence of the
magnetic ordering temperature for mild dilution
( ~ 10%), of interest here, has been shown to be relatively
insensitive to spin value and detailed lattice structure in
numerous studies. We thus adopt a simple effective
Hamiltonian approach, with the intent of isolating ster-
ic and electronic effects from those of simple dilution.

The Srn + ions in Sm2Cu04 exhibit a mean-field-like
transition to an antiferromagnetically ordered state
with a Neel temperature TN of approximately 6 K. This
is confirmed by specific-heat measurements, ' which
show a sharp anomaly at TN =5.94 K. Single-crystal sus-

ceptibility behavior indicates that the easy axis of mag-
netization at low temperatures is parallel to the tetrago-
nal c axis; thus an Ising model is appropriate. The de-
tailed magnetic structure has not yet been determined by
neutron diffraction. We consider the result for a sublat-
tice with z nearest neighbors on the second sublattice:

TN
p'(z —1)+1

p'(z —1)—1

where p' is the concentration of nonisolated magnetic
ions, given by p'=p [1—(1—p}'], where p is the concen-
tration of magnetic ions. For mild dilution, p=p . Let
x =1—p be the concentration of diluting ions. Then for
small x expansion of Eq. (6) implies

Tz(x) = T&0[1—(2(z —1)/[z (z —2)ln[z/(z —2)] J )x

+O(x )] .

where kz is the Fermi wave vector, ao is the unit cell
volume, and R is the magnetic ion separation. (An er-
roneous factor of 2 in Ref. 41 has been omitted. ) Al-
though a two-dimensional tight-binding expression might
be more appropriate for the copper oxides, we know of

Thus, the normalized initial concentration dependence of
the Neel temperature is linear with a slope that depends
only, and weakly, on the number of nearest neighbors,
with —(1/T&0)dT&/dx =1.082, 1.028, and 1.014 for
z=4, 6, and 8, respectively. Such analysis assumes all
other factors are equal; obviously, variations in the ex-
change coupling 8 between nearest neighbors due to ster-
ic or electronic effects will cause additional variations in
TN e

Finally, we consider the contribution d' to the net Sm-
Sm exchange coupling 8 from Sm-ion —conduction-
electron indirect exchange &'. This is the well-known
RKKY interaction, , given in convenient form for a
three-dimensional free electron gas by '

2 (kzao} sin(2k+R) —2k+R cos(2k+R)

&F Vr (2k~R)

(8)
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no such calculation for the RKKY interaction. Instead,
we note that for the crude estimates below, Eq. (8) con-
tains the essential features of a second-order perturbation
calculation of indirect exchange: that 8'=~ /eF times a
factor of order unity (or more accurately, —10 ) which
includes a decaying oscillatory function. We point out
that since the density of itinerant states in the copper ox-
ides is relatively low (and thus kF is relatively small), one

might then expect that the first node in the RKKY oscil-
lations is beyond the nearest neighbors, so that any ap-
preciable cP probably contributes a ferromagnetic contri-
bution to the net antiferromagnetic nearest-neighbor 8.

IV. RESULTS AND DISCUSSION

In Fig. 1 are shown magnetic susceptibility data as a
function of temperature at low temperatures for various
Sm2 Y,Cu04 samples in the range 0 x ~0.3. Since
the susceptibility cusps are somewhat rounded for these
polycrystalline materials, we estimate the Neel tempera-
tures from the intersection of the extrapolated suscepti-
bility data below and above the cusp. For the x=0 speci-
men, we obtain Tz =6.01+0.05 K, in fair agreement with
the value T&=5.94 K obtained by specific-heat measure-
ments. Since Y + is isovalent with Sm +, it is not
surprising that our resistivity data show that the entire
series are, like the parent compound Sm2Cu04, semicon-
ducting and, at low temperatures, insulating. Similar

polycrystalline resistivity data have been reported previ-
ously and are not repeated here. ' ' As has been previ-
ously noted, the Neel temperatures in this rare-earth
system are relatively large, indicative of strong exchange
interactions. The effect of magnetic dilution is evident in

Fig. 1; as expected, Tz decreases smoothly with increas-
ing dilutant concentration. One can also observe that the
peak value of the susceptibility increases and that the
data above Tz shift upward, behavior due to both the
lower Neel temperature and the correspondingly higher
(less negative) Curie-Weiss temperature.

Similar magnetic susceptibility data as a function of
temperature at low temperatures are sho~n in Fig. 2 for
various Smz, Ce Cu04 samples in the range 0 x 0.2.
In this case, similar behavior is observed for the decrease
in the Neel temperature, with quantitative differences dis-
cussed below. An additional feature is present for
M= Ce: The monotonic upward shift in the susceptibility
observed for M= Y again occurs for the separate ranges
x =0-0.10 and 0.15-0.20, but a noticeable diamagnetic
shift occurs over the x =0.10—0.15 range. This may be
due to a subtle electronic or structural transition, or
perhaps is attributable to a trace superconducting phase
in these oxygen-annealed, otherwise-insulating samples.
However, the latter explanation is not supported by low-
field (H=10 Oe) magnetization data. Another explana-
tion may involve a microscopic phase separation in the
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FIG. 1. Molar magnetic susceptibility gM data as a function

of temperature T at low temperatures for Sm, „Y Cu04 poly-
crystalline samples with various x in the range x =0—0.3.
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FIG. 2. Molar magnetic susceptibility yM data as a function
of temperature T at low temperatures for Sm2 „Ce Cu04 poly-
crystalline samples with various x in the range x =0—0.2.
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M=Ce system, as suggested by neutron diffraction for
the Ndz ~Ce~Cu04 y system.

The high-temperature behavior of the magnetic suscep-
tibility is not a strong function of concentration in
Sm2 M Cu04 for either M= Y or Ce. A representative
set of data for Sm, 9pYp &pCu04 is shown by the symbols
in Fig. 3. Similar to previous analysis for undoped
Sm2Cu04, the magnetic susceptibility of the Sm + ions
above T~ can be well described by a Curie-Weiss con-
tribution from the J =—', ground-state multiplet, plus a
temperature-independent Van Vleck contribution from
the admixture of the low-lying J =

—,
' multiplet at an aver-

age energy k~ AE above the ground state:

Pea Pa20

3k~(T —8) 7k~DE

where yM is the molar susceptibility, N~ is Avagodro's
number, p,z is the effective moment per Sm ion, 8 is the
Curie-Weiss temperature, and pz is the Bohr magneton.
A fit to Eq. (9) is shown by the solid line in Fig. 3.

The extracted values of the splitting AE, the effective
moment p,z, and the Curie-Weiss temperature 0 are
shown in Figs. 4(a), 4(b), and 4(c), respectively. Data for
Sm2 M„Cu04 with x =0—0.20 and both M= Y and Ce
are shown. As might be expected for well-localized 4f
moments, neither isovalent dilution nor dilution accom-
panied by electron doping has any appreciable effect on
AE or p,&, which exhibit average values of 1060 K and
0.35p~, respectively, similar to the values EE=1150 K
and p,~=0.33p~ reported previously for SmzCu04.
Some scatter in the values of the extracted parameters is
apparent, possibly due to the difficulty of a three-
parameter fit. The isovalent dilution only gradually
affects the value of the Curie-Weiss temperature; the solid
line in Fig. 4(c) for M= Y indicates a variation of
d 8/dx =0.06 K/at. %. For M= Ce, the increase is more
dramatic, with d 8/dx =0.22 K/at. %. These results will
be discussed below, in light of the somewhat more accu-
rately determined variations of Tz with concentration. It
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is noteworthy that the Curie-Weiss and Neel tempera-
tures are nearly equal in magnitude, probably indicating
that second-nearest-neighbor interactions are of little im-
portance; a simple-mean-field model would imply that
second-nearest-neighbor (same-sublat tice) interactions
are down by a factor of ~(T~+8)/(T~ —8)~ =0.05 with
respect to nearest-neighbor interactions.

Tetragonal unit cell parameters a and c are shown for
Sm2 „M„CuOz in Figs. 5(a) and 5(b), respectively. Data
for M=Ce, Y, and La are included. The relevant ionic
radii for isovalent La +, Sm +, and Y + are 1.160,
1.079, and 1.019 A, respectively; thus, La and Y straddle
Sm in size and provide an ideal range to determine steric
effects. Such variation is evident in Fig. 5; both a and
c increase (decrease) with La (Y) doping. For electron
doping with the smaller Ce + (ionic radius 0.97 A),
a increases while c decreases, as has been previously
reported and discussed' ' ' for L2 „M,Cu04 and
Sf] y Ndy CuO2 Two effects occur: Electron doping into
the antibonding orbitals of the Cu02 sheets stretches the
Cu—0 bond length and increases a, while substitution of
the smaller Ce + for the larger Sm + decreases the spac-
ing between the Cu02 sheets, i.e., decreases c. Since
changing a alters the Sm-Sm nearest-neighbor spacing, it
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is important to note that isovalent La doping can pro-
duce as large a change in a as electron doping does; thus
one can separate electronic and size effects.

The primary differences between isovalent dilution,
steric effects, and electron doping are evident in Fig. 6,
where the Sm + Neel temperature has been plotted as a
function of concentration for various dopant ions M in
Smz M Cu04. For M= Y and La (isovalent dilution),
essentially linear decreases with concentration are ob-
served; the solid line is a fit of the M= Y data to the full
form of Eq. (6) with z=4. (Although the precise magnet-
ic structure has not been determined, there are four
nearest neighbors at a distance a from any given Sm ion;
a simple linear least-squares fit to the data yields a nor-
rnalized slope of —(1/T~0)dT~/dx=1. 10, further sup-
porting [see the discussion following Eq. (7)j the supposi-
tion that z=4 is appropriate. ) The full fit to Eq. (6)
yields a Sm-Sm exchange constant 8= —0.36 eV. As
mentioned above, this value is in theory determined com-
pletely by the initial Neel temperature; the variation with
concentration follows the universal form of Eq. (6),
without adjustable parameters. Thus an important obser-
vation is that for M= Y there is no measurable steric
effect; it is closest to Sm in size, and essentially behaves as
a simple, ideal magnetic dilutant. If any steric effect for
the smaller M= Y exists, the slight lattice contraction
presumably results in a small increase in ~cP~ (and thus in
T~). For M=La, only a small effect is evident; the larger
La ions apparently cause a minor additional decrease in
the Neel temperature and thus are indicative of an ex-
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centration x in Sm~ M„Cu04 for M= La (triangles), Ce
(squares), and Y (circles). (b) Similarly, but for tetragonal lattice
constant c.
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FIG. 6. Neel temperature Tz as a function of concentration
x for Srn2 „M Cu04 for M= Y (circles), La (triangles), and Ce
for both oxygenated (solid squares) and reduced (open squares)
samples. The solid curve is a fit to Eq. (6), yielding i8i =0.36
meV. The dashed and dotted lines are linear fits with slopes
given by —(1/Tzo)dTN ldx=1.26 and 2.21 for M= La and Ce,
respectively, with TNO=6. 01 K.

change coupling decreasing slightly with concentration as
the lattice expands. The dashed line in Fig. 6 is a linear
fit with slope —(1/TN0)d T~ /dx = 1.26, a somewhat
larger slope than expected for mere dilution. Note from
the values of the lattice constant a in Fig. 5 that if the
coupling in the direction of the tetragonal basal plane is
dominant (i.e., in the direction of Sm nearest neighbors),
the steric effect of La substitution should exceed that of
Ce.

For electron doping, the data of Fig. 6 indicate that a
much more rapid depression of the Neel temperature
occurs than in either case of mere dilution. Data for
M=Ce are shown for both oxygen-annealed (insulating,
solid symbols) and helium-reduced (metallic, open sym-
bols) specimens; the reduced x=0.15 and x=0.18 sam-
ples are metallic and superconducting, while the reduced
x=0.20 sample is metallic. The dotted line in Fig. 6 is a
linear fit to all of the M= Ce data and has slope—(1/T~0)dT&/dx=2. 21. As is evident, no appreciable
change occurs upon helium reduction. Thus the manner
in which electron doping affects Sm-Sm coupling ap-
parently does not depend on whether or not the electrons
are delocalized, although the same electrons may be re-
sponsible in both cases. We note, however, that there ap-
pears to be a shift in the concentration dependence, with
the data in the x =0—0.10 range above the linear fit and
those in the x =0.15—0.20 range below the fit. Thus one
may again speculate (see the discussion of Fig. 2, above)
that a concentration-dependent electronic or structural
transition occurs in the x =0.10—0.15 range of even the
insulating series.

With the analytic form of Eq. (6), it is a simple matter
to reexpress data of Fig. 6 in terms of concentration-
dependent exchange constants; this has been done in Fig.
7, where the magnitude of cf is plotted as a function of
concentration for M=Sr, Y, La, and Ce. One can see im-
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mate from Eq. (9) that ~'~3 meV. An improvement
might be obtained by using the two-dimensional value,
kF = [2m XO. 15/a ]'~ =0.97/a, and by incorporating
the fact that this is presumably a narrow-band material,
e.g., using an effective lnass m *= 10m. One then obtains
~'~6 meV. If we relax the estimate 8'~0.005 meV and
instead assume 8'=0.03 meV as discussed in the last
paragraph, an increase of only a factor of 6' is obtained,
i.e., the same calculations give &'=7—15 meV. In any
case, we are led to the conclusion that our estimate of the
coupling is small, perhaps very small. From these results,
we conclude that the requirement of pair-breaking theory
determined above (~'~ 10 meV) is not violated here, and
that previous values (~'=60—100 meV) were overestimat-
ed.

Concentration x

FIG. 7. Magnitude of the extracted values of the Sm-Sm ex-
change coupling ~d"

~
as a function of concentration x in

Sm2 „M„Cu04 ~ for M=Sr (diamonds), Y (circles), La (trian-
gles), and Ce for both oxygenated (solid squares) and reduced
(open squares) samples. Solid lines are guides to the eye. Values
of ~8~ were obtained from experimental Neel temperatures us-
ing the dilution theory of Eq. (6).

mediately that electron doping (M=Ce) decreases ~8~,
while hole doping (M=Sr) enhances it. More important-
ly, the figure reiterates a main result from the M=Ce
data: No appreciable change in the exchange constant d"

occurs as the insulator-metal transition is crossed, and
none occurs as metallic behavior improves (various trans-
port measurements' ' indicate that the reduced ma-
terials become increasingly more metallic at high concen-
trations). From the data of Fig. 7, we estimate an upper
bound for an excess conduction-electron contribution dt'

to the total dt to be cP' ~ 0.005 meV. If one instead adopts
a more restrictive picture that, in some manner, all of the
electron-doping effect on Sm-Sm coupling is suddenly
transferred to the conduction electrons upon delocaliza-
tion, a larger contribution cP =0.03 eV at x=0.15 would
be estimated from Fig. 7.

It is a somewhat difficult matter to translate such a 4'
into an accurate bound on the exchange coupling &' be-
tween the rare-earth ions and the conduction electrons;
this is of interest, since, as discussed above, an anorna-
lously large value of &' in the copper oxides presents
difficulties for pair-breaking theory. We first make a
crude estimate for a three-dimensional free electron sys-
tem: For electron doping with 0.15 electron per Cu
atom, kF =[3m. (2X0.15)/a c]'~ =1.44/a. Using the
limit 8' ~0.005 meV obtained above, one can then esti-

V. SUMMARY

%e have presented primarily magnetic data which at-
tempt to isolate and quantify the various effects of size,
dilution, and electron and hole doping on rare-earth
magnetism in Sm2 „M Cu04 for various nonmagnetic
substituents (M=Ce +, Y +, La +, and Sr +). We re-
port good agreement with a simple theory of magnetic di-
lution for the M= Y case, and note a small effect associat-
ed with size for the larger M=La substitution. For
M=Ce, we observe some behavior suggestive of a subtle
electronic or structural transition in the range
x =0.10—0.15, even for the insulating series. For the re-
duced, metallic series, we see no evidence of additional
Sm-Sm coupling accompanying the insulator-metal tran-
sition. However, an appreciable depression (enhance-
ment) of the Sm-Sm coupling is observed for electron
(hole) doping, whether or not the charges are delocalized.
Difficulties suggested by previous data concerning the ap-
plicability of pair-breaking theory in these materials are
apparently not substantiated; our best estimates of rare-
earth —conduction-electron exchange couplings are rela-
tively low, &'&6 meV. Future work on single crystals is
recommended to further investigate the detailed concen-
tration dependence and anisotropy of these materials.
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