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Comparison of the low-temperature specific heat of Fe- and Co-doped
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Specific-heat data of Fe-doped, BPh, ,Sr,CaCuy; _,Fe ),Og in the range 2—20 K are presented for1, 2,
4, 6, and 8 %. The data are compared with our previous measurements on Co-doped bismuth-strontium-
calcium-copper oxide superconductors of nominal compositioBiraCyOg (BISCO 2212. Both Fe and
Co are magnetic substitutions with effective moments close to their free-ion value. In the normal state the
magnetic susceptibility increases by more than a factor 2 over the doping range due to effective-mass enhance-
ment. In the superconducting state both ions act as magnetic pair breakers. For Co doping the normal-state
linear termvy is observed, enhanced due to the effective-mass increase. For Fe doping we observe a large
anomalous contribution to the electronic specific heat starting near 15 K and leading at the lowest temperature
to a linear term nea,=72 mJ/mole ¥ (1 mole=1 formula unil. The anomalous term is typical of heavy
fermion behavior. Comparison with specific-heat data of Co-doped BISCO 2212 suggests that hybridization
between 8 electrons of the dopant and the planar carriers is more effective for Fe doping than for Co doping.

In a previous publicatioh, we reported on the low- The superconducting transitions were observed in low
temperature specific heat of Zn- and Co-doped bismuthfields (1 G) in a superconducting quantum interference de-
strontium-calcium-copper oxide superconductors of nominavice magnetometer. We found that the magnetic transitions
composition BjSr,CaCyOg (BISCO). The main result of have a broad onset and that the transition width increases

this work was that Co substitution induces a large linear tern)t{"ith inc;easin_ic_]h Fet conf_entrfltion ort decreasing transit:onf
in the specific heat, in contrast to Zn substitution, which'SMPerature. 1he transition temperaturés given as part o

e Table Il are taken at the 5% level of the field-coolddeiss-
hardly changes the low-temperature specific heat. Fro

e . er magnetization(in a field of 1 Q. In Fig. 1, we show
normal-state susceptibility measurements, it was found th%ese transition temperatures as function of Fe concentration

Co is a magnetic substitution in BISCO, whereas Zn substiys well as the temperature at the 90% level of the Meissner
tutes nonmagnetically. In the present work, we report oukignal.

results on the specific heat of Fe-doped BISCO 2212. Fe also Investigations of Zn, Fe, and Co doping in the 2212 struc-
substitutes magnetically, and this investigation should thereture were published by Maedzt al? They used a slightly
fore be helpful in outlining the relationship between the ap-different stoichiometry, Bi(Sr, ¢Ca 43(Cly —xM,),0,, and
pearance of a low-temperature linear term in the specific hedound solution limits ofx=1.5% (M =Zn), x=8% (M=Fe),

of cuprate superconductors and the substitution of magnet@"d X=10% (M =Co). We also found a rapid increase in

cations. We found again a linear term at low temperatures iff’PUrity phases when we attempted to exceedd% for

Fe-doped BISCO, but this term is much larger than in co.gither Fe or Co substitution. The decrease in transition tem-

substituted BISCO. The low-temperature limiting valueyof perature T, in our samples is similar to those found by

is at least four times that for Co substitution and much IargePAaEdaet al.

than any estimated normal-state linear term. In contrast to 70

this, the normal-state properties of Co- and Fe-substituted (MMo)

BISCO are quite similar. It is possible that hybridization of 80 e O Bi, .Pb, ,Sr,Ca(Cu, . Fe.),0
the Fe wave function with the planar oxygen and copper 90% e e e e

. L 501
wave function produces a heavy-fermion-like enhancement

of the electronic specific heat, in contrast to the Co case. We __ 4,
will present in this paper the results for Fe-doped BISCO and =
compare them with the Co-doped BISCO results. F 30}
The measurements were conducted on samples of
Bi, Pky ,;SLCaACu, _Fe),0q, for x=1, 2, 4, 6, and 8 %. 20~
The samples were produced by solid-state sintering methods
from high-purity B,O3, PbO, SrO, CaO, CuO, and f2. 1or
The oxide mixtures were calcined in air for 24 h at 800 °C . , ‘ . . . ‘ .
and then sintered for a total of 80 h at 845 °C in air. The % 1+ 2 3 4 5 6 7 & o
batches were reground a total of four times in the sintering Xpe (%)
program. X-ray powder diffraction shows the presence of the
2212 phase, and no indication of the 2223 phase. Small im- FIG. 1. The temperatur, at 5 and 90 % of the Meissner signal
purity concentrations around 3% were noted. at 0 K (Mg), measured in a field of 1 G.
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FIG. 2. The  normal-state  susceptibility — of 7 9

Bi; gPhy ,SKLCACy, 4 Fe,),05 measured in a field of 5 T. X (%)
normal-state susceptibility as function of temperature for alfutéd Bi &Pk ;SLCACU, M,)205, M=Fe or Co, as function of
Fe concentrations: included are also results for an unsubsffuPstitution concentration.

both a Curie ternC/T, as well as an enhanced constant termgjightly concentration dependent, decreasing with increasing

Xo- We fitted the results therefore to the form solute concentration. In the low concentration limig ex-
trapolates within experimental uncertainty to the moments

__ . C for the isolated F& ion (pes=4.90, or Cd&" ion
X=Xot T @ (pes=3.87), assuming quenching of the orbital moment. The

spectroscopic state for Fe would then 1&,, and for Co,
the resulting values of, andC are given in Table I. Similar  4F . Itis clear that the Curie term is directly associated with
results are given in Table Il for Co-substituted samples. Wahe solute magnetic moments, and that this moment is very
attribute the Curie ternC/T (absent in the unsubstituted close to the isolated ion value in the limit of infinite dilution.
case to the magnetic moment of the substituted cation, andhe drop inpgs (Which amounts to about 15% for=8%),
interpret the constant terng, as Pauli susceptibilitfafter  can have several reasons. It could be due to spin fluctuations,
correction for diamagnetic core contributions. or a small antiferromagnetic interaction.

The measurements of the normal-state susceptibjfity Maedaet al? also found a Curie term in their Fe- and
were confined to the temperature range 70—250 K. The loweE0-substituted samples. They obtained for both caseg:a
temperature is well above the transition temperafyrdor of 3.6. This is in quite good agreement with our Co result but
all Fe concentrations. It is, therefore, unlikely that fluctuationdistinctly below thep. we find for Fe substitution, although
effects will affect these data. In Ref. 18, it was found that thea slightly largem, for Fe substitution is also evident in their
fluctuation range in Bi 2212 reaches to about 10% of thgesults.
transition temperature abovi, (or about 10 K. This puts In order to discuss the temperature-independent Pauli sus-
even the measurements fqi,=1% (T.=54.8 K) outside the ceptibility xo, we have to correct the data for the diamagnetic
fluctuation range. As expected, we have not observed angore contributions. We estimated these corrections from data
deviation from relation(1) at the low-temperature range for given by Gupt from which we estimate the temperature-
any Fe concentration. independent diamagnetic susceptibility,\zg,gz—2.05><1O‘4

The effective momenp., introduced both for Fe and Co emu/mole, virtually independent of Fe or Co concentration.
substitution was obtained from the measured Curie constant:he “mole” refers here, as in the rest of the paper, to one

formula unit, unless reference is specifically made to the Fe
N(Pefiien)? or Co content. We neglect tHeinknown) van Vleck contri-
C= W' ) bution. For the unsubstituted sample, the susceptibility
shows no Curie contribution, and a small constant paramag-
where ug is the Bohr magneton anld is the molar concen- netic susceptibility of about 1:010 % emu/mole. The cor-
tration of Fe or Co. The effective moments are given inrected susceptibility for this case can then be estimated as

TABLE |. Magnetic properties of the normal state of; gl ,Sr,CaCu; _Fe),0g.

XFe c X0 Xo,corr X0,corr

(%) (10 %emu/moleé pes (10 *emu/moleé  (10°* emu/molé  (10°2 emu/mole Fg
1 58.57 4.84 1.50 3.55 1.78

2 106.00 4.60 1.86 3.91 0.978

4 207.90 4.56 2.30 4.35 0.544

6 279.30 4.31 3.90 5.95 0.496

8 350.00 4.18 4.70 6.75 0.422
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TABLE II. Magnetic properties of the normal state of;BPh, ;SrLCaCu, _,Ca,),0s.

Xco C Xo Xo,corr Xo,corr
(%) (10 °emu/mole pgr (107 emu/molé (107% emu/molé (1072 emu/mole Cd

2 82.6 4.06 1.52 3.57 0.892
3 105.5 3.75 2.18 4.23 0.705
4 131.5 3.62 2.67 4.72 0.590
6 171.5 3.38 3.80 5.85 0.488
8 228.0 3.38 4.20 6.25 0.391

3.05x10 % emu/mole. The interpretation of this constantthe anomalous contribution 0, in the Fe-doped samples,
susceptibility as Pauli susceptibility of free carriers is reasonwe subtracted the specific heat of the undoped sample to
able. An estimate ofp,,; from the density of states at the obtain AC,(x)=Cy(x) —C,(0). This contribution is shown
Fermi surfacé;® N(Ef)=3 states/eV cell, leads to in Fig. 6, expressed per mole of Fe substitution. It can be
Xpaui=1.94X10"% emu/mole. The observed corrected seen that the major effect of Fe substitution is an increased
temperature-independent susceptibility is therefore close tepecific heat at low temperatures. The onset of the additional
that expected from band-structure calculations. Uncertaintiesontribution is near 15 K fox=1, 2, and 4 % Fe, and some-
in the diamagnetics corrections, as well as possible uncewhat higher temperaturds=20 K) for x=6 and 8% Fe. The
tainties in the theoretical estimation Ni{(Eg), may contrib-  extra contribution toC,, rises to a maximum ne& K and
uted to the observed small difference. We feel in view of thisfalls off, eventually turning into a temperature-linear term.
comparison justified in interpreting, not only in the unsub- This behavior is clearly evident from Fig. 6. The
stituted, but also for the substituted samples as Pauli suscefemperature-linear term observed at low temperatures is
tibility. When Fe or Co are substituted, we observe a largeeached naa9 K for 6 and 8 % Fe, near 5 K for 4% Fe, and
increase of the temperature-independent corrected susceptiear 2.5 K for 2% Fe. For the lowest concentration of Fe,
bility xo.cor @ shown in Tables | and Il and Fig. 4. It is Xg.=1%, the linear regime is still not fully established near 2
interesting to observe that this increased temperaturek. We have in all cases used the estimate given in Fig. 6 by
independent contribution is, within experimental uncertaintythe dotted lines as the low-temperature limjt It is possible
the same for Fe or Co substitution. At the maximum substithat in the 1% Fe case, a small but not resolved taffff in
tution level of 8% Fe or Coy o has risen to more than the data leads to an overestimate)gf(see analysis below
twice the value of unsubstituted BISCO. This increase inThese low-temperature limiting valueg are given in Table
Xocorr IS remarkable, and certainly introduced through thelll and Fig. 7. It is apparent that in the Fe-doped BISCO
magnetic character of the solute, since no such enhanceme2212 samples, a very large linear term is observed. The lin-
is observedfor the unmagnetic substitution Zn. We will dis- ear term is not very dependent upon Fe concentration, it
cuss this enhancement further below in connection with thenoves from y,=66 mJ/mole K for x=1% to x=73.6
specific-heat results and the Wilson ratio. mJ/mole K for x=8%, but for the higher concentrations,
The specific-heat data for the Fe-substituted samples athis value is almost independent &fwith an average of
shown in Figs. 5 and 6. In Fig. 5, we show the measuredy, ,,~74.2 mJ/mole R (averaged fox=4, 6, 8%.
specific heat as function of temperature. In order to obtain The analysis of the low-temperature specific heat in terms
of an anomalously largey is relatively straightforward for
Xpe=4, 6, and 8%. Fokg.=1 and 2%, however, it is possible
that the rise inC,/T observed at low temperatures may be
i partially due to the well-known low-temperature upturn ob-
d served in many high-temperature superconductors, including
Co-doped BISCG3.We have, therefore, attempted to fit the
specific heat for these two Fe concentrations below 10 K to
the form

A
Co=gz+ YoT+ BT3+mCg(T), ®)

Xo,corr. (107 emu/mole)

oCo whereA/T2 describes a possible low-temperature system due

2r to Schottky anomalieg T2 is the lattice term an€(T) an

Einstein contribution. Foixg.=2%, we were not able to
make such a fit with reasonable parameters, in fadtrns

out to be negative. In the-.=1% case, we can obtain a fit,
T2 3 4 & 6 7 8 9 but with an unreasonably largle (A=369 mJ K/mole. This

x (%) is much larger than values @f typically observed. For Co-

doped BISCO, we find thak is typically in the range 20 to
FIG. 4. The corrected temperature-independent susceptibilitpO mJ K/mole, with one exceptionally large=210 mJ K/
Xo.cor from measurements in the normal state in a field of 5 T.  mole. Moreover, the fit in the range @ 4 K is notgood, the

1 Bi; s Pbg 5 Sro{Cuy . M, ), Og
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g nﬁ% X(%) whereAC,=C(xg) —C,(0), and the upper limit is the onset
3 2% 20 temperatureT ., of the anomalous contribution near 15 K.
.y @3 .2 The low-temperature contribution, below about 2 K, is cal-
o : g culated by assuming a linear behavior to the lowest tempera-
. . . ° 8 tures, as indicated in Fig. 6. The results are given in Table
50 100 150 200 250 IIl. We find that the entropy content per mole Fe is strongly
T2 (K3 concentration dependent. If one expresskS as AS

=RIn(2S+1), then we find in the limit of low concentra-
FIG. 5. The specific heat per formula mole of tions, thatS falls betweerS=2 andS=3, as shown in Fig. 8.
Bi, gPhy »SKLCaACuy _,Fe),0g for different Fe concentrations. A more accurate determination is not possible due to the
large contributions from the extrapolated regions below 2 K.
measuredC,/T rises much faster than a terA/T? would  The rather large value c&S found for x=1% Fe is more
suggest. It is, therefore, unlikely that the major part of thisuncertain than those for the higher Fe concentrations due to
effect is due to a Schottky-typa/T? term. It is, however, the large required extrapolation To=0 (about 35%, as well
possible that a small contribution of this type is present, buhs uncertainties in the exact level of Fe concentration. The
its value cannot be reliably estimated. _ range of possiblé& values in the limit of low concentration
_ Ascan be seen from Fig. 5, any possible linear ter@in s however, certainly in agreement with tfig, state sug-
is either absent, or quite small in unsubstituted BISCO, a@ested by the normal-state susceptibility.
well as in Zn-doped BISCOThis is in agreement with other Comparison of the present system with Fe-doped pure Cu,
work,” and makes the detection of substitution-induced lineag,,qqests that the spectroscopic state of Fe is different in that
terms comparatlvely easy In this system. ”? recent Work system. InCu-Fe one also finds an additional specific-heat
the specific heat of a single crystal of Bi,CaCuOs, @  14;189ts entropy content has been obtained by Triplett and
small y near 2.1 mJ/mole Kwas obtained from analysis in Phillips® as AS=R In 4, giving S=3/2. This spin value is
the range 1.5-4.5 K. Th's term COUlq possibly arise fro_malso in agreement with the susceptibility ©fi-Fe measured
CuG, plane disorder; it is, however, stll_l an order of magni- by Hurd® (p,=3.69 and by Tholence and Tournir
tude below the enhancement found in both Fe- and CO(peff=3.4). It appears, therefore, that Fe substitutes in BISCO
substituted BISCO. . in a higher spin state, than in pure copper and that this state
We have also estimated the entropy content of the anomas .|oser to the free-ion value. The large dependenca Sf

lous specific-heat contribution. It was obtained by numeri-o, o concentration shows that complete disorder of Fe spins

cally integrating at high temperatures is obtained only at quite low concentra-
TAC tions, somewhat below 2%.

_ f TR YT (4) The temperature-independent term of the specific heat and

0 T ' the Pauli susceptibility in metallic systems can be compared

TABLE lll. Parameters of the anomalous specific-heat contribution jrg, ,.SLCaCuy, _ Fe,),05.

Normalized AS S

Xre Tc Yo Yo
% (K) (mJ/mole 1) (mJ/mole Fe K) Wilson ratio (J/mole Fe K (AS=R In(25+1))
54.8 66.0 3300 0.392 16.1 2.96

1

2 48.5 70.4 1760 0.404 11.9 1.59
4 33.8 73.6 920 0.431 8.6 0.90
6 30.9 75.6 630 0.573 6.4 0.58
8 26.1 73.6 460 0.668 4.9 0.40
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TABLE V. Linear specific-heat term and Wilson ratio of

%0 Bi gPly 2SKCACY - 4C0,),0g.
sor Xco T, Y Yo Normalized
ol '//“/__._\0 (%)  (K) (mImole ) (mJ/mole CoK) Wilson ratio
M 2 50.7 12.6 315 2.06
— 6of oFeo 3 48.6 15.6 260 1.97
® 5ol | 0Co 4 43.0 24.7 309 1.39
_g i 6 38.8 18.3 152 2.33
? 40_:'," Bi, s Pb, , Sr,Ca(Cu, , Mx), O, 8 35.8 18.4 115 2.47
IRt
30} . . . .
i R Co-substituted BISCO we have a normalized Wilson ratio
20 very close to Awith the exception of the 4% Co case, where
; O/o/’_“—o we found a somewhat large). As was shown earliefFig.
10l 4), xeorr changes between aboux20 4 emu/mole to about
6.5x10 % emu/mole over the range 0—8 % of Co or Fe sub-
oo" : P T stitution, i.e., more than a factor 2. In spite of this, the Wilson
X (%) ratio for Co substitution remains near 2. This shows that the

enhancement gf, .,y and of y, in this case are probably due
o _ __to the same cause. It was shown by Maetlal? that Co or
hea':t'Go'f7‘er;r?;"'tg?_zﬁgt‘ijtﬁ;'én't'%r;gb)“:‘seraéfgﬂ n 't;‘e) Sgec'f'c Fe doping of BISCO 2212 leave the carrier concentration
< ; 187 10,222 1228 almost unchange@loping independent Hall coefficiontt is
M =Fe,Co. Data are given per formula mole. X . . . .
therefore likely that this enhancement is due to an increase in
effective mass, approximately by a factor 2 for the substitu-
tion range 0—8 %, for these two systems. Co- and Fe-doped
BISCO is therefore in some respect similar to the incipient
Mott insulator Sy_,La,TiO5 investigated by Tokura and
5 co-workerst>™ These authors find that in their system the
R dea|:—32 (@) ' (5) metal'-insulator transition is characterized by a critica'l
T \ kg effective-mass enhancement, but a constant carrier density.
These authors also find a Wilson ratio ndy,,,=2 and

Where MB i; the Bohr magneton. Exper_imentally obtained analyze it in terms of Fermi-liquid theory. Here
Wilson ratios are usually reported in reduced form,

Rhorm=R/ Rigeal- IN the present case we takg as the Iqw- Rnorm=(1+F3) 71, (6)
temperature limiting value of, but y, has to be obtained A .
from measurements aboife . Wilson ratios obtained in this WhereFg is one of the Landau parameters describing the

way are given in Tables IIl and IV and shown in Fig. 9. For Fermi liquid. A Wilson ratio ofRyom,=2 givesF§=-0.5,
and this value is approximately independent of doping level.

by using the Wilson ratio defined &= yxy/y,. In here both
Xo @ndy, are to be taken in the low-temperature limit. For an
ideal Fermi system, one has

3
3r ™ Bi1_8Pbo,2SrZCa(CULXMX)ZO8
£ | -
sl
P ="M = Co
| o2t P
g
S . C
[e]
Q [0
1_ | 2
... ;
o 1+
~~~~~~~~~ .N
o g
2 | e W< Fe
0 L 1 L 1 1 L 1 ) 5 o ) |
0 1 ]
XFe (O/O) 0 1 1 1 1 1 1 L 1
0 1 et
X (%)

FIG. 8. The effective spirs obtained from the entropy content
AS of the anomalous specific-heat contribution per mole of Fe sub-
stitution of Biy gPhy ,SKLCaACu, _,Fe),0g. AS is given by AS FIG. 9. The Wilson ratio of Fe- and Co-substituted
=RIn(25+1). Bi; gPhy sSKCaACy; M, ),0g, M =Fe,Co.



8656 M. K. YU AND J. P. FRANCK 53

The slight increase iR, seen in Fig. 9 is probably still 4000 4
within experimental uncertainty. FdR,,,=2.5, which is
close to the Wilson ratio fox=8%, we findF §=—0.6, this Bi, 4 Pby , Sr, Ca(Cu, ,Mx), O,
should define the range of possible values-§f .

A value of R, =2 is also predicted fo6=1/2 Kondo 3000} "
systems*1°Reviews ofR ., for intermetallic systems have
also been giveh®’ values close to 1 or slightly larger are
usually found.

Our interpretation of the data for Co-doped BISCO is then
that the normal-state Pauli susceptibility is enhanced due to
effective-mass enhancement. Magnetic pair breaking in the
superconducting state introduces a linear specific heaterm
which is essentially the normal stajeand which shows the
same effective-mass enhancement with Co doping. For the
undoped case we ha\;@)’cmr=3.05><10’4 emu/mole. Using g

M=Fe Co
Xo,corr.” ® o

70: [ ] [e]

¥, (mJ/mole M K?)
8
3
©
Xo,corr_ (10'2 emu/mole M)

o

1000+

a Wilson ratio ofR,,.;,=2 for this case, we would estimate a

o of 11 mJ/mole K for unsubstituted BISCO 2212. Thig, 0 . M
cannot be directly observed due to the opening of the gap but 6+ 2 3 4 5 86 7 8 9
it can be estimated from other data. For this we can, e.g., use
the observed anomaly D, atT,. A detailed analysis of this FIG. 10. The low-temperature limiting linear term, of the

. 18 .
was given by Brauret al,”™ who analyzed a variety of 0b- g,eific heat and the corrected temperature-independent susceptibil-
servedAC, in BISCO 2212 in terms of fluctuation contribu- ity, Xo,corr Of Fe- and Co-substituted BiPhy ;Sr,CaCly M, ),0g,

tions and a “BCS" linear termy in C;, assumed to extend to M =Fe or Co. Data are given per mole of magnetic substitution.
T.. They find values ofyzcg between 2.8 and 10.9
mJ/mole ¥. These estimates are based on the ideal BCS
ratio AC,/(ygcsTc)=1.43. SinceAC is the fitted parameter,
a ratio larger than 1.43 would decrease the “experimenta
vacs- In spite of the difficulties of estimating the corregs
for the undoped case, it is likely th&,,,, close to 2 holds
also for this case.

For Fe-doped BISCO we find in the normal state similar

The main result of this work is the large enhancement of
I,1he specific heat below about 15 K in Fe-doped BISCO, lead-
ing at low temperatures to a large linear term. This linear
term is much larger than can be reasonably expected from
the normal-state properties and it is also much larger than
the linear term found in Co-doped BISCO. Similar large en-

behavior to the Co-doped system. The increasg)in,, with hanc'ements'of the specific heat “have been found
' grewously in two other doped cuprate super-

again 25 U o an approximats ool Mcrease n effectvEONUCOrS: (Y1 PEIBACUO; , (Refs. 20-23 and
g bp (?Yl_XTbX)BaZCusOTZ“ Maple et al?® and Jinet al?® ana-

mass over the doping range. The low-temperature behavi rzed their data in terms of a Kondo anomaly. Phillips and

is, however, quite different. Here the normalized Wilson ratio”

varies between 0.39 and 0.67, with an average value of 0 4§o—worker§1'22 describe the anomalous contribution in the

This much smaller Wilson ratio is entirely due to the ap-F'-doped Y-Ba-Cu-O as heavy fermion like. For a concentra-
proximately fourfold increase in the low-temperature limit- ion of 30% Pr they find an onset of the anomaly near 50 K
ing term of y compared to Co-doped BISCO. These Iargeand a low-temperature linear tergg of 2.00 mJ/mole Pr K
values are anomalous and cannot be explained simply by tHf 63 mJ/mole K (1 mole=1 formula unij. Caoet al** find
recovery of the normal-state density by doping due to gap(by fitting in the range 4—10 Ka y of 180 mJ/mole Th Kor
less behavior. One should, of course, also use the limitin8 mJ/mole K for Tb-doped Y-Ba-Cu-O with 37% Tb.
low-temperature value of the susceptibility for calculationsThese results are quite similar to those reported here for Fe-
of the Wilson ratio. This is not possible singg,macannot doped BISCO. In both of the doped Y-Ba-Cu-O system it is
be obtained in the superconducting state. We therefore caassumed that thefdelectrons hybridize with the mobile car-
also not extrapolate the Wilson ratio in this case to the unsiers, leading to heavy fermion behavior similar to other
doped limited. We have, therefore, only the specific-heat datheavy fermion systems. The difference between these results
as indicators of anomalous behavior at low temperatures. and ours is that we have al3ubstitution and that the en-
Since the large increase i is related to the magnetic Fe hancement ofy per mole of magnetic substitution is much
substitution, it is also instructive to present the effect inlarger. Hybridization betweend3electrons and the planar
terms of the molar Fe content. This is done in Table Il andcarriers in BISCO is therefore much stronger. It is, however,
shown in Fig. 10. As one can see, the low-temperature limnot clear whether the normalization to magnetic ion content
iting term 7y, in terms of Fe content is enormous, and remi-is the best way of looking at the data. It is indeed remarkable
niscent of heavy fermion behavior. In fact for the 1% Fethat the enhanceg per formula unit(and therefore also per
BISCO sample, the linear specific-heat term per magneti€uO, plane is remarkably similar in all three systeni83
ion is only exceeded by that foultdn CePtSr, (y,=10 000  mJ/mole ¥ in Pr-doped Y-Ba-Cu-O, 58 mJ/mole’kn Th-
mJ/g atom K). Another similarity between these results anddoped Y-Ba-Cu-O and about 72 mJ/molé it Fe-doped
heavy fermion systems is the temperature dependence of tl#SCO). Since we have two planes per formula unit in each
linear term, as shown in Fig. 6. of these systems, we find an enhangedf about 30 to 35
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mJ/Cu plane K in all of these systems. A reason for this factor of 2 over the doping range 0 to 8%. The magnetic ions
similar behavior is not known. act as pair breakers. The linear specific heat in the Co-doped
A second important result arises from the comparison besystems is close to the expected normal-state linear term with
tween Co-and Fe-doped BISCO. The Co results can, as hase same effective-mass enhancement. For Fe-doped BISCO
been shown, be understood as due to magnetic pair breakingir breaking again produces a linear specific heat at low
and recovery of the normal state This normal statey is  temperatures but this term is anomalously enhanced and
enhanced due to an increase in effective mass similar to th‘i‘eavy fermion like. The difference in behavior may be due to

mass enhancement found in the normal state fkg,- FOr  the different magnetic state in which Co and Fe substitute in
Fe-doped BISCO a very large additional enhancemeni,of gisco 2212.

is observed which is similar to heavy fermion systems. At js interesting to note in this context that only magnetic
possible explanation of this difference may lie in the differ- g htitutions produce this effect in BISCO. The substitution
ent wave function of Fe and Co substitution. As we havest 7y which is unmagnetic in BISCO, does not introduce
shown, the normal-state susceptibility makes it likely that Feyap|essnesat least it does not introduce a linear term in the
substitutes in & state and Co in & state. If this symmetry gpecific heat We believe that this result is not expected in
is maintained in the octahedral crystal environment, then thg_\yave scenarios of highi, superconductivity where both

Fe wave function will more readily hybridize with the oxy- magnetic and nonmagnetic substitutions should have similar
gen orbitals than the Co wave function. We are at present NQlfrects.

aware of any other possibility of explaining the difference

between Fe and Co substitution. Valuable discussions with D. J. Scalapino are gratefully
The main picture that evolves then is that the magnetiacknowledged. This work was supported by grants from the

substitutions Co and Fe in BISCO 2212 increase the effecNatural Sciences and Engineering Research Council of

tive mass of carriers in the normal state by approximately &anada.
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