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LETTER TO THE EDITOR 

SUPERCONDUCTIVITY ABOVE 90 K 
I N  M A G N E T I C  R A R E  E A R T H - B A R I U M - C O P P E R  O X I D E S  

J.O. WILLIS, Z. FISK, J.D. THOMPSON, S-W. CHEONG, R.M. AIKIN, J.L. SMITH 
and E. ZIRNGIEBL 

Physics Division, Los Alamos National Laboratory, Los Alamos, NM 87545, USA 

Received 20 March 1987 

We report measurements  of the superconducting and magnetic behavior of GdBa2Cu30  x and ErBa2Cu30 x. Superconduc- 
tivity occurs below T~ = 95 and 93 K, respectively, for these compounds with large Meissner effects observed. The Gd-based 
compound has an upper critical field slope - d  H c 2 / d  T greater than 1.2 T / K .  Both compounds  exhibit Cur ie -Weiss  behavior 
above T c with free-ion effective moments  and small, negative temperature intercepts. In addition, the Gd-based compound 
orders antiferromagnetically below 2.24 K with an entropy consistent with the ordering of seven unpaired spins. 

There has been an enormous amount of materi- 
als research on high T c superconductors since the 
report by Wu et al. [1] on superconductivity above 
90 K in polyphase Y-Ba-Cu-oxide  and the subse- 
quent isolation of the superconducting phase [2]. 
We recently reported superconductivity in six rare 
earth (RE)-Ba-Cu-oxide  compounds [3] (RE = 
Sm, Eu, Gd, Tb, Dy and Ho) and have found that 
To is much the same in Y, Eu and Gd-based 
compounds, leading us to speculate that the mag- 
netism of the 4f ion is somehow very ineffective at 
depressing T~. We have performed further suscept- 
ibility, resistivity and heat capacity measurements 
on GdBa2Cu3Ox, which are reported here. In 
addition, we have prepared ErBa 2Cu 3Ox and find 
that it also is superconducting below about 93 K. 

The samples were prepared by sintering the 
rare earth oxide, CuO2, and BaCO 3 in an O 2 
atmosphere at 1000°C. The pellets were then 
reground and resintered at least three times to 
promote reaction and attainment of the desired 
phase, REBa 2Cu 30~. 

Superconductivity occurs for the Gd-based 
compound below a critical temperature T c of (95 
_+ 3) K. Fig. 1 shows the transition to supercon- 
ductivity upon cooling in an applied field (the 
Meissner effect) and the transition upon cooling 
in zero field, applying the magnetic field, and 

warming in the field, which shows the effect of 
shielding currents. We estimate that the Meissner 
effect amplitude corresponds to 20% of - 1 / 4 ~ r  
perfect diamagnetism and that the shielding cur- 
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Fig. 1. Magnetic susceptibility X versus temperature for 
GdBa2Cu30  x. A large diamagnetic response approaching 95% 
of - 1 / 4 n r  is observed when the sample is cooled below T~ in 
zero field and then measured upon warming in 100 G. About  
20% of this diamagnetism is found when cooling in 100 G 
(Meissner effect). The inset shows 1/X as a function of tem- 
perature, with the measurement  performed in 2 T. The effec- 
tive moment  agrees well with that expected from Hund 's  rules. 

0304-8853/87/$03.50 © Elsevier Science Publishers B.V. 
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rents co r respond  to about  90 to 95% of  the speci- 
men volume. These d iamagnet ic  signals are com- 
pa rab le  to those observed in our  earl ier  work  [3] 
and  are indicat ive  of bulk  superconduct ivi ty .  

Resis t ivi ty  measurements  as a funct ion of  tem- 
pera ture  and appl ied  magnet ic  field have been 
pe r fo rmed  to s tudy the upper  cri t ical  magnet ic  
field H~2 of  GdBa2Cu3Ox;  the results are shown 
in fig. 2. The main  par t  of this figure shows the 
resistive t rans i t ion  in several appl ied  fields. Be- 
cause the t rans i t ion  b roadens  and changes shape 
in a field, we have ca lcula ted  and d isp layed  in the 
inset of fig. 2 two cri ter ia  for de te rmin ing  the 
t ransi t ion t empera tu re  in a field: the t empera tu re  
at which the resis tance falls to ei ther  0.9 or to 0.5 
t imes Rn, the normal  state value jus t  above  T o. 
Employ ing  the 0.5R n cri terion,  we find that  
- d H ~ 2 / d T  has a value of app rox ima te ly  (1.2 _+ 
0.1) T / K .  The  cri t ical  field slope is much steeper,  
more  than 3 T / K  and poss ib ly  as large as 6 T / K  
using the 0 .9R,  cri teron.  This b road  range occurs  
because  of curvature  in the da ta  and the ext reme 
sensi t ivi ty of  the slope to the fit of a s t raight  line. 
The values quoted  here are consis tent  with those 
de te rmined  earl ier  on GdLsBa l . sCu  30~ [3]. 

G a d o l i n i u m  is well known to s t rongly depress  
superconduc t iv i ty  in many  metal l ic  hosts  because  

of  the Cooper  pa i r -b reak ing  effect of its seven 
unpa i red  4f spins [4]. In the rare e a r t h - b a r i u m  
copper -ox ide  systems, however,  the effect of the 
G d  momen t s  on superconduc t iv i ty  must  be very 
smal l  indeed as the T~ of the G d - b a s e d  c o m p o u n d  
is essent ial ly  the same as in the Y-based  material ,  
which has no f electrons.  To try to unde r s t and  
be t te r  the in terac t ion  of  the G d  4f's with the 
superconduct iv i ty ,  we have pe r fo rmed  dc suscept-  
ibi l i ty  X and and heat  capac i ty  C measurements .  
The  inset of  fig. 1 shows the inverse suscept ibi l i ty  
above  TO p lo t ted  versus T. A good C u r i e - W e i s s  fit 
is ob ta ined  with the pa ramete r s  p~ff = 7.97ffB, es- 
sent ia l ly  the G d  free-ion value, and 0 = - 4 . 8  K, 
which indicates  weak an t i fe r romagnet ic  correla-  
tions. The specific heat  results in fig. 3, p lo t ted  as 
C / T  versus T 2 show a l inear  behavior  above  
abou t  200 K z ( ~  14 K), co r respond ing  to a la t t ice 
con t r ibu t ion  to the specific heat  character ized by  
a 0 D of  (330 _+ 20) K. In general ,  the Debye  law is 
only  expected to be valid for T < 0D/50,  or abou t  
6.5 K. The  fact that  the above  quoted  value is in 
good  agreement  wi th  that  measured  on the re la ted 
system Lat.sBa0.2CuO 4 [5] may  well be fortui tous.  
The  up tu rn  in C / T  below abou t  100 K 2 (10 K) is 
ac tua l ly  the high t empera tu re  par t  of  a magnet ic  
o rder ing  peak  as shown in the inset of fig. 3, here 
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Fig. 2. Resistance versus temperature for GdBaaCu30~ in 
various applied magnetic fields. A current density of ap- 
proximately 5 mA/cm: was used in these measurements. The 
inset gives the temperature dependence of the upper critical 
field H¢2 determined from the temperatures at which the 

resistance fell to 90 and 50% of its normal state value. 
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Fig. 3. Specific heat C divided by temperature versus tempera- 
ture squared for GdBa2Cu30 .. The high temperature linear 
part of this plot yields a Debye temperature of approximately 
330 K. The rapid rise in C/T at low temperatures signals the 
onset of antiferromagnetic order at T N = 2.24 K. The inset 
shows the ordering feature plotted as C/T versus T with a 

greatly compressed vertical scale. 
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p lo t t ed  versus T with  a compressed  vert ical  scale. 
The  m a x i m u m  in C/T occurs at  2.24 K;  the 
m a x i m u m  in C is es t imated  to be  not  more  than  
0.01 K higher.  The  en t ropy  under  the t rans i t ion  
peak  in tegra ted  f rom 1.6 K, the lowest  measured  
value,  up to 4 K is 10.15 J / m o l  K. Ex t rapo la t ing  
C/T l inear ly  f rom 1.6 K to zero gives an ad-  
d i t iona l  con t r ibu t ion  of  5.2 J / m o l  K, for a total  of  
abou t  0 .9Rln 8, the expected  en t ropy  for magnet ic  
o rder ing  in G d  with  seven unpa i r ed  spins. Al-  
though the above  ex t rapo la t ion  is admi t t ed ly  a 
ra ther  long one, it  appears  to be  qui te  reasonable .  
W o r k  is in progress  to extend these measurements  
to lower t empera tu res  and  to de te rmine  the mag-  
net ic  field dependence  of T N. 

Suscept ib i l i ty  measurements  at  1.8 K show no 
evidence of  r emanence  or  pa ramagne t i c  signals, 
thus imply ing  that  the o rder  is not  of  a fe r romag-  
net ic  nature.  In  addi t ion ,  resist ivi ty measurements  
show no reen t ran t  behavior  at 1.5 K. We thus 
conc lude  that  the o rder  is of  an an t i fe r romagnet ic  
type  which coexists  with superconduct iv i ty ,  simi- 
la r  to the  s i t ua t ion  f o u n d  in some  rare  
e a r t h - m o l y b d e n u m - s u l f i d e  c o m p o u n d s  [6]. 

W e  speculate  that  the weakness  of in terac t ions  
among  the G d  ions, reflected in the low order ing  
t empera tu re  in this compound ,  may  arise because  
of  three mechanisms:  1) the relat ively di lute  con- 
cen t ra t ion  (abou t  8 at%) of the G d  ions in this 
s t ructure  tends  to reduce their  direct  in teract ions;  
2) the low carr ier  concen t ra t ion  impl ies  a reduced  
n u m b e r  of  conduc t ion  electrons avai lable  for car- 
ry ing  the R K K Y  interact ion;  and,  3) the large 
superconduc t ing  energy gap consis tent  with Tc = 
95 K may  interfere  with the fo rmat ion  of  magnet ic  
corre la t ions .  Al l  these mechan i sms  would  work  to 
reduce  the magne t ic  o rder ing  tempera ture .  

W e  have also pe r fo rmed  magnet ic  suscept ib i l i ty  
and  resist ivi ty measurements  on ErBa 2Cu 30~, and  
f ind it to be superconduc t ing  be low 93 K. Our  
results  are shown in fig. 4. The effective m o m e n t  is 
9.52/~ B and the C u r i e - W e i s s  0 value is - 8 . 8  K, 
ind ica t ing  sl ightly s t ronger  corre la t ions  for the Er- 
than  for the G d - b a s e d  compound .  The zero field 
cooled  shielding currents  co r respond  to 85-90% of  
the sample  vo lume being superconduct ing;  f ield 
cooled  Meissner  flux expuls ion cor responds  to 
abou t  10% of  perfect  d iamagnet i sm.  These results  
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Fig. 4. Magnetic susceptibility as a function of temperature for 
ErBa/Cu3Ox, measured upon warming in 100 G and cooling 
in 100 G. The temperature dependence and magnitude of the 
diamagnetism and Meissner effect are comparable to those 
shown in fig. 1 for GdBa2Cu30 x. The inverse susceptibility of 
ErBa2Cu30~, measured at 2 T gives a linear dependence upon 
T above T¢ with an effective moment of 9.52/.t B and a 
Curie-Weiss 0 = - 8.8 K. The inset shows the resistance drop- 
ping to zero at 89 K with an onset T~=93 K but with 
superconducting fluctuations present at much higher tempera- 

tures. 

are very s imilar  to those for the G d  compound .  
The  resis tance measurements  in the inset  of  fig. 4 
show an onset  T c of  app rox ima te ly  93 K but  with 
superconduc t ing  f luctuat ions  to much higher tem- 
peratures .  

In  conclusion,  we repor t  superconduc t iv i ty  in 
G d B a  2Cu 3Ox and ErBa 2Cu 3Ox as evidenced by  
Meissner  effect and  resistance anomal ies  near  95 
K. The  upper  cri t ical  field slope for the G d  com- 
p o u n d  is greater  than 1.2 or  3 T / K  depend ing  on 
the cr i ter ion chosen to de te rmine  T c. Final ly ,  the 
G d  c o m p o u n d  orders  an t i fe r romagnet ica l ly  at 2.24 
K with an en t ropy  consis tent  with R l n  8, corre-  
spond ing  to seven spins per  G d  ion. 
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