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Possible heavy-fermion behavior and field-induced 
transitions in new R-P t -Ga  compounds 

A. Lacerda ,  P. C. Canfield, W. P. Beye rmann ,  M. F. Hundley,  
J. D. T h o m p s o n ,  G. Sparn ,  Z. Fisk, C. Burns,  D. Barnhar t ,  A. C. Lawson,  
G. H. Kwei and  J. Go lds tone  
Los Alamos National Laboratory, Los Alamos, NM 87545 (USA) 

Abstract  

We have discovered a new family of rare earth compounds that we identify as Rz-xPt4Ga8 + y. 
Single crystals of this family have been grown for R-=La, Ce, Pr, Nd, Sm, Gd, Er, Yb 
and Y. Many members (cerium, praseodymium, neodymium, samarium and erbium) show 
large anisotropies in their magnetic susceptibility; further, electrical resistance, magnetic 
susceptibility and specific heat measurements on the cerium member indicate that it is 
very possibly a heavy-electron compound with an electronic specific heat T= 1 J K -2 
mol -~. Additionally, other members of the family have a magnetic transition at low 
temperatures. The electrical resistance, magnetic susceptibility and specific heat in fields 
will be presented for the praseodymium-based compound in which there is a field-induced 
transition. 

1. Introduct ion  

W e  have  d i s c o v e r e d  a n e w  family  of  ra re  e a r t h - p l a t i n u m - g a l l i u m  com-  
p o u n d s  R - P t - G a  (R = La, Ce, Pr, Nd, Sm, Gd, Er, Yb and  Y) tha t  have  b e e n  
g r o w n  as single crystals .  These  c o m p o u n d s  have  been  s tudied  t h rough  electr ical  
r e s i s t ance ,  d.c. m agne t i c  suscept ib i l i ty  and,  in a few cases ,  by  specif ic  hea t  
and  s ingle-crys ta l  X-ray diffraction.  F r o m  growth  cons idera t ions ,  p re l imina ry  
s t ruc tu ra l  ana lys is  and  m agne t i c  suscept ib i l i ty  m e a s u r e m e n t s ,  which  will be  
d i scussed  in the  nex t  sec t ions ,  the  chemica l  fo rmula  for  the  family  s e e m s  
to  be  R2_xPt4Gas+y. F o r  the  c e r i u m - c o m p o u n d ,  e x p e r i m e n t s  on specif ic  hea t  
at  3He t e m p e r a t u r e s  revea l  a poss ib le  heavy- fe rmion  s ta te  with a large e lec t ronic  
t e r m  o f  o r d e r  1 J K -2 mo1-1.  Addi t ional  in teres t ing  m e m b e r s  of  this  family  
a re  the  p r a s e o d y m i u m  and  n e o d y m i u m  c o m p o u n d s ,  which  display  a large 
j u m p  in the i r  m agne t i z a t i on  n e a r  20 kOe and 30 kOe r e spec t ive ly  a t  7 K. 
W e  p r e s e n t  an  a c c o u n t  of  ou r  p re l imina ry  resu l t s  on the  ser ies  and  concen t r a t e  
on the  s t r ik ing p r o p e r t i e s  of  the  ce r ium-  and  p r a s e o d y m i u m - b a s e d  c o m p o u n d s .  

2. Materials  and exper imenta l  techniques  

H e x a g o n a l  c ros s - sec t ion  single c rys ta l s  of  the  R2_~Pt4Gas+y family  with 
v o l u m e s  of  up  to  0 .10  c m  3 have  b e e n  g rown out  o f  e x c e s s  gall ium. Both  
p o w d e r  X-ray  and  n e u t r o n  diffract ion* as well  as  s ingle-crysta l  X-ray diffract ion 

*Neutron diffraction experiments were performed on the general-purpose powder dif- 
fractometer at Argonne National Laboratory. 
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i n d i c a t e  t h a t  t h e  s t r u c t u r e  i s  h e x a g o n a l  w i t h  t h e  l a t t i c e  p a r a m e t e r s  f o r  t h e  
c e r i u m  c o m p o u n d  b e i n g  a = 4 . 3 1 3 / ~  a n d  c - 1 6 . 5 1 6 / ~ .  T h e  p r e c i s e  r e f i n e m e n t  
o f  t h e  s i n g l e - c r y s t a l  X - r a y  a n d  p o w d e r  n e u t r o n  d a t a  i s  s t i l l  in  p r o g r e s s  a n d  
q u i t e  d i f f icu l t  o w i n g  t o  a p p a r e n t  d i s o r d e r  o n  o n e  o r  m o r e  o f  t h e  s i t e s  a s  
wi l l  n o w  b e  d i s c u s s e d .  

T a b l e  1 i s  t o  d a t e  t h e  b e s t  s o l u t i o n  o f  t h e  c r y s t a l  s t r u c t u r e ,  g i v i n g  a n  
a g r e e m e n t  f a c t o r  R b e t w e e n  t h e  c a l c u l a t e d  a n d  m e a s u r e d  d i f f r a c t i o n  s p e c t r a  
o f  b e t t e r  t h a n  10%.  F r o m  t h e  o c c u p a n c i e s  g i v e n  in  T a b l e  1 w e  a r r i v e  a t  
v a l u e s  o f  x = 0 . 6 6  a n d  y ~ 2 .0  f o r  t h e  c e r i u m  c o m p o u n d .  T h e s e  v a l u e s  a r e  
in  g o o d  a g r e e m e n t  w i t h  t h e  r e s u l t s  o f  e l e c t r o n  m i c r o p r o b e  e l e m e n t a l  a n a l y s i s  
( fo r  v a r i o u s  m e m b e r s  o f  t h e  s e r i e s  0 < x  < 1 a n d  1 < y  < 2 )  a n d  m a g n e t i c  
s u s c e p t i b i l i t y  m e a s u r e m e n t s  ( T a b l e  2) .  O n e  p o s s i b i l i t y  t h a t  w e  a r e  s t i l l  
e x a m i n i n g  i s  t h a t  t h e r e  is  s o m e  c o r r e l a t i o n  b e t w e e n  t h e  v a c a n c i e s  a s s o c i a t e d  
w i t h  t h e  c e r i u m  2 c  s i t e  a n d  t h e  g a l l i u m  o c c u p a n c y  o f  t h e  6 h  s i t e .  Th i s  w o u l d  
l e a d  t o  a c c e p t a b l e  i n t e r a t o m i c  d i s t a n c e s  a n d  h o p e f u l l y  a l l o w  f u r t h e r  r e d u c t i o n  
in  t h e  R f a c t o r .  F i n a l l y ,  i t  i s  w o r t h  n o t i n g  t h a t  t h e  s i t e s  w h i c h  o u r  r e f i n e m e n t s  
i n d i c a t e  a s  b e i n g  o c c u p i e d  l e a d  u s  t o  b e l i e v e  t h a t  t h i s  i s  a n  u n r e p o r t e d  

c r y s t a l l o g r a p h i c  s y s t e m .  

TABLE 1 

Lattice constants, site parameters and occupancy for Ce2_=Pt4Gas+y determined from single- 
crystal X-ray and neutron powder diffraction (space group 163 (P312/c); a ~ 4.313/~; c = 16.516 
h; R = 8%) 

Atom Wyckoff notation x/a y/a z/c Occupancy 

Ce 2c 0.333 0.666 0.2500 0.60 
Pt 4f 0.666 0.333 0.3919 1 
Ga(1) 4f 0.666 0.333 0.5443 1 
Ga(2) 4e 0.000 0.000 0.3664 1 
Ga(3) 6h 0.534 0.068 0.2500 0.30 

TABLE 2 

Paramagnetic temperature 4) for field applied parallel (4)p~), and perpendicular (4)p~) to the 
c axis, magnetic transition temperature Tm from susceptibility anomalies, deficiency in the rare 
earth site from susceptibility results (see text) fo rH il c (xll) and H 2. c (x±) and xffi½(2xil +x±)  
for R2_xPt4Gas+y 

R ~p.~ rPperp X~i/X± Tm x 
(g) (K) (K) 

Ce - 9.5 - 56.3 0.35/0.88 - 
Pr ÷ 33.7 - 35.0 0.73/0.64 16 
Nd +5.0 - 2 . 2  0.71/0.75 10 
Sm - - - 8 
Gd -- 2.7 - 4.9 0.62/0.55 9 
Er ÷ 13.4 - 9.4 0.68/0.68 - 

0.53 
0.70 
0.73 

0.60 
0 .68  
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Although the quantitative nature of  the crystal structure may change 
slightly with fur ther  refinement, the qualitative aspects of it seem to be quite 
robust. The structure can be described as two-dimensional (2D) nets of rare 
earth atoms perpendicular  to the c axis that are separated by Pt--Ga slabs. 
For the cerium member ,  the R-R separation in the nets is 4 .313/~  and the 
distance between the nets is 7.47/~.  Within these nets there are both rare 
earth vacancies and partial occupancy of  the gallium 6h site. The question 
of how random these occupancies  truly are is the issue that we are pursuing. 

The resistivity was measured using a conventional a.c. four-probe method 
in the tempera ture  range 1.3 K < T < 3 0 0  K. Magnetic susceptibility mea- 
surements were per formed on a Quantum Design superconducting quantum 
interference device magnetometer  between 2 and 300 K. Heat capacity 
measurements  were carried out using a quasi-adiabatic thermal relaxation 
technique [ 1 ] in the temperature  range 0 .3-2  K at zero field, and 1.3 K < T < 20 
K in fields up to 50 kOe. 

3. R e s u l t s  and  d i s c u s s i o n  

Resistance measurements  show that  all members  have a resistance ratio 
R(300 K)/R(2 K) of order  unity, suggesting the presence of crystallographic 
disorder. Fur ther  evidence for this comes from magnetic susceptibility mea- 
surements.  At high temperatures,  above about 100 K, all compounds except  
samarium and ytterbium exhibit an inverse susceptibility ( l /x)  linear in 
temperature.  Assuming a Curie constant given by Hund's  rules, we can 
calculate the rare earth occupancy  from these data. The results are summarized 
in Table 2, where the values of x are given for the series assuming the 
composit ion R2-xPt4Galo. We see that the rare earth stoichiometry range is 
reasonably constant,  ranging from 1.27 for neodymium to 1.47 for cerium, 
consistent with the poor  resistance ratios. Also given in Table 2 are the 
paramagnetic tempera tures  O determined from the field perpendicular and 
parallel to the hexagonal  c axis. Note that O is negative for the perpendicular  
direction and positive or much less negative for H parallel to the c axis. 
These and the crystallographic anisotropy suggest that the dominant interaction 
within the planar network of  R atoms is antiferromagnetic and that the planes 
may be coupled ferromagnetically. The extent  to which disorder on the R 
sites affects these observations remains an open question. 

Figure 1 shows the low-temperature specific heat (0.32 K < T < 2 . 0  K) 
of Cee_xPt4Gas+y. The rapid rises in C/T  with decreasing temperatures  could 
indicate heavy-electron behavior but equally well could be the approach to 
a magnetic transition. Indeed, support  for  the latter is shown in Fig. l (b)  
where we see a weak maximum in C centered near 1 K and then a sharp 
drop in C below 0.5 K. If this does represent  a magnetic transition, entropy 
associated with it is very  small, certainly much less than R In 2. The argument 
could be made that, if the change in slope in C vs.  T near 1.5 K represents  
the onset  of  a transition, then C/T  just  above 1.5 K is already large, 
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Fig. 2. Isothermal magnetization vs .  field for H ]1 c and H 2_ c at 7 K for Pr2_xPt4Gas+y. 

approximately 1 J K -2 mol-1,  and that  the transition develops out of a 
heavy-fermion state. Similar behavior has recently been found in YbBiPt [2], 
in which C/T above a weak anomaly in C is huge, about  8 J K -2 mol - I .  
On the contrary, if there  is no magnetic transition in Ce2_=Pt4Gas+u, the 
low-temperature state has a very  large C/T=4  J K -2 mol - I .  In fact  this 
value of  C/T is very close to that  expec ted  if the specific heat  maximum 
near  1 K is attr ibuted to the Kondo effect in a ground-state doublet. 

We turn now to Pr2_=Pt4Gas+y. Magnetization M measurements  made 
upon cooling in a 10 Oe field parallel to the c axis indicate a weak ferromagnetic- 
like transition at Tm=16  K, and a saturated moment  at 5 K of  Ms=0 .07  t~B 
per  praseodymium atom, assuming the value of x given in Table 2. No 
evidence for  ferromagnet ism is found for H perpendicular  to the c axis; 
rather, M vs. H is linear and reversible at 7 K, as shown in Fig. 2. Also 
shown in Fig. 2 is the isothermal magnetization at 7 K for H I[ c where a 
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sharp field-induced transition appears  at H * =  19 kOe with a change in 
magnetization given by AM---2.1 ~B per  praseodymium atom. The transition 
itself and the magnetization above H* are reversible within experimental  
error. Interestingly, the slopes dM/dH are nearly equal above and below H*. 
Nearly identical behavior was observed in a praseodymium compound annealed 
for 5 days at 600 °C. Annealing increased the resistance ratio from 1.55 to 
3. 

To investigate the magnetic behavior in greater  detail, specific heat 
measurements  were made in zero and applied fields parallel to the c-axis. 
Figure 3 gives representat ive results where we see that the mean-field-like 
anomaly at 16 K in zero field moves to lower temperatures  with increasing 
H and becomes progressively less pronounced,  finally becoming imperceptibly 
small for  H =  19 kOe. From these specific heat  data, a transition temperature  
T* can be defined as a function of  field H. From isothermal magnetization 
data, such as those in Fig. 2, a transition field H* can be determined as a 
function of temperature.  Together  these data result in the phase diagram 
shown as an inset in Fig. 3(b). Within the resolution of these data, it appears 
that H* decreases discontinuously from 10 kOe to zero near  16 K. If it is 
not discontinuous, the slope dH*/dT* is very large and negative. This phase 
diagram resembles closely that found for La2CuO4 [3], which at low fields 
undergoes a paramagnetic-to-antiferromagnetic transition and at temperatures  
below TN ( = 253 K) transforms to a weak ferromagnetic state with increasing 
field. The pseudo-two-dimensional structure of Pr2_~Pt4Gas+y could argue 
for a metamagnetic  transition, as found in La2CuO4 for fields applied per- 
pendicular to the planar magnetic ions. 
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Fig. 3. (a) C/T vs.  t e m p e r a t u r e  for  Pr2_xPt4Ga8+ y ill m a g n e t i c  f ields a s  indica ted .  The  m a g n e t i c  
field w a s  app l i ed  a l o n g  t he  c axis .  F o r  H =  O, C/T r i s e s  a p p r o x i m a t e l y  a s  1/T 3 to  a va lue  o f  
C/T= 21.8  J K -2  mo1-1 at  3 0 0  inK. W e  be l ieve  t ha t  th i s  f ea tu re  a r i s e s  f r o m  a n u c l e a r  Scho t tky  
a n o m a l y  c e n t e r e d  a t  2 0 0  mK.  Co) C/T vs.  T for  Pr2_=Pt4Gas+ u in  m a g n e t i c  f ie lds  as  ind ica ted  
( H  ]] c). T h e  i n s e t  s h o w s  t he  p h a s e  d i a g r a m  d e t e r m i n e d  f r o m  t h e  speci f ic  h e a t  in f ields ( 0 )  
a n d  t h e  j u m p  AM in t h e  m a g n e t i z a t i o n  ([3) as  a f u n c t i o n  o f  t e m p e r a t u r e  ( see  tex t ) .  
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Al though  the  origin o f  m a g n e t i c  b e h a v i o r  in Pr2_xPt4Gas+y is not  under -  
s tood,  it is no t  unique.  Magne t iza t ion  s tud ies  o f  Nd2_xPt4Gas+y revea l  s imilar  
b e h a v i o r  be low a m a g n e t i c  t rans i t ion  t e m p e r a t u r e  of  a b o u t  10 K, only  in 
this  case  the  va lue  of/-T* at  5 K is 30  kOe  and  the  c h a n g e  in magne t i z a t i on  
a t  H* is 1.4 PB p e r  n e o d y m i u m  a tom.  A p h a s e  d i a g r a m  such  as  tha t  shown  
in Fig. 3(b)  a lso  resu l t s  for  Nd2_xPt4Gas+y.  Finally, Sm2_xPt4Gas+y u n d e r g o e s  
a t rans i t ion  to  a weak - f e r romagne t i c - l i ke  s ta te  b e l o w  Tm = 8 K, wi th  hys te res i s  
p r e s e n t  in M(/-/) cu rves  fo r  H para l le l  to  the  c axis .  However ,  t he re  is no 
f ie ld- induced t rans i t ion  b e l o w  ou r  m a x i m u m  a t t a inab le  field o f  50 kOe. 

In  conclus ion ,  the  R2-~ Pt4Ga8 + y fami ly  r e p r e s e n t  a new ra re  ea r th  s y s t e m  
wi th  e x t r e m e l y  in teres t ing ,  bu t  as  ye t  no t  u n d e r s t o o d ,  p rope r t i e s .  The  ex ten t  
to  wh ich  these  p r o p e r t i e s  a re  dr iven  by  the  r a re  ea r th  def ic iency cer ta in ly  
m u s t  be  p u r s u e d  fur ther ,  as  well  as the  p rec i se  na tu re  of  the  de fec t  s t ruc ture .  
Al though  we  have  ind ica ted  tha t  the  m a g n e t i c  b e h a v i o r  of  Pr2_xPt4Gas+~ is 
s imi lar  to  tha t  found  in La2CuO4, we  a lso  no t e  tha t  the  a p p a r e n t  s t ruc tu re  
o f  Re -~  Pt4Ga8 + ~ c o m p o u n d s  cou ld  lead  to  m a g n e t i c  f rus t r a t ion  and  s u b s e q u e n t  
f ie ld- induced j u m p s  in the  magne t i za t ion ,  wi th  a c o r r e s p o n d i n g  sp in  rear -  
r a n g e m e n t .  Such  a s i tua t ion  has  b e e n  c o n s i d e r e d  r ecen t ly  to  expla in  the  
magne t i z a t i on  b e h a v i o r  o f  RMn~ [4]. Finally,  it wou ld  b e  ve ry  in te res t ing  to  
s tudy  the  effect  o f  a m a g n e t i c  field on  the  low t e m p e r a t u r e  magne t i z a t i on  
and  specif ic  hea t  o f  Ce~._xPt4Gas+y, which  m a y  be  a h e a v y - f e r m i o n  sys tem.  
I f  the  c e r i u m  c o m p o u n d  a lso  exhib i t s  m e t a m a g n e t i s m ,  it m a y  be  a n a l o g o u s  
to  o the r  h e a v y - f e r m i o n  sys t ems ,  CeRu~.Si2 ( see  for  ins tance  ref. 5 and  r e f e r e n c e s  
c i ted the re in )  and  UPt3 [6, 7], wh ich  a lso  u n d e r g o  m e t a m a g n e t i c  t rans i t ion  
and  s h o w  a huge  m a g n e t o s t r i c t i v e  r e s p o n s e .  
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