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A b s t r a c t  

The series (Cel~Gd~)Rh2 has been investigated by means of specific heat measurements. 
At the CeRh2 end of the series the substitution of gadolinium for cerium reduces the y 
value. At c = 0.12 the system enters into a spin-glass-like magnetic phase. On further 
increasing the gadolinium concentration, long-range magnetic order is reached at about 
c=0.25.  

1. I n t r o d u c t i o n  

Cer ium and  its  in te rmeta l l i c  c o m p o u n d s  are  in the  c lass  of  so-cal led 
" a b n o r m a l "  r a r e  ea r th s  wh ich  are  schemat i ca l ly  classified as (i) the Kondo  
s y s t e m s  and  (ii) the  i n t e rmed ia t e  va l ence  (IV) sys tems .  In the  IV sys tems ,  
the  ra re  ea r th  a t o m s  f luc tua te  b e t w e e n  the  4f  ~ and  4f  ~-1 conf igura t ions  which  
have  c o m p a r a b l e  energ ies .  

Mos t  o f  the  in termeta l l ic  c o m p o u n d s  o f  ce r ium with the  t rans i t ion me ta l s  
a re  in the  c lass  of  the  IV s y s t e m s  [1] whe re  ce r ium has,  on average ,  a non-  
in t ege r  n u m b e r  of  4f  e lec t rons .  This  is the  resu l t  o f  the  hybr id iza t ion  be tween  
the  c o n d u c t i o n  e l ec t rons  of  the  hos t  and  the  4f  b a n d  of  ce r ium and  the  
d i f ference  in the  p r o p e r t i e s  o f  t hese  c o m p o u n d s  is c losely  re la ted  to the 
s t r eng th  of  this  mixing.  The  hybr id iza t ion  t he re fo re  is e x p e c t e d  to  be  par-  
t icular ly  s t r ong  in the  c o m p o u n d s  wi th  a high dens i ty  of  d e lec t rons .  This  
indeed  a p p e a r s  to  be  the  case  [2, 3]. 

Recen t  Lm e x p e r i m e n t s  ca r r i ed  out  b y  Woh l l eben  and  Rohler  [4] and  
Mihalisin e t  a l .  [5] p u t  the  v a l e n c y  o f  c e r i um in CeRh2 at be tween  3 .13 and  
3.21.  F r o m  a h igh  t e m p e r a t u r e  suscept ib i l i ty  s tudy,  We idne r  et  al .  [1] pu t  
an  u p p e r  l imit  o f  3.4 for  the  va l ency  o f  c e r i um in CeRh2 at  1200 K. Ha r ru s  
et  a l .  [6, 7] inves t iga ted  the  c h a n g e  in the  va l ency  of  ce r ium in (Ce, R)Rh2, 
R -~ La, Y and  Ce(Rhl~Pt¢)2 b y  m e a n s  o f  suscept ibi l i ty ,  specif ic  heat ,  resis t ivi ty  
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and lattice spacing measurements .  In their specific heat  study on Ce- 
(Rhl~Ptc)2 they found a value of 22.5 mJ Mo1-1 K -2 for the coefficient T 
of the electronic specific heat at the CeRh2 end of  the series. The variation 
of T with the concentra t ion of  platinum showed a small initial decrease in 
the range c ~< 0.2. Above this concentrat ion it showed a rapid rise, reaching 
200 mJ mol K-2; this indicates that this system goes from an IV state to 
a state approaching the heavy-fermion state as defined by a high T value. 

The series (Cel~Gdc)Rh2 is expected  to be interesting. The substitution 
of gadolinium for cerium leads to a number  of effects [8]. From the view- 
point  of the electronic specific heat, the most  important  effect, particularly 
at the CeRh2 end of  the series, is that resulting from the replacement  of 
cerium with its s t rong hybridization tendency,  by gadolinium with a well- 
localized 4f state. This should lead to the so-called "hybridization hole",  
namely a reduct ion in the density of the conduct ion electrons in the 5d band 
of the host  and hence in T, the coefficient of the electronic specific heat. 
This is indeed the case as will be shown in Section 3. Furthermore,  the 
substitution of  gadolinium will result  in suppression of the spin fluctuation 
temperature  at the neighbouring cerium sites, thereby driving these cerium 
atoms towards the magnetic Ce 3+ state. Also, even in the region where the 
concentrat ion of  gadolinium is high, there will be some non-magnetic cerium 
atoms with fluctuating valency [8]. This should reflect itself strongly in the 
relaxation time of a resonance probe such as Gd 3+ or ~65Ho in this series. 
We have therefore  been studying the (Ce~.:Gdc)Rh2 compounds  by means 
of  (i) magnetization and susceptibility, (ii) specific heat  measurements  and 
(iii) by the electron spin resonance of Gd 3+ and (vi) the nuclear magnetic 
resonance of ~65Ho introduced as a dilute substitutional impurity. The results 
of  the magnetic measurements  have already been  published [8] and those 
of the resonance studies will be published elsewhere. In this paper  we repor t  
the results of the specific heat  measurements .  

2. Experimental  details  

Seven compounds  with c = 0 . 0 1 ,  0.03, 0.10, 0.15, 0.30, 0.45 and 0.60 
were made by melting together  the stoichiometric amount  of 99.99% pure 
rare earths and 99.9% pure rhodium. The consti tuents were melted together  
in a cold-crucible induction furnace at the Laboratoire Louis N~el, Grenoble, 
France, except  for  that  with c = 0.45 which was made in a conventional arc 
furnace. All the samples were melted together  and then remelted a minimum 
of four  t imes for good homogenei ty  under  a high purity argon atmosphere.  
There was almost no weight loss during the melt. The resulting buttons were 
then heat  t reated at  800 °C for 3 days under  a vacuum o f p < 1 0  -7 Torr. 
The cubic Laves structure of  all the compounds  was confirmed by conventional 
X-ray diffractometry which did not  reveal any impurity phase. 

The specific heat  measurements  were made automatically by a quasi- 
adiabatic method  in the  interval 1.5 < T < 20 K. In some cases the measurements  
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w e r e  e x t e n d e d  up to  4 0  K. The t e m p e r a t u r e  s e n s o r  w a s  a Cryocal  g e r m a n i u m  
resistor.  An a c c u r a c y  o f  better  than 1% w a s  a c h i e v e d  in the  spec i f ic  heat  
for  mater ia l s  o f  a b o u t  1 g mass ,  whi l e  our  s a m p l e s  had  a typical  m a s s  o f  
a b o u t  5 g. 

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

The  straightforward variat ion o f  the  total  spec i f ic  heat  Ct with  t e m p e r a t u r e  
o f  the  s a m p l e s  wi th  c = 0 . 0 1 ,  0 .03 ,  0 . 1 0  and 0 . 1 5  is  s h o w n  in Fig. 1. As  
the  f igure s h o w s ,  the  graphs  o f  the  c o m p o u n d s  wi th  c > 0 .01  do  n o t  ex trapo la te  
l inearly to  z e r o  and s h o w  a broad h u m p  at a certain t e m p e r a t u r e  w h i c h  
i n c r e a s e s  wi th  increas ing  g a d o l i n i u m  concentra t ion .  This  is particularly c lear  
in the  c a s e  o f  the  s a m p l e s  wi th  c = 0 .15 .  This  is o n e  o f  the  features  s e e n  
in the  spin  g l a s s e s  in w h i c h  the  initial s l ope  o f  the  C v s .  T graph is w e a k l y  
c o n c e n t r a t i o n  dependent .  Indeed the  graphs  o f  c = 0 . 1 0  and c = 0 . 1 5  s a m p l e s  
start to m e r g e  at a b o u t  T =  1.6 K, indicat ing that the initial s l o p e s  o f  t h e s e  
t w o  c o m p o u n d s  axe very  similar. The c o m p o u n d  wi th  c = 0 .01  d o e s  n o t  s h o w  
the  s a m e  b e h a v i o u r  as  the  remain ing  three  c o m p o u n d s  and, as  the  figure 
s h o w s ,  its speci f ic  heat  ex trapo la tes  to  zero  s m o o t h l y  as  T ~  0. 
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Fig. 1. Temperature variation of  the total specific heat Ct of  the compounds with c~<0.15.  
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The C / T  v s .  T 2 graphs of the above four compounds are shown in Fig. 
2. A small anomaly is detectable at T=  5.5 K in the graph of the sample 
with c=0 .01 .  Although the X-ray investigation did not reveal any foreign 
phase, the most  likely cause of this anomaly is an impurity phase and not 
experimental. This anomaly makes an accurate determination of T for this 
compound somewhat difficult. Furthermore the C / T  v s .  T 2 graph of this 
sample is not linear at high temperatures. Therefore the values OD and ~/ 
obtained for this compound have large uncertainties. 

At the lowest temperatures, because of both the effect of statistical 
aggregation of gadolinium ions and the consequent presence of short-range 
order, and the approach of the alloys to the critical concentration for 
magnetism, the graphs show an upturn. Above this range the curves in Fig. 
2 are well represented by 

C = ~/T+ f i T  a (1) 

with 

( ~kB)2N(EF)  1943.74 
= - -  (2) 

~=  9 OD a 

where ~/ and OD refer to 1 g atom (1 g a tom=~ mol). Here N(EF) is the 
total density of states of the conduction electrons and OD is the low temperature 
Debye temperature.  

The ordering temperatures of the samples with c=0 .15  ( T * = 4  K) and 
c = 0.30 (T¢ = 17 K) [8 ] are within the temperature range of our measurements. 
As Figs. 1 and 2 show, no anomaly is observed at the ordering temperatures 
of these alloys. 

The variation in C / T  with T 2 for the compounds with c = 0.30, 0.45 and 
0.60 is shown in Fig. 3. It is evident from the figure that their low-temperature 
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Fig. 2. C/T vs. T 2 representation of the compounds with c~<0.15. 
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Fig. 3. C/T vs.  T 2 g r a p h s  o f  the  c o m p o u n d s  wi th  c = 0.30,  0 .45  and 0.60. 

specific heat is dominated by a magnetic term. Also, at certain temperatures 
which are low compared  with the N~el temperature  TN of the alloys, the 
curves show a broad maximum, the temperature  of which increases with 
increasing gadolinium concentration.  Similar broad structures have been 
observed in (Gdl.cY¢)Cu2 [9]. In all cases the temperature of the maximae 
lie below about 30% of  TN of the alloys. These structures in the gadolinium 
intermetallics are now known to be due to a Schottky-like anomaly in the 
ordered state and are the result of  the splitting of the (2S+ 1)-fold degenerate 
ground state of the gadolinium spin by the internal molecular field [10]. 

Although the value of  ~/ for  these concentrated compounds may be 
obtained from the very low temperature  port ion of the C / T  v s .  T 2 graphs, 
it is difficult to obtain their OD temperatures  and hence to isolate the magnetic 
term Cm in their specific heat. We have, however, at tempted to calculate Cm 
for the sample with c = 0.30. 

For  this purpose  we chose LaRh2 as host in preference to YRh2 or CeRh2 
for the following reasons: lanthanum is neighbour to cerium in the periodic 
table and has a considerable 4f character  in its 5d band. Furthermore it has 
the same outer  electronic configuration as cerium while yttrium has none 
of these advantages. We therefore  believe LaRh2 to be a more appropriate 
host than YRh2 for our purpose.  The use of  CeRh2 is inappropriate as host 
because the substitution of  gadolinium for cerium will reduce the density 
N(EF) of state, as has already been explained, leading to AT< 0 at the CeRh2 
end of the series. 

The density of states for LaRh2 and hence its ~/value may be estimated 
from its measured electronic susceptibility [11] X = 7 . 3 ×  10 -5 emu mo1-1 
from which we compute  N(EF)=  2.2 state eV molecu le - i .  Using this value 
in (2) we obtain T = 4 . 4 3  mJ (g atom) -1 K -2. Although this is close to the 
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7 values measured for the dilute compounds of our series, it appears to be 
somewhat large. The susceptibility of CeRh2 is 8.8 × 10 -4 emu mo1-1 [12l 
which is a factor of about 12 larger than that of LaRh2 while its 7 value is 
only twice that  of LaRh2, as we have just  seen. 

The value of OD Can reasonably be estimated from [13] 

MxOx 2 =MyOy 2 (3) 

Using the values of M and OD for the Ceo.85Gdo.~sRh2 sample in (3) we 
calculated the value of OD for the Ceo.ToGdo.3oRh2 sample. We then computed 
the value of OD for LaRh2 normalized to that  of the above sample [14] and 
found it to be 113 K. Using the values of 7 and OD thus obtained for LaRh2, 
we have calculated C~h2 and subtracted it from the total specific heat of 
the Ceo.~Gdo.sRh2 sample for each temperature and thereby obtained an 
estimated magnetic specific heat Cr~ for this compound. The curve thus 
obtained is shown in Fig. 4. This procedure appears to be meaningful for 
not only is the transition temperature obtained from this graph close to that 
obtained from magnetic measurement~ (Ts = 17 K) but also the curve indicates 
a very broad transition because of the inhomogeneity of magnetism in this 
compound, in agreement with the conclusion reached on the basis of magnetic 
measurements [8]. The entropy change at Ts is 3.75 J mo1-1 K -~ while for 
this compound we would expect it to be about 0.3 R ln(2S+ 1)=  5. However, 
part of the entropy lies under the broad maximum and hence the magnitude 
obtained is reasonable. 

The values of OD and 7 are listed in Table 1 and the variation of 7 with 
the concentration of gadolinium is shown in Fig. 5 where for the compounds 
with c > 0 . 3 0  the values of 7 obtained from the lowest portion of the C/T 

1.1 

0~ 

E~ 

04 
\ 
\ 

\ 
\ 

0.1 

o~ ~ ,'o ,'~ 2'o 2's 3'0 
T(K) 

Fig.  4. T e m p e r a t u r e  va r i a t ion  of the " e s t i m a t e d "  m a g n e t i c  spec i f ic  h e a t  Cm for the c o m p o u n d  
w i th  c = 0 .30 .  
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TABLE 1 

Values of  y and OD for the  ser ies  (Ce].cGdc)Rh2 (the samples  with c>~0.30 contain 1 at.% Ho) 

c o,  v 
0 0  (j (g atom)-1 /;-2) 

0.00 - -  7.5 [ 7 ]  

0.01 184 5.0 
0.03 185 5.5 
0.10 201 23.O 
0.15 212 47.5 
0.30 - -  59.0 
0.45 -- 53.0 
0.60 -- 25.5 
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Fig. 5. Variation of ~, with gadol inium concentrat ion for the series (Cel.cGdc)Rh2. 

c. 40 

v s .  T 2 graphs are used. For  this reason we have used T* in the figure to 
indicate this fact. As the figure shows, the curve peaks at about c = 0 . 2 5 .  
Unfortunately we do not  have data for this interval to give the precise location 
of the peak. 

From their magnetic study, Kariapper and Taxi [8] concluded that this 
system makes a transition to long-range ferrimagnetic order  at about c = 0.30. 
However, the present  investigation shows that the critical concentrat ion for 
long-range ordering is somewhat  lower, at about c =  0.25 where y* reaches 
its maximum value. We note  that  the y value for the compound with c -- 0.30 
is the highest among the compounds  studied, in accordance with the conclusion 
reached by the above workers.  
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Another meaningful graph is that of the total specific heat at a fixed 
temperature against concentration. This is shown in Fig. 6 where we have 
plotted Ct(1.7 K) -Ct(0 .0  K)=Ct(1.7 K) against gadolinium concentration. 
The graph peaks at about c = 0.12. This is the critical concentration for the 
appearance of magnetism in this series. Indeed the sample with c = 0 . 1 5  has 
a T* of 4 K [8]. However, the magnetic phase is not ferrimagnetic but spin 
glass like. Figure 7 shows the temperature variation of the real part of the 
a.c. susceptibility X'a.¢. for this sample. As the figure shows, X'a.¢. goes 
through a maximum at about T = 4 K and is found to be frequency dependent. 
This and the fact that the initial slope of the C vs .  T graphs of the compounds 
in this region is weakly concentration dependent leads us to conclude that 
the magnetic phase entered by this series at c = 0.12 has a predominant spin 
glass character. 

Figure 5 shows that, at low gadolinium concentrations, ~/ decreases 
initially and, after going through a minimum at around c=0 .02 ,  starts to 
increase as the gadolinium content is increased still further, reaching its 
peak value at about c = 0.25. At the CeRh2 end of the series the decrease 
in value of ~/with increasing c is anticipated. Here the substitution of cerium 
by gadolinium removes the contribution of the cerium atoms to the density 
of states through the 4f-5d hybridization and replaces it with the well- 
localised 4f band of gadolinium which has virtually no mixing with the 
conduction band. The same situation should exist in other IV systems such 
as CeRu2 for which Sereni e t  a l .  [15l found a ~ value of 64 mJ mol -I  K -2. 
This value is larger by a factor of 3 than that found by Harrus e t  a l .  [7] 
for CeRh2 and suggests that the density of states in CeRu~ is considerably 
larger than that of CeRh2 and hence a larger hybridization should be expected 
at cerium sites in CeRu2. This should make the variation of ~/with c even 
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(Ce1_cGdc)Rh 2 
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c 

Fig. 6. Change in Ct (1.7 K ) - C t  (0.0 K)=Ct (1.7 K) with gadolinium concentration. 
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Fig. 7. Tempera tu re  var iat ion of  the real pa r t  of  the a.c. susceptibil i ty X'a.c. for  the c o m p o u n d  
with  c = 0 . 1 5 .  The m e a s u r e m e n t s  were  made  in an a.c. field of  2 0 e  and a f requency  of  158 

Hz. 

m o r e  p r o n o u n c e d  e x c e p t  tha t  the  s u p e r c o n d u c t i n g  s ta te  be low  6.3 K in this  
c o m p o u n d  m a y  m a k e  the  s i tua t ion  s o m e w h a t  compl ica ted .  

W e  in te rp re t  Figs.  5 and  6 as follows: ce r ium is in an IV s ta te  in CeRh2. 
The  subs t i tu t ion  o f  gado l in ium for  ce r ium in t roduces  local ized m o m e n t s  a t  
the  gado l in ium si tes  which  ac t  on  the i r  ne ighbour ing  ce r ium ions  as  an  
effect ive local  field, t h e r e b y  driving t h e m  towards  the  m a g n e t i c  Ce 3+ state.  
As the  sp in  f luc tua t ion  t e m p e r a t u r e s  o f  t hese  ions a p p r o a c h  zero,  the  con-  
t r ibu t ion  of  the  p a r a m a g n o n s  at  t hese  s i tes  b e c o m e  m o r e  and  m o r e  impor tan t .  
At c = 0 .12 a spin-glass- l ike  m a g n e t i c  p h a s e  is r eached .  Above  this  concen -  
t ra t ion  a g radua l  long- range  f e r r imagne t i c  s ta te  se ts  in and  the  con t r ibu t ion  
of  the  loca l  m a g n o n s  to  the  specif ic  hea t  b e c o m e s  impor tan t .  At a b o u t  
c = 0 . 2 5  the  long- range  f e r r imagne t i c  o rde r  is r e a c h e d  whe re  T t akes  its 
m a x i m u m  value.  A fu r the r  inc rease  in the  gado l in ium concen t r a t i on  b e y o n d  
c = 0 .25  ra i ses  the  o rde r ing  t e m p e r a t u r e  of  the  al loys and  consequen t ly  the 
n u m b e r  of  m a g n o n s  exc i t ed  b e c o m e  f ewer  and  fewer  and  h e n c e  the i r  
con t r ibu t ion  to  the  specif ic  hea t  d e c r e a s e s  as  obse rved .  

4. C o n c l u s i o n  

W e  conc lude  t ha t  a t  the  CeRh2 end of  th is  se r ies  the  subs t i tu t ion  of  
gado l in ium for  c e r i u m  r e d u c e s  the  y va lue  as  a resu l t  o f  the  r educ t ion  in 
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t he  d e n s i t y  o f  t he  5 d  s t a t e s  a t  t he  c e r i u m  s i tes .  At  c = 0 .12  t he  s y s t e m  e n t e r s  
a s p i n - g l a s s - l i k e  m a g n e t i c  p h a s e .  O n  f u r t h e r  i n c r e a s i n g  the  g a d o l i n i u m  c o n t e n t ,  

l o n g - r a n g e  f e r r i m a g n e t i c  o r d e r  is  r e a c h e d  at  a b o u t  c = 0 . 2 5 .  

A c k n o w l e d g m e n t s  

W e  are  g r a t e f u l  to  Dr. J.  F i l i pp i  of  t he  L a b o r a t o i r e  Lou is  Ndel  for  

m e a s u r i n g  t he  a.c .  s u s c e p t i b i l i t y  of  o n e  o f  o u r  s a m p l e s .  O n e  of  u s  (A.T.) 
t h a n k s  K i n g  F a h d  U n i v e r s i t y  o f  P e t r o l e u m  a n d  Mine ra l s ,  D h a r a n ,  Saud i  A r a b i a  

for  t he  s u p p o r t  o f  t h i s  p r o j e c t .  

References  

1 P. Weidner, B. Wittershagen, B. Roden and D. Wohlleben, Solid State Commun., 48 (1983) 
915. 

2 A. Yanasa, J. Magn. Magn. Mater., 52 (1985) 403. 
3 D. Gunnarsson, N. E. Christensen and O. K. Andersen, J. Magn. Magn. Mater., 75--77 

(1983) 30. 
4 D. Wohlleben and A. Rohler, J. Appl. Phys., 55 (1984) 1904. 
5 T. Mihalisin, A. Harrus, S. Raaen and R. D. Parks, J. AppL Phys., 55 (1984) 1966. 
6 A. Harrus, T. Mihalisin and B. Battlog, J. AppL Phys., 55 (1984) 1993. 
7 A. Harrus, T. Mihalisin and E. Kemley, J. Magn. Magn. Mater., 47--48 (1985) 93. 
8 M. S. Kariapper and A. Tari, Phys. Rev. B, 42 (1990) 4393. 
9 N. H. Luong, J. J. M. Franse and T. D. Hien, J. Phys. F, 15 (1985) 1751. 

10 J. A. Blanco, D. Gignoux and D. Schmitt, Phys. Rev. B, 43 (1991) 13145. 
11 D. Shaltiel, J. H. Wernick and V. Jaccarino, J. Appl. Phys., 35 (1964) 978. 

P. Singh and A. Raman, Trans. AIME, 245 (1965) 156. 
12 H. Ghassem and A. Raman, Z. MetaUkd., 64 (1973) 197. 
13 J. Hofman, A. Paskin, K. J. Tauer and R. J. Weiss, J. Phys. Chem. Solids, 1 (1956) 45. 
14 M. Bouvier, P. LethuiUier and D. Schmitt, Phys. Rev. B, 43 (1991) 13137. 
15 J. Sereni, G. L. Nieva, G. Schmerber and J. P. Keppler, Mod. Phys. Lett. B, 3 (1989) 

1225. 


