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CHARGE TRANSPORT AND PRESSURE DEPENDENCE OF T c OF SINGLE CRYSTAL, 
FERROMAGNETIC EuB 6. 

C. N. Guy, S. yon Molnar, and J. Etourneau t 
IBM T. J. Watson Research Center, Yorktown Heights, NY 10598 

and 

Z. Fisk 
Institute for Pure and Applied Physical Sciences 

University of California, San Diego, La Jolla, CA 92093 

(Received 10 January 1980 by G. Burns) 

We present Hall Effect and resistivity data which demonstrate that EuB 6 is a degener- 
ate semiconductor transforming into a metal or semimetal below the ferromagnetic 
ordering temperature, Tc--13.7K. We also report an anomalously large, positive 
pressure dependence of T c, (1/Tc)(ATc/AP) = 4 x 10 - 2  kbar -1  

EuB 6 is a cubic material having B 6 octahedra at the 
corners of a simple cubic lattice and Eu at the body cen- 
ter. It orders ferromagnetlcally with a transition tempera- 

" D-s] ture sensitive to sample purity and stoichiometry . 
Early band structure calculation [6] predicted that pure 
EuB 6 is a semiconductor, whereas more recent calcula- 
tions show that, at least in the ordered state, EuB 6 is 
expected to be a semimetal [7]. Experimental support for 
both points of view have been given. A decrease in resis- 
tivity above room temperature [5] argues for a small semi- 
conductor energy gap of ~0.1 eV, whereas the metallic 
conductivity below 200 K [1,3,4], which has been observed 
in all samples regardless of preparation, favors a semime- 
tal rather than a degenerate semiconductor description. 

In this letter we present Hall effect and resistivity 
data which demonstrate that EuB 6 is a degenerate semi- 
conductor transforming into a metal or semimetal below 
the ferromagnetic ordering temperature (T c = 13.7 K). 
Where comparisons are possible, our experimental results 
on Al flux grown single crystals are in good agreement 
with polycrystalline data by Ishikawa [8] which have re- 
cently been summarized by Kasuya, et al. [9]. We also 
report a very large, positive pressure dependence of the 
magnetic ordering temperature. 

All transport measurements were performed in the 
Van der Pauw geometry [10] on single crystals of the same 
batch described in ref. 4. Although microprobe analysis 
disclosed the presence of A1 in the crystals, these spots 
were well separated by areas of stoichiometric EuB 6 
(Eu = 70 + 2 wt .%)  [11]" Various samples from the 
batch showed similar transport properties as a function of 
temperature, indicating that no complete A1 paths exist 
through the sample. The temperature dependence of the 
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resistivity in 0 and 15 kOe applied magnetic field is 
shown in Fig. 1. In this letter we concentrate only on two 
features of the data: a) The magnetoresistance is large 
and negative, even for T > >  T c (13.7 K); b) The resist- 
ance ratio P300 K/P4.2 K = 61.6/1.45 = 42.5. Other 
features, such as the peak in resistivity near T c and the 
saturation near 300 K depend on details of the scattering 
mechanisms. Here we simply wish to determine whether 
the resistivity variation is in part due to changes in carrier 
number. 
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Fig. 1 : Resistivity of single crystal EuB 6 at HA=0 and 
15 kOe as a function of temperature. 
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Ordinar i ly  the  Hall  e f fec t  in magne t i c  mater ia l s  is 
compl ica ted  by a large a n o m a l o u s  te rm,  Rs,  as can  be 19.o 
seen  f rom the  fol lowing equat ion  for the  Hall resistivity, 

e l l ,  
18.0 

e H = RoB + Rs4~rM. (1) 

Here R o is the  normal  Hall  coeff ic ient  re la ted to the  
n u m b e r  of  carriers ,  B is the  magne t ic  induct ion and  M is 
the magnet iza t ion  of the  sample.  We have  consequen t ly  
plotted in Fig. 2 e H as a func t ion  of B at 4.2 K, and  f ind 
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Fig. 2: The  d e p e n d e n c e  of Hall  resist ivity,  e l l ,  on 
magne t i c  induc t ion ,  B, for  EuB 6 at 4.2 K. 
The  solid line is the  ca lcula ted  curve with R o 
= --3.7 x 10 - 1 0  ~ - c m / G  and  R s = - 4 . 8  x 
10 - 1 1  f l - c m / G .  

an  a lmost  l inear re la t ionship be tween  e H and  B. Such 
deviat ions as do exist can  be explained by a small  contrib- 
ut ion f rom Rs[12]or  a 1 0 %  decrease  in R o with increas-  
ing B. A fit to the  data ,  with  R o = - 3 . 7 1  x 
10 - 1 0  ~ - c m / G  and R s -- - 4 , 8  x 10 - 1 1  ~ - c m / G ,  is 

also plot ted in Fig. 2. O n  the a s sumpt ion  of a s imple one 
band  model ,  wi th  R o = 1 0 - 8 / n e  (pract ical  uni ts) ,  one  
finds n (4 .2  K) -- 1.7 x 1020 cm - 3  and  the  mobili ty 
(4.2 K) -- 2 5 6 0  c m 2 / v  sec. 

In the  pa ramagne t i c  region Eq. 1 m a y  be wri t ten as 

e H 
HA = R o + {(1 -- N ) R  o + Rs}4~rX*, (2)  

where  H A is the  applied field, N = 0.633 is the  demagne-  
tizing factor ,  and  x* --- x / ( l + 4 ~ r N x )  the  m e a s u r e d  sus-  
ceptibility. Fig. 3 displays e H / H  A as a func t ion  of x*.  
The  high t empera tu re ,  (small  x*)  region appears  linear.  
However ,  the  slope and  the  in tercept  ext rapola ted  to x* = 
0 do not  yield a consis tent  value for R o for any  reasonable  
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Fig. 3: Slope of curves of Hall resistivity, e l l ,  versus  
applied field H A in the  pa ramagne t i c  region,  
plotted against  the effect ive susceptibi l i ty x*- 

R s. We are,  therefore ,  fo rced  to conc lude  tha t  R o is 
chang ing  th roughou t  the  t empe ra tu r e  range shown  in 
Fig. 3. In part icular ,  if a one band model  is assumed,  we 
m a y  in terpre t  the  curve  as follows: Be tween  297 and  
~ 1 5 0  K, e lec t rons  exci ted accross  an  intr insic semicon-  
duc tor  gap are  gradual ly  f rozen out. The  pla teau be tween 
~ 1 5 0  and  ~ 1 0 0  K represents  the exhaus t ion  range with n 
= 1 0 - 8 + ( l e H / H A  I x e )  = 3 . 5 x 1 0 1 9 c m  - 3  due to de- 
fects  and  impurit ies.  Here the  calcula ted mobilities are 
inordina te ly  h igh at ~ 3 0 0  c m 2 / v  sec. The  subsequen t  
decrease  in l e H / H A I  as the  t empera tu re  is lowered fur-  
ther  signals the  onset  of  an electronic phase  transition. It 
should  also be men t ioned  that ,  be low 70 K, e H is not  
l inear in applied magnet ic  field, H a , which  might  be inter-  
pre ted as a field dependence  of the  carrier  number .  The  
major  result  of  the  Hall measu remen t s ,  however ,  is tha t  
the  EuB 6 is not  a simple degenera te  semiconductor .  If 
that  were the  case,  no change  in R o would be expected at  
low t empera tu re ,  whereas  a factor  5 decrease  is observed  
be tween  110 K and 4.2 K. We conclude,  therefore ,  tha t  
EuB 6 has  a magnet ica l ly  driven phase  transi t ion to a low 
t empera tu re  semimeta l  or  meta l  with a sizeable change  in 
carr ier  number .  

Sofar we have  discussed the  effect  of  magnet ic  order  
on the  e lec t ronic  s t ruc ture  and  t ranspor t  proper t ies  of  
EuB 6. The  inverse effect ,  i.e. the  variation of magne t i c  
order  with changes  in carr ier  concent ra t ion  is ano the r  
na tura l  consequence  of  the  s trong coupling be tween band  
electrons and  localized Eu 2+  4f  spins. Large depress ions  
in T c with increas ing carr ier  concent ra t ions  and decreas-  
ing latt ice cons t an t  have  a l ready been repor ted  in 
EuB6_xCx [1-3]. In cont ras t ,  r ecen t  resistivity measu re -  
men t s  as a func t ion  of p ressure  and  t empera tu re  suggest  
an  increase in T c with increas ing  carrier  concentra t ion  and 
decreas ing  lattice cons tan t  [13]. Here  we present  data  on 
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the pressure dependence of ~ as measured with a low 
field SQUID magnetometer[14~ The results are summa- 
rized in Fig. 4, the inse~ giving an operational definition 
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where a o is the lattice constant at STP and K is the com- 
pressibility. But t2o:exp(-8a/ao )[15] and, as a first ap- 
proximation, U may be expressed as 

U = E o - C a  -~, (5) 

where E o is the energy difference between the 4f and d 
orbitals without crystal field effects and the second term 
represents the crystal field splitting of the rare earth d 
states. Therefore, combining Eqs. 3, 4 and 5, one obtains 

Fig. 4: Pressure dependence of the magnetic trans- 
ition temperature, T c, of EuB 6. Solid and 
open circles designate samples prepared at La 
Jolla and Bordeaux, respectively. The insert 
shows the actual signal and gives an operation- 
al definition of T c. 

of T c. There is a large positive shift in T c, with 
(1/Tc)(ATc/AP) = 4 x 10 - 2  kbar - 1 ,  roughly twice the 
value derived from the pressure dependence of the resis- 
tivity peak [13]. Pressure was measured by monitoring the 
change in superconducting transition temperature of Pb. 
For most of the runs the error in estimating pressure was 
_+ 0.5 kbar with two noteable exceptions. 

It is tempting to compare these results with the well 
known indirect exchange effects in the Eu chalco~enides. 
The exchange constant between neighboring Eu ~+ ions 
can be written as 

J -- 2t2Jcf/SfU 2, (3) 

where t is the transfer matrix element between the Eu 4f 
orbitals and the 5d orbitais on adjacent sites, J.c~ is an 
intra-atomic exchange constant, SI = 7 /2  for Eu + and 
U is the energy difference between the 4f and d 
orbitals [15]. If it is assumed that nearest neighbor ex- 
change dominates, T e is proportional to J, and 8Te/aP 
may be derived as follows: 

0Tc o:: O_~J 0J 0a OJ ao K (4) 
aP 8P Oa OP aa 3 

1 4  

1 
T c 0P 3 U 

For EuO, (1 /T  c) (0To/alP) = 5 x 
10-3kbar -1  [16], KR.T" = 0.94 x 10 - 3  kbar -1117] and 
Eo/U = 2.66 [18] . Eq. 6 gives ~" = 2.4, in reasonable 
agreement with 3.5, the value derived from a comparison 
of optical properties in the rare-earth chalcogenide 
seriesL19].T Neither number is close to the predictions of a 
point charge model, ~" = 5. 

Performing the same calculation for EuB6, with 
( i /Tc) (OTc/OP)=  4 × 10 - 2  kbar -1 ,  K~t T = .83 x 
10-3 kbar-1  [20] and Eo /U  ~-- 1.7,[2~Jone obtains 
~" >_ 45, an utterly unreasonable result. The calculation is 
obviously a very rough approximation and serves only to 
demonstrate that the model for exchange valid in the insu- 
lating Eu chalcogenides is inadequate to explain the very 
large fractional shift of T c with pressure in EuB 6. A 
more complex model, possibly involving local polarization 
as well as conduction band effects, is necessary. 

Both the transport and pressure measurements lead to 
the conclusion that EuB 6 cannot be described as a simple 
degenerate semiconductor. Furthermore, the unusually 
high mobilities (at 4.2K, # ~- 2.4 x 103cm2/v sec) de- 
rived by assuming a one band model suggest that a sem- 
imetal involving several bands at E F is more appropriate 
at low temperatures. This conclusion is supported by the 
band structure calculations of Hasegawa and Yanase [7]" It 
also forms the basis of the description of the magnetic and 
transport properties by Kasuya, et al [9]. These authors, 
however, ignore the contribution of the valence band to 
the conduction process, thereby reducing the calculations 
to a one band model. It seems that this approach can only 
be justified if it can also explain the large mobilities in the 
presence of 3.5 x 1019cm - 3  defects or impurities. Final- 
ly, the large positive logarithmic pressure derivative of the 
magnetic transition temperature, which contrasts sharply 
with the results of doping experiments [I] , is not under- 
stood quantitatively. Similar experiments on EuB6_xC x 
are underway. 

We are grateful to H. Lilienthal and J. Rigotty for 
their help with magnetic and transport measurements and 
J. M. Tarascon for providing some of the samples used in 
the pressure studies. We also thank J. Kuptsis for the 
careful microprobe analysis of our samples. One of the 
authors (S.v.M.) thanks T. Kasuya and S. Maekawa for 
several illuminating discussions. 
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