
UC Irvine
UC Irvine Previously Published Works

Title
Multiple phase transitions in rare earth tetraborides at low temperature

Permalink
https://escholarship.org/uc/item/8983d64w

Journal
Solid State Communications, 39(11)

ISSN
0038-1098

Authors
Fisk, Z
Maple, MB
Johnston, DC
et al.

Publication Date
1981-09-01

DOI
10.1016/0038-1098(81)91111-x

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License, 
availalbe at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8983d64w
https://escholarship.org/uc/item/8983d64w#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


~ So l id  S t a t e  Conzmunications, Vol .39 ,  pp.1189-1192.  0038-1098/8[ /351189-04502.00/0 
Pergamon Press Ltd. 1981. Printed in Great Britain. 

MULTIPLE PHASE TRANSITIONS IN RARE EARTH TETRABORIDES 
AT LOW TEMPERATURE 

Z. Fisk, and M. B. Maple 
Institute for Pure and Applied Physical Sciences 

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

D. C. Johnston and L. D. Woolf 
Exxon Research and Engineering Company 

P.O. Box 45 
Linden, NJ 07036 

(Received 6 March, 1981 by H. Suhl) 

We r e p o r t  the  t e m p e r a t u r e  d e p e n d e n c e  of  t he  m a g n e t i c  s u s c e p t i b i l i t y  
of single crystals of PrB 4, GdB 4, TbB 4, HoB 4 and TmB 4, both paral- 
lel and perpendicular to the tetragonal c-axis. We also present low 
temperature resistance measurements on crystals of GdB 4 through 
TmB 4. Two magnetic phase transitions are found for TbB 4, DyB 4, 
HoB 4 and TmB 4. For the latter two compounds, the lower transitions 
appear to be first order. For HoB 4, we have measured the low tem- 
perature specific heat. The lower transition in TbB 4 and HoB 4 is 
rapidly depressed upon dilution with YB 4 . 

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

Al l  the  r a r e  e a r t h  e l e m e n t s ,  e x c e p t  Eu ,  
f o r m  i s o s t r u c t u r a l ,  m e t a l l i c  t e t r a b o r i d e s  (RB4) 
c r y s t a l l i z i n g  in  t he  t e t r a g o n a l  s p a c e  g r o u p  P 4 /  
m b m .  T h e r e  a r e  f o u r  e q u i v a l e n t  r a r e  e a r t h  
s i t e s  p e r  un i t  c e l l  w i t h  s i t e  s y m m e t r y  r a m .  

B u s c h o w  1 h a s  r e v i e w e d  the  m a g n e t i c  d a t a  
on  the  t e t r a b o r l d e s .  A l m o s t  a l l  of t h e s e  d a t a  
a r e  f o r  p o l y c r y s t a l l i n e  m a t e r i a l .  F o r  t he  h e a v y  
r a r e  e a r t h  t e t r a b o r i d e s ,  t he  C u r i e - W e i s s  t e m -  
p e r a t u r e s  (8) a p p r o x i m a t e l y  f o l l o w  the  d e G e r m e s  
f a c t o r ,  bu t  the  o r d e r i n g  t e m p e r a t u r e s  do not .  
The  RB 4 c o m p o u n d s ,  NdB 4 t h r o u g h  T m B  4, o r d -  
e r  a n t i f e r r o m a g n e t i c a l l y .  P r B  4 i s  a n o m a l o u s  
in  t h a t  it o r d e r s  f e r r o m a g n e t i c a l l  7. 2 

S c h E f e r  e t  a l .  3 h a v e  s t u d i e d  the  l o w  t e m -  
p e r a t u r e  m a g n e t i c  s t r u c t u r e  of E r B  4 a n d  DyB 4. 
T h e y  f ind  s i m p l e  c o m m e n s u r a t e  a n t i f e r r o m a g -  
n e t i c  o r d e r i n g  f o r  b o t h  c o m p o u n d s  w i t h  t h e  R 
m o m e n t s  a l i g n e d  a l o n g  t h e  c - a x i s .  

S m a l l  s i n g l e  c r y s t a l s  of  RB 4 s u i t a b l e  f o r  
m a g n e t i c  a n d  e l e c t r i c a l  m e a s u r e m e n t s  c a n  be  
e a s i l y  g r o w n .  4 It  i s  the  p u r p o s e  of t h i s  c o m -  
m u n i c a t i o n  to  r e p o r t  on the  a n i s o t r o p i c  m a g n e t i c  
s u s c e p t i b i l i t i e s  a n d / o r  r e s i s t i v i t i e s  of  P r B  4 and  
GdB 4 t h r o u g h  T m B  4, and  on the  p r e s e n c e  of  a 

R e s e a r c h  s u p p o r t e d  by  NSF  C o n t r a c t  No. 
NSF  / DMR77 - 0846 9. 

R e s e a r c h  supported by  DOE C o n t r a c t  No. 
DOE/AT03-76-R-70ZZ7. 

s e c o n d  l o w  t e m p e r a t u r e  p h a s e  t r a n s i t i o n  in 
TbB 4, DyB 4, HoB 4 and  T r o d  4. T h i s  s e c o n d  
t r a n s i t i o n  in  DyB 4 and  HoB 4 w a s  s e e n  p r e v i o u s -  
ly  by  E .  B i i c h e r 5  in c r y s t a l s  g r o w n  by F i s k  and  
S c h m i d t .  T h i s  w o r k  w a s  not  p u b l i s h e d .  

E x p e r i m e n t a l  D e t a i l s  

RB 4 c r y s t a l s  w e r e  g r o w n  f r o m  m o l t e n  A1, 
e x c e p t  f o r  P r B  4. T h e  f lux  u s e d  in  t h i s  c a s e  w a s  
P r 3 C o ,  the  P r 3 C o  p lus  P r B  4 b e i n g  c o o l e d  s l o w -  
ly  f r o m  1200°C  in a s e a l e d  3/8" d i a m e t e r  Ta 
t u b e .  P r 3 C o  d i s s o l v e s  r a p i d l y  in HC1, and  the  
m u c h  s l o w e r  a t t a c k  on  P r B  4 a l l o w e d  c r y s t a l s  
w i th  s i z e s  up to  4 r a m ×  4 r a m ×  1 m m t o b e  i s o -  
l a t e d .  S o m e  of  the  c r y s t a l s  w e r e  g r o w n  wi th  B -  
e n r i c h e d  l i B :  t h e s e  a r e  so  i n d i c a t e d .  

R e s i s t i v i t y  m e a s u r e m e n t s  w e r e  m a d e  b e -  
t w e e n  1 .6  K a n d  300 K u s i n g  a 4 - p r o b e  ac  t e c h -  
n i q u e  a t  220 Hz.  A F a r a d a y  m a g n e t o m e t e r  w a s  
u s e d  f o r  the  m a g n e t i c  m e a s u r e m e n t s  b e t w e e n  
1 . 4  K and  300 K. T h e  c - a x i s  o f  t he  c r y s t a l s  w a s  
d e t e r m i n e d  by  L a n e  p h o t o g r a p h s ,  and  m a g n e t i c  
m e a s u r e m e n t s  w e r e  m a d e  p a r a l l e l  and  p e r p e n -  
d i c u l a r  to t h i s  d i r e c t i o n .  The  s p e c i f i c  h e a t  
m e a s u r e m e n t s  w e r e  m a d e  wi th  a p u l s e  m e t h o d  
in  a s e m i - a d i a b a t i c  3He c a l o r i m e t e r .  6 A l a r g e  
n u m b e r  of  s m a l l  c r y s t a l s  w e r e  p a c k e d  t i g h t l y  in  
a c o p p e r  cup  and  the  h e a t  c a p a c i t y  of  t h e  a s s e m -  
b l y  w a s  m e a s u r e d .  The  d a t a  p r e s e n t e d  a r e ,  o f  
c o u r s e ,  c o r r e c t e d  f o r  the  c o n t r i b u t i o n  of  t h e  
a d d e n d a .  
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F i g .  I. Inverse molar magnetic susceptibility 
X-I vs temperature T of RB 4 com- 
pounds measured both llc-axis and 
Ic -axis. 
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Results and Discussion 

Our susceptibility (X) results for the PrB 4, 

GdB4, TbB4, HoB 4 and TmB 4 are shown in 
Figs. I and 3. Figure 2 displays low tempera- 
ture resistance data on the heavy rare earth 

RB 4 compounds. All resistance measurements 
presented are ilc-axis, except for GdB 4, where 
we give the results for a plane Ic-axis: other 
measurements show no qualitative differences 
for the resistivity measured perpendicular to 
the direction shown. The small size of the 
crystals only allowed an approximate determina- 
tion of the absolute value of the electrical resis- 
tivity, so that we have plotted the data on an 
arbitrary resistance scale which varies from 
sample to sample. For GdB 4, the spin disorder 
contribution to the resistivity Qm is ~ 15 ~{~ - 
cm, while for HoB 4, the total Pm (from both 
transitions) is ~ 0.75 U~] -cm. The data are 
summarized in Table I. The compounds GdB 4 
and ErB 4 appear to have only a single, second 
order phase transition, while TbB 4 and DyB 4 
appear to have two second order phase transi- 

tions. The compounds Hob 4 and TmB 4 both 
appear to have a second order phase transition 
followed by a first order transition at lower 
tempe rature. 

S o m e  f e a t u r e s  w h i c h  s t a n d  o u t  a r e  (i)  t h e  
s u s c e p t i b i l i t y  o f  G d B  4 i s  n o t  a n i s o t r o p i c  a b o v e  
t h e  N ~ e l  t e m p e r a t u r e  ( T N ) ;  ( i i )  t h e  s u s c e p t i b i l i -  
t i e s  of PrB 4, TbB 4 and TmB 4 are markedly 
anisotropic; and (iii) the R magnetic moments 

appear to align along the c-axis, except in the 

c a s e  o f  G d B  4 a n d  T m B  4, a s  j u d g e d  b y  t h e  b e -  

h a v i o r  o f  X b e l o w  T N . 
These materials are all good metals, and 

the crystals typically have resistance ratios of 
50 or better. Point (i) above indicates that the 
anisotropbr present for a number of the heavy 
rare earth tetraborides is not due to anisotropy 
in the conduction bands being reflected in the 
RKKY interaction. The anisotropy is probably 
not purely a single ion anisotropy due~to crystal 
field effects either since in this case a varia- 
tion in the magnetic moment ordering direction 
(point (iii)) would be expected between rare 
earths to the left of and including Ho and to the 
right of and including Er: the 41 quadrupole 
moment has opposite sign for these two groups. 
It seems likely, however, that the cause of the 
multiple phase transitions is related to this 

anisotropy. 
We have examined Hob 4 in further detail. 

Figure 3{c) shows our low temperature specific 
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F i g .  2. R e l a t i v e  l o w  t e m p e r a t u r e  e l e c t r i c a l  
r e s i s t i v i t y  P v s  t e m p e r a t u r e  T of 
h e a v y  r a r e  e a r t h  R B  4 c o m p o u n d s  
I I c - a x i s ,  e x c e p t  f o r  GdB 4 f o r  w h i c h  
t h e  d a t a  i s  l c - a x i s .  

heat results. The data indicate a second order 
transition at the upper T N, followed by a first 
order spike which seems to be superimposed on 
the smoothly decreasing heat capacity arising 
from the second order transition. The total 
molar entropy under the curve to the upper N~el 
temperature is R ~ i. 77, the contribution under 
the spike being only R~ I. Ii. 

The site syzrn~etry of the rare earth here 
is ram. The crystal field can therefore lift all 
the degeneracy of the 558 4f I0 Ho ground state• 

The fact that the entropy to the upper T N is 
somewhat less than R ~n 2 makes it possible 
that Ho here has two nearby singlets lying lowest. 

A few mixed crystals of Ho I_XYXB4 were 
grown. We find that the upper T N is nearly lin- 
ear in x ,  extrapolating to T N = 0 for x = I. The 
lower T N falls off much faster and is below 
1.7 K at x = 0.3. This is the kind of behavior 
that might be expected if the lower transition is 
driven by the internal field associated with the 
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Fig. 3 (a) I n v e r s e  m o l a r  m a g n e t i c  s u s c e p t i -  
b i l i t y  X ~  v s  t e m p e r a t u r e  T f o r  H o B  4. 
(b) D e t a i l  of  v a r i a t i o n  o f  X m w i th  
t e m p e r a t u r e  T n e a r  t h e  two l ow  t e r n -  
p e r a t u r e  p h a s e  t r a n s i t i o n s .  (c) L o w  
t e m p e r a t u r e  s p e c i f i c  h e a t  C v s  t e r n -  
p e r a t u r e  T o f  H o B  4. 

u p p e r  T N. We n o t e  t h a t  a m e a s u r e m e n t  m a d e  
on  a c r y s t a l  o f  T b 0 . 7 4 Y 0 .  z 1 B 4  o n l y  r e v e a l e d  
o n e  l ow  t e m p e r a t u r e  t r a n s i t i o n .  W.  C. K o e h l e r  7 
h a s  m a d e  a d e t a i l e d  s t u d y  of  s o m e  of o u r  H o B  4 
crystals using neutron diffraction. He finds a 
very complicated incommensurate phase be- 
tween the upper and lower TN'S and there is 
possibly a ferromagnetic component to the low- 
est temperature magnetic phase. I-le v~11 re- 
port these results separately. 
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811c (K 81c(K) ~/efflc(~ B) 

28.9 -59.0 3.76 

-66.8 -68.4 7.93 

-52.7 -Z6.6 9. 55 

-IZ. 

38. 

Table 

) t,J" e f t  II c (UB ) 

3.55 

7.93 

9.63 

I0.39 

7.35 
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(a) 
Tmag(K)  

Z4 

4Z 

44, 24 

37,< 1.7 

Z0.4, I Z. 8 

7. 1,5.7 

6.3, 3.1 

5.0, <1.7 

3.5, <1.7 

15.4 

11.7,9.7 

Ordered 
s pin 

direction 

IIc 

Ic 

llc 

, c  [3] 

IIc 

Itc [3] 

l c  

(a)Dete r rn ined  r e s i s t i v e l y .  

( b ) R e s i s t a n c e  m e a s u r e m e n t  only.  

(C)Not C u r i e - W e i s s .  

II 

Our results suggest that in a number of 
RB 4 compounds, the anisotropy energy is com- 
parable to the exchange energy. PrB 4 is an 
extreme case in that the anisotropy is sufficient 
to give large 8's of opposite sign for X parallel 

and p e r p e n d i c u l a r  to the c - a x i s .  These  r e s u l t s  
on the  u n i a x i a l  c h a r a c t e r  of P r B  4 a r e  in a g r e e -  
m e n t  wi th  those  of  B e r r a d a  e t  a l .  8 on c r y s t a l s  
of P r B  4 m a d e  b e l o w  the C u r i e  t e m p e r a t u r e .  
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