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9Be KNIGHT SHIFF IN THE NORMAL STATE OF UBels 

W G C L A R K , *  M D L A N , *  G van  K A L K E R E N ,  + W H W O N G , *  C h e n g  T I E N ,  + 
D E M A C L A U G H L I N ,  + J L SMITH,*  Z FISK* and H R O T T  II 

Department o[ Physics and Sohd State Science Center, Umversay o[ Cah[orma, Los Angeles, CA 90024, USA 

9Be NMR spectra have been studied m the heavy-fermlon compound UBels  as functions of spectrometer frequency, 
crystal orientation, and temperature Be~-slte lsotroplc Kmght shift and Beu-slte amsotroplc shifts, corresponding 
hyperfine fields, and quadrupolar tensors have been determmed For T ~< 10 K a typical heavy-fermlon Kmght shift 
anomaly is observed 

1. Introduction 

T h e  mte rme ta l l l c  c o m p o u n d  U B e ~  has 
a t t r a c t e d  much  a t t en t ton  s ince its d i s cove ry  as a 
h e a v y - e l e c t r o n  sys tem [1], In la rge  pa r t  b e c a u s e  
~ts s u p e r c o n d u c t i n g  t rans i t ion  at 0 84 K m a k e s  it 
one  of the h e a v y - e l e c t r o n  s u p e r c o n d u c t o r s  [2] 
P rev ious  nuc l ea r  m a g n e t i c  r e s o n a n c e  (NMR)  
s tudies  of UBe~s have  c o n c e n t r a t e d  on the 9Be 
sp in - la t t i ce  r e l axa t ion  ra te  [3,4] T h e  noise  p o w e r  
of local  field f luc tua t tons  at 9Be sites is th ree  
o rde r s  of m a g n i t u d e  l a rge r  than  in the non-5f  
r e f e rence  c o m p o u n d  T h B e ~ ,  and  the re laxa t ion  
ra te  in the s u p e r c o n d u c t i n g  s ta te  fol lows a p o w e r  
law in t e m p e r a t u r e  ins tead  of the c o n v e n t i o n a l  
a c t i v a t e d  BCS t e m p e r a t u r e  d e p e n d e n c e  In ad-  
di t ion,  p r e h m i n a r y  m e a s u r e m e n t s  of N M R  spec-  
t ra  [3] l nd t ca t ed  l i t t le c h a n g e  of f r e q u e n c y  of 
hne -wid th  upon  e n t e r e m g  the s u p e r c o n d u c t i n g  
s ta te  
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In this p a p e r  we r e p o r t  m e a s u r e m e n t s  of 9Be 
N M R  abso rp t ion  spec t r a  m s ing le -c rys ta l  U B e ~  
m the no rma l  s ta te  as a func t ion  of s p e c t r o m e t e r  
f r equency ,  crys ta l  o r i en ta t ion ,  and  t e m p e r a t u r e  
K n i g h t  shifts, hyperf ine  fields, and  q u a d r u p o l a r  
c o u p h n g s  are  d e r i v e d  f rom the da t a  T h e  
hyper f ine  fields a re  found  to be  no smal le r  than m 
lSOStructural 4fBe j~ c o m p o u n d s  

2. Experiment 

UBel3  crys ta l l tzes  m the N a Z n ~ - t y p e  s t ruc-  
ture ,  wi th  a fcc space  la t t ice  [5] F o r  our  exper i -  
m e n t s  we used  a flux g rown single  crysta l ,  
d~menslons 6 × 4 × 1 m m  ~, s p a r k - c u t  with faces  
p e r p e n & c u l a r  to the cub ic  axes A c o n v e n t i o n a l  
N M R  pulse  m e t h o d  was used,  with field cah -  
b ra t ton  o b t a i n e d  f rom the 27A1 r e s o n a n c e  of a 
r e f e r ence  sample  next  to the  U B e ~  crysta l  

T h e  o b s e r v e d  9Be ( !  = 3/2) f ie ld-swept  N M R  
spe c t r a  consmted of ten l ines due  to the ex i s tence  
of two m e q u l v a l e n t  Be sites, Be ~ and Be H T h e  
Be I site is of cub ic  po in t  s y m m e t r y  (m3),  while  the 
s y m m e t r y  of the Be I~ site is qmte  low (m), this 
leads  to an anlsotrop~c K m g h t  shift  and  quad ru -  
po l a r  sp l i t t ing  [6] of the  spec t r a  f rom Be H nuclei  
A f t e r  the md iv ldua l  l ines were  ~dentified, the 
t e m p e r a t u r e  d e p e n d e n c e  of the  K m g h t  shift was 
o b t a i n e d  for the  m e q u l v a l e n t  Be ~ and Be ~j sites 
T h e  re la t ion  be tw e e n  shift  and  bulk  m a g n e t i c  
suscep t ib i l i ty  was used to ob ta in  the  c o r r e s p o n d -  
ing hyper f ine  fields A p p r o x i m a t e  co r r ec t i ons  for  
the  d e m a g n e t t z a t l o n  and Loren tz  fields were  
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made using the factors of an ellipsoid [7] Un-  
certainty in the extra field produced by the UBe13 
paramagnet~c mom en t  caused an error of 
+0 01% in the absolute values of the Knight 
shifts 

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

3 1 F r e q u e n c y d e p e n d e n c e  (T = 4 2 K )  

The  crystal was mounted  with a (001) axis 
parallel to the external field, and data were taken 
for spect rometer  frequencies O~o/27r between 6 
and 31 MHz (fields between 10 and 52 kOe) In 
fig 1 the relative line positions yH(t)/too, cor- 
rected for demagnetizing and Lorentz fields, are 
plotted vs inverse frequency The  data group 

Into three triplets, each with slopes (S, 0, - S )  and 
the same intercept Convent ional  N M R  theory 
yields S = t o o / [ 2 ( l + K ) ] ,  where too/2~ is the 
quadrupolar  splitting frequency and K IS the 
Knight  shift, the intercept is 1/(1+ K) These 
triplets are associated with Be"  sites In addition, 
the Be I sites give a line of zero slope without 
satellites The signal amphtudes  are consistent 
with these assignments 

Knight  shifts and quadrupolar  splitting 
frequencies for nonidentical nuclei are obtained 
from figs 1-3, and are summarized in table 1 
The  three values of K tl and o ~  values are the 
principle-axis values from the orientation 
dependence  discussed in 3 2 below The  isotroplc 
(average) Be n shift ( K ~  + K n + K " ) / 3  = 

0 09(1)% at 4 2 K, which is enhanced by about 
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Fig 1 Relative 9Be NMR hne posmons in single-crystal UBe13 as functions of reverse spectrometer frequency 2~r/wo The hnes 
are grouped into three triplets (x,  Q, and U], dashed, dotted, and dash-dot hnes) and a slnglet (*, sohd hne) y is the 9Be 
gyromagnetlc ratio, and H(D is the resonance field for hne i The straight lines gwe  linear least-squares fits to the data 
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I able 1 

9Be Kmghl shift at the Be v site "Be Knight shift and 
quadrupolar tensor principal-axis values at the three Be u 
~ltes and hyperfine fields Hhr in UBel~ (T = 4 2 K) 

Site K, too,/2w ( Hi, ~ ), 
(%) (kHz) ( ( ) e / ~ 0  

Be ~ - 0  08(1) - I  18 

(Bell)., +007(1)  ±164(2)'  414 
(BeU)w +0 01(1) w97(2) 147 
(Bell)( +0 19(1) ~:64(2) 874 
(BeU),~. +0 09(1) ±1(1) 478 

' F h e  relative signs of too, are obtained from the vanishing 
trace of the quadrupolar tensor (Y too, = 0) 

25 compared to Be metal [8] The shift K ~= 
- 0  08(1)% is of the same order but of opposite 
sign These values for the tsotropic part of K 
indicate a large enhancement  of the transferred 

hyperfine Interaction in UBeta The data also 
yield values of the quadrupolar couphng constant 
e2qO/h  =328(4)  kHz and the quadrupolar 
asymmetry parameter r /=  () 20(2) at 4 2 K 

3 2 0 r i e n t a t t o n  dependence (T = 4 2 K) 

Fig 2 gives the relative fields for resonance as 
functions of rotation angle about a (001) axis 
perpendicular to the external field The observed 
extrema of fields for Be u resonance he along the 
(100) and (010) directions (0 ° and 90 °, respec- 
tively), which mdtcates that both shift and 
quadrupolar tensor principal axes are oriented m 
these directions The curves m fig 2 were cal- 
culated with this assumption, usmg the values 
obtained as described m 3 1 above as principal 
values There  is good agreement,  which confirms 
our assumption 
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Fig 2 Angular dependence of relative 9Be NMR line positions Curve designations as in fig 1 
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Fig 3 Be t Knight shift and Be t. principal-axis Knight shift 
values as functions of the molar suscepUbdlty, with tem- 
perature an Implicit parameter Symbols and line designations 
as m fig 1 The straight hnes are linear least-squares fits to data 
for X m < 1 3 x l 0 - ~ e m u m o l  ~ (T~>I5K) 

3 3 Temperature dependence 

The Be t shift and the three prmcpal values of 
the Be n shift tensor are plotted against the bulk 
molar magnetic SUSCeptibility Xm In fig 3, with 
the temperature as an ,mpllclt variable The data 
follow hnear relations except for the deviations 
when Xm ~> 13 5 emu/mol (T  <~ 10 K), where the 
shifts depend less on temperature than Xm 
Hyperfine fields Hhf were obtained from fits of the 
high-temperature hnear dependences to the 
general relation K(T)= ( H h f / N I . t B ) X m ( T ) ,  where 
N is Avogadro ' s  number and /XB lS the Bohr 
magneton [9] Values of Hhf are given m table 1 
for all four resonances 

Although no comparable single-crystal NMR 
study of other 4f or 5f berylhdes has been made, a 
Knight shift of less than 0 005% at 4 2 K has 
been reported for CeBel3 [9] This Is an mter- 
medlate-valent compound with a suscephblhty an 
order of magmtude smaller than that of UBe13, so 
that an upper bound on Hhf(CeBe,0 is of the 

order of the measured value of Hhf In UBe,3 The 
latter is therefore not anomalously small 

A departure of K(X) from hnearlty at low 
temperatures has been observed m several 
mlxed-valent and Kondo-lattlce compounds [10], 
whtch is associated with entry into a new physical 
regime There is some evidence that this cross- 
over ,s due to the onset of coherence in the 
heavy-electron system [10] 

4. Conclus ions  

We have tdentlfied lines in the 9Be nuclear 
resonance spectrum of single-crystal UBe13 by 
measurements as a function of spectrometer 
frequency and external field orientation The 
tsotroplc Kmght  shifts at 4 2 K for both Be ~ and 
Ben sites are enhanced by a factor of ~25  with 
respect to Be metal, due to the high density of 
heavy-electron states at the Fermi surface The 
temperature dependence exhibits a departure 
from a hnear K(X) relation below ~10  K, which 
identifies a crossover at this temperature to a 
low-temperature coherent Ferml-hqmd state 
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