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DIRECT OBSERVATION OF H E A V Y  QUASIPARTICLES IN UPt3 VIA THE dHvA 
EFFECT 

L T A I L L E F E R ,  R N E W B U R Y ,  G G L O N Z A R I C H ,  Z 

Caeendtsh Laboratory, Cambridge, CB3 0HE, UK 
*Los Alamos Natmnal Laboratories, Los Alamos, NM 87~4 5, USA 

F I S K *  and J L S M I T H *  

We present the results of an investigation of the de Haas-van Alphen (dHvA) effect m the heavy ferm~on superconduc- 
tor UPt~ 

Oscdlations composed of up to 8 frequency components corresponding to cyclotron orbits in a plane normal to the 
a-axis, have been detected in a high purity single crystal and a study of their amphtude as a function of temperature and 
magnetic field has been performed m the intervals 20-150 mK and 40-115 kG, respectively From this study we obtam 
estimates of the cyclotron masses, found to range approximately from 25 to 90 times the bare electron mass, and of the 
mean free path, found to be m excess of 1000 ,& The relationship between these findings and the results of conventional 
energy band calculations is &scussed 

1. Introduction 

T h e  exot ic  low t e m p e r a t u r e  b e h a v l o u r  of the  
l n t e rme ta ihc  c o m p o u n d s  ca l led  " h e a v y  f e rmion  
s u p e r c o n d u c t o r s " ,  has been  a t t r i bu t ed  to the  
ex i s t ence  of f e rmion  quas lpar t l c les  wi th  e f fec t ive  
masses  of u n p r e c e d e n t e d  m a g n i t u d e ,  of o r d e r  
100 t imes  g r ea t e r  than the ba re  e l ec t ron  mass  
[1 -6 ]  Of f u n d a m e n t a l  in te res t  is the  p rec i se  
na tu re  of these  quas lpar t l c les  and  the or ig in  of 
the e f fec t ive  in te rac t ions  which  lead  to the for-  
ma t lon  of the  en igma t i c  s u p e r c o n d u c t i n g  g r o u n d  
s ta tes  

A l t h o u g h  a g rea t  dea l  of ind i rec t  e v i d e n c e  for  
the ex is tence  of h e a v y  quas Ipar t l c les  has been  
co l l ec ted ,  no m e a s u r e m e n t  so far has a l lowed  
d i r ec t  p rob ing  and u n a m b i g u o u s  d e t e c t i o n  In 
this p a p e r  we r e p o r t  the  first d i rec t  o b s e r v a t i o n  of 
these  par t i c les  in a h e a v y  f e rmlon  s u p e r c o n d u c -  
tor ,  name ly  in UPt3,  v ia  the  de H a a s - v a n  A l p h e n  
( d H v A )  t echn ique  

T h e  d H v A  effect  consis ts  of an osc i l l a to ry  
v a r i a t i o n / ~ / o f  the  magne t i s a t l on  as a func t ion  of 
the  Inverse  of the  app l i ed  m a g n e t i c  field H In 
a c c o r d a n c e  with the  t r ad i t iona l  t heo ry  for  a 
F e r m i  l iquid (see e g  refs [7,8]) the  f r e q u e n c y  
and amp l i t ude  of M p r o v i d e  a d i r ec t  m e a s u r e  of 
the  p r inc ipa l  p r o p e r t i e s  of quas ipa r t i c l e s  near  the  
F e r m i  leve l  (1 e those  quas lpa r t i c l e s  which  are  
respons ib le  for  the  low t e m p e r a t u r e  behav lou r )  
In the  s imples t  case  of a p a r a m a g n e t  wi th  one  

pa r t ly  fi l led l so t roplc  c o n d u c t i o n  band ,  the fun-  
d a m e n t a l  c o m p o n e n t  of ~7/ at a t e m p e r a t u r e  T 
m a y  be expres sed  as 

1(4- a T  e x p ( - ~ h c k o / e l o H )  (,trhck2 + dp) 
x / ~  slnh(2~r2m, ckB T / e h H  ) s i n \  eH 

( I )  

where  a and  th a re  quant i t i es  which  are  no rma l ly  
i n d e p e n d e n t  of T and H ,  and  hko, m* and lo are,  
r e spec t ive ly ,  the  m o m e n t u m ,  the  e f fec t ive  mass,  
and  the e f fec t ive  m e a n  free pa th  of  quas lpa r t l c l e s  
near  the F e r m i  level  T h e  ve loc i ty  vo of the  
quas lpar t l c les  at  the  F e r m i  leve l  is g iven  by 
m*vo = hko F r o m  eq (1) It IS seen  tha t  ko is 
d e t e r m i n e d  f rom the f r e q u e n c y  of the  osci l la-  
t ions,  m* f rom the t e m p e r a t u r e  d e p e n d e n c e  of 
the  ( re la t ive)  a m p l i t u d e  at  f ixed H ,  and  In f rom 
the field d e p e n d e n c e  of the  ( re la t ive)  a m p l i t u d e  
at f ixed T 

In the  m o r e  gene ra l  case  of seve ra l  pa r t ly  filled 
an i so t rop ic  c o n d u c t i o n  bands  an osc i l l a to ry  
m a g n e t l s a t i o n  M IS a s soc ia t ed  with  e a c h  ex t r ema l  
c ross - sec t iona l  a r ea  M of the  F e r m i  sur face  lying 
In a p lane  no rma l  to H T h e  f u n d a m e n t a l  c o m -  
p o n e n t  of M para l l e l  to H for  a g iven  a rea  M is in 
ge ne ra l  still g iven  by  eq (1), whe re  ko, m* and  lo 
a re  now a p p r o p r i a t e  a v e r a g e s  a s soc ia t ed  with  the 
o rb i t  a r o u n d  M Specif ical ly ,  k0 is the  a v e r a g e  
F e r m i  w a v e v e c t o r  def ined  by M = ~rk~, m* is the  
cyc lo t ron  mass  def ined  by m * =  hko/vo, where  
1leo is the  a v e r a g e  of the inverse  of the  quas lpa r -  

0 3 0 4 - 8 8 5 3 / 8 7 / $ 0 3  50 O E l sev ie r  Sc ience  Publ i shers  B V 
( N o r t h - H o l l a n d  Physics  Publ i sh ing  Divis ion)  
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tlcle velocity on the orbit, and 1/lo is the average  
of the inverse of the quaslpartlcle mean free path 
on the orbit  

Hence  for each group of quasipartlcles asso- 
ciated with an extremal  area M of the Fermi 
surface, the corresponding d H v A  frequency F = 
hcM/2"rre and amphtude A wdl yield three orbl- 
tally averaged quaslpartlcle parameters  a Ferret 
wavevector/Co, a cyclotron mass m* and a mean 
free path lo These wdl be the focus of our 
attention 

2. Details of the experiment 

High purity single crystals of U P t 3  w e r e  pre- 
pared in an ultrahigh vacuum by zone-refining a 
rod of the compound,  contamed m a water-  
cooled copper  crucible, with radio frequency 
heating Our  purification procedure,  previously 
used for transition metal  lntermetalhc com- 
pounds [9-11],  yielded bulk single crystals with 
residual resistivity ratios (extrapolated to ab- 
solute zero f rom the temperature  interval of 1 2 
t o  10 K) In excess of 400 Low strain samples, 
0 5 m m  thick and 3 0 m m  in diameter,  were cut 
f rom the purest parts of the ingots by means of 
spark erosion followed by chemical  etching 

The  d H v A  experiments  were per formed in a 
superconducting magnet-di lut ion refrigerator 
system with maximum field of 115 kG and mira- 
m u m  tempera ture  of 20 m K  The d H v A  mag-  
netisatlon was detected by means of a low fre- 
quency (8 to 25 Hz) field modulation method,  
the mare detatls of which have been described 
previously [12] Measurement  of the sample 
temperature ,  which is particularly critical In the 
determinat ion of the cyclotron masses, was facil- 
itated by immersion of the sample directly m the 
dilute liquid phase of the mixing chamber ,  and by 
means of a thin silver heat link between the 
sample and a calibrated germanium ther- 
momete r  The  thermometer  was embedded  m 
a smtered sdver matrtx located in the mixing 
chamber  and in a zero field region of the magnet  
Measurements  of the cyclotron masses were car-  
ried out as a function of the amplitude and 
frequency of the modulat ion field The  results 
presented here were obtained by an extrapolation 

in the hmit of zero amplitude and frequency (1 e 
zero eddy current  heating of the sample by the 
modulat ion field) The  errors quoted for the 
cyclotron masses arise entirely f rom the un- 
certainty in the sample temperature  

3. Results of the experiment 

Our experimental  results, for a field direction 
along the a axis of the hexagonal (SnNI3) struc- 
ture (parallel to the FK direction in reciprocal 
space), are presented in figs 1 to 4 and in table 1 
Fig 1 shows a typical recording of the d H v A  
magnetlsat lon and its associated Fourier spec- 
trum at 2 0 m K  Five dominant  and several 
weaker  frequency components  are evident,  
pointing to the existence of a complex Fermi 
surface As shown in table 1, the range of 
frequencies corresponds to a range of average 
Fermi wavevectors  k0 from 0 121 to 0 425 .~-i  
The  latter value is 67% of the Brlllouin zone 
wavevec tor  FA (fig 5) and, as we shall see in the 
next section, is comparable  to the largest average  
wavevec tor  expected f rom conventional  band 
theory for any closed sheet of the Fermi surface 
of UPt~ 

I01 8 kG 114 5 kG 

U P t  3 

o MG I00  MG 

Fig 1 Typical oscillatory variation of the dHvA mag- 
netlsauon in UPt~ (upper trace) and the corresponding 
Fourier spectrum (lower trace) at 20inK for an apphed 
magnetic field H parallel to the a-axis The signal Is detected 
by a low frequency and low amplitude field modulation 
technique 
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Fig 2 The  d H v A  amphtude  spec t rum for a magnet ic  field 
interval from 102 9 to 114 2 kG at temperatures  of 20, 38 and 
55 m K  The  strong temperature  variation of the amplitudes 
indicates the presence of carriers of unusually high masses 

The most dramatic findmg, tllustrated m figs 2 
and 3, is the extremely rapid temperature de- 
pendence of the amphtude of all dHvA com- 
ponents observed In particular, the highest fre- 
quency component ,  although strong at 20 mK, 
collapses almost enttrely in the noise when the 
temperature is rinsed above 50 mK near 110 kG 
(fig 2) From eq (1) tt follows that this is the 
behawour  expected for quastpartwles with masses 
up to two orders of magnttude stronger than tn the 
simple metals 

r T 
/,,,.[ A(I- exp (- 2 X)) /T ] 

" ~ .  / :m*  =(25±31 me 

\ 

UPt  3 

20 

~ *  m*= (90_+15) me " ~ * ~ .  

40 60 8'0 I00 120 
T ( m K )  

Fig 3 Semi-logari thmic plot of the d H v A  amphtude  A 
versus temperature  T for the oscillatory components  w~th the 
lowest (4 8 Mg O) and the highest  (59 5 M G *) f requency 
observed For each component ,  the effective mass m* is 
derived lteratlvely from eq (l)  as described in the text (with 
X = 21x2m*ckaT/ehH) The masses for the above two com-  
ponents  are ( 2 5 ± 3 ) m e  and (90±  15)me, respectively The  
components  with intermediate frequencies have masses m- 
termedmte between these two values (table 1) 

× \ 

, \ 

i 

0 0 1  

UPt 3 

\ \, 

" t . \\L. 
0 0 2  

I /H  (kG) 

Fig 4 Semi-logari thmic plot of the d H v A  amphtude  A 
versus reverse magnet ic  field for the oscillatory components  
defined m the caption of fig 3 For each component ,  an 
effective mean  free path l0 is derived from eq (1) as described 
m the text (with X defined m the caption of fig 3) The  mean  
free paths for the above two components  are (1000 ± 200) ,~ 
and (2200 + 500) ,~, respectwely The  corresponding scatter-  
mg (Dingle) temperatures  defined by eq (2) are (70 ± 15) m K  
and (30 ± 7) mK,  respectively 

A detailed study of the temperature depen- 
dence of the dHvA amphtudes (fig 3) ytelds, 
from eq (1), the cyclotron masses given m table 
2, which range from 25me for the lowest dHvA 
frequenoes ,  to 50me for the intermediate fre- 

Table 1 
Summary  of d H v A  results for a magnet ic  field apphed along 
the a-axis (parallel to the FK direction of the reoprocal  
lattice) F is the d H v A  frequency,  ko is the average  effective 
wavevector  characterising the extremal area associated with 
F, m* is the cyclotron mass  derived from the temperature 
dependence  of the d H v A  amphtude ,  and lo t s  an effectwe 
mean  free path derived from the field dependence  of the 
amplitude An average effective Fermi ve loo ty  v.  may be 
defined for each extremal area by hk.  = m ' v .  

F(MG) k . ( A  1) m*(m,)  1,,(1(1 ~ ,a.) 

4 8(3) 0 121(3) 25(4) 1 (1(2) 
6 1(3) 0 136(3) - ~> 1 
8 0(4) 0 156(3) 40(7) ~> 1 

14 2(3) 0 208(3) 50(8) ~> 1 
21 4(3) 0 255(2) 6(1(8) 1 5(4) 
59 5(5) 0 425(3) 90(15) 2 2(5) 

( I A = 0 6 4 1 , ~  ') 
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M K 

Fig 5 The first Brllloum zone of the hexagonal close packed 
structure 

quencies, and up to 90me for the highest fre- 
quency 

In addition to the average  wavevectors  ko and 
masses m* of the orbits, we obtain, f rom the field 
dependence  of the amplitude (eq (1)), esttmates 
of the mean free path lo From fig 4 and table 1 
we see that in all cases a lower bound for 1o is 
approximately 1000A,  a value comparable  to 
that obtained in many other  pure metals which we 
have investigated We point out that an effective 
scattering time "to and a scattering (Dingle) tem- 
perature To for the quaslpartlcles can be defined 
by [8] 

h/~'o = 2"rrkaTo = hvo/lo = h2ko/m*lo (2) 

Table 2 
Comparison of band calculated [17] and experimental values 
of the average wavevector ko (Fermi surface area M = Irk 2) 
and of the cyclotron masses The ratio of experimental to 
calculated masses is the largest thus far reported m any 
system and is m all cases comparable, within experimental 
error, to the ratio of the measured and band calculated hnear 
coefficient of the heat capacity [13-17] 

Sheet ko(-~ t) Masses (m~) 

Calc * Exp Calc * Exp 

F1 (e) 0 072 0 12 1 3 25 
AL5 (h) 0 10 0 14 0 7 - 
L4 (e) 0 12 0 16 1 0 40 
K3' (e) 0 19 0 21 2 1 50 
F2 (e) 0 22 0 25 2 5 60 
F3 (e) 0 37 0 43 4 2 90 
L4 (h) 0 38 - 6 2 - 

* The Identification of calculated with experimental values is 
tentatwe 

Because To is inversely proport ional  to m* its 
magnitude is unusually small in UPt3 (see the 
caption of fig 4) 

It should be stressed that the effective mean 
free path appearing in the d H v A  amplitude re- 
flects the effect of all scattering processes and 
of phase cancellation due to lnhomogeneltles,  
and is thus normally much smaller than the 
corresponding mean free path derived from the 
electrical resistivity 

4. Discussion of the results 

In this section we discuss the relationship of 
our d H v A  results to conventional  energy band 
models based on the local spin density ap- 
proximation for the exchange correlation poten- 
tial 

All calculations of this kind predict  very 
slmdar band models [13-18],  and the results of 
OguchI and Freeman for the Fermi surface are 
presented In fig 6 for illustration Their  predicted 
Fermi surface consists of three closed electron 
surfaces centred on F (1, 2 and 3), closed electron 
surfaces centered on K (3'), two nested toroidal 
hole surfaces about FA (4 and 5), and toroldal 
surfaces about  LH (4) linking nelghbourlng 
zones Because UPt3 is a compensa ted  metal  the 
total volumes enclosed by the electron surfaces 
and the hole surfaces are equal Surfaces 3 and 4 
involve the largest number  of carriers and 
dominate the overall  density of states at the 
Fermi level 

The  extremal cross-sectional areas in planes 
normal to the a-axis, in the central FALM plane 
for sheets 1-5 and in a non-central  plane for sheet 
3' (fig 6), predicted by the Fermi surface model 
are given in table 2 (in terms of ko), together  with 
the calculated cyclotron masses Also in table 2, 
along with the calculated ko and m* for each 
orbit, a possible and tentative identification with 
the observed results is given for ease of com- 
parison It is seen that the number  of extremal 
areas predicted and the corresponding range of 
ko agree generally with the d H v A  results of table 
1 On the other hand, the measured masses are m 
all cases much larger, typically of the order of 20 
times larger, than the calculated masses This 
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i~12 3 M 
0 c-axis 

A L 

(a) (b) 

Fig 6 Principal sections through the Fermi surface of UPt~ 
pre&cted by the band structure model of Oguchi and 
Freeman [15], (a) FKM, AHL, (b) FALM The Fermi sur- 
face consists of three closed electron (e) surfaces centred on 
F (1, 2 and 3), closed electron (e) surfaces centred on K (3'), 
two nested toroidal hole (h) surfaces about FA (4 and 5), and 
toroldal hole (h) surfaces about LH (4) 

mass enhancement ratio is comparable to that of 
the hnear coefficient of the heat capacity [13-17]  

We note that although the ranges of ko cal- 
culated and observed are comparable, a umque 
~denttficatlon of the detailed Fermi surface 
topology must awatt further measurement, as a 
function of crystal orientation 

5. Conclusions 

Cyclotron orbtts have been observed which 
correspond to extremal areas of the Fermi surface 
with average  radn rangmg from 0 12 to 0 43 A- I ,  
and cycltron masses ranging f rom 25 to 90me 
The  largest area has an average  radius equal to 
67% of the dtstance from F to A m the first 
Brtlloum zone (fig 5), and tt is characterised by 
the htghest cyclotron mass observed so far in any 
metal 

The  effective mean free path of the carriers, as 
referred f rom the field dependence  of the d H v A  
amphtude,  is between 1000-2200.A for the 
v a r i o u s  o r b i t s  

The expertmental  Fermt surface areas are not 
mconststent with recent  local denstty band cal- 
culations [13-18]  The  observed cyclotron mas-  
ses are, however,  in all cases much greater  than 
predtcted by the local denstty band models,  by a 
factor  which is, within the experimental  error,  of 

the same order of magnitude as the ratio of the 
experimental  to the band calculated hnear 
coefficient of the heat capacity 

We wish to thank P Coleman for many helpful 
dtscussions and G C F Newcombe  for his help 
with the early measurements  We have also 
benefitted from communlcat tons wtth A J 
Freeman,  S M Hayden and M Pepper  The  high 
purity uranium used to produce the UPt~ was 
kmdly provtded by R Hall Thts research was 
supported by the S E R C of the Umted  King- 
dom, the US Depar tment  of Energy,  Dtvtston of 
Materials Sctence, and the N S E R C of 
Canada  
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