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DIRECT OBSERVATION OF HEAVY QUASIPARTICLES IN UPt; VIA THE dHvA

EFFECT

L TAILLEFER, R NEWBURY, G G LONZARICH, Z FISK* and J L. SMITH*

Cavendish Laboratory, Cambnidge, CB3 OHE, UK

*Los Alamos Natwonal Laboratones, Los Alamos, NM 87545, USA

We present the results of an mnvestigation of the de Haas-van Alphen (dHvA) effect in the heavy fermion superconduc-

tor UPt;

Oscillations composed of up to 8 frequency components corresponding to cyclotron orbtts 1n a plane normal to the
a-axis, have been detected 1n a high punty single crystal and a study of their amphitude as a function of temperature and
magnetic field has been performed 1n the ntervals 20-150 mK and 40-115 kG, respectively From this study we obtain
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 mn excess of 1000 A The relationship between these findings and the results of conventional

energy band calculations 1s discussed

1. Introduction

The exotic low temperature behaviour of the
mtermetallic compounds called “heavy fermion
superconductors”, has been attributed to the
existence of fermion quasiparticles with effective
masses of unprecedented magmtude, of order
100 times greater than the bare electron mass
[1-6] Of fundamental interest 1s the precise
nature of these quasiparticles and the ongin of
the effective interactions which lead to the for-
mation of the emgmatic superconducting ground
states

Although a great deal of indirect evidence for
the existence of heavy quasiparticles has been
collected, no measurement so far has allowed
direct probing and unambiguous detection In
this paper we report the first direct observation of
these particles 1n a heavy fermion superconduc-
tor, namely in UPt;, via the de Haas-van Alphen
(dHvA) technique

The dHvA effect consists of an oscillatory
vartation M of the magnetisation as a function of
the imverse of the applied magnetic field H In
accordance with the traditional theory for a
Fermi hiquid (see e g refs [7,8)) the frequency
and amplitude of M provide a direct measure of
the principal properties of quasiparticles near the
Ferm level (1e those quasiparticles which are
responsible for the low temperature behaviour)
In the simplest case of a paramagnet with one

partly filled 1sotropic conduction band, the fun-
damental component of M at a temperature T
may be expressed as

N = aT exp(—mhckol elo H) an <1-rﬁck(2,+ ¢),
VH simh(2m?m*ckp T/ e/H) eH
(N
where « and ¢ are quantities which are normally
independent of T and H, and 7%ky, m* and [, are,
respectively, the momentum, the effective mass,
and the effective mean free path of quasiparticles
near the Fermu level The velocity v, of the
quasiparticles at the Fermu level 1s given by
m*v, = ko From eq (1) 1t 1s seen that kg 1s
determined from the frequency of the oscilla-
tions, m* from the temperature dependence of
the (relative) amphitude at fixed H, and [, from
the field dependence of the (relative) amplitude
at fixed T
In the more general case of several partly filled
anmisotropic conduction bands an oscillatory
magnetisation M 1s associated with each extremal
cross-sectional area & of the Fermu surface lying
m a plane normal to H The fundamental com-
ponent of M paraliel to H for a given area &/ 1s 1n
general sull given by eq (1), where ko, m* and I,
are now appropriate averages associated with the
orbit around & Specifically, ko 1s the average
Ferm wavevector defined by o = wk3, m* 1s the
cyclotron mass defined by m* = #ko/vs, where
/v, 1s the average of the inverse of the quasipar-
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ticle velocity on the orbit, and 1/l 1s the average
of the inverse of the quasiparticle mean free path
on the orbit

Hence for each group of quasiparticles asso-
ciated with an extremal area & of the Fermm
surface, the corresponding dHvA frequency F =
ficsd[2we and amplitude A will yield three orbi-
tally averaged quasiparticle parameters a Fermm
wavevector ko, a cyclotron mass m* and a mean
free path I, These will be the focus of our
attention

2. Details of the experiment

High punty single crystals of UPt; were pre-
pared 1n an ultrahigh vacuum by zone-refining a
rod of the compound, contamned 1n a water-
cooled copper crucible, with radio frequency
heating Our purification procedure, previously
used for transition metal termetallic com-
pounds [9-11], yielded bulk single crystals with
residual resistivity ratios (extrapolated to ab-
solute zero from the temperature interval of 1 2
to 10 K) m excess of 400 Low strain samples,
0 5 mm thick and 3 0 mm 1n diameter, were cut
from the purest parts of the ingots by means of
spark erosion followed by chemical etching

The dHvA experiments were performed n a
superconducting magnet-dilution refrigerator
system with maximum field of 115 kG and mii-
mum temperature of 20mK The dHvVA mag-
netisation was detected by means of a low fre-
quency (8 to 25 Hz) field modulation method,
the mamn details of which have been described
previously [12] Measurement of the sample
temperature, which 1s particularly critical 1n the
determunation of the cyclotron masses, was facil-
1itated by immersion of the sample directly 1n the
dilute hquid phase of the mixing chamber, and by
means of a thin silver heat link between the
sample and a calibrated germanium ther-
mometer The thermometer was embedded n
a sintered silver matrnx located in the mixing
chamber and 1n a zero field region of the magnet
Measurements of the cyclotron masses were car-
ried out as a function of the amphlitude and
frequency of the modulation field The results
presented here were obtained by an extrapolation

in the limit of zero amplitude and frequency (1e
zero eddy current heating of the sample by the
modulation field) The errors quoted for the
cyclotron masses arise entirely from the un-
certamty in the sample temperature

3. Results of the experiment

Our experimental results, for a field direction
along the a axis of the hexagonal (SnNis) struc-
ture (parallel to the 'K direction mn reciprocal
space), are presented in figs 1 to 4 and 1n table 1
Fig 1 shows a typical recording of the dHvA
magnetisation and 1ts associated Fourier spec-
trum at 20mK Five dommant and several
weaker frequency components are evident,
pointing to the existence of a complex Fermm
surface As shown in table 1, the range of
frequencies corresponds to a range of average
Fermu wavevectors ko from 0 121 to 0 425 A™!
The latter value 1s 67% of the Brillouin zone
wavevector ['A (fig 5) and, as we shall see 1n the
next section, 1s comparable to the largest average
wavevector expected from conventional band
theory for any closed sheet of the Fermu surface
of UPt,

M
|

| N i
}f \\ﬁ N W\AW{WMMMM%J PA

101 8 kG 114 5 kG

UP1y

A

A
0 MG 100 MG

Fig 1 Typical oscillatory vanation of the dHvA mag-
netisation 1 UPt, (upper trace) and the corresponding
Fourier spectrum (lower trace) at 20mK for an applied
magnetic field H parallel to the a-axis The signal 1s detected
by a low frequency and low amplitude field modulation
technique



374

' 20 mK 38 mK 55 mK

w° ” | UPI,

:

% |

T \

5 ” ! a \ !

\ I .
OfJ 4‘»%%«_; e M\ TN 111U
[o] 40 80 0 ?O 8C 0O 40 80

FIMG)

Fig 2 The dHvA amphtude spectrum for a magnetic field
interval from 102 9 to 114 2 kG at temperatures of 20, 38 and
55mK The strong temperature vaniation of the amplitudes
indicates the presence of carriers of unusually high masses

The most dramatic finding, llustrated 1n figs 2
and 3, 1s the extremely rapid temperature de-
pendence of the amplitude of all dHvA com-
ponents observed In particular, the highest fre-
quency component, although strong at 20 mK,
collapses almost entirely 1n the noise when the
temperature is raised above 50 mK near 110 kG
(fig 2) From eq (1) 1t follows that this 1s the
behaviour expected for quasiparticles with masses
up to two orders of magnitude stronger than i the
simple metals

J— -

In[All-exp(-2X1/T]

8l UPtz J

\ ‘

m*=(25:3)m,

m* = (90215 mg

\
\ :
2l —— -

20 100 120
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Fig 3 Semi-loganthmic plot of the dHvA amplitude A
versus temperature T for the oscillatory components with the
lowest (4 8 Mg O) and the highest (59 5MG «) frequency
observed For each component, the effective mass m* 15
derved iteratively from eq (1) as described 1n the text (with
X =2m*m*ckg T/e#H) The masses for the above two com-
ponents are (25+3)m, and (90 15)m,, respectively The
components with intermediate frequencies have masses 1n-
termediate between these two values (table 1)
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Fig 4 Semi-logarithmic plot of the dHvA amplitude A
versus inverse magnetic field for the oscillatory components
defined n the caption of fig 3 For each component, an
effective mean free path [, 1s derived from eq (1) as described
in the text (with X defined n the caption of fig 3) The mean
free paths for the above two components are (1000 + 200) A
and (2200 + 500) A, respectively The corresponding scatter-
ing (Dingle) temperatures defined by eq (2) are (70 % 15) mK
and (30+7) mK, respectively

A detailed study of the temperature depen-
dence of the dHVA amplitudes (fig 3) yields,
from eq (1), the cyclotron masses given in table
2, which range from 25m, for the lowest dHvA
frequencies, to 50m. for the intermediate fre-

Table 1

Summary of dHVA results for a magnetic field apphed along
the a-axis (parallel to the 'K direction of the reciprocal
lattice) F 1s the dHVA frequency, k, 1s the average effective
wavevector characterising the extremal area associated with
F, m* 1s the cyclotron mass derived from the temperature
dependence of the dHVA amplitude, and I, 1s an effective
mean free path derived from the field dependence of the
amplitude An average effective Fermu ve]ocnty v, may be

defined for each extremal area by %k, = m*v,,
F(MG) ko(A=1) m*(m,) (10" A)
4 8(3) 0121(3) 25(4) 1 0(2)
6 1(3) 0 136(3) - =1
8 0(4) 0 156(3) 40(7) =1
14 2(3) 0208(3) S50(8) =1
214(3) 0255(2) 60(8) 1.5(4)
59 5(5) 0 425(3) 90(15) 2 2(5)

(IA=0641 A1
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Fig 5 The first Brillouin zone of the hexagonal close packed
structure

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

In addition to the average wavevectors k, and
masses m* of the orbits, we obtain, from the field
dependence of the amplitude (eq (1)), estimates
of the mean free path [y From fig 4 and table 1
we see that 1n all cases a lower bound for [, 1s
approximately 1000 A, a value comparable to
that obtained in many other pure metals which we
have investigated We point out that an effective
scattering time 7, and a scattering (Dingle) tem-
perature Ty, for the quasiparticies can be defined
by [8]

ﬁ/’T() = 21TkBTD = ﬁv()/l() = ﬁzko/m*l() (2)

Table 2

Companson of band calculated [17] and experimental values
of the average wavevector k, (Fermi surface area of = wk3)
and of the cyclotron masses The ratio of experimental to
calculated masses 1s the largest thus far reported in any
system and 1s 1n all cases comparable, within experimental
error, to the ratio of the measured and band calculated linear
coefficient of the heat capacity [13-17]

Sheet ko(A" Masses (m,)
Calc * Exp Calc * Exp
I'l (e) 0072 012 13 25
ALS (h) 010 014 07 -
L4 (e) 012 016 10 40
K3 (e) 019 021 21 50
2 (e) 022 025 25 60
I'3 (e) 037 043 42 90
L4 (h) 038 - 62 -

* The 1dentification of calculated with experimental values 1s
tentative

Because Ty, 1s inversely proportional to m™ its
magnitude 1s unusually small in UPt; (see the
caption of fig 4)

It should be stressed that the effective mean
free path appearing in the dHvA amplitude re-
flects the effect of all scattering processes and
of phase cancellation due to inhomogeneities,
and 1s 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 dHVA 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
similar band models [13-18], and the results of
Oguch: and Freeman for the Fermu surface are
presented mn fig 6 for illustration Ther predicted
Fermi surface consists of three closed electron
surfaces centred on I' (1, 2 and 3), closed electron
surfaces centered on K (3'), two nested toroidal
hole surfaces about I'A (4 and 5), and toroidal
surfaces about LH (4) linking neighbouring
zones Because UPt; 1s a compensated 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, 1n the central TALM plane
for sheets 1-5 and 1n a non-central plane for sheet
3’ (fig 6), predicted by the Ferm surface model
are given n table 2 (in terms of ko), together with
the calculated cyclotron masses Also 1n table 2,
along with the calculated k, and m* for each
orbit, a possible and tentative 1dentification with
the observed results 1s given for ease of com-
parison It 1s seen that the number of extremal
areas predicted and the corresponding range of
ko agree generally with the dHv A results of table
1 On the other hand, the measured masses are in
all cases much larger, typically of the order of 20
times larger, than the calculated masses Ths
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Fig 6 Pnncipal sections through the Fermi surface of UPt,
predicted by the band structure model of Oguchi and
Freeman [15], (a) KM, AHL, (b) TALM The Fermu sur-
face consists of three closed electron (e) surfaces centred on
I' (1, 2 and 3), closed electron (e) surfaces centred on K (3'),
two nested toroidal hole (h) surfaces about I'A (4 and 5), and
toroidal hole (h) surfaces about LH (4)

mass enhancement ratio 1s comparable to that of
the linear coefficient of the heat capacity [13-17]

We note that although the ranges of ko cal-
culated and observed are comparable, a umque
identification of the detailled Fermu surface
topology must await further measurement, as a
function of crystal orientation

5. Conclusions

Cyclotron orbits have been observed which
correspond to extremal areas of the Fermui surface
with average radn ranging from 0 12 to 0 43 A7,
and cycltron masses ranging from 25 to 90m,
The largest area has an average radius equal to
67% of the distance from I' to A n the first
Brilloutn zone (fig 5), and 1t 1s characterised by
the highest cyclotron mass observed so far in any
metal

The effective mean free path of the carners, as
inferred from the field dependence of the dHvA
amplitude, 1s between 1000-2200 A for the
various orbits

The experimental Ferm surface areas are not
mconsistent with recent local density band cal-
culations [13-18] The observed cyclotron mas-
ses are, however, in all cases much greater than
predicted by the local density band models, by a
factor which 1s, within the experimental error, of

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

We wish to thank P Coleman for many helpful
discussions and G CF Newcombe for his help
with the early measurements We have also
benefitted from communications with AJ
Freeman, SM Hayden and M Pepper The high
purity uramium used to produce the UPt; was
kindly provided by R Hall This research was
supported by the SE R C of the United King-
dom, the US Department of Energy, Division of
Matenals Science, and the NSERC of
Canada

References

[1] F Steglhich, J Aarts, CD Bredl, W Lieke, D Mes-
chede, W Franz and J Schafer, Phys Rev Lett 43
(1979) 1892

[2] HR Ott, H Rudigier, Z Fisk and J L Smuth, Phys
Rev Lett 50 (1983) 1595

[3] GR Stewart, Z Fisk, J O Willis and J L Smuth, Phys
Rev Lett 52 (1984) 679

[4] G R Stewart, Rev Mod Phys 56 (1984) 755

[S]PA Lee, TM Rice, JW Serene, LJ Sham and J W
Wilkins, Comments Cond Mat Phys 12 (1986) 99

[6] Z Fisk, HR Ott, T M Rice and J L Smuth, Nature 320
(1986) 124

[7] G G Lonzarich, Electrons at the Fermm Surface, ed M
Springford (Cambridge Umwversity Press, Cambridge,
1980) chap 6

[8] D Shoenberg, Magnetic Oscillations in Metals (Cam-
bridge Umiversity Press, Cambridge, 1983)

[9] N R Bernhoeft, G G Lonzarich, PW Mitchell and D
McK Paul, Phys Rev B28 (1983) 422

[10] SM Hayden, G G Lonzarich and H L Skriver, Phys
Rev B33 (1986) 4977

[11] L Taillefer, GG Lonzanch and P Strange, ] Magn
Magn Mat 54-57 (1986) 957

[12] GG Lonzarich and NS Cooper, J Phys F13 (1983)
2241

[13] P Strange and G L Gyorfly, Physica 130B (1985) 41

[14] J Sticht and J Kubler, Solid State Commun 54 (1985)
389

[15] T Oguchr and AJ Freeman, ] Magn Magn Mat 52
(1985) 174

[16] R C Albers, AM Boring and N E Christensen, Phys
Rev B33 (1986) 8116

[17] T Oguchi, AJ Freeman and GW Crabtree, J Magn
Magn Mat 63&64 (1987) 645

[18] CS Wang, MR Norman, R C Alberc, AM Boring,
WE Pickett, H Krakauer and N E Chrstensen,
private communications





