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We present measurements of longitudinal ultrasonic velocity on single crystals of the heavy-fermion
superconductor UPt3. The measurements show clear signatures of second-order phase transitions in the
superconducting
state, with the velocity anomalies well accounted for by Ginzburg-Landau
theory.
From these signatures we construct a phase diagram for UPt3 that reveals all the boundary lines that
have been identified as possible phase transitions.
We are able to track the phase transition lines to a
tetracritical point, located on the upper-critical-field
curve, to within the width of the normalsuperconducting transition.
PACS numbers:

74. 30.6n, 62. 80.+f, 74. 70.Tx

This Letter presents the first complete phase diagram
plane for the heavy-fermion superconductor UPt3 derived from a single measurement
technique. UPt3 has shown a variety of interesting properties in the superconducting
state which strongly sugwith a multicomgest unconventional superconductivity
ponent order parameter. Power-law temperature dependences of ultrasonic attenuation'
and heat capacity
have been interpreted in terms of a gap with line or point
nodes on the Fermi surface. More convincingly, a series
of experiments have revealed the presence of more than
one superconducting
phase: Initially, ultrasonic-attenuation measurements showed the presence of two superconducting phases depending on the magnetic field;
subsequently, heat-capacity measurements demonstrated
the presence of multiple superconducting phases even in
zero field. '
A composite phase diagram assembled
from diff'erent measurements
(ultrasonic-attenuation,
torsional-oscillator
and
heat-capacity,
data ' ) on
diff'erent samples indicates that UPt3 has at least two
and possibly three superconducting
phases. However,
this interpretation relies on data from a variety of measurement techniques on samples with transition temperatures ranging from 420 to 540 mK.
Here we present measurements of ultrasonic velocity
on two samples of UPt3. Our velocity measurements
yield a more complete phase diagram for superconducting UPt3 than has previously been available. Earlier attenuation measurements on one of the samples (sample
No. 1) revealed a peak in the attenuation (the Hqt
peak) in field sweeps at constant temperature, as well as
a peak (the 1 peak) in temperature sweeps in low field.
From these attenuation studies it was not possible to follow HFL(T) very close to the upper-critical-field
line
H, 2(T). Thus, it was not possible to answer with
confidence the basic question of how many phases there
are in UPt3. Theoretical proposals for the phase diagram of UPt3 have been published
by several authors. '' ' Our results bear directly on these theories:
in the field-temperature
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The phase diagrams obtained by a single measuring
technique on both of the samples studied give strong support for a tetracritical point intersecting the uppercritical-field line, for fields both parallel and perpendicular to the c axis. In addition, the velocity anomalies at
both zero-field transitions, and at HFL, suggest that they
are all second-order lines. Also, the magnitudes of the
velocity jumps at the zero-field transitions are consistent
with the Ginzburg-Landau
(GL) theory for the double
transition and pressure studies of T, .
All measurements reported here were made using longitudinal sound on either sample No. 1 or No. 2. Sample No. 2 is the same crystal which was used by Hasselbach et al. ' in their thermal-expansion
measurements.
The transition temperatures were 512 and 497 mK, and
the transition widths were 18 and 14 mK for samples
No. 1 and No. 2, respectively. Velocity measurements
made on both samples revealed identical features. However, the sizes of the velocity anomalies at the various
transitions were somewhat sample dependent.
Sound
was propagated along the b axis of sample No. 1 with
the field oriented at 45' to the c axis. For sample No. 2,
sound was propagated along the a axis and was measured for two field orientations, Hlla and Hllc.
A typical temperature sweep (Fig. I) shows a relative—25 ppm. The
ly large change in velocity, dv&/v&
temperature of the larger velocity signature agrees with
T, obtained from susceptibility measurements to within
10 mK; subsequently, we used the velocity signature to
define T, . Note that we see no structure in the susceptibility other than the normal-superconducting
transition.
The slope of the velocity as a function of temperature
also changes at T, In addition, there is a second, smaller anomaly in velocity roughly 60 mK below T, . A very
slow temperature sweep through this feature (50 mK in
5 h) reveals a small dip in the velocity of
ppm (see
inset of Fig. 1). Temperature
sweeps show that this
lower signature shifts to lower temperatures, but closer
to the upper transition line T, (H) with increasing field.
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we would expect a velocity jump of d v 3/v
which is reasonably close to the range
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FIG. 1. Temperature

uldependence of the longitudinal
trasonic velocity at H=0 and 0, 25 T. The arrows denote the
second transition at T, +. Inset: The result of a very slow temperature sweep through the anomaly at T, +.

We identify this signature with the lower heat-capacity
" and denote this transition line
jump,
by T, +(H).
The anomalies shown in Fig. 1, the discontinuities in
velocity as well as slope, are characteristic signatures of
second-order, mean-field transitions. The discontinuities
are obtained by diA'erentiating the GL free energy to obtain the change in the elastic moduli at the transition.
For the longitudinal mode in the basal plane the velocity
transition is given by
jump at the normal-superconductor

"

y„BT,

1

pC

2

C„cli

= —16 ppm,
of measured

We relate the smaller zero-field anomaly at T,+ to the
second heat-capacity anomaly and the GL theory for the
double transition. '
Hess, Tokuyasu, and Sauls start
order parameter (q~, tlat) belongwith a two-component
of the hexagonal
ing to one of the 2D representations
perturbation in the normal
group. A symmetry-breaking
state quite probably the antiferromagnetic order in the
into two 1D
basal plane
splits the 2D representation
transition
with
degenerate
representations
nearly
which we identify with T, and T,+. In
temperatures
addition, the GL free energy depends on two parameters,
energies of
p~ and p3, which determine the condensation
the two superconducting
phases and the heat-capacity
In particular, the heatjumps at the two transitions.
double
transition in Ref. 8
measurements
of
the
capacity
imply a ratio p3/p~=0. 13-0.16; values closer to the
weak-coupling result, p3/p~ =0.5, have also been reported. Within this GL theory, the heat-capacity jump at
the second transition can be related to that of the first
transition by d C~/T, ~ =AC/T, (1+P3/P~), which implies
a velocity anomaly at T,+ of
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where hC/C„ is the relative heat-capacity jump at T, , y„
is the normal-state heat-capacity coefficient, c~~ =pv& is
the relevant elastic coefficient, and BT,/BE„, is the appropriate strain derivative of T, For zero field we can
compare our measured values for Av&/v& with the GL
theory and the parameters obtained from other measurements. From Ref. 9, hC/C„=0. 47, y„=4.8X 10 ergs/
moleK, and the measured elastic coefficient c]~ =3. 1
x10' ergs/cm . A direct measurement of BT,
with other strains held constant is not feasible; however,
this derivative can be inferred from measurements of the
change in T, under uniaxial and hydrostatic pressure.
Taillefer' reports that T, is reduced by hydrostatic and
uniaxial stress along the c axis by nearly the same rate,
BTJBp= —25 mK/kbar, while there is no change in T,
for uniaxial stress in the basal plane. If we assume that
shear
T,. is also unaffected
by volume-conserving
stresses, then the required strain derivative can be related to the hydrostatic
pressure derivative;
BT,/Bc, „
c f 3 BTJBp —43 K, where the elastic constant c 3
has been measured in Ref. 17. With these parameters
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The small velocity anomaly of order 10% of that at T, is
in reasonable agreement with a value of P3/P~ =0. 1, assuming the strain derivative of the second transition temperature satisfies BT,~/Be„„=BT,/Be„. On the other
hand, if p3/p~ =0.5 then the two strain derivatives of T,
and T, +differ by a f. actor of
A similar calculation predicts substantially larger vesound propagating
locity anomalies for longitudinal
along the c axis, e.g. , at T„

-2-3.
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An analysis can also be made of the discontinuities in the
slopes of the velocities (which depend on strain derivatives of both T, and the heat-capa. city anomaly).
Uniaxial-stress measurements of changes in T, combined
with precision velocity measurements such as these could
be used to obtain precise, noncalorimetric measurements
of the heat-capacity anomalies at T, and T, +.
Anomalies in the velocity are also observed by sweepmeasurements
ing the field. Earlier sound-attenuation
led to a number of speculations that the attenuation peak
at Hqt represented a structural transition of the flux lattice induced by a change in an underlying unconvention'or a vortex-core transition,
al order parameter,
again related to an unconventional order parameter. Recently, a concrete example of a high-field transition was
obtained within the GL theory for an unconventional order parameter appropriate for hexagonal symmetry (in

/Be„.

=

~

'
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particular,
one of the two-dimensional
representations). ' In this theory of the transition a lattice of doubly quantized vortices is stable below HFL, while at high
fields, H F L C H & H, 2, the stable lattice is a more conventional lattice of singly quantized vortices. Numerical
solutions of the GL equations show a dissociation transit. ion at H=0. 5H, 2 for Hllc. '
The field sweep sho~n in Fig. 2 reveals a sharp dip in
the velocity, AUFL/UFL=3 ppm (and a change in slope),
at the position of the previously measured HFL peak,
again indicative of a second-order transition. The signature at H, 2 is also clearly visible. Field sweeps at higher
temperatures show a shift of HFI to lower fields. The
HFL signature was also observed in temperature sweeps
at higher temperatures where dHFL//dT is steepest. No
similar anomalies were observed in transverse-sound
measurements.
The phase diagram for UPtq based on velocity measurements is shown in Fig. 3. It reveals all of the known
signatures that have been previously identified as possible phase transitions. The inset of Fig. 3 shows T„~(H)
and T, (H), obtained from our velocity signatures, compared with the data of Ref. 9 obtained from heatcapacity measurements.
The velocity signatures remain
sharp and unambiguous to within the width of the transition at H, 2 [or T, (H)] and as a result lead to several important conclusions.
(i) The data provide strong support for the interpretation that both transition lines, HFL(T) and T„+(H), intersect the upper-critical-field
curve, thus dividing the
mixed state into three distinct phases; the transition lines
are not different segments of the same phase boundary as
proposed by Joynt.
(ii) Within the limits (see below) of our resolution,
which is the width of the normal-superconducting
transition, the three phase lines [HFL(T), T,+ (H), and
H, z(T)] intersect at a tetracritical point, for field directions both along the c axis and in the basal plane. For H
in the basal plane, we observe a kink in H, 2(T) (Refs. 16
and 22) at the tetracritical point, whereas we see no such

indication for fields at 45 or 90' from the basal plane.
(iii) The tetracritical point moves to lower fields as the
field is rotated away from the c axis into the basal plane.
For Hllc, the lines meet at 9.5 kG; for H at 45 to the c
axis, the tetracritical point shifts to 5.7 kG; and for Hlla,
to 4. 7 kG. Likewise, the slope of HFt (T) near the tetracritical point varies from —1.87 T/K for fields along the
c axis to —0.77 T/K for fields in the basal plane, with an
intermediate value of —0.88 T/K for H at 45' to the c
axis.
How good is the identification of a tetracritical point?
Within the limits of our resolution, the three phase lines
[HFI (T), T,g(H), and H„2(T)] intersect at a tetracritical point. If, instead, we assume that HFL(T) and
T,~(H) are diferent segments of the same transition
P. .5
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line, and therefore continuous, then this phase boundary
would have to approach the upper-critical-field
line to
within 12-15 mK without intersection.
Similarly, we
can put a constraint on the phase diagram proposed by
Blount, Varma, and Aeppli, ' who argue that the two
transition lines, HFL(T) and T,~(H), intersect the upper
critical field at diff'erent points (for H J c). We can rule
out two tricritical points for H&c, unless their separation along H, 2 is less than BH
07 T and 8'T =18 mK.
Careful examination of the slopes of the transition lines
HFL(T) and T,+ (H) near H, 2 favors a tetracritical point
for both Hi c and Hllc. This result is supported by the
recent analysis of Yip, Li, and Kumar
on thermo-

=0.

dynamic constraints

for the possible H-T phase diagrams

of UPt3. These authors show that certain phase diagrams are not allowed by thermodynamics.
A tricritical
point at which three second-order transitions meet is not
allowed; if three second-order transition lines meet at a
point, then an additional phase transition line, which can
be either first- or second-order, must emerge from the
same point; i.e. , it must be a tetracritical point. Yip, Li,
and Kumar then place constraints on the slopes of the
transition lines. The new data for these phase boundaries warrant a careful examination of the consistency
relations for a tetracritical point.
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Note added
After . this work was completed we
learned of similar measurements by Bruls et al.
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