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Strain-Order-Parameter Coupling and Phase Diagrams in Superconducting QP)3
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We studied elastic constants, ultrasonic attenuation, and ac susceptibility in a high-quality single crys-
tal of Upt3 in the superconducting phase. We investigated the coupling of strain and order parameter
for the diAerent elastic modes. A detailed B-T phase diagram for the superconducting phases obtained
from elastic-constant measurements is given and compared with theoretical predictions.

PACS numbers: 74.70.Tx, 63.20.Kr

After the first observation of heavy-fermion supercon-
ductivity in UPts (Ref. 1) an important role in elucidat-
ing the mechanism of superconductivity was played
by ultrasonic measurements. Non-BCS-type behavior
found in the ultrasonic attenuation and especially the
various phases found in the B-T phase diagram have

provided important evidence in favor of unconventional
superconductivity in contrast to anisotropic conventional
superconductivity.

Since the discovery of two consecutive superconduct-
ing (SC) phase transitions by specific-heat measure-
ments, the arguments in favor of unconventional super-
conductivity have now become more quantitative. Start-
ing from a group-theoretical analysis of possible super-
conducting ground states in heavy-fermion materials' a
number of theoretical papers" ' have made convincing
arguments for a d-wave singlet Ei~ ground state with a
two-component order parameter ri

= (ri„, ri, ) for hexago-
nal UPts. The splitting of the superconducting phase
transition can be understood by a coupling of the SC or-
der parameter to an antiferromagnetic spin-density wave
in the basal plane discovered by neutron-diffraction'
and muon-spin-relaxation techniques. ' This coupling
can be described by the following free-energy contribu-
tion Fm.

with m the spin-density-wave amplitude and y a coupling
constant. With such a definite symmetry ground state
given, one should check different symmetry coupling
mechanisms for this case. This can be done, e.g. , by in-

vestigating the strain-order-parameter coupling for the
various ultrasound modes. In this Letter we give a
description of such a strain-order-parameter coupling
and calculate the changes of the elastic constants. Our
elastic-constant data yield detailed 8-T phase diagrams
from one kind of measurement on one and the same sam-
ple. Our phase diagram is at the same time more com-
plete and simpler than previously obtained ones. " For
a compilation of previous results see Ref. 16. We can
explain a number of experimental facts, with a few ques-
tions remaining.
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FIG. 1. Relative change in the longitudinal (@i 1) and trans-

verse (e66) elastic constants of UPti vs temperature at B =0 T.
T,' and T,' indicate the two superconducting transition temper-
atures.

The measurements we report on here were all per-
formed on one and the same piece (2.8, 2.2, and 3. 1 mm

along the a, b, and c axes, respectively) of a high-quality
Czochralski-grown single crystal, which was prepared in

a triarc furnace under a gettered argon atmosphere. The
crystal was subsequently annealed (24 h at 1200 K in

vacuum, cooled in several days). A neighboring piece
from the same crystal clearly shows a double transition
in specific-heat measurements. We measured the elas-
tic constants c~ 1, c33, c44, and c66, the corresponding ul-

trasonic attenuations, and the ac susceptibility g from 50
mK to 1.2 K in fields up to 12 T in an Oxford top-
loading dilution refrigerator. The magnetic field was ap-
plied along the main crystallographic axes (a, b, and c)
as well as along intermediate directions both in the basal
plane and in the a-c plane. The ultrasound measuring
technique is described in Ref. 17. Figure I shows a lon-

gitudinal (cii) and a transverse (c66) elastic constant
versus T in zero field. At the higher transition tempera-
ture T,' one observes a step of order 10 '

in ct~ and c33
(not shown). The lower transition temperature T," is
visible as a kink. The transverse modes c66 and c44 (not
shown) do not exhibit any structure around the transi-
tion. Figure 2 shows the longitudinal modes eii and c33
versus magnetic field for different directions of the mag-
netic field. Versus magnetic field we see two well-

pronounced steps, with the exception of 8;".
'

in c33 with
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FIG. 2. Relative change in the longitudinal cia (lower part)
and c33 (upper part) elastic constants of UPt3 vs magnetic field

at 170 mK (cia) and 50 mK (c33). Indicated in the figure is

the orientation of the magnetic field B with respect to the crys-
tal axes.

Bllb. The transverse modes c44 and c66 do not show any
elastic-constant changes between 0 and 4 T (not shown).
It should be noted, however, that the transverse modes
do show attenuation anomalies below the superconduct-
ing transition; our results for the transverse attenuation
(not shown) are in agreement with Refs. 18 and 19.

From the midpoints of the observed steps and kinks

(as exemplified in Fig. 1 for a temperature sweep) one

can trace the 8 - T phase diagrams shown in Fig. 3. With
the help of our measurements we are able to scan the
B-T phase diagram parallel to the field axis as well as
parallel to the temperature axis. We present data for
various field directions. Field directions within the basal

plane (Blla, Bllb, and B at an angle of 45' between a
and b) give the same results within experimental accura-
cy (small upper-critical-field diferences are ascribed to
demagnetizing eA'ects). However, the 8," values for the
Bllc configuration are twice as high as those for B~c
(solid lines in Fig. 3). Shifting the magnetic-field direc-
tion away from the c axis towards the a axis (we did so

in 15' steps) rapidly lowers the 8; boundary: With the
magnetic-field direction 45 away from the c axis, the 8;"
boundary already drops to the position it occupies with 8
in the basal plane. These measurements confirm the as-

signment of our data points in the phase diagram (Fig.
3) to two crossing lines: Points on the 8,' boundary
(solid lines in Fig. 3) to the left of the 8,'boundary-
(dashed lines in Fig. 3) shift up and down synchronously
with 8,' points to the right of the 8,-"' boundary, if one
shifts the magnetic-field direction between the a axis and
the c axis. The 8„' curves (dashed lines) remain almost
unchanged for the various field directions. Further
confirmation comes from ultrasound studies on samples
from other provences: In samples where the double
transition (as a function of both field and temperature) is

FIG. 3. Superconducting phase diagram of Upt3 for
difI'erent orientations of the magnetic field B with respect to
the crystal axes. Solid lines: Critical field 8," of the (ri„AO)
phase. Dashed lines: Critical field 8,' of the (g, WO) phase.
The solid and dashed lines are guides to the eye, justified by
experimental evidence and by our theoretical interpretation
(see text). The points at very low fields are due to B, i

less pronounced, it is the 8,'

boundary in its entirety
which is broadened more than the 8, boundary. Howev-

er, we want to stress that our results on the present sarn-

ple are completely in line with the results on these other
samples. The low-field transition was found before
and is ascribed to B,i. At low temperatures there is

another anomaly visible (see c 1 1 curve in Fig. 1).
Anomalies in this temperature region were also seen in

neutron-scattering experiments. ' We do not want to
discuss them here any further.

The superconducting transitions also manifest them-
selves as peaks with shoulders in the ultrasonic attenua-
tion and in the ac susceptibility (measured at 128 Hz
with a driving field of less than 0. 1 6) as shown in Fig. 4
for 8=0. Note that the unusual form of g,, was ob-
served before in UPt3. ' To decide whether or not this
peculiar ac susceptibility can be intrinsic in UPt3 (and
not automatically an indication for an inhornogeneous
sample), we performed critical-current measurements on

UPt3. The result was as follows: The critical current
density is very low, of order 100 A/cm even at 50 mK
and B=O. Even more interesting is that the critical
current at zero field does not increase monotonously with

decreasing temperature. It starts rising from zero at T„
has a (local) maximum, and goes through a deep (local)
minimum at T-,

'

before increasing again towards lower
temperatures. Since the shielding current required to at-
tain a fully diamagnetic signal is limited by the critical
current, it becomes immediately clear that the ac suscep-
tibility can be aAected in the manner of Fig. 4. The
eftect could be enhanced by the sharp edges on our sam-

ple. A full account of the critical-current measurements
will be published shortly. The superconducting transi-
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FIG. 4. Attenuation of the eii mode at 150 MHz and ac

susceptibility g, both in zero field.

tions gained from all these anomalies corroborate our
8-T phase diagram, if we take into account the fact that
the critical temperatures derived from ac susceptibility
and electrical resistance are generally (in heavy-fermion
substances) somewhat higher than those determined
from specific heat and ultrasound. Our experiments
show that the elastic constants are a better tool to resolve
the double transition in the whole 8-T plane than the ul-

trasonic attenuation or the susceptibility (see Figs. 1, 2,
and 4). In addition, the ultrasonic attenuation as a
transport property is more diScult to interpret than the
elastic-constant changes.

For an interpretation of our results let us consider the
symmetry strains for D6p, (hexagonal) symmetry. It con-
tains the following representations: A~ (6„), A~ (6'

+6yy), E) (f z, cy ), and E2 (2E~y, 6 Eyy). Therefore,
with a two-component superconducting order parameter
(ri„riy) the electron-phonon coupling terms in the free
energy have the following form:

F.p = [g, (~..+ ~yy)+g, '~-) (I v. I'+ In., I

')

+g66(6- —6„)(ln.I' —In; I')

+ 2g666xy (rix riy + rix rip (2)

where 6 is the strain and g the strain-order-parameter
coupling constants. We have listed terms linear in the
strains and quadratic in the order parameter. Note that

c44 (6'„„6y,) does not couple linearly in the strain.
Embedding this expression in a Ginzburg-Landau ap-

proach, we expect sound-wave anomalies at the super-

conducting phase transitions for the c ~ ~, c33 and c66 elas-
tic constants. They should exhibit steplike discontinui-
ties at the phase boundaries. For instance, for B=0
the values of the elastic constants in the different inter-
vals are

c=c,, T& T, (~„=0, g,, =O),
2

c =c —,Ty & T & T, (q„&0, rl, =0),
/j~+P2

'

2

c =co—,T & Ty (g„&0, riy&0),

(3)

where co is the background elastic constant, g the cou-
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pling constant from Eq. (2), and P~ and P2 the fourth-
order-term parameters in the Ginzburg-Landau free en-

ergy. '' ' From Eq. (3) one can deduce the ratio of the
step heights on crossing the transitions as hc (T,').
= (P2/P~ )Ac(T,') Acc. ording to our calculations, cross-
ing the phase boundaries by changing the field at con-
stant temperature should give rise to similar steps, i.e.,

dc(8,") =(p2/p~)hc(By). In terms of this analysis the

B,' and B~ boundaries have a natural explanation: The
regions under the solid and dashed lines in Fig. 3 corre-
spond to g„and rl, being different from zero, respective-
ly. The corresponding T," and T,"are m-arked in Fig. 3.

Comparing experimental and theoretical results we see
that the order-parameter representation chosen in Refs.
11-13 gives a qualitatively correct 8 Tphase -diagram
for Blla. Reference 11, for instance, explicitly gives a
8 Tphas-e diagram consisting of two crossing lines with

B in the basal plane. Theoretically the phase diagrams
for Blla and Bllb should be different in the case of
frozen-in spin orientations. ' " However, if one allows
the direction of the spin-density magnetization to rotate
with the applied field, the two directions become
equivalent. Experimentally this is what we observe.
Calculations for Bllc (Refs. 11 and 12) do not give a
crossing of the phase boundaries, contrary to our obser-
vations (Fig. 3); this is an unsolved problem.

Equation (3) can account for the observed tempera-
ture dependence of the longitudinal modes if we assume

P2«P~ (in accordance with Ref. 11). At T„" this leaves
only a kink due to higher-order effects. As a function of
field, both transitions are characterized by clear-cut steps
in c~ ~ (see Fig. 2), and from the c~~ step ratio one would

estimate P2=P~/3. c33 however, behaves differently (see
upper part of Fig. 2) and more work is needed.

We cannot calculate the values of the different cou-
pling constants g from first principles, but we can extract
numerical information on them from experiment. For
instance, the volume-conserving transverse mode c66 does
not show pronounced effects, i.e. , Ig66I « Ig, , I. This is a
nice demonstration of Gruneisen-parameter coupling:26
Longitudinal (volume-changing) modes exhibit strong
electron-phonon coupling both in the normal and in the
superconducting states of heavy-fermion systems. In
fact, there is a close relation between the Griineisen pa-
rameter Q, ~

deduced from normal-state properties"
and the corresponding superconducting Griineisen pa-
rameter 0„= dlnT, /d6. One can —use the thermo-
dynamic relation hc =0 TAC (where 0 is the relevant
Griineisen parameter) to interrelate the change in elastic
constant hc and the specific-heat change h, C. From our
measurements and the specific-heat data of Ref. 7 we get
an 0„=50, as compared with Q, ~

=80. ' Both are
much larger than 1, as is the case for all longitudinal
modes in UPt3. This explains why the relative changes
in the longitudinal elastic constants are of the same mag-
nitude as in normal superconductors, although T, is
much smaller. The Griineisen parameters for the trans-
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verse modes are all of order 1. The observed presence
and absence of elastic-constant anomalies in the longitu-
dinal and transverse modes, respectively, is a direct
consequence of this fact.

In conclusion, our ultrasonic experiments have led to a
SC B-T phase diagram of unprecedented quality for
UPt3. For 8 in the a-b plane it corresponds qualitatively
to theoretical expectations, for Bllc it is not yet under-
stood. The sound-wave-order-parameter coupling is

rather well described using a two-component order pa-
rameter with E

~ g symmetry. The superconducting
Griineisen parameter derived from the step anomalies is

very large and of the same order of magnitude as the
normal-state value. The discrepancies which occur when

evaluating Pq/P~ from field runs or temperature runs

could be due to domain-wall-stress effects. Although we

have no direct evidence for them (cycling as a function
of T and B through the phase boundaries did not give
hysteresis effects) such mechanisms could be present.
Our results show that UPt3 is an unconventional super-
conductor with respect to order-parameter symmetry.

This research was supported in part by the Sonder-
forschungsbereich No. 252.
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