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The current work reports on the specific heat and the electrical resistivity-wwinium at cryogenic
temperatures. Measurements were made-amanium single crystals that have some unexpected mechanical
properties. Despite the fact thaturanium normally work hardens and often fails in a brittle manner, these
crystals bend easily. Presumably, the combination of flexibility and strength comes from twinning in response
to stress, and these twins can run freely during deformation. Because grain boundaries are not present, we
anticipated that the characteristics of the charge density W@mV) might be more prominent in these
crystals. For these reasons, the specific heat was measured fdhd to 110 K, using semiadiabatic calo-
rimetry in zero field, and the electrical resistivity was measured ffer0.1 to 0.50 K, in magnetic fields up
to 80 mT using a standard four-prolae technique. An abrupt resistance drop typical of a superconducting
transition was observed as the temperature fell below 0.78 K, a temperature at which the resistance fell to 90%
from its original value. A residual resistivity ratio RRRL15 was measured from the low-temperature resis-
tivity data. In addition, three phase transitions were clearly seen in the specific-heat data, loGat&8a86,
and 42 K. These transitions are consistent withdhe «,, anda; CDW structures that have been previously
observed in uranium metal. Analysis of the specific-heat data give an electronic specific jeat (
=9.13mJK2mol ! and a low-temperature limiting Debye temperatug,j =256 K (+0.25 K). The high-
est calorimetric value measured previously was 218 K. Our value of 256 K is in favorable agreement with that
previously obtained from elastic constants 25042 K). The agreement between calorimetric and ela8tic
values, ductility at room temperature, and a RRR that is three times larger than previously reported values
highlight the properties of these-uranium single crystals.
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. INTRODUCTION last at 22 K @), where the subscripts 1, 2, and 3 refer to the
zero-pressure equilibrium phases. Thetransition is known
Although uranium is a fundamental element to nuclearo be the onset of the CDW state and is associated with a
physics, it exhibits extraordinary solid-state properties. lattice distortion. Below 23 K, all three components of the
Knowledge of the solid-state properties has benefited fronCDW structure are commensurate with the underlying lat-
fifty years of metallurgical research aimed at nuclear fuelice, while the CDW structure becomes incommensurate
production. The solid-state properties include a series oWith the underlying lattice between 23 and 43 RThere is
three low-temperature charge density wé@®W) structural ~ also a significant increase in the unit cell volume at the
. . i 1
phase changes in the normal state and a superconductifignsition.
transition belew 2 K that shows a large positive isotope ef- ~ For the reasons mentioned above, uranium has been the
fect when the CDW is suppressed by 11 kbar of presstire. subject of many calorimetric investigations of both polycrys-
The superconducting transition in uranium is unique becausslline and single-crystal sampl&s® The resulting elec-
it was the first example of a metal that becomes a supercortronic specific heafy) and low-temperature limitin@ p pa-
ductor under pressure without a crystallographic transftion.rameters obtained from these studies are reported in Table I.
Additionally, superconductivity in uranium raised the impor- After fifty years of multidisciplinary research, one might
tant problem of bulk versus filamentary superconductivitythink that we could simply catalog the engineering properties
for the first time! In the normal state, the first CDW transi- of uranium and use this to know, for example, how to predict
tion occurs at 43K¢,), the second at 38 K«,), and the T.. However, years of research have shown thatlepends
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TABLE |. Values of the electronic specific hegt Debye temperature®,, and T, values reported by
different investigators.

Y
Investigators(Ref) (MIK?mol™) 0, (K) T, (K) Sample
Goodman and Schoenberg 19G®ef. 6 10.6 206 Polycrystalline
Smith and Wolcott 1955Ref. 7 10.9 200 Polycrystalline
Dempesy, Gordon, and Romer 19@3ef. § 121 Polycrystalline
Gordonet al. 1966 (Ref. 9 10.12 183 Polycrystalline
10.03 207
Flotow and Osborne 196@Ref. 10 9.88 218 Polycrystalline
Ho et al. 1966 (Ref. 4 10.3 <0.1 Pseudocrystal
12.2 2.0 Polycrystalline
Fisher and Dever 196§Ref. 11 250 Single crystal
Crangle and Temporal 197Ref. 12 10.00 195 Polycrystalline
9.46 203 Large-grained
9.14 210 Pseudocrystal
Bader, Phillips, and Fisher 197Ref. 13 9.59 0.27 Polycrystalline
9.86 0.20 Polycrystalline
9.82 0.27 Large-grained
9.9 0.27 Large-grained
9.14 <0.1 Single crystal
Current study 9.13 256 Single crystal

8Vleasurement done at 0.1 MPa.

bMeasurement done at 1 GPa.

‘Pseudocrystal is a term used to indicate the presence of substructure such as low angle grain boundaries in
a crystal.

dElastic constant measurements.

too sensitively on things such as impurities, temperature, andmetric values were obtained and reported by Crangle and
method of fabrication to be predictable. Accordingly, many Temporal‘? but the samples were made from experiments at
ambiguities associated with the experimental situation andrgonne. The microstructures and diffraction patterns
differing values summarized in Table | have been attributedshowed considerable splitting of the alpha grains to produce
to the purity of samples and the quality of single crystals. Fomosaic boundaries between small grains that vary in orien-
example, calorimetric measurements made at 10 kbar atation by as much as 15°. In contrast, the single crystals
consistent with magnetic measurements and have confirmgmoduced by a grain coarsening method are free of mosaic
the presence of bulk superconductivity withTa of 2 K,**  boundaries and have been used only to detectTthevith
and calorimetric measurements at zero pressure give widelyalorimetric data between 0.1 and 1'Rhere is, therefore,
different values forT; ranging from 0.1 to 0.5 K, taking the no reported® for single crystals produced by grain coars-
midpoint of the rise in theC/T data. One model to explain ening, since the data reported in the review article by Lander
this variation has been that certain impurities and/or fila-et al! represente/T versusT data, with thelT 3 and T2
ments of strained material can help stabilize a bulk supercorzontributions removed. The calorimeti@®y of grain coars-
ductor by suppression of the CDW.In particular, it has ened single-crystak-U is still to be measured.
been reported that &, between 0.25 and 0.80 K is due to  Recently, we prepared single crystalsetiranium metal
strain filaments within the metaf. The values of the elec- using electrochemical techniques. Although orthorhombic
tronic specific heat and the Debye temperatures in the lowe-uranium normally work hardens rapidly and often fails in a
temperature limit appear to be influenced by the substructurkrittle manner, these crystals bend easily and do not work
within a crystal. The differences in the Debye temperaturefharden. They were grown by electrotransport through a mol-
have been ascribed to variations in the CDW suppressionten salt bath formed as dendrit€sThese samples differ
As noted in Table I, the values prior to the current studyfrom samples used in previous investigations in that they are
determined fromC/T vs T? plots between 0 and 4 K, vary relatively strain free and show facets. It was anticipated that
from 183 to 218 K. One can see that these values tend to ktbe characteristics of the low-temperature properties of ura-
lower for polycrystalline samples. nium might be more prominent in these crystals because de-
The only ® values for single crystak-U that had pre- fects that typically pin the CDW state are not present. Al-
viously been reported is that for a pseudo-single-crystathough a-uranium has been the subject of numerous
made by slow cooling fromB-U to a-U by mechanically resistivity and calorimetric investigations, we were moti-
moving a sample through a temperature gradient. The calosated to revisit the low-temperature physics of uranium with
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these high-quality single crystals. The electrical resistance L B T
measurements reported here were undertaken to clarify th
nature of superconductivity in single crystaturanium at

zero pressure and to measure the critical magnetic field. The
specific-heat measurements were undertaken to search fc ,t
superconductivity at zero pressure and to obtain the thermo L
dynamic properties of the CDW state. In addition, we inves-&§ s|
tigate the 16% difference between the Debye temperature:f -
previously obtained from specific heat data and those calcu- 6}

lated from single-crystal elasticity measurements. -

Il. EXPERIMENT

A. Samples -

The uranium crystals were grown by electrotransport %3 0.2 04 0.6 08 1o 12

through a molten salt bath of LiCI-KCI eutectic containing T(K)
on the order of 3wt. % UGI*® The uranium was deposited . o , o
onto a stainless steel cathode as dendrites in the form of FIG. 1. Graphical definition of terms used in describing the
parallelogram-edged platelets, often diamond shaped. The&gSistivity data. We base tE; on the foot value.
individual platelets within the dendrites are single crystals of . o ) . .
a-uranium. Because the uranium was deposited at temper&'s transition. Sem|ad|apat|c cond|_t|ons are obtained by add-
tures below thea-3 transformation temperature, they are iNg enough heat Fo obtain a flat drift at each temperatqr_e. An
strain free and nearly perfect. The crystals were charactefSothermal technique was used to measure the specific heat
ized by a back-reflection Laue technique that determined thdtom 10 to 110 K. In the isothermal technique, a constant
the ¢ axis was orthogonal to the plate. Earlier investigationd€mperature block is heated to a series of predetermined tem-
on bicrystal samples grown using a similar technique deterPeratures and the sample is allowed to drift toward the b!ock
mined that the growth direction wa810. Parallelepiped tempera_turg bef_ore and after_a heating pulse.. The details of
strips and short cylindrical samples were shaped by sparl@-he semiadiabatic pulse and |soth%rmal techniques and ther-
erosion cutting, and were cleaned in concentrated kiai@ ~ Mometry are described elsewhefé!
electropolished in EPO,.

Ill. RESULTS AND DISCUSSION

B. Electrical resistivity A. Electrical resistivity

The electrical resistivity was measured using a standard We observed an abrupt drop in the resistance of the crys-
four-probe ac technique. The magnetic field and current Were, < the temperature fell below about 0.78 K, the tempera-
parallel and perpendicular to tieaxis, respectively. A Lin- ture at which the resistance appears to.reach its minimum
ear Research LR'70.0 resistance bridge, which implemente\%lue_ The quantities are graphically defined in Fig. 1. The
ﬁls:ﬁgdiggﬂ:ggg:{] all.ﬁg rgfnaajrrrizrgi:e;?;ri;[elir fhgvisr LIS(%iritical temperatureT;, is taken to be the temperature at

. ysta
(about 12u0)) below 2 K required a large excitation current
of 1.5 mA. The electrical resistance ateo¥ K was measured
using a standard four-terminal ac technique with an excita- -
tion current of 3 mA. The resistivity was calculated from the - @
dimension of the sample with an estimated absolute uncer-

tainty of 15%.

100 ; . : , . | .

o-U
H//[001] N

T 17 |
@® Hc(mT)
M H_foot 4
A H_zero

60 -

mT)

C. Specific heat

The specific heat was measured in zero-magnetic fields 4o} HIH
using an apparatus designed arountHa insert capable of L -
attaining temperatures as low as 0.4 K. Two single crystals

of uranium, weighing a total of 0.5 g, were stacked and ther-
mally attached to the sample platform with a thin layer of
Apiezon N grease. The specific heat of the empty sample
platform was measured separately, and the specific heat ¢
the empty sample platform and the Apiezon N grease was
subtracted from the total specific heat to obtain the specific

20 [ HEH

o+

T (mK)

800

1000

heat of the sample. A semiadiabatic pulse technique was FIG. 2. Electrical resistivity data showing an abrupt resistance
used to measure the specific heat from the lowest temperarop in the “foot” value at approximately 0.6 K. The magnetic

ture up to 10 K, and this technique was also used to map th#eld was parallel to th¢001] direction in this experiment.

224510-3



J. C. LASHLEY et al. PHYSICAL REVIEW B 63 224510

T T T T T T 24 T T T T T T T
238 o
80 § _ 2t U _evemT
20} /Vv"*r(. E
a-U . o Jre
H// [001] J
60 B 16 [ d 3
—_ ‘l 10.5
fa L | — 14 b 1 =
& 2 x»’ 2
= e 12f 1007
x40k - x 3
810 r ﬁ‘f £l
L 1 8 ‘\\ 7 Hos5 7
Tiga, per e
20 - 6 aav K
4 L 9.0 4
[ ] 05 06 07 09 1 15 2 25 3 4
2 1 1 1 1 T(K) 1 1 1 i1
0 . | " 20 30 40 50 60 70 80 20 100 110
0 200 400 600 80 T(K)

FIG. 5. The specific heat as a function of temperature is shown.
FIG. 3. A graph oH(T) versusT. TheH(T) data evolves into ~ Inset: The details of the specific heat below 4 K.

quadratic temperature dependence in the low-temperature limit. In-

set: Tk;le_broad re5|s|t|\d/e trfafnsmon arises from what we believe to b@vith H.(0)=74+4 mT andT,=0.78+0.05 K, shown as the

a small instrumental dc offset. solid line in Fig. 3, and characterizes the data reasonably

which the resistance falls to 90% of its value in the normalVe!l o
state. The dependence Bf on H is shown in Fig. 2. These The temperature elepe_ndence_ of the resistivity between 2
data are taken to mark the superconducting critical magnetignd 50 K is shown in Fig. 4. Diagonal arrows denote the
field H,. The broad resistive transition, which is smootheddirection in which the temperature was changing during data
but is otherwise uncorrected for what we believe to be acquisition. Vertical arrows denote the position of features
small instrumental dc offset, is shown in the inset of Fig. 3.we associate with the CDW transitions a§=42 K, a,
One can see a slight positive curvature just belgwin the ~ =37K, anda;=23K in good agreement with the values in
H.(T) data, which evolves into a quadratic temperature dethe literature" The inset shows the resistivity up to room
pendence as the temperature approaches 0 K. However, a tiimperature divided by its value near 2 K. Though similar in
of this data to Eq(1) gives the qualitative form expected for shape to earlier measurements reported in the literitue,
type-l superconductors resistivity data is qualitatively different in that the features
associated with all three CDW transitions are clearly visible:
He(T)=He(0)[1~(T/Te)?] (1) a break in slope at;, a steplike feature at, (at which a
small thermal hysteresis appearand an abrupt onset of
significant thermal hysteresis at. The residual resistivity
ratio (RRR) is about 115 which is three times higher than
any RRR reported previouslyThe magnetoresistan¢with
y H parallel to the crystalline axis) is very large and feature-
less, reaching approximately 750% at 18 T and at 2 K, a
result which is also consistent with high-purity samples. A
] full description of our measurements in high magnetic fields
will be reported elsewhere.

R(T)/RQ2K)

p (u€2 cm)

B. Specific heat

The specific heat of uranium, with four low-temperature
anomalies, is shown in Fig. 5. As uranium cools to approxi-
0 P — mately 41 K, then; appears as a round hump in the specific

heat data. In contrast, the, transition at approximately 38
T (K) K appears as a sharp peak. Further cooling of uranium to
approximately 23 K results in yet another broad transition,

FIG. 4. The temperature dependence of the resistivity betweeH€ @ transition. Belo 2 K there is a gradual upturn, typi-
T~2 and 50 K. Diagonal arrows denote the direction in which thecal of a?**U hyperfine interaction, shown in the Fig. 5 inset.
temperature was changing during data acquisition. Vertical arrowsn order to calculate the excess specific heat from 10 to 110
denote the position of the CDW features. Inset: The resistivity up td, the lattice specific heat was estimated by fitting the data
room temperature divided by its value near 2 K. using a hand spline.
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FIG. 6. The excess specific heat of the and «, CDW transi- o
tions. The lattice specific heat has been subtracted from the total FIG. 7. Theas CDW transition is shown on an expanded scale.
specific heat in order to more clearly show the shape of these tranFhere is a obvious step in the lattice at this transition.

sitions.
2. The a5 transition

1. The &, and a, transitions From 18 to 26 K an estimate of the lattice specific heat
N . was interpolated through thej transition at 23 K and is
_Shown n F!g. 6 are ther, and a, tran§|t|ons where a shown in Fig. 7. A baseline could not be drawn from the
lattice estimation has been .s.ubtracted in order_ _to mor w-temperature to the high-temperature side of the transi-
clearly show the excess specific heat of the transitions. Thg,, without a discontinuous change. This obvious step in the
fit of each transition is extrapolated to the baseline to permihasejine is consistent with a significant lattice coupling asso-
integration of each individual transition. In particulats,  cjated with theas transition. To confirm this result, the spe-
which is Clearly a Symmetrical transition, was eXtrapolated tcbmc heat was measured after C00|ing qu|Ck|y through the
the high-temperature side and was then subtracted from thgansition, and the resulting specific heat data show an almost
full transition (the lattice having already been subtragted  completely quenched transition. However, for slow cooling,
obtain an estimate of the, transition. We tested the self- the transition appears as a rise in the specific heat with a
consistency of our extrapolations by adding the two indi-rounded transition. Despite the round shape of the transition,
vidual transitions, which resulted in the fit through the full the presence of the step change in the baseline is strong
transition as shown in Fig. 6. Integration of tii¥T data  evidence for a first-order phase change. Figure 8 illustrates
gives an entropy of transition that is the same, within ex-the shape of the transition and the discontinuous baseline in
perimental error, for each phase changdS,,; the excess specific heat. The abrupt drop in the transition, as

=0.12JK'mol tandAS,,=0.11 JK *mol L.

These transitions have been characterized as a structure  goo f
and electronic transition at 41 Kf) accompanied by an :
electronic transition at 36 K¢,).! The rounded symmetric 700 £
shape of thex, transition is indicative of a sluggish first- ‘
order lattice transition, consistent with a change in the lattice __
parameter determined from prior neutron scattering s sqo L
experiments.In contrast the, transition at 38 K appears as :
a sharp peak which suggests there is very little lattice con-
tribution at the a, transition. Several runs were made
through this transition with decreasingr intervals and are
denoted by different data symbols in Fig. 6. Based on the ,,,
sharp symmetric character of the transition and also on
the presence of a transition in resistivity data at same tem- 100 |
perature, we believe this transition is indicative of a first- _
order phase change. This observation is supported by recer 021
first principles total energy calculations on the CDW state
the results of which suggest that the transition is a modi-
fied a; CDW state caused by directional nesting of the Fermi  FIG. 8. The excess specific heat of thg CDW transition is
surface? shown. One can see the effect of the discontinuous baseline.

600 F

400 |

(MJK'm

O 300 [

27

T(K)
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FIG. 9. The fit of the low-temperature specific heat data to Eq.
(2) is shown. FIG. 10. The low-temperature specific heat is shown without the

nuclear specific heat contribution. The nuclear specific heat, arising
seen in Fig. 8, is an artifact of the baseline offset. Presum{rom nuclear spin from thé>U isotope, was fit to Eq(4) and
ably, if the transition were sharp, as would be the case for aﬁu.btracted from the total specifi.c heat. The appearance of theloscil-
ideally first-order transition, the abrupt baseline Changelat'on at 1.2 K, although not entirely understood, it is not an artifact
would be absent. Integration of t@/T data yields an en- ©f OUr temperature scale.
tropy of transitionAS,;=0.05 JK *mol™%, an entropy that

) ) " i 52
is half of the two higher-temperature transitions. nuclear Schottky anomaly, which hag'a“ temperature de-

pendence in the high-temperature limit. The nuclear specific
3. T<10K heat was fitted to the expression

The heat liberated from the depleté®U sample during
its a-decay process prevented cooling to temperatures below
0.5 K in the specific-heat measurements. The electronic ter
(y) and the Debye temperatur@®{) were obtained from a
fit from 1.2 © 4 K using a conventionaC/T versusT?
extrapolation represented by E®), and is shown in Fig. 9

C=9yT+B3T3+AT 2, 4

therey andB; were fixed at the values obtained from the fit
to Eqg. (2) and is shown as the line through the data in the
inset of Fig. 5. A% concentration of 0.58 at. % was esti-
mated for our sample using thfeterm obtained from the fit
CIT=y+B,T2 ) and correlations of th_e hyper_fine term4buU concentrati_ons
reported previously in the literatufeThe 2®U hyperfine
A Debye temperature of 256 K=0.25 K) and an electronic  contributionCy,, was subtracted from the specific heat data
specific heat of 9.13 mJK mol™* was also obtained from and the resulting fit to the data is shown in Fig. 10. The
this fit. The lattice specific heat was fitted over a more ex-origin of the small oscillation in our specific heat data near
tended temperature range from 1.2 to 10 K using the low4.2 K remains unknown; however based on previous mea-
temperature expansion of the Debye function represented yurements, this oscillation it is not an artifact of our tempera-
Eq.(3) ture scale?

Cy=yT+BgT3+BsT°+B; T’ +BgT 2+ By T+ BT,
(3 IV. CONCLUSION

where they and B; terms were fixed at the values obtained  An abrupt drop in the resistivity was observed at 0.78 K
from the C/T extrapolation, and the required number of ad-(+0.05 K) and a critical fieldH.(0)=74 mT (x4 mT)
justable parameters for the latticB {) increased until a suit- was obtained from the low-temperature electrical resistivity
able fit was obtained. The importance of the expression withmeasurements. The resistivity data for the superconducting
adjustable coefficients is that that is the form required for dransition fits the qualitative form expected for a type-I
lattice with harmonic forces, and large harmonic softening ofsuperconductor. Our electronic specific heat valug (
the phonon density of states farU has been recently mea- =9.13 mJK?mol %) is within experimental error with the
sured by inelastic neutron scatteriffg. value previously reported by Badet al*® and Crangle and
One can see a gradual upturn in the low-temperaBiwe ~ Temporal*® In contrast, our® value of 256 K is higher
T data as shown in the inset of Fig. 5. This upturn is thethan previously reported calorimetric values and agrees more
nuclear specific heat and arises from fi&J hyperfine in-  closely with the value obtained from elastic constant mea-
teraction. This hyperfine interaction manifests itself as asurements(250 K).}'Agreement betweer®p values and
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from elastic constants and the thermal value indicate that theomponent. The entropy of the; transition is half that of
lattice appears to be strain free, a result that is substantiallihe «; and a, transitions.
different than those obtained on single crystals grown by

grain coarsening and perhaps explain the higher This ACKNOWLEDGMENTS
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