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Non-Fermi-liquid behavior in the specific heat over two decades of temperature in doped UPt

W. Trinkl, U. Weilnhammer, S. Corgéus, T. Schreiner, E.-W. Scheidt, and G. R. Stewart*
Institut fir Physik, Universitd Augsburg, Memminger Strasse 6, D-86159 Augsburg, Germany
(Received 1 February 1996; revised manuscript received 19 March 1996

We have discovered, in contrast with most dopavitsthat Hf (Zr) can be doped to quite high levels in
U;_«M,Pt;, up tox=0.15 (0.30. Above 5% doping, the temperature dependence of the low-temperature
upturn inC/T (specific heat divided by temperaturchanges fronT3InT (indicative of spin fluctuationsto
TInT [indicative of non-Fermi-liquid(NFL) behaviol. The specific heat NFL temperature dependence has
been measured down to 0.1 K and is seen over more than two decades in temperature. The field dependence of
the NFL specific heat is small, consistent with a quadrupolar moment model interpretation. A possible reason
for the NFL behavior is discussefd50163-182806)07826-5

. INTRODUCTION (ner=0.6ug) local moment behavior in the doped samples

at particular reciprocal lattice points, discovery of the small
Probablythe most interesting heavy-fermion system re- (0.0245) moment magnetism at the same points follovied.
mains today UP, with its superconductivity coexistent The behavior of the doped UPsamples had therefore
with magnetic fluctuations and magnetic order, its compli-gjrect and important bearing on understanding pure ;UPt

cated superconducting phase diagfafhand its two Super- e connection between the 0402 magnetic order and the
conducting transition§.™® What makes UPR§ so fascinating superconductivity in URt remains a topic of continued ex-

to §tudy IS superconductlv!ty at 0.5 Kin the presence of bot erimental and theoretical interest, with the chances for an
antiferromagnetic correlations below 20 K and, separatel . : )

) . unconventional superconducting order parameter being a
small moment (0.02ug) antiferromagnetic order below central focud” The behavior of Y., Th,Pt; and
Tn=>5 K. The antiferromagnetic correlations/fluctuations be- ) . xS ¢

HPt3_XPdX has also displayed some complexity, with the

low 20 K seen in neutron scattering experiments correspon o . : -
to a peak in the dc magnetic susceptibiligyat 18 K: this  SPecific heat anomaly dty disappearin§’ upon grinding as

peak iny was in fact first thought to be indicative of static, Well as there being a repoftof possible non-Fermi-liquid
long-range antiferromagnetic order. The antiferromagneti®ehavior in the low-temperature specific heae., C di-
order in pure UP§ observed bele 5 K was actually first V€rges whenT—0 asTInT) coexisting with magnetism in
discovered after it became known that doped UPt these materials. All other known syster(eee, e.g., Refs.
[UPt;_,Pd, (Refs. 12,13 and U;_, Th,Pt; (Refs. 13,14] 19-29 display such a distinctive temperature dependence in
shows evidence for magnetism®t 8 K in the specific heat, C after (but just®*) magnetism has been suppressed, either
C, in the magnetic susceptibility, and in the resistivity. Thesevia doping or pressur& While trying to further understand
measurement$ 24 on doped samples led to neutron scatter-the known magnetic behavior of doped WYRU ;_,Th,Pt;

ing experiments on WgsThyofts (Ref. 15 and and UPt_,M,, M=Pd, Au, are magnetic while
UPt;_,Pd,.'® Then, having found relatively strong UPt;_,Ir, is nof® in samples of Y_,M,Pt;, M=Y, Sc,

TABLE |. Parameters for Y_,M,Pts.

Lattice parameters ) Specific heat fit paraméters
ad) c@A) ymImolK? B* (mImol K & (mI/mol K& X102 e (mI/mol K*) Tge(K) Tk (K)

UPt, 5.7534  4.9011 450 ~4.23 -1.0 1.99 26.3
U, M, Pt

M = Zr x=0.05 5.7465 4.8865  40Q100) ~5.98(-6.13 —2.0(-1.9 2.39(2.40 17.3(18.2
0.10 57411 4.8667  38(38H ~8.17(—9.69 -3.5(-3.9 3.31(3.9 15.2(14.9
0.15 5.7437 4.8425 33 (40)
020 5.7327 4.8216 32 (34)
025 5.7187 4.8072 34(39)
0.30 57294 4.7803 34 (35)

M=Hf x=0.05 5.7452 4.8837  40Ql00 ~5.79(—5.00 -1.6(-3.3 2.28(1.76 18.3(27.8
0.10 5.7350 4.8698 29 (43)
0.15 57301 4.8580 31 (40)

Numbers given are for fits up to 20 K; numbers in parentheses are from fits only up to 10 K.
bg* is a sum of the coefficients from the normal phonon t¢3,5nT3 and the spin fluctuation term eT°InTge
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FIG. 1. Low-temperature specific heat divided
by temperature vs temperature squared for
U, ,Zr,Pt;,0=x<0.30; 1.4 KT<20 K. The
solid lines are fits to the data as discussed in the
text using either an additional spin fluctuation
term (x<0.19 or a non-Fermi-liquid term
(x=0.20. Note the change from a gradual, spin-
fluctuation-caused upturn i€/T below 10 K
(C=T3InT term) for pure UPt to a much steeper,
NFL upturn CoTInT term) with increasing Zr
doping.

C/T (mJd/mol K?)

0 50 100 150 200 250 300 350 400

Lu, Hf, and Zr, we discoverédthat Hf and Zr were unusual. law) with doping, which is a further useful method for de-
While only up to 7% of Y, Sc, Lu could be doped into the termining the limit of solubility of dopants in the host lattice.
UPt; DO19 structure, 15%30%) of Hf (Zr) doping re- Samples of 40% Zr and 20% Hf show=5.719 A,
mained single phase. We report here on the unusual behavierF4.777 A anda=5.728 A, c=4.855 A, respectively,
of these Hf and Zr samples; the results help to explain théndicating—based on the data in Table 1—a maximum solu-
unique coexistenc&in doped UP§ of bulk magnetism and  bility of 32% (15%) for Zr(Hf) in the UP lattice.

what is otherwise uniquely a “nearly magnetic”-only phe-  The specific heat divided by temperatur€/T, for
nomenon, i.e.CxTInT. The present work has also implica- Y1-xZ'xPts, 0 <x=0.3, is shown in Fig. 1. One sees that
tions for understanding pure UPand the diverse magnetic th3e gradual upturn if©/T below 10 K characteristic of the
characteantiferromagnetic fluctuations in one part of recip- | _INT spin fluctuation term in the specific heat of WPt
rocal space below 20 K and local small moment magnetisniRefs- 1,28 s, with increasing Zr, gradually replaced with a

below 5 K in another part of reciprocal spaderein. steeper increase @/ T at low temperaturegWe find similar
results for U,_,Hf,Pt;, 0<x=<0.15, discussed beloyIn
Il. RESULTS AND DISCUSSION order to better follow the progression of this increase in

C/T, Fig. 2 shows these data down to 0.4 K expanded at low

Samples of Y_,M,Pt;, M=Hf and Zr, were prepared temperatures, together with two fits to each set of data where
by arc melting together stoichiometric quantities of the pureC = yT+ BT+ 6T°+ €f(T), with f(T) either T3InT (spin
elementssee, e.g., Ref. 37Samples were characterized by fluctuationg®) or TInT (non-Fermi-liquid behavid®=29. As
x-ray diffraction to check for second phagémically visible  clearly visible in Figs. 1 and 2, thE%InT fit is clearly supe-
if = 5% of the total samp)eand to track the decrease in the rior for x=0 and 0.05, and th&InT fit is clearly superior for
hexagonak andc lattice parameters caused by the smallerx=0.15 for Zr. One might ask the following question: If the
size of Hf and Zr compared to U. As seen in Table | theseemperature region over which the data are fit is restricted to
lattice parameters behave approximately lineg¥fegard’'s someT(< 20 K), over how narrow a temperature range must

450 550 500

400 500 @ 450

FIG. 2. Low-temperature specific heat divided
by temperature vs temperature squaiez,0.4 K
on expanded scal¢gghtmost scale fok=0 (tri-
angle3, leftmost scale forx=0.30 (squarey
350 middle left scale fox=0.15(circles, and middle
right scale for G=0.25 (x’s)]. The solid lines are
300 fits to C/T=y+ BT?+ 6T*+ €T?InT over the en-
tire temperature rangée., up toT =20 K), while
250 the dashed lines are similar fits with the non-
Fermi-liquid term I replacing the spin fluctua-
200 tion T2InT term. The change from the one behav-
ior to the other is clear.
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550 1 FIG. 3. The electronic contribution to the spe-

cific heat,AC (see text, divided by temperature
vs InT for Uy gHf o 15Pt;. (The AC/T data taken

in the dilution refrigerator, 0.1 KT<0.7 K, are
linear vs INT with the same slope as the data
taken in the®He apparatus fof >0.4 K, but—
due to a calibration error still under
investigation—are shifted slightly{4%) with
respect to the higher-temperature data. The
lowest-temperature data have been multiplied by
a constant factor(1.04 to coincide with the
higher-temperature dajaThe error bar shown
corresponds ta-5%. Shown in the inset are the
data—represented by the straight line—fitted to a
T3InT fit (dashed lingrestricted toT<5 K. It is
clear that such a fit is not a good representation of
the data.
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the data be limited so that tHEInT fits for x=0.15 appear transition region, while fox=0.15 the fit to the Hfdata
equally as good as tHEINT fits up to 20 K? The answer is down to 0.1 Kmustfollow the TInT dependence: Even if the
that the higher concentration data do not really fit thefit range is limited to 0.1-5 K, the property of the spin fluc-
T3InT fit (as is visually clear already in Figs. 1 anduhless tuation fit that it levels off at low temperature gives an un-
the fit range is restricted to below 5 or 6 €Even then, using  physical wavinesgsee Fig. 3. Considering now th&>3InT fit
a fit with four parameters, there is an unphysical downwargharameters for Zrx<0.10, and Hfx< 0.05 (see Table)l,
curvature in the fit at around 4 K. one sees that these parameters behave systematicaléy
c In orderbto vgrify the non-Fermi-liquidInT mri\c}; i pendent of fit rangeand that the spin fluctuation temperature
over as proad a temperature range as pos aS T (=elPpn=F")¢) decreases monotonically upon doping.
zésgciggeﬁe;?qgigego\% ttzeig%lsr\rl]vs Po?V:gZiXte;?egncc)jur Thus, we he_lve discqver_ed here two new materials where
0.¥5-70.25 3 non-Fermi-liquid behavior is observed over more than two
Ug sHf 915Pt3. These data, plotted asC/T vs InT (where . . .
! 2 e ) : : decades in temperaturéPreviously the largest region of
tAio(?w/)Ta:rg/-srr;)\[/gv-lr; i_nﬁli ;e.,gA(;nlds tZe glgrcgigglr?nco?itg?ut_heTlnT behavior in the specific heat was observed in
gs. ' g Ug,Y 0gPds, where ACxTInT betweer®° 0.2 and 15 K,

U f t; data of Fig. 3, we see that tf&' T data obe ! ) o
a%?rsl,'—ll' Béﬂ;\e}ior over m%re than two decadéEhe inset t())l with® a distinct deviation at lower temperatures 0.05

Fig. 3 shows clearly that &InT fit, even when restricted to KsTsO.lZ K) From theseC/T vs InT curves, one may
T<5 K, does not fit the dataln order to show visually the calculaté' a characteristic Kondo temperatufg , via
progression fronT3InT to TInT behavior for the Hf data, just

as shown for Y_,Zr,Pt;, x=0.15, in Fig. 2, Fig. 5 is a plot

of the C/T data for U;_ Hf ,Pt;, 0<x=<0.15 with both the _— —0.2R

TInT and T3InT fits. As for Zr doping,x=0.10 for Hf is a K™ s

500
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4007

FIG. 4. Similar to Fig. 3, plotted here is the
electronic term in the specific hea&tC, divided
by temperature for Y;Zrq,Pt; vs InT. (The
dilution refrigerator data are scaled by 1.04 as
discussed in Fig. 4.The error bar shown corre-
sponds to+ 5%.

350 1

300

250

AC/T (mJ/mol K?)

200

150

o0 0.10 0.20 0.50 1.00 2.00 5.00 10.00 20.00

T (K) log.



1166 W. TRINKL et al. 54

400;E \ ' | U1—foxP1'3
A

375

FIG. 5. Low-temperature specific heat divided
by temperature vs temperature squared for
U, ,Hf,Pt;, 0 <x=< 0.15. The solid lines are
T3InT fits and the dashed lines am@nT as dis-
cussed in the text. Although th&InT fit for
x=0.15 does not pass perfectly through the data
nearT=3.5 K, below 2 K(see also Fig. Bthe
TInT fit is the only fit appropriate to the data.
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whereR is the gas constari8.3 J/mo) and § is the slope of U,_,Th,Pt; and UPt_,Pd,, presents us with obvious
the C/T vs InT curve. As seen in Table [Tk for all five  questions. Where do the interactions come from which are
sampleqU ;_,M,Pt;, x = 0.15, 0.20, 0.25, 0.30 for Zr and still temperature dependent 3s—-0 and therefore prevent
x=0.15 for Hf is, within a small deviation, the same. Thus, the achieving of the Fermi-liquidGe=vyT) ground state in
the already observed fdéf2that single-ion effects play an these systems?
important role in the specific heat of UPseems—even in Such interactions, based on the correldtloff observed
the rather concentrated doping regime considered—also teetween NFL behavior and nearness to magnetism, might
be the case here, since the characteristic temperajufer ~ well be of magnetic character. From neutron scattering
the non-Fermi-liquid(NFL) behavior is concentration inde- experimentit is known, as mentioned above, that there are
pendent. two kinds of magnetic behavior in URtthe antiferromag-

As has been dorig?2?%in several NFL systems in order netic correlationgresponsible for the peak ip at 18 K) and
to try to distinguish between the various theoretical modelsthe weak antiferromagnetic order beldw=5 K (which is
the specific heat of Y;Zr sPt; was measured in 0 and 13 T strengthened by Pd and Th doping into rather strong mag-
and is shown in Fig. 6. Within our measurement accuracyietic order beginning belowy~8 K). Thus, we need to
(=1%), there is no change in the specific heat with field.consider the progression with Hf and Zr doping of both these
This result is in stark contrast with large-80% in 13 T behaviors in UP§.

changes observéd?1?3in other systems showinginT tem- First, let us consider the weak order-ab K. In the case
perature in the specific heat, and is consistent with the quasf Pd and Th doping, this order is strengthened vidsgoure
drupolar model of Cox? UPt;, but remains in the same temperature range, i.e., does

That this CxTInT behavior occurs in, at least at first not coincide with the NFL mod&l=2? of temperature-
glance(Figs. 1-3, nonmagnetic Y_,M,Pt;, M=Hf, Zr,as  dependent interactions suppressed 0. Since, as will be
was previously seéd in magnetically ordered shown in a forthcoming worf® Hf- and Zr-doped UPj

280 . '
2701 %‘ U0.7Zr0_3P’r3
2601 © O B =0T
s 8 O B=13T
N
X 240
5 =]
é 230 FIG. 6. Low-temperature specific heat divided
E 220 & by temperature vs temperature squared for
< @ UgZrosPts in 0 (squares and 13 T (circles
Lo 208 o magnetic field.
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1.0
10.5
0.0 . FIG. 7. Low-temperature magnetic suscepti-
9.5 ] bility of U ; _,Hf ,Pt,, 0<x=<0.15. Note the sup-
pression of the peak temperature with increasing
e . X, as well as a broadening of the peak itself. By
8.5 A T g e Bt | taking the first derivative of thesg(T) data, one
can see the remanent peak at 8.5 Kxer0.10.
The temperature dependence of #0.15 data
7.51 U HfPt3 1 shown here is neither a power law nor arin
= behavior—the two usuall-dependences for a
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701 —&— x = 0.05 non-Fermi-liquid system—but rather can be fitted
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show also evidence that the5 K magnetic interactions re- 3—4. Whether these correlations are in fact suppressed to
mained fixed in temperature, let us turn to a consideration of =0 is, from our y data, difficult to determine. Neutron
the peak in the susceptibility; see Fig. 7 for Hf-dopedscattering experiments, if possible to perform due to the un-
UPt;. This peak is broadened and suppressed to lower temavoidable smearing ouvisible also in Fig. 7 of the corre-
peratureg15 K for 5% Zr doping, 8.5 K for 10% Zr doping |ations, could resolve this question.

for small doping levels, but is no longer visible, even as a  Thys, in conclusion, we have discovered non-Fermi-liquid
slight change in slope, iy for x=0.25(0.15 Zr (Hf) dop-  pehavior in Hf and Zr-doped URWia aTInT term in C that

ing. Instead, they rises monotonically with decreasing tem- aytends over two decades in temperature. The mechanism
perature; see Fig. 7. Also the magnitude of the susceptibilityp4¢ produces thd—0 temperature-dependent interactions
for higher doping concentrations is suppressed, arguing th%cessary to prevent the formation of the Fermi-liquid

the correlations responsible for the 18 K peakyinn pure  ground state is possibly the suppressed antiferromagnetic
UPt; have at least been shifted to lower temperatures, if nogorrelations present in URtelow 18 K.

entirely suppressed. This suppression of th@eak corre-
sponds roughly with the suppression of the spin-fluctuation-
derived T3InT term in the specific he#t (see Fig. 5.

Thus, it is at least plausible that these antiferromagnetic
correlations in UP§, upon suppression to lower tempera- Work at the University of Florida was supported by the
tures, supply the mechanism for the non-Fermi-liqlildT  U.S. Department of Energy, Contract No. DE-FGO05-
dependence of for Hf and Zr doped UPf shown in Figs. 86ER45268.
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