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U,Co,Sn:  An undoped non-Fermi-liquid system with C.=y—A\T
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Investigation of the low-temperature specific heat, magnetic susceptibility, and resistivityCopIh for
expected paramagnon behavior led instead to the discovery of a non-Fermi-liquid system obeying the Millis/
Moriya theory prediction of an electronic specific heat that varies approximately/agT over an appreciable
temperature range, in this case over the whole temperature (@3g€l0 K of measurement. The temperature
dependence of the low-temperature resistivity, however, follewg,+ AT, with a(~1.8) lying below that
predicted for a Fermi liquidi.e., = 2) but above they= p,+ AT predicted by the quantum phase transition,
weakly interacting spin fluctuation theory of Millis/Moriya. Scaling of the specific heat with field indicates that
the electron interactions responsible for the non-Fermi-liquid behavior are not single ion in nature. Several
non-Fermi-liquid theories and their possible applicability to these results are discussed, as well as the possible
influence of the relatively small U-U spacing in,@o,Sn on the unusual non-Fermi-liquid behavior.

INTRODUCTION EXPERIMENTAL RESULTS AND DISCUSSION

. . . _— Samples of Sn were prepared by arc melting to-
The discovery of one example of interesting behavior in &y ey t%e pure%ljeorznentS undgr zfpurifiegl/ argon atmogsphere.
compound system, for example, the finding by Steglichy_ray diffractometry indicated single-phase material in the
etal’ in 1979 of heavy-fermion superconductivity in tetragonal USi, structure, which as discussed in Ref. 7 for
CeCuysSi, (a member of the ThGBi, structure typg often  the general ternary 47,Sn has distinct atomic positions for
leads to further discoveries in other members of the samthe transition meta{Co in this casgand the Sn. The high-
compound system. Havelat al? recently reported heavy- angle x-ray linewidths indicated good lattice order, with a
fermion behavior in several JJ,X compounds T full width at half maximum for the« - a, resolved peak at
— transition metal an&=Sn or In, as well as antiferromag- 116.6720) of 0.37°, or less than twice instrumental resolu-
netism in a number of other members of this system. Thdion. Site switching of the Co and Sn would in any case not
upturn in the specific heat divided by temperaturd that ~ °€ expected, due to the disparity 30% in atomic sizes.
they observed in WPtIn was later tentatively identifiédas ReS|st|V|ty measurements down to 0.3 K were made at dis-
obeying C/T~log T—typical non-Fermi-liquid (NFL) be- tinct tgmpgrgtpres using a four-wire dc measurement tech-
havior. ThisC/T~ —log T dependence was then confirrfied nigue; resistivity measurements between 0.1 and 1.3 K were

between roximatelv 0.1 dr6 K in work on inal made using a sensitive continuous ac lock-in technique. Sus-
creystgle approximately . ork-on a singie ceptibility vs temperature and magnetization vs field mea-

L surements at various temperatures down to 1.8 K were made
The motivation for the present work was as follows. ,ging a commercial Quantum Design magnetometer. Specific
Havela et al. state that “a strong upturn i€/T" is alsO  heat data down to 0.3 K and in fields up to 13 T were mea-
found in nonmagnetic Co,Sn (data not shown The thesis  gred using establish&techniques.
of Nakotté showsC/T vs T data down to 1.3 Knot fitted to The zero-fieldC/T data p|otted versus temperature be-
any functional form for U,Co,Sn with a rather shallow tween 0.3 and 10 K are shown in Fig. 1, with the solid line a
minimum (~ four times less pronounced than that for fit to the normal electronic and lattice specific heat plus the
U,PtIn) and ay (defined a<C/T asT—0) of 260 mJ/molK  noninteracting spin  fluctuation functional fofm[C
vs 850 mJ/mol K for U,PtIn. The shape of thi€/T mini-  ~T3 log(T/Tsp), whereTggis the characteristic spin fluctua-
mum in U,Co,Sn is reminiscent of noninteracting spin fluc- tion temperaturg As is readily seen, the upturn in the spe-
tuation or “paramagnon” behavior, wher€/T~T?logT, cific heat divided by temperature is apparently not caused by
which is the next term in Fermi liquid theory aft€®/T  noninteracting spin fluctuations, or paramagndsiceC/T
~v. This, coupled with the behavior of the resistivity as shown in Fig. 1 is more divergent at low temperatures
(describefl as resembling the resistivity of the known para-than the fit, the data were then replotted 2&/T (where
magnon system UBtand the factthat the U-U interatomic  AC= C,easured Ciattice= Celectronid VS 10010 T as also shown
separatiord,, in U,Co,Sn is 3.5 A(equal to the Hill limit  in Fig. 1 to check— despite {C0,Sn’s smallery and shal-
above which itinerant B-electron behavior becomes logal lower minimum— for the NFL behavior observed in the re-
where C/T~T?log T has been found in UAJ inspired the lated compound WPtIn. Figure 1 shows that the electronic
investigation reported here. specific heat data for JCo,Sn diverge less rapidly than
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FIG. 2. AC(=Cpeasureq BT°)/T, where 8=1.466 mJ/mol K
as discussed in Fig. 1, ofJ8o,Sn is plotted vsT“ giving as a best
fit AC/T=385-96T¢, with «=0.48+0.05, where the error bar is
from estimating at10% uncertainty in the subtracted lattice con-
the spin fluctuation temperature. The fit uses only three parameteFEbUt'on as dlscu_ssed in t_h? text._ As may be readll)_/ seen, this
(y,8'=B—6logy(Ts), and &); these are found to be 310 t r_ee-param_eter fit to the Mlllls/Mo_rlya t_heory of Weakly interacting
mJ/mol K&, —13.5 mJ/mol ¥, and 13.2 mJ/mol%k respectively. spin-fluctuation-caused non-Fermi-liquid behavior passes through

(The fact thaiB’ is negative is due to lqg T being larger than the the (;I]ata irlll the whdoledtgmpetr.att:ne rangti of mfeasturer}wgr;]t, with a
coefficient 8 of the lattice Debye specific heat contributipEven much smaller standard deviatighy more than a factor of)2han

with a four-parameter fitdiscussed later in the textwith Ciugice the _three-parameter fisee Fig. 1to the noninteracting spin fluc-
=BT+ aT®, the fit does not convincingly reproduce the data. NotetUation theory(Ref. 9.
the divergence of/T above the spin fluctuation fit below 1 K. The
open circles(upper axi$ show AC [=Ceasured Ciaices Where  the data might follow such a-1\T power law over some
Ciatice=B8T3, with 8=1.466 mJ/molK¥ (=0,=188K) deter- appreciable temperature range. Surprisingly, such a(pbe
mined from a separate measurement—not shown—of the specifi€ig. 2) results in the discovery thatC/T for U,Co,Sn obeys
heat of UThCgSn| divided by temperatureT vs log,T of  approximatelyy—A\T over the entire temperature range of
U,Co,Sn. Clearly, C/T is also not represented by log,qT 0.3 to 10 K, with only one fit parameter used fGyice
+Coatice/ T OVer any appreciable temperature range. (=BT3). (The standard deviation in the fit of the data to
vy—AT® for «=0.48—the best fit—is only 0.6% smaller
C/T~—log;pT, following a monotonic-appearing convex than fora=0.50) In order to make the excellence over the
curvature over the whole temperature range when plotted wwhole temperature range of this three-paramete(Cfit yT
logT. +BT3—ATY a~0.5 to the data even more apparent, a
This divergent, non-Fermi-liquid behavior i€/T that comparison of this fit to a four-parametéwhere Ciice
nevertheless follows lggT over no apparent temperature = B8T3+ «T®) noninteracting spin fluctuation finot shown
range shown in Fig. 1 has been reported until now in nacan be made. The four-parameter fit is sfillightly) worse
other system to our knowledgeC/T in NFL systems dis- than the three-parameter fit using the Millis/Moriya theory
covered to date has one of the following behavides.lt  temperature dependenceither «=0.5 or the best-fit expo-
follows logT from ~ 10 K down to the lowest temperature nent of 0.48 shown in Fig.)2Further, the four-parameter fit
of measurement~ 0.1 K), such as in CeGuAu,,,*’ i.e., is in fact unphysical in this case, since specific heat ¢z
there is no crossover region observed from one dependenshowr) taken as part of this work on single-phase,
to another.(b) It follows logT down to around 0.2 K and U,;Si,-structure UThCgSn—with essentially the same mass
then shows greater divergence at lower temperatures, such asd therefore presumably the same lattice behavior as
in Ug Yo gPds. M (c) It follows log T down to some low tem-  U,Co,Sn—show thaC e in fact follows the simple Debye
perature and then exhibits less divergent behavior over thiaw (C=AT?%) up to 10 K.
remaining temperature range of measurement. Systems that In order to allow for possible errors in the temperature
belong to this last category inclutfeCeCySi, in 0.7 GPa  dependence oAC/T for U,Co,Sn shown in Fig. 2, and to
and 2 T between 0.4 and 1.2 K and CgBl, between 0.4 investigate how critical the exact subtraction usedGgk;ce
and 1 K. Such results are typically plotted witiT fitted to  is to the temperature range whek€/T= y,—T¢, we have
1— /T in this low-temperature regime, after the NFL theo- allowed the magnitude of,yice t0 vary by +10% and re-
ries of Millis*® and Moriyd* for a quantum phase transition plotted(not shown these data as in Fig. 2. The result is that
with weakly interacting spin fluctuations, although a fit to athe exponent varies from 0.43maller lattice contribution
particular temperature dependence over less than a decadetin 0.53 (larger lattice contribution with only a small
temperature is not definitive. (~10%) change in the qualitystandard deviationof the fit
The monotonicity of the curvature of th&/T vs logT  to the AC/T data. Thus, the specific heat data reported here
plot of the data for YCo,Sn in Fig. 1 led us to consider that for U,Co,Sn represent the first experimental example known

FIG. 1. Specific hea€ divided by temperatur@ of U,Co,Sn
between 0.3 and 10 K versiig(solid circles, lower axis The solid
line is a fit toC=y+ BT3+ 6T% log;( T/Tsp), Where the last term
in predicted(Ref. 9 for noninteracting spin fluctuations afd is
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FIG. 3. Specific heat divided by temperature vs temperature of FIG. 4. The change i€ with applied fieldH divided by tem-
U,Co,Sn in magnetic fields up to 13 T. The upturns at the lowestperature(data from Fig. 3 is plotted vsH/T*5, which brings the
temperatures, which become more pronounced and start at highearious curves rather well onto one universal scaled cuiVke
temperature with increasing field, are due to the nuclear momentspturns inC/T caused by nuclear Schottky level splitting seen at
(and accompanying level splittingf both %°Co (100% abundait  low temperature in Fig. 3 are excluded from this scalingsing a
and three of the various Sn isotopgstal abundance 16.64The  scaling exponeng of 1.4 or 1.8 gives significantly greater deviation
observed sizes of the upturns@iT are consistent with the values from a common curve. A similar scaling of the magnetization vs
calculated using the known nuclear moments®%o and the Sn  field up to fields 65 T and at temperatures of 2, 4, and 10(ot
isotopes. The strong decrease of the specific heat with applied fielshown is complicated by an apparent small metamagnetic transi-
(already 15% f1 K in 3 T) is consistent with fairly weak magnetic tion at ~2800 G. The scaling exponent that is obtained from the
interactions being responsible for the non-Fermi-liquid behavior. higher-field data is approximately 1.3, still in the regim@>1.0)

. where single-ion magnetic excitations are excludeékf. 16.
to the authors of the Millis and Moriya weakly divergent, g 9 . 9

spin-fluctuation-interaction-induced non-Fermi-liquid behav- i
ior in other than a crossover, limited temperature regime. Ofsée Ref. 19 for partial work on UPtwhere Bretamag
course, the data must be extended to lower temperaturg 20 T), this scaling result for WCo,Sn should be considered
where deviations from this behavior may occur, as seen, fofS indicative but not conclusive of the nature of the
example, in theC/T~ —log T behavior of U Y, dPd; below ~ correlations. _ o
0.2 K11 The low-temperature magnetic susceptibility ofGd,Sn

As a method of further characterizing these underlying'S Shown in Fig. 5 plotted vs lqgT, and obeys this tempera-
weak spin fluctuations, we have measured the response Bffe¢ dependence between approximately 4 and 40 K, with a
the specific heat to a magnetic field, Fig. 3. Clearly, thedewauqn at low temperature;. If the data are .|nstead plotted
interactions responsible for the upturn @T at low tem- 0 obtain a power lawy~ xoT~” (not shown, 7 is found to
peratures are strongly affected by an applied field. As disPe 0.17, with the data obeying this form between the lowest
cussed by Tsvelik and Reiz& calculating details of a par- temperature of measureméit8 K) and 5 K. Since the theo-
ticular model at or near a quantum critical point 0, fies of Millis and Moriya do not addrggéthe analytic tem-
where quantum fluctuations prevent entry into the FermiPerature dependence of the magnetic susceptibilitypoe-
liquid ground state, is very difficult, whereas insight into the
underlying physics may be obtained by examining the scal- %% y T
ing behavior at finite temperatures, where a parameter.,
C) measured for various fields and temperatures is plotted v:
H/TA. Thus, Fig. 4 shows that plotting the change with field
in C divided by temperature wd/T*® collapses the disparate
curves from Fig. 3 onto one. The fact that-1.0 implies,
according to Tsvelik and Reizésee also Ref. 16 for work
on Uy .Y sPdy), that the underlying magnetic interactions are 2
of a correlated nature. Thus, single-ion models such as theZ **T
multichannel Kondo mod&l or the quadrupolar Kondo
modef® are apparently ruled out. However, there is a slight
(~10-15%, faster than linear increase in the magnetization
as a function of fieldnot shown at 0.28 T, which may be a
sign of a weak metamagnetic transition. Since the specific 0010 — el
heat and magnetization dagsee Fig. 4 for the scaling are
all at fields greater than 0.28 T, there could possibly be a
different scaling behavior for low fields. Thus, until more  FIG. 5. Low-temperature magnetic susceptibiliyof U,Co,Sn
work is done on scaling behavior above and beBymag  plotted vs logo T. Below 4 K the behavior becomes less divergent.
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860 ’ ' 9% ' ' large residual resistivity, for U,Co,Sn has been observed

beforé and is thougttto be due to a tendency for micro-
cracks to form in this material As may be seen in Fig. 6,
down to 0.3 Kp=po+AT+"501 je. the data appear to
have a temperature dependence somewhere between Fermi-
liquid behavior p=po+AT?) and the predictdd’* NFL
temperature dependence, with the accuracy of the fitted ex-
ponent negatively affected by the largg. The lowest-

1 T temperature resistivity data, shown in the inset in Fig. 6,
flatten out and go through a slight minimum at 0.2 K. A fit of
these data between 0.4 and 1.3 K results drpg

. +ATH85005 |n order to further investigate the increase in
the scattering rate below 0.2 K, which causes the minimum
780 ' o ' s ’ - ' 20 in p, magnetoresistance measurements are planned.

T (K)

FIG. 6. The dc resistivity in absolute units 0§Co,Sn is plotted SUMMARY AND CONCLUSIONS
vs temperature as solid points in the main figure. The solid line
shown through these points is a fit ge= po+AT¢, where the best
fit gives pg=795uQ cm, A=13 Q) cn/K¥, anda=1.76. As dis-
cussed in the text, it has been reportRef. 6 that U,Co,Sn suffers
from microcracks and that this unphysically very laffgr a metal
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This deviation from monotonic behavior of the resistivity
of U,Co,Sn below 0.3 K is a caveat for all research into NFL
behavior, where it is the lowest-temperature behavior that
should theoretically be the simplest but is observed experi-
po IS not intrinsic. In the inset, low-temperature ac resistivity, nor-r’m:"nt"leIy to be dominated by deviations. Such behavior has

malized to te 1 K value, of YCo,Sn vs temperature was regres- beer! seen, for example, in the resistivigpecific _heat of

sively fitted to a four-term polynomial to smooth the data. This CENkGe; below 0.1(0.3) K, where a peakflattening out

representation of the data is shown as the solid line. If the data al@ccurs;® as well as in the increase above a Todivergence
fitted top=p-+ AT (not shown from 0.4 to 1.3 K,ais found tobe ~ Observed below 0.2 K ir€/T in Up2YodPch, " mentioned
1.85+0.05. The apparent flattening out of the curve at lowest tem-above. Thus, our observation 6f T~ y—A\T between 0.3
peratures is believed to be not an experimental artifact, e.g., heatirgnd 10 K, coupled with the non-Fermi-liquid behavior yof
due to too much measurement current was carefully ruled out. ~ and deviation from the Fermi-liquig~ py+ AT? of the re-

i i i sistivity, is clearly cause for identifying JC0,Sn as an un-
sumably  three-dimensional 4o Sn, these fitted Goned NFL system—one of only three known at ambient
temperature dependences serve primarily for comparisofressure. Comparison with current theories gives good
to data for other known NFL SB/StGmSXN)(ofA\/f agreement with Milli$¥Moriya'* as regards the specific
for UpoYogPds,t x~—logT for CeyilagsClSk*> x  heat, but shows a clear deviation from their predicted tem-
. -0.27 23, —-0.13 ¢ 24 ; Co

XoT for UCus sPd; 5, x~xoT for™ CeNbGe)  perature dependence for the resistivity. Measurements to
and to other theorieéthe quadrupolar Kondo mod8ipre-  |ower temperature are of critical importance, especially for
dicts y~ xo— AT, the Griffiths phase-disorder mod&pre-  C, in order to determine the extent of the Millis/Moriya
dicts x~ xoT*1). A recent experimental wor inspired by  weakly interacting spin fluctuation temperature dependence
the latter theory, has replotted data for a number of sys- and to probe the expected deviations therefrom to provide
tems, including .Y, gdPds wheré! good agreement t,  information for the needed further development of the theo-
—A\JT was found, to show agreement with power-law, ries. It is interesting to speculate that the large temperature
T, behavior. This illustrates—as do the two temperaturerange (unique among currently known NFL systenmver
dependences fitted to the,Co,Sn x data reported here—the which C .~ y—A\/T (consistent with weak, “Gaussian” in-
ambivalence of fitting the susceptibility data over a limitedteractiong in U,C0,Sn may be related to relatively weak U
temperature range, as well as the inconclusive status of cugf-electron hybridization with thel electrons present. This
rent NFL theories as regards the temperature dependence i9fbridization need not be especially strong indd,Sn to
the low-temperature magnetic susceptibility. Certainly, theprevent 5 localized behavior, sincd, is exactly at the
rather limited temperature rangd.8—-5 K where y for  Hill limit of 3.5 A, whereas—due to the significantly largér
U,Co,Sn obeys the disorder-modghT** dependencéa  d,, in the other known U NFL systent8.58 A for U,Ptn,
plot of 10g(C—Ciaicd) Vs logT—not shown—obeys the dis- 4.07 A for Uy ,Y gPds, 4.09 A for Uy ;Thy «CU,Sip, 4.19 A
order theor$® only between 0.3 and 1 Kcoupled with the  for U, _,Th,PdAl; and 4.99 A for UCy_,Pd,)—the other
apparent good order deduced from the high-angle x-ray lineknown U systems definitely have strong Bybridization or
widths argues against the disorder scenario in this undope@calized(magneti¢ behavior would be observed.

NFL system.

The theories of Millis and Moriya do, however, make a
firm prediction for the temperature dependence of the elec-
trical resistivity of systems whose specific heat ob&y3 The authors gratefully acknowledge the loan of the last
~vy—T, namely, p~po+AT'® Resistivity data for remaining copy of his thesis by H. Nakotte and helpful dis-
U,Co,Sn taken by a point-by-point dc method down to 0.3 K cussions with Stan Bates, Kevin Ingersent, and Dieter Voll-
are shown in Fig. 6, with data taken by a continuous adardt. Work was performed under the auspices of the U.S.
method down to 0.08 K shown as an inset in Fig(Bhe Department of Energy, Contract No. DE-FG05-86ER45268.
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