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U,Pt;sSi;: Competition between magnetism and the formation of a heavy-fermion ground state
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Via doping of UPtsSi; we have investigated the magnetic susceptibility and the anomaly in the low-
temperature specific heat at 6.5 K. These data are compared with those foy @&#lh also shows a
low-temperature specific-heat anomaiynd UBg; and CeCySi, (which show a monotonic rise i6/T below
10 K). The results further the understanding on how the creation of a large electron effective mass ground state
is linked to the magnetic degrees of freedom of thelectrons. The direct conversion of this entropy of
disordered magnetic moments into an increase CG8 («m*) at low temperatures is observed in
U,Pt5,Ni,Si; as Pt is replaced with Ni. In addition, the present results provide some insight into diverse
phenomena associated with peaks in the specific heat in several heavy-fermion systems, e.gg WheeAl
the long misunderstood peak at 0.35 K has recently been discovered to be incipient magnetism.

I. INTRODUCTION of ThyPt;5Si; were also doped with Ni to serve as nbn-
electron comparison compounds. All samples were annealed
Geibel et al! discovered the existence of,PySi; in a  for 1 week at 800 °C and were, according to x-ray diffract-
face-centered-cubic structure, with an approximate U-Uometry, single phase. Lattice parameters are given in Table I.
separatiofof 5.9 A. Rather than exhibiting magnetic order Ni substantially shrinks the cubic latticgby 2% for
(a likely result due to the largd,,_,) or heavy-fermion, en- U,Pt;Ni,Si;), while Th doping expands the lattice slightly.
hanced electron effective mags large specific heat divided Attempts to prepare single-phase samples with either Cu or
by temperatureC/T, asT—0) behavior, this new compound Au replacing Pt were unsuccessful.
was found to exhibit a third behavior: a broad peak in the
specific heat at 6.5 K coupled with a large magnetic suscep- IIl. RESULTS AND DISCUSSIONS
tibility and “Kondo-like” resistivity. In the study of 3- o
electron compounds witti-ion separations well above the ~ The  low-temperature  susceptibility ~— data  for
Hill limit of 3.4 A, the process by which thé electrons, UaPtis—«Ni,Sk;, 0<x=4, are shown in Fig. 1, witly(1.8 K),
hybridized with the neighboring ligand atom electrons, Which ranges between 90 memu/U nfoi=0) and 55 memu/
sometimes avoid a magnetically ordered ground state is ndd mol (x=4), tabulated in Table [[Typical values fory(1.8
at all well understood. What is often put forward, see, e.g., . ) e
Refs. 1 and 2, as a phenomenological description is that such TABLE | Lattice parameter,, magnetic susceptibility(1.8
systems are “Kondo lattices,” taken to mean that their prop-K) and amount of saturation in magnetization vs figitivs H saj.

erties are, in part, reminiscent of dilute Kondo alloys WhereThe saturation is here defined as the difference of the linear mag-

theoretical description exists netization at low fields extrapolated to 7 T and the measiéd

The present work, using doping obPtcSi,, was under- T) divided by the extrapolated value, i.&M(7 T)eyra—M (7

. . . . - . T M (7 .
taken to investigate this neither magnetic nor heavy-fermion ImeadM (7 Doxrd

@ntermediat_e _b_ehavipr in the hopes of furthering understand- (1.8 K) M vs H sat.
ing of the limiting, high effective mass case. agA)  (memu/U mo) (%)
U,Pt,:Siy 16.810 90 40
Il EXPERIMENT U,Pt NiSi, 16.735 67 23
In order to vary the U B-electron hybridization with its  U2PtsNizSk 16.666 65 22
ligand atoms in YPt,;Si; substitutions were made both for UzPt2NisSi; 16.615 60 21
Pt and Si. In order to separate single-ion from correlatiord2Pt;Ni,Si; 16.576 55 18
effects, certain selected samples had the U replaced by ThU; ¢Thg 4Pt:Ni3Sk; 16.622 56 20
Thus, samples of ¥WPt,s ,N,Si;, 0=x=4, U,Pt,5Co,Siy, Ug 4Thy ¢PtioNi5Siy 16.651 44 16
U,PtoNi,SisGe,, U,_,ThPt-NisSi;, 0=<x<2, and Ug,Th; ¢Pt-NisSi; 16.670 42 19
Uy 4Thy P1sSi; were prepared via melting together the ap-U, ;Th; PtoNisSi; 16.671 48 27
propriate amounts of pure starting material under a purified), ,cTh, oPt NisSi;  16.671 48 25
Ar atmosphere in an arc melter. Since the primary focus ot,pt, ,Ni,SisGe, 16.746 55 18

the work developed to be JBt;sSi; doped with Ni, samples
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FIG. 1. Low-temperature magnetic susceptibility as a function rig 3 Here are plotted the data from Fig. 2,

of temperature for bPys,NixSi;, O<x<4. Note the rapid de- c/7(y,py, ,Ni,Siy), with the respective Th homologies,

crease iny(T—0) upon first doping with Ni, followed by a more ¢ /1(Th,pt,.",Ni,Si,), and the common crystal-field anomaRef.

gradual decrease with increasing Ni doping. 2) level splitting 5=55 K, subtracted off. What is surprising in this
figure is that increasing Ni content has the effect of continuing to

K) for heavy-fermion systems range from 6.9 memu forJUPt even lower temperature the heavy-fermion-like riseGAT ob-

to 36 memu for CeA).) Clearly, Ni doping suppresses the served aboe 8 K for undoped WPYsSi7, i.e., the anomalyer seis

low-temperaturey monotonically. A further measurement hot just simply shifted to loweT.

useful for qualitatively determining the amount_of magnetic g heat, we have measured also,Pt;_Ni,Si,, 0<x<4,

. . _ @nd subtracted these results from the data in Fig. 2. The
tion of field at low (here 2 K temperature. At low field resulting curves fo€5/T vs T then all lie atop one another
vs H is linear and then as the field is increased, a point igor T>8 K up to our upper temperature of measuren{@ot
reached where thb! vs H curve bends over, i.e., rises less k) and decrease with increasing temperature only gradually.
steeply. Heavy-fermion systems in general have liddars  This nearly constant behavior 6°'/T, 8<T<20 K, is due

H behaviors to quite high fields.g., 24 T for UBe; (Ref.  to the presence at higher temperatures of a Schottky
4)], while compounds with more magnetic character displayanomaly, due to crystal-field split levels, as determined in
a tendency towards saturation at lower fields. TheRef. 2. The independence of Ni concentration implies that
U,Pt5 Ni,Si; samples all display a saturation, which, how- the Schottky anomaly is unaffected by the Ni doping. Thus,
ever, decreases with increasing(see Table )l consistent in order to concentrate on the low-temperature electronic be-
with the observed decrease (1.8 K) also observed with havior associated with the peak ifC/T, we plot

increasingx.

(S T— ST vs T in Fig. 3.

The low-temperature specific heat divided by temperature Figure 3 shows that the anomaly in the specific heat of
vs temperature for &Ptz Ni,Si;, 0<x=4, is shown in Fig.
2. The broad, rather ill-defined anomaly @GIT around 6.5
K, which was also observed in Refs. 1 and 2 becomegnomaliege.g., Schottky, Kondo, spin glassll have a char-
sharper and is shifted to lower temperatures with increasingcteristic energyé=level splitting, T, =Kondo temperature,
Ni doping. In order to focus on purely the ®lectron spe-

U,Pt,sSi; is of an unusual character. The causes that one
usually considers when discussing broad specific-heat

Te=spin-freezing temperatureThis energy, when changed
by some influence or other, determines a new position for the
maximum in the anomaly, i.e., changes in these characteristic

800 e e energies lead tshiftsin the anomalies, not extension of the
— anomaly in the lower temperature direction with no change
% 600 | s, vvvj s § at all in the high-temperature half of the anomaly. Thus, from
'g 5* o ow,,:og;%: a2 ° Fig. 3 what appears to be the case folPld_,Ni,Si; is that
I ;;f i Fomabpanael e a process is at work below 20 K which increasad with
S0 ‘i.# A ] decreasing temperature. At some temperature, dependent
£ °°°°° UsPhsNi,Siy within certain limits on Ni concentration, this process fails,
o200} s o x=zo or goes over into another process which leads to a decrease
© & 2 x=2 in C/T (and of course irC itself). What are possible expla-
L o x=4 nations for this crossover behavior?
% 5 10 15 20 Since we are dealing with U atoms much further apart
T [K] (5.9 vs 3.4 A than where, unless hybridization prohibits,

FIG. 2. Low-temperature specific he&, divided by tempera-
ture, T, vs T for U,Pt;5_,Ni,Si;, normalized per U mol. Note that
any peak in a plot o€/T is also a peak in a plot df; in order to
be able to focus both on the anomaly @ and on the possible
behavior ofm* («C/T asT—0), the data are plotted here @4T.

local magnetic moments form, our first thoughts turn to in-
vestigating the magnetic character of the anomalies in Fig. 3.
First, is there some correlation between where the respective
maxima of the anomalies occur and some feature in the mag-
netic susceptibility, Fig. 1? Thg data in Fig. 1 show no
peaks iny vs T, however the data do show an inflection



53 U,Pt5Si;: COMPETITION BETWEEN MAGNETISM AND . .. 6479

1000

T O UPHNiSIy
® T T T —_ < UzPh;COzSH °
2 | UsPtsSi ) < 1
£ O 0 Tesia o 70T % -
4 400 - ) 5 Tesla T ° °
~ r A 13 Tesla |E . o
[ e 2 so0f Soogoo %, .
= 5 :%;63] 3 g .
S 200F S5 aentlo = o
PR N £ e W £ 2sop . ]
§ %&ﬁ oS TeR:] %A N (&) Ooooo
5 _ %%%%f Owﬁ..
s 0 ‘ e = TRkt 0 5 10 15 20
) 0 5 10 15 20 K
T [K]
(A FIG. 5. Specific heat divided by temperature vs temperature for
g I UgPtioNisSi 1
£ S00T S 9 Tesla ] suppresses the anomaly in the specific heat, see Fi§us-
> N 13 Tesla - ceptibility is not reported due to a slight ferromagnetic para-
£ [ ] sitic phase of, presumably, GoOne sees that while Ni
~ 250 ] (3d®4s?) replacement of R5d%6s?) in U,PtSi; continues to
;} - 5, a 1 upturn inC/T to sin temperaturé.e., C"®/T increases Co
3 [ 82 . g o (3d’4s?) doping destroys the anomaly entirely, leaving af
3 . oo 0% 5 45 mJ/Umol ¥ and a higher-temperature specific heat
o X L9 g
J 9 5' ' u‘) —— W" 20 (=CSehottkyy cphonoy that s similar to that of WPt Ni,Si;.
N2 Thus, the smaller number af electrons in Co vs Ni is

T [K] clearly important in the hybridization with Uf5electrons.
Doping with Ge leads to results for bo@ and y equivalent

FIG. 4. The specific heat so normalized as in Fig. 3to doplqg Wlth Ni, i.e., the specific heat and susqep_tlblllty for
(C—C™—cSchotky 5_55 K) divided by temperature vs tempera- U,Pt;Ni,Si; are essentially the same as fofRY} ;Ni,SisGe, .

ture in 0, 5, and 13 T magnetic field forBtSi; and UPtNiSi,.  Finally our results for WPt NisSi; with the U diluted with
Th show a slight10—-25% decrease iry(1.8 K)/U mol with

int. (This miaht b ibl id ¢ I . increasing Th content, an essentially constant amount of
point. (This might be possible evidence for a small pealin saturation inM vs H (see Table )l and a shifting of the

vs T overwhelmed by large contributions tp from other anomaly inC/T such that for §_, Th Pt NisSi,, x=1.6, the

sources. The temperature at which the inflection point oc- specific heat per U mol is approximately that of pure

curs matches fairly well the temperature of the maximum in ; ; ; -
C/T for a aiven UPL. Ni.Sk sample. As discussed above U,Pt,5Si;, see Fig. 6. In other WorQS, the continuation to
9 UPtis_xNi,Siy pe. lower temperatures of the upturn i@/T abowe 8 K in

and in Table I, both the magnitude ¢f(1.8 K) and the ; : . ; . .
amount of saturation iV vs H also decrease monotonically UzPtsSiz caused by increasing Ni content, see Fig. 3, is a

with increasing Ni doping. These three observations are then
consistent with a lessening of the magnetic character of the
5f electrons with increasing in U,Pt;5_,Ni,Si;.

What is the field dependence of these specific-heat
anomalies? Figure 4 shows the specific heatin 0,5,and 13 T
of U,Pt,:Si; and U,Pt,Ni;Si;. The magnetic field strongly
affects both anomalies, shifting them upwards in temperature
and depressin€™®. The depression of the specific heat in
13 T is about 25% largefexpressed asAC/C™® in
U,Pt,:Si; as in UPt,Ni;Si;, i.e., theseC(H) data not only
confirm at least a partial magnetic character of the specific-
heat anomaly but also show that the anomalyXet3 dis-
plays less field dependence than for purgPtLSi;. (It is
interesting to note that the inflection point yrwvs T can still
be seen in measurements fin 5 T for U,Pt;sSi;, and
roughly corresponds in temperature with the observed posi- riG. 6. Specific heaC of U, ,ThPt.Si, for x=1.6 minus
tion of the specific-heat peak in 5 T in Fig.) 4. C(Th,Pt;,Ni5Si;) minus CSEO™Y gl divided by temperature vs

We turn now to a brief discussion of what was learnedtemperature, i.e., the data are normalized as in Figs. 3 and 4. The
from the measurements of,Bt3Co,Si;, U,Pt;3Ni,SizGe,, solid line represents the data for purgRsSi; and is, within the
and U,_,Th Pt ,NisSi; in order to present as complete a scatter (25%) of the data themselves, similar to the dilute
picture as possible. Surprisingly, Co, in contrast to Ni, totallyu,_, Th,Pt,,Ni;Si; data shown.
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correlation effectwhich is destroyed by dilution of the U —
atoms. In order to persue this point for the pure compound, 600 -
U,Pt,:Si;, we also prepared hTh; PtsSi;. The low-
temperature specific heat shows that, normalized per U mol,
the anomaly is essentially suppressed in the diluted sample,
i.e., the peak in the specific heat fogR4; sSi; appears also to

be a correlation effect, as proposed in Ref. 2.

Thus, UPtsSi; has an anomaly in the specific heat that
has at least some magnetic charagteflection point iny, ]
AC is field dependent This anomaly is strongly dependent L R’ %0k00 0]
on U 5f-electron hybridization with both the Pt and Si sites. 0 5 10 15 20
(Ni shifts the peak inC/T to lower temperatures while ex- T [K]
tending the upturn inC/T above T™® Co destroys the
specific-heat anomaly; Ge acts the same agTMie anomaly
in C in U,PtsSi; as well as in Ni-doped samples appears to  FIG. 7. Specific heat divided by temperatuigormalized by
be a correlation effect. One possible way to relate all of thesgubtractingC/T for ThyPtsSi; andC/T for the Schottky anomaly,
facts together is to, as proposed theoretically in Ref. 5, con@S in Fig. 3 for U;Pt,5Si; and for CeCySi,. The latter data, which
sider the heavy-fermion ground state as the result of the ind"® essentially equivalefiRef. 13 to those of UBg;, have had the
terplay between intersite spin correlations and on-sitd/9"-temperatur¢T=20 K) extrapolation ofC/T (Ref. 13 sub-
“Kondo-ype" crcening efects. Thus, & completaly heayy- 250 1 00t 10 ocus o e hange wih erperare b e
fermion groun_d state is a result Of. a transformation in th.ethe two data sets on top of one another folr comparison, the
course of which the entropy of disordered local magneti eCySi, data were shifted upwards in temperature by 5 K
moments is effectively transferred to the itinerant electrons” 2 '

(Ref. 9, or a “spin-liquid” state. : ... intheC/T data for CeCySi, shifted in temperature and plot-
Regardless of Wh?ther this theor_y is exactly correct, it 'Sed with the specific-heat of JPt;sSi;. As may be seen in the
certa;:nly_ the case hm _heavy-fermlon hsystems thatC/Som‘ﬁgure from this comparison, the temperature dependence of
mec amsm(or_ mec anlsn')scon_verts the entropy=/ . . the increase inC/T with decreasing temperature in the

TdT) present in thef-electron spin degrees of freedom into 0 heavy-fermion system CegSi, is qualitatively simi-
an mcrease_n@/T (o m ) at Iow_temperatures. We prop“ose lar to that seen above the peak ipRYsSi;. This is at least
that U,Pt;sSi; is the first recognizable example of the “be- supportive of the idea that the rise ®T below 20 K in

tween” case of a system where tiiespin entropy is being ) by g; .

. . . . ,Pt5Si; (and the related WPt ,Ni,Si;) may be a nascent
converted ag |sCI/o_I\_N$recg|n:tro alg'?(h le;ffectlvebmashs grch]und creation of a heavy-fermion ground state which fails below 8
state(upturn in or 8<T< . Fig. 3, but that the Fig. 8, we show the susceptibility data obRt;;Ni,Si;

conver_sion process fails at a finite leading to a peak in together with the data for CeGSi,. That scaling the tem-
C/T with a complex magnetic charactéOne example of aratre for the CeGSi, y data by a factor of 10 and the

the unusual magnetic nature of the anomaly is that, althoug agnitude of they data by the inverse of theamefactor
the high temperature ghs T Curie-Weiss behavior exhibits (x* LT gparaciorisik GiVES sUch perfect agreement with the

antlferromag_netlc correlations, magnetic field shifts theUZPtllNi4Si7 data is noteworthy. Based on this comparison,
anomaly tohigher temperatures, Fig. #.

Thus, within this picture Ni acts to support the conversion
process to lower temperature, leading to a further monotonic 4,
increase inC/T from ~300 mJ/U mol K to almost 600
mJ/U mol K for U,Pt;Ni,Si;. That this upturn inC/T, e o -~ ]
based on Th doping, is a correlation effect is perfectly con- 60ro 18
sistent with known results on, e.g., UBewhere 60% of the
low-temperatureC/T value of 900 mJ/U mol K(Ref. 6 is a
correlation effect which is destroyed by dilution. That the
creation of the upturn irC/T is sensitive to hybridization
(U,Pt,5C0,Si; vs U,Pt;Ni,Si;, Fig. 5) is also consistent with 20r ‘—l i
known heavy-fermion systems, e.g., YPthas® a
C/T(T—0) of ~85 mJ/molK¥ vs 700 mJ/mol K for S T I T - o
UPt{Au. That f-spin degrees of freedom can create an ° s 10 ® 20 % %0
anomaly inC which, upon doping, is converted into an in- temperature [K]
creasing rise inC/T as temperature is lowered has been

pbseryea in pure UBg3 (anomaly mClglt 2.5 K upon dop- FIG. 8. Magnetic susceptibility vs temperature fosRt|;Ni,Si,
ing with, e.g., Th[Ug ¢;Thy oBe;3 has'*” no anomaly at 2.5 (X) and CeCuSi, (squares The susceptibility of the latter is ap-
K, and aC/T(T—0) of 2300 mJ/mol K]. proximately a factor of 10 smaller at a given temperafiirehan

In addition to the above arguments, we would like to pointthat for U,Pt;Ni,Si; at T/10, i.e., the two sets of data scale quite
out that the YPtsSi; data, whatever the correct explanation well. U,Pt;Ni,Si; was chosen for the comparison because the in-
for the cause of the anomaly @, are comparable to those of flection point is depressed below the lowest temperature of mea-
known heavy-fermion systems. In Fig. 7, we show the upturrsurement, see Fig. 1.
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T—0 in this system is interrupted by a peak @GiT with

T o0 S S A WA TM*=0.35 K. Figure 9 shows this peak @/T for CeAl

o ] overlaid on our data for WPt;sSi;. Although this is only at

€ s00f—o I 1 1800 v best a qualitative comparison, the agreement of the data in

é J £ ° Fig. 9 is not uncompelling. An additional important point

£ 300 _3’“‘"’1, oo E that binds together the herein reported magnetic character of

: k4 °<1»:_ ] 8 the anomaly in YPt;sSi; with this anomaly in CeAl is the

X 200 R e 1 1600 ? recent discovery}2 that the anomaly in CeAlis evidently

% oL °°:°! = iqci;)lieqt magnetism. That is, upon (_10pir)g either on the Ce

g wop & Voo, 1w site’ with 5-20% La, or on the Al sité with various dop-

o [ . %000 %00, ants, the anomaly is monotonically shifted to higieand

Q0 R 400 . becomes manifestly a bona fide fully magnetic transition.
_ The speculation ¢12 that if this incipient magnetism peak

in C/T of CeAl; could be suppressdds can the small peak
in C in UBej3 via Th doping, then C/T would continue
rising as T is lowered just as we observe in Ni-doped
FIG. 9. Specific heat divided by temperature foPt]sSi-, nor- U P? S : P

; P : 2 Flsok7.
malized as in Fig. 3, vs the data for the pealGifi for CeAl;. The In conclusion, the anomaly observed in the specific heat at

peak in CeAd sits on top of a large upturn i8/T corresponding to - . .
the creation of a heavy-fermion ground state. In order to qualita—.6'5 K'in UPysSi; may be argued to be the interrupted or

tively compare the two sets of data, we have simply shiftedythe incomplete precursor to a heavy-fe_rmlon ground state. Ex-
axis for the CeAJ data so that the maxima coincide, without any amples of such systems should exist, and further character-

scaling ofC. In order to bring the two peaks onto each other, thelZation of such “between” casé‘écould give further insight
horizontal temperature scales for the two sets of data differ by thé"t0 the mechanism responsible for the transformation of
ratio of the respectivd (C™®9, i.e., by ~6.5/0.38. f-electron spin entropy into large effective masses at low

. _ . temperatures.
the (unknown mechanism for conversion of thespin de-

grees of freedom into an enhanced effective mass is more

effective for CeCwSi, than for the YPt; ,Ni,Si; com- ACKNOWLEDGMENTS
pounds, leading to a less complete transformation of the spin
entropy in the latter intan*, or C/T entropy. Work at Florida was performed under the auspices of the
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