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Specific heat of UPdAus: Evidence for an unusual heavy-fermion state
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Low-temperature specific heat and magnetic susceptibility are reported foy_Li&Rdl, alloys, for 2.5<x
<3.2 andx=1. These low-temperature properties reflect a competition between ferromagnetic and antiferro-
magnetic interactions between U moments. W&l orders antiferromagnetically at 3 K. Between 5 and at
least 14 K, itsC/T is proportional toT? with a large value of the&€/T intercepty, of about 670 mJ/R and
a slope 3 mJ/Kmol. Below Ty, its specific heat has a magnon-derivEtiterm and a linear term_T),
y.=500 mJ/K? mol. Both values ofy, and y, place this alloy into a heavy-fermion categof80163-
182996)06826-9

According to a recent study by Traet al,* UPd,_,Au, The magnetic measurements reveal a broad range of dif-
alloys crystallize into two different cubic crystal structures. ferent magnetic phases in UPRd Au, alloys. Our suscepti-
UPd,Au forms in a AuCuy-type structure, while alloys cor- bility data confirmed ferromagnetic orderaking place at
responding tox between 2 and 3 form in a AuBeype about 3.4 K in UPd sAu, 5. However, this sample showed
structure. The reported results of the magnetic susceptibilitglso thermal hysteretic effects below about 2.5 K. A discrep-
and electrical resistivity indicated the possibility of observ-ancy between the zero-field-coolédFC) and field-cooled
ing a heavy-fermion statdor alloys belonging to this latter (FC) magnetizations at 100 G is shown in Figal Thus
structure. In particular, the room-temperature electrical resist/Pd, Au, s can be viewed as a reentrant spin gfadhe
tivity for the x=23 concentration exhibited a Kondo-like in- lack of a saturation plateau in the 1.8 K magnetization versus
crease of the electrical resistivity with a decrease of temperanagnetic field as high as 5.5 {hot shown corroborates
ture, while the 4.2 K magnetic susceptibility was strongly
enhanced with respect to ordinary metals.

UPds_,Au, samples, corresponding to=1, 2, 2.5, 2.8, 0 S 10
3, 3.2, and 3.5, were prepared by a standard inert atmosphere 11 T T
arc-melting technique. URB®&u; was investigated as cast r :;o (a)
and after annealing at 800 °C for 10 days. This annealing did 3 o

not affect either the low-temperature specific higdiove 1.1

K) or the magnetic susceptibility, and therefore all other i

samples have only been studied as cast. a2 sample i ° ]

was two phase. In addition to strong lines corresponding to St R

the AuBes-type structure, we observed much weaker lines I * ]

indexable to the AuCsttype structure. All other investigated I

alloys with x=2.5 were single phase, AuBaype, within I °

the resolution(about 5% of our x-ray diffraction analysis.

However, the diffraction lines corresponding to the 3.5

alloy were significantly broader and less intense than those

corresponding tax=3 or 3.2, suggesting an uppetimit of

the stability of the AuBe-type phase. Also, the lattice con-

stant, which increases approximately linearly witbetween

2.5 and 3.2, shows a tendency to saturate beyon8.2.

Therefore, we concentrated our study on YPdAu, alloys

with x between 2.5 and 3.2. .
Our magnetic susceptibility and magnetization results L o .

were in very good agreement with those reported in Ref. 1 ° o o .

for overlapping ranges of temperatures and fields. In general, I e, oeo

we have performed measurements to lower temperaftoes L ° e

1.8 K), which allowed us to further clarify the magnetic na- 05 20 15

ture of ground states. The complete set of results on these

measurements will be published elsewhere. Here we briefly T KD

discuss only our low-temperature magnetic data, which

complement those presented in Ref. 1 and which will serve FIG. 1. Magnetization divided by fiel100 G vs temperature

as a foundation for a discussion of other thermodynamicafor x=2.5 (a), x=2.8 (b); open dots correspond to the zero-field-

and transport properties. cooled, solid dots to the field-cooled data.
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FIG. 3. C/T vs T? for x=1 (AuCus-type crystal structune 2.5,

FIG. 2. Magnetization divided by field5 kG) for x=3 and  and 3 for temperature lower than 10 K.

x=3.2.
C/T is proportional toT? (Fig. 4).

such an interpretation. The discrepancy between ZFC and FC The normal-state specific heat of UpAlI; is anomalous.
susceptibilities persists to much higher temperatures, abofetween 7 and at least 14 (data above 10 K are not shown
18 K, in UPd,,Au, ¢ [Fig. 1(b)]. At this temperature, the in Fig. 3, C/T changes with temperature as in ordinary
ZFC data for fields of the order 100 G have a small locametal (C/T is proportional toT?) with, however, the linear
maximum below which the susceptibility still increases with temperature coefficient,) exceeding that for ordinary
a decrease of temperature. metals by three orders of magnitudey, for

On the other hand, we could not detect any thermal hysUPdAu is about 670 mJ/R mol. This linear temperature
teretic effects fork=3 and 3.2 compositions at accessible Coefficient is reduced by an antiferromagnetic order to about
temperaturegdown to 1.8 K and fields. The susceptibility 500 mJ/K? mol (). The slope ofC/T versusT? above 7
data for both these alloy&ig. 2) exhibit weak maxima near K, or the 8 coefficient, is about 3 mJ/Kmol. In ordinary
3 K, suggesting an antiferromagnetic phase transition occumetals, g is related to the Debye temperature, which mea-
ring at this temperature. This interpretation is corroboratedures the stiffness of the lattice. By making a similar assump-
by the specific heat data discussed further below. tion for UPd,Aus, we arrive at the Debye temperature of

Additional information on the low-temperature states of 160 K, a value somewhat small, but not unreasonable. The
the investigated alloys can be obtained from the temperaturgpecific heat of UPdgAu 3, (not shown, measured between
dependence of the magnetic susceptibility in paramagnetit and 10 K is similar to that of UPgdAu 3, but shows a
states when analyzed in terms of a Curie-Weiss lawproader anomaly associated with the phase transition, which
X—lzng(T_g)/Mgﬁ_ 6, obtained from the low-tempera- Makes the determination ofy; and especiallyy, less reli-
ture data(below 20 K for which the Curie-Weiss law ap- able. In any case, ity and y_ lie in within 10% of the
proximately holds is a monotonic function xf It is positive ~ corresponding values found for tfxe=3 composition.
for x<2.8 and negative fox=3. Based on this observation A similar temperature dependence of the specific heat to
and a variety of detected magnetic phase transitions, we can

argue for the presence of competing magnetic interactions in 600 , .
these alloys. Alloys withx=3 are dominated by antiferro-
magnetic-type interactions, while those corresponding to .

x=<2.8 by ferromagnetic-type interactions. The spin-glass
characteristics detected for some of the samples imply also
the coexistence of these interactions. Some magnetic frustra-
tion can be anticipated considering a disorder on the Be sites, ., .
occupied by Pd and Au, in the AuBeype structure. There
are two inequivalent Be sites with an occupancy ratio of 4:1.
Thus Pd and Au cannot be separated on inequivalent crystal-
lographic sites in the investigated alloys.

Figure 3 shows the low-temperature specific heat data for .
x=1, 2.5, and 3, in the form oE/T versusT?, for tempera-
tures between 1 and 10 K. A maximum i€/T for 500 ; ;
UPd,Au; at 3 K is consistent with a bulk phase transition 0 0.5 !
implied by the magnetic susceptibility. At temperatures T (K5
much lower than 3 K, the specific heat for this alloy has a
temperature variation of antiferromagnetic spin waves; i.e., FIG. 4. C/T vs T? for UPd,Au s below 1.5 K.

mol)

CsT (mJsK




50 BRIEF REPORTS 54

that for UPd,Au; has been previously observed for two UPd,Au s, there is no indication of any phase transition in
other U-based heavy-fermion antiferromagnetbl,; (Ref.  the electrical resistivity. This observation can be understood
4) and UCd,; (Ref. 5. The similarities between UB&u;  in terms of two noninteracting or only very weakly interact-
and UCd;; are quite remarkable. This latter compound,ing electronic subsystems, e.g.f Blectrons of U, respon-
forming also in a cubic-type crystal structure, orders antifersible for the susceptibility and the specific heat, and conduc-
romagnetically at 5 K. Besides the similar temperature detion electrons determining the low-temperature electronic
pendence of their specific heats below and abbye their  transport. However, further inspection of the temperature
YL, vu, and B values are also alike. The consequence ofariation of the resistivity bears witness to rather unusual
such a temperature dependence of the specific heat is larggeractions between conduction electrons and U moments.
entropy at relatively low temperatures. In both URd s and  1ran et a1 have found that the resistivity for URAu s be-
UCdy,, the entropy associated with the linear term of theyq, 5 i and down to at least 1.1 K changes with temperature
specific heat exceedBIn2 already at ten_wpergtqres Iqwer asTL5 Our measurements in the same temperature regime
than 9 K andRin3 at 13 K. MoreoverC/T is still linear in onfirmed such a temperature variation. Moreover, our mea-

T2 at 13 K for both systems. Thus either the degeneracy Oiurements in théHe range, to about 0.35 K, are also con-
the crystal field ground state is larger than 3 or crystal elec= ' : '

tric field states are not well separated in energy. This secon%'sfl_ehnet _\val'_t5htéms ;?ggfera\grri?e\t?;npiggeg]ecsﬁ theoretically bre-
scenario is more plausible considering all other more thor- icted for near? antiferromaanetic metasnd ex erimgn?
oughly investigated U-based heavy-fermion systems. T y 9 P

date® there has been no single, direct evidence repdiites :t:g/vé)?hssrcvriiacallln rseosns]l(jreaggfzrrr:tri]rq]agr?gl(lf]ertTi]ca;er:jalSarJ:rita i
inelastic neutron scatteringf crystal electric field levels in P p g mag P 9

any U system with strongly enhanceiT at T=0. netic phases. Although UBAu; order antiferromagneti-

The lack of any theoretical understanding of such a tempally according to its magnetic susceptibility and the specific

perature dependence of the specific heat in WRd;, the heat, it can also be viewed as a limiting case of the antifer-

lack of any information on crystal fields, and the large mea_romagnetlsm since it lies near the borderline in the alloy

sured ertropy values makes the interpretationgfand y,  GATTEE ST SRUETE CIOVERE L AT ST
difficult. By no means can we directly relate these values t P : . ge, there
. . . . . been other reports of such an exofion-Fermi-liquid-like
the electronic density of states at the Fermi level as it is i L .
: ; . emperature dependence of the resistivity for systems with
ordinary metals. At the same time, the order of magnitude o . . ; N .
. Lo . . “competing antiferromagnetic and ferromagnetic interactions.
vy andy, is a clear indication of the heavy-fermion state in .
UPd-AU In summary, we report a heavy-fermion system
2RU3.

; : . UPd,Au; with an unusual temperature dependence of the
Other investigated URg ,Au, alloys corresponding to 2.3 ; e o i
x=1 and 2.5Fig. 3 have much smaller, but still enhanced, specific heat and electrical resistivity. The magnetization re

CIT values forT—0. (Note that UPGAu belongs to the sults for UPd,_,Au, indicate the presence of competing an-

AUCU A rystal structure. The temperature dependen tiferromagnetic and ferromagnetic exchange interactions. Al-
U-Us-type crystal structurg.fhe temperature dependence loys dominated by ferromagnetic interactions have moderate
of their specific heats is also interesting and will be further

investigated in the future. For both alloy§/T above 5 K values ofC/T for T—0; alloys dominated by antiferromag-

increases faster than linearly, but slower than quadratically':'etlc interactions have large/T at T=0 K.
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