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To elucidate the ground state of the pressure-stabilized high-tempetEflirghase of YbInCy, we have
carried out electrical resistivity and ac-susceptibility ,. measurements at high pressures. For pressures above
2.49 GPa, the first-order valence transition is completely supprébstmiv ~80 mK). Separately, above 2.39
GPa, a clear peak appearsyig. with a small kink inp at aroundly, =2.4 K. They,.peak is easily diminished
by applying low magnetic fields and disappears abe\B90 Oe. The characteristic behavioryaf. at Ty, can
generally be ascribed to the onset of long-range ferromagnetic ordering and, therefore, the ground state of the
pressure-stabilized HT phase is most probably a ferromagnetically ordered state. This result is compatible with
the occurrence of weak ferromagnetism recently reported for the Y-substituted compaygydh ¥hCu, under
pressure of 1.2 GPa.
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The unstable # shell in intermetallic compounds contain- resistivity measurements under pressure up to 3.3 GPa, and
ing Yb or Ce elements leads to a wide variety of physicalfound thatTy, is lowered to a temperature below 1.5 K at 2.5
properties, and recently the pressure-induced magneticall@Pal? Yoshimuraet al. observed 85 K a sharp jump in the
ordered and/or superconducting ground states have been thegnetization and negative volume magnetostriction of
subject of great interest. Due to the hole-electron analogy, iAV/V~ —0.45% at around-30 T3
has been anticipated that application of pressure in Yb-based Our interest is focused on the ground state realized in the
compounds has an opposite effect compared to Ce basedagnetic HT phase after the valence transition is suppressed
compounds, tending to induce a magnetically ordered statey pressure. Svechkareat al. measured the magnetic sus-
from a nonmagnetic state. However, the effect of pressure oceptibility of RInCu, (R=Gd, Er, and Yb up to 0.2 GPa.

Yb compounds has been less studied relative to the intensivessuming a linear extrapolation of their data for YbInGa
studies on Ce compounds. This was mainly due to the rathex higher-pressure region, they predicted that, with increasing
high pressure required to tune the magnetic orderidg: pressure, the negative Weiss temperature at ambient pressure
>20 GPa for YbCuAf P>8 GPa for YbCuSi;> P  approaches the positive value which originates in the back-
>8 GPa for YBNi,Al;® andP>5 GPa for YbNjGe,.* ground interaction, so that ferromagnetic ordering app¥ars.

A set of isostructuralC15b-type ytterbium-based com- For the Y substituted compound of ¥¥¥InCu,, Mitsuda
pounds YIXCu, (X=Au, Cu, Ag, In, Cd, Tl, Mg has arich et al. recently reported that the collapse of the valence tran-
variety of ground statefocalized spin, heavy-fermion, and sition and a ferromagnetic ordering occur at 0.8 GPa almost
fluctuating valencethat are strongly dependent on the spe-simultaneously, and the weak ferromagnetic phase at 1.2 GPa
cies of X atoms® Among the YBXCu, series, YbInCy ex- is characterized by a low Curie temperature of 1.#°Ro
hibits the temperature-induced first-order valence transitioelucidate the ground state of the pressure-stabilized HT
at Ty=42 K,%"which is similar to the pressure-inducedy  phase of pure YbInGy we have carried out electrical resis-
valence transition in Ce metaln the high-temperatur@HT) tivity p and ac susceptibility,. measurements at high pres-
phase of YbInCy, the magnetic susceptibility shows Cu- sures up to 2.58 GPa and at low temperatures down to
rie Weiss-type spin paramagnetic behavior with an effective~80 mK. Above 2.39 GPa, we found a clear peakyip at
moment near the free YbH ion value. In the low- aroundT,=2.4 K with a small kink inp, which can be
temperaturéLT) phase below the valence transition, the Ybascribed to the onset of long-range magnetic ordering. In the
valence is reduced to approximately 2.9 with a unit-cell vol-low temperature region, both at 2.49 and 2.28 GPa which are
ume expansion of 0.5 % The system transforms into the just above and below the critical pressupeshows a mo-
strongly enhanced Pauli paramagnetic stdt€he Kondo notonous decrease down te80 mK without any sign of
temperatureT for each of the HT and LT phases is esti- superconductivity occurrence. Taken together, these data
mated as~25 and~400 K, respectively. yield a new temperature-pressure phase diagram for

Both pressure and magnetic field can be used to induc¥binCu,.
the valence transition in YbInGurom the nonmagnetic LT Single crystals of YbInCuwere grown using a flux tech-
phase (YB®") with larger cell volume to the magnetic HT nique as described in the literatufeTo measurg andy,.at
phase (YB") with smaller oné! Uchida et al. performed  exactly the same pressure, both a single crystal with four fine
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wires of gold for thep measurement and a pick-up coil filled the HT to LT phases. The valence transition temperature
with many small crystals fox,. measurement were mounted T,=42 K at ambient pressure is significantly reduced by
inside a piston cylinder pressure cell constructed of nonmagapplying pressure(The dependence ofy, on pressure is
netic NiCrAl/BeCu. The pressure cell was filled with Daphneshown in Fig. 4 as discussed lajeFhe value ofd T, /dP

oil (7373 as a transmitting medium for hydrostatic pressure.~ —18.5 K/GPa obtained foP>2.0 GPa is comparable
For the experiment below 1 K, the pressure cell was asyjith the value reported previously.At higher pressures
sembled in a®He/*He dilution refrigerator. The value of ahove 2.49 GPa shows no sign of the valence transition
pressure was determined by monitoring the superconductingg\wn to ~80 mK, but a small kink at around@=2.4 K
transition of a tin manometer. The electrical resistivity Was; <tead. This new anomaly inis obvious inT derivative of

measured by a four-probe ac resistance briigeear Re- e -
search, LR-700 The ac susceptibility was measured by the re_z5|st|V|tydp/dT as s_hown in Fig. @) where we pres_ent_
a typical example for this pressure range. Later we will dis-

the conventional method at a frequency of 132 Hz usin the 1 ture d q dbllowing T2
primary and compensated pick-up coils mounted inside th uss the temperature dependence doliowing 1= as seen

pressure cell. n Fi.g. 2Ab).
Figure 1 shows the temperature dependence of the elec- Figures 8)—3(c) show the temperature dependence of

trical resistivity at pressures of 2.21, 2.28, 2.39, 2.44, 2.49Xac andp measured aP=2.21, 2.39, and 2.49 GPa, respec-
and 2.58 GPa. Above-40 K, p exhibits almostT-linear  tively. At 2.21 GPa,x,c shows a small decrease below
behavior and hardly depends on the applied pressures. With 7 K where p exhibits a simultaneous step-decrease. The
decreasing temperature below30 K, p begins to deviate Small decrease i,ccan be associated with the bulk valence
from the T-linear behavior. The sharp drop inobserved at transition from the magnetic HT phase to the nonmagnetic
lower temperatures for pressures between 2.21 and 2.44 GRa phase. On the other hand, above 2.49 GRaexhibits a
(inset of Fig. 1 originates from the valence transition from clear peak at around@i=2.4 K wherep has the small kink
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sof ' ' ' ' ' netic ordering, further experiments with neutron scattering
and/or nuclear magnetic resonance measurements under
(a) L pressure are required.
Figure 3b) shows typicaly,. andp data observed in the
intermediate pressure regidd.28—2.44 GPabetween the
valence transition and the magnetically ordered states. With
decreasing temperature, we observed first a somewhat broad-
ened step decrease around 3.5 Kpimvith a very smally .
decrease, which are attributed to the pressure-suppressed va-
P=2.21GPa lence transition. Then, at lower temperature around 2.4 K,
n 6 g 0 12 12 we observed the cleay,. peak, that can be ascribed to the
T [K] long-range magnetic ordering. Here, one can clearly see that

the x.c peak atTy, is much larger in magnitude than the

, , , decrease iny,cat Ty,. The observation of both the magnetic
801 _ ordering and the valence transition at distinct temperatures is
P=2.39GPa thought to be due to pressure inhomogeneity or perhaps co-
existence of the valence collapse and magnetic order. What
we may conclude here is that the critical pressure between
the valence fluctuation collapse and the magnetic ordering is

located around 2.4 GPa.

The present experimental results are summarized in a
temperature-pressure phase diagram for Ybn&udepicted
in Fig. 4. With increasing pressure, the valence fluctuation is
0 . . . . . suppressed and the magnetic HT phase is stabilized. For the
15 20 25 30 35 40 45 pressure above-2.45 GPa, the valence transition almost

T [K] disappears and the long-range magnetic ordering with ferro-
magnetic components is induced. The given phase diagram
suggests a first-order-like transition between two phases at
the critical pressure-2.45 GPa. The magnetic ordering tem-
peratureTy,= 2.4 K is nearly independent of pressure in the
range between 2.39 and 2.58 GPa.

Figure 2b) showsp vs T2 plot at 2.49 and 2.28 GPa
which are just above and below the critical pressure. They
are roughly proportional td2 below Ty, (for 2.49 GPaand
~3 K (for 2.28 GPa We tentatively fit the data with the
formula expected in the Fermi liquid regim&(T)=Apq
+AT?, whereAp, is the residual resistivity and is the

36T , . . . coefficient of the quadratic ternd is estimated as 0.03..0)
1.5 2.0 25 3.0 35 4.0 wQ cm/K? for 2.28 (2.49 GPa, which appears to change
T [K] more steeply around the critical pressure than the previous
report?° Although a contribution of spin waves to tieterm

FIG. 3. Temperature dependence of the electrical resistivity andvhich generally gived"(n>2) may not be negligible just
ac susceptibility of YbInCyat (a) 2.21 GPa(b) 2.39 GPa, andc)  below T,,, such a large enhancement of thevalue in the
2.49 GPa. ferromagnetically ordered phase may suggest a formation of

the strongly correlated heavy fermion particlas, at 2.49
mentioned above. We also observed that the magnitude @Pa is about five times larger in magnitude than the value
the x.c peak is strongly suppressed by applying low mag-for 2.28 GPa. The pressure-enhanéednd Ap, lead us to
netic fieldsH, and almost disappears fb>500 Oe(see the expect an occurrence of superconductivity near or in the fer-
inset of Fig. 4. These characteristic behaviors pf. ob- romagnetic ordered phase in analogy with YJGRef. 18
served above 2.49 GPa are consistent with the onset of longnd URhGE? For this reason, we measurgdat 2.28 and
range ferromagnetic orderirtg Thus, we may conclude that 2.49 GPa down te-80 mK. As shown in the inset of Fig. 1,
the pressure-stabilized HT phase of YbInCmost likely  however, p did not show any sign of superconducting
possesses a ferromagnetically ordered ground state. This tiansition.
compatible with the occurrence of the weak ferromagnetism In conclusion, we have carried out electrical resistivity
observed at 0.8 GPa for the Y-substituted compoundind ac susceptibility measurements for Yblp@tpressures
YbogYoANCu, below 1.7 KX However, with they,. data  up to 2.58 GPa and temperatures down~+80 mK. The
alone, we cannot exclude a canted antiferromagnetic state aalence fluctuations are suppressed by applying pressure and
one of possible ground states. In order to study the magneticompletely disappear for the pressures above 2.49 GPa. In
structure, magnitude of moments, and mechanism of maghe ac-susceptibility data above 2.39 GPa, we first found the

60

40

p [uQem]
ac-y [arb. units]

20

p [uQem]
ac-y [arb. units]

66}
64}
62}
60}

p [uQcm]

58+

ac-y [arb. units]

224409-3



T. MITO et al. PHYSICAL REVIEW B 67, 224409 (2003
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clear peak at arountly,=2.4 K with the small kink in the magnetically ordered state will shed light on the peculiar
electrical resistivity, that can be ascribed to the onset of dnagnetism in the Yb-based intermetallic compounds.
long-range ferromagnetic ordering. Then we concluded that We wish to thank G.-g. Zheng and Y. Kitaoka for experi-
the ground state of the pressure-stabilized HT phase is mostental support. We also thank H. Shiba for helpful sugges-
probably the ferromagnetically ordered state, though the pogions. One of the autho(g. K.) acknowledges the support of
sibility of a spin canted antiferromagnetically ordered statethe Japan Society for the Promotion of Science for Young
cannot be excluded at present. The critical pressure2#5  Scientists. This work was partially supported by a Grant-in-
GPa between two phases at low tempearture is easily obtaidid for Scientific Research from the Ministry of Education,
able with conventional techniques, and the present finding oBcience and Culture of Jap&Brant No. 14740211
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