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We report the discovery of two consecutive, pressure driven magnetic instablities in Yb2Pd2Sn.
They emerge in a non-Fermi liquid environment at the initial and the final point of a dome-like,
single magnetic phase at pressures pc1 = 1 GPa and pc2 = 4 GPa. This singular behavior of Yb
compounds is supposed to result from mutually competing, pressure modified energy scales, which
in case of Yb2Pd2Sn cause a sign change of the pressure dependence of the Kondo temperature Tk

and magnetic ordering temperature Tn.

PACS numbers: 71.27.+a, 71.20.Lp.72.15.Qm

In many intermetallics with Ce and Yb ions, the ex-
change interaction between conduction (c) electrons and
f-electrons can be tuned by pressure or doping. The en-
suing change in the relative weight of the RKKY and the
Kondo coupling gives rise to many remarkable phenom-
ena, like a zero-temperature quantum phase transition
[1, 2] or multiple phase transitions discussed here. Ce
and Yb intermetallics are often considered as electron-
hole analogues, because Ce fluctuates between the 4f!
and 4f° electronic configuration (EC), while Yb swings
between the 4f'% and 4f'3 state. But despite similar-
ities, pressure experiments show that Ce and Yb inter-
metallics are not simply related by an electron-hole trans-
formation. In Ce systems, pressure favors the low-volume
non-magnetic 4f° EC by increasing the overlap Vy. be-
tween the 4f and ¢ wave functions. This increases the
Kondo temperature, Tk, which depends exponentially on
the dimensionless coupling constant g = I'/n|E|, where
I' « Vf2c and Ey is the excitation energy between the
magnetic and non-magnetic EC. Large values of V¢, can
remove the crystal electric field (CEF) excitations, re-
store the degeneracy of the 4f states, and increases Tk
dramatically. At large enough pressure, Ce intermetallics
are always non-magnetic. In Yb systems, low-pressure
favors the magnetic 4f'* EC by increasing Ey; the small
size of 4f ions and their propensity to valence fluctu-
ations (VF) ensures that Vj. does not change. Pres-
sure, initially, reduces Tx and can lead to a magnetic
ground state (GS). Once the 4f13 EC is stabilized, a fur-
ther application of pressure increases Vy. and Tx and
drives Yb intermetallics towards the VF state. In this
study, we provide the first example of a Yb-based mate-
rial, YboPdsSn, which is driven by pressure through two
consecutive magnetic instabilities. The system evolves,

first, from a non-magnetic to a magnetic state and, then,
back to a non-magnetic one. The ensuing dome-like mag-
netic phase diagram has no analogy in Ce systems.

At ambient pressure, YboPdsSn is in a VF state, with
YDb valence v ~ 2.9 [3]. In such a system, magnetic
instabilities are unlikely [4] and the GS is usually of a
Fermi liquid (FL) type. However, YboPdsSn exhibits
unconventional low-temperature properties, as it is obvi-
ous from the heat capacity Cp(T') and electrical resistivity
p(T) of a polycrystalline sample shown in Fig. 1la. Plot-
ting Cp/T vs. InT reveals two distinct low-temperature
features. First, Cp/T is very large, indicating a strongly
renormalized density of states (DOS) at the Fermi en-
ergy, as expected for a Kondo system. Second, the tem-
perature dependence of C,/T below 2 K is logarithmic,
suggesting a non-Fermi liquid (nFL) GS. These conclu-
sions are supported by the resistivity data. The overall
features of p(T') are typical of a Kondo lattice; the max-
ima in p(7T') render Tk and the CEF splitting [5]. The
linear resistivity (7' < 2 K) is typical of a nFL. The 10Yb
Méssbauer data taken at 50mK (Fig. 1b) show the ab-
sence of long range magnetic order in YbyPdsSn. The
spectrum can be explained by a purely quadrupolar hy-
perfine interaction; the upper limit for the Yb moment
is 0.05 up. Thus, Yb ions in YbePdsSn are presumably
non-magnetic, nevertheless close to a magnetic state.

The resistivity of YboPd2Sn taken at various pressures
is shown in Figs. 2(a,b). For clarity, not all pressure runs
are summarised here. The low-temperature maximum
observed at T)"** for p < 1 GPa and p > 4 GPa sepa-
rates the single-ion Kondo regime, where ¢ electrons are
weakly scattered on localized f states, from the coherent
regime, where f and c electrons form a heavy fermion
band. As discussed in Refs. 5 and 6, T;"*® scales with



Tk. In a narrow pressure-intervall, 1 < p < 4 GPa,
however, p(T') develops new features where the maxi-
mum vanishes and a shoulder-like structure appears (see
Fig. 2a). Similar anomalies occur for pressures of 1.7,
2.5 and likely at 3.5 GPa, at 0.91, 1.23 and 0.45 K re-
spectively (Fig. 2b). Following Fisher et al. [7], we
assume that the inflexion point of dp/dT marks a mag-
netic phase transition. Similar features are observed in
the resistivity of YboPda(In,Sn) for concentrations at
which a magnetic phase transition occurs [3]. There, the
anomalies at T = T are weak, but the antiferromag-
netic (AFM) transition is clearly indicated by a sharp,
A-like, feature in the specific heat data [3]. AFM or-
der with stable Yb-moments (= 1 up) and a propaga-
tion vector k = (0,0,1/2) is revealed by elastic neutron
scattering, too [8]. Such a propagation vector does not
support the idea of a frustrated S = 1/2 XY-like spin
system discussed earlier [9]. Thus, the inflexion point
of dp/dT likely identifies the AFM transition triggered
by the pressure driven emergence of a trivalent state of
the Yb ions. The enhancement of the resistivity below
TN can be understood in terms of superzone boundary
effects; a gap opens in the DOS since the magnetic Bril-
louin zone differs from the electronic one [10]. The appli-
cation of a magnetic field at p = 2.5 GPa (see Ref. [11])
shows that i) a field of about of 3 T quenches magnetic
order, as expected for an AFM state, ii) a power law be-
haviour p(T) oc T1-6 develops above 3 T. Increasing the
field strength to 8 T yields p(T') oc T1-®, which indicates
that the field drives the system towards the FL state.
To prove magnetic order on a microscopic scale, we
have carried out zero field (ZF), weak transverse field
(WTF) and longitudinal field (LF) muon-spin rotation
(uSR) measurements at various temperatures and pres-
sures at the PSI yE1 beam line. upSR is a local probe
measurement of the magnetic field at the muon stopping
sites in the sample. If the implanted polarized muons
are subject to magnetic interactions or externally ap-
plied magnetic field, their polarization [P(t)] becomes
time dependent. By measuring the asymmetric distri-
bution of positrons emitted when the muons decay as a
function of time, the time evolution of P(t) can be de-
duced. Shown in Fig. 3 are ZF runs at ambient pressure
(a) and p = 1.93 GPa (b) for various temperatures down
to 0.27 K. In fact, the ZF measurements at 1.93 GPa ev-
idence clear signs of long range magnetic order from the
oscillatory behavior of the depolarization signal at lowest
temperatures, vanishing for T' > T, while such a feature
is fully absent at ambient pressure conditions. Signa-
tures of a Shastry-Sutherland type magnetic frustration,
as proposed for Ybo(Pd, Ni)3Sn [9], are not observed. ZF
1SR measurements carried out at T = 0.27 K at differ-
ent pressures reveal a continuous growth of the internal
field, corresponding to a growth of the ordered moment,
at least below 1.93 GPa. Moreover, Ty increases con-
tinuously starting from p 2 0.7 GPa as revealed by 50G

WTF uSR data. WTF pSR experiments confirm, in ad-
dition, that magnetism is bulk by occupying more than
90% of the full sample volume, while the LF studies at
p = 1.93 GPa suggests this magnetism to be static (at
least within the muon-time window) thus corroborating
the results of resistivity measurements.

The (T,p) phase diagram of YbaPdaSn revealed by
the resistivity and pSR data is sketched in the upper
panel of Fig. 4. AFM order extends approximately from
Pe1 = 1 to pe2 = 4 GPa, while an absence of magnetic
order is evident for p < p.; and likely for p > p.s, at least
above 100 mK. The Kondo scale inferred from the max-
imum of p(T') behaves antithetic with respect to Tn(p),
in line with the mutually competing RKKY and Kondo
coupling. The residual resistivity, po(p), has a maximum
in the magnetic phase and follows the shape of T (p).
Scattering of c-electrons on static imperfections yields
po = (h/e2)(372) /30 /% where | and n, are the mean
free path and the density of the charge carriers, respec-
tively. Usually, pressure does not modify [; thus the in-
crease of pg reflects a decrease of n., in accordance with
the super-zone gap-opening at the AFM transition.

The pressure dependence of Ty and Tx mimics
the concentration dependence of Ty and Tk observed
in YbaPda(In,Sn) [3]. For the latter, however, the
Griineisen parameter Qx = —9(InTk)/O(InV) is neg-
ative for all concentrations, while in YbsPdoSn, Qi < 0
for p < 2 GPa and Qx > 0 for p 2 2 GPa.

The above phase diagram can be explained by the peri-
odic Anderson model with infinite f-f correlations, a flat
¢c-DOS of half-width Dy = 2 €V and three excited CEF
doublets (N3 = Ny = N3 = 2) separated from the ground
state (N9 = 2) by Ay = 7 meV, Ay = 21 meV, and
Az = 49 meV, respectively. The properties of the model
depend on the dimensionless coupling constant g(p) in
an essential way. As discussed in the introduction, in
YbsPdaSn, g(p) decreases at low pressures. But at large
pressure which reduces the distance between the ligands,
I'(p) and g(p) increase. Thus, g(p) has a minimum as a
function of pressure.

At high temperatures, the model can be solved by
treating the 4f states as incoherent Kondo scatterers
[6, 12]. This yields the correlation functions as universal
functions of T/Tk and also shows that the crossover be-
tween the local moment (LM) and the FL regimes takes
place at Tk [13, 15]. For ny ~ 1, the coupling g(p)
and the scaling invariant Fx = kpTk are related by the
equation [12, 14],

9(p) x exp [—ﬁ} = <%>ND X (1)

Ex + A\ (Ex + A\ (Ex + A3\ ™
D+ A D+ Ay D+ Az ’

kp is the Boltzman constant. Solving for Tk (g) gives the
result shown in Fig. 4(b) by the dashed line which sepa-



rates the high-entropy LM regime from the low-entropy
FL one. For a given Tk(p), the properties of the LM
phase can be calculated by the lowest-order perturba-
tion theory with an effective temperature-dependent cou-
pling g(T) < 1, which is obtained by solving Eq. (1)
for D = kpT [13]. The perturbative results provide
a qualitative description of the experimental data and
also agree with the non-crossing approximation (NCA)
[6, 12] and the numerical renormalisation group calcu-
lations [13]. For T' > Tk, we assume that the f and c
states are weakly coupled and write the free energy as
Fry = Ec+ Ef — E¢e — TSy, where E. and Ey are
the unperturbed internal energies of ¢ and f electrons,
respectively, E¢. is the energy gain due to the hybridiza-
tion, and Sp s is the LM entropy reduced from the free
ion value Sy by the Kondo effect. The scaling solution
gives S = y(T)Sy and E;(T) = (Hep) ~ g(T)Tk,
where y(T') < 1; H.s is the interacting part of the
Hamiltonian. For T > Ty, the approximate relation
y(T) + g(T') ~ 1 shows that a reduction of temperatures
decreases Spa and increases Ey.(T).

At low temperatures, the large entropy of Yb mo-
ments cannot be sustained and it is removed either by
the screening of the LM by conduction electrons or by
the onset of a long range magnetic order. For large Tk,
a crossover is expected but, for small Tk, the energy
gain due to the alignment of the LM leads to a magnetic
GS. The energy due to the RKKY coupling is estimated
by the 2nd order perturbation theory [16] which yields
Erkky(g) = 25(S +1)F(x)Dg?, where z is the number
of nearest neighbors, S is the effective moment of Yb ions
in the GS, F(z) is the amplitude of the RKKY oscilla-
tions, and x = r-kg, where r is the distance between the
LM and kg is the Fermi wave vector. Erx iy is calcu-
lated with unrenormalized g(p), because the LM does not
fluctuate in the ordered phase. Neglecting the entropy of
magnetic excitations in the Néel state, we approximate
the free energy as Fiy = E. + Ef — Egrgky and find, for
Erkky > Ek, the magnetic boundary from the condi-
tion FN = FLM- This yields ERKKY = Efc + TNSLM
and gives Tn(g) = kp[Trrxy(9) — 9(ITn)Tk(9)l/SLm,
where TRKKY = ERKKY/kB and g(TN) is obtained from
Eq. (1) for D = kgTy. For Erxry < EK, the param-
agnetic entropy is removed by Kondo effect; the fully
screened moments do not order magnetically.

To apply these results to YboPdsSn we use the CEF
scheme mentioned before, take z = 6, S = 3/2, calculate
Tn(g) for various values of the amplitude F(z), and then
adjust F'(z) in such a way that the maximum of Tn(g)
coincides with the largest experimental value of T (p).
To compare theory and experiment at other pressures, we
assume a linear relation between p and g(p). Results are
shown in Fig. 4(b), where the full line represents Tn(g),
and the dashed line Tk (g); the unfilled symbols are for
Tn(p) and Tk(p). The model captures the main fea-
tures of the phase diagram: it describes correctly Tk (p)

and T (p), and provides a reasonable explanation of the
present pressure experiments.

At ambient pressure we have Frxxy < Ek, such that
the GS is non-magnetic. The NCA calculations show that
p(T) has a maximum at Tx. The application of pressure
reduces Fx much faster than Frg xy and leads, eventu-
ally, to Ty > 0. For Ty <« Tk, the LMs of the ordered
phase are reduced and, for Ty < T < Tk, the system is
in the nFL state, as indicated by p(T') ~ T/Tk. The case
Tn < Tgk has to be treated with care, because the Kondo
effect in the AFM phase and short-range magnetic fluctu-
ations in the LM phase are not considered here. In that
pressure range, indicated by the shaded area in Fig. 4(b),
quantum critical fluctuations could reduce Tk and Tx to
zero. A higher pressure yields Tn > Tk; but as long as
Tk is close to Ty some screening of the LM remains. This
implies that the AFM state, like the nFL state at a lower
pressure, involves hybridized f-c¢ states. Consequently,
the AFM transition might be due to a spin density wave
instability which partially gaps the Fermi surface.

As long as pressure reduces g(p), the separation be-
tween T and Tk increases. Above some critical pres-
sure, however, Yb ions become rigid and I'(p) increases.
Thus, g(p) saturates at first and then starts to grow. This
leads to a reversed behavior of T (p) and Tk (p): the sep-
aration between T and Tk decreases, and the system
evolves back towards the quantum critical state. Even-
tually, for sufficiently large pressure, we have Fx(p) >
Erxrky(p) and find the FL again.

In summary, YbePdsSn is the first example of a heavy
fermion exhibiting two pressure-driven QCPs associated
with 7" = 0 magnetic instabilities. These QCPs encase
a dome-like phase space with finite-temperature AFM
order. The Anderson model explains the pressure depen-
dence of Ty and Tk, and accounts for the overall behav-
ior of p(T") in YboPd2Sn. We do not expect similar phase
diagrams in Ce compounds, since the effective Kondo in-
teraction and the Griineisen parameter are monotonic
functions of pressure. Thus, the electron-hole analogy
between Ce and Yb materials is broken.

E.B. wishes to thank Osaka University.
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Figures

FIG. 1: (Color online) (a) Temperature dependent specific
heat Cp (left axis) and electrical resistivity p (right axis) of
Yb2Pd2Sn plotted on a logarithmic temperature scale. The
heat capacity is displayed as Cp/T vs. InT. The almost
logarithmic dependence below 2 K is emphasized by a solid
line. A core contribution Cn oc T2 is subtracted from the
raw data. At low temperature p(T") is approached by a power
law, p(T) = po + AT™, (po is the residual resistivity, A is a
material dependent constant); n ~ 1 implies nF1 behaviour.
p100 Kk =~ 91 puQem. (b) 170¥ T, Méssbauer spectra at 50 mK
of YbaPd2Sn. The solid line is a least squares fit (see text).

FIG. 2: (Color online) (a) Temperature dependent electrical
resistivity, p, of YbaPd2Sn at various pressures, normalised
to room temperature. At ambient pressure, prr &~ 87 pf2cm.
Data sets are shifted by 0.05 each to improve clarity. (b) Low
temperature details of p(7") for selected pressures together
with the temperature derivative -dp/dT".The inset reveals an
anomaly of p(T") around 0.43 K at the 3.5 GPa run.

FIG. 3: (Color online) Zero field uSR spectra of Yb2Pd2Sn
for various temperatures at 1 bar (a) and 1.93 GPa (b).

FIG. 4: (Color online) (a) Pressure-temperature phase-
diagram of the magnetic ordering temperature (filled circles,
resistivity; filled hexagons, uSR) and the low-temperature re-
sistivity maximum (filled squares) of YbaPd2Sn. The filled
area sketches the phase space where long range magnetic or-
der exists. The diamonds show the pressure dependent evo-
lution of the residual resistivity po. All lines are guides for
the eye. (b) The characteristic temperatures Tk (p) (dashed
line), Trxky (p) (short dashed line) and Tn(p) (full line)
of YboPd2Sn are plotted versus the interaction strengths
g = I'/n|Ey|. The pressure dependence of I' and Ey is ex-
plained in the text. Two shaded area indicate the transition
region, where Tk (p) and Tn(p) are affected by quantum crit-
ical fluctuations. The experimental data points are added as
unfilled symbols.
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