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Phase diagram of the heavy fermion system YbFe,Ge, under pressure
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The phase diagram of the heavy fermion compound YbFe,Ge, under high pressures P=<18.2 GPa was
obtained by electrical resistivity measurements. Pressure drives the system from a paramagnetic Fermi liquid
state to a magnetically ordered state, with a quantum critical point at P-=9.4 GPa. In the vicinity of P a
non-Fermi-liquid behavior ascribed to two-dimensional antiferromagnetic fluctuations is observed. In the mag-
netic side, the resistivity shows the existence of spin-wave excitations characteristic of an antiferromagnet.
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The study of the ground-state properties of strongly cor-
related f-electron systems such as heavy fermions (HF’s)—
e.g., Ce-, U-, or Yb-based intermetallic compounds—is one
of the most attractive topics in modern condensed matter
physics. Of particular interest is the investigation of HF sys-
tems under high pressure that are close to the borderline
between the magnetically ordered and nonmagnetic ground
states—i.e., close to a magnetic quantum critical point
(QCP).! This is related to the fact that critical fluctuations in
the vicinity of a QCP strongly affect the physical properties
of the system and result in non-Fermi-liquid (NFL) behavior
and the formation of new ground states? including unconven-
tional superconductivity and novel phenomena.>~’

Despite the great number of magnetic Ce- and U-based
HF materials studied close to a QCP, few examples of quan-
tum criticality in nonmagnetic (NM) Yb-based HF com-
pounds under pressure experiments' have been reported. This
is due to the scarcity of clean Yb HF compounds and/or
because such compounds require very large pressures to
achieve a magnetically ordered (MO) state. In the latter case
the thermodynamics characterization of the induced mag-
netic QCP at the critical pressure (P.) is nonfeasible, at
present.® Instead of P, an external magnetic field B has been
recently used as a control parameter to study a field-induced
QCP in antiferromagnetic (AF) Yb HF systems,! despite only
a few cases having been reported.”!® More recently, Moss-
bauer experiments under high pressures on YbRh,Si,
showed a first-order transition (FOT), from a low-moment
(LM) to a high-moment (HM) state, at Pz~ 10 GPa,'! and a
similar FOT was reported in YbAgGe.'? Therefore, the dis-
covery of a new Yb-based HF and its study under pressure
may give important contributions to the understanding of the
quantum criticality in HF’s.

The recently discovered HF material YbFe,Ge, with a
paramagnetic Fermi liquid (FL) ground state at ambient pres-
sure (P=0) is a promising candidate for the study of the
quantum critical region of the phase diagram. It crystallizes
in a tetragonal ThCr,Si,-type structure with lattice param-
eters: a=3.924 A and ¢=10.503 A.'3 Previous susceptibility
x(T) and specific heat C(T) measurements on this compound
revealed a NM state with a broad maximum in y(7) around
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I5K and C(T)=yT+BT*> below 20K with vy
=200 mJ mol~! K=2. These results point to a nonmagnetic
Fermi liquid state with a characteristic 4f energy of ~75 K,
characterizing this compound as a moderate HF system at the
border between the Kondo and the intermediate valence
regime.'3 In this Rapid Communication we report the phase
diagram obtained from high-pressure electrical resistance
measurements on a stoichiometric polycrystalline YbFe,Ge,
sample.

Small pieces were prepared out of the polycrystalline
batches, as reported in Ref. 13. Powder XR diffraction con-
firmed these samples to be single phase. The large residual
resistivity po=60 u{) cm, despite a rather good resistivity
ratio RRR = §, might be due to the presence of poorly con-
ducting grain boundaries. Electrical resistance measurements
under P have been performed using the same type of dia-
mond anvil cell (DAC) described in Ref. 14, with a standard
four-probe method and P =< 18.2 GPa. They were performed
with two different batches of sample for the same DAC setup
and reproduced quite similar results. The resistivity p(7) was
estimated assuming a van der Pauw geometry. A *He-*He
dilution refrigerator was used to measure the electrical resis-
tance down to 0.05 K. An epoxy reinforced with Al,O5 is
used as P-transmitting medium. Pressures were determined
by the induced shift of the R1 fluorescence line of ruby, and
its distribution in the cell guarantees quasihydrostatic P con-
ditions in our experiments (<10%).

Figure 1 shows the temperature dependence of the nor-
malized electrical resistance curves R/R(295 K) for
YbFe,Ge, at different pressures. A zoom-in of the low-
temperature data (7<<20 K) is shown in the inset of Fig. 1. It
reveals the presence of kinks at temperatures 7 around
~]1-3 K for P=11 GPa (Fig. 1) which become more
clearly defined at higher P (inset of Fig. 1). These kinks are
the signature of®~1215:16 the onset of a magnetically ordered
state as discussed below.

The Ap(T)=p—py=T® dependence of the electrical resis-
tivity shows distinct behavior at different ranges of 7. From
the lowest T to an upper limit 7,,,, the coherence tempera-
ture [Fig. 2(a)], e=2 characterizes a FL state for all P
<8.9 GPa.? As shown in Fig. 3, T,,, decreases with P and

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.74.140406

LARREA J. et al.

1.0
0.9
0.8
0.7

g
o

R/R(295K)
=4
W

e e e
[CREES RN

0.1 NEYY 3 101214161820 ]
0.0 L 1 L 1 L 1 1 1 ’II‘(KE L 1 L 1 1 1 ]
0 30 60 90 120 150 180 210 240 270 300
T(K)

FIG. 1. Temperature dependence of the electrical resistance for
YbFe,Ge, compound, at the indicated pressures, normalized to the
resistance value at 295 K. The inset shows a zoom-in for selected
pressures at temperatures 7'<<20 K. The arrow indicates the onset
of the magnetic ordering state.

seems to vanish at the pressure Py=9.4(2). Assuming that the
coherence line is described by a critical and an analytic con-
tribution, (P—Pg)=|-a(T,,;)>=b(T,,;)?*|, where z is the dy-
namic exponent,>® T, increasing almost linearly with P

— P, implies z=2. This is confirmed by a fit using the com-
plete equation. The resulting solid line in Fig. 3 fits the ex-
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FIG. 2. (Color online) (a) Logarithmic plot of Ap(T), where the
solid lines show the 7'-0() dependence over more than one decade
in T associated with a NFL behavior. The arrows indicate the onset
of the FL behavior (7,,;,) and the magnetic ordering state (7). (b)
P dependence of A, the QP-QP scattering cross section. The solid
line represents |P—P0|"0'6(1). Inset: P dependence of the residual
resistivity py; the dashed line indicates the pressure where p, starts
to decrease ~9.5 GPa.
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FIG. 3. (Color online) Suggested phase diagram for YbFe,Ge,.
Open and solid symbols represent two different pressure runs. The
solid lines are fits to 7,,(P) using both mean-field and true critical
contributions (see text) and to Ty(P) considering 2D-AF spin-wave
gaps with a QCP at P-~9.4 GPa (see text). NFL regime with &
=1.0(1) is also shown.

perimental data very nicely. The result z=2 suggests that
YbFe,Ge, is close to an AF instability.*®

In the FL state, the P dependence of the coefficient A,
such that A=Ap/ 72, gives relevant information about the na-
ture of criticality. Figure 2(b) shows the values of the ob-
tained A(P). The ratio Al¥=05
X 107 u€) cm (mol K mJ~!)2, taken from P=0 data, is typi-
cal of HF’s with the degeneracy of quasiparticles (QP’s) N
=2; i.e., most of the degeneracy is lost because of the large
crystal-field splitting A’.'” The values of A(P) exhibit a pro-
nounced increase from 5 GPa up to pressures close, but be-
low, P, and can be fitted by A(P)x|P—Py|™, with n
=0.6(1). This value is in agreement with the spin fluctuation
(SF) theory (n=0.5) for a system in the nonlocal critical
regime of the AF-QCP.>!® Since YbFe,Ge, behaves as a true
FL for P< P, and T<T,,, the behavior of A(P) in Fig. 2(b)
indicates that the whole Fermi surface undergoes singular
scattering at P,.'31?

Another piece of evidence of QCP is shown in Fig. 2(a),
where NFL behavior is found for P close to P, and above
some characteristic temperature T,,, or Ty(P)—i.e., in the
NM and magnetic (M) sides of the phase diagram. An expo-
nent £=1.0(1) is valid over more than one decade in 7. The
exponent £=1 generally indicates the presence of two-
dimensional (2D) AF spin fluctuations at the QCP.3!® The
fact that the NFL behavior is larger at 9.5 GPa (at least down
to 2 K) reinforces the argument that the QCP should be lo-
cated close to Py=9.4 GPa.

The inset of Fig. 2(b) shows the P dependence of the
residual resistivity py(P), which was estimated from the av-
erage value of the resistivity between 7~0.1 and 0.2 K for
all pressures except for the case of P=9.5 GPa, where a
linear extrapolation down to 7=0 was done. The error bars in
po are rather small even in the case of P=9.5 GPa. A broad
maximum of py(P) is observed in the FL regime, with a clear
reduction in p, as approaching 9.5 GPa. This trend of py(P)
has been reported in other Yb-based HF’s.!>!1620 The peak in
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po(P) occurs close to the critical pressure with the appear-
ance of magnetic order and reveals the presence of charge
(valence) fluctuations, as discussed below. One can argue
that the YbFe,Ge, system belongs to the class of materials
where P may induce a valence change towards a magnetic
Yb3* state.!® Therefore the existence of a magnetic QCP,
close to Py=9.4 GPa, is consistent with the p,(P) profile.
The downturn of py(P) at 9.5 GPa suggests that most of the
magnetic moments are already ordered at that pressure. In
the following, we show an approach that takes into account
spin waves (SW’s) in the magnetically ordered phase, which
allows us to infer from our data the existence of a magnetic
QCP at P-=9.4 GPa.

A clear indication of magnetic ordering are the kinks in
the p(T) curves for P=11 GPa [inset of Figs. 1 and 2(a)]
which can be identified as Ty. The increase of Ty with P
indicates that YbFe,Ge, develops a long-range-ordered mag-
netic state, possibly AF, out of the QCP. So, other aspects
about quantum criticality can be inferred in the magnetic
phase, above 11 GPa and below Ty(P). The low-energy
magnetic excitations (magnons or spin waves) scatter the
conduction electrons, giving rise to a magnetic contribution
p.(T) to the resistivity that is usually obtained by subtracting
the phonon contribution p,,(7). Since the latter can be safely
neglected in the YbFe,Ge, sample below Ty(P),?! the mag-
netic resistivity data at low temperatures are given by
(1) =po+psw(T)+mT". pgy is the SW contribution, and the
second term mT", with 1 <n <2, takes into account electron-
electron (ee) scattering.!®?>"2 In anisotropic antiferromag-
nets, the dispersion relation of the hydrodynamic spin-wave
modes is given by w(k)=\A%+Dk? where A is the SW gap
and D the SW stiffness. The magnon gap is due to the mag-
netic anisotropy arising from the peculiarities of the induced
magnetic structure of YbFe,Ge, and the high anisotropy of
the electronic f states.'>?> For kzT<A, one finds, for

psw(T),*
2<kBT) 2 (kBT)Z]
+ -\ — |+ =\
3\Aa )15\ A )
(1)

where the coefficient C is related to the spin-wave stiffness
by Dx1/C?? or T'ec1/C"3, where T is the effective mag-
netic coupling between Yb ions.

The resistivity data were fitted in the range of temperature
T;;,<0.55Ty [Fig. 4(a)], where p, is taken as the only fixed
parameter in the fit. One can see—for instance, at P
=18.2 GPa—that the spin-wave contribution to p,,(7) is
dominant. This guarantees that the values obtained for the
gap A and the parameter C from the fits are quite reliable.
Figure 4(b) shows the pressure dependence of the gap A(P),
the stiffness D(P), and Ty(P). There is a clear correlation
between Ty(P) and A(P). Both increase with pressure, show-
ing a developing of the MO state as YbFe,Ge, moves away
from the QCP. In particular, the gap increases linearly with
pressure and faster than Ty and an extrapolation of A/kg
—0 K yields the same critical pressure as before P,
~9.4 GPa.

A 3/2
Psw = C(k_> TI/Ze—A/kBT 1
B
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FIG. 4. (Color online) (a) Magnetic contribution to the resistiv-
ity, p,(T), of YbFe,Ge,, where solid lines are the fits using Eq. (1).
At P=18.2 GPa, the curves labeled with i and ii correspond to SW
and ee scattering (with n=2) contributions, respectively (see text).
(b) Pressure dependence of A, D, and Ty parameters for P
> 11 GPa. The solid line is obtained from Eq. (2) considering a gap
A described by the dashed line and I'/kz~2.42 K (see text).

It is remarkable in Fig. 4(b) that the bare spin-wave stiff-
ness D(P) remains nearly unchanged, and probably finite
down to P. In this way, the disappearance of T as the QCP
is approached can not be explained only by a softening of the
spin waves. Within the spin-wave approach this can occur if
the magnetic excitations are two dimensional and, in agree-
ment with the experiments, they become isotropic at the
QCP. In this case the vanishing of the spin-wave gap at P,
drives the magnetic instability. This scenario was previously
proposed to describe the AF-QCP and FM-QCP transitions
for CeCoGe, ,5Sip75 (Ref. 26) and CePt (Ref. 25), respec-
tively. Continentino et al.?® obtained an expression which
relates Ty(P) with A(P) where A(P)x|8|=|P—P| is taken
as a control parameter. For a d=2 system there is long-range
order at finite temperatures only in the presence of a spin-
wave gap. The critical temperature (S=1/2) is given by

2r

kgTy=

()
J' 2
V1 + (AT) ln{l + 2(A/F)2J

and Ty— 0 when A — 0. So choosing a pressure range where
D(P) is nearly constant and since I’ VD and A(P)
=0.4966|P-9.4| as obtained from the p,, data, the only free
adjustable parameter to fit in Eq. (2) is I'. This yields
I'/ kz=2.42 K, a value comparable with I" values for other
HF’s with magnetic-QCP transitions.>>?® As shown in Fig.
4(b), the critical line Ty(P) is reproduced even far from the
QCP. Since our results for Ty(P) can be described by Eq. (2),
the present mechanism of soft gap and two-dimensional
magnetic excitations gives a plausible and consistent expla-
nation of the quantum criticality of YbFe,Ge, on the ordered
magnetic phase.

Equation (2) is obtained with the assumption that the local
magnetic moments of Yb remain unquenched down to the
QCP. This is consistent with neutron scattering in the mirror
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systems CeRh,Si, (Ref. 23) or CeCug_,Au, (Ref. 27) that
show the presence of local magnetic moments of Ce ions
even at the QCP. Moreover, the two-dimensional character of
magnetic excitations is in agreement with the tetragonal
crystalline structure of YbFe,Ge,, in which the antiferromag-
netic layered squares may be frustrated along the ¢ axis.

In conclusion, the analysis of the p(T) data classifies
YbFe,Ge, as a new HF material where pressure induces
NM-M quantum phase transition with a QCP at P,
~9.4(4) GPa. The inferred quantum criticality of YbFe,Ge,
belongs to the same universality class of those systems found
in the nonlocal critical regime of AF-QCP. The P-induced
non-Fermi-liquid behavior seen as p(7T)«T reinforces the
idea that YbFe,Ge, is driven towards AF instability. At the
magnetic side, we can clearly see in our phase diagram that
an usual linear extrapolation of Ty(P) to obtain P is incon-
sistent. Since our p,,(T) data can be well described by AF
spin waves, we can adopt a model, where two-dimensional
magnons become isotropic or gapless at P, giving rise to a
magnetic instability at the same pressure. This model suc-
cessfully accounts for our experimental results and even al-
lows us to obtain a numerical value for the bare exchange
interaction between the unquenched local moments along the
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relevant planes in the ordered magnetic phase of YbFe,Ge,.
The model also describes quite well the weak pressure de-
pendence of Ty(P) on the MO side, which looks different
from the usual Doniach’s diagram. As recently reported by
Plessel et al.!! for an isostructural YbRh,Si, compound, this
smooth increase of 7y can be understood using a scenario
where dynamical two-dimensional SF act on the LM state.!?
This reinforces the idea that the 2D critical fluctuations are
the main driving force to account for the criticality of
YbFe,Ge,. It would be very useful to perform neutron scat-
tering in magnetically ordered heavy fermions?® to confirm
the behavior with pressure of the spin-wave parameters.'”
Also local probe Yb spectroscopy!!’!>1¢ could help to eluci-
date the importance of valence fluctuations close to a mag-
netic QCP.
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