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Unconventional superconductivity and other previously unknown phases of matter exist in the
vicinity of a quantum critical point (QCP): a continuous phase change of matter at absolute zero.
Intensive theoretical and experimental investigations on itinerant systems have shown that metallic
ferromagnets tend to develop via either a first-order phase transition or through the formation
of intermediate superconducting or inhomogeneous magnetic phases. Here, through precision
low-temperature measurements, we show that the Griineisen ratio of the heavy fermion metallic
ferromagnet YbNi4(Pg.9»As0 og), diverges upon cooling to 7 = 0, indicating a ferromagnetic QCP.
Our observation that this kind of instability, which is forbidden in d-electron metals, occurs in a heavy
fermion system will have a large impact on the studies of quantum critical materials.

solute zero. In matter, when such quantum
fluctuations are tuned by a nonthermal con-
trol parameter such as pressure, they may become
sufficiently large to cause a quantum phase tran-
sition into a new ground state. If the transition is
continuous, it gives rise to a quantum critical point
(QCP) (1-3). QCPs have been observed in a num-
ber of antiferromagnetic (AFM) d- and f-electron
metallic systems (4, 5) but are thought not to exist
in ferromagnetic (FM) metals for several reasons.
Theoretical considerations for itinerant (such
as d-electron) systems exclude a FM QCP at field
H =0 in clean materials and rather point to a FM
quantum phase transition of first order (6-9). Ex-
periments indicate that FM QCPs are preempted
by the development of superconducting (10, 11),
modulated (/2) or spin-glass-like (/3) phases, or
a first-order FM quantum phase transition (/4).
In f-electron systems, Kondo screening competes
with magnetism and permits QCPs, at which the
Kondo effect may even be destroyed, as shown in
the AFM heavy-fermion metal YbRh,Si, (15-17).
For a FM f-derived Kondo-lattice system, it has
been shown theoretically that the Kondo screen-
ing may completely disappear deep inside the
ferromagnetically ordered phase (/8). It remains
to be shown, however, whether the FM QCP con-
curs also with a Kondo-destroying one.
An ideal method to probe the existence of
a heavy fermion QCP (which is generically sensi-
tive to pressure) is to perform combined measure-
ments of the volume thermal expansion, B(7’),
and specific heat, C(T"). Both B(7)/T and C(T)/T
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diverge upon approaching the QCP, but the di-
vergence of B(7)/T is stronger, leading to a di-
vergence of the Griineisen ratio I'(7) = B(T)/C(T).
If the divergence of the Griineisen ratio follows
apower law, [(T) o< T, the critical exponent
yields insight into the nature of the QCP (79).
For instance, in CeNi,Ge, A = 1 is observed, in-
dicating a three-dimensional (3D) spin-density-
wave QCP (20). For the unconventional quantum
critical material YbRh,Si,, a fractional exponent,
A= 0.7, was found (20).

In this report, we show that in single crys-
tals of the weak 4f-derived metallic ferromagnet
YbNiyP,, a FM QCP can be induced by applying
negative chemical pressure—substituting 10% As

A

for P. At this QCP, B(7)/T, C(T)/T, and T'(T)
diverge with unusual power-law exponents.

Stoichiometric FM metals with a Curie tem-
perature 7 below 1 K are very rare. The Kondo-
lattice system YbNiyP, is one, with a remarkably
low Tc=0.17 K (21). This is mainly a result of
substantial Kondo screening (with a Kondo tem-
perature Tk ~ 8 K) of the magnetic Yb>" ions
[Ni is not magnetic (22)], leaving a FM ground
state with a small ordered moment of ~0.05 Bohr
magneton (ug) (23) and strongly enhanced electron-
electron correlations (27). It is, therefore, a partic-
ularly suitable system to search for and explore
FM quantum criticality.

A preliminary study on YbNi4P, polycrys-
tals, in which the low-temperature transition at
Tc was discovered (21), indicated peculiar non-
Fermi liquid (NFL) properties in transport and
thermodynamic quantities above 7¢: in partic-
ular, a stronger-than-logarithmically diverging
Sommerfeld coefficient C(7T')/T and a linear
T-dependence of the electrical resistivity p(7').
These results suggest the proximity of a FM QCP;
Tc could be tuned smoothly to zero through the
isoelectronic substitution of larger As for P, ex-
panding the crystal lattice and causing, in Yb sys-
tems, an increase of Tk and a reduction of 7T
(24). We report thermodynamic and transport
measurements on single crystals of stoichiometric
Yle4P 2 (23) as well as YbNi4(P17XASX)2, with x
between 0.04 and 0.13. YbNiyP; has a crystalline
structure of the tetragonal ZrFe,Si, structure type
(P4y/mnm), with the Yb** ions located between
chains of edge-connected Ni tetrahedra. The Yb
ions form chains along the crystallographic ¢
direction, with the lattice parameter a = 7.0565 A
being almost twice as large as ¢ = 3.5877 A
(Fig. 1A, inset) (22). Band-structure calculations
show that three sheets of the Fermi surface have
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Fig. 1. Temperature dependence of the magnetic and electrical properties of YbNi,P,. (A) Real part of
the magnetic susceptibility x' plotted as a function of temperature, measured perpendicular (y',) and
parallel (x)) to the c axis. The orange dashed line emphasizes the T~-¢ behavior of ', versus T
below 10 K. (Inset) Unit cell of YbNi4P,. (B and C) Electrical resistivity p plotted as a function of
temperature and measured with currentj (B) perpendicular and (C) parallel to the crystallographic
¢ axis. The kinks at T¢ disappear at fields poH > 0.05 T in both field directions. At a field of 0.1 T,
both resistivities follow a temperature dependence close to 7% below Ty, (arrows).
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Fig. 2. Magnetic phase diagrams A
of YbNi4P,. (A) C/T versus T of

YbNi4sP, measured at magnetic LT

fields H |l c. The dashed orange
line emphasizes the T~%** power-
law behavior observed above 0.2 K
up to about 6 K. The dotted black
line is the specific-heat contribu-
tion calculated within the single-
ion S = 1/2 Kondo model of (25),
with Tx = 8 K and C/T scaled by a

factor of 0.5 for better visibility. (B)
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are aligned within the (a,b) plane, by a phase transition of the second
order (solid black line). The dashed lines in (C) and (D) indicate the cross-
over between the PM and the ferromagnetically polarized (FP) regions,
determined by the maxima in the ac-susceptibility (fig. S8). (D) Magnet-

a pronounced 1D character (27), which may be
relevant to the understanding of the unusual NFL
behavior of YbNiyP,. Because adjacent Yb chains
are shifted by ¢/2, Yb*" ions experience a crys-
talline electrical field (CEF) that is rotated by 90°
from chain to chain, although the symmetry on
each Yb site is the same. This causes frustration
between neighboring chains, which together with
strong electron-electron correlations may enhance
the strength of quantum fluctuations.

We first focus on stoichiometric YbNi4P,. The
strongest evidence of the FM order is provided
by the real-part of the ac-susceptibility, x'(7’), mea-
sured both with field H |l ¢ (/) and H L ¢ ()
(Fig. 1A). Although the CEF anisotropy results
in a much larger ground-state moment along the ¢
direction than in the (a,b) plane, the FM ordering
is perpendicular to c¢. As T is lowered toward
Tc = (0.150 £ 0.005) K, ', increases sharply
up to a value of ~200 x 10~® m*/mol (=4 in SI units).
Below T¢, a pronounced increase of the imag-
inary part ", of x..(7) (HLc) is observed, repre-
sentative of energy dissipation (fig. S7). In the
same 7 region, %', is only weakly 7-dependent,
possibly because the coercive field of the mag-
netic hysteresis is very small (27). ¥, increases
with decreasing 7; following a 7~ %°® power law
below 10 K down to T, where it saturates at a
value of ~17 x 10~¢ m*/mol. This anisotropy of
the susceptibility suggests that the spins align
perpendicularly to the ¢ direction, and 'y mea-
sures the transversal fluctuations. Clear kinks are

(fig. S8).
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Fig. 3. Tuning T¢ to zero by As substitution. (A) Specific heat C(T) divided by T of YbNi4(P,1_,As,), for
indicated values of x at H = 0. With increasing x, the FM transition temperature is tuned to zero. For x =
0.08, CIT follows a T-°* power law with a deviation below 0.25 K to 7~°3¢ (orange dashed lines). (B)
Linear thermal-expansion coefficient o(T) divided by T of YbNi,(P1_,As,), with x = 0, 0.08, and 0.13
measured in zero field along (ollc) and perpendicular (o.Lc) to the ¢ axis. Here, the orange dashed
lines emphasize the T7%> and —T~%%¢ power-law behavior of o/T versus T along the crystallographic ¢
and a directions, respectively. For YbNiz(Pg g7AS0.13),, the coefficient a(T)/T tends to saturate below 1 K,

indicating noncritical behavior.

seen at ¢ in the resistivity curves p, (7') and
pi (7)), with current j perpendicular (Fig. 1B)
or parallel (Fig. 1C) to the ¢ axis. Below 7, the
resistivity follows a 7" power law, with n, =2.9
and ) = 2.5, very likely because of charge-carrier
scattering from FM magnons. As in the poly-
crystals, the resistivity is quasi-7-linear just above
Tc. Such a NFL property, when observed over a

sufficiently extended temperature range, is com-
monly considered a hallmark of quantum criti-
cality (1, 2, 15, 16). Because of the relatively low
Kondo temperature, Tx ~ 8 K, a proper p ~ 7"
behavior is observed only within the rather nar-
row temperature window 0.15 K<7<1K. In
this range, p =po + 47", withn, = 1 and ny = 1.2,
and the coefficient 4, = 21.6 microhm-cm/K is
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QCP is located at x. = 0.1. (C)
Temperature dependence of C/T
and B/Tfor the YbNi4(P0_92ASg_03)2 C
sample, which is the sample
closest to the FM QCP. Both quan-
tities diverge with decreasing

Whereas for YbNiyP,, a change of sign in
o(T)/T is clearly visible at 7 (Fig. 3B), as ex-
pected at a second-order phase transition (30),
for YbNiy(Pg.92AS0.08)2, no sign change can
] 8 be seen down to 0.06 K, in accordance with

w
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of the absolute value of the di- 3 < with 3D FM spin fluctuations (/9), the power-
mensionless Griineisen ratio " = T | 2 law divergence of the Sommerfeld coefficient
VoKt * B/C for x = 0.08 [using YbNi (P, 0,ASq 6e), C(T)/T is at odds with the expected logarithmic
the isothermal compressibility 0L~ '0'1 S— 40 behavior, C(T)/T o log(1/T), for an itinerant

Kr="5.3x10"* Pa " of YbRh,Si,
(33)] which reveals the presence
of quantum critical fluctuations at the FM QCP. The dashed red line emphasizes the T-%22 divergence of I'(T)
in zero field.

3D FM QCP (19). For x = 0.13, o(T)/T saturates
below 1 K, indicating the crossover to a heavy
Fermi liquid phase (31).

The key evidence for the FM QCP in
YbNiy(P,—,As,); is summarized in Fig. 4C. At
x = 0.08—very close to x.—not only do both
C(T)/T and B(T)/T diverge with power-law ex-
ponents 74 (773 below 0.25 K) and 7~ %%,
respectively, but the dimensionless Griineisen
ratio diverges as T(7) oc T %2*0%% (Fig. 4C,
inset). This strongly indicates the existence of a
QCP atx. = 0.1. The critical exponent A =—0.22
rules out an itinerant QCP scenario because it
leads to vz = 5, which is much larger than for

much larger than 4y = 3.8 microhm-cr/K' 2. This
indicates a Fermi velocity that is much higher
along the Yb chains than within the (a,b) plane,
which is in accordance with the anisotropic Fermi
surface (21).

Additional thermodynamic evidence of the
phase transition at 7 and of the in-plane FM
order is presented in Fig. 2, A and B, in which the

To approach the QCP, we used arsenic
substitutions of x = 0.04, 0.08, and 0.13 in
YDbNiy(P;_,As,),. The QCP is achieved at x. =
0.1, as demonstrated by calorimetric and dila-
tometric results in Fig. 3, A and B, and in the
phase diagram of Fig. 4B. For x = 0.04, the
phase transition remains FM and second order
(Fig. 3A, green diamonds); in fact, C(T)/T of

T and H dependences of the specific heat are
shown together with the result of the single-ion
Kondo model (25). At H=0, a sharp A-type phase
transition in C/T versus 7'is observed, associated
with a small change of the molar 4f-derived en-
tropy (1% of RIn2, with R = 8.31 J/molK). A mag-
netic field applied parallel to the ¢ axis shifts
the transition temperature to lower 7' (Fig. 2A),
whereas for H 1 ¢, the crossover to the polarized
state is shifted to higher temperatures (Fig. 2B).
This is corroborated by the H dependence of
x'(T) (fig. S8, A and B): For H L c, a sharp peak
appears already at very low fields, where the sys-
tem directly enters the polarized state, and then
broadens at higher fields. The resulting magnetic
phase diagrams are displayed in Fig. 2, C and D.
These observations point to in-plane FM order in
YbNi,P,, although neutron-diffraction experiments
are required to determine the exact magnetic struc-
ture, which very likely is not collinear.

At H =0, C(T)/T increases below 6 K, fol-
lowing a 7~ %*%92 power law over a notably wide
range down to 0.2 K, where classical thermal
fluctuations associated with the phase transi-
tion set in. A similar power law [C(T)/T o< T 04
has been observed at the field-induced QCP of
YbRh,Si,, an AFM system with strong FM fluc-
tuations (/5). For YbNiyP,, a pronounced A-peak
at 7¢ indicates a second-order phase transition.
This, and the distinct NFL properties above T¢,
suggest that this compound is located in the close
vicinity of a QCP, where 7 — 0 smoothly.

www.sciencemag.org SCIENCE VOL 339 22 FEBRUARY 2013

YbNig(Po.osASo.04)> has been measured at H L ¢,
and the transition was found to be shifted to
higher T with increasing H (fig. S6). For x=0.08,
C(T)/T increases continuously down to 0.06 K,
and no phase transition is detected. C(7')/T can
be described by the same 7-dependence as for
YDbNiyP, down to 0.25 K, where a slight devi-
ation from this power law (to 7’ ~036) s visible
(Fig. 3A, orange dashed lines). Pronounced
changes of the 7-dependence of C(7)/T and
of the Griineisen ratio I'(7) were observed in
YDbRh,Si, below 0.3 K (5, 15, 20); in our case,
this deviation results in only a minor change of
I'(T) (figs. S12 and S13). Measurements of '(7)
down to 0.02 K picked up a transition at 0.028 K,
which is similar to the behavior observed in
YDbNiyP, (Fig. 4A and fig. S9). This implies that,
also for x = 0.08, the transition is FM and sec-
ond order. For x = 0.13, no phase transition is
observed, and C(T)/T versus T seems to follow
the same 7" dependence down to 0.1 K, but with
smaller absolute values. This indicates that the
same power-law divergence observed in C(7)/T
for the pure system is retained across x..

The observed NFL features suggest the pres-
ence of strong quantum fluctuations (12, 13, 26-29)
but do not directly imply the existence of a FM
QCP, that these fluctuations become critical at
x.=~0.1 (13, 29). One key experiment to provide
direct evidence of quantum critical fluctuations
is the combined measurement of the volume-
thermal-expansion coefficient B = oy + 20, (with

itinerant FM systems (v = 1/2, z = 3).

The unexpected power-law exponents in all

thermodynamic quantities, indicating the pres-
ence of strong FM quantum critical fluctuations,
require new theoretical concepts beyond the itin-
erant spin-fluctuation theory (2). These concepts
must take into account the localized nature of
the Yb-4fstates in the presence of very strong
spin-orbit coupling when compared with the CEF.
Further, the Kondo coupling of the 4f'states to the
conduction electrons must be considered. Iso-
thermal measurements of the Hall coefficient on
YbNiy(P;—,As,), with x > ~0.1 under hydrostatic
pressure would greatly help to investigate the
exciting possibility that the FM QCP concurs
with a localization-delocalization transition of
the Yb-4f states, similar to what was reported
for YbRh,Si, at its AFM QCP (5, 16, 17). The
extent to which the FM instability in As-doped
YbNiyP, is affected by the 1D character of the
electronic structure must also be clarified.
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Living Crystals of Light-Activated

Colloidal Surfers

Jeremie Palacci,** Stefano Sacanna,” Asher Preska Steinberg, David J. Pine,* Paul M. Chaikin*

Spontaneous formation of colonies of bacteria or flocks of birds are examples of self-organization
in active living matter. Here, we demonstrate a form of self-organization from nonequilibrium
driving forces in a suspension of synthetic photoactivated colloidal particles. They lead to
two-dimensional “living crystals,” which form, break, explode, and re-form elsewhere. The dynamic
assembly results from a competition between self-propulsion of particles and an attractive
interaction induced respectively by osmotic and phoretic effects and activated by light. We
measured a transition from normal to giant-number fluctuations. Our experiments are quantitatively
described by simple numerical simulations. We show that the existence of the living crystals is
intrinsically related to the out-of-equilibrium collisions of the self-propelled particles.

elf-organization often develops in thermal
equilibrium as a consequence of entropy
and potential interactions. However, there
are a growing number of phenomena where order

Fig. 1. (A) Scanning electron microscopy (SEM) of
the bimaterial colloid: a TPM polymer colloidal sphere
with protruding hematite cube (dark). (B) Living crys-
tals assembled from a homogeneous distribution (inset)
under illumination by blue light. (C) Living crystals melt
by thermal diffusion when light is extinguished: Image
shows system 10 s after blue light is turned off (inset,
after 100 s). (D to G) The false colors show the time
evolution of particles belonging to different clusters.
The clusters are not static but rearrange, exchange
particles, merge (D—F), break apart (E~F), or become
unstable and explode (blue cluster, F~G). For (B) to
(G), the scale bars indicate 10 um. The solid area
fraction is @, ~ 0.14.
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arises in driven, dissipative systems, far from
equilibrium. Examples include “random organi-
zation” of sheared colloidal suspensions (/) and
rods (2), nematic order from giant-number fluc-

tuations in vibrated rods (3), and phase separation
from self-induced diffusion gradients (4). Bio-
logical (5-7) and artificial active particles (§—11)
also exhibit swarm patterns that result from their
interactions (/2—15).

In order to study active, driven, collective
phenomena, we created a system of self-propelled
particles where the propulsion can be turned on
and off with a blue light. This switch provides
rapid control of particle propulsion and a con-
venient means to distinguish nonequilibrium ac-
tivity from thermal Brownian motion. Further,
the particles are slightly magnetic and can be
stabilized and steered by application of a mod-
est magnetic field. Our system consists of an
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