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Non-Fermi-Liquid Behavior at a Ferromagnetic Quantum Critical Point in Ni,Pdj—y
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Ni,Pd _, is investigated at the border of enhanced Pauli paramagnetism and itinerant ferromagnetism.
We provide convincing experimental evidence for the occurrence of a ferromagnetic (FM) quantum
critical point (QCP). At a nickel concentration= 0.025 = 0.002, the concentration dependence of
the Curie temperature, as well as the temperature dependencies of the electrical resistivity, the magnetic
susceptibility, and of the linear term of the specific heat follow the theoretical predictions of a FM QCP
within experimental uncertainties. [S0031-9007(99)09221-2]

PACS numbers: 71.10.Hf, 75.40.Cx, 75.50.Cc

After the observation of striking departures from therevealed that these fluctuations indeed may exist [16].
predictions of Fermi-liquid theory in bY,_,Pd; [1,2], In CeNpGe [15] the heat capacity and the thermal
during the last decade non-Fermi-liquid (NFL) behaviorexpansion revealed an increase towards low temperatures
of highly correlated electron systems was in the focus ofs theoretically predicted for an AFM QCP. One of the
experimentalists and theoreticians [3]. In most cases reare examples of HFS which is close to ferromagnetic
ported so far, NFL behavior appears close to the phaserder is Th-,U,CwSi, [17]. And indeed, in a limited
boundary of magnetic order. A continuous increase of théemperature range and close to the critical concentration a
linear term of the heat capacity down to the lowest tem4ogarithmic increase has been detected for the linear term
peratures and significant deviations frorifiadependence of the specific heat.
of the resistivity were classified as hallmarks of NFL be- The pured-transition metal systems MnSi and ZiZn
havior. The largest body of experimental evidence hatave been investigated with respect to quantum criti-
been presented in heavy-fermion systems (HFS), in whicbal behavior [11]. Here the resistivity as a function of
competing RKKY and Kondo interactions offer the op- pressure revealed significant deviations from Fermi-liquid
portunity to tune the systems towards vanishing magnetibehavior as ferromagnetism becomes suppressed. Follow-
order. Alloying or pressure have been used to establish iag this line of research we wanted to study a FM QCP
T = 0 K magnetic phase transition. in a transition metal with marginal disorder only. Quite

To describe the experimental observations differennaturally Pd, which is a strongly enhanced Pauli para-
theoretical concepts have been worked out. For Kondmagnet close to FM order, seems to be the ideal starting
systems two-channel [4] and multichannel Kondo modelsnaterial to investigate a FM 0 K phase transition. The
[5] have been developed. In diluted systems whichtheoretical predictions for a FM QCP are a logarithmic in-
reveal inherent disorder, theories taking a distribution ofcrease of the coefficient of the linear term of the specific
Kondo temperatures into account [6] or an interpretatiorheat [12,18], a low-temperature resistivity that follows a
in terms of a spin-glass-like Griffiths phase [7] haveT>/? dependence [12,19], a magnetic susceptibility that
been proposed. Finally, theories were derived whictincreases ago, — x17°/* towards low temperatures [12],
exhibit a ferromagnetic (FM) or antiferromagnetic (AFM) and a dependence on an external system parameter, which
guantum critical point (QCP) characterized byTa=  in our case will be the impurity concentration which
0 K phase-transition temperature. Using renormalizationfollows (x — x.)** [8,12]. x. denotes the critical con-
group theories [8,9] it has been shown that quantuntentration where FM order is suppressed.
systems depend crucially on the spatial dimensions and In this Letter we report on systematic heat capacity,
on the dynamic exponent. Quantum phase transitionslectrical resistivity, and magnetization experiments in
also were described in terms of phenomenological spinNi,Pd —, alloys at ambient pressure. It has long been
fluctuation models with great success [10-12]. known that roughly2.5% of nickel ions doped into pal-

So far most of the investigations in the field of ladium induce FM order [20]. Hence it seems an ideal
HFS deal with vanishing AFM phase transitions (for asystem to study quantum critical behavior as the induced
review, see [13]). From the many systems that havestructural and magnetic disorder is rather small and dis-
been studied, CeGu,Au, [14] and CeNiGe, [15] are  order phenomena are believed to play only a minor role.
the most promising candidates for the observations of &lready 30 years ago, nickel doped Pd has been a para-
QCP. In the former case, heat capacity and resistivitynount example to study the low-temperature heat capacity
can be consistently explained taking two-dimensional spiand resistivity. Within early spin-fluctuation (SF) theo-
fluctuations into account and neutron scattering resultsies [21] the occurrence of an addition&f In(7 /7o) in
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the heat capacity has been predicted, a contribution thatith the data determined from low-field magnetization
still can be described in the framework of Fermi-liquid [20] and from small-angle neutron scattering [29]. The
(FL) theory. But no convincing experimental evidenceresults of the FM phase-transition temperatures vs nickel
has been provided for the existence of this SF term [22-€oncentrationt — x. are shown on a double logarithmic
25]. The electrical resistance at low temperatures in mogtlot. Close tox = 0.1 a clear change of slope can be
cases was analyzed assumin@“adependence [26], but observed. Whilel'. follows a square root dependence at
one report reveals values of the exponent significantly behigh concentrations (see also inset of Fig. 1), it reveals
low n = 2 [27]. a (x — x.)*/* behavior for nickel concentrations close to

Ni,Pd -, samples for concentration = x = 0.1 the critical concentrationx.. Exactly this dependence
were prepared from high purity (5N) starting materials byhas been predicted for a FM QCP [8,12]. From these
argon arc technigues. The samples were remelted margxperiments we determined = 0.026 = 0.002.
times and then annealed for five days at 1000 X-ray Figure 2 shows the electrical resistance as a function of
diffraction and microprobe analysis revealed single-phas&>/3 for concentrations close to the critical concentration.
materials. Magnetization experiments have been peMhile the resistivity forx = 0.026 exactly follows the
formed using a quantum design SQUID magnetomete?’>/? dependence, which is expected at a FM QCP [12],
for temperaturesl.8 < T < 400 K; the resistivity was for more than two decades in temperature, samples with
measured in a He flow cryostat and in %e/*He  slightly higher and lower Ni concentrations clearly show
dilution cryostat for temperaturef.05 < T < 300 K.  significantly increased temperature exponents. To demon-
The temperature dependence of the heat capacity watrate that quantum critical behavior is limited to a narrow
followed in a*He and in a’He cryostat for temperatures concentration range around the critical concentration we
03 <T <30K. fitted the electrical resistivity using(T) = po + A'T".

At first we focus on the concentration dependence of is the residual resistancd! a generalized FL coeffi-
the FM phase-transition temperature close to the criti-  cient, andn a generalized temperature exponent. The re-
cal concentrationT,. does not show up in the temperature sults of these fits are shown as solid lines in Fig. 2 and the
dependencies of the resistivity and heat capacity an@arameters are given in Fig. 3 with(upper panel) and’
has to be determined from the magnetization data [20](lower panel) as a function of nickel concentrations n
Our results for nickel concentrations= 0.1 are plotted is close to 2 for lowx, as expected for a pure FL and
in Fig. 1, together with all published data [20,28,29]is significantly larger than 2 in the magnetically ordered
(we only omitted Mossbauer data where additional Feghase due to the scattering of charge carriers by magnons.
impurities have been used as probe ions [30]). Wen a narrow concentration range decreases and arrives
determined theT, values from the paramagnetic (PM) exactly at a value of = 1.67 close tox.. Concomitantly
Curie temperatures. But they are in good agreemem’ reveals a sharp maximum at the critical concentration.

The valuen = 5/3 characteristic for a FM QCP holds for
concentration®.022 = x =< 0.026 while the prefactor’
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a double logarithmic plot{J) Marian (1937);(A) Crangle
and Scott (1965);(+) Murani et al.(1974); () Fujiwara

FIG. 2. p — po is plotted vsT3/ for three different concen-
et al. (1976); (V) Beille and Tournier (1976)(<) S. K. Burke

trations,x = 0.01 in the PM regimex = 0.026 at the critical

et al. (1982); (@) present data [20,28,29]. The dashed lineconcentration, and = 0.05 in the FM regime. The solid lines
indicates(x — x.)'/2, dotted line(x — x.)**. x. denotes the were calculated according to = py + A’T". In this repre-
critical concentration. The inset shows(x) on a linear scale sentation the resistivity at a FM QCP shows a linear increase
following a square root behavior at high(solid line). (dashed lines). Far = 0.026 solid and dashed lines coincide.
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o 1.0r 7 0.026 were fitted by AC/T = 6 In(T/T,) (solid line). The
o] inset in the upper right corner shows the raw data plotted as
£ C/T vs T?. The solid lines are fits to determine the phonon
< contribution to the specific heat. The fitting paramefein
the NFL regime is shown in the lower inset. The solid line is
drawn to guide the eye.
op , ., -, "0
0 0.05 0.10 but becomes slightly enhanced for low temperatures. For
Ni-concentration x a ferromagnet we expect an increaseCgs> 7°/2, due

FIG.3. A’ andn determined by a fit tgp = py + A'T" Vs to magnon contributions. This, however, |s_not what
Ni concentration®) = x = 0.1. The solid lines are drawn to W€ observe and we speculate that for= 0.05 disorder

guide the eye. Upper panel: Generalized temperature exponegffects contribute to the heat capacity at low temperatures.
nvsx. Lower panel: Generalized FL coefficieat vs x. It is just at the critical concentration th&t/7 increases
logarithmically towards low temperatures as predicted
at a QCP. The logarithmic increase definitely holds
temperature exponent is slightly lowerat= 0.022 and for 0.4 < T < 8 K. Similar results were observed for
that the values ad’ andn are strongly correlated, the best the concentrationsc = 0.022, 0.024, and 0.028. The
estimate of the critical concentration on the basis of therefactor of the NFL contribution of these samples is
electrical resistance experimentstjs= 0.024 *+ 0.002. indicated as solid circles in the lower panel of Fig. 4.
The results of the heat capacity experiments are giveRlearly we find a maximum of the NFL-like heat capacity
in Fig. 4. The upper inset of Fig. 4 shows the resultsatx = 0.025 = 0.001.
plotted asC/T vs T?. From these results, which reveal Finally Fig. 5 shows the temperature dependence of
a constant slope roughly up to 15 K, we determined theéhe dc-magnetization for a series of experiments for con-
phonon contributions for each concentration separatelycentrationsO0 < x < 0.05. At a FM QCP, y = o —
This is important as it has been shown that also®e y,7°/* is expected [12] and hence, we show the mag-
phonon term strongly depends on the nickel concentrationetic susceptibility vs temperature on a double logarith-
[23]. At low temperatures significant deviations from the mic plot. Indeed, close ta, we find an almost linear
normal metallic behavior show up and close to a FMincrease of the magnetic susceptibility with a slopé 6f.
QCP we expecC/T = 8§ In(T/Ty) + BT? [12,18]. To But we have to agree that the magnetic susceptibility is
elucidate this behavior in more detail, Fig. 4 shows thethe least convincing quantity of the data sets presented in
pure electronic heat capacity for three different sampleshis communication. However, the characteristic NFL be-
Here the phonon contributiongg7?, as determined by havior still can be detected over almost one decade. The
the slopes of the solid lines in the inset of Fig. 4,deviations towards low temperatures can be explained by
were subtracted from the raw data. For low nickelthe fact that we performed dc-magnetization experiments
concentrations A = 0.005) we find an almost constant at 0.5 T and any defect states will yield significant devia-
contribution which moderately increases towards lowtions especially at low temperatures. To get more reliable
temperatures, possibly due to contributions from spirresults ac-experiments have to be performed and these ex-
fluctuations. In the magnetically ordered sampte={  periments, including low temperature measurements, are
0.05, T. = 75 K) the linear term increases far > 8 K, planned for the near future.
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