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In the approximately four years since the first review on this subject appeared, a large amount of
additional work—both experimental and theoretical—has been accomplished in the field. In an effort
to keep the original review experimentally current, the compilation of resistivity, susceptibility, and
specific-heat data that was presented in the original ten-page Table II is herein updated with
approximately 60 new systems and 70 new references, adding eight new pages to the compilation. It
is worth noting that approximately 15% of these new entries in fact predate the original review’s
publication; certainly the literature searches employed for this update will also have missed work

worthy of inclusion.
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The materials properties in this update in tabular
form—with, unlike the original review, no accompanying
discussion of the various systems—are only a starting
point for any serious investigation. An in-depth reading
of the original reference(s) and a consideration of the
limits of the cited results listed in this short update is
perforce left to the reader. As stressed in the 2001 re-
view (Stewart, 2001), one important limit is that expo-
nents determined over less than a decade of tempera-
ture (the case for more than half the systems in this
update) must be viewed as indicative only. Also, materi-
als issues (including disorder, reproducibility, and pos-
sible extraneous second phases) are very often impor-
tant in these systems. Thus results for systems
investigated only once (as is the case for the majority of
materials reported here as well as in the original review)
may also prove changeable with further work.

The systems reported represent a breadth of the field
of non-Fermi-liquid (NFL) behavior. Some which al-
ready appeared in the original review—including
Ce(Ru;_,Rh,),Si,, Sr3Ru,05, and YbRh,Si,—have con-
tinued to reveal interesting physics; these new data are
included here. The original review included three sys-
tems based on Yb and none on either Pr or Np; the
present update includes five new Yb-based systems as
well as extensive continuing work on the already re-
ported YbRh,Si,, two Pr-based systems—including the
first work on the important frontier of sub-mK tempera-
tures, and a preliminary report of NFL behavior in the
Np analog of the UCus_,Pd, system. In the original re-
view, only one system was reported where the NFL be-
havior was coexistent with magnetic order; this update
includes data on six new examples. As before, the NFL
behavior is lower in temperature than the magnetic or-
der rather than above as would be straightforward in the
theory; see, e.g., Fig. 2 in the original review. The other
subfield of NFL behavior that has also enjoyed an accel-
eration of growth is where magnetic field, rather than
doping or pressure, is used as the tuning parameter: the
original review reported six such systems while the
present update contains nine new systems as well as fur-
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PACS number(s): 71.10.Hf, 71.27.+a, 75.20.Hr

ther work on SrzRu,0. The data are organized as be-
fore, with the headings in the table the same and the
systems under each heading organized approximately
according to chronological order.

Great efforts have been expended in extending our
theoretical understanding as well. This theoretical work
has often been a synergism with experimentalists to un-
derstand their measurements. Examples of such work
include that by Millis, Schofield, et al. (2002), Kim and
Millis (2003), and others in explaining the physics of
Sr;Ru,05, by Kuechler ef al. (2003) and Zhu et al. (2003)
in explaining the behavior of the Grueneisen ratio at
quantum critical points and by Pepin (2005) on under-
standing the rapid divergence of C/T at low tempera-
ture in YbRh,Si,.

However, there have also been numerous theoretical
efforts in the field in the last four years that have pro-
vided the driving motivation for new experiments. Ex-
amples of such work include predicting the behavior of
the Hall coefficient as a function of tuning through a
quantum critical point [Coleman et al. (2001), Norman et
al. (2003), Paschen et al. (2004), Fenton and Schofield
(2005), and others], predicting a wide range of behavior
for the subset of systems that may experience “local”
criticality [Si et al. (2001, 2003), Sun and Kotliar (2005),
and others], behavior of systems involving Griffiths
phase [Millis, Morr, and Schmalian (2002), Castro Neto
and Jones (2005), and others], predicting the behavior of
systems with disorder near a quantum critical point [Ses-
sions and Belitz (2003), Vojta (2003), Belitz, Kirkpatrick,
and Rollbuehler (2004), Miranda and Dobrosavljevic
(2005), Vojta and Schmalian (2005), and others], as well
as a host of other works. An unpublished but readily
accessible overview of both the theoretical and experi-
mental status of the physics of quantum phase transi-
tions from the KITP program on this subject in 2005 can
be found at http://online.kitp.ucsb.edu/online/qpt05/.
Perhaps one or more of the theorists would help further
work in this field with a theoretically oriented review of
the current status.

It is the hope that this updated compilation of system
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TABLE II. Compilation of resistivity, susceptibility, and specific-heat data for non-Fermi-liquid systems. {=unannealed unless
otherwise noted; A is in the appropriate units, i.e., u{) cm/K?. "< not lowest temperature of measurement; results in bold print
are reanalyzed published data that have been scanned and fit to a different temperature dependence for this review than was used

in the original publication; values for the residual resistivity ratio [=R(300 K)/R(T—0)], or RRR, are given where known.

System’ p=pgt AT (A=py/T,%) Y=HT) (e. g. yo(1-aT™ / T / _logT)
Po AY T, «a T range Yo(memu/molU,Ce) a(K ") or A T range(K)
(uQ2-cm) (K) (K)
L. Doped Systems
1. Antiferromagnetism ‘Distant’ in the Phase Diagram:
Ce,. Y, RhIns* RRR
x=0.4 1.5 4028 52 1 0.15-10 12 A~T'™ y(1.8K)~8  A=0.55 1.8-30
x=0.6 5.7 3 Ag~T™ %(1.8K)~11 A=0.53 1.8-30
x=0.8 11 3.6 Ax~T'"™ y(18K)~15 A=0.52 1.8-30
x=0.9 9.8 5 Ay~T"™* %(1.8K)~23 A=0.57 1.8-30
RRR
Yb,PdyIngoSng; 9577 32 15 125 053 1.2
CCQ,5L30_5RhIn5100
RRR
CegslLag sNigGe, 42 34 23 ~08 0032 1.6 y~-logT %(2K)=94 2%-10
CeColns.Sn,'? RRR
x=0.03,H=53T 2 4 06 15 00504 15
=0.15,H=0
NpCus sPd; 5'®
Pr.La, Pb;'®
x=0.01
x=0.03
Pro.LagoInAg,'® x~-logT x(1.8 K)=75 1.8-6
RRR
CeRhSby gsSng 14'% 1 A~T™ y(2K)~52 A=0.83 2-10
Ybl_xLath25i2107
x=0.1
x=0.5
2. Ty just suppressed to 0 or just about to be induced via doping:
Ce(Rhy ¢Rup.);B,'* L5 X2 K)~ 1.7
RRR
Ce(Pdy 0sCug.05),81,' " ~12
Ce(Pdy¢Rhy 4),Si,'° x~-logT %(2K)=8.7 2-80
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(Continued.)
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C/T = -R[(0.25/TQIn(T/0.41Ty)] C/T~T' Seie(10 K)Ymol U/Ce
To C/Tatl1K/ T range/ scaling A T range (fraction of RIn2)
(K)  (mJ/molU/Ce/Yb/PrK? __(K) (K) (Seiec=S measured-Stattice)
12 640 0.6-10
12 620 0.6-9 0.82  0.9*9

730 0.66  0.7*-17

900 030  0.6-17
240 235 0.2-4.7
5.7 600 0.4-4.5 0.82
0.8 2000 0.07*-10
C/T obeys Moriya theory 0.12-2 K, yy=0.001 / C/T(1 K)=530
15 500 0.6*-4'% 035  0.35-4
3.1 1050 (2.8 K) 2.8-11.6
2.5 80 0.12-0.3 1.00  0.12-04
3.4 110 0.12-0.3 0.82  0.12-0.5
3.1 1350 1-6

0.6 0.05-0.2
049  0.05-0.2

300 66 (1.5 K) 0.5-1.5
15 450 0.5-10 0.47
17 450 0.5-6'"! 0.5
19 580 0.4-1.4'12
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TABLE II. (Continued.)

System' p=p+tAT* (A=py/T®) =f(T) (e. g. x(1-aT?) / T/ logT)
Po A* T, a Trange Yo(memu/molU,Ce)  a(K ™) or A T range(K)
(uQ-cm) (K) (K)

CeNi gsCug osSn' "
Ce(RuyRh,),Si, RRR

x=0.35 (for p and y data, see p. 814, Oct. 2001 version)

x=0.4"" 165 48 6 070 036 34 (for y data, see p. 814, Oct. 2001 version)

x=0.5'" 115 26 7 075 03-8 34 (for y data, see p. 814, Oct. 2001 version)
Celn, 4Sng ' ~12 05?7 1
CeNi(Geg 5Sip )2

1l/Lb 530325 7.88/7.37 67/44 1 0.5-2'"°
RRR
CeNiy ,C03Ge, 145 1 05-1.7% 08
Ceg7Lag3Pd,AlL'
CePd, Ni,Al,'% x=0.5:1 14-5 x=0.45: x" - %07 =aT y(2 K)=28, a=1.82 2-50
CeysLag sRhSn'?* Ay~T'™ y(1.8K)~3 A=0.67 1.8-10
YbRhy(Sio95Geoos)2' > Ag~T'"™* y(2K)~120 A=0.4 0.3*-10
RRR

Yby9sLag 0sRh,Si,"?® 8
Ce,La; B¢ x=0.5/0.4 1.5/1.2 0.05-0.3
CeRug 45Fe, 5,Ge,' > '%

3. nFl behavior coexistent with long range magnetic order:

U,+Th,CusSn!3%13! RRR

x=0/0.7 180/195 0.9/1 Temi~53K/ ~20K

Ni;Al'*2 0.84 0018 10 1.65 04*35 Teuie ~41 K

YNi;'* 092 0033 7 165 0.053 Tewie ~ 30 K
RRR

U;NisAlj"? 2 131 1.5 1 1-5. 30 Trnear =23 K
RRR

URu, 4ReSi"* 14 0.1-15 1.7 Teuwie= 18 K

. RRR
Ce(Rug 4Rhy),Si, 73 175 8 0.67 034527 Trneet= 12K
4. doping just suppresses or just induces ferromagnetism;

RRR

URu, gReg,Si,"** 12 02*%-8 42  Ay~T'? 2=0.8 2-5
RRR

Yo.05Gdo0sC0,' > 110 ~-0.01 1.4 Tpin glass ~ 3 K
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TABLE II. (Continued.)

C/T = -R[(0.25/TIn(T/0.41Ty)] C/T~T'* Seiec(10 K)/mol U/Ce

To C/Tat1K/ T range/ scaling B A T range (fraction of RIn2)

(K) _ (mJ/molU/Ce K?) (K) (K) (Seiec=S measurcd-Siartice)
250 071  0.1-14

C/T obeys''* Moriya theory 0.4-6 K, C/T=710(1-(T/T)"°), T)=14 K / C/T(1 K)=520

C/T obeys'” Moriya theory, 0.08-3K, y,=0.004 / C/T (I K)=570 (these data for x=0.4 contradict the C/T~logT
C/T obeys''® Moriya theory, 0.75-3K, y,=0.003 / C/T (1 K)=550 dependence reported in the Oct. 2001 version)
C/T obeys'" Moriya theory, 0.09-10 K, y,=0.001(0.004'") / C/T (1 K)=560

10 600 0.4-5

10 500 0.5-2'% 0.53

5.6 900 0.5-3

6.9 800 0.4-3.8 (C/T data for Ceg sLag sPd,Al; and Ceg3Lag /PdyAl, i. e. not near Ty=0,

are similar to those for Ceg7Lag3Pd>Als)

x=0.5: C/T obeys C/T=570 (I-(T/T))"’), T,=18 K, 0.5%-6 K / C/T(1 K)=440

16 470 0.35-10

14 530 0.8*-10
x=0/0.7

21/31 340/390 1*-6.5"Y/1-6.5'3°

C/T obeys Moriya theory 0.4-4 K, y,=0.001/ C/T(1 K)=160

130 160 0.6-6
23 470 0.04-10
100 130 0.9-3
60 70 2 K) 2-5
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System’ P=pg+AT® (A=py/T,%) Y=H(T) (e. g. xo(1-aT™ / T/ _logT)
Po A* T, o  Trange Xo(memu/molU,Ce) T range(K)
(UQ-cm) (K) (K)
CagsSro2RuO;™ 1.6 2-10 RRR=29
II. Undoped Systems:
Yb,Ni,AI'Y 120
PrinAg,'® 0.5 0.00018-0.08
Ceo.08Niz gsGe.995
RRR
Ce,CoeAl;s™ 36 47 77 1 25%30 8.7 yx=yx1-aT? 53 2.8%-14
RRR
CeRh,Ga'!' 370 83 45 1 164 048 Ay, ~T'™ 5, (1.8K)~70 A=0.21 1.8-50
Ay ~T™ %1 (1.8K) ~ 18 A=0.52 1.8-20
CeNigGe,'+ x(2 K) ~ 50
RRR
CeRhBi'® 20 58 034 1 042 18 Ax~T"™ y(18K)~13 A=0.75 2-6
-yt =aT"?, a=22.7 1.8-48
CeRhSn'* RRR
a-axis: 133 36 11 15 0423 2 Ay~T"™ y, 1.8K)~4 2A=0.65 0.4-15
c-axis: 45 0.82 54 1 04-12 23 Ax.~T™ y. (1.8K)~30 A=-0.1 0.6*-3
M. Pressure Induced nFl Behavior
Superconductivity induced by pressure:
Fe P, (Tc —0)~ 130 kbar'*®
at 158 kbar: 1.25 1.67 1.9 (=T.)-35'%
at 248 kbar: 0.63 (B=0) 1.67 1.9 (=T.)-35
0.63 (B=1T) 1.67 0.05-4
Non-superconducting svstems under pressure:
BaVs$;'* (metal-insulator transition at 20 kbar) RRR
at22.5kbar: 6 1.25 1.4-40 90
CePd,Ge,'*® at P(Txy—0)=138 kbar
5.7 030 63 1.6 0042
Cesz.ozGel.gg at P, (TN—-)O) =110 kbar
3.1 037 38 1.6 0.04-2
Ce,Rh;Ges P (Ty—0)=4.5 kbar'¥
at5.8 kbar 21 145 0.25-5
at12.7 kbar 21 1.45 0.25-10 12 kbar: =xo-DT™*® . (1.8 K)=13.5 0.7-4
CePt'*® RRR
at P(Tc —0) ~ 120 kbar 1 00430 2.1
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TABLE II. (Continued.)

C/T = -R[(0.25/T)In(T/0.41T] C/T~TH Seie(10 K)/mol U/Ce
To C/T at 1 K/ T range/ scaling A T range (fraction of RIn2)
(K) (mJ/molU/Ce K*) (K) (X) (Se1ec=S measured=Siattice)

400 170 2.6 K) 2.6*-10

11 600 0.5-5

C/T obeys C/T=450 (I-(T/Ty)"°), Te=15 K, 0.14* -1 K / C/T(1 K)=340
37 170 3 K) 2.6-30

620 (1.2K) 0.15 1.2-7

C/T obeys Moriya theory, 0.08-10 K, y,=0.005 / C/T (1 K)=1800

17 500 0.6-7

C/T obeys C/T=235 (I(T/TY"*), T~12 K, 0.5 -4 K / C/T(1 K)=190

At 5.7 kbar, C/T obeys Moriya theory, 0.5-1.5 K, y,=0.4/ C/T (1 K)=500
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TABLE II. (Continued.)

System' p=pg+AT* (A=py/T,") 1=f(T) (e. g. xo(1-aT?) / T / -logT)
Po AY T, a T range Xo(memwmolU,Ce)  a(K™*) or A T range(K)
(UQ-cm) (K) (K)

U3NisAly' at P, (Ty—0)~55.2 kbar
7.7 26 21 1.5 1325

CePdA1""? P (Ty—0)=9.5 kbar
at 10 kbar 8 15 05 1 062 Xe (1.8 K)=72 x!'-yo"=aT"?, a=0.55 0.6-8

IV. Field Induced nFl Behavior:

CC7R113 153

YbRh,Si,"** at B(Ty—0)=0.06/0.7T,B L/l ¢
1.47/1.68 1.6/1.9 0.9/0.9 1 0.02-0.14

Yo.85Gdy,15C0,'**
atB=15T 1 0.1-30

Celrlns'¢
atBllc=17T 19 062 2.1 1.5 0.05-045

YbAgGe'” B(Ty—0)=4/8T,B |l ab/c

atBa=10T: 25 12 21 1 04-17
atB=13T: 53 11 47 1 04-12
Sr;Ru,0; at B(meta)=7.8 T,B |l c and I || ¢
1970 o<2 0.4%-0.8'®
at B(meta)=7.9 T,B il ¢ and 1| ab
24 -0.1 ~1  0.06-1'%

CeAusSb,'® B(Ty—0)=54T,B |l ¢
at55T,B |l c 4.8 12 0.16 0.5 0.5-10

URu,Si,'""'%2 B.=37+1T,Bll ¢
at38T,B |l ¢ 23 1.1 063

YbPtIn'®  at B(Ty—0)=6T,B || ab
7.2 43 32 045 04-5

References for Table I (Note: If a reference is cited for one property for a given system, e. g. for p, and no reference
is cited for the other properties listed, this reference also applies to the other data.)

96. Zapf, et al. (2003). 109. Gomez Berisso, et al. (1998). 122. Nishigori, et al. (2003).

97. E. Bauer, et al. (2004). 110. Trovarelli, et al. (1998). 123. Sereni, et al. (2004).

98. E. Bauer, et al. (2005). 111. Gomez Berisso, et al. (1999). 124. Slebarski, et al. (2004).

99. E. Bauer, priv. comm. 112. Kim and Stewart, unpublished.  125. Gegenwart, et al. (2005).

100. Light, et al. (2004). 113. Kalvius, et al. (2000). 126. Ferstl, et al. (2005).

101. Killer, et al. (2004). 114. Nakano, et al. (2002). 127. Nakamura, et al. (2005).

102. E. D. Bauer, C. Capan, et al. (2005). 115. J. S. Kim, et al. unpublished. 128. Montfrooij, et al. (2003).

103. E. D. Bauer, N. Moreno, et al. (2005). 116. Gu, et al. (2002). 129. Montfrooij, priv. comm.

104. Stewart, et al. (2005). 117. Graf, et al. (1997). 130. Troc, et al. (2001).

105. Kawae, et al. (2005). 118. Pedrazzini, et al. (2002). 131. Tran, et al. (1999).

106. Slebarski and Spalek (2005). 119. D. Y. Kim, et al. (2005). 132. Steiner, et al. (2003).

107. Radu (2005). 120. Hong, et al. (2003). 133. E. D. Bauer, V. A. Sidorov, et al. (2005).
108. E. Bauer, et al. (1998). 121. Jung and Kwon, (2005). 134. E. D. Bauer, V. S. Zapf, et al. (2005).
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C/T = -R[(0.25/T)In(T/0.41Ty)] C/T~T Seiec(10 KYmol U/Ce
Ty C/Tat1K/ T range/ scaling A T range (fraction of RIn2)
(K)____ (m¥/molU/Ce K?) (K) (K) (Seie=S measured-Siattice)

5.8 800 0.7*-4

B(Tx—0)=3.5T

12 600 0.8*-11

28 530 0.4*-2.5

Bx=8 T/B=14T

13/15 550/530

scaling B

0.9%-10/0.9*-20 / 1.15/1.15

751

B(l ¢)=8T

23 420 0.2%-2

B.(ll ¢)=54T

6 400 3.5%-20

135. Baranov, et al. (2003). 148. Wilhelm and Jaccard (2002). 161. K. H. Kim, et al. (2003).
136. Khalifah, et al. (2004). 149. Umeo, et al. (2002). 162. K. H. Kim, et al. (2004).
137. Geibel, et al. (1996). 150. Larrea, et al. (2004). 163. Morosan, et al. (2005).
138. Mitamura, et al. (2002). 151. Goto, et al. (2002).

139. Cichorek, et al. (2003). 152. Hane, et al. (2000).

140. Kaczorowski, et al. (2004). 153. Sereni, et al. (1999).

141. Chen, et al. (2004). 154. Gegenwart, et al. (2002).

142. Michor, et al. (2004). 155. Burkov, et al. (2003).

143. Sasakawa, et al. (2005). 156. Capan, et al. (2004).

144. M. S. Kim, et al. (2003). 157. Bud’ko, et al. (2004).

145. Shimizu, et al. (2001). 158. Zhou, et al. (2004).

146. Holmes, et al. (2004). 159. Perry, et al. (2004).

147. Forro, et al. (2000). 160. Balicas, et al. (2005).
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parameters for known non-Fermi-liquid materials will
allow experimentalists to gain insights as to what future
experimental directions to take and theorists to pose
tough questions (e.g., how does the residual resistivity
behave with tuning via field or pressure near a quantum
critical point?) whose answers can at least begin to be
answered with the data and references thereto contained
herein.

The author gratefully acknowledges the help of J. S.
Kim with analyzing the published data for this updated
compilation, the generosity of numerous colleagues who
provided data and results ahead of publication, includ-
ing E. Bauer, E. D. Bauer, K. H. Kim, W. Montfrooij, H.
Wilhelm, V. Zapf, and numerous presenters of posters at
the SCES2005 conference in Vienna, the assistance of J.
Sereni who provided a long list of new experimental ref-
erences, and K. Ingersent for helpful discussions on the
theoretical references. Work in Florida was performed
under the auspices of the U.S. Department of Energy,
Contract No. DE-FG05-86ER45268.
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