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The specific heat and electrical resistivity of;Bu,0; single crystals are measured in several magnetic
fields applied along the axis for temperatures belo2 K and at fields up to 17 T. Near the critical metamag-
netic field atB} ~7.8 T, the electronic specific heat divided by temperature increases logarithmically as the
temperature decreases, over a large range of T, before saturating below aTertainich is sample depen-
den), indicating a crossover from a non-Fermi ligyFL) region dominated by quantum critical fluctuations
to a Fermi liquid(FL) region. This crossover from a NFL to a FL state is also observed in the resistivity data
near the critical metamagnetic field firc andBlic. The coefficient of electronic specific heat,plotted as a
function of field shows two peaks, consistent with the two metamagnetic transitions observed in magnetization
and magnetic torque measurements. At the lowest temperatures, a Schottky-like upturn with decreasing tem-
perature is observed. The coefficient of the Schottky anomaly exhibits a field dependence similar toythat of
implying an influence by the electrons near the Fermi surface on the Schottky level splitting.
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INTRODUCTION second metamagnetic transition was observed by Ohmichi
et al! at a slightly higher field thaB} in magnetization
The 4d-transition metal layered oxides, especially the lay-and magnetic torque measurements.

ered strontium-ruthenium oxides with perovskite-like struc- Among the variety of interesting features thatMu,0,
ture, have been a focus of intensive research interest sin¢gas demonstrated, the magnetic field tuned quantum critical
the discovery of superconductivity in single layesBu0,,*  point (QCP is most intriguing®'®'23 Tuning the system
which appears to possegswvave spin-triplet pairing,possi- through a QCP can, in general, be achieved experimentally
bly of magnetic origir® > Studies of the magnetic properties by applying pressurt varying doping level® or applying a
of SLRUQ, and related compounds may shed light on themagnetic field. Field-tuning a QCP is a particularly conve-
mechanism leading to th@-wave pairing in SyRuQ,. nient way of approaching the QCP, where a transition, in
Pseudocubic, infinite layer SrRy@xhibits a ferromagnetic principle, occurs at absolute zero. Near a QCP, thermal fluc-
transition at 165 K. Bilayer SERu,0, has intermediate di- tuations are no longer relevant and quantum mechanical fluc-
mensionality between the single layer,BuO, and infinite  tuations, determined by Heisenberg’s uncertainty principle,
layer SrRuQ. The temperature dependence of the magnetibecome dominarif Critical fluctuations associated with the
susceptibility, x(T), measured on single crystal ;8u,0, metamagnetic transition ned} for Blic, have been ob-
exhibits nearly isotropic behavior and shows no hysteresiserved in both transport and thermodynamic propettiés.
between zero-field-coolingZFC) and field-cooling (FC) Magnetotransport data taken between 4.5 and 40 K have
data’ A maximum is seen arourifl, =1 K in x(T) for field  shown the quadratic temperature dependence expected in a
applied both parallel and perpendicular to theaxis. A Fermiliquid(FL) in fields far away fronB% .%'?However, a
Curie-Weiss fit to the susceptibility in the range 206K  nearly linear temperature dependence was reported near the
<320 K, a paramagnetic region well aboVg,, returns a metamagnetic field ofB} ~7.8 T, indicating non-Fermi-
negative Curie Weiss temperatur®,,= —45 K (—39 K) liquid (NFL) behavior associated with critical fluctuatiots.
for Bllc (BLc), suggesting antiferromagneti¢AFM) Near B} ~7.7 T, Perryet al® suggest that the Sommerfeld
correlations. However, no evidence of either ferromagnetic coefficient, v(T)=CIT, increases logarithmically with de-
or antiferromagnetic long-range order was observed by netereasing temperature from approximately 16 to 2 K, giving
tron scattering for temperatures down to 1.6 Kmetamag-  thermodynamic support for the critical fluctuations suggested
netic transition aB} =5.5 T (7.7 T) was reported in thab by the transport measurements. Since the presence of a sym-
plane € axis) likely due to a rapid change from a paramag- metry breaking magnetic field prevents a second-order tran-
netic state at low fields to a more highly polarized state asition which requires a symmetry change, the metamagnetic
higher fields via a first order phase transititff.Recently, a  phase transition is usually first order. The possibility of hav-
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ing a T—0 critical end-point of a line of first-order meta- T(K)
magnetic phase transition has been widely discussed. Millis y L ,
et al. presented a renormalization group treatment of meta-
magnetic quantum criticality in metaté.Their detailed re- 0.7
sults are shown to be in quantitative agreement with the

magnetization, transport and specific heat data gR$0O, E‘ e
except very close to the critical point itself. Grigesaal. g5
reported a study of angular dependence of the differential 504
magnetic susceptibility, demonstrating continuous tuning of S ’

e
w

a line of end points terminating in a surface of first-order
metamagnetic phase transitiofidn this article, we present
specific heat and-axis resistivity data taken for tempera-
tures in the range 0.07KT<2K and 0.02 KT<0.8K, 0.1
respectively, in various magnetic fields applied along ¢he

o
[

axis of SERu,0,. The data was collected at the National 167 Sor LT
High Magnetic Field Laboratory facilities in Tallahassee, FL, 141, Eoslamt b
and Los Alamos, NM. —_ 3 s
LU 12+ e f..oT . ]
X [ poal o~
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Both flux grown and floating zon€¢FZ) grown single 3080 T 02 g TK T ]
crystals were used in this study. To make the flux grown E o6l ]
samples, off-stoichiometric quantities of RuOSrCQ; and o »
SrCl, (as self-fluy were mixed and heated up to 1500°C in 04 1 or :-::-'3-'“’*;34
i i Pttt s
partially capped Pt crucibles, soaked for 20 h, cooled at 02t ‘ S e s ettt o™
2 °C/h to 1350 °C, and then rapidly cooled to room tempera- ’ 0.1 T(K) 1
ture. The FZ crystals were grown in an image furnace in
Princeton, NJ:*¥No impurity phases, such as SrRyQvere FIG. 1. (a) Specific heat divided by temperatu@(T)/T, mea-

detected in powder x-ray-diffraction measurements in eithesured on the FZ grown §Ru,0O; single crystal in magnetic fields
the flux grown or the FZ grown samples. The temperaturdor Blic. Phonons are subtracted usifig,= 360 K. Solid lines are
dependence of the magnetic susceptibijityT)=M/B from fits to the high temperature limit of a Schottky anomaly in the form
2 K to 350 K was measured on both the flux grown and the?f C/T=y+DT 2 for 0.07 K<T<0.20 K. (b) C(T)/T, measured
FZ grown samples using a Quantum Designs DC SQUID" the fl_ux_grown Sg;_Ruzo7 single crystal in magm_atic fields for
magnetometer. Samples grown with either method show Blic. Sollq lines are fits to the high t%n;perature limit of a Schottky
maximum iny(T) for bothBllab andBlic at a characteristic 2"°maly in the form ofC/T=y+DT = for 0.07 K<T<0.13K.
temperaturd,, = 16 K. No trace of SrRuQwas observed in Inset: S_clJ_m_rnerf(_erld_coeTuent af/t_?r the subtraction of the Schottky
the flux grown samples, while a barely discernable kink wade™: (M =[C(T) = C(T) schoul/ T
seen iny(T) near 150 K in the FZ grown samples corre-
sponding to an impurity phase of a very small amount ofsistency between the results obtained from different samples.
SrRuQ, based on the change of magnetization across th&pecific heat data were taken at several fields up to 17 T, but
kink.X® Resistance ratiofR(300 K)/R(4.2 K) of the order for clarity only three are shown. The data f6/ T taken at
100 and 40 were achieved in the FZ grown samples and thiée critical metamagnetic field as determined by magnetiza-
flux grown samples, respectively, for current flow in the abtion and magnetotransport measureme{ss=7.8 T, follow
plane, with residual resistivities of 1) cm and 2u)cm,  a logarithmic temperature dependence down to 0.6 K, where
respectively. For current flow along tleeaxis, the residual there is a crossover to a flat region. This flat regiorCoT,
resistivities are approximately three orders of magnitudevhere the electronic specific heat is linear in temperature,
larger. The dimensions of the FZ crystals employed in thecan be attributed to FL behavior.
specific heat and resistivity measurements werex2.5 A sharp upturn irC/T is observed below 0.2 K, when the
x0.4mn? and 1.31.3x0.5mn?, respectively, and the temperature is further decreased. The data below 0.2 K can
corresponding size for the flux grown crystal utilized in thebe fit to the high-temperature tail of a Schottky anomaly,
specific heat measurement wasX ®&8x 0.2 mnt. C/T=y+DT" 3, for all fields. The solid lines in Fig. (&)
are the Schottky anomaly fits. If the Schottky term based on
the fit is subtracted, then the data are flat down to the lowest
temperature measured. The electronic specific heat coeffi-
Figure Xa) shows the specific heat data bsl@ K taken cient, y, and the Schottky coefficien, were extracted
on the FZ grown sample foBlic. The data could be from the fits. Plotted as a function of field in Fig@2 both
smoothly connected with the data reported by Petryl® vandD show two peaks coinciding with the two metamag-
after the subtraction of tHE® lattice contribution considering netic transitions observed by Ohmicti al**
a Debye temperature of 360 K, demonstrating excellent con- Since the large Schottky anomaly tails occur at rather low
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PR B( )10 2 14 15 contributions> Again, the reported Schottky term in,RuQ,

1.4x10 0.50 is one to two orders of magnitude larger than the calculated
§ 45 quadrupolar contribution, and it is unlikely to be caused by
vl - hyperfine splitting, which would require an unusually large
= 10x10* 040 internal magnetic field. Moreover, this term in,BuQy, is
£ | osi@ highly sample dependefit.
280x10° - Specific heat measurements conducted on flux grown
a °-3°3-, samples show quantitatively similar behavior as observed in
6.0 X10°; 0.25 the FZ grown samples. Figurgh) showsC/T of the flux
. grown SERu,0; sample versus temperature for several mag-
40x10° S B 020 netic fields between 0 T and 9 T applied along thexis. In
3.0x10° ; ‘ the inset of Fig. (b), the large low temperature Schottky
L) anomaly tails were subtracted. At high magnetic field and
22-5“0“" : low temperature the Schottky term accounts for most of the
T 20x10% Flix growh specific heat measured, and its subtraction results in an in-
o i creased scatter of the data points. For this reason we did not
E 1.5x10° R show C/T with the subtracted Schottky anomaly from the
a toxiwot /[ ] specific heat data on the FZ grown sample displayed in Fig.
i, ] 1(a). In both samples, near the critical field(T,B) shows a
s0x1071 logarithmic dependence until a temperatlife below which
00 50 100 150 200 250 300 v saturates to a constant value, indicating a crossover from a
B?(T?) NFL region dominated by quantum critical fluctuations to a

~ FL region. This behavior is also seen in other systems that
FIG. 2. (a)_ v andD extracted from the Scljottky an_omgly fits. have a QCP, such as Cngﬁ‘hand YbRbSiZ.ZS yand D, as
The dashed line shows the calr_:ulatt_ed hyperfine contglbutlon to thﬁmctions of field, follow a similar general trend to 9 T, the
Schottky term due to the applied fielt) D versusB for the o i m field applied on the flux grown sample, for both
Zﬂgrcrg'fﬁ:treerg'eoqsé:?Z;i'l?gr “srl‘s fgr the FZ grown sample having ooy 165 At each field, the two samples have compargble
g P pe. values. As shown in Fig.(®), for both samples) versusB?
can be fit to a straight line if the data points near the critical

temperatures, they are likely due to the quadrupolar angegions are excluded, however, both the slope and the inter-
magnetic spin splitting of Ru and Sr nuck#! The hyper- cept of the fits on the two samples differ drastically. Differ-
fine and quadrupolar contributions of RURU®%, and S ences in the abundances of Ru and Sr isotopes alone are too
were calculated separately by assuming that the hyperfinemall to account for such a huge sample dependency.
splitting in the noncritical regions is mainly caused by the In order to resolve the discrepancy between the calculated
applied field and the quadrupolar contribution is field inde-quadrupolar contribution and the zero field Schottky term as
pendent. To obtain the contribution due to the hyperfine splitwell as the two peaks iB(B) which appear to be modulated
ting we used the effective magnetic moments of the nucleby v (at least up to 12 )T we propose that there is another
and their natural abundances. The field dependence of thgchottky term, which is electronic in nature, in addition to
theoretical value foD is shown in Fig. 2a) as a dashed line. the quadrupolar and hyperfine contributions. There are sev-
It agrees well with the experimental data at 6, 12, and 17 Teral possible sources for such a term. It could arise from the
Field gradient calculations based on a point charge modeiuclear Knight shift or additional electronic contributions to
and the crystal structure given by Huagigal® show that the  the electric field gradient at the Ru and Sr nuclei. A more
field gradients at the Ru and Sr sites are both along titds ~ remote possibility is that it is caused by the removal of the
and have comparable magnitude. Fromssloauer studies of degeneracy in the,, states of Ru. In all cases the term
various ruthenate, an upper limit on the field gradient of would be roughly modulated by the density of states near the
the Ru sites can be determined to be %307° V/m?. As-  Fermi surface and hence proportionaloFactors such as
suming that the field gradient is the same for Ru and Sr sitesstrain in the sample could also influence the nuclear Knight
and taking the upper limit value, the calculated quadrupolashift and the electric field gradient as a function of magnetic
contribution(using the quadrupolar moments of the isotopesfield, causing the discrepancies in the data taken on the two
and their natural abundange® the Schottky coefficient is samples.
5.65< 10 ° Jmol K. This value of D is significantly The crossover from the NFL to the FL region is also ex-
smaller than the Schottky coefficient, D=4.58 hibited in the resistivity near the critical metamagnetic field.
x107° Jmol 1K obtained from the fit to the Schottky Figure 3 shows the resistivity, of a FZ grown sample taken
anomaly in the form ofC/T=y+DT 3 for 0.07K<T  from the same growth rod as the specific heat sample for
<0.20K andB=0T. This indicates that the quadrupolar 0.02 K<T<0.80K and 7.75 £B<8.05T, with both the
contribution itself is probably not large enough to accountcurrent and field along the axis. The low temperature re-
for the zero-field Schottky anomaly. In RuQ,, Langham-  sistivity for all fields near the critical metamagnetic field can
mer et al. also observed a similar low-temperature upturnbe well fit to Ap=p(T)—p(T=0)=AT?, the expected de-
that could be fit to the high-temperature tail of a Schottkypendence characteristic of a FL. Fbrabove a certain tem-
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FL state or one with long-range order. As the QCP is ap-
7.75T proached, at a certain point, other parameters than the tuning
7057 | parameter(magnetic field in this casee.g., chemical com-
8.00T position and pressure, would also have to be fine-tuned to
8.05T actually reach the QCP. Numerous disorder driven alloys and
systems with field- oihydrostatic and chemicapressure-
tuned QCP’s have been reported in the literaffire.

Illc Hllc

T* = 0.49K CONCLUSIONS

1.90 ‘ ‘ ‘ ‘ We have presented low temperature specific heat data of
0 0.2 0.4 0.6 0.8 1 . . . .
T(K?) SRW,0O; that provide direct thermodynamic evidence of

qguantum fluctuations as well as the evasive nature of a QCP

FIG. 3. Resistivity versu3? for llic andBlic. Solid lines are fits  yielding a crossover to the FL state as the field is tuned in
to the T2 dependence of the resistivity for the low temperaturevery close to the critical metamagnetic field. Supporting evi-
region. T* denotes the approximate characteristic temperaturelence was given by the low temperature resistivity data of
where the resistivity starts to deviate from i dependence with  Sr,Ru,0, taken near the critical metamagnetic field, which
increasing temperature. also show a crossover from the NFL state to the FL state at

approximately the same temperature as in the specific heat

perature, T* ~0.5 K, Ap starts to deviate from the F[?  data. We ha\_/e p.roposed an gdditional term to the Schottky
dependence. The solid lines are guides to the eyeTanis anomaly, vyhlc_h is electronic in nature, to account for the
approximately the point where the resistivity curve starts toeXtra contribution to the low temperature Schottky term that
digress from the solid line at each field. Foe>T*, the  correlates with the peaks ipclose to the two metamagnetic
resistivity, Ap, follows a power law ofT with an exponent transitions. The addl_t|0nal term could arise f_rom the elec-
less than two, which is common in NFL systems. The valyedronic structure affecting the nuclear Knight shift or the elec-
of T* in the resistivity(see Fig. 3 at fields neaB? are very tric f_ieldl gradient gt the nucIquuad_rupoIar contribution _
close to each other and consistent with the temperatur@”d in either case is roughly proportional to the local density
(0.6 K) below whichyis constant in the specific heat data. of states.
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