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CaRu,0; is a bilayered metallic paramagnet that orders antiferromagnetically-ab6 K while remaining
metallic and then undergoes a spin reorientation coincident with a metal-nonmetal transifigr-48 K,
entering a metamagnetic state. Low-temperature specific-heat measurements in magnetic fields show that the
electronic specific heaty=44 mJ/mol ¥, is field independent above and below the 6-T critical field, whereas
the first-order nature of the metamagnetic transition is reflected by a small shift in the Debye temperature.
Magnetization, electrical resistivity, and specific-heat measurements were performed on high-quality single
crystals, allowing construction of detailétt T phase diagrams, which differ considerably for magnetic fields
applied along the two in-plane directions. These measurements led to determination of the anisotropy field
H,=22.4 T and exchange fieldg=14.2 T. Evidence is presented for a possible flopside state in the region
above the 41-K and 5.5-T multicritical point. Finally, superheating and supercooling are observed at tempera-
tures and magnetic fields slightly above the multicritical point.
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. INTRODUCTION from the c axis® Similarly, two-layered $Ru,0; remains
essentially tetragonal although the octahedra twist within the
The Ruddlesden-Popper series of ruthenates, with thplané®!?so that the intraplanar Ru-O-Ru bond angle is ap-
general form (Sr, Ca).;Ru,05,. 1, are perovskite-like sys- proximately 166°, but does not tilt away from thexis, thus
tems consisting ofi layers of corner-sharing Ry®ctahedra the interplanar Ru-O-Ru bond angle is 180°. On the other
separated by a rocksalt layésrO or CaQ. Collectively, hand, CaRu,O7, the subject of this paper, has both twisting
they exhibit a wide variety of magnetic phenomena including(intraplane bond angles: 149.87°-~1504afd tilting (inter-
superconductivity, metal-insulator transition®? itinerant ~ Plane angle: 152.13RuG; octahedra. .
ferromagnetisnf,and metamagnetisfOne particularly in- Initially, CasRu,0; was reported as possessing a tetrago-
teresting aspect is that while Ca and Sr are isovalent, th_@al structuré, but_ later single-crystal x—ray—dlffractlon stud-
analogous systems are remarkably divergent, as dramatical'gS showed that it belongs to the orthorhombic space group
illustrated by the single-layered (Ca, RuQ, members in b2,m (the standard setting 8mc2,, but by using8b2;m
which the SsRuO, becomes superconductigwith T, thec axis may be defined as perpendicular to the metal oxide

— 15K while the equivalent Ca analod has an insulatingflanes’ consistent with the vast literature on layered
) q 9 ransition-metal-oxide systemswith lattice constants at

antiferromagnetic ground state with the resistivity rising 4173 K of a=5 372@6), b=5530%6), and c
remarkable nine orders of magnitddeetween room tem- ~19.572(2) A where the difference between thend b

perature and 77 K. In a similar albeit less dramatic fashionjg i arise predominantly due to the interplanar tilt be-
the infinite-layered SrRupsystem is metallic and orders (yeen neighboring Rupoctahedra. This tilt projects prima-
ferromagnetically at 165 K, while metallic CaRg@oes not rily onto theac plane(153.229 while only slightly impacting
order at all (for T>30 mK) (Ref. 6 yet a paramagnetic the bc plane (172.09, the details of which are described
Weiss temperature(—8 K) suggests antiferromagnetic elsewheré? Furthermore, this appears to be the crucial bond
correlations’ Since the formal valances of the Ca and Sr areangle defining the physical properties within the system, as
identical, the critical factor determining these vastly differentwill be shown by developing two very different magnetic
properties must predominantly arise from distortions to thephase diagrams forl applied alonga and b, respectively.
crystal structure resulting from substitution of "8r(rg,  This is particularly interesting because it clearly demon-
=1.18A) by the considerably smaller T (re, strates the impact of structural distortions on the physical
=1.00A). properties; furthermore it permits investigation of the inter-
These distortions lead to differing Ru-O-Ru bond anglesaction between the spins and lattice distortions within not
which in turn regulate the electronic bandwidth The ratio  only the same material, but also the same sample merely by
betweenW and U, the on-site Coulomb repulsion, controls rotating the magnetic field 90°. By contrast, the intraplane
the electrical transport properti&sThis effect is elegantly Ru-O-Ru bonds lie along thgl10Q] direction—consistent
illustrated by comparing the single-layered Ruddlesdenwith the habit of these crystals to grow as plates with the
Popper ruthenates mentioned above,R8IO,, which has in-plane principal crystallographic axes along the diagonals
Ru-O-Ru bond angles of 180°, forms an ideal tetragonabf the crystal, rather than along the edges.
systen® while the distorted orthorhombic GRUO, (a Previous work®*examined some properties of this sys-
=5.4022,b=5.4932 A) has Ru-O-Ru bond angles of 151°tem in a magnetic field, but this is the first time measure-
in the planes and RuQoctahedra that tilt about 9.3° away ments of the properties in a magnetic field along the two
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500 r———rTT—— T suggests a type-A  antiferromagnetic  structure—
[ ¥ ® - ] ferromagnetically aligned planes coupled together
= ® Wl © Ty . antiferromagnetically—since flipping neighboring planes
400 _; ) . l NB from antiferromagnetic to ferromagnetic alignment does not
2w ,-.J_" ] change the size of the magnetic Bravais lattice. Conversely,
[ 550 g“ J." ) ] were the Ru moments aligned antiferromagnetically within
L g« T ] the individual planes, flipping neighboring spins would
o 300 «f N ] double the size of the Brillioun zone which ought to be re-
g J 4T, ] flected by a significant change in the electronic DOS at the
3 ’ J 1 Fermi surface. Therefore, the dramatic drop in resistivity that
S Lol ] "o e w s w] occurs at the metamagnetic transition must relate more
- g SF T : closely to a change in the carrier mobility, driven by a pos-
[ b v 81T ] sible sudden reduction in spin scattering as the spins flip
- =/ 1 from antiferromagnetic to ferromagnetic alignment.
100 - . . . .
[ =TS For a three-dimensiondBD) system, ferromagnetic and
Time (sec) antiferromagnetic spin-wave contributions to the specific
heat are proportional t3%? and T2, respectively. Attempts
ok : R RN — to include aT®? term in the specific heat did not improve the
20 30 40 50 60 70 fit, further arguing against the presence of 3D magnons, and
T(K) the T2 term, increases slightly at 8 T, ruling out 3D antifer-

. , romagnetic spin waves, since destruction of the antiferro-
FIG. 1. Specific heat V(zersus temperature sh_owmg a Iarg_e peak ﬂtlagnetic ordering>6 T) would decrease th&® contribu-
T (=48K). (@ C/T vsT* for 0 and 8 T, showing electronic and tion were they present at 0 T. These results agree with the

phononic contributions(b) “Adiabatic” measurement of tempera- maanetic-suscentibility measurements. which are tempera
ture asB is swept at-25 G/s, demonstrating spontaneous heating at 9 P y ' P

the metamagnetic transitioic) Enlargement of high-temperature tur_e independent fof <30 K, and thusl show no ev_ldence of
region, showing a minuscule peak at théeNtemperature. spin waves a_t low temperatures. This putcome is expected
for an Ising-like system, where an anisotropy gap on the

in-plane directions have been reported for high-quality unorder of @ugkg) V2HgHA+Hz~45K for antiferromag-
twinned single crystals, and we report on properties with théetic spin waves, and an even larger gap for ferromagnetic
magnetic field applied along the axis. These high-quality SpPin waves, rules out their appearance for temperatures much
and untwinned crystals were grown using a self-flux ap-smaller than those at the gap.

proach, and confirmed by Laue diffraction, which also per- While the electronic specific heat remains nearly un-
mits the unambiguous assignment of the metamagnetic axghanged for magnetic fields above and below the metamag-

along thea axis[5.372@6) A]. netic transition, the transition itself is first order, so a latent
heat may be observable. Figuréjlshows the temperature
Il. SPECIFIC-HEAT MEASUREMENTS as a function of time for a 3.8-mg sample mounted on a

guasiadiabatic calorimeter such that the applied figlid

The low-temperature specific heat was measured using w&hile the magnetic field is swept through the metamagnetic
quasiadiabatic heat pulse metfidodn an 8.32-mg parquet of transition. At the metamagnetic transition, the sample tem-
carefully aligned single crystald(la). The results over the perature spontaneously jumps nearly 5 K, and then gradually
range 2<T<13 K atH=0 and 8 T are plotted &8/T vs T2 decays back to its base temperature as the heat flows to the
in Fig. 1(a) where a linear fit to the data results in a Debyethermal bath, which is coupled to the sample by weak ther-
temperature ofdp=480 K (465 K) for a magnetic field of mal links. A similar transition, equal in magnitude, occurs at
0 T (8 T), similar to comparable two-layer metal-oxide about 5.1 T(at 2 K) when sweeping the magnetic field to-
systems? The shift in 6 by 15 K in 8 T may reflect the wards zero, consistent with the hysteresis loop observed in
first-order transition that occurs when crossing tHe magnetization measurements. This phase transition is isen-
=6 T phase boundary. The linear term, on the other handyopic with respect to the spins, and releases latent heat as the
remains constant ay=44+2 mJ/mol K, and indicates ei- magnetic field is swept in both directions; thus it is distinct
ther highly correlated electrons or partially localized statedrom the magnetocaloric effect. The latent heat released at
near the Fermi surface. This is comparable with the metallieach transition wag =8.4+0.2 J/mol at 2 K, leading to a
members of the Ruddlesden-Popper ruthenate setid§, total-energy release of 12=16.8+0.3 J/mol released by
which vary from 30 to 110 mJ/mol-Ru¥ even though the sweeping the magnetic field up and down through the tran-
resistivity for CaRu,0; suggests that the system is nonme-sition. This value compares exceptionally well to the hyster-
tallic (dp/dT<0) in this temperature range. Despite the dra-esis l0s&’ of 17 J/mol at 2 K, obtained fronfMdH. As
matic change in the resistivity and magnetizatiobserved expected, no comparable effect was observed when the
for H(lla)>6 T, the electronic contribution to the specific sample was rotated so thtlb.
heat remains constant, indicating no significant change in the The specific heat through ther,,=48 K spin-
electronic density of state®OS) above the metamagnetic reorientation/metal-nonmetal transition and 56 KeNeem-
transition. In a two-layered system such agRa0,, this  perature is shown in Fig. 1, with a large pealG(T) at Ty, .
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This peak is narrow and highly symmetric, consistent with 2 e e
other parameters, suggesting that the transition is first orde I (a):
and similar to spin-reorientation transitions observed in other
systemg! such as Dy,&ry75Al,. In most metamagnetic
systems, the zero-field transition is second order for tempera
tures above the critical point, which for grRu,O; occurs at

0.8

(low/nwas) X

41 K and 5.5 T, as discussed in the next section; however‘sg 09 =
this assumes a transition from a paramagnetic to antiferro5 1 B
magnetic state. In the case of La,0O,, for small H, the g Mg
transition is between two different antiferromagnetic states.”= T (K) =
The entropy removed under the peakAS=2.7 = : e
+0.15J/molK, is much smaller than RIn(3) 05 & | M, —— a2k M, 02

=9.125 J/mol-Ru K(18.25 J/mol K expected for arS=1 M, === 45K=e= M,

system. However, that is an upper limit on spin entropy, as-

suming a transition from entirely random spins to a com- o k 0
pletely ordered spin system—clearly not the case, since A

above T,y the system is already antiferromagnetically 42K

ordered—thus the spin entropy available at 48 K should be :ﬁﬁ ]
well below this limit. Figure 1c) shows an enlargement of 8 45K 5
the 40—60-K region, revealing an extremely small peak at 54 E—46K ]

K nearTy. The entropy removed after subtracting a simple €
phonon and electron fit above 56 K yields an entropy changeé-;
between 50 and 56 K of only-0.3 J/mol K, which is an =& L47.5K -

almost negligible fraction~2%) of the potential RIn(3) L Y/
entropy change. The miniscule peak at the ordering tempera =
ture serves as an indication of possible itinerant magnetism i .
along with the noninteger saturation moment and large elec- — T w
tronic contribution to the specific heat. 50K

2 3 4 5 8 7

I1l. GENERAL MAGNETIC PROPERTIES
wH (T)

The magnetic susceptibility(T) is shown in the inset of
Fig. 2(a) for H applied along all three principal crystal direc- FIG. 2. Isothermal magnetizatidvl; and isothermal transverse
tions. At 56 K, there is a peak g, (x/Ib), while y, andy,  magnetizatiorM, , with Hlla. The inset showg(T) for Hllto the
become flat as a function of decreasing temperature for 58—C axes, illustrating typical antiferromagnetic ordering By
=T=48 K, providing a nearly textbook example of antifer- =96 K, and the spin-reorientation transitionTa =48 K. (b) Iso-
romagnetic ordering with the spins oriented aldmgThe thermal magnetoresistivity withila.
second feature of note occurs at 48 K—a subtle change in
slope of y,, contrasting with a sharp drop ig, and x., netic and antiferromagnetic interactions is an essential char-
which for the lowest temperatures leadsyig=2 emu/mol, ~ acteristic common to metamagnetic systéfhs. _
while x,= x.=38 emu/mol. Such behavior strongly implies N a typical antiferromagnet, using the molecular-field
a spin-reorientation transition to a new antiferromagnetichodel, when the applied magnetic field along the spin direc-
state with the spins spontaneously flopping frbrto align ~ tion_exceeds a critical value given bise=(2HgHA
alonga. For T<35 K, the magnetic susceptibility becomes —H2)"% the system undergoes a spin-flop transition, char-
temperature independent, indicating the absence of thermalBcterized by a jump in the magnetization, whéte is the
excited spin waves, consistent with the Ising-like behaviorexchange field and normally greatly exceeétls, the anisot-
expected of a metamagnetic syst&m. ropy field. Above the spin-flop transition, the magnetization
The high-temperature magnetic susceptibility has been regradually increases until it saturates at the critical fiéieh
ported elsewherg?® and obeys the modified Curie-Weiss
law with u.=2.86-0.08ug/Ru in agreement with the Ho(T=0)=2Hg—H,. (1)
2.83ug/Ru expected for R in its low-spin (S=1) state.
However, the Weiss temperature was determined t6- B2,  However, metamagnetic systems by definitfo?f have an
+59, and+64 K along thea, b, and ¢ axes, respectively, H,>H_., so there is no stable spin-flop state, rather the spins

which possess the wrong sign for an antiferromagnet. A posifip immediately to a saturated state at the critical field of Eq.
tive Weiss(Curie) temperature indicates that ferromagnetic (1) above. Combining this equation wift?®

correlations dominate the magnetic interactions at high tem-
peratures, suggesting that La, O, orders with type-A an-
tiferromagnetism, that is, ferromagnetic planes coupled

Ms
. . _25 .. XL(TZO):ZH
antiferromagneticallf>~2> Competition between ferromag-

gt Ha

@
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permits calculation oHg andH, usingH, (6 T), x, (3.8  magnetoresistive minimum. As the temperature increases,
X102 emu/mol), and the saturation magnetizatiollg these two features—the drop and the jump—separate, mov-
=1.73ug/Ru). Solving these equations results in values ofing to lower and higher magnetic fields respectively, with the
He=14.2 andH,=22.4 T, confirmingH,>Hg and consis- drop disappearing at 48 K, while the jump broadens consid-
tent with critical values determined via resistivity and heat-erably. The region of minimal isothermal magnetoresistivity
capacity measurements as discussed in appropriate sectiomsirrors the plateau in the isothermal magnetization, where
the drop tracks the first step M(H) and the jump tracks the
IV. PROPERTIES WITH H |la second, which is evident when comparing Figéa) 2and
2(b). The lower magnetoresistivity in this intermediate re-
As previously reporteda metamagnetic transition, where gion as compared to the AFNM and FNM regions supports
the moment changes from nearly 0 to Jug3Ru (close to  the argument for a flopside transition: the resistivity is lowest
the 2ug/Ru expected for th&=1 statg, occurs wherHlla  when the spins are aligned alobgso a state with half the
at a critical magnetic field of 6 T with increasing field and spins aligned along ought to have a resistivity between the
5.3 T for decreasing field dt=>5 K. The 0.7-T wide hyster- antiferromagnetic-metalli- (AFM-b) and FNM (spins
esis loop proves the transition is first order with respe¢ito alonga) phases.
By contrast wherH|lb, M(H) is linear, presenting neither a At temperatures just below84K a new kink arises at
corresponding feature at 6 T nor any evidence of hysteresis-2.5 T, which increases in magnetic field with temperature
The field-independent value dfl whenH(lla)>6T indi-  to a maximum of 3.5 T at 52 K and then decreases to zero by
cates the system is saturated, which is further supported by, , an example of which is illustrated by the 50 K trace in
pulsed field magnetization data to 60 T, showing no addiFig. 2(b). In small magnetic fields, the 48 K trace has a
tional field-induced transitior®. smaller resistivity than the 50-K trace, altering the trend of
At low temperatures the easy axis is alamgvhile above resistivity decreasing as temperature increases, and illustrat-
the spin-reorientation transitioh,, the easy axis is aloni. ing that the system is metallidp/dT>0) above 48 K for
Application of Hlla depressesT,, toward a multicritical small H. At the kink in the 48-K trace, it crosses the 50-K
poin? (MCP) near 41 K and 5.5 T, and leads to additionaltrace so thatip/d T<0, suggesting that this kink corresponds
magnetic phases. This section explores the impaktiafon  to the destruction of the metallic sta&FM-b). Overall, the
the phase boundaries through careful measurement of mafgatures in the isothermal magnetoresistivity offer some in-
netoresistivity, magnetization, and heat capacity. The resultsight into the phase diagram, where the drogp{i) indi-
of these measurements, summarized in Fig. 2, then permgates the destruction of the AFNM state; the jumpp(i)
construction of an HT phase diagram for,Qa,O;. indicates the FNM transition; the upturn arising at Idiv
Isothermal longitudinal magnetization, i.eMlH, mea- only at higher temperature§47.75-50 K indicates the
surements presented in FigaRinclude a 5-K trace illustrat- antiferromagnetic-metallic boundarfAFM-b); and finally
ing the metamagnetic transition observedTer41 K, while  the flopside phase occupies the region between the drop and
for the two higher-temperature tracé$2 and 45 K, the  jump in the isothermab(H). This leads directly to construc-
metamagnetic transition splits into two distinct steps of equation of a more complete phase diagram fdka, shown in
magnitude, so that above the initial step, the magnetization ifig. 3. However, microscopic probes, in the<40<50 K
approximately one-half the saturation moment. The separaand 0<H<8 T range, such as neutron scattering are needed
tion between the steps increases with temperature until thg clarify the magnetic structure, especially in the proposed
spin-reorientation temperatu(é8 K), where they disappear. ferrimagnetic(shaded region of Fig. 3a). Simple diagrams
The transverse magnetizatidh, , which measures the mo- of the proposed spin structures for the ordered phases are
ment perpendicular to the external applied magnetic fieldshown in Fig. 3b).
i.e.,Hla, M1 H, is also shown in Fig. @). The transverse The peak in the specific heat B, in zero magnetic field
magnetizatiorM | is large when the longitudinal moment is shrinks in magnitude and broadens considerabl{ ke in-
~3Mgqand negligible elsewhere. Together, these results imereasegdata not shown The peak also shifts to lower tem-
ply that the system undergoes a flopside transition to a stafeeratures asl increases, and the entropy removed under the
where half the planes are aligned ferromagnetically (M) peak projects to zero between 5 and 5.5 T, i.e., near the MCP.
and half are FMb with a magnetic spin structure similar to However, at magnetic fields and temperatures just above the
HoPZ® MCP, superheating and supercooling effects are observed,
Measurement of the isothermal magnetoresistivity asand a new specific-heat anomaly arises. Such effects are only
shown in Fig. 2b) for temperatures 48 T<50 K provides observed in exceptionally pure samples, thus confirming the
an additional probe of the magnetic phase diagram. Note thatery high quality of these crystals. Figure 4 shows the tem-
when the temperature is below the MCP, there is a singl@erature of a sample as a function of time as heat is applied
magnetic phase boundary at the critical magnetic field, identremoved in a magnetic field of 6 T. At the critical tempera-
tifiable by a sharp drop in the magnetoresistivity, and indi-ture, the sample spontaneously co@lgarms by 0.51 K
cating a change from antiferromagnetic-nonmetallic(0.66 K). A likely explanation for such behavior is that the
(AFNM) to ferromagnetic-nonmetallic FNM order, with spins disorder(orde) as the critical temperature is ap-
spins oriented along in both phases as illustrated by the 40 proached from belowabove, and that they spontaneously
K trace. At 41 K, the sharp drop remains, but there is ambsorb(releasg entropy as they change states. Thermal lat-
almost immediate jump afterwards, marking the MCP as dice vibrations are the most readily available entropy source
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a FIG. 4. Superheating and supercooling curves obtained in 6 T
during quasiadiabatic heat pulse measurements. The hatched area

was used to calculate the entropy change. Inset shows heat-capacity
hysteresis between the onset of the superthermal curves—a peak is
observed if the measurement is made by approaching from low
temperatures, while no such peak is observed when cooling from
higher temperatures.

FIG. 3. (a) Phase diagram fdfT plane withHlla. The regions
are antiferromagnetic nonmetéAFNM), ferromagnetic nonmetal
(FNM), antiferromagnetic metalAFM-b), paramagnetic metal
(PM), and a complex region that may include a ferrimagnetic flop-

side type of magnetic structure. Data points were obtained fromerias of magnetic fields as illustrated in Fig. 5. Small mag-
isothermal magnetqres_lstlvny and constaﬁ_t resistivity (s_olld netic fields alongo suppressTy, illustrated in the inset of
shapek and magnenzano(ope_n shapgs (b) Simple m.OdGIS |Ilus-' Fig. 5@ by the shift of the Fisher-Langer anomaly in the
trate each ordered phase with the crystallographic axes defmel%sistivity as the magnetic field increases. A corresponding
along the left edge. peak is observed idM/dT as a function of temperature for
(sink), Wi_th the result that this phase c_hange is reflected by %elmlg)aerrg:ligen(e)?irrleelgérl\ﬁtsigt% WIZ ;g;)'ﬁj sshc;ftt;]r;ttr;)ey %nsTe'i[t
change in the sample temperature via superthermal effect isappears with the transition moving from a paramagnetic

From the. anomalous portion of 'the curve, the entropy ?hangstate directly to the AFNM state. At magnetic fields less than
due to this superthermal effect is 0:69.03 for the warming - . .
: . 3 T, Ty=48 K remains essentially constant, observable as
case and 0.290.03 J/mol K for cooling, assuming that all of o . . _
tpe sharp resistivity upturn in the inset of Figab Larger

the crystals in the sample experience this effect. The inset Ol anetic fields aradually suopress demonstrated in Ei
Fig. 4 shows the heat capacity in the vicinity of these super: 9 : 9 Y SUDPresgy . g.
by the jump in the resistivity, the drop in the magnetiza-

thermal effects, where there is a thermal hysteresis—a peahon, and the peak in the specific heat. The strong agreement

is observed whefi . is approached from below, but no such .
: . . between different measurements further demonstrates the
feature is observed when cooling through this same temperas-

eclose coupling between the spin and charge carriers within
this system, while the heat-capacity measurement shows that

results in an entropy change 4f5=0.28+0.04 J/molK, in application of a magnetic field alorfy suppresses the tran-
agreement with the entropy difference between the two su2PP 9 bp

i sition in both temperature and magnitude.
perthermal effepts(l.e., 0.99-0.69=0.30 qlmoI_K). Thes_e The data from Fig. 5 may be used to construct HiE
effects, along with the spontaneous heating discussed in thenase diagram foHIIb as shown in Fig. 6. This diagram is
specific-heat section, lead to the conclusion that the pha§e 9 g. © 9

boundary defining the field-induced ferromagnetic stateC()r]S'd(:“rably less complex than that féfa, consisting only

(FNM) is strongly first order and distinct from the saturatedOf AFM-b, AFNM, and paramagneti®M) phases, with a

. . triple point arising at 48 K and 3 T. In magnetic fields above
paramagnetic state expected for most simple metamagnetsS_S T, the phase boundary between the PM and AFNM states

fits very well to
V. PROPERTIES WITH H ||b

kgTw

Application of magnetic fields along leads to a signifi- Hu(Tyw)=22.4- 205 (3
cantly different phase diagram from that of Fig. 3. It is con- 9Sts
structed in the following section by once again carefully ex-whereT), is the critical temperaturey,, is the critical mag-
amining the resistivity, magnetization, and specific heat in aetic field, and the uncertainty in the intercept and slope
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FIG. 5. (a) Resistivity, (b) magnetization, andc) specific-heat
data obtained for several valuestéfb. The inset of(a) shows the
impact of magnetic fields<3 T in suppressing the & tempera-
ture, while the inset ofc) shows the subtle change gnat 20 K for
moH>15T.

values aret0.1 T and*=0.01 T/K, respectively. The zero-
temperature intercept projectshiy, (0 K)=22.4 T, in excel-
lent agreement with the anisotropy field,=22.4 T deter-
mined from Eqs(1) and(2). It is particularly interesting to
note that by increasingdlib, both transitions to ordered

PHYSICAL REVIEW B57, 094427 (2003
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20
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FIG. 6. TheHT phase diagram forllb, defined by magnetiza-
tion (open symbolsand resistivity(solid symbol$ measurements.
The inset shows entropy removed under Thg(H) peak with the
line fit to the points between6H<<12 T, projecting toAS=0 at
15T.

The inset of Fig. &) shows the resistivity for several
magnetic fields 15 u,H=<17.5 T, illustrating two important
features. The first is that,,(H), defining the AFNM bound-
ary, continues to be depressed in temperature with increasing
magnetic field to at least 17.5 T. This suggests that the en-
tropy removed under the specific-heat peaks is distinct from
the metal-to-nonmetal transition. The second feature is the
small kink that occurs at 20 K in magnetic fields above 15 T.
Energetically, 20 Kk14.9 T=Hg, so this kink may reflect
the loss of spin-dependent scattering contributions to the re-
sistivity, arising from paramagnetic saturation as suggested
by the discussion of entropy above.

VI. SUMMARY

states—the AFM and AFNM phases—are smoothly shifted
down in temperature, permitting the resurgence of paramag- Measurement of high-quality single-crystal samples of

netism. By contrast, increasing along a shifts Ty only

CaRu,0; with magnetic fields applied parallel to both of

slightly, and new ordered states arise as the field suppress#se in-plane principal crystal axes results in two very distinct

Twm -

HT phase diagrams. This demonstrates a remarkable anisot-

The entropy removed at the transition as a function ofropy in this system as compared to tetragonaResO;,
magnetic field may be calculated from the area underneattesulting from smaller Ca ions replacing Sr, thus orthorhom-
the specific-heat peak, where examples for several fields aigically distorting the structure, and leading to a very rich
shown in Fig. %c). The entropy removed decreases linearlyphase space. The orthorhombic distortion may be almost

with increasing magnetic field for<6H<12 T as the inset of
Fig. 6 shows, fittingAS=2.68-0.178u,H. In the limit of
zero external fieldAS=2.68 J/molK, in excellent agree-

completely accounted for by an examination of the tilting
between Ru@octahedra in adjacent planes, where the tilt is
much greater along thanb. The anisotropy is most clearly

ment with the entropy removed at O T, while projecting thisillustrated by the appearance of a metamagnetic state at low
line to AS=0 results in a magnetic field of 15 T, comparable temperatures where the spins become locked atpmghich

to the exchange fieltlg(=14.2 T). When the applied exter- might result from a structural transition &, =48 K. Mea-

nal magnetic field exceeds the exchange field, the system hasrements of magnetization indicate the anisotropy field is

reached a saturated paramagnetic stathus there is no
remaining spin entropy andiS,,;,=0, in agreement with the
projection in the inset of Fig. 6.

Hao=22.4-0.4T, and that the exchange field ks=14.2
+1T. These values are also reflected in specific-heat and
resistivity measurements, arguing that the spin and charge
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carriers are strongly coupled, and that the spin interactiondistinctly segregating the ferromagnetic regigiNM) from

are key to understanding the overall properties of this systhe rest of the phase diagram by strong first-order transitions.

tem. Measurements in the temperature region just above the mul-
At low temperatures, the large electronic contribution toticritical point with Hlla suggest a flopside phase similar to

the specific heay=44+2 mJ/mol K indicates a significant Hop, making this an ideal candidate for additional work with

e|eC.tI’0niC DOS at the Fermi Surface., despite nonmetallic bea microscopic probe such as neutron Scattering or magnetic
havior; thus the electrons must be highly correlated. Furtherg.ray scattering.

more, this value is constant both above and below the 6-T

critical field, indicating that the Fermi surface is largely un-

perturbed by the metamagnetic transition, supporting specu- ACKNOWLEDGMENTS
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