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Multiple magnetic phase transitions in single-crystal(Sr;_,Ca,);Ru,0; for 0=<x=<1.0

G. Cao, S. C. McCall, and J. E. Crow
National High Magnetic Field Laboratory, Florida State University, Tallahassee, Florida 32310

R. P. Guertif}
Physics Department, Tufts University, Medford, Massachusetts 02155
(Received 12 March 1997; revised manuscript received 9 May)1997

SrRWO; is a highly correlated narrowd-band metallic ferromagnet with a Curie temperatdrg
=105K. CaRu,0; which is isomorphic to SRu,0,, becomes antiferromagnetic and remains metallic
below Ty=56 K and exhibits a lower-temperature transitioM gt=48 K into a nhonmetallic antiferromagnetic
phase. Both systems have th@T$;0; staggered double-layered body-centered-tetragonal structyRuCy
being less ideal because of the smaller Ca ionic radius. Both systems demonstrate a very high degree of
anisotropy of the magnetic and electrical properties. Magnetization and magnetic susceptibility studies for 2
<T<400K and O6<H<7T, electrical resistivity for £T<300 K, and heat capacity measurements for 1
<T<20K are presented on as-grown single crystals of (32a)s;Ru,0,, spanning the full concentration
range G=x=<1.0. The results show multiple magnetic phases, from ferromagnetism<for4 to antiferro-
magnetism forx>0.4. The transition from ferromagnetism to antiferromagnetism precedes a crossover from
metallic conductivity at low temperatures to nonmetallic conductivityxfoi0.7 andT=<40 K. In all cases the
resistivity at room temperature is large=€0.02—0.04) cm), but with a metallic temperature dependence
(dp/dT>0), indicating the materials are probably “bad” metals. Resistivity anomalies at the transition
temperatures suggest the opening of a gap at the Fermi surface for the metallic antiferromagnetic phase (0.4
<x<0.7). The gap appears to evolve smoothly with increasing Ca content and may be relevant to a Mott-like
metal to nonmetal transition for Ca-rich samplgs;1.0. Magnetic anisotropy measurements show that the
easy axigc axis forx=0) rotates into theb plane with increasing Ca concentration and a lower-temperature
canted magnetic structure is suppressed as the system becomes antiferromagnetic. The electronic component of
the heat capacity, which is large for the end members of thg_(88);RW,0; series,y=77 mJ/mole K for
x=0 andy= 35 mJ/mole K for x=1.0, is even larger for most of the mixed system#,0,1.0. The data are
discussed relative to the physics of bad metals and to the highly correlated nature of the Ru-dominated narrow
4d bands. The results are compared with a recent analogous study of metallic ferromagnetism in single-crystal
Sr,_CaRuO;. Included in this paper is a discussion of the strikingly strong variation between the magnetic
and electrical properties of single-crystal materials compared to similar data from isostructural polycrystalline
materials.[S0163-18207)04433-Q

[. INTRODUCTION fivefold degeneraté-shell configuration into a ground-state
t,4 triplet, with an excitedand for Ru oxides unpopulated

Electron-electron correlations often dominate band-doublete,. Thet,,-€4 splitting for the 41 systems is very
structure effects and govern the magnetic and transport proparge because of the large radial extent of tldeshell. Con-
erties of metallic transition-metal oxide systems, includingsequently, the,, orbitals are filled first, which is the “low-
those of the 4 transition-metal ruthenium where tebands ~ spin” configuration(S=1 for Ru. The exchange terms fa-
tend to be narrow. The low-temperature properties of the voring parallel spin arrangements are less important. For
ruthenates span the spectrum from good metals to bad metafost 3 oxides, where the crystal-field interaction is weaker,
to magnetic insulators, where in “bad” metals the apparenit is energetically favorable to fill the orbitals with parallel
mean free path at high temperatures for single-quasiparticiepins, the “high-spin” configurationS=2 for nd*). The
scattering is comparable to interatomic distances. Based dntra-atomic Coulomb interactiod in the 4d and 5 oxides
our own work and the work of others, very small chemicalis generally smaller than in thed3oxides because of the
substitutions in the cation sublattices can precipitate dramatil@arger radial extent of the shells. From the perspective of
changes in the ground states of the Ru transition-metal oxthe Mott-Hubbard model, theddand 5 oxides should thus
ides: from paramagnetic to magnetically ordered, from mebe more metallic, and indeed all of the (S¢Ca);Ru,0;,
tallic to nonmetallic. The boundary between bad metals andnaterials are metallic, at least at room temperature.
magnetic insulators is well demonstrated by the results pre- The materials described in this paper are members of the
sented in this paper. Ruddlesden-Poppé&RP) structure series for transition-metal

The origin of the strong magnetism of the ruthenates lieoxides, which are characterized by the expression
in the localized yet strongly covalent Rud4shell. In the A,,1{M,03,:1, N=1-. HereA is an alkali- or alkaline-
octahedral Ru O6 symmetry characteristic of many earth metal and/ is a 3, 4d, or 5d transition metaf. The
transition-metal oxides, the crystal-field interaction splits theindex n denotes the number of couplddl-O planes in the
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repeated structure and for=, the AMO; composition, the  stability and content of the end members of the series were
structure is perovskite based with an infinite stacking oféxamined with thermogravimetric analyssee Sec. I). Fi-
M-O planes, the structure for colossal magnetoresistanc@@lly, the samples form small—2 mg rectangular parallel-
materials, like the manganates, such ag_L&rLMnO;. For ~ €pipeds, with the short dimension along theaxis (001).
n=1, the A,MO, composition, the structure is that of the They remain stable in the atmosphere over long periods of

familiar single layered “214” highT. superconducting se- {ime. All samples were measured in an as-grown state.
ries, e.g., (La_,Sr),Cu0,. The magnetization of the samplé3<T<400 K, 0<H

In the work reported here, we examine the 2 alkaline- </ T) was determined with a Quantum Design MPMS su-
earth series, namely, (Sr,Ca)sRu,0;, and the entire con- perconducting quantum interference device system, the elec-
centration range @X$Xl.0 is covered. Only well- trical resistivity with a conventional four-probe technique for
characterized single-crystal samples are used in this paper~1 <300 K, and the heat capacity (¥3 <20 K) with a
the materials being fully miscible. Previous papéreave 0W-mass thermal relaxation heat-capacity system having a
described the rich array of magnetic, electrical, and thermoSensitivity of about 1uJ/K at 10 K.
dynamic properties of the end members of this series, i.e.,

x=0 and 1.0 compounds. Both end members were synthe- |||. PROPERTIES OF SINGLE-CRYSTAL VERSUS

sized in single-crystal form in our laboratory. Single-crystal POLYCRYSTALLINE SAMPLES

SRW,0O; becomes ferromagnetic below.= 105 K, with a ) . : )

subsequent spin reconfiguratiécanting for T<66 K.3 It We digress to emphasize an interesting aspect of these

remains metalliqdp/dT>0, wherep is the electrical resis- and related studies: the unusually large difference in physical
tivity) over the entire temperature range investigatedT1 Properties found between single and polycrystals of the ru-
<400 K. Single-crystal GRW,O, is also metallic at high thgnates. Two paper’rg recent_ly hz_ive presenteq convincing
temperatures, though with a large resistivity, and it become§vidence for antiferromagnetism in polycrystallingfB,0;
antiferromagnetic below, =56 K. A subsequent first-order &t about 15K, in sharp congrast to tfeeromagnetisnat 105
metal to nonmetaldp/dT<0), Mott-like transition occurs K Of single-crystal SiR,0,.” The susceptibility of the poly-

at T,,=48 K.* This work reviews the magnetic, transport, crystalline samples from both groups shoyvs the presence of
and thermodynamic properties of (S;Ca)sRL,0; and de-  STRUQ, which ~ is  ferromagnetc  at T,
tails the transition from ferromagnetism to antiferromag-— 16° K'O' acknowledged by both groups t(('.’) be present in
netism asx increases from=0 to 1.0 as well as the accom- "€ 2—3 % range. We have found a 2-3 at. % Sriplase
panying change from low-temperature metallic ton all polycrystalline sz_imples fabricated b)_/ our own group
nonmetallic behavior. In addition, low-temperature heat-2nd, of course, no evidence for SrRuM single crystals.
capacity measurements (£ <20 K) reveal large contri- (Because SrRufis ferromagngtlc, low-field magnetization
butions from the electronic structure. In all cases, well-Can detect the presence of this phase of better than 2 at. %,
characterized single-crystal samples were studied and whe#ich is slightly more sensitive than x-ray scatterjngc-
appropriate the anisotropic properties were measured. THE0wledging the effect on the susceptibility of the impurity
results are compared with a recent analogous study of thehase, it remains |mp035|b_le to reconcile the drastically dif-
n=o system, S_,CaRuO;. We include a discussion of ferent results between single-crystal and polycrystalline
the rather wide variation among the properties of the ruthen>sRU0O7. For example, previous studies of polycrystalline

ates that is found between single-crystal and polycrystallin®RUO; suggest a magnetic anomaly in the vicinity of 15
materials. K, but no magnetic anomaly of any kind can be found

aroundT =15 K in our SERu,O; single crystals. In any case,
such an anomaly would probably be masked by the bulk
ferromagnetism, which sets in at a much higher temperature
in single crystals. Finally, there is some agreement in a
Single-crystal samples were made by a self-flux techniqueloped crystal: Close examination of the susceptibility of the
in Pt crucibles. The samples were heated to 1500 °C usingolycrystalline(Sr, s/ Ca 393RW0O; data for Ref. 5 shows a
off-stoichiometric quantities of RuQ SrCQ; (and for mixed weak anomaly around 80 K, consistent with the ferromag-
crystals the appropriate amount of CagiGand the self-flux  netism for that composition in our single-crystal samples
SrCl, and/or CaCJ. The mixture was soaked at 1500 °C for (see below.
24 h, then cooled slowly to 1350 °C, and quenched quickly In order to depict the difference between single-crystal
to room temperature. Examination of the surface of severand polycrystalline sample data, we show in Figa) lthe
samples under a differential interference contrast microscopsothermal magnetization al=5K for a single-crystal
in polarized light showed that the crystal morphology wassample and polycrystalline §Ru,0,.° The single-crystal
uniform over the crystals. An analysis of sample cation com-imagnetization is an average along the three principal direc-
position was carried out with EDX scanning electron micro-tions, i.e.,M(H)=%My, .+ 3My,c. The two steps to the
scope(to an accuracy of about= =+ 0.005 and all materials magnetization result from the sharply increasing magnetiza-
were examined with x-ray diffraction. All the diffraction tion at very low fields forHlic (easy axiy and the sudden
peaks could be indexed to the body-centered-tetragonaise of the magnetization at abokt=3 T for H1 c (hard
CaTi,O; structure. To the accuracy of these measurementsxis). Regardless of averaging issues, which affect data only
no additional phases were found with x-ray scattering, infor H<3 T, the variance between single-crystal and poly-
cluding any evidence for ferromagnetic;SfCaRuQ; (see  crystalline data is compelling.
the discussion of impurity phases in Sec).llThe oxygen There are several additional examples of discrepancy be-

Il. SAMPLE PREPARATION AND EXPERIMENTAL
TECHNIQUES
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7 T ‘ polycrystalline samples of the ruthenates seems too great to
s g S 3 dismiss as simply a difference in sample quality or prepara-
I single Crystal (Average) tion technique. It is tempting to ascribe these differences to
This Work and Ref. 2 something more fundamental, perhaps to some very long co-
SrRu0, herence length scale in the ruthenates. One source of discrep-
T = 5K 1 ancy could be oxygen content: Thermogravimetric analysis
measurements on sR®u,0; and CaRu,0; showed that oxy-
g gen starts diffusing out beginning around 1100 °C and
1000 °C, respectively. Therefore, in order to test the role of
(@) Ref. 6 Polycrystal oxygen content, we subjeg:ted single crystals _ojRSgO7
: and CgRu,0, to a flowing oxygen annealing afl
=1100°C and 900 °C, respectively, for 1-2 days. There
was no change in the Curie temperature ofRes0; (T,
=105 K), though the temperature of the canted phase shifted
5 down slightly from about 66 to 53 K. However, the Mott-like
‘./‘ Pulverized Sr Ru O transiti(_)n in CgR_u207 was fully §uppressed py the oxygen
. =, : Sinale Cr ;talg 7 annegllng, meaning only Fhe antiferromagnetic metallic state
] M 'ng v : remained belowl'=56 K in oxygenated GRu,0,. These
i . H=0.01 T ] experiments showed that the effect of an oxygen annealing
3¢ e ] was negligible in §Ru,O; (though not in CgRu,O;). An-
' Field Cooled | other source of discrepancy could be the crystallite size, but
s | ] the pulverized single crystals of Ru,0; display a sharp
' ferromagnetic transition at 105 K with no trace of antiferro-
magnetism near 15 Ksee Fig. 1b)]. The temperature de-
pendence of the low-field magnetization fo<T.=105 K
for the pulverized single crystals is somewhat different from
0 e . that measured on the single crystarhis difference is ex-
0 50 100 150 200 250 pected and can be attributed to anisotropy effects that are
T (K) significant for S§Ru,0; for T>T,. Nevertheless, these re-
sults deepen the mystery of the huge discrepancy between
single-crystal and polycrystalline §Ru,0; by essentially
eliminating both oxygen concentration and the crystallite
size as contributing factors. This issue is puzzling and will be
addressed further in our future work.
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FIG. 1. (a) Comparison between the magnetizatiod at5 K of
as-grown single-crystal ferromagnetic;Bu,0; vs that of antifer-
romagnetic polycrystalline §Ru,0O; and (b) temperature depen-
dence of the magnetic susceptibility for pulverizegR&rO; single

crystals.

tween the properties of single-crystal and polycrystalline ru- IV. EXPERIMENTAL RESULTS

thenates: Single-crystal uQ,, the n=1 member of the

RP series, is superconducting beldw=1.35 K ? the first Figure 2 shows the Ca concentration dependence of the

Cu-free superconductor isostructural with a hiheuprate, room-temperature lattice parameters for five representative
e.g., (La_,Sr),CuQ, SrRuQ, has the added feature of powdered (Sr_,Ca)3;Ru0; single crystals. The overall de-
being superconducting in the undoped state, and there is coarease in lattice parameters reflects the smaller ionic radius
jecture that it may be p-wave superconductor, analogous to of Ca and more distorted structure of the Ca compound com-
liquid 3He.l° However, the authors of this discovery find pared to the Sr compound, which is a common occurrence in
that sintered samples of /RuQ, are not superconductirlg. other members of the RP series. At 0s38<0.69, a plateau
Indeed, another group finds semiconducting behavior in sini the a axis is seen and may be associated with the drastic
tered SsRuQ,.1! This behavior is unlike conventional super- change in electronic orbitals evident in the transport proper-
conductors, or higfr, cuprate superconductors, whefg  ties shown below. In the similar doping regime, an anoma-
for polycrystalline samples is generally the same as for theilous Ca dependence of tleeaxis is also observed in poly-
crystalline counterparts, if proper care is taken in preparingrystalline samples.
the samples. Another example comes from our own work In Fig. 3 we show the electrical resistivipy;, as a func-
with CaRuQ, which shows semiconducting behavior at low tion of temperature for several (Sr,Ca)3;Ru,0; samples.
temperatures as a polycrystal, but which shows metallic retn all cases the current was applied along the Ru-O planes, in
sistivity in single-crystal form{with a resistance ratio of near the[100] or [010] direction there being no discernible differ-
40). Finally, the electrical resistivity of polycrystalline ence in the resistivity between these two axes for any
SLRW,O; shows nearly-temperature-independent, slightlysamples, as expected for tetragonal structures. RRUSD;
semiconducting behaviSrwhereas our single crystals show (x=0) the sample is ferromagnetic &it=105 K. There is
clear metallic behavior, with a resistivity ratio near 10. While no anomaly afl . for p,,, but a sharp decrease in the slope
grain boundary effects might partially account for variationsof p vs T appears af . for p., i.e., current measured along
in transport, they cannot explain the drastic differences rethe ¢ axis, which is the easy axis for magnetization in
flected in magnetic properties. SKRW,O; (see Ref. R Thec axis anomaly shows charac-
The pattern of discrepancy between single-crystal anderistic ~ Fisher-Langer  behavidf, where  short-
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FIG. 2. Ca concentration dependence of the lattice parameters ) o
for five representative powdered single crystals. FIG. 3. Temperature dependence of the electrical resistivity
p(T) of (Sr_,Ca)3;Ru,0; showing a transition at approximately

) . . ) x=0.6 from metallic to nonmetallic behavior. All magnetic transi-
wavelength spin fluctuations dominate conduction electronions may be seen in anomaliesfT).

scattering. The application of the Fisher-Langer model to
these materials may be suspect, however, in that the modekis. (The easy axis for antiferromagnetism ligsthe ab
treats magnetic scattering of a single bang-dike conduc-  plane, in th110] direction for antiferromagnetic GRU,O5,
tion electrons from localized moments and thedRshell is  i.e., x=1.0.) We have noted previously in a related system
not well localized. In addition, the carriers in the Sr_,CaRu0; (then=o members of the RP serjethat the
(Sr—xCa)3RwO; system probably do not havs-like  easy axis turnsut of the plane with increasing, the easy
character® Finally, the model does not treat the magneto-axis for ferromagnetic SrRubeingin the ab plane®
crystalline anisotropy associated with this system. Perhaps While the samples in Fig.(8) appear metallic, the resis-
adjusting for the latter could explain the lack of such antivity for the midrange of composition 0dx<0.7 is more
anomaly for current applied perpendicular to the easy axis.complex. The temperature dependence of the resispvity

For Ca-doped materials, anomaliespig, resistivity begin  for T>50 K is metallic and weakly temperature dependent
to appear: Fox=0.33, there is a weak resistivity anomaly [Fig. 3(b)]. For this composition range(T) for T<50 K
characteristic of a ferromagnetic transition fpg, at T  becomes less metallic and an anomaly develops, which we
=80 K, more evident in a plot oflp/dT vs T (not shown.  will associate with an antiferromagnetic transition. Note that
This suggests that as is increased the easy axis for the the room-temperature resistivity lies between 0.02 and 0.04
magnetization rotates into theb plane, away from the  Qcm for all the mixed samplesx#0 or 1.0. This
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is well above the resistivity(=500 () cm) one might cal-

culate within the loffe-Regel limikgl=a, wherel is the e Aday, ' '
mean free patfi However, this seems to be a limiting value o |
of resistivity for the metallic phase of the (StCa)sRu,0, o320 x=0.0 ]
system. Asx approaches 1.0Fig. 3(c)], the samples show g (a)
nonmetallic behavior below about 40 K with increasingly S 45 [ n ]
sharper transitions, finally developing into a first-order meta GE,
to nonmetal, Mott-like transition in GRWO; at Ty — ok . H=001 T
=48 K. The small decrease in the resistivityTat 56 K for L
CaRu,0; is associated with a transition into a metallic an- = i A ; :”(??(1))
tiferromagnetic state, as discussed in Ref. 4. ‘ 5 A (110)
The resistive anomalies accompanying what appear to b
antiferromagnetic transition temperatures for 6:38<0.69 A
[Fig. 3(b)] resemble those described by the theory of Suezak S ——
and Mori®® In that case a gap opens at the Fermi surface a AAAAAA P ]
the periodicity of the magnetic sublattice doubles in the pres __ tar AAA § ; : x=0.33 1]
ence of antiferromagnetic order. The appearance of som @ 12| (b) A 2 . HI1(001) | ]
kind of gap would be consistent with the Mott-like transi- g 4 s . 1
tions seen for more heavily doped Ca sampkg. 3(c)]. 5 'r 5 % H E
The behavior of the resistivity as a function of applied g o.8 [ ‘A 0 N _
magnetic field for the end members of the(SICa ) sRu,0; Q i AA A
systemx=0 and 1.0, is described in some detail in Refs. 3 %€ ]
and 4, respectively. We have performed a limited numbero = o4 [ . HIl(110) ]
measurements of the longitudinal magnetoresistivity of som: = oooee s ¢ x=0.42 ]
of the mixed samples. In most cases the effect of field i 0.2 |- \*\ A 4 x=0.33
rather small. It is generally less than 10% at the lowest tem o F f‘%‘@‘gw
peratures for fields to 12 T, though it reaches 18% for 0.12 I —————r——e
SRW,O; at T=30 K. For thex=0.69 sample, which shows
an antiferromagneticlike, weakly metamagnetic transition for - o.1 |- HII(110)
T<T. atH=4.5T along the easy axisee belowy, the re- @
sistance is unchanged upon increadthgo 4 T, whereupon g 0.08 e x=1.0 |
it drops uniformly by about 20% té1=12 T, the highest 35 0 x=0.97
field applied. This slow decrease mirrors the slow increase il & 55 [ 4 x=0.93 |
magnetization aH=4.5T. Both results may be compared ® ¢ x=0.69
with x=1.0, CaRw,0;, where a first-order metamagnetic in-
; 20 - . T 0.04 - 3 S
crease in magnetization &=6 T from the nonmetallic to = “0e
metallic phase is matched by a first-order decrease in ele = hl-. ;
trical resistivity at the same field. 0.02 2 iiiiiiiﬁiaﬁ—
The .temperature dependence of the low-field magneth . : N o?o?o?O?Q?OQQ?OQONi
properties of the (Sr ,Ca);Ru,0; system are summarized o 50 100 150 200

in Fig. 4. In all cases the applied magnetic field was smal
enough that the “zero”-field limit inM vs H was reached, T (K)
i.e., dM/dH)y_,, is linear. The multitude of magnetic tran-
sitions bears close scrutiny. The top panel Fig) 4$hows
the distinctive step signature of ferromagnetism &t
=105 K (“kink point method” for determiningT.). This
shows clear evidence that theaxis is the easy axis because
only a very small anomaly appears @ for HLc, i.e.,
HI[110] in Fig. 4a).

For (Sk_,Ca)3;Ru,0,, x=0.33[Fig. 4b)], T, decreases and does not exhibit multitransitional behavior as is seen for
to about 80 K, but the anomaly for in-plane magnetizationCaRW,0;. In Sr,_,CaRu0; the out-of-plane rotation was
grows compared tx=0, indicating the easy axis rotates accompanied by a large increase in the magnetic hysteresis
away from thec axis forx>0. The inset of Fig. &) shows for x>0.

a still prominent magnetization vs temperature ftic. As Forx>0.4[Fig. 4(c)] the transition temperature continues
stated above, in a related system SCaRu0;, we found to decrease and becomes locked in at around 50 K. However,
the opposite situatiofi:The easy axifab plane forx=0) the shape of vs T develops a sharply defined peak, indicat-
tippedout of the plane as Ca was substituted for Sr in ferro-ing antiferromagnetism rather than ferromagnetism. Finally,
magnetic SFRu@(T.=165 K). In S;_,CaRu0; ferromag- for x=1.0, we see the two antiferromagnetic transitions, dis-
netism is also suppressed with Ca substitution. However, igussed in Ref. 3. The extremely sharp loss of moment at
thex=1.0 limit, CaRuQ is an enhanced paramagnetic metal Ty, =48 K for x=1.0 remains difficult to understand.

FIG. 4. Magnetic susceptibility vs temperatuk&/H(T), for
several (Sy_4Ca)3;Ru,0; samples. The multiple magnetic transi-
tions may be seen in these data and compared with the data of Fig.



5392

G. CAO, S. C. McCALL, J. E. CROW, AND R. P. GUERTIN

56

TABLE |. Parameters of fits to low-temperature heat-capacitymirrors the results obtained for the,;SECaRuO; (n=x)

measurements.

system, for G=x<1.02 In Sr,_,CaRuO; the mixed crys-
tals, x#0 or 1.0, showed higher values ofas well. The

X ¥ (mJ/mole K) 9o K rather large rise iny asx is decreased from 1.Br addition
0.0 77 318 may be correlated over the low-temperature range of mea-
0.14 192 332 surement with the conductivity, which increases marginally
0.33 17G-10 275 on the approach to the metallic phagsee Fig. &)].
0.58 99 307 Whether this reflects a narrowing of tlieband, increased
0.90 96 330 disorder, both, or some other mass enhancing mechanism is
0.93 60 357 open to speculation. It is probably not a result of increased
1.00 35 369 carrier concentration, as the samples tend to be more resis-

tive in the high-temperature metallic phase, thus loosely
obeying Nordheim’s rule. Ag is decreased from 1.0, there
We measured the low-temperature (&B5<20 K) heat is also a concomitant decrease of the Mott-like transition,
capacityC(T) of several of the (Sr ,Ca)3;Ru,0; samples  which disappears entirely for<0.7 as the system becomes
in an attempt to quantify the degreedfand correlation as  more metallic. Attempts to include &2 term in the heat
a function ofx. This determination is complicated by the capacity resulted in improvement in some of the fits, where
transition from metallic to nonmetallic behavior for large  this term might be expected from magnon excitations, but
The temperature range over which the low-temperature elegne would expect stronger magnon contributions for lower-
tronic heat-capacity parametgwas measured was in €ssen- samples, which was not found from fits to the data. Further

tially the nonmetallic region fox>0.7. In that case, the 5n4ysis of the heat capacity will be pursued as these results
electronic heat capacity may measure the density of states ale extended to lower temperatures, including magnetoca-

the“Fermi ?urfac_izhfortrt]hose re_gl]_loni_thgttare not f%atpped 4Bric effects. This will be done to better understand the in-
v(\://eT 32 _?Za dees évr'] déﬂceevgr?gr'e tiﬁee( i%te::: )[N\?vfﬁeh::) roe-a terplay between electronic and magnetic excitations.
P ’ P In order to illustrate the high-magnetic-field properties,

vealsy and the coefficient of th&? term is a measure of the . . 2 . :
Debye temperatur®p . These results are tabulated in TableWhICh are _also useful in dgscrlt_)lng the magnetic ordering of
L the materials, we show in Fig. 6 the isothermdl vs
HI[110] at T=15 K for several (Sr_,Ca);Ru,0; samples.
This field orientation was chosen because it is the easy axis

of magnetization for the majority of the materials, at least for

The data from Table | and a representative fit to @@
vs T2 fit are shown in Fig. 5. A representative fit to the data
is shown in the inset of Fig.(8. The general trend ofy
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FIG. 5. Summary of fits to the heat capac@yT) vs T?. Inset:

data for a representativec€ 0.93) sample.

x>0.3. (See Ref. 4 for details about the=1.0 material).

The chosen temperatufie=15 K is well below any of the
ordering temperatures, so in effect representsTth® iso-

therm.

In Fig. 6(a) we see that théll[ 110] data forx=0 (fer-
romagnet aff ;.= 105 K) show a field-induced spin reorienta-
tion transition(perhaps metamagnetiat about 2.5 T. As can
be seen from the inset of Fig(l§, the magnetization satu-
rates quickly forH|[[001], demonstrating once again that
[001] is the easy axis. The inset of Fig(bp also shows
low-field detail; this indicates that there is a slight canting of
the moments fronf001] that pins the moment at neau
=0 for H<0.05 T before rapidly rising to the full saturation
moment in the easy direction, which is about u33Ru.
This is slightly less than the saturation moment of ferromag-
netic SrRuQ, which saturates foH>20 T at 1.65.5/Ru.®
The ferromagnetic domain structure in the Sr-rich samples
may also play a role in the low-field magnetization. As Ca
concentration is increased tfi#10] transitions shift some-
what nonmonotonically with increasing to higher fields,
and the 7 T moment decreases. This probably reflects a
change in the easy axis orientation and that for-7 T
higher-field transitions would carry the moment closer to
1.3ug/Ru. Finally, forx=1.0, we see a characteristic first-
order metamagnetic transition wheretat5.8 T the spins,
which are antiferromagnetically coupled aloid.0], are re-
oriented ferromagnetically. This transition is accompanied
by a first-order transition in the magnetoresistivity from a
nonmetallic to metallic state.
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~n 0.41 sk gram are derived from the data of Figs. 2—4.
= i
= with rare-earth impurities, the transport is dominated by the
s- andp-electron bands, whereas the magnetic properties are
determined primarily by localizedf4shells. In the transition-
metal oxides, and the ruthenates in particular where

s-electron character is essentially absent, the spin-charge
coupling is so strong that one can almost rely on resistivity
measurements to determine magnetic properties, or vice
versa.

FIG. 6. Isothermal magnetizatiod (H) to H=7 T for several Following a prior study of mixed phases between ferro-
(Sr-xCa)3Ru,0; samples showing a trend from ferromagnetism magnetic SrRu@ and strongly enhanced paramagnetic
(low x) to metamagnetic behaviok{1.0). The inset ofb) shows  CaRuQ, the data presented here summarize the extraordi-
the detail ofM VSH at low H for thex=0 ferromagnetic material nar”y rich array of physica' properties that can be found in
along the easy axisl|[001]. the Ruddlesden-Popper ruthenate series. The double-layered
(Sn_4xCa)3Ru,0; system shows considerably more com-
plexity and anisotropy than the infinite layered and more
isotropic Si_,CaRuO; system. In addition to more com-
plexity of the magnetic phase diagram, the SCaRuGO;
phase diagram. Figure 7 represents the zero-keldmag-  system remains metallic at all measured temperatures for all
netic phase diagram for (Sr,Ca)3;Ru,0;. The system re- x, unlike (Sg_,Ca);Ru,0,. We emphasize that the com-
mains ferromagnetic fox<0.4 and is clearly antiferromag- plexity is related to the much more anisotropic two-layer
netic forx>0.65. For both regions there are two reasonablystructure of then=2 vsn=c Ruddlesden-Popper series.
distinct transitions separating different ferromagnetic and an- The data presented here point out the possibility of the
tiferromagnetic phases, respectively. In the intermediate reemergence of a gap accompanying the transition from metal-
gion 0.4<x<<0.65 there is some ambiguity of the spin con-lic ferromagnetism to metallic antiferromagnetism. To our
figuration determined from these bulk macroscopicknowledge, no comprehensive theory exists that incorporates
measurements. From Fig(l8 we see that the transition from a gap at the Fermi surface and also addresses the trend from
metallic to nonmetallic electrical conductivity far<40 K  metallic antiferromagnetic (0x=<0.7) to nonmetallic an-
occurs aroundx=0.7. Thus the transition from low- tiferromagnetic behaviorxt>0.7), particularly a theory that
temperature metallic to nonmetallic conductivity in incorporates the rather dramatic magnetocrystalline anisot-
(Sr_4Ca)3Ru,0; appears to be preceded by the transitionropy of these materials.
from ferromagnetism to antiferromagnetism at around Finally, recentunpublishedl angular resolved photoemis-
=0.4. sion studie’ on our materials show features at the Fermi

In all the data presented here, clearly defined resistivsurface for high-symmetry directions in the Brillouin zone
anomalies accompany the transition from the magneticallghat, while incomplete, are consistent with the results pre-
disordered to magnetically ordered state. This rather dramatsented here. The general trend from good metallic to poor
cally underscores the spin-charge coupling in thedewa-  metallic conductivity is apparent from an observed decrease
terials, a property that may well be related to the rather largef a quasiparticle peak at the Fermi energy that exists for the
radial extent of the Rud shell. In more conventional mag- Sr-rich materials but is less evident for Ca-rick=(1.0)
netically doped systems, such as magnetically doped metatamples.

V. SUMMARY OF PHASE DIAGRAM AND DISCUSSION

Because the preferred spin orientation varies witim
(Sr,_xCa)3Rwu,0,, it is difficult to construct a fullx-T-H
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