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Chapter 1 

Introduction 

Almost one and a half decades have passed since the discovery of high-Tc 

superconductivity in layered perovskite cuprates [1]. In addition to their 

remarkably high transition temperatures, the curious relation between su

perconductivity and insulator has rnade a strong impact of the discovery. 

After thoroughly extensive investigations, the phase diagram has been es

tablished as in Fig. 1.1, which revea1ed that the superconductivity appears 

just near an antiferromagnetic (AF) Mott insulator by carrier doping. This 

phase diagram has attracted considerable interest since it clearly demon

strates that the superconducting and insulating states, the two extremes of 

the ground states are inherently connected; in other words, the 1nechanism 

of superconductivity is crucially related with a Mott transition. Now the 

sy1nmetry of the superconductivity has been determined to be d-wave, and 

as for the mechanism, it has gained a consensus that AF spin fluctuations in 

a strongly-correlated Cu02 layer play an important role, as is expected from 

the phase diagram. 

Since all the high-Tc superconductors have two-dimensional Cu 02 layers, 

it is natural to expect a new superconductor in the same layered perovskite 

oxides even without copper. Through searches worldwide, the first and still 

unique success has been made by our group in 1994 with the discovery of 

a new superconductivity in the copper-free 1naterial Sr2Ru04 [2). In spite 

of its rather low Tc = 1.5 K, very extensive researches have been perforn1ed 

not only with the original motivation due to its close structural resen1blance 

with the high-Tc cuprates (see Fig. 1.2), but for the possibility of an exotic 
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Figure 1.1: Phase diagram of La2-xSrxCu04 with the abbreviations: P for 
paramagnetic, AF for antiferromagnetic, SC for superconducting phase, -l\II 
for metallic phase and -I for insulating phase. To denotes the structural 
phase boundary between high temperature tetragonal and low temperature 
orthorhombic phases. 
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p-wave pairing, which has been recently confirmed by an NlVIR Knight shift 

measurement (3]. 

La (Sr) 

Cu 

0 

Figure 1.2: Layered perovskite (K2NiF 4-type) structure. Sr2Ru04 has the 
same K2NiF 4-type structure as one of the best studied high-Tc cuprates 
La2-xSrxCu04. 

Moreover, the studies have clarified that Sr2Ru0 4 is a quasi-two-dimensional 

Fermi liquid with strong electron-electron correlation (4, 5]. Therefore, as in 

the cuprates, it is expected that the p-wa.ve superconductivity in Sr2 Ru04 

must be correlated with a. Mott transiition (6], and thereby that a Niott insu

lator exists among the related layered perovskite ruthenates. 

In this study, we have succeeded in synthesizing a new layered perovskite 

Mott insulator Ca2Ru04 (7]. Moreover, we have revealed the magnetic and 

structural phase diagram of Ca2_xSrxRu04: the complete solution system be

tween Ca2 Ru04 and Sr2Ru04 , by establishing their full synthesis and crystal 

growth (8, 9, 10]. The phase diagram of this new quasi-two-dimensionall\!Iott 

transition system has revealed a new lVIott transition route to the p-wave su-
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perconductor. The phase diagram contains rich and unconventional physical 

phenomena due to the strong correlation among electrons in the multiple 

bands. It serves as a counterpart of the generic phase diagra1n established in 

the cuprates in the following aspects .. 

First, because Ca2+ and Sr2+ are isovalent, the p-wave superconductivity 

appears through the lVIott transition by a band-width control, not by carrier 

doping as in cuprates. This establishes a new route to achieve unconventional 

superconductivity starting fron1 a parent compound of quasi-two-dimensional 

Mott insulator. 

Second, in contrast to the d-wave superconductivity appearing just next 

to the Mott transition in cuprates, we have revealed that the p-wave super

conductivity emerges through the drastic change of magnetic coupling from 

AF to ferromagnetic (FM) one in the metallic phase. The appearance of 

the spin-triplet p-wave superconductivity through a ferromagnetic instabil

ity point by the band widening is an important result for the consideration 

of the mechanism of the p-wave superconductivity. 

Third, while the cuprates have only a single band of dx2-y2 orbital at the 

Fermi level, this system has triply degenerate t 2g bands. We have clarified 

that this orbital degree of freedom should play a crucial role in the exotic 

change of the itinerant magnetism, and also in the Mott transition. 

The phase diagrarn with these rich and novel phenomena has established 

the only other example, after the cuprates, of how a Mott insulator evolves 

into an unconventional superconductor. Moreover, Ca2 _xSrxRu04 will pro

vide an ideal model system to unveil generic roles of the orbital degree of 

freedom in the itinerant magnetism and superconductivity near a Mott tran

sition. 

In the following parts, we will first take a brief look at the phase diagran1 

in Chap. 2, and then describe the evolution of the physical properties with 

the Sr substitution in this syste1-p in Chap. 3. Finally, we will discuss a 

unified picture to understand the sequence of exotic phenon1ena observed in 

this system in Chap. 4. The details for the preparations of polycrystalline 

and single crystalline samples will be presented in Appendices. 
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Chapter 2 

Phase diagram of new 
quasi-two-dimeilsional Mott 
transition syste:m 
Ca2-xSrxRu04 

2.1 Experimental 

We have succeeded in synthesizing polycrystalline samples and in growing 

single crystals of Ca2-xSrxRu04 in the whole region of x (0 ::; x ::; 2). De

tails of the preparation will be described in Appendices [10]. The crystal 

structures were studied by powder :X-ray diffraction analysis at room tem

perature. No trace of any second phase was found in the single crystals. 

For polycrystalline samples, ahnost alll the spectra were identified as a single 

phase, except for minor peaks of CaO detected in several batches. 

To detennine the oxygen content, the thermogravimetric (TG) analy

sis was performed, in which powdered samples were heated up to 1200°C 

at a rate of 2 °Cfmin in a 90% Ar + 10% H2 flow. All the results show 

one sharp decrease in the thermogravimetric weight around 440° C, corre

sponding to the decomposition reaction: Ca2-xSrxRu04+8 -+ (2 - x )CaO+ 

xSrO+Ru+(l + 6/2)02. From these results, we determined fJ values to 

be -0.01(2) for the stoichiometric Ca2Ru04 (corresponding to 'S phase' in 

(7, 11, 12]), and 0.00(2) for x = 0.09, 0.2, 1.0 and 2.0. As a result, all the 

men1bers of Ca2_xSrxRu0 4 essentially contain 4.0 oxygens per fornu1la. unit 

and the electronic configuration is {Kr }4d4
• Due to a large crystal field, Ru4+ 
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ions should be in the low-spin configuration t~g· 

The electrical resistivity was measured by a standard four-probe de n1ethod. 

l\IIagnetization rnea.surernents from 330 K down to 1.8 K were made with 

a commercial SQUID n1agnetometer 'Quantum Design :NIPl\IIS-5', equipped 

with a sample-stage rotator. For high temperature measurements up to 700 

K, we used a sample space oven inserted into the magnetometer. For the 

magnetization measurements down to 0.26 K, we have constructed a SQUID 

magnetometer attached to a commercial 3 He refrigerator 'Oxford Instruments 

Heliox 2VL'. The specific heat was measured by a thermal relaxation method 

from 300 K to 0.4 K with 'Quantum Design PPMS'. 

2.2 Phase Diagram of Ca2-xSrxRu04 

We have determined the phase diagram as represented in Fig. 2.1, which 

consists of the following three regions: 

I. (0 :::; x < 0.2) An AF insulatilng ground state. A metal/non-metal 

(M/NM) transition occurs by varyin~~ temperature except x = 0. Ca2 Ru0 4 

(x = 0) is a Mott insulator at least up to 350 K [13, 14]. The M/NM 

transition by varying x occurs at x ~ 0.2. 

II. (0.2 :::; x < 0.5) An antiferrornagnetically correlated metallic region, 

which we call 'Magnetic metallic (M-1tf) region', appears at low ten1peratures 

below the peak temperature Tp of the susceptibility. A second-order struc

tural transition occurs at To between high temperature tetragonal and low 

temperature orthorhornbic phases, and has its instability point at Xc ~ 0.5. 

III. (0.5 :::; x :::; 2) At x ::::; 0.5 just near the structural instability point, 

and where Tp vanishes, a ferromagnetic ordering is found below about 0.5 

K . Except this ferrornagnetism at x = 0.5, a paramagnetic n1etallic phase 

spreads in this wide region. The low temperature susceptibility exhibits 

critical enhancement at x = 0.5 and decreases with x, as itinerant magnetisn1 

changes continuously from Curie like paramagnetism at x = 0.5 to enhanced 

Pauli paramagnetism at x = 2.0. Superconductivity occurs at x = 2.0 below 

Tc = 1.5 K. 

In Chap. 3, we will describe these characteristic properties of each region 
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in order of the region I, II and III. Finally, the physical origin of this distinct 

variation of the ground state will be discussed in Chap. 4 . 

.. 

200 

100 

0 
0 

Ca 

\T, 
\ 0 

~ 

CAF-1 

0.5 

P-M 

1 

X 

1.5 2 
Sr 

Figure 2.1: Phase diagra1n of Ca2-xSrxRu04 with abbreviations: P for para
magnetic, CAF for canted antiferron1agnetic, FM for ferromagnetic, NI for 
magnetic, SC for superconducting phase, -M for metallic phase and -I for 
insulating phase. The boundaries are characterized by the peak temperature 
Tp of susceptibility for the (001] cornponent (solid circle), the metal/non
metal transition temperature TM/NM (open circle) and the antiferromagnetic 
transition temperature TN (solid diarnond). To (open diamond) is the struc
tural phase transition temperature between high temperature tetragonal and 
low temperature orthorho1nbic phases. 
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Chapter 3 

Physical proper·ties of each 
region of the phase diagram 

3.1 Mott transition in Ca2-xSrxRu04 

3.1.1 New layered perovskite Mott insulator Ca2Ru04 

As we mentioned in Chap. 1, we have found a new layered perovskite Matt 

insulator Ca2 Ru04 [7]. In Fig. 3.1, we compare the results of powder X-ray 

diffraction measurements of Ca2Ru04 with that of Sr2Ru04. The diffraction 

spectrum is basically similar to that of Sr2Ru04 , but somewhat 1nore com

plicated; however, it is well indexed ~or an orthorhombic sym1netry with the 

unit cell volu1ne of v'2at x v'2at x Ct, where at and Ct are the parameters for 

an I 4/ nunrn cell. The para1neters of the indexing are shown in Table 3.1 in 

co1nparison with those of Sr2Ru04. 

Table 3.1: Crystallographic infonnation for Sr2Ru04 and Ca2Ru04. 
Ca2Ru04 "S" denotes that it has stoichiometric oxygen content [7, 11]. 

Compound Lattice a(A) b(A) c(A) c/JJ V(A3) 

Sr2Ru04 terragonru 3.870(2) 12.740(1) 3.29 190.8 

C~Ruo4 "S" ortborhombic 5.402(2) 5.493(2) 11 .932(3) 354.1 

3.82Q.a) 3.884 a) 3.1Qb) 177.0 c) 

a) Divided by fl. b) Multiplied by/1. c) Divided by 2. 

The cell pararneters and voluine of Ca2Ru04 are substantially s1naller 
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Figure 3.1: X-ray diffraction spectra. of Sr2 Ru04 and Ca2 Ru04 at room 
te1nperature. Indices of the representative peaks are assigned according to 
the lattice symmetry in Table 3.1. 

than those of Sr2Ru04 , reflecting the smaller ionic radius of Ca2+ than 

Sr2+. The similarities in diffraction spectra and cell parameters indicate 

that the structure of Ca2Ru04 is of the same layered perovskite type as 

that of Sr2 Ru04 . Therefore, the presence of the orthorhombic distortion is 

attributed to rotation and/ or tilting of Ru06 octahedra. This is in accord 

with the smaller tolerance factor t = 0.903 for Ca2 Ru04 than t = 0.949 for 

Sr2Ru04. 

The structure refine1nents of Ca2 Ru04 by powder neutron diffraction 

measurements have directly revealed the distortion including both rotation 

and tilt of Ru06 [11]. 

The electrical resistivity p(T) in Fig. 3.2 indicates insulat1ng behavior of 

Ca2Ru04 . This is in sharp contrast with the metallic behavior of Sr2Ru04, 

observed also in the polycrystalline samples. The ten1perature dependence 

is well fit to the activation-type behavior at all the temperatures measured 

with the activation energy of 0.20 eV. 

The temperature dependence of the magnetic susceptibility x.(T) = lvf / H 
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Figure 3.2: Temperature dependence of the resistivity of polycrystalline and 
single crystalline Ca2Ru04 • 

of Ca2 Ru0 4 is shown in Fig. 3.3 for the zero-field-cooled (ZFC) and field

cooled (FC) sequences. Fig. 3.4 is the n1agnetization vs the applied field 

(M-H curve) of the sample at 5 K. A significant cusp is observed near 110 

K in both ZFC and FC x(T) curves. In rnost preparations, an increase and 

a plateau in the FC susceptibility beginning near 160 K are observed on 

cooling, most likely due to the inclusion of a ferromagnetic (FM) in1purity, 

which is now revealed to be Ca2 Ru04 with excess oxygen [11]. Moreover , the 

less FM impurity is, the closer the FC curve approaches the ZFC curve with 

less increase near 160 K. The M-H curve also shows the same tendency: the 

less FM impurity, the less hysteresis. These tendencies and the cusp near 

110 Kin the x(T) data indicate that there is an intrinsic transition near 110 

K due to three-dimensional antiferronnagnetic ordering of the Ru4+ mornent . 

By the powder neutron n1easurernent, it has been confinned that the AF 

occurs in Ca2 Ru0 4 at 110 K most likely with spin canting [11). 

The above results indicate that the intraplanar Ru-Ru coupling of Ca2Ru04 

is basically antiferromagnetic. This is consistent with our expectation that 

the intersite spin interaction of the insulating Ca2 Ru04 is dominated by the 

antiferromagnetic superexchange interaction between half-filled, overlapping 

15 
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Figure 3.3: Temperature dependence of the susceptibility x(T) of polycrys
talline Ca2Ru0 4 under a field of p 0 H = 1 T between 2 K and 300 K. "ZFC" 
and "FC" represent the zero-field-cooled and field-cooled data, respectively. 
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Figure 3.4: Magnetization vs applied field of polycrystalline Ca2Ru04 at 5 
K. 
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i2g orbitals, rather than the ferron1agnetic one between the filled and the 

half-filled , nonoverlap ping t2g orbi taJls [15]. Dzyaloshinski- lVIoriya ( D-1\II) in

teraction [16, 17] is probably the main mechanisrn for the canted rnon1ents in 

the Ru02 planes because the distortion in Ca2 Ru04 reduces the syrnrnetry to 

enable the D-1\!I interaction. The cusp near 110 K shown in Fig. 3.3 indicates 

that the canted moments in the successive layers interact antiferromagneti

cally with each other. 

Just following us, Cao et al. have succeeded independently in growing 

the single crystal of Ca2Ru04 by a flux method [18]. They reported almost 

the same physical properties as that we characterized here, although they 

conclude that the temperature dependence of the in-plane resistivity is the 

three-dimensional variable-hopping-type. They also performed the heat ca

pacity measurement and obtained the electronic specific heat coefficient 1 

= 4 rnJ /molK2 suggestive of the localized metallic ground state with the 

density of states (DOS) remaining at the Fermi level. 

Recently, we have also succeeded in growing single crystals of Ca2 Ru04 

by a floating zone (FZ) method, and revealed the anisotropy of x(T) and 

p(T) as in Fig. 3.5 and 3.2, respectively [12]. x(T) shows a distinct AF 

transition at 110 K with the easy-axis along (11 0] and the hard-axis along 

[110]. The ZFC and FC curves almost coincide with each other, which indi

cates that the crystals are nearly free from the FM in1purities found in the 

polycrystalline samples. We also observed basically an activation-type tern

perature dependence in Pab(T) with the activation energy of 0.2 eV. These 

results are fully consistent with those obtained by polycrystalline samples. 

Moreover, the ten1perat ure dependence of the specific heat has been mea

sured using the single crystals. Fig. 3.6 shows the result of Cp/T, frorn which 

we derived 1 = 0.0(2) mJ /molK2 and Debye temperature 8o =420 K. This 1 

value supports the result that Ca2 R·u04 is truly an ins'Ulator down to low tem

peratures, and cast doubts on the results by Cao et al. [18], which clairns that 

Ca2Ru04 may be understood as a localized metal. The difference between 

two crystals may arise from the differences in the crystal growth n1ethods or 

in the oxygen stoichiometry. As we will discuss in Appendix A.2, the sample 

is basically free frorn the contan1ination during its growth by our FZ rnethod , 
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while crystals grown by the flux-method which Cao et al. used are known to 

be susceptible to contaminations frorn Cl-fiux and a Pt crucible. 

4 -::::J Ca
2
Ru0

4 a: 
[001l 0 o 0~0 I 

single. 0 3 
E ooo oo J•ie--. 

0 ~ 0 •• oOOOOo -- !~littl oooe,oo Oo 
::::J • 0 0 

E [1 00] • -· ••••• :::.. 0 

I' •..• Q) 2 • ••• c:: • ••• • 
0 ..... [010] 
~ _.... 

~ 1 

~ f-luH = 1 T 

0 
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ir(K) 

Figure 3.5: Temperature dependence of the susceptibility x(T) of single crys
talline Ca2 Ru04 under a. field of J-loll = 1 T along each axis. All the data 
are taken under the zero-field-cooled condition. 

These results of magnetic measurements of Ca2 Ru0 4 fully confirm anti

ferromagnetic ground state within a basal plane. A si1nple band insulator 

would show no magnetic order because it has equally-filled bands of up-spin 

and down-spin electrons. Therefore, Ca2Ru04 should not be a band insula

tor. Taking their integer-filling configuration into account, we conclude that 

Ca2Ru04 is a Mott insulator. This is also consistent with the fact that the 

neighboring ruthenate Sr2Ru04 has strong electron-electron correlations with 

u I w ::: 1. 7. ( u is the on-site Coulonlb energy and vV is the band width .) In 

Sr2Ru04 , the electronic states in the imn1ediate vicinity of the Fermi energy 

are formed by the anti-bonding dp1r* band and don1inated by Ru-4d charac

ter, not by 0-2p character [19). Therefore, Ca2 Ru0 4 is a Matt-Hubbard-type 

insulator, rather than charge-transfer-type one. 

It is naively expected that vV of Ca2Ru04 is larger than that of Sr2Ru04, 

since the Ru-0 distance in the Ru0 2 plane is shorter in Ca2Ru04 with the 
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Figure 3.6: Temperature dependence of the specific heat divided by temper
ature Cp/T for single crystalline Ca2Ru04 . 

smaller size of Ca2+ compared with Sr2+, leading to the stronger overlap of 

the wave functions. Considering that U should take the intrinsic value for 

Ru4+ ion and does not change in the first approxirnation, Ca2 Ru04 would 

have srnaller U /W and be metallic. The experin1ental results, however, show 

that Ca2Ru04 is an insulator. This indicates that, contrary to the naive 

expectation above, Ca2Ru04 has a larger value of U /W, that is, a smaller 

W than Sr2Ru04 . The smaller band-width is due to distortions such as 

rotations and buckling in the Ru0 2 plane which are absent in Sr2Ru04. 

These distortions, which are the cause of the orthorhombicity in Ca2Ru04, 

reduce the overlap between the Ru-4d orbitals mediated by the 0-2p orbital 

and bring the decrease of vV. 

3.1.2 Metal/non-metal transition 

In contrast to the l\!Iott insulator Ca.2 Ru04, slight Sr substitution for Ca sta

bilizes a n1etallic state a.t high temperatures, and induces a l\II/Nl\11 transition 

at a ten1perature TM/NM on cooling as in Fig. 2.1. The results of x == 0.09 

and 0.15 in Fig. 3. 7 represent Pab(T) for the region I with TM/NM ~ 155 
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I\: and 65 E, respectively. With abrupt increases by factors n1ore than 

104 a.t TM/NM , they show the non-tnetallic behavior described by variable

range hopping. For 1: == 0.15, for example, the data below TM/NM well fits 

Pab(T) == Aexp(To/T) 114 with To== 9 >< 104 K. This suggests that strong local

ization dotninating the non-metallic behavior drives the NI/NlVI transition, 

preceding the gap opening toward the Mot t insulator. Below T M/NM, the 
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0 100 200 300 
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Figure 3. 7: Tern perature dependence of the in-plane resistivity Pab ( T) for 
Ca2-xSrxRu04 with different values of x. The vertical broken lines are guides 
to the eye. 

susceptibility x also shows a distinct magnetic transition at a temperature 

TcAF on cooling, which finally coincides with the M/NNI transition for about 

x ~ 0.1. The magnetization vs. the field (M-H curve) at 5 K exhibits weak 

FM hysteresis ascribable to canted AF as in Ca2Ru04 [7, 11). The M/NlVI 

transition of the ground state occurs at x ~ 0.2, as illustrated in Fig. 3. 7. 

Powder neutron diffraction measurements have been carried out for x == 

0.1 and 0.2 down to 1.5 K [11], and have shown that the M/NNI transi

tion either by varying x or T involves the first-order structural transition, 

consistent with the thennal hystereses observed in p(T) and x(T). 

20 



3.2 Antiferromagnetically correlated metal
lic state in Magr1etic Metallic region 

3.2.1 Broad peak in the susceptibility 

What characterizes the :Lvi-l\!1 region in the region II is the susceptibility peak. 

Figure 3.8 shows x(T) curves for x == 0.2 under fields of 1 T parallel to the 

[110], (1 10] and (001] axes. The in-plane susceptibility exhibits the n1axirnun1 

and the minimum for fields along [110] and [110], respectively. There is no 

observable difference between field-cooled and zero-field-cooled data, so our 

measurements are not suggestive of spin glass ordering. The most prominent 

feature is the broad maximum in each axis component. Well above Tp, these 

components show Curie-Weiss ( C-W) behavior with AF Weiss temperatures 

ew comparable to Tp. Such characteristics indicate that SOlne kind of AF 

ordering occurs at Tp. 

However, the broad nature of these rnaxi1na is far frorn the usual sharp 

cusp at a Neel point. Moreover, the peak te1nperatures Tp for the in-plane 

components are definitely different from each other: T~110] for the easy-axis 

(110] is 8.2 K, while T~IIo] for the hard axis (110] is 12.2 K, identical to 

that for c-axis (001]. Therefore, although the substantial reduction of the 

susceptibility should originate from the AF correlation, the long-range order 

(LRO) does not emerge at Tp but is: somehow destabilized. In fact, within 

the resolution limit of 0.05 J.-LB, no rnagnetic LRO was detected for x = 0.2 

down to 1.5 K in the neutron diffraction measurement (13]. 

Another evidence for the AF correlation in the M-M region is the anisotropy 

of the susceptibility below Tp. As shown in Fig. 3.8, the [110] co1nponent 

decreases on cooling almost three tiines n1ore than the others. This corre

sponds to the anisotropy for an AF ordering with the easy-axis (11 0] and 

with the hard-axes [110] and (001]. In fact, the anisotropy obtained here is 

very similar to that of AF-LRO state in Ca2 Ru04 (12], with spins aligned 

antiferromagnetically along the [110] axis [11]. Moreover, the 1\lf-H curve in 

this region exhibits a metamagnetic transition (for exarnple, at f-loH ~ 2.3 T 

II [110] for x = 0.2), similar to the one observed in the ordered Ca2Ru04 [18], 

as we will describe in detail in Sec 3.2.2. These substantial resernblances in-
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Figure 3.8: Temperature dependence of the susceptibility of Ca1.8Sr0 .2Ru0 4 

under J-loH = 1 T parallel to each axis . Field-cooled and zero-field-cooled 
curves agree very well. 

dicate that an AF short-range order ( SRO) is well stabilized in the magnetic 

·metallic region just next to the M/NM tra.nsi tion. 

3.2.2 Metamagnetic transition [20] 

As we mentioned above, we have observed definite metamagnetization in the 

M-M region, under the field along the easy-axis [110) below Tp. Figure 3.9 

displays the M-H curves for Ca1.sSr0.2Ru04 measured at 1.8 K under the 

field up to 5 T parallel to the (110), [110] and (001) axes. In contrast with the 

linear dependence observed at 50 K (not shown), the magnetization curves 

for 1.8 K show a distinct field dependence. Especially, the (110) curve shows 

a metan1agnetic transition at p 0 H ~: 2.3 T. For the other cornponents, the 

transition is likely to occur at fields higher than 5 T. 

The direction of the easy axis along [110) is consistent with the n1agnetic 

structure in the AF insulating state of Ca2 Ru04 [11], which is schernatically 

shown in Fig. 3.10. From the [110] curve, the saturated moment determined 

through the extrapolation to the zero field is around 0.3 f-lB , which is almost 
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Figure 3.9: M-H curve at 1.8 K under the magnetic field up to 5 T parallel 
to each axis for Ca1.8Sr0 .2Ru04 . All the data show no hysteresis. The inset 
displays the x dependence of the metamagnetic transition field Hm. The line 
is a guide to the eye. 

the same as the in-plane ferromagnetic component in the canted AF-LRO 

state in Ca2Ru04 [11]. These similarities again suggest that the in-plane AF 

correlation observed in the insulating Ca2 Ru04 should survive even in this 

n1agnetic n1etallic region just next to the M/NM transition. The metan1ag

netic transition is ascribable to the destruction of the AF-SRO state by the 

applied field . On the other hand, considering its layered structure, another 

spin configuration of the in-plane ferromagnetic SRO, coupled antiferromag

netically between adjacent layers, is still possible. Neutron diffuse scattering 

study is needed to clarify which of the possibilities is realized in this system. 

In the inset of Fig. 3.9, we display the x dependence of Hm under the field 

parallel to the [110] axis. We defined Hm as the field where the J\1-H curve 

has the largest derivative. The larger error-bar with x reflects the broader 

transition. The field Hm enhances wit.h decreasing x, indicating the evolution 

of the AF correlation toward the Mott transition. 

On the other hand, Hm dirninishes to zero arm.i.nd x ::::: 0.5. It is at this 
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Figure 3.10: Schematic picture of the in-plane spin-structure of AF ordered 
Ca2Ru04 • The canting of the spins are not shown. The notation for I4/mmm 
symmetry cell is adopted here. 

same point that the low te1nperature susceptibility critically enhances as 

described in Sec. 3.4.1 and also Tp goes down to zero. This critical behavior 

indicates that the rnagnetic properties of the ground state drastically changes 

at the zero-temperature point at Xc ~ 0.5. This critical behavior suggests 

the enhanced quantum fluctuation in the M-M region which destabilizes the 

underlying magnetic LRO. In fact, Xc ~ 0.5 corresponds to the structural 

quantum crytical point as we will describe in Sec. 3.3. 

3.2.3 Broad peak in the specific heat 

Figure 3.11 represents the temperature dependence of the specific heat di

vided by temperature Cp/T for all the region of x of Ca2_xSr.~:Ru04. We 

assume that Cp/T consists of the electronic and lattice contributions 

(3.1) 

(3.2) 

In order to derive systematic change of Ce/T over a wide range of the 

temperature, we need to estimate Ctat/T. Fortunately, Cp/T of the Mott 

insulator Ca2 Ru04 gives the fairly reliable evaluation of the lattice contribu

tion C1at/T. Ca2Ru04 shares basically the same structure in this syste1n and 

moreover should have neither electronic nor magnetic contribution to Cp/T 
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Figure 3.11: Temperature dependence of the specific heat divided by the 
temperature CpiT for single crystalline Ca2 _xSrxRu04 with variable x·. 

at low temperatures. In fact, it is a well defined insulator with the relatively 

large activation energy gap of 0.2 e \f. Moreover, the AF transition freezes 

the spin degree of freedom so that CpjT well below its Neel temperature 110 

K should not have strong contribution from magnetic fluctuations. 

At low temperatures, the CpiT of a conventional non-magnetic, non

superconductive material is [21] 

where 1 = A1 and {3 = A2 . The Debye temperature Go is determined by 

the relation Go = (1.944 x 106 r I {3) 113
, where r is the number of atoms per 

formula unit ( r = 7 here) and {3 is in units of mJ I mol K4
. We perforn1ed 

the fitting of Eq. (3.3) to the data for Ca2 Ru0 4 up to 80 K and obtained 1 

= 1(1) mJI1nol K2 and Go = 410 K, which are consistent with the results 

in Sec. 3.1.1. We derived the CelT using the lattice contribution estin1ated 

by the above fitting, as shown in Fig .. 3.12. Here, we focus on the CelT for 

Ca1.8Sr0 .2Ru04 in the M-NI region (0.2 :=; x :=; 0.5). We will discuss results 
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for other regions in Sec. 3.4.3. 
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Figure 3.12: Temperature dependence of the electronic part of the specific 
heat divided by the temperature Ce/T for single crystalline Ca2_xSrxRu0 4 

with variable x. 

As we discussed in Sec. 3.2.1, the susceptibility shows a clear peak at 

Tp ~ 10 K for x == 0.2. Likewise, Ce/T forrns a broad peak at around T~ == 

2.8 K, well below Tp. It should also be noted that the enhancement of Ce/T 

to form the peak starts around 12 K close to Tp. Taking account of the fact 

that the AF -SRO presurnably starts to appear below Tp, this peak in Ce/T 

should be the result of the entropy release due to the formation of AF-SRO. 

In fact, the temperature dependence of the electronic entropy (see Fig. 3.13) 

calculated by 

S(T) = {T Ce dT 
lo T 

(3.4) 

shows sharp change around 3 K, which becomes a little n1oderate above 10 

K. The entropy release below 10 K is so large as about one thirds of R ln 2. 

According to the relation 

S = Rln(2Seff + 1), (3.5) 
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Figure 3.13: Temperature dependence of the electronic entropy S(T) for 
single crystalline Ca2-xSrxRu04 with variable x. 

the effective spin Seff involved in the release below Tp is about a half of spin 

1/2. As we will discuss in Sec. 3.4.1, the estimated localized spin at high 

temperatures in this system is close to spin 1/2. The strong spin fluctuation 

expected due to the structural low dimensionality and the orbital degree of 

freedom may explain the reduced Seff in comparison with spin 1/2. Another 

important point is that the T~ has almost the same energy scale as the 

metamagnetic transition field J-LoH ~:: 2.3 T . This suggests a crude picture 

that it is at r; that the coherence length of AF-SRO, which starts to grow 

rapidly below around Tp, becon1es sizable in the bulk systen1. 

3.3 Second order strtictural transition in the 
metallic region 

In Fig. 3.14, we display the results of X-ray diffraction measurements of 

powdered single crystals for x = 0.09, 0.2 and 2. All diffraction spectra are 

similar to each other, reflecting the basic K2NiF 4-type structure. Especially, 

the results of Sr2Ru04 (x = 2.0) and x = 0.2 agree with the same tetragonal 

symmetry. J\!Ieanwhile, the spectrum of x = 0.09 shows weak but definite or-
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thorhombicity with splitting between (hkl) and (khl) peaks. As an exan1ple, 

the inset of Fig. 3.14 shows that (110) peak of x = 0.2 splits into (200) and 

(020) peaks of x = 0.09. Accordingly, the result of x = 0.09 is well indexed 

with an orthorhombic unit cell with a volume of v'2at x v'2at x Ct , where at 

and Ct are para1neters for an I4/Inmn1 cell. This is a situation sin1ilar to the 

case of Ca2 Ru04 (x = 0) with an orthorhotnbic Pbca sytnmetry [7, 11]. 

X= 0.09 

~ X =0.2 
.~ 
C/) 
c 
Q) 
+-' c 

0 

X =2.0 

-C\J 
0 

£ 

20 

Figure 3.14: X-ray (Cu-I{ a) diffraction spectra at room te1nperature for 
Ca2-xSrxRu04 with x = 0.09, 0.2 and 2. The inset shows that the (110) 
peak of x = 0.2 splits into the (020) and (200) peaks for x = 0.09. For the 
inset, the K a2 cornponent has been subtracted. 

The cell parameters for all the regions are shown in Fig. 3.15. In order to 

obtain an overall view, we adopted the 14/mmm cell for the tetragonal lattice, 
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the same as that of Sr2Ru04, while for the orthorhornbic one, aj J2 and 

b/ J2 are given instead of a and b. At each con1position , the parar11eters for 

single crystalline sarnples agree well with those for polycrystalline ones . This 

indicates that the norninal composition x for each single crystal is essentially 

the same as the actual composition. 

Starting frorn Sr2Ru04, the volu:tne decreases continuously with the Ca 

substitution owing to the smaller siz:e of Ca2+ than that of Sr2+. However, 

there are clear kinks without discontinuity in a, b and c at x = 0.2, where the 

splitting between a and b starts in region I (see also Fig. 2.1). This clearly 

reveals a structural transition at roorn temperature from a tetragonal phase 

in region II and III, to an orthorhornbic one in region I. Finally, near x = 

0, there is a large jump of the cell para:tneters due to a first order structural 

transition, accon1panied by the M/NM transition (8, 13]. Therefore, the 

orthorhornbic symmetry of the metallic phase in region I should be different 

from the orthorhotnbic Pbca symmetry of the insulating phase. 
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Figure 3.16: In-plane anisotropy of the susceptibility under p,oH = 1 T for 
Ca1.sSr0 .2Ru04 at different ternperatures. 
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In region II, the susceptibility x(T) shows a broad peak at the temper

ature Tp, which characterizes the AF correlation in the lYI-lYI region [8]. At 

the same time, it exhibits another important aspect, namely the in-plane 

anisotropy. The azimuthal angle dependence of the in-plane susceptibility 

at various temperatures is displayed in Fig. 3.16 for ~r = 0.2. In conlpari

son with the isotropic dependence at high ternperatures , the anisotropy with 

two-fold synunetry beco1nes evident as the ternperature decreases. In order 

to quantify this temperature dependence, we define R(T) as the susceptibil

ity ratio of the easy-axis [110] to the hard-axis [110]. Figure 3.17 shows that 

R(T) for x = 0.2 increases on cooling and reaches more than 200% below 

Tp ~ 12 K. It is worth noting that, as in the inset of Fig. 3.17, R(T) for x 

= 0.2 starts to deviate from the isotropic value of 100% at a characteristic 

temperature To ~ 290 K. 
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Figure 3.17: Temperature dependence of the anisotropy ratio of the in-plane 
susceptibilities: R(T) = x[ll0]/x[1IO] for Ca2-xSrxRu04 with X = 0.2, 0.3, 
0.4 and 0.5. The inset shows the appearance of the in-plane anisotropy at 
To. 

Since the magnetic anisotropy reflects the structural symn1etry [22], the 

appearance of the two-fold symmetry below To is ascribable to a struc-
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tural transition frorn a high-ten1perature tetragonal to a low-ternpera.ture 

orthorhon1bic phase. vVe rneasured the in-plane azirnuthal dependence of 

the susceptibility at various temperatures also for x = 0.3, 0.4, 0.5 and 0.7 . 

The two-fold symmetry was found only in region II. From the R(T) plots 

shown in Fig. 3.17, we determined To as 220 K for x = 0.3, 150 K for 0.4 , 

and below 1.8 K for 0.5 and 0.7. Plotting the variation of To in the phase 

diagram of Fig. 2.1, we notice that the To line crosses room terr1perature 

around x = 0.2. Quite consistently, it is at this point where the structural 

transition was detected by the X-ray diffraction measurement. In addition 

to the strong shrinkage of the c-axis: shown in Fig. 3.15, the a and b-a.xes 

start to elongate and split in region I.. Therefore, we conclude that across the 

To line, a structural transition occurs fron1 a tetragonal phase in the Sr-rich 

and high-temperature region to an orthorhombic phase in the Ca.-rich and 

low-temperature region, involving the lattice flattening. 

This transition is also detected as kinks in the resistivity data Pab(T) 

and Pc(T) (see Fig. 3.31 for Pab(T) of x = 0.2 and the inset of Fig. 3.32 

(a) for Pc(T) of x = 0.2 and 0.4). The absence of the thermal hysteresis at 

these kinks suggests that this transition should be of the second-order. The 

decrease of Pc(T) and increase of Pab(T) below To are consistent with the 

lattice flattening. This will weaken the hybridization between the in-plane 

Ru 4d orbitals, while supporting coherent hopping between layers. 

Neutron powder diffraction measurements have recently been perforn1ed 

for samples with x = 0.1, 0.2, 0.5 and 1.0 (13]. The results confirm that 

the second-order structural transition from a high-temperature tetragonal 

to a low-temperature orthorhombic phase occurs at To, inducing the lattice 

flattening owing to orthorhombic deformation of Ru06 octahedra as well as 

their tilting. Details of the results are described in (13] . 

Another i1nportant point is that To decreases with x and finally goes 

down to zero at x = 0.5 as in Fig. 2.1. This suggests that Xc ~ 0.5 should be 

the instability point at absolute zero, in other words, the quantun1 critical 

point of the second-order structural transition. 



3.4 Ferromagnetic in.stability at Xc rv 0.5 

3.4.1 Evolution of the ternperature dependence of the 
susceptibility 

Curie-Weiss Analysis 

In the entire metallic region, the x(T) curve shows a systernatic variation 

with x. We define the susceptibility X = i\1 / H at low enough fields (up to 1 

T) where the magnetization Nf shows linear dependence on the field H. In 

Fig. 3.18(a) and (b), we display the in-plane Xab(T) curves for single crys

talline samples in region II and III, respectively. The inverse susceptibilities 

measured up to 700 K for polycrystalline samples in region II and III are also 

given in the insets of Fig. 3.18 (a) and Fig. 3.18 (b), respectively. 

In order to clarify the evolution of the ternperature dependence, we per

forrned the Curie-Weiss ( C-W) analysis , as usually done for an itinerant 

electron systern with spin fluctuations. As shown by band calculations (19], 

the states at the Fermi level (EF) in Sr2Ru04 are mainly composed of 4d 

t2g bands. Basically, this configuration should not change throughout the 

system, and thus the itinerant t 2g spins are responsible for the dominating 

C-W term. 

The analyses were made in a high-temperature fitting (HT) region: 300-

700 K for polycrystalline samples, and in a low-temperature fitting (LT) 

region: 50-330 K for both polycrystallline and single crystalline samples. For 

the samples in region II, we restricted the LT region within the orthorhon1bic 

phase from 50 K to To- 20 K. Since Ca2 Ru04 exhibits a first-order structural 

transition around 350 K (13, 14], we perfonned the fitting for HT reg1on 

between 380 and 700 K. We adopted the fitting formula as 

c 
X = Xo + T _ Gw. (3.6) 

Here, Xo is a temperature independent term, C is the Curie constant and 

Bw is the Weiss temperature. The effective Bohr magneton Petr was derived 

from the formula: 

(3.7) 
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Figure 3.18: Temperature dependence of the in-plane susceptibility for 
Ca2-xSrxRu04 with different values of x (a) in region II for the [110) com
ponent and (b) in region III. For both regions, zero-field-cooled (ZFC) and 
field-cooled (FC) curves agree very well. The insets for (a) and (b) display 
the inverse susceptibility of polycrystalline san1ples in regions II and III, re
spectively. For polycrystalline samples only around x = 2.0 , the difference 
between the ZFC and FC curves can be seen at low temperatures. This 
is probably due to a s1nall inclusion ( < 0.04%) of ferromagnetic i1npurity 
Ca1-xSr;z..Ru03. 
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where JV A, f..lB and kB are Avogadro's number, Bohr magneton a.ncl Boltz

mann's constant. For x = 1.9 and 2, the fitting was not successful because 

X is almost constant up to 700 K. Peff can be related with the effective spin 

Seff by the formula: 

(3.8) 

Xo consists of temperature independent spin susceptibility, diarnagnetic 

susceptibility and orbital susceptibility. The diamagnetic and orbital sus

ceptibilities are -0.91 x 10-4 ernujn1ol-Ru and 1.8 x 10-4 en1ujn10l-Ru for 

Sr2Ru04 (x = 2) [23], which are expected to keep the same order of rnag

nitude with the Ca substitution. Actually throughout this system, Xo has 

values only of the order of 10-4 emu/mol-Ru and just slightly decreases with 

theCa substitution as the temperature dependence of the spin susceptibility 

becomes significant. As a result, Xo is negligible in comparison with the low 

temperature susceptibility x(O) at 1.8 K, except around x = 2 [8]. Hence, 

we will focus on the fitting results of Peff and Gw, which are summarized in 

Fig. 3.19(a) and (b), respectively. 

Figure 3.19(a) shows a systematic x dependence of Peff· First, Ca2 Ru0 4 

( x = 0) has the largest Peff with almost 80% of the expected value for S = 1 

configuration. Here, C-W tern1 comes frorn the localized spins. As the sys

tem goes away from the insulating phase, Peff decreases rapidly in region I 

and finally becomes alrnost constant in the region 0.2 ~ x ~ 1.5. Quite 

interestingly, the results in this region, especially the HT results for poly

crystalline samples (solid circles), are close to the value corresponding to 

localized S = 1/2 spin. Given the Hund's coupling in the t 2g band, S = 1 

configuration is naturally expected. In addition to being a metal, the en

hanced spin fluctuations due to the structural two-dimensionality and the 

orbital degree of freedom are probably responsible for the reduced Peff· How

ever, this mechanism alone does not explain why the effective S ren1ains close 

to 1/2. 

According to the conventional analysis for localized spins positive and 

negative values of Gw indicate the strength of ferron1agnetic and antiferro

Inagnetic interactions, respectively. \iVhile for Ca2Ru04 , this rule works well 
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Figure 3.19: Curie-Weiss parameters against the Sr content x in 
Ca2-xSrxRu04 . The solid and open circles correspond to the results of poly
crystalline samples for the high temperature and the low temperature fitting 
regions, respectively. The open triangles represent the low ternperature fit
ting results of single crystals for the ab-plane component in region III and 
(ll 0] component in region II. In the panel (a), the solid horizontal lines cor
respond to the effective Bohr rnagnetons with S = 1/2 and 1. The inset in 
the panel (b) is an enlarged figure for region II. The solid curves are guides 
to the eye. 

36 



and Bw ~ 90 K has the same order of magnitude as its Neel point TN = 
110 K, slight Ca substitution reduces the absolute value of Bw n1uch faster 

than that of TN. However, the increase of negative Bw toward zero with 

increasing x is still qualitatively consistent with the decrease of AF coupling 

of the order of TN in region I. 

In region III, Gw for both HT and LT regions also has negative val

ues, but increases with decreasing :r:. LT results for single crystals (open 

triangles) are consistent with those for poly crystalline sarnples (open cir

cles). In general, a fairly large value of Bw is necessary to reproduce almost 

temperature-ind~pendent behavior by Eq. (3.6). Accordingly, near the Pauli 

paramagnetic Sr2Ru04 , Bw has a large negative value, and owing to the evo

lution of Curie-Weiss behavior the magnitude decreases rapidly with the Ca 

substitution. Thus, the negative value of Bw in this region does not indicate 

the strength of AF coupling. Alternatively, according to the Self-Consistent 

Renormalization (SCR) theory (24], this increase in negative Bw to zero can 

be well understood as the result of the evolution of FM spin fluctuations. 

The band narrowing due to the Ca substitution must be the main cause of 

this FM coupling, as we will discuss in Sec. 4.2.2. 

Here, it is also in1portant to stress that both HT and LT res1.,1lts show 

qualitatively the same feature that the negative Bw increases toward zero 

with the Ca substitution. Furthermore, they finally coincide around x = 

0.8 and approaches zero together near x = 0.5. In fact, as in Fig. 3.20, 

the temperature dependence of the inverse in-plane susceptiblity for x = 0.5 

shows almost T-linear Curie behavior in a wide range of temperature. 

Once the system enters region II, however, Gw for each fitting region 

starts to show definitely different x dependence, as shown in the inset of 

Fig. 3.19(b). While the result for T > To (solid circles) increases continu

ously on the extended track frorn region III, Bw for T < To of both poly

crystalline samples (open circles) and [110] component of single crystalline 

sarnples (open triangles) stops increasing at x = 0.5 and starts to decrease 

in region II. Notably, Bw for T < To has a negative value with the sarne 

order of magnitude as Tp, the peak temperature in x(T). This sign reversal 

of Gw across To indicates that the structural transition induces a change of 
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Figure 3.20: Temperature dependence of the inverse in-plane susceptibility 
x;:b1 (T) for x = 0.5 under a field of 100 G. 

magnetic coupling. 

Divergence of the low temperature susceptibility 

In the ground state, this change of n1agnetic coupling becomes evident: the 

low temperature susceptibility x(O), represented here by the value at 2 K 

reveals intriguing systematic variation in the metallic regions II and III, as 

presented in Fig. 3.21. Corresponding to the evolution of the C-W behavior, 

x(O) for 2.0 2:: X 2 0.5 increases with decreasing X. It is critically enhanced at 

x = 0.5, reaching a value rnore than 100 tirnes larger than that of Sr2 Ru04 . 

In the region II, on the other hand, x(O) sharply decreases with decreasing x, 

reflecting the formation of the susceptibility peak at the higher ten1perature 

Tp as shown in Fig. 2.1. 

We note that this critical enhancement of x(O) occurs at Xc = 0.5, and 

thus appears to be correlated with (9w approaching zero in the region III 

and Tp increasing from zero in the region II. This criticality indicates a dras

tic change of the ground state at the structural instability. The continuous 

increase of the HT result of Gw across x = 0.5 implies that without the 

structural transition, x(O) would keep diverging with decreasing :c. There

fore, the critical point at ~cc ~ 0.5 should be very close to a FlVI instability. 

In fact, aln1ost singularly at l.' = 0.5,, we have found a FM ordering at very 
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low temperatures around 0.5 K, as we describe in Sec. 3.4.4. In the M-M 

region, however, the AF correlation rapidly evolves with the Ca substitution 

toward the Mott transition. Here, the negative Bw as well as Tp must be 

the indicator of the strength of the AF coupling. Thus, it is natural to con

sider that the structural transition halts the growth of the FM coupling and 

switches on the AF coupling. 

3.4.2 Non-Fermi-liquid behavior of resistivity 

The low temperature parts of Pab(T) in Fig. 3.7 for x = 0.2, 0.5 and 2 are 

presented in Fig. 3.22, where Pah(T)- Pa.h(O) is plotted against T1.4. Sr:2Ru04 

shows T -squared dependence as indicated by a fitting curve, reflecting its 

Fermi liquid state established by a variety of measurements [4, 5). In contrast, 

for x = 0.2 an_d 0.5, the in-plane resistivities severely deviate from the T

squared dependence. In order to clarify the temperature dependence at low 

temperatures, we performed a fiiting with a formula: Pa.b(T) = Pab(O) + ATn. 

Here, Pab(O), A and n are fitting paran1eters. The best fit was obtained in the 

form of Pab(T) = Pah(O) + AT1 .4. At x = 0.5, this TL4 dependence appears 



up to 3 K followed by T-linear one up to 5.5 K. 1\!Ieanwhile, the resistivity 

for x = 0.2 starts to decrease strongly below about T~uo] ~ 8 K and shows 

the TL4 dependence toward the lowest temperature. 
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Figure 3.22: Te1nperature dependence of the in-plane resistivity Pab(T) for 
x = 0.2, 0.5 and 2. Solid lines indicate fits with T 2 (x = 2), and T1. 4 (x = 
0.2 and 0.5) dependence. The peak temperatures of the susceptibilities are 
indicated for x = 0.2. 

Works on heavy fermion compounds and cuprates have revealed that such 

NFL behavior is due to critical fluctuations, and persists to low temperature 

near a magnetic instability (25, 26]. Therefore, the non-Fermi-liquid (NFL) 

behavior observed down to 0.3 K not only around Xc ~ 0.5 but at x = 0.2 

suggests that the enhanced spin fluctuations, which destabilize the magnetic 

LRO, dominates the entire M-M region. In a two-di1nensional systen1 near 

AF and FM instabilities, the resistivity is expected to show T -linear [27] and 

T 413 [28] dependence, respectively. The observed Tl.4-dependence is quite 

close to the latter one, which is also found in Sr2 Ru0 4 under pressure [29]. 

Along with the strong enhancement of the low ten1perature susceptibility, this 

gives a consistent interpretation that Xc ~ 0.5 is just near a FNI instability. 

On the other hand, for the AF-SRO in the M-M region, there are basically 
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two possible spin configurations: sinnple in-plane AF or interlayer AF with 

the don1inant in-plane F:NI spin fluctuations. It is not possible to distinguish 

between these possibilities on the basis of the current data.. Further studies 

by neutron diffuse scattering are needed for this region. 
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Figure 3.23: Longitudinal in-plane rnagnetoresistance (IJJHIIab) for x = 0.2 
at various temperatures. 

In Fig. 3.22, it should also be noted that Pab(T)- Pab(O) becomes smaller 

with x. This most probably results from the weakened inelastic (especially, 

spin) scattering due to the band widening. Moreover, for x = 0.2 below Tp, 

the formation of AF-SRO should induce the strong decrease in Pab(T) because 

of the reduced spin scattering. In fact, well below Tp, the field dependence 

of the longitudinal in-plane n1agnetoresistance (Ill HI lab) for x = 0.2 (Fig. 

3.23) shows a clear peak at f-Lo H ~ 2.8 T, corresponding to the rnetan1agnetic 

transition, while only a negative dependence was observed above Tp. 
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3.4.3 Evolutio11 of the tern perature dependence of the 
specific heat 

Critical enhancement in 1(T) 

As described in Sec. 3.4.1, the temperature dependence of the susceptibility 

evolves systematically with the Ca substitution. Likewise, the temperature 

dependence of Ce/T in Fig. 3.12 shows continuous and critical enhancement 

in the region III. As for Sr2Ru04 , it exhibits a jump in CelT at the super

conducting transition temperature 1~ ~ 1.5 K. Reflecting its Fermi liquid 

ground state, the CelT above Tc is almost constant up to around 12 K. This 

situation is clearer in the data for x: = 1.95, which manifests temperature 

independent CelT without any transition down to the lowest temperature 

0.4 K. The spin-triplet superconductivity is extremely sensitive to impuri

ties: several hundred pprn is enough to kill the superconductivity (30]. For 

Sr-site irnpurities of Ca, the present study indicates that at least 2.5o/r; sub

stitution is enough to suppress the transition. Further study is still needed 

to characterize how rapidly the transition temperature changes with the Ca 

substitution. 

With decreasing the Sr content x from Sr2Ru04 , CelT and its teinpera

ture dependence gradually increases as in Fig. 3.12. While CelT at x = 1.5 

is still almost temperature independent below about 5 K, those for x = 0.9 

and 0. 7 exhibit significant increase of CelT on cooling down to the lowest 

temperature 0.4 K. Moreover, CelT for x = 0.5 enhances the most steeply, 

although it forn1s a cusp below about 1 K. We will discuss its origin in Sec. 

3.4.4. In order to clarify the systematic evolution of the ternperature depen

dence, we plot CelT against T 112 in Fig. 3.24. Although CelT for x = 2.0, 

1.95 and 1.5 is almost constant at low temperatures, those for x = 0.9, 0. 7 

and 0.5 increase linearly with - T 112 down to low temperature. 

This non-Fermi-liquid behavior must be correlated with that observed in 

the low temperature resistivity discussed in the previous section and should 

be regarded as critical behavior most likely of ferromagnetism. Furthermore, 

the te1nperature dependence of the entropy in Fig. 3.13 is also consistent 

with this picture. As a system goes closer to a magnetic instability, the char-
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Figure 3.24: Electronic part of the specific heat CelT against T 112 for the 
metallic region II and III of Ca2 _xSr:z:Ru0 4 

acteristic energy of the spin fluctuation decreases, and thereby the entropy 

due to the spin degree of freedom increases at low temperatures. This should 

explain the continuous enhancement of the low temperature entropy in Fig. 

3.13 with decreasing x. As this syste1n enters the M-M region, however, the 

CelT starts to form a peak in its tem.perature dependence, as also discussed 

in Sec. 3.2.3. This is presumably the result of the crossover of magnetic 

coupling from FM to AF in the M-M region. 

Wilson ratio 

As we can see in Fig. 3.12, Ce/T in region III shows a large enhancement 

with the Ca substitution as well as on cooling. This syste1natic change is 

well sun1n1arized in Figure 3.25 which displays the 1 = CelT (0.4 K) against 

the Sr content x. While Sr2 Ru0 4 itself has a large value about 37 mJ jn1ol 

K2
, 1 increases significantly by the Ca. substitution and it finally reaches the 

maximum of about 250 mJ lmol-Ru ]{2 at x == 0.5. To our knowledge, this 
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Figure 3.25: x dependence of the electronic specific heat coefficient 1 at 0.4 
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value of 1 ~ 250 mJ /mol-Ru K2 is the largest among those for the transition 

metal oxides, and surpasses 1 ~ 210 mJj1nol-V K2 for LiV20 4, which is 

known as a heavy-ferrnion transition-1netal oxide (31]. Taking account of the 

fact that the ferromagnetic instability as well as structural instability exists 

just near x = 0.5, the large 1 value at this point should be attributed to the 

critical enhancement due to both the ferro1nagnetic spin fluctuations and the 

electron-phonon interaction. 

While 1 decreases with the Ca substitution in the M-M region, reflecting 

the formation of the peak in the temperature dependence of Ce/T, it is signifi

cant that the system still maintains a large value around 200 mJ /mol K2 even 

at around the M/NM transition point around x = 0.2. This is attributable 

to the electron-electron correlation enhanced near the Mott transition. 

A well-defined measure to characterize the enhancen1ent by the correla

tion effect is the Wilson ratio, which is defined by 

(3.9) 

44 



This ratio is scaled to be unity for a non-interacting Ferrni gas. and the change 

in the ratio reflects the electron correlation in the systern. The electron

phonon interaction enhances 1, but not x(O) and reduces Rw. The electron

electron correlation enhances the Rw to 2, as calculated for a Kondo system 

[32]. The enhancement beyond that is usually attributed to ferromagnetic 

spin correlation with additionally enhanced x ( 0), and in fact observed in a se

ries of nearly FM systems [33]. Although the ground state of Ca2 _.z:SrxRu0 4 

may not be a Fermi liquid around x = 0.5, Rw is still a well-defined ex

perimental measure to clarify how the electron correlation evolves fron1 the 

Fermi liquid Sr2Ru0 4 with the Ca substitution. 

Figure 3.25 illustrates the x dependence of the Rw calculated by Eq. 

(3.9). Here, x(O) and 1 in the equation are the lowest ten1perature values 

rneasured, that is, the susceptibility at 1.8 K in Fig. 3.21 and the 1 at 0.4 K 

in Fig. 3.25. S is fixed to 1/2 according to the result of Curie-Weiss fitting 

in Sec. 3.4.1. While Rw for Sr2 Ru04 is 1. 7 corresponding to its strongly 

correlated Fermi liquid ground state Rw first increases gradually with the 

Ca substitution and then reveals critical divergence at x = 0.5 to reach the 

value more than 40. Rw ~ 40 is so large that it well surpasses those known 

for the other well-studied nearly FM[ materials, such as Rw == 5.8 for Pd, 

5.4 for NhGa, and 12 for TiBe2 [33]. This strongly suggests that the Ca 

substitution enhances the ferromagnetic coupling in Sr2Ru0 4 to leads to the 

nearly FM state near x = 0.5. Once the system goes beyond x = 0.5 into 

the M-M region, however, Rw decreases rapidly and finally down to 7 at x = 

0.2 just near the M/NlVI transition. The crossover of the magnetic coupling 

to AF should result in this decrease of Rw. 

As a result, the Wilson ratio exhibits a prominent criticality, which indi

cates the critical relation between x(O) and I. In fact, the I VS -ln x( 0) in 

Fig. 3.26 manifests that the relation 1 ex -ln x(O) roughly holds not only 

in region III (solid circles) but in region II (open circles). This critical re

lation is expected to hold in a system dominated by three-dimensional FM 

fluctuations [28, 34]. We also checked the relation 1 ex x(OFI2 expected for 

two-dimensional FM fluctuations as in Fig. 3.27, but it holds only in rather 

narrow range near x = 0. 5. 
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Another criticality we should note here is the temperature dependence of 

CelT. As we discussed above, it decrease proportionally to - T 112 on heating 

near x == 0.5. According to the SCR theory [28], this type of critical behav

ior is expected near the quantum critical point ( QCP) of three-dimensional 

(3D) AF ordering. (Around the QCPs of 2D and 3D FNI ordering, CelT 

is expected to follow T- 1
/

3 and -ln T dependence, respectively [28].) How

ever, it is clear that the three-dimensional AF fluctuations is irrelevant for 

this system, since the fluctuation localized at finite Q cannot rna.ke such a. 

significant enhancement of x(O) as in Fig. 3.21, the Q = 0 cornponet of the 

susceptibility. 

To sun1marize, we have observed the following critical behavior around x 

= 0.5; 

1. Curie-like temperature dependence of x(T) at X = 0.5 (Fig. 3.20) 

2. Critical enhancement in x(O) (Fig. 3.21) 

3. Non-Fermi-liquid behavior in the in-plane resistivity: Pab(T) = Pab(O)+ 

ATL4 (Fig. 3.22) 

4. Critical enhancernent in the Wilson ratio (Fig. 3.25) 

5. The relation 1 ex -ln x(O) in all the metallic region (Fig. 3.26) 

Although there is some uncertainty on the din1ensionality of the fluctuations, 

we conclude that the ferromagnetic sp ·in fluctuations dom·inate in this system 

around the almost ferromagnetic state at x = 0.5. 

3.4.4 Observation of itinerant ferromagnetism at x 

0.5 

We have shown in Sec. 3.3 that Xc ~ 0.5 is the QCP of structural phase 

transition. However, these observations of the n1agnetic critical behavior 

centered at x = 0.5 strongly in1plies that the QCP for a ferromagnetic order

ing also exists around this point. Despite this expectation, we could not find 

any clue of the 1nagnetic long-range order inside'the NI-NI region. However, 
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Figure 3.28: Low temperature CelT for single crystalline Ca1.5 Sr0 .5Ru04 

marginally at the edge of the M-M region at x = 0.5, we have indeed suc

ceeded in obtaining clear pieces of the evidence for a ferromagnetic ordering. 

One is the low temperature anomaly in the Ce/T for x = 0.5, as presented 

in Fig. 3.12. Although the T 112 dependence is observed down to the lowest 

temperature 0.4 K for x = 0. 7 and 0.9, the CelT for x = 0.5 shows a cusp 

below about 1 K, following -T112 dependence between 1 and 6 K. To look 

into the detail, we enlarge the low te1nperature part of CelT for x = 0.5 in 

Fig. 3.28. It clarifies a broad peak around 0.8 K, and moreover a small yet 

definite jun1p of CelT at 0.5 K, which derr1onstrates the presence of a phase 

transition. 

In order to clarify the magnetic nature of this transition, we have con

structed a low temperature magnetono.eter, using a commercial de Supercon

ducting QUantum Interface Device (SQUID) 'Tristan Technology de-SQUID 

iMC303'. The schematic view of this system is shown in Fig. 3.29. A SQUID 

probe is mounted on a vacuum can of a commercial 3He refrigerator 'Oxford 

Instruments Heliox 2VL' and immersed in 4 He liquid. Superconducting leads 

are introduced into the vacuum can through both a feedthrough and a tube 

48 



Feed through 
(Nb, Pb tube) 

I 
Pick-up coil 

SQUID probe 
in 4He liq. 

~sc 
magnet 

Vacuum can 

SC shield (Pb) 

Figure 3 .. 29: Schematic view of the low temperature de SQUID rnagnetometer 
mounted on a 3 He refrigerator 

made of either superconductor Nb or Pb. The outside surface of the vacuum 

can is also surrounded by Pb tube for superconducting shield. A pick-up 

coil is attached on a 3 He pot, which can be cooled down to 0.26 K. (The 

typical size of the pick-up coil is 5 rnm in diameter and 1.2 mm in length.) 

A sample and a pure In are located at the centers of the canceling coils and 

are thermally connected to the 3 He pot, using copper wires. (The sizes of 

the sample and In that we used are about 3 x 1 x 0.2 mm3 and 1 x 1 x 0.1 

mm3 , respectively.) The output voltage of the SQUID is calibrated by the 

voltage jump at the superconducting transition of In. Nlagnetic fields up to 

6 n1T are applied to the sarnple and In by a superconducting excitation coil 

outside the pick-up coil. The sensitivity of this systen1 is estirnated to be of 

the order of 10-8 emu. This system can determine only the magnitude of the 

susceptibility change during a sequence of temperature sweep, because the 

initial number of flux trapped in the SQUID coil is not unique. Therefore , 

in order to obtain the absolute value, we utilize the result n1easured by the 
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cornmercial SQUID magneton1eter 'Quantum Design l\IIPl\IIS-5 ' down to 1.8 

K. 

Figure 3.30 shows the low temperature susceptibility for Ca1.5 Sr0 _5Ru04 • 

The result measured by this de SQUID magnetometer (solid line) is smoothly 

connected to the high temperature result (open circles) in Fig. 3.18 obtained 

by the commercial SQUID magneton1eter. Both field-cooled (FC) and zero

field-cooled(ZFC) data are taken on heating under a field of 0.5 mT parallel 

to the ap-plane. A slight deviation between FC and ZFC curves starts below 

a kink ternperature at 1.1 I\. However, below 0.5 K, at which the specific 

heat jump occurs, the deviation becornes much clearer toward the lowest 

ternperature 0.3 K. This observation confirms that a ferromagnetic ordering 

occurs at around 0.5 K. 
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Figure 3.30: Low temperature susceptibility for single crystalline 
Car.5 Sr0.5Ru04 under a field of 0.5 mT parallel to the ab-plane. Clear devi
ation between the field-cooled (FC) and zero-field-cooled (ZFC) data can be 
seen. 

On the other hands, the jurnp in Ce/T is quite small con1pared with that 

for the superconductivity of Sr2Ru0 4 , as can be seen in Fig. 3.12. This 

implies that the size of the spins involved in this magnetic transition be sig-
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nificantly reduced, most likely owing to enhanced pin-fluctuations. In this 

sense, the broad peak around 1 ~ observed in Ce/T can be considered as a. 

result of the well-developed short-range order above the transition ten1 per

ature. This rnay also be related to the appearance of the small kink in the 

susceptibility even above the transition ternperature. 

This ferromagnetisrn is quite marginal in the sense of its low transition 

temperature and possible singularity in the phase diagram. Further study 

of this ordering is important to determine its precise boundary in the phase 

diagram and to clarify the origin of the unusual anomalies above the transi

tion temperature. Regardless of the details, the appearance of this 'marginal' 

ferromagnetism just near the structural instability stands alone as one of the 

most intriguing features in this system. 

3.5 Anisotropic transport properties 

Reflecting the quasi-two-dimensional structure, the temperature dependence 

of the resistivity p(T) is quite anisotropic. Figure 3.31 presents the temper

ature dependent part of the in-plane resistivity: Pab(T) - Pab(O) n1easured 

down to 0.3 K for various values of x ~ 0.2. All curves show metallic be

havior (i.e. dpj dT > 0). In fact, at low temperatures, Pab(T) are less than 

the Mott-Ioffe-Regel (MIR) limit of rnetall.ic conduction of about 200 11Dcm 

for Sr2 Ru04 [35], which suggests the coherent metallic transport within the 

plane. As can be seen in Fig. 3.31, Pab(T)- Pab(O) increases quite systern

atically with the Ca substitution. Because the ternperature dependent tern1 

is basically determined by inelastic scattering, which becomes severe for a 

narrow band rnetal with high N ( EF'), this increase is consistent with the 

band narrowing with the Ca substitution. In addition, Pab(T) - Pab(O) for ~r 

= 0.2 shows a steep decrease below Tp ~ 12 K. This should con1e fron1 the 

reduction of the spin scattering by the formation of the AF short-range order 

in the M-M region, as we discussed in Sec. 3.4.2. 

The x dependence of the residual resistivity Pab(O) is presented in the inset 

of Fig. 3.31. In contrast with the continuous increase of Pab(T) - Pab(O), 

Pab(O) has a peak around x = 1.0, which is qualitatively consistent with 
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Figure 3.31: Temperature dependence of the in-plane resistivity Pa.b(T) for 
Ca2-xSrxRu04 with different values of x. The inset shows the x dependence 
of the in-plane residual resistivity Pab(O). The solid curve represents a fit to 
the Nordheim law. 

the Nordheim law. The Nordheirn forn1ula Ax(2- x) roughly fits the x 

dependence of Pab(O), as indicated by the solid curve with A = 54 f..Lrlcm. 

Since Pab(O) is basically determined by the impurity scattering [36], this 

result strongly implies that the randomness intrinsic to the Ca substitution 

is responsible for the residual resistivity in this system. However, if the Fermi 

surface parameters in this system keep the same order of magnitude as those 

of Sr2Ru04 , the mean free path estirnated from the x dependence of Pab(O) 

should be at least one order of magnitude longer than the length between the 

minority ions of Ca/Sr. This is most likely due to the irnportant fact that 

the Ca/ Sr substitution introduces the randomness into (Ca,Sr)O planes, not 

directly into Ru0 2 planes. 

In con1parison with the metallic behavior of the in-plane component, the 

out-of-plane resistivity Pc(T) is less temperature dependent and in son1e cases 

even non-metallic (i.e. dp / dT < 0). In order to show the tern perature 

dependence clearly, we display Pc(T) normalized by the values at 300 K: 
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Pc(T)/Pc(300h) in Fig. 3.32(a). All of them were measured down to 0.3 I~. 

Pc(300K) hardly depends on x and remains within 28 ± 3 mf1nn for all x. 
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Figure 3.32: (a) Temperature dependence of the out-of-plane resistivity Pc(T) 
normalized by the values at 300 K for Ca2 _xSrxRu0 4 with different values of 
x. For x = 0.15, the data are shown only above the M/NM transition point 
I"V 70 K. The inset illustrates the crossover at To for x = 0.2 and 0.4. (b) The 
variation of Pc(T) / Pc(T max) against T /Tmax for several values of x in region 
III. The inset displays the x dependence of Tmax (solid circle) and Pc(Tmax) 
(open diamond). 

The MIR limit for the metallic c-axis conduction of Sr2Ru0 4 is estirnated 

to be about 4 mDcm [29]. While the order of the limit should not be changed 

in this isostructural system, all the results of Pc(T) are one order of magnitude 

higher than the limit except for Sr2Ru04 • Therefore, the n1etallic behavior 

observed in the region 0.15 ::; x < 0.5 is not attributable to the coherent 

conduction in the band picture. Instead, we consider here the diffusion and 

thennally assisted hopping processes for the transport n1echanis1n. In both 

processes, quasi-particles hop between layers with a jun1ping frequency Te-l, 

,53 



and the out-of-plane resistivity reads 

(3.10) 

where iV(EF) is the density of states at EF, e is the elementary charge , and 

D = f2rc-l is the diffusion coefficient with a jumping (interlayer) distance l. 

Pc(T) / Pa.b(T) shows large anisotropy throughout the system. For exan1ple, 

the values for x = 0.2, 0.9, 1.5 and 2.0 are 120, 130, 160 and 230 at 300 

K, and 780, 600, 2300 and 930 at 2 K, respectively. Therefore, the Fermi 

surface in this system must be remaining in almost cylindrical topology as 

that of Sr2Ru0 4 • Consequently, the interlayer transfer integral tc should be so 

small that the in-plane scattering becomes a dominant process for the c-axis 

transport. In this case, one can write the jun1ping rate as (29, 37, 38, 39] 

(3.11) 

where Ta.// is the in-plane scattering rate and h = 27fli is the Plank constant. 

From this equation, one can easily understand that even with this incoherent 

mechanism, Pc shows metallic behavior when Pa.b is coherent so that Tat/ 
becomes smaller on cooling. Hence, the metallic behavior in 0.15 ~ x < 0.5 

should arise from this mechanism. 

The thermally assisted hopping process takes place when the thermal 

energy kB T is much larger than the effective band width vVc for the c-axis 

transport. In this case, the jun1ping rate can be expressed as (29] 

(3.12) 

where a is a nurnerical factor and n depends on the dimensionality of the 

hopping. This process explains the non-Inetallic behavior at high teinpera

tures. 

First in region I, Pc(T) for x = 0.15 is metallic at all the ten1peratures 

measured down to the M/ NM transition temperature of about 70 K. How

ever in region II, a clear changeover from non-metallic to metallic behavior 

has been observed across To on cooling. (See the inset of Fig. 3.32(a) for 

x = 0.2 and 0.4.) As we discussed in Sec. 3.3, the structural transition at 



To involves the lattice flattening, which should enhance the interlayer coher

ence by enlarging tc. In contrast with the non-metallic behavior due to the 

thermally assisted hopping at high temperatures, this increase in tc by the 

transition must stabilize the diffusive hopping process below To, and thus 

more strongly rnetallic behavior appears with the Ca substitution. 

In region III, however, the crossover in the ternperature dependence oc

curs even without a structural transition, fanning a n1axirnun1 at Tmax· Fig

ure 3.32(b) dernonstrates a scaling with the normalized axes Pc(T)/ Pc(T max) 

and T/Tmax in 0.5 ::; x ::; 0.9. The inset of Fig. 3.32(b) illustrates the x 

dependence ofT max and Pc(T max). Pc(T max) stays almost constant at around 

32 mf2cm, consistent with the result of the pressure dependence for Sr2Ru04 

(29]. 

In this case, since the thermally ctssisted hopping becomes effective when 

kB T is larger than We == 4tc, the crossover temperature T max should be 

roughly proportional to(;. In fact, this expectation is consistent with several 

observations. 

First, given this assurnption, Eq. (3.12) qualitatively explains the nearly 

universal temperature dependence above T max as in Fig. 3.32(b). (The curve 

for x == 2.0 in Fig. 3.32(b) is not on the universal one. This is probably 

caused by the fact that only Sr2Ru0 4 has no rotational distortion as we will 

discuss below, which results in the difference in parameters such as a and n 

in Eq. (3.12)~) 

Second, on this assumption, Tma.x shown in the inset of Fig. 3.32(b) 

indicates that We increases with decreasing x from 0.9 to 0.5. This is quite 

consistent with the expected enhancement in tc due to the shrinkage of the 

interlayer distance l == c/2 as shown in Fig. 3.15. 

Moreover, the extension of the rnetallic region below T max toward ~r = 0.5 

is also understandable by Eq. (3 .11) with this increase in tc. 

Finally, Eq. (3.12) rnay reproduce the nearly constant Pc(Tmax) 111 this 

region, M discussed in Ref. (29]. 

Although the metallic region becornes wider with higher T max as x changes 

from 1.5 to 0.5, the incoherent conduction at low temperatures still persists 

even at x == 0.5. This may be due to an anisotropic weak localization effect by 



disorders in ( Ca/Sr )0 layers, which basically retains the coherent conduction 

in Ru0 2 layers. Once the structural transition occurs in region II, however , 

Pc(T) finally becomes metallic with a. strong decrease at low temperatures. 

On the other hand in this region III, Tmax decreases rapidly from x = 2.0 

to 1.5. The Ca substitution for Sr2Ru04 introduces not only the randomness 

in SrO layers, but also the distortion in Ru0 2 layers. Actually, the recent 

powder neutron diffraction confirms that the Ca substitution drives the ro

tation of Ru06 octahedra along the c-axis, which is absent in Sr2Ru0 4 [13). 

Hence, this rotational distortion as well as the localization effect due to the 

randon1ness, may be correlated with the incoherent Pc(T) at x = 1.5. 

To summarize this section, we confirmed by the above analyses that the 

c-axis transport in this system is dorninated by the hopping process, which 

systematically changes from diffusive metallic hopping to the the thermally 

assisted one with the Sr content x a.nd the temperature, characterized by 

the small tc ( rv several 10 K) due to the quasi-two-dimensional electronic 

structure. 
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Chapter 4 

Discussion 

4.1 Origin of the Ma~~netoelastic Coupling in 
Ca2Ru04 

To understand those rich and unusual phenornena in Ca2_xSrxRu0 4 , we will 

discuss the variations of the ground state magnetisn1 and electronic structure. 

First, let us look into the Matt insulator Ca2 Ru04 . The neutron diffraction 

measurement by Braden et al. [11] has revealed strong magnetoelastic cou

pling in Ca2Ru0 4 • They reported severe flattening as well as tilting of Ru0 6 

octahedra on cooling toward its Neel temperature. The in-plane oxygen 0(1 )-

0(1) distance elongates along the b-axis of the Pbca unit cell, while the Ru 

- apical oxygen 0(2) bond shortens. However, once the staggered magnetic 

moment starts to align along the b-axis, both flattening and tilting of Ru06 

octahedra saturate at lower temperatures. 

The flattening of octahedra n1ay be understood simply by J ahn-Teller ef

fect. As discussed below, it is owing to the flattening of the octahedra that dxy 

orbital will have lower energy than the other two. Therefore, the flattening 

is naturally explained by Jahn-Teller effect to produce this orbital splitting, 

which stabilizes the fourth electron in comparison with the degenerate case 

[8, 11]. 

However, in order to explain the strong magnetoelastic coupling, we have 

to take account of spin-orbit coupling. Since the elongation of the 0(1)-

0(1) distance along the b-axis induces a distinct orthorhmnbic crystal field 

in the sequence of the flattening, the t2g orbitals should split into three non-



degenerate ones: dx~ -y~ with the lowest energy, d zax o in the 1niddle, and d.Yo zo 

with the highest energy. Here, the X 0 , Yo and Z0 -axes correspond to the a , b 

and c-axes of the orthorhombic Pbca. unit cell, respectively. (If we take the 

x and y-axes along the in-plane Ru-0 bonds as in the I4lmmm cell , dx~-y~, 

dy0 z0 and d::0 .c0 are transformed into d';;y, ( dzx - dy :: ) I J2 and ( d:::t· + d.y z ) I J2, 
respectively.) Basically, the tilting of Ru06 octahedra along the b-axis also 

stabilizes the above configuration, generating the orthorhombic crystal field 

by the second-nearest oxygens in the plane frorn a Ru-ion. In this situation , 

the second order perturbation theory for the spin-orbit coupling allows us to 

deduce that the orthorhombic b-axis should becorne the easy-axis of the spin 

alignment, which agrees with the observation of Braden et al. [11]. 

At the same time, since the shortening of the out-of-plane Ru-0 bond is 

nearly twice as much as the elongation of the in-plane one, the dx~ -y~ or dxy 

orbital should have much lower energy than the other two orbitals. Given the 

four electrons in the t 2g orbitals, such electronic structure n1ay well realize 

a half-filled configuration at EF (with two electrons in ( dz.r - dy z) I j2 and 

(dzx+dyz)IVi orbitals as shown in Fig. 4.1), which favors AF superexchange 

coupling between neighboring spins. As a result , the orthorhombic distortion 

enhanced toward TN stabilizes both superexchange interaction and spin-orbit 

coupling in the N eel state. In this sense, the observed strong n1agnetoelastic 

coupling should be a cooperative phenomenon involving Jahn-Teller effect, 

superexchange and spin-orbit coupling. 

4.2 Ground State Crossover in the Metallic 
Region 

4.2.1 Electronic Configuration of Sr2Ru04 

NMR studies have revealed that Sr2R,u04 exhibits exchange-enhanced para

magnetisn1, which is ascribable to a local ferromagnetic coupling between 

in-plane spins at neighboring sites [23,, 40]. The origin of this coupling should 

consist in the electronic configuration. Because the out-of-plane Ru-0 bond 

is longer than the in-plane ones in Sr2]Ru04 , dxy should have slightly different 

energy among the t2g orbitals. However, tl~e two-dimensionally spreading d xy 
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Figure 4.1: Schematic variation of the electronic configuration 1n 
Ca2-xSrxRu04 according to the band splitting model. 

forms the 1 band wide enough to degenerate with the dyz,zx orbitals that pro

duce rather narrow a and {3 bands reflecting their one-dimensional networks 

(19]. Consequently, the Ru4+ t 2g band provides the electronic configuration 

of four electrons in the triply degener·ate band. In addition, according to the 

band structure calculation (19), the 'Y band has a large peak in the density 

of states (DOS) slightly (""' 50 rneV) above EF due to van Hove singular

ity ( v HS), characteristic of a two dirnensional systern. Thus, it results in a 

strongly asym1netric DOS of the overall t 2g band. 

According to the theories on ferromagnetism in the strongly correlated 

systems (41], such an asymmetric DOS with a strong peak near EF favors 

ferromagnetism for its ground state, while a symmetric, half-filled band stabi

lizes antiferromagnetism. Although the electronic configuration of Sr2 Ru04 

nearly satisfies the former condition, no substantial FM fluctuation has been 

detected so far. It is probably because of the rather low N(EF) that the FNI 

fluctuations are not well developed to a wide range but remain local so as to 

realize the exchange-enhanced param.agnetism [42]. 

We note that a recent inelastic neutron scattering n1easuren1ent has re

vealed the incounnensurate spin fluctuations located at ( ±0.61r I a, ±0.61r I a 0) 

(43]. This is consistent with the prediction of nesting instability between a 

and {3 bands by a band structure calculation (44]. One din1ensionality of 



dy:: ,::x orbital network results in this nesting effect. For the superconductiv

ity, however , we speculate that the local ferron1agnetic coupling n1entioned 

above possibly stabilizes the spin-triplet paring of Sr2Ru0 4 , while the in

commensurate spin fluctuations rnay have a n1inor or even an adverse effect. 

Nlazin and Singh examined competition between p- and d-wave superconduc

tivity by the calculation including both the incomrnensurate and FNI spin 

fluctuations, and drew a similar conclusion (44, 45]. 

4.2.2 Band Splitting Model 

The Ca substitution in Sr2Ru04 brings about the evolution of the critical 

behavior of ferron1agnetisrn in the transport and magnetic properties, and 

finally induces the 'marginal' FM ordering at :z: = 0.5 just near the struc

tural instability point at Xc ::: 0.5. In contrast, once the systen1 becornes 

orthorhombic from tetragonal across the structural transition, it is the AF 

correlation that becomes substantial, especially in the M-M region at x < 0.5. 

For the simplified picture of this switching of magnetic coupling, we propose 

the band shape and filling dependent magnetism based on a band splitting 

model, which is schematically illustrated in Fig. 4.1. 

First, let us discuss the origin of the evolution of FM correlation toward Xc 

in region III. While Sr2Ru04 has no structural distortion, theCa substitution 

stabilizes and enhances the rotational distortion of Ru06 octahedra along 

the c-axis, as we mentioned in Sec. 3.5. As a consequence, the rotational 

distortion causes the following two main effects to enhance the FM coupling. 

One is the band narrowing which enlarges iV(EF ). The distortion weakens 

the orbital hybridization and reduces the band-width. At the same tin1e, 

since the structural symrnetry remains tetragonal in region III, the crystal 

field symmetry around a Ru ion should be basically the sarne. Thus, the Ca 

substitution will neither lift the triple degeneracy of the bands, nor blunt the 

vHS. Therefore, the system should keep basically the same asymmetric DOS 

which favors ferromagnetism. Additionally, the band-narrowing will enhance 

the vHS, thereby N(EF) as well, so that the FM coupling gets stronger by 

the Stoner mechanisrn. This tendency is consistent with results by a recent 
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mean field theory based on the band structure of Sr2Ru04 (46]. 

Secondly, the rotation of octahedra will produce the stronger hybridiza

tion between dyz and dz.r, which weakens the one-dimensional nature of a 

and {J bands. Thus the nesting of these bands, the origin of the incorrnnen

surate spin correlation in Sr2Ru04 , rna.y becorr1e weaker with decreasing ~r. 

As a result, the rotational distortion should develop the FM coupling from 

the enhanced paramagnetism of Sr2 Ru04 . 

In the M-M region, however, the triple degeneracy must be lifted by the 

structural transition to the orthorhombic phase. The two-fold anisotropy 

of the in-plane susceptibility below To indicates the broken tetragonal syrrl

metry, which lifts the degeneracy of dyz and dzx orbital bands: the a and 

{J bands. As the neutron diffraction measurement has clarified [13), the in

plane 0(1)-0(1) bond of octahedra splits into a shorter one along [110] and a 

longer one along [110] below To, while the Ru-0(1) and Ru-0(2) bonds keep 

their lengths almost the same as those for x = 0.5 as well as for Sr2 Ru0 4 . 

Considering both the hybridization between the orbitals and the crystal field 

effect, the splitting in the bond length should bring about the following band 

degeneracy lifting, sin1lar to the discussion in Sec. 4.1: the ( dzx + dyz) / .J2 
orbital will form a band with a lower, energy, whereas the (dzx- dyz)/V2 will 

generate a band with a higher energy, as depicted in Fig. 4.1. The change in 

the real space configuration of orbitals due to the above orbital ordering is 

schematically shown in Fig. 4.2. Since the lowest energy band absorbs n1ore 

electrons, the filling of the bands at EF decreases toward one half. Taking 

account of the spin-orbit coupling, this n1odel naturally explains the in-plane 

anisotropy of the susceptibility in the M-M region. 

Moreover, the symmetry breaking distortion n1ay lift degeneracy of the 

states piled up at the v HS of the r band, as what is discussed for the case 

in Ca substitution of Ca1_xSrxRu03 [47, 48]. Therefore, due to the band 

splitting and the suppression of the v HS, the band at EF will become n1ore 

syn1n1etric with smaller JV(EF ). This change from the asymmetric, strongly 

peaked band to the symmetric, half-filled band should weaken the F1VI cou

pling, but instead enhance the AF superexchange coupling in the 1VI-1VI region. 

In this model, the band degeneracy controls the electron filling of each 
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X< 0.5 X>0.5 

orthorhombic tetragonal 

Figure 4.2: Schematic view of the real space configuration of the orbitals at 
the Fermi level EF. Ru0 2 planes with the rotational distortion are scheinati
cally represented by rectangles. For the tetragonal phase with x > 0.5 (right 
hand side), the two orbitals (dzx + dyz)/.f2 (a pair of open ellipses) and 
( dzx - dyz) / V2 (a pair of solid ellipses) are degenerate at EF, but for the 
orthorho1nbic phase with x < 0.5 (left hand side), the only (dzx- dyz)/V2 (a 
pair of solid ellipses) is expected at EF owing to the orbital ordering. (See 
also Fig. 4.1.) For simplicity, dxy orbital is not shown here, which is ex
pected to be at EF at either side of x. The arrow denotes the direction of 
the elongation of 0(1 )-0(1) distance in the orthorhombic phase. 
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band. This differs fron1 the carrier doping to the single dx2 -y2 band of the 

high-Tc cuprates by chernical substitutions in block layers. In contrast with 

this type of \eal space eloping', the filling control here n1ay be called the 

'k-space doping.' 

We note here the significant dependence on this filling of magnetic cou

pling, from the FM one at Xc with 2/3 filling to the AF one at x ~ 0.2 with 

effectively half filling, while the shape of the DOS should also be vital for the 

switching of magnetic coupling as we discussed above. In fact, this depen

dence is consistent with the theoretical studies by Alexander and Anderson 

(49], and by Moriya (50]. Based on the mean-field theory using the Anderson 

impurity model, they showed that the magnetic coupling switches fro1n Fl\II 

exchange to AF superexchange as the filling approaches one half. Especially, 

Moriya predicted that such a switchiing occurs at around 60% filling in the 

case with a simple band structure [50]. Notably, this suggests that the 2/3 

filling in region III is already quite close to the critical point, as long as 

JV(EF) is large enough owing to the asymmetric DOS. 

Then, why does the band splitting dominantly occur below Xc instead 

of a FM ordering? In order to understand this, we have to take account 

of the orbital degree of freedom. As N(EF) increases with band narrowing, 

the triply degenerate bands are prone to meet a Jahn-Teller type instability 

as well as a FM instability. In fact, the gap by the Jahn-Teller effect will 

stabilize the fourth electron in cornparison with the degenerate case, and this 

stabilization energy becornes larger for a narrower band with higher JV ( EF). 

Therefore, we suggest that in region HI, these instabilities co1npete with each 

other, and consequently the structural transition for the ground state takes 

over at Xc. 

Moreover, the appearance of the '1narginal' FM ordering only around Xc 

should also be the result of the competition. The FM ordering is stable only 

while the Jahn-Teller type orbital ordering is negligible and thus the DOS 

keeps its high intensity. Once the orthorhombic lattice distortion beco1nes 

large enough, the FM ordering disappears. 

However, this competition mechanism does not fully explains why the 

structural instability should coincide with the ferron1agnetic quantun1 criti-

63 



cal point. This intriguing observation described in Sec. 3.4.4 implies some 

unusual but inevitable relation between the spin and orbital degree of free

dom in this system. 

Moreover, the critical phenomena associated with orbital fluctuations 

and/ or dynarnical J ahn-Teller effect are expected on the verge of the in

stability point. This orbital fluctuations rna.y lead to a nonuniforn1 exchange 

interaction of spins through dynamical lifting of the orbital degeneracy. This 

dynarnical coupling between spins and orbitals, which is recently suggested 

in the case of V 20 3 (51, 52], would tend to suppress a magnetic (especially 

FM) long-range order at around Xc, and thus could be the reason why the 

transition temperature of 'magninal' FM is so low as 0.5 K. 

Across x ~ 0.2 into region I, the first-order structural transition occurs [8] 

and induces another type of orbital ordering by the Jahn-Teller effect, as we 

discussed in Sec. 4.1. Supported by this orbital ordering, the system finally 

achieves the AF long-range order as well as the insulating ground state. 
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Chapter 5 

Conclusion 

The generic phase diagran1 of the high-Tc superconductors established by 

enorrnously intensive studies symbolizes one of the most important issues in 

the strongly correlated systems: how unconventional superconductivity ap

pears through the Mott transition. Although the superconducting symmetry 

has been determined to be d-wave and it has been gained consensus that 

the strong antiferromagnetic correlation in the Cu02 plane should be vital 

for the mechanism of the d-wave superconductivity, this significant problem 

coping with the mechanism of both the appearance of the superconductiv

ity and the Mott transition has yet to be solved. Following the studies in 

the cuprates, the discovery of the p-wave superconductivity in the layered 

perovskite ruthenate Sr.2Ru0 4 naturally lead our interest to the correspond

ingly important problem: How is this spin-triplet superconductivity corre

lated with the Mott transition? 

In our study, we have found the new Mott insulator Ca2Ru04 and es

tablished the phase diagram of Ca2_.7:SrxRu04 , which bridges a new type of 

Mott transition route between the l'v1ott insulator Ca2 Ru0 4 and the spin

triple superconductor Sr2 Ru04 • The results make a sharp contrast to the 

generic phase diagram of the high-7~ superconductors, in which the spin

singlet d-wave superconductivity appears just next to the Mott transition, in 

the following senses. 

First, the rich and unusual phase diagran1 of Ca2_xSr:~:Ru04 den1onstrates 

that the orbital degree of freedom, which is absent in the cuprates with a 

single dx2-y2 orbital, plays a vital role in the Ivlott transition n1echanisrn and 
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also in the itinerant n1agnetism near the 1vlott transition. 

The structural transition at the n1etaljnon-n1etal transition strongly sug

gests that a .] ahn-Teller orbital ordering is the prirnary origin for the 1viott 

transition in this systern. Besides this, in the n1etallic phase near the l\!Iott 

transition, the rnagnetic coupling drastically changes fron1 a nearly antifer

romagnetic to a ferromagnetic one. ,We clarified that this change is induced 

by a second-order structural transition involving another type of Jahn-Teller 

orbital ordering. The changes in the shape and the filling of the band due 

to the band splitting by a Jahn-Teller effect should be responsible for such 

magnetic crossover. 

Moreover, we argued that the development of the FM coupling observed 

toward the structural instability at x == 0.5 implies the competition between 

the ferron1agnetisrn and the J ahn-Teller orbital ordering. Rernarkably, the 

ferrornagnetic state finally appears at low ternperatures just at the structural 

instability at x == 0.5. This implies a novel and inevitable correlation between 

orbital and spin degrees of freedom. To the best of our knowledge, this is 

the first case of the itinerant ferrornagnetism in the quasi-two-dimensional 

system. The possi hili ty of the two-dinaensional FM spin fluctuation suggested 

by the observed critical behavior should be confirmed with further extensive 

measurements. 

The other important aspect, in contrast with the high-Tc superconduc

tors, is that the phase diagram shows how the spin-triplet superconductor 

Sr2Ru04 is connected to the ferromagnetic instability. We revealed the sys

tematic developn1ent of the critical behavior of ferron1agnetisn1 toward the 

instability point x == 0.5 by the band-narrowing from Sr2Ru04 • This exper

imentally provides the first example of the relation between the spin-triplet 

superconductivity and the ferromagnetisrn and must be significant to clarify 

the mechanism of the occurrence of the spin-triplet superconductivity. 

With these rich and unusual phenomena, the new quasi-two-dimensional 

Mott transition system Ca2_xSrxRu04 may well serve as an archetypal sys

tem in the study of the strongly correlated electron systerns, especially to 

help deepening our insight into the role of the orbital degree of freedoin in 

the itinerant magnetism and superconductivity near a J\!Iott transition. 
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Appendix A 

Appendices 

A.l Synthesis of poly crystalline Ca2_xSr xRu04 

The condition of the synthesis of polycrystalline Ca2_..r;SrxRu04 allows only a 

narrow window for the appropriate heating temperature and atmosphere that 

is heavily dependent on x. We synthesized polycrystalline Ca2-xSrxRu04 

from CaC03 (purity 4N), SrC03 ( 4N) and Ru02(3N) mixed in the stoichio

metric proportion. The mixtures were pressed into pellets of the diameter 10 

mm under about 2000 kgf/ em 2. A tubular furnace, which allows controlled 

gas flow, was used for the sintering. We explored the heating temperature 

between 1100 and 1570°C, and the 0 2 partial pressure between 0 and 0.01 bar 

in Ar + 0 2 atrnosphere with the total pressure of 1 bar. In order to n1inin1ize 

the evaporation of Ru0 2 at high tennperatures, we directly inserted pellets 

into a hot furnace, and after heating, pulled them out of the furnace hot and 

quenched them in air. Heating periods of 12 and 16 hr were employed, but 

they yielded no significant difference. 

Figures A.1( a) and (b) represent the dependence of the dominant phase 

in a pellet on the reaction temperature after the initial heating in the at

mosphere of 99% Ar + 1% 0 2 and 99.9% Ar + 0.1% 0 2, respectively. The 

stability range of Ca2_xSrxRu0 4 (214: phase in Fig. A.1( a) and (b)) ren1ark

ably changes with oxygen partial pressure. Furthermore, even in the sarne 

atmosphere, we see the significant and systernatic variation of the stable ten1-

perature range with x for the 214 phase. Generally, the atrnosphere becornes 

rnore reducing by raising ten1perature as well as by decreasing the oxygen 
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2 

0 0.5 1 1.5 2 

Ca X Sr 

Figure A.1: Dominant phases in poly crystalline pellets as a function of the 
heating ternperature and the Sr concentration x under the atn1osphere of 
(a) 99% Ar+ 1%02 and (b) 99.9% Ar+ 0.1%0 2• The circle, triangle and 
cross indicate that the fraction of the 214 phase is approxirnately more than 
80%, around 50% and less than 30%, respectively. 327, 113, and Ru indicate 
that the dominant phase is Ca3-xSrxRu207, Car-xSrxRu03 and Ru rnetal, 
respectively. Although not shown in (a), only Sr2Ru04 (x == 2) has a wide 
temperature range of stability (from 1000 oc to about 1500 °C) even at 1 % 
02. 
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partial pressure. Taking account of the physical phase diagran1 of magnetic 

and electrical properties described below, Figs. A.1 (a) and (b) suggest that 

the metallic 214 phase is more stable under rather reducing condition, reflect

ing the expected stronger covalency of the metallic Ru-0 bond. Although the 

single phase was obtained using those two types of atn1osphere, we so1netirnes 

had difficulty in obtaining well-sintered sarnples for the region 0.2 :::; ~r :::; 1.0. 

This is most likely due to the heavy evaporation of Ru0 2 under rather high 

1600 

113+Ru 

--.... 1500 
0 
0 
'-

1- X 

1400 6 327 
X X 

* X 

1300 CaSrRu0
4 

0 0.2 0.4 0.6 0.8 1 

p (~0 2) (o/o) 

Figure A.2: Dominant phases in polycrystalline pellets as a function of the 
reaction temperature and the oxygen partial pressure P(02 ) in the mixture 
of Ar and 0 2 with the total pressure of 1 bar. The nominal composition is 
CaSrRu04 (x == 1.0). The circle, triangle and cross indicate that the fraction 
of the 214 phase is approximately more than 80%, around 50% and less than 
30%, respectively. 

heating temperatures as in Figs. A.l(a) and (b). In order to lower the 

temperature for the synthesis, we carefully investigated the atn1osphere and 

temperature dependence of the dorninant phase in pellets with x == 0.2, 0.4, 

0.5, 0.8 and 1.0. Figure A.2 presents the result for the case with x == 1.0. 

The systematic change of the reaction temperature in Figs. A.l(a), 
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A.l (b), and A.2 suggests the following two con1peting aspects. First ~ while 

the metallic 214 phase may favor rather reducing condition as noted above ~ 

too high temperature and too reducing atmosphere prevent the fonnation 

of 214 phase, but promote the reduction of Ru0 2 into Ru metal. Once Ru 

metal appears in a pellet, we have never succeeded in obtaining the 214 phase 

by repeating the same heating process. This condition detern1ines the upper 

limit of the annealing temperature. 

Second, although the stoichiometric Sr2Ru04 and Ca2 Ru04 can be ob

tained by annealing at relatively low temperature around 1300° C, the re

action ten1perature for the solution :system Ca2 _xSrxRu04 increases as the 

Sr content x approaches 1. At the same time, Ca3_xSrxRu20 7 (327) phase 

becomes stable up to higher temperature. Such x dependence may be corre

lated with the additional diffusive process to mix Ca and Sr in the solution 

system, in contrast with the end mernbers (x = 0 and 2.0). 

Through the many trials described above, we have established the x de

pendence of the optimized reaction temperature and atmosphere, as summa

rized in Table A.l. The, grinding and sintering were repeated several times 

to obtain more homogeneous samples with better crystallinity. As we men

tioned above, we introduced pellets into the furnace already heated up to 

an appropriate temperature, and after heating, quenched the1n to roon1 tem

perature. This procedure also helps avoid the inclusion of the 327 phase. 

However, to obtain well-sintered san1ples, we noticed that it is better to first 

synthesize a n1ixed phase of 214 with a little a1nount of 327 as a precursor, 

by reacting the raw material at slightly lower temperature (by about 50°C) 

than the stable one for 214. This preceding treatment yielded better sintered 

samples. 

We also paid attention to minimizing the contamination. Especially, Ca 

in a sample easily reacts with an Ab03 crucible and forms an eutectic Ca-Al-

0 compound with a melting point lower than 1300° C. In order to avoid this 

reaction as well as the conta1nination by diffusion of i1npurities, we placed 

two or three pellets of the san1e co1nposition on top of a pellet of Sr2Ru04 in 

an A~203 crucible (Fig. A.3), a.nd used only the top of the two or the n1icldle 

of the three for 1neasurernents. 
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Table A.l: Optirnized reaction tern perature and atmosphere for poly crys
talline Ca2-xSrxRu04 with various values of x. For the final sintering, the 
samples were heated at the temperatures indicated in parentheses. 

X Temperature CC) Atmosphere 

0.00 1360-1380 (1360) Ar+0
2 

1.0°/o 

0.05 1320-1340 (1340) Ar+0
2 

1.0°/o 

0.10 1360-1380 (1380) Ar+0
2 

1.0°/o 

0.15 1360 (1360) Ar+0
2 

0.3°/o 

0.20 1380-1395 (1380) Ar+0
2 

0.3°/o 

0.25 1400-1410 (141 0) Ar+0
2 

0.3°/o 

0.40 1520 (1520) Ar+0
2 

1.0o/o 

0.50 1520 (1520) Ar+0
2 

1.0°/o 

0.80 1500-1505 ( 1505) Ar+0
2 

0.3°/o 

1.00 1503 (1503) Ar+0
2 

0.3°/o 

1.30 1380-1400 (1400) Ar+0
2 

0.1 °/o 

1.50 1300-1400 (1400) Ar+0
2 

0.1 o/o 

1.80 1300-1400 (1400) Ar+0
2 

0.1 °/o 

1.90 1300-1400 (1400) Ar+0
2 

0.1 °/o 

2.00 1100-1400 (1400) Ar+0
2 

0.1 °/o 
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Figure A.3: Typical configuration of pellets on an Ab03 (boat-type) crucible 
in a furnace. The solid rectangle indicates the sarnple pellet of Ca2_xSrJ:Ru0 4 

in preparation. The 'blanket' and 'bed' are the pellets with the san1e cOin
position as that of the sample. The shaded pellet is of Sr2Ru04 . 

A.2 

We have recently succeeded in growing single crystals of Ca2_xSrxRu04 in 

the whole region of x, by a floating zone method with Ru self-flux. As in the 

polycrystalline sample preparation, we first made a pellet from the mixture 

of CaC03 , SrC03 and Ru02. Here, the volatility of Ru02 is also a serious 

problem. To compensate for this loss, we prepared a Ru-rich starting material 

with a composition of Ca.2_xSrxRul. 1s04 . After pre-synthesizing the pellet 

we ground it again and pressed it under a pressure of 1500 kgf/cm2 into a 

rod of 6-8 em in length and of about S mm in diameter. The rod was sintered 

at 1000°C for 12 hr in air. Here, we also paid much attention to avoid any 

contamination, especially during the heating. We took the same precautions 

as those for the polycrystalline samples described above. 

In the floating zone method, the £ocused infrared radiation melts the rod 

without any physical contact with a crucible, so that practically no contami

nation is expected during the crystal growth. We used a commercial infrared 

image furnace (NEC Machinery, Model SC-K15HD) and perforn1ed the crys

tal growth typically under a 90% Ar + 10% 0 2 gas mixture with a total 

pressure of 10 bar with the growth speed of 20 n1rnjhr. The average size 

of single crystals obtained so far is about 5 x 3 x 3 mm3
, still substantially 

smaller than those of Sr2Ru04 . Details of the single crystal growth of the 

superconductor Sr2Ru04 is presented elsewhere [53]. 
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FIG . I. Ph<hL' diagram nl Ct ~ Sr RuO~ "ith thl: ahhi'l.'\ ta 
tinn" : p rur paramaglll'lic. Ct\F lot canted ,ltllil'etTllll1<lgnellL. 
\ 1 l'ot magnetic. SC !'tlr '-LipetL·nnduL'ltng ph~t'-e. - :\.1 lor meUI 
Iic ph.t--e . and -1 ror in--ul <tting ph<l'-e. The "ulid circle. till' 
open c i rc k. ami the '-l 1l id d i <tnwml rcpre"e nt 1 he jlL' .t k t L' 111 -

pcrature / p ol the '-LI'-cepllhilit} lllr the 10011 L'llllljll111L'tll . tl1l' 
Ill 'Lti 1 nnnlllL't<tl tran"itiun tcmpcr<tture I , 1 ,,1 .. 111d the C \I 
tran"itiun IL'lllj)L'I<illlrc f'c \I. rL''-j)L'L'll\el} 

'' hich manifeo..,l..., that Ca ~ Ru04 i" trul~ <tn 1n...,ulator \\ 1th 

no den-..it~ or l.,[llle at the Fermi lc\el \'(/: 1) 1131. 
In contr<.t<.,t. o.., l ight Sr o..,ub;.,tltULion r(ll' Ca -..tahilill'" a 

metal I ic -..,talc at h igh temperature'-. and induce" the \1 :'\ \ lt 
trano..,ition at l\ temperature r,, '\\I on cooling ~h in f- ig . I . 

The re-..,ull or .\' = ().()l) and 0.1) in Fig . 2 I'L[lf'e-..,elll 

fJ.d, (T) for region l with T,, '\\I 15) <tnd 701. 1\~'-pec 
ti\l?l). \ Vith ah ru rt incrca"e" h~ l'i.lctor..., more th<tn I o..: at 

T, 1 , 1. the) o..,how the tHlnmel<tlliL" hehm ior Lk...,nihed h) 

';u·iahlc -range hopping. For \ 0.1 5. for e\amplc. thL' 

data helm\ T\1 \\l \\ ·e ll li t {J .1h(T) t\ '\p(TI 1;'/'l 1 4 \\ith 
r I l) X I 04 K. Th i -, .... ugge\[0.., that o..,trong loctli;ation 

dominat ing the nonmet~tl l ic hehi.t\ior dri ' e" the \ 1/ l\:\·1 
1 r<.tno..,i tion. prcccdi ng the g<tp opening IOv\ ard the l\lll 
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1- 1(1. ~. killl'l'r<llllll' dqk'lllkllcL' o!' lhL' in -platl l' rl''-i'-li\ it) 
(J ,.J, (/ I lm (';! , Sr Ru0 1 \\it h dil'krL' ill \;duL''- u l· \. Til L' 
\CI'ti L';ti hl'll~Cll lilll''- <lrL' guidL''- I O the L')C. 

in"ulator. HelP\\ 1, 1 \\1· the -,u-..ccptibilll~ r al-..o '>ilU\\ 

a di-.. t inct magnetic tran..,iti\ln at a tempcr<tture T< " on 

cou l i n)2. w h iL" h l'inall) coincick" \\ ith the \1 1\:!\1tran-..,iti()n 

for about .\ · 0. 1. The magneti;ati11n '-.. the l1elu r M -II 
Llll'\l.') at) K L'Xhihih \\l' ~ t!-- 1·.\1 h)'>tcrc i-, '"'"crih~thlc to 
canted i\ 1· ,,..., in C;t , RuO+ 17.LJI. The \.1 ~\I lri.tlhiti<ln o!' 
the ground \( ~ Ill' OL'Clll''- lll .\ 0 . .2. i.l'- illu-..,ll'i.lled in fi g. 2. 

Pll\\ der neutron di ITr:..tLtion llh.'<t'>urelllL'nh h:t\ c hLcn 

carried out for \ 0. I ;_llld 0.2 dm' n tu I ) K 1121. ;tnd 

'>ho\\ n th~tl the .\1 / \ \ I lr<l ll'-llion l'lther h: \i.tl) in~ \ or 

T in' 1 1l \c-.., the IiI''> I -< 1rder '-II udural tran..,ition. L'Uihl--tent 

v,ith the lhl'llllt.tl b)-..,ll'lL'"l'"uh er\l'd in fJIT l <!lld-\ ITI . 

\Vhat characteri;e-.., tilL' \1 - \1 '\.~ ~1o11 111 IL'gl<lll II i" thL' 

'-LI'-l'l'l1lihillt) pee~ !--. h~LIIL' 3 "IW\\..., \I I) l.'LII c' lor\ "'" 

0 . .2 under !'ieill" 111 IT fli.tr<tllclto 11101. fiiO]. and 10011 
:t\L' . The in - l"~li.tllL' '-LhL'L' ptihiltL) e hihih ti1L' lllll\llllum 

:tnd thL' llllllimum lor liL·kl :lion~ I I 101 and lll(Jl. rc 

'-pectl\el) . Tih.'I'L' '" llll llh-..,enahlc d1lkrL'IKl' hl'L\\cen 
l.il.'ld -coolcd ttnd IL'I'<l - lield -cl1olcd data. o our lllcd'-Lir 

lllellt i.\IL' llll[ '-llggL' li\L' ld. pin gla '- llrdcr ing . r, 
J1Hht pru1111nL'lll k,tlure I'- tilL' hmdd 111tt\llllllll1 in L'ttl·ll 

,t\i l'OilljlOllClll. \\ell <thme {I ' · the e \..'Uil1j)Olll.'llh -..,hll\\ 

Curie - \\ei" I(-\\ 1 heh;t\ Hll "ith \I · \\L' J·. tL'IliJ" .... 'r,ttLirL' 

(-)\\ l'llllljllll'<thlc [t 1 Tl' . ' uch L'hi.tl'dl'lel·l'-lll' .... lndiLlllL' th.tt 

"nlllL' l--1nd u!' \I · nrdering Ol'L'llr at I I' · 

llu\\L'\,'1'. thL' h1n,1d IUliii'L' n!' the-..,e lll~t\ill1<t i-.., Ill:· l·n,m 

the li'>Ual '-h .t rp L'Lhl) at '-I '\cL'I point. .\lurL'mcr. the pl:al-. 
lClllj1l'l'i.llllrC..., f I' Jpr the lll -pl.lllL' L'llJl1j1(11ll.:nt ,tr · LklinitL'i: 

. . . 11 11 . 
dtllerenl lmm e~tch Pther: / 1, l<ll' th' Lei : -d\. 1..., 111 (lit' 

('.2 K. \\ hile /'1 .
1111 

!'nr the hard-:1 \i [I To I j..., I~.~ K. itiL'I1-

llL'i.tl Ill thi.tl !'or tilL· ( ,1 i 10011 . Th.:-r ·l'llli.'. tl llhlll~h th.' 

-..,uh"t~tntial rcdUL'tJon l)r the u CCJ"llhilit) huuld t1 r1,:;i n~t l ' 

I rom the .\ F L'llJTL'I,llion. the long - r~tn ~c mdcr! U<O l dllL'' 

not emerge ~11 'f',. hut i" '-lllllL'hll\\ Lk...,t.thilill'LI In L1L'l. lh' 

llldgnL'tic LRO '' ith a lllll!llent l.trgu th~ !! l LhL' l·c-..,nlulll'il 
I i Ill i t u r (). ()) J..l H \\ ~I" de k' L'l (' d !'l) r \ () . - lh )\\ 11 tl' l . 5 K 
i11 the ncutrun dilfr~tL'lion m '~t,ur,'lllL'llL II~ 1. 

0 L---~--~--------~--~--~ 
0 10 20 30 

T (K) 

l ·l(i . 3. fL'lllj)L'I'<l(lll'l' Lklk'tld ' llL'L' \ll the '-ll'- ' L'j)tihtltt~ l)j' 
C'<t ; " Sr11 , Ru0 1 umkr /--1 11 // I I p,tr.tlkl t\l l'<IL·Il ,t\i'-. 
i'i eld-L'llllkd <IIlli /l..'rll l'iL'Id- l·llllkd l'Lil'h'' d):'ll'L' \l..'r} \\L'Ii . 
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Another evickncc ror the r: cur-relation in th e M -M 

region i~ the ani ... otropy or the ..,u..,ceptihi lit y bciO\V Tl'· 
s ~hm" n in Fig. 3. th~ [I I 0 I component dccrea"e" 

on u)()ling almo..,t 3 time" mor' than the other..,. Thi-. 

coJTespond.., to the ani..,otropy for an A~ orderin g with 

the ea~_) -a \i ~ 11101 and with the hard -a.xc.., [ 110] and 

IOOII. In raL'l. the ani-.otropy obtained here i'i \ 'Cry -.imilar 

tu th ~lt or the ~- LRO "tate in Ca~RuO-l II 3 I. \\ ith 

-.pin-. aligned antikrromag ncticall y along the 11101 C.t\is 

191 . More<l\Cr. the M -H curve in thi-. reg ion exhibit-. ~~ 

meta magnetic trc.111..,ition (for example. at f.loH :::::-< __ 5 T II 
[ 110] rn r .\ =- 0.:2). ~i milar to the one oh-.encc.l in the 

l) rd ered Ca~ Ru0-1 I X 1. Thc..,e ..,ubstanti~ll re-.c mhh.Jnce.., 

indicat' th ~1t an AF -,hnrt - range order (1\F-. RO ) i-. \\ell 

-.tahili;ed in the magnetic lll eru!!ic reg ion ju-,t ne\t to the 

\1 1 :\I t 1·a n :-.it ion. 

t\-. pre-.ented in rig . -f. th e mo-.t intriguing ") ._,tematic 

\ari~1tion in the JJiero!!ic region" II and Ill \\~1-. found in 

the IO\\ temperatllre -.u-.ccptihilit) A (0). r~pre-,cnted here 

h~ the ,aluc at 2 K . The in-.ct or Fig . -+ di..,play-. \ (Tl 
l.'Ur\e\ ror region Ill under a field or 0.1 T parallel to the 

uh pl~1nc . The in -plane ~ u-.cept ihilit )- i-. ~tlm o-.t i-.otropic 

in thi-. reginn. Fur Sr~ Ru0-1. the \ (T) cune i-. P~tuli

param<lgnctic ror it-. Fcm1i liquid -.tate . 1 he Cc.1 -.ub-.titu

tllln. ho\\C\Cr. con tinu o u-.1 ) change-. it to C-\\' Iii--c . ~tnd 

rin,tll~ to C urie- like \\'ith H,, · 0 K at .\ 0.5. Corrc

-.ponding to thi-. L'\Oiutinn of' the C- 'v\' hcha\ior. \(()) ror 
2.0 2': .r :.:. 0.5 in Fig . -+ incrca-.e.., \\ ith dcnc<l ing .\. It i-. 

criticclll~ enh<lnccd at .\ 0 .5. reaching ~ ~ \~tluc 111orc than 

I 00 tinh .. ':-. br~er th~tn th<lt or Sr~ Ru0-1. 

The cn hanCL'IllC nt i-. co n-.i-.tent \\ ith tilL' C\j1l'L·tcd in

L'I'L'a-,c in ,\'( rl ) b) the b;tnd narn)\\ ing \\ ith thL' Ca -.uh

'>lltlltion. H(l\\'C\CJ'. thi '-l crr ~c t ulonc cannot C\plain the 
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l ·ICi . -L ,\ (()): lhL' -., u-.ccptlhilit y ~ tl _,() K ll~<ti11q til L' Sr l'lll l l'L ll 
lratio ll .\ in the metallic rcg i<lll" II and Ill. ThL· \<lillL'" l·ur tilL' 
pui)LT).., t<tllin e -,amp le-, arL' imli cLt tcd b) upencirL·k-, . \\hik fur 
the -.,i11g k l'l') "l'tl-.. the -.,olid dianwnd-, reprc-.,ent th e 111L'<IIl 'alue-., 
\ 111 (0) determined h) thL· rd1tion : \ 111 (0) l \"({)) 1 \ h( () ) I 

\ (0)} / .~. The hw"cn line-, arc g uide-, to the L')e. The in-.,cl di'- 
plll)" X(j) CUI'\l'" !'or re~io11 Ill Llllder a ricld uf 0. 1 I' par<tikl 
to tile uh plan e. 1-icld-enokd aml;cru- lie ld -L'llukd cun e" <~grL'e 
\er) \\e ll. 

-.trong temperature dependence ncar x - 0.5. In an itin 

erant \Y"tcm like thi ..,, '>Uch an incrca'>c of ncgati\c (-) " to 

/CI'O i ... a-.crihablc to the evo luti on or FM -.pin fluctuation-. 

1141 . Thcrdore . with the en larged N(E 1 l. it -.hou ld he 

the Stoner enhancement that play'> a ..,ignificant role in the 

critical bcha\ ior around .\ = 0.5 . In region II . on the other 

hand , x(()l ... harply decrC<.l'-,C'-, with dccrea..,ing .\' . rerlecting 

the formation of the '-,lJ',CCptihi lity [JCak at the higher tem

perature T 1• a.., -.hm\ n in Fig. I. 

We note th~tt thi -. crit ical enhancement or xWl occur-. at 

.\ - 0.5. and tlllt.., appear-. to be correlated v. ith H" ap

proaching ; cro in region Ill and Tp i ncrea~o,i ng from ;ero 

in region II. Thi.., criticalit ) indicate~-, a dra...,tic change or 
th e grounu '>late at the M-:\1 region boundar}. mo~t Iii--ely 

from the nearly FM -.tate to the AF corre lated one. Since 

\\ 'e detected no e\ iuencc or magnetic LRO down to 0.3 K. 
it hould be a magnetic cro-. mer that occur.., at .rl = 0.5. 
Quit~ recently. hov.c\er. a prcliminar) neutron diffraction 

mea-.uremcnt ha-. found a -.econd-ordcr '>tructural tran-.i

tion in region II rrom a high temperature tetragonal to a 
low temperature orthorhombic pha-.c 112] . I t i~ abo at .rc 
that the tran-. iti on temperature cmcrge~o, from Lero. ju~t a 
Tp. \\ hik it increa:-.e\ much more rapid I) than Tp \\ 'ith 

decrca-.ing .r. Thi-. cninciucncc -.tmngl} implie~ that the 

-.tructural tran-.ition induce-, the nwgncti · cro\..,0\ cr. 

The )()\\ tempcrawrc pilrh of p ,11, ( T) in Fig. 2 for .r = 

0.2. 0.5. and ~ arc pre-.entec.l in Fig. 5. ''here p ,1h(T) -

fJ .111 (0) i-. plotted again.., t T 1
-l Sr~Ru04 -.hm'" T--.quared 

ucpcndcnce a._, indicated b) a fitting CUJ'\C. retlccting it 

h:rmi liquid ..,tate c~ t ahli..,hcd h) a \ariel) of mca..,ure

lllCnh 15.61. In cnntra -.t. ror .\' = 0.2 ami (} the in-plane ---re:-.i-.ti\ itic~ -.c,·cre l: de\·iate from the T -'>quared deren-

dence. The be..,t fit \\ <I'> ob tained in the form of Pc~h(T) = 

fi ,d,((}l + . \T 1 -l . At r = 0.5. thi-. T 1 -l dependence appear-. 

helm' <lhout J K rollm, ·ing the T - lincar one up to .. -.5 K. 
\1cal1\\ hi lc. the rc"i~ti, · it) ror .\' = 0.2 . tart~ to decn~a. e 
-.tron!!h hclo\\· about T lll(l j = X K and -.hov, ~the T 1·4 de-

~ - I' 
pendcnce tm\ ard the lcm e-.t temperature. 

\\ 'mi.- on h e~l\) l'crmion cum round.., and cupnHe.., ha:-. 

re\ ea lcd that '>Uch NFL heha\ ior i-. due to critical 1luc

tuation-. . and per..,i-.h to ltm tcmper<lturc near a magnetic 

in-.t<.lbilit) 11.151. Thcrel'nre. the NFL hehaYior ub-.,cnl'd 

dll\\ n to 0.3 K not on I) around .rl -= 0.5 but at .r = 0.2 
-.uggc~h th~1t the enhanced -.pin rluctu at ion~. \\'hich de:-.ta

hili;e the mag nLLic LRO. dominate the entire !VI - 1 reg ion. 

In <.1 t\\O-dimen-.ional -.::-.t cm ne<tr F and Fl'vl in:-.tabi li 

tic-.. the re:-.i-.ti\ ity i-, e.\pcctcd to :-.ho" T-linear 1161 and 
r -'~ ~ 11 71 dependence. rl'-.pectiWI.). The oh~crnxl T lA dc

pcmknce i:-. quite c lo-.c to the Iutter one. ''hi ·h i-, al -.o 

l'nund in . r ~ RuO.r. under pre..,..,url' 11~ 1 - Along \\ ·ith the 

-.trong cnh<IIKement of the low temperature :-.u~ccptihilit~. 

thi..., g i, · e~ a cun-.i:-.tent interpretatinn that .rl = 0.5 i.., ju -. t 

ncar a F 1 i n-.tabi I it) . On the u thcr hand. I'm the A F-, RO 
i 11 the M - I region . there ~lrL' b;.l~icall) t\\ n pl)-.-.ibk :-.pin 

conl'iguration-. : -.imple in -plane ,\ Fur inlLTia) er t\F \\ ith 

the dom i ll <lllt i n-planc F 1 -.pin l'luL'Lu~ltion-.. It i" nut po-.
-.ihlc to di-.ting ui-.,h bet\\'een the-.c pu-.-.ibilitic..., on the b;1-.i:-. 



YOI .LIME X-L NLIMI31: R 12 PHYSIC AL R EV I EW LETTERS 20 MARCil 2000 

E Ca SrRuO ~ _ 0 
40 2-x x 4 /~:.:. a 

~ T [11o1 / .,!'('!·~··.~ 
0 30 p~ ~/·'' 
---:a ~.,. 

Q..C'O ~·l ·"· 

20 0.~~ ,/ 

I 

~ 
/ / 

~' :~;)~ 0.5 --·· ... ., .. ~ 

-:o 10 ..,.,.,._,..,,.,..., ....-<' 

Q..C'O / ~_., _....,-./"· 
____ -··· _,.~ 2.0 (x 1 0) 

---
0 

0 10 20 30 40 50 
T 1.4 (K1.4) 

FIG. ) . Temperature depellllcncc of the in -plane re-.,i..,ti' 1t~ 
''·"'('/') l'nr \ 0.2. 0.5. and 2. Sol id line ~ indicate fit" \\ith 
T~ (.r 2 ). and r I ~ ( \ (J.2 and 0.5) dependence. The peal-. 
temperaturL''- of the '-LI'-Ceptihil itic" arc indiL·mcd for \ 0.2 

or the current data. Further <..,ludic~ b; neutron di !lLhc <.,Cat 
tcring ~trc needed ror th i-, region . 

In Fig. 5. it ...,hould a]<..,o be noted that f> .d, (T) fJ .d1 (()) 

become-, ...,mailer with .r. Thi..., mo<..,t rrnbabl; rc..,ult'- !'mm 
the \\ eal--cned i ncla~tic (c<..,peciallj. "Pin) '-Cattcri ng due 
tu dlC hand "'idening. Moreon~r. l·or r 0.:2. the ror
nJation ol· Af-SRO ~houlu induce the <..,trong dccrca...,c in 
[J,1h(T) (bclm\ T,,) bccaU<..,e or the reduced <..,pin <..,GlllL'r 
ing . In ract. \\ 'L'II hclov, T, •. the rield dcpcmkncc or the 
longitudinal in-plane magnctorc<..,i<..,tance (I II H II ah) rur 
.\ = 0.2 ...,how<.., a c lear re~\1-- at f.loH -- 2.X T. corrc...,pond
in_s to the mct<.1magnetic tran...,ition. \\hilc on l) ~~ negati\t~ 

dependence wa-., obsen ed abm c Tp II II . e\'l:rthelc~~. 

the IT...,idu~ll rc...,i'-.li\·it) {J .~h( O) !'or .r = 0.2 i-, <..,m<.tllcr than 
that for .\ -- 0.5. '-I" in fig . 2. Since Pah(O) i~ ha~ically de
termin ed by the imputity <..,ca tt cri ng [191. thi ~ i~ attribuwhlc 
to the ~c~...,~ randomne~~ in C~1 / Sr ui~tribution at .r = 0.1 . 

Finally. let u" di<..,cu<..,~ the phy-.;ical ori g in or the di~tinct 
variat ion or the ground ~ta t e in thi ~ -,y~tem. Recen t NMR 
-..,tudie~ clariricd that the magnetic interaction in Sr~R u0-1 

i-, characteri;cd by the weak ly ferromagnetic ~pin rluctu 
c.t ti on<.., w ith the cxc hange-e nh <.J nced in -plane ~u~ccptihility 
120.21 j . Thi<.., <..,ugge:-.ts th <.tl loca l <..,pin~ in tripl y dcgencr
i.tte t ~t: orb itab arc coupku l'crromagncticc.tlly "With each 
other. In contri.t<.,L w ith the half- rillcd e<l~e. the addition 
or the fourth electron V\ ill align ~ pin <.., at nei!..!hboring site:-. 
through Hund· ~ courling. thereby ga ining k.inctic energy 
against Cou lomb repul...,ion. -,hi~ locc.tl krrom~tgnetic in 
teraction must he crucii.tl ror the <.., pin -tripl et pairing. NC\ '

e rthelc ~ ..... a<.., in Fig. I. Sr~RuO 1 dl .\ 1 is the singular 
point ror this \ Upcrconducti\ ·it y. which di\appear~ a]rei.tdy 
at .\ - l. lJ), prob<.tbly owing to the di~order intrin...,ic to the 
Ca ~ ub-..,titution . 

In contra~t \Vith undistorted Sr~ Ru0-1. the RuO~ pl ane 
in Ca~Ru0-1 is <..,o ~e \'Crcl y di~tort cd that Ru0c1 octahedra 
h ~ t vc unu<..,uc.tlly rlattcned ~hare along the intcr lc.1ye r direc
tion through the .Jahn -Tcllcr cl'l"cct llJJ . Thu~. the th r·ee ! ~ ~.: 

orbital~ originally degcnerc.ttc 111 Sr2 Ru0-1 \ ill <..,plit into 
d 11 w ith lowe r energy and the almo-,t degenerate d ,_. and 
d_, wi th hi gher energy. Filling them with rour electron<..,. 
Ca2Ru0-l may we ll have the hall'- l'illed band , which ra\'OfS 
the Molt in<..,ulating ground ~tate with AF ~ upcrexchangc 

coupling between neighboring <..,pin-,. 
Connecting thC<..,C oppo-..,ite ground <..,late\ or the end 

member~. the nearly FM <..,talc cvohed from Sr2Ru0-1 
through hand narrov. ing. -,tan-, tu change into the AF 
corre lated one beyond \ , -- 0.5. The orbital rearrange
ment i nvol vcd in the <..,truct urc.tl -..,ymmetr) change may 
probably cau\c <..,uch a cro...,-..,o,er or magnetic correlation. 
Con-,cquently, not onl) the band-\\idth control b) the 
Ca/ Sr <..,Uh\titution. hut the control or the ellecti\·e filling 
or L'LIITiCr<.., through the orbit a] degeneracy tuning ( \\ hich 
lll<l) he called "/\-'-pace doping .. ) mu-,t he e-,-,enti<.ll in thi..., 

Mutt tran ... ition "')"!em Ca~ , Sr 1 Ru04 . in contra"t \\ ith 
the high-Tl cupratc \\ ith <l ~ingk d 1 , orhital. 

The <lUlhOr\ acl--nm\ ledge T. 1\higuro ror hi\ \U(')]lOrt 
and I. Hrc.ttlen !'or important coiLtbmation. e"reciall) 
!'or allm\ ing u" to u:-.c unpubli...,hc<..l inl'ormJtion . The) 
arc gratcl'ul to H . Fui--ala\\~1. \1. ~linal--ata. i.tnd S. 11--cda 
I'm their lL'chnicaJ \llppurt and \l.lilli.thlc di\Cll\\iOll'-.. to 
.\ . P. :\1acl--en;ie . K . Yamada. H. Fuku)<.tma. ~tnd K . I-.,hid<t 
!'or LI\Ciu] di\CLI\'-.iOil<.,. ]']1j..., \\t1rk ha'-. been <..,Uppurtcd 

in part b) a Clr<tnt-in- .\id ror Scientific Rc~c~trch rrom 
the :\lini'-.tl') or 1-:dLIGllion. Science. Sport\ and Culture 
ur .Iapan . OllL' or till' l.lUIIHH"'-. (S. ~.) ha-, been '-.Upportcd 
h) .ISPS. 
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We studied the structural , magnetic, and transport properties of the quasi-two-di mensional Mott transition 
system Ca2 _xSrxRu04 . In the vicinity of the metal -nonmeta l (M-NM) transition at x=0.2, we found a struc
tural transition accompanied by a structural symmetry change with the instability point at xc=0.5. The critical 
change across the structural transition in the temperature dependence of the susceptibility indicates a crossover 
of the metallic state, most likely from the nearly antiferromagnetic state next to the M-NM transition to the 
nearly ferromagnetic state around Xc. The latter evolves into the spin-triplet superconductor Sr2Ru04 (x 

=2) with enhanced paramagnetism. We argue that the competition between the structural instability and the 
ferromagnetism results in such a structural symmetry change with orbital degeneracy lifting, which induces the 
switching of magnetic coupling. In addition, a changeover from metallic to nonmetallic behavior was observed 
across the structural transition in the out-of-plane resistiivity. which reveals highly anisotropic transport due to 
the quasi-two-dimensional electronic structure. 

I. INTRODUCTION 

The appearance of a wide range of ground tates in the 4d 
transition metal oxides of ruthenates has recently attracted 
much research attention. By controlling both the bonding 
state in Ru02 layers and the layer-stacking dimensionality, 
perovskite ruthenates exhibit various kinds of ground states 
such as spin-triplet superconductivity, itinerant ferromag
netism, antiferromagnetism, and the Mott insulating state. 1 

Among them, the quasi-two-dimensional Ca2 _xSrxRu04 

provides a new type of Mott transition system that continu
ously connects the Mott insulator Ca2Ru04 with the spin
triplet superconductor Sr2Ru04 .

2 The phase diagram has 
clarified the unusual variation of the ground state in the Mott 
transition route toward the spin-triplet superconductor, which 
consists of the following three regions as in Fig. I. 

First in region I (O~x<0.2), the metal-nonmetal (M
NM) transition occurs by varying either the Sr content or the 
temperature. In region II (0.2~x<0.5) near the M-NM tran
sition, an antiferromagnetically (AF) correlated metallic state 
has been found at low temperatures which we will refer to as 
the magnetic metallic (M-M) region. Moreover, the critical 
increase of low-temperature susceptibility observed near its 
region boundary at xc=0.5 suggests a dramatic change of the 
ground state to a nearly ferromagnetic (FM) one, which 
evolves into the spin-triplet superconductor in region III 
(0.5~x~ 2). 

In this paper, we report on the structural, magn tic, and 
transport studies of the metallic region in Ca2 xSrxRu04 . In 
the Ca-rich region near the M-NM tran ition, we found a 
structural transition possibly of second order with the zero
temperature instability point at xc. A detailed analysis of the 
temperature dependence of the susceptibility has revealed 
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that it is this transition that induces the magnetic crossover, 
most likely from the AF correlated state in the M-M region, 
to the nearly FM state around the instability point. The ob
served structural symmetry change may result in a variation 
in the shape and the effective filling of the triply degenerate 
bands through Jahn-Teller-type orbital rearrangement. We 
propose such a band splitting model to explain the magnetic 
crossover. The critical enhancement of the low-temperature 
susceptibility toward the structural instability point is ascrib
able to the result of the competition between the ferromag
netism and the Jahn-Teller instability. Finally, across the 

300 ..,...., --.-----.----..-------.------, 
I 
I 
I 

-200 
~ -h 

0 0 

Ca 

P-M 

0.5 
X 

1.5 2 
Sr 

FIG. L. Pha e diagram of Ca2 _xSr.rRu04 with abbreviations: P 
for paramagnetic. CAF for canted antiferromagnetic, M for mag
netic, SC for superconducting phase. -M for metallic phase. and -I 
for insulating phase. TI1e boundaries are characterized by the peak 
t mperature T P of susceptibility for the [00 1] component (solid 
circle), the m tal-nonmetal transition temperature TM-NM (op n 
circle) and the anti ferromagnetic tran. ition temperature T (solid 
diamond) . T 0 (open diamond) is the temperature below which the 
in-plane susceptibility starts to how twofold anisotropy. 
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structural transition, we observed a changeover from metallic 
to nonmetallic behavior in the out-of-plane resistivity, which 
reveals the highly anisotropic transport due to the quasi-two
dimensional electronic structure. 

II. EXPERIMENT 

We have succeeded in synthesizing polycrystalline 
samples and in growing single crystals of Ca2 _xSr_,Ru04 in 
the whole region of x. Details of the preparation will be 
described elsewhere. 3 The crystal structures were tudied by 
powder x-ray diffraction analysis at room temperature. The 
results for the single crystals indicate no trace of any second 
phase. For polycrystalline samples, almost all the pectra 
were identified as single phase, except for minor peaks of 
CaO detected in several batches. 

To determine the oxygen content, a thermogravimetric 
(TG) analysis was performed. in which powdered samples 
were heated up to 1200°C at a rate of 2°C/rnin in a 
90% Ar+ 10% H2 flow. All the results show one harp de
crease in the thermogravimetric weight around 440°C, cor
responding to the decomposition reaction Ca2 _xSrxRu04 + 8 

---+(2-x)CaO+xSrO+Ru+(l+8/2)02 . From these re
sults, we determined 8 values such as -0.01(2) for the to
ichiometric Ca2Ru04 (corresponding to S pha e in Refs. 
4-6) and 0.00(2) for x = 0.09, 0.2, 1.0, and 2. As a result, all 
the members of Ca2 _xSrxRu04 essentially ha e 4.0 oxygen 
atoms per formula unit and the electronic configuration is 
{ K r }4d4

. Due to a large crystal field. Ru4 + ions should be in 
the low-spin configuration tig . 

The electrical resistivity was measured by a standard four
probe de method. Magnetization measurements from 330 K 
down to 1.8 K were made with a superconducting quantum 
interference device (SQUID) magnetometer equipped with a 
sample-stage rotator. For high-temperature measurements up 
to 700 K, we used a sample space oven inserted into the 
magnetometer. 

ill. RESULTS 

A. Structural transition in region II 

In Fig. 2, we display the results of x-ray diffraction mea
surements of powdered single crystals for x=0.09, 0.2, and 
2. All diffraction spectra are similar to each other, reflecting 
the basic K2NiF4 -type structure. Especially, the results of 
Sr2Ru04 (x = 2) and x = 0.2 agree with the same tetragonal 
symmetry. Meanwhile, the spectrum of x=0.09 shows weak 
but definite orthorhombicity with splitting between (hkl) 
and (khl) peaks. For example, the inset of Fig. 2 shows that 
the (110) peak of x=0.2 splits into (200) and (020) peaks of 
x=0.09. Accordingly, the result of x=0.09 is w l1 indexed 
with an orthorhombic unit cell with a volume of fia 1 

X /ia,Xc 1 , where a 1 and c 1 are parameters for an 14/mmm 
cell. This is a situation similar to the case of Ca2 Ru04 (.x 
=0) with an orthorhombic Pbca symmetry.4

·
5 

The cell parameters for all the regions are shown in Fig. 
3. In order to obtain an overall view, we adopted the 
14/mmm cell for the tetragonal lattice, the same as that of 
Sr2Ru04 , while for the orthorhombic one, a/ fi and b/ fi 
are given instead of a and b. At each composition, the pa
rameters for single-crystalline samples agree well with those 

0 

FIG. 2. X-ray (Cu K a) diffraction spectra at room temperature 
for Ca2 _xSrxRu04 with x= 0.09, 0.2, and 2. The inset shows tha 
the ( ll 0) peak of x = 0.2 splits into (020) and (200) peaks for x 
= 0.09. For the inset, the K a2 component has been subtracted. 

for polycrystalline ones. This indicates that the nominal com
position x for each single crystal is essentially the same as 
the actual composition. Starting from Sr2Ru04 the volume 
decreases continuously with the Ca substitution owing to the 
smaller size of Ca2 + than that of Sr +. However, there are 
clear kinks without discontinuity in a. b, and c at x = 0.2, 
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FIG. 4. In-plane anisotropy of the susceptibility under JJ..oH 
= 1 T for Ca~.8Sr0 . 2Ru04 at different temperatures. 

where the splitting between a and b start in region I. Thi 
clearly reveals a structural transition at room temp rature 
from a tetragonal phase in regions II and III to an orthorhom
bic one in region I. Finally. near x = 0 there is a large jump 
of the cell parameters probably due to a first-order tructural 
transition, accompanied by the M-NM transition. 2 Therefore, 
the orthorhombic symmetry of the metallic phase in region I 
should be different from the orthorhombic Pbca symmetry 
of the insulating phase. 

In region II, the susceptibility x< T) shows a broad peak at 
the temperature T p, which characterizes the AF correlation 
in the M-M region.2 At the same time, it exhibits another 
important aspect, namely, the in-plane anisotropy. The azi
muthal angle dependence of the in-plane susceptibility at 
various temperatures is displayed in Fig. 4 for x = 0.2. In 
comparison with the isotropic dependence at high tempera
tures, the anisotropy with twofold symmetry becomes evi
dent as the temperature decreases. In order to quantify this 
temperature dependence, we define R( T) as the susceptibil-
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FIG. 5. Temperature dependence of the anisotropy ratio of the 

in-plane susceptibilities: R( T) = x[ L 10]/ x[ l [O] for Ca2 -xSrxRu04 

with x= 0.2, 0.3, 0.4, and 0.5. The inset shows the appearance of 
the in-plane anisotropy at T 0 . 

ity ratio of the easy axis [110] to the hard axis [I 10]. Figure 
5 shows that R(T) for x= 0.2 increases on cooling and 
reaches more than 200% below T p= 12 K. It is worth noting 
that, as in the inset of Fig. 5, R(T) for x= 0.2 starts to devi
ate from the isotropic value 100% at a characteristic tem
perature T 0 =290 K. 

Since the magnetic anisotropy reflects the structural 
symmetry ,7 the appearance of the twofold symmetry below 
T 0 is ascribable to a structural transition from a high
temperature tetragonal to a low-temperature orthorhombic 
phase. We measured the in-plane azimuthal dependence of 
the susceptibility at various temperatures also for x = 0.3 , 0.4, 
0.5, and 0.7. The twofold symmetry was found only in re
gion II. From the R(D plots shown in Fig. 5, we determined 
T 0 as 220 K for x= 0.3 , 150 K for 0.4, and below 1.8 K for 
0.5 and 0.7. Plotting the variation ofT 0 in the phase diagram 
of Fig. 1. we notice that the T 0 line crosses room tempera
ture around x =0.2. Quite consistently, it is at this point 
where the structural transition was detected by the x-ray dif
fraction mea urement. In addition to the strong shrinkage of 
the c axis in Fig. 3, the a and b axes start to elongate and 
split in region I. Therefore, we conclude that across the T 0 
line, a structural transition occurs from a tetragonal phase in 
the Sr-rich and high-temperature region to an orthorhombic 
pha e in the Ca-rich and low-temperature region, involving 
the lattice flattening. 

This transition is also detected as kinks in the resistivity 
data Pab(T) and Pc( T) [see Fig. 8 for Pab( T) of x =0.2 and 
the inset of Fig. 9(a) for Pc( T) of x=0.2 and 0.4]. The ab
sence of the thermal hysteresis at these kinks suggests that 
this transition should be of the second order. The decrease of 
Pc<D and increase of Pab( T) below T 0 are consistent with 
the lattice flattening. This will weaken the hybridization be
tween the in-plane Ru 4d orbitals, while supporting coherent 
hopping between layers. 

Neutron powder diffraction measurement have recently 
been performed for samples with x=O.l, 0.2, 0.5, and 1.0.8 

The results confirm that the second-order structural transition 
from a high-temperature tetragonal to a low-temperature 
orthorhombic phase occurs at T 0 . inducing the lattice flat
tening owing to orthorhombic deformation of Ru06 octahe
dra as well as their tilting. Details of the results will be 
described elsewhere. 8 

Another important point i that T 0 decreases with x and 
finally goes down to zero at x = 0.5 as in Fig. 1. This sug
gests that xc=0.5 should be the instability point at absolute 
zero, in other words, the quantum critical point of the 
second-order structural transition. 

B. Evolution of the temperature dependence 
of the susceptibility 

Tn the entire metallic region. the x< T) curve shows a sys
t matic variation with x. We define the susceptibility x 
= M I H at low enough fields (up to 1 T) where the magneti
zation M shows linear dep ndence on the field H. In Figs. 
6(a) and 6(b). we display the in-plane Xab(T) curves for 
ingle-crystalline samples in regions II and IH. respectivel . 

The inverse susceptibilities measured up to 700 K for poly
crystalline samples in regions II and III are al o given in the 
insets of Fig. 6(a) and Fig. 6(b). re pectively. 

In order to clarify the evolution of the temperature d pen
dence, we perlormed a Curie-Weiss ( CW) analysis on both 
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FIG. 6. Temperature dependence of the in-plane susceptibility 
for Ca2 _xSr~Ru04 with different values of x (a) in region II for the 
[1 JO] component and (b) in region lii. For both regions, the zero
field-cooled (ZFC) and field-cooled (FC) curves agree very well. 
The insets for (a) and (b) display the inverse usceptibility of poly
crystalline samples in regions II and III, respectively . For polycry -
talline sample only around x = 2. the difference between the ZFC 
and FC curves can be seen at low temperatures. This is probably 
due to a small inclusion ( < 0.04%) of ferromagnetic impurity 
Ca 1_xSrxRu03• 

polycrystalline and single-crystalline samples. The analyses 
were made in a high-temperature (HT) fitting region. 300-
700 K for polycrystalline samples, and in a low-temperature 
(LT) fitting region, 50-330 K for both polycrystalline and 
single-crystalline samples. For the samples in region IT, we 
restricted the L T region from 50 K up to ( T 0 - 20) K below 
the structural transition. Since Ca2Ru04 exhibits a first-order 
transition around 350 K,8

·
9 we performed the fitting for the 

HT region between 380 and 700 K. We adopted the fitting 
formula as 

(3.1) 

Here, Xo is a temperature-independent term, C is the Curie 
constant, and 0w is the Weiss temperature. The effective 
Bohr magneton Pcrr was derived from the formula 

(3.2) 

where NA, fJ-s, and k8 are Avogadro's number, the Bohr 
magneton, and Boltzmann's constant. For x= 1.9 and 2, the 
fitting was not successful because x is almost constant up to 
700 K. 

Except for near x=2, Xo has values only of the order of 
l0- 4 emu/mol Ru, and is negligible in comparison with th 
low-temperature susceptibility X( 0) at 1.8 K. 2 Hence, we 
will focus on the fitting results of Perf and 0w, which are 
summarized in Figs. 7(a) and 7(b), respectively. As shown 

E 
0 
1ti 

I 

::::s 
a: 

2 

0 ~-r---+------~------~--~~ 
0 ~~~~~~-----------L~ 

I 
I 

g -100 20 

~ 
ct;)-200 

-20 

-300 0.2 0.5 
X 

0 0.5 1.5 2 

Ca X Sr 

FIG. 7. Curie-Weiss parameters against the Sr content x 

Ca::! -xSrxRu04 . The solid and open circles correspond to the results 
of polycrystalline samples for the high-temperature and the low
temperature fitting regions, respectively. The open triangles repre-
ent the low-temperature fitting results of single crystals for the 

ab-plane component in region ill and [ 1 fO] component in region 
II. In the panel (a), the solid horizontal lines correspond to the 
effective Bohr magnetons with S= 1/2 and 1. The inset in the panel 
(b) i an enlarged figure for region II. The solid cur es are guides to 
the eye. 

by band calculations, 10 the states at the Fermi level ( E F) in 
Sr2Ru04 are mainly composed of 4d t 2g bands. Basically, 
this configuration should not change throughout the ystem, 
and thus the itinerant t'l.Q. spins are responsible for the domi
nating CW term in Eq. (3.1). 

Figure 7(a) shows a systematic x dependence of Peff· 

First. Ca2Ru04 (x=O) has the largest Peff with almost 80% 
of the expected value for the S = 1 configuration. As the 
system goes away from the insulating phase, Perf decreases 
rapidly in region I and finally becomes almost constant in th 
region 0.2~x:!S 1.5. Quite interestingly, the results in this 
region, especially the HT results for polycrystalline samples 
(solid circles), are close to the value corresponding to S 
= 112 spin. Given Hund' coupling in the t 2g band, the S 
= 1 configuration is naturally expected. In addition to being 
a metal, the enhanced spin fluctuations due to the structural 
two dimen ionality and the orbital degree of freedom are 
probably responsible for the reduced Peff · However, this 
mechani m alone does not explain why the effective S re
mains clo e to 112. 

According to the conventional analysis, positive and 
negative values of 0w indjcate the strength of ferromagnetic 
and antiferromagnetic interactions, respecti ely. Whil for 
Ca'2Ru04 this rul works well and 0w=90 K ha the san1e 
order of magnitud as its Neel point T = 110 K. a light Ca 
substitution reduces the absolute value of 0w much fa ter 
than that of TN. However, the increa e of negative 0w is 
still qualitatively consistent with the decrease of AF coupling 
of the order of TN in r gion I. 

In region III, 0 w for both HT and L T regions also has 
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negative value , but increases with decreasing x. LT results 
for ingle crystals (open triangl s) are consistent with those 
for polycry talline samples (open circles). In general, a fairly 
large value of E>w is necessary to r produce the almost 
temperature-independent behavior of Eq. (3.1). Accordingly, 
near the Pauli paramagnetic Sr2Ru04, E>w has a large nega
tive value, and owing to the evolution of Curie-Weiss behav
ior the magnitude decreases rapidly with th Ca sub titution. 
Thus the negative value of E>w in this region does not indi
cate the strength of the AF coupling. Alternatively, accord
ing to the self-consistent renormalization (SCR) theory. 11 

this increase in negative E>w to zero can be well understood 
as the result of the evolution of FM spin fluctuations. The 
band narrowing due to the Ca substitution must be the main 
cause of this FM coupling, as we will discuss in Sec. IV B 2. 

Here, it is also important to stress that both HT and L T 
results show qualitatively the same feature that E>w with 
negative values increases with the Ca substitution. Further
more, they finally coincide around x = 0.8 and approach zero 
together near x = 0.5. 

Once the system enters region II. however, E>w for each 
fitting region starts to show definitely a different x depen
dence, as shown in the inset of Fig. 7(b). While the result for 
T> T 0 (solid circles) increases continuously on the extended 
track from region III, E>w for T < T 0 of both polycry talline 

samples (open circles) and the [ 1 fO] component of ingle
crystalline samples (open triangles) top increa ing at x 
=0.5 but starts to decrease in region II. Notably, E>w forT 
<To has a negative value with the same order of magnitude 
as T p. This sign rever al of 0 w across T 0 indicates that the 
structural transition induces a change of magnetic coupling. 

In the ground state, this change becomes evident; it is at 
xc=0.5 that both E>w in region III and T pin region II vani h 
so that X( 0) critically enhances as hown in Fig. 6. This 
criticality indicates that the ground-state magneti m drasti
cally changes at the structural instability. The continuous in
crease of the HT result of E>w across x=0.5 suggests that 
without the structural transition, x(O) would keep diverging 
with decreasing x. Therefore, the critical point at xc=0.5 
should be very close to a FM instability. In reality, however, 
the AF correlation takes over toward the Mott transition in 
the M-M region. Here, the negative E>w as well as T p must 
be the indicator of the strength of the AF coupling. Thus, it is 
natural to consider that the structural transition halts the 
growth of the FM instability and switches on the AF cou
pling. 

C. Anisotropic transport properties 

Reflecting the quasi-two-dimensional structur , the tem
perature dependence of th resistivity p( T) is quit ani o
tropic. Figure 8 presents the temperature-dependent part of 
the in-plane resistivity: Pab< T)- Pah(O) measured down to 
0.3 K for various values of x. All curves show metallic be
havior (i.e., dp/dT> O). In fact, at low temp ratures, Pab(T) 
are less than the Mott-Ioffe-Regel (MIR) limit of metalli 
conduction of about 200 f.Ln em for Sr2Ru04 ,

12 which sug
gests coherent metallic transport within the plane. As can b 
seen in Fig. 8, Pab< T)- Pab(O) increases quite systematically 
with the Ca substitution. Because the temperature-dependent 
term is basically determined by inelastic scattering, which 
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FIG. 8. Temperature dependence of the in-plane reststlvJty 
p ab( T) for Ca::!-xSr rRu04 with different values of X. The inset 
shows the x dependence of the in-plane residual resistivity Pab(O). 

The solid curve represents a fit to the Nordheim law. 

becomes severe for a narrow band metal with high N ( E F), 
this increase is consistent with the band narrowing with the 
Ca sub titution. In addition, Pab(T)- Pab(O) for x = 0.2 
shows a steep decrease below T p= I2 K. This should come 
from a reduction of the spin scattering bt the formation of 
AF short-range order in the M-M region. 

The x dependence of the residual resistivity Pab(O) is pre
sented in the inset of Fig. 8. In contrast with the continuous 
increase of Pab< T)- Pab(O), Pab(O) has a peak around x 
= 1.0, which is qualitatively consistent with the Nordheim 
law. The Nordheim formula Ax(x-2) roughly fits the x de
pendence of Pab(O), as indicated by the solid curve with A 
=54 f.LD. em. This result strongly implies that the random
ness intrinsic to the Ca substitution is responsible for the 
residual resistivity in this system. 

In comparison with the metallic beha ior of the in-plane 
component, the out-of-plane resistivity Pc(T) is less tem
perature dependent and in some cases even nonmetallic (i.e., 
dp/dT<O). In order to show the temperature dependence 
clearly, we display Pc(T) normalized by the values at 300 K: 
Pc(T)I Pc(300 K) in Fig. 9(a). All of them were measured 
down to 0.3 K. Here Pc(300 K) hardly depends on x and 
remains Within 28 ± 3 m!l em for all X. 

The MIR limit for the metallic c-axis conduction of 
Sr2 Ru04 is estimated to be about 4 m!l cm. 13 While the 
order of the limit should not be changed in this isostructural 
system, all the results of Pc( D are one order of magnitude 
higher than the limit except for Sr2Ru04 . Therefore. the me
tallic behavior ob erved in the region 0.15~x< 0.5 is not 
attributable to the coherent conduction in the band picture. 
Instead, we consider here the diffu ion and thermally as
sist d hopping proc sses for the transport mechanism. In 
both processe . quasipruticles hop between layers with a 
jumping frequency r; 1 

, and the out-of-plane resistivit 
reads 

(3.3) 

where N(EF) is the density of tates at EF. e i the elemen
tary charge, and D = (?-r; 1 i the diffusion coefficient with a 
jumping (interlayer) distanc /. 
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FIG. 9. (a) Temperature dependence of the 
out-of-plane resistivity pJ T) normalized by the 
values at 300 K for Ca2 - xSrxRu04 with different 
values of x. For x= 0.15, the data are shown only 
above the M-NM transition point - 70 K. The 
inset iiJustrates the crossover at T 0 for x = 0.2 and 
0.4. {b) The variation of Pc(T)I Pc(T max) against 
TIT max for several values of x in region Ill. The 
in et displays the X dependence of T max (solid 
circle) and Pc< T max ) (open diamond) . 
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Pc(T)/ Pab(T) shows large anisotropy throughout the ys
tem. For example, the values for x=0.2, 0.9, 1.5, and 2 are 
120, 130, 160. and 230 at 300 K and 780. 600, 2300, and 930 
at 2 K, respectively. Therefore. the Fermj surface in this 
system must be remaining in almo t cylindrical topology as 
that of Sr2Ru04 . Consequently, the interlayer transfer inte
gral t c should be so small that the in-plane cattering be
comes a dominant proces for the c-axis transport. In this 
case, one can write the jumping rate as 13

-
16 

(3.4) 

where T -;,
1 is the in-plane scattering rate and h = 2 'TT'h is the 

Plank constant. From this equation, one can easily under
stand that even with this incoherent mechanism, Pc shows 
metallic behavior when Pab is coherent so that <;b1 becomes 
smaller on cooling. Hence, the metallic behavior in 0.15~x 

<0.5 should arise from tills mechanism. 
The them1ally assisted hopping process takes place when 

the thermal energy k 8 T is much larger than the effective 
bandwidth W c for the c-axis transport. In this case, the jump
ing rate can be expressed as 13 

(3.5) 

where a is a numerical factor and n dep nds on the dimen
sionality of the hopping. Tills process explain the nonmetal
lic behavior at high temperature . 

First in region I, p c( T) for x = 0.15 is metallic at all the 
temperatures measured down to the M-NM tran ition tem
perature of about 70 K. However in region II, a clear change
over from nonmetallic to metallic behavior ha been ob
served across T 0 on cooling. [See the in et of Fig. 9(a) for 
x = 0.2 and 0.4.] As we discussed in Sec. III A, the structural 
transition at T 0 involves the lattice flattening, which should 
enhance the interlayer coherence by nlarging r c . In contra t 
with the nonmetallic behavior due to the thermally assisted 
hopping at high temperatures, this increase in t c by the tran
sition must stabilize the diffusive hopping process below 

T 0 , and thus more strongly metallic behavior appears with 
the Ca ubstitution. 

In region IlL however. the crossover in the temperature 
dependence occurs even without a structural transition, form
ing a maximum at T max. Figure 9(b) demonstrates a scaling 
with the normalized axes Pc( T)l Pc( T max) and TIT max in 0.5 
~x~ 0.9. The inset of Fig. 9(b) illustrates the x dependence 
ofT max and Pc(T max)- Here Pc(T rna,-J stays almost constant at 
around 32 m.O. em, consistent with the result of the pressure 
dependence for Sr2Ru04 . 

13 

In tills case, since the thermally assisted hopping becomes 
effective when k8 T is larger than Wc=4tc , the crossover 
temperature T max should be roughly proportional to t c . In 
fact this expectation is consistent with several observations. 
First, given tills assumption. Eq. (3.5) qualitati ely explains 
the nearly universal temperature dependence above T max as 
in Fig. 9(b). 17 Second, on this assumption, T ma~ shown in the 
inset of Fig. 9(b) indicates that We increases with decreasing 
x from 0.9 to 0.5. Tills is quite consistent with the expected 
enhancement in t c due to the shrinkage of the interlayer dis
tance l = c/2 as shown in Fig. 3. Moreover, the extension of 
the metallic region below T max toward x = 0.5 is also under
standable by Eq. (3.4) with till increase in r c . Finally, Eq. 
(3.5) may reproduce the nearly constant Pc( T ma·J in this re
gion, a di cussed in Ref. 13. 

Although the metallic region becomes wider with illgher 
T max as x change from 1.5 to 0.5, the incoherent conduction 
at low temperatures still remains even atx=0.5. Till may be 
due to an anisotropic weak localization effect by di orders in 
(Ca!Sr)O layers, which basically retains the coherent conduc
tion in Ru02 layers. Once the structural transition occurs in 
region II, however, Pc( T) finally becomes metallic with a 
strong decrease at low temperatures. 

On the other hand, in this region III, T max decreases rap
idly from x = 2 to 1.5. The Ca sub titution for Sr2Ru04 in
troduc not only randomness in SrO layer , but also di tor
tion in Ru02 layers. Actually, a recent powder neutron 
diffraction study confirms that theCa ubstitution drives the 
rotation of Ru06 octahedra along the c axis, willch i ab ent 
in Sr2Ru04 .

8 Hence, this rotational di tortion as well as the 
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Ca 

x-0.2 Xc - 0.5 

X 

localization effect due to the randomness may be correlated 
with the incoherent Pc( T) at x = 1.5. 

To summarize this section, we confirmed by the above 
analyses that the c-axis tran port in this system is dominated 
by the hopping process, which systematically changes from 
the diffusive metallic hopping to the thermally assisted one 
with the Sr content x and the temperature, characterized by 
the small t c ( ~ several 10 K) due to the quasi-two
dimensional electronic structure. 

IV. DISCU SION 

A. Origin of the magnetoelastic coupling in Ca2Ru04 

To understand those rich and unusual phenomena in 
Ca2 _xSrxRu04 , we will discuss the variation of the ground
state magnetism and electronic structure. First, let u look 
into the Mott insulator Ca2Ru04 . The neutron diffraction 
measurement by Braden et a!. 5 has revealed trong magneto
elastic coupling in Ca2Ru04 . They reported severe flattening 
as well as tilting of Ru06 octahedra on cooling toward its 
Neel temperature. The in-plane oxygen 0(1) di tance elon
gates along the b axis of the Pbca unit cell, while the Ru
apical-oxygen 0(2) bond shortens. However, once the stag
gered moment starts to align along the b axis, both flattening 
and tilting of Ru06 octahedra saturate at lower temperatures. 

Although the flattening of octahedra may be under tood 
simply by the Jahn-Teller effect,18 in order to explain the 
strong magnetoelastic coupling we have to take account of 
spin-orbit coupling. Since the flattening induces a distinct 
orthorhombic crystal field, the t 2g orbitals split into three 
nondegenerate ones such as dxz - i with the lowest energy, 

0 0 

d ::.
0
x

0 
in the middle, and dy

0
::.

0 
with the highest energy. Here, 

the x 0 , y 0 , and z 0 axes correspond to the a, b, and c axes of 
the orthorhombic Pbca unit cell, respectively. [If we take 
the x and y axes along the in-plane Ru-0 bonds a in the 
14/mmm cell, dx2_Y2' dy z , and d . r are transformed into 

0 0 0 0 '- ('( 0 

dxy, (d .... T-dy.JI fi, and (d ::.x+dy.)l fi, respectively.] Basi
cally, the tilting of Ru06 octahedra along the b axis also 
stabilizes the above configuration, generating the orthorhom
bic crystal field by the second-nearest oxygens from a Ru 
ion. In this situation, the second-order pe1turbation theory for 
the spin-orbit coupling allows us to deduce that th b axis 
should become the easy axis of the spin alignment, which 
agrees with the observation of Braden et al. 5 

At the same time, since the shortening of th out-of-plane 
Ru-0 bond is nearly twice as much as the elongation of the 
in-plane one, the dx2- yz or dxy orbital should have much 

0 0 

2 

Sr 

FIG. 10. Schematic variation of the electronic 
configuration in Ca2 _ xSrxRu04 according to the 
band splitting model. 

lower energy than the other two orbitals. Given the four elec
trons in the t 2 o orbitals, such electronic structure may well 
realize a half-filled configuration at EF [with two electrons in 
(d::.x -dv::. )l 2 and (d ::..:c +dv) l \1 2 orbitals as shown in Fig. 
l 0], which favors AF superexchange coupling between 
neighboring spins. As a result, the orthorhombic distortion 
enhanced toward TN stabilizes both the superexchange inter
action and spin-orbit coupling in the Neel state. In this sense, 
the observed strong magnetoelastic coupling should be a co
operative phenomenon involving Jahn-Teller effect, superex
change, and spin-orbit coupling. 

B. Ground-state crossover in the metallic region 

1. Electronic configuration of Sr2Ru04 

NMR studies have revealed that Sr2 Ru04 exhibits 
exchange-enhanced paramagnetism with a local ferromag
netic coupling between in-plane spins at neighboring 
sites. 19

·
20 The origin of this coupling should consist in the 

electronic configuration. Because the out-of-plane Ru-0 
bond is longer than the in-plane ones, dx v should have 
slightly different energy among the t ?.g orbftals. However, 
the two-dimensional spreading d r:v forms a y band wide 
enough to degenerate with the d " ~ .. :x orbitals that produce 
rather narrow a and f3 bands, reflecting their one
dimen ional networks. 10 Consequently. the Ru4 + t 2g band 
provides the electronic configuration of four electrons in the 
triply degenerate band. In addition, according to the band 
structure calculation, 10 the y band has a large peak in the 
density of states (DOS) near E F due to van Hove singularity 
(vHS), and results in a strongly asymmetric DOS of the over
all t 2g band. 

According to the theories on ferromagnetism in strongly 
correlated systems 21 such an asymmetric DOS with a trong 
peak near E F favors ferromagnetism for its ground state, 
while a symmetric half-filled band stabilizes antiferromag
netism. Although the electronic configuration of Sr_Ru04 

nearly atisfies the former condition, no substantial FM fluc
tuation has been detected so far. It is probably because of the 
rather low N(EF) that the FM fluctuations are not well de
veloped to a wide range but remain local so as to realize the 
exchange-enhanced paramagneti m. 22 

We note that a recent inelastic neutron scattering mea
surement has rev aled the existence of incommensurate spin 
fluctuations located at (±0.61Tia,±0.61Tia.0). 23 This is 
consistent with the prediction of nesting instability between 
a and f3 bands by a band structure calculation. 24 One dimen
sionality of the d y~ . ::.x orbital network results in this ne ting 
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effect. For the sup rconductivity, however, we peculate that 
the local ~ rromagnetic coupling mentioned above po sibly 
tabiliz s the pin-triplet pairing of Sr2Ru04 , while the in

comrnen urat spin fluctuations may have a minor or ven an 
adverse effect. Mazin and Singh examined competition be
tween p- and d-wa e sup rconductivity by a calculation in
cluding both incommen urate and FM spin fluctuations, and 
drew a imilar conclu ion. 24

·
25 

2. Ba11d splitting model 

The Ca ubstitution in Sr2Ru04 brings about the critical 
enhancement of th low-temperature susceptibility toward x 
= 0.5, which suggests that the structural instability point at 
xc=0.5 should be close to a FM instability. In contrast, it is 
the AF correlation that becomes sub tantial in the M-M re
gion at x < 0.5. For the implified picture of thi switching of 
magnetic coupling, we propose the band splitting model. 
which i schematically illustrated in Fig. 10. In this model, 
the changes in the hap and filling of the band are vital to 
control the magneti m. 

First, let u di cu the origin of the evolution of the FM 
correlation toward X c in region III. While Sr2 Ru04 ha no 
structural di tortion, the Ca ubstitution stabilizes and en
hances the rotational distortion of Ru06 octahedra along the 
c axis. as we mentioned in ec. III C. A a consequ nee, the 
rotational distortion causes the following two main effects to 
enhance the FM coupling. 

One is the band narrowing which enlarges N E F). The 
distortion weaken the orbital hybridization and reduces the 
bandwidth. At the same time, since the structural symmetry 
remains tetragonal in region III the cry tal field yrnmetry 
around a Ru ion should be basically the arne. Thus, the Ca 
substitution will neither lift the triple degeneracy of the 
bands nor blunt the vHS. Therefore, the system hould keep 
basically the same asymmetric DOS which favors ferromag
netism. Additionally, the band narrowing will enhance the 
vHS, thereby N(EF) as well, so that the FM coupling gets 
stronger by the Stoner mechanism. This tendency is consis
tent with results by a recent mean-field theory based on the 
band structure of Sr2Ru04?6 

Second, the rotation of octahedra will produce a stronger 
hybridization between dvz and d z.r, which weaken the one
dimensional nature of a and f3 band . Thus the n sting of 
these bands, the origin of the incommensurate spin correla
tion in Sr2Ru04 , may become weaker with decrea ing x. A 
a result, rotational distortion should develop the FM coupling 
from the enhanced paramagnetism of Sr2 Ru04 . 

In the M-M region, however, the triple degeneracy must 
be lifted by the structural transition. The twofold anisotropy 
of the in-plane susceptibility below T 0 indicates the br ken 
tetragonal symmetry, which lifts the degeneracy of d v- and 
d :.x orbital bands: the a and f3 bands. As a neutron d-iffrac
tion measurement has clarified,8 the 0(1 )-0( 1) bond of octa
hedra splits into a shorter one along [ l I OJ and a longer one 
along [IIO] below T0 , while the Ru-0(1) and Ru-0(2) 
bonds keep their lengths almost the arne as those for · 
= 0.5 a well as for Sr2Ru04 . In addition, the tilt of Ru06 
octahedra occurs across the transition, which reduces the 
angle of the Ru-0(1)-Ru bond along [010]. Considering both 
the hybridization between the orbitals and the crystal field 
effect, the plitting in the bond length should bring about the 

following band degeneracy Jifting, simiLar to the discussion 
in Sec. IV A: the (d ._x + dv.Jiv'2 orbital will form a narrower 
band with a lower energy, whereas the (d<.X- dy.)lv'2 will 
generate a wider band with a higher energy, as depicted in 

ig. 10. Since the lowest-energy band absorbs more elec
tron , the filling of the bands at E F decreases toward one
half. Taking account of the spin-orbit coupling, this model 
naturally explains the in-plane anisotropy of the susceptibil
ity in the M-M region. 

Moreover, the symmetry breaking distortion may lift the 
degeneracy of the states piled up at the vHS of the y band, as 
what is discussed for the case in the Ca substitution of 
Ca 1_xSrxRu03 .1.

27 Therefore, due to the band splitting and 
the suppression of the vHS, the band at E .. will become more 
symm tric with smaller N(EF). This change from an asym
metric, trongly peaked band to a symmetric, half-filled band 
hould weaken the FM coupling, but instead enhance the AF 
uperexchange coupling in the M-M region. 

In this model, the band degeneracy controls the electron 
filling of each band. This differ from the carrier doping to 
the ingle dxz - v:. band of the high-Tc cuprates by chemical 
ub titutions in. block layer . In contrast with this type of 

"real space doping, .. the filling control here may be called 
.. k- pace doping." 

We note here the significant dependence on this filling of 
magnetic coupling, from the FM one at X c with 213 filling to 
the AF one at x=0.2 with effecti ely half filling, while the 
hape of the DOS should also be vital for the switching of 

magnetic coupling as we discu sed above. In fact. this de
pendence is consistent with theoretical studies by Alexander 
and Anderson 28 and by Moriya.29 Based on a mean-field 
theory using the Anderson impurity model, they showed that 
the magnetic coupling switche from FM exchange to AF 
uperexchange as the filling approaches one-half. Especially. 

Moriya predicted that such a switching occurs around 60% 
filling in the ca e with a simple band structure. 29 otably, 
thi suggest that the 2/3 filling in region III is already quite 
close to the critical point, as long a N(EF) is large enough. 
thereby with the a ymmetric DOS. 

Then, why does the band splitting occur below Xc instead 
of a FM ordering? In order to understand this, we have to 
take account of the orbital degree of freedom. As N(EF) 
increase with band narrowing, the tripl degenerate bands 
are prone to meet a Jahn-Teller-type instabilit as well as a 
FM in tability. In fact. the gap b the Jahn-Teller effect will 
tabilize the fourth electron in compari on with the degener

ate ca e, and thi tabilization energy becom s larger for a 
narrower band with higher N(EF)· Th refore, we suggest 
that in region III. th in tabiliti ompete with each other, 
and con quently th tructural tran ition for the ground state 
take ov r at x . 

Mor ov r, orbital flu tuation and/or the dynamical Jahn
Teller effect a critical phenomena are exp cted on the verge 
of the in tability point. Thi orbital fluctuation may lead to a 
nonuniform xchang interaction of spin through dynamical 
lifting of the orbital d gen racy. Thi dynamical coupling 
between pin and orbital.. whi h wa recently ugge ted in 
the case of V20 3 ,:l0.

11 would uppr a magn tic (e peciall 
FM) long-range order at around xc. 

Aero x = 0.2 into region I, the fir t-order tmctural tran
SitiOn cur - and induce another type of orbital ordering by 
the Jahn-Teller eff ct, a w di cu ed in e . IV A. Sup-
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ported by this orbital ordering, the system finally achieves 
AF long-range order as well as the insulating ground state. 

We conclude that the interplay between the band shape 
control and the k-space doping plays a crucial role in the 
dramatic variation of the ground states. The development of 
FM coupling toward the structural transition sugge ts a com
petition between the instabilities of ferromagnetism and 
Jahn-Teller orbital ordering. This competition results in the 
band degeneracy lifting to induce the switching of magnetic 
coupling. The rich and unusual phenomena of the quasi-two
dimensional Mott transition system Ca2 - xSr.\ Ru04 should 
help deepen our insight into the role of the orbital degree of 
freedom in the Mott transition mechanism as well as in itin
erant magneti m. 
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