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 We have systematically investigated the evolution of the magnetic structure of the bilayer 

ruthenate Ca3(Ru1-xMnx)2O7 induced upon Mn doping. For 0 < x ≤ 0.03 the materials exhibit the 

same spin structure as that of the parent compound at low temperature, while an incommensurate 

cycloidal magnetic structure emerges at T slightly above the metal-insulator transition 

temperature (TMIT). In contrast, for x ≥ 0.04 the ground state becomes a G-type antiferromagnetic 

Mott insulator. Furthermore, we have observed magnetic-field-induced transitions in 

Ca3(Ru0.96Mn0.04)2O7 which is positioned at the phase boundary. Below TMIT, the magnetic 

transition is accompanied by a structural transition, as well as a dramatic change in the electronic 

properties from a Mott insulator to a localized phase. On the contrary, an incommensurate-to-

commensurate spin structure transition is observed for TMIT < T < TICM. Our results suggest 

strong competing magnetic tendencies in this bilayer ruthenate system that are very susceptible 

to 3d transition-metal substitution and magnetic field.   
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I. INTRODUCTION 

 Phase competition is essential to the emergent magnetic and electronic properties of 

transition-metal oxide materials. For instance, in the perovskite manganite system (La1-

xSrx)n+1MnnO3n+1, the competition between antiferromagnetic superexchange and ferromagnetic 

double exchange interactions can give rise to the colossal magnetoresistance (CMR) effect with 

orders of magnitude change in resistivity upon applying a magnetic field [1,2]. The competing 

phases are generally believed to originate from the strong coupling among electronic spin, charge, 

orbital, and the lattice degrees of freedom. The delicate balance can be readily tipped by 

chemical doping, as well as external tuning parameters, such as the magnetic field and pressure, 

etc., resulting in dramatic changes in the materials’ physical properties.  

Ruddlesden-Popper series perovskite ruthenate (Sr1-xCax)n+1RunO3n+1 is one of the 

prototypical 4d transition-metal oxide systems, where a variety of fascinating phenomena have 

been observed depending on the dimensionality n and the chemical composition x. The single-

layer Sr2RuO4 (n = 1) shows unconventional superconductivity with spin-triplet pairing [3,4,5] , 

and the bilayer Sr3Ru2O7 (n = 2) possesses a magnetic-field-tuned metamagnetic quantum critical 

point [6] and exhibits highly anisotropic magnetotransport properties [7]. Substituting isovalent 

Ca for Sr results in structural distortions due to its smaller ionic radius, which gives rise to a G-

type antiferromagnetic (G-AFM) Mott insulating state in Ca2RuO4 [8]. The bilayer ruthenate 

Ca3Ru2O7 has an orthorhombic crystal structure with space group No. 36 Bb21m [9]. It undergoes 

an antiferromagnetic transition at TN = 56 K and a metal-insulator transition (MIT) at TMIT = 48 

K [10]. Below TN, the magnetic moments are ferromagnetically aligned within the bilayer but 

antiferromagnetically stacked along the c axis. Upon cooling, the staggered magnetic moments 

switch from the a axis (denoted as AFM-a) to the b axis (denoted as AFM-b as shown in Fig. 1 
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(a)) at TMIT [11], which is accompanied by a discontinuous change in the lattice constants of ~ 0.1% 

[9]. The electronic ground state of this system is a quasi-two-dimensional metal [12], due to small 

un-nested Fermi surface pockets surviving below 30 K [13]. Similar to (Ca1-xSrx)2RuO4 [14], 

substitution of Sr for Ca sites in Ca3Ru2O7 also gives rise to complex magnetic phase diagrams 

due to the structural change [15,16].  

Alternatively, we have recently found that substituting 3d transition-metal elements for 

Ru can drastically alter the magnetic and electronic properties of this system and lead to new 

phases. For instance, upon nonmagnetic Ti substitution, the Ca3(Ru1-xTix)2O7 system evolves 

towards a G-type antiferromagnetic Mott insulating state (x ≥ 0.03, as shown in Fig. 1(a)), with a 

significant change in the lattice constants of ~1% at TMIT [17,18]. The Mott nature of the insulating 

state has been confirmed by hard x-ray photoemission measurements [19]. On the other hand, 

magnetic Fe substitution gives rise to a localized electronic ground state with the  magnetic 

structure showing a coexistence of the commensurate (CM) AFM-b and an incommensurate 

(ICM) spin structure with nearly temperature-independent magnetic wave vector qICM ~ (0.017 0 

1) [20].  

Furthermore, the physical properties of both pristine and doped Ca3Ru2O7 can be readily 

tuned by the magnetic field. For Ca3Ru2O7, a bulk spin valve effect is observed when the 

magnetic field is applied along the b axis, where a change of ~1 order of magnitude in the 

magnetoresistance occurs at B = 6 T, together with a metamagnetic transition to a canted 

antiferromagnetic state (CAFM, as shown in Fig. 1(a)) [11,21]. In addition, when the field is along 

the a axis, the resistivity changes by ~3 orders of magnitude at B = 15 T, accompanied by a 

structural transition, which is ascribed to the change in the orbital occupancy of Ru t2g levels [21]. 

Very intriguingly, for Ti-doped Ca3Ru2O7 the Mott insulating ground state unusually collapses in 
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a magnetic field, which occurs simultaneously with a magnetic transition to CAFM and a 

structural change. The resulting colossal change in the magnetoresistance has been suggested to 

be fundamentally different from the CMR reported in the phase-separated manganites [22]. 

The sensitivity of the ground state properties of Ca3Ru2O7 with respect to modest 

chemical doping and magnetic field unambiguously suggests that there exist competing phases in 

this bilayer ruthenate system. And both the temperature- and field-induced phase transitions 

observed in pure and Ti-doped compounds indicate a strong interplay among spin, lattice, and 

charge degrees of freedom in this system. Furthermore, the significant difference in the effects of 

nonmagnetic Ti and magnetic Fe doping on the ground state properties raises an interesting 

question: what is the role of the 3d dopants in determining the magnetic and electronic states?  

 In this paper, we report the doping effects of another magnetic impurity Mn on the 

magnetic structure of Ca3Ru2O7. We find that Mn induces an ICM cycloidal magnetic structure 

in the narrow temperature range close to TMIT for x ≤ 0.03, while the ground state magnetic 

structure is the same as that of the parent compound. However, the system exhibits a G-type 

antiferromagnetic Mott insulating state, with a simultaneous change in the lattice parameters at 

TMIT for x ≥ 0.04. Furthermore, in Ca3(Ru0.96Mn0.04)2O7 that is close to the phase boundary [23], a 

magnetic field applied along the b axis drives a spin structure transition from G-AFM to CAFM 

below TMIT, which is accompanied by an insulator-to-metal transition (IMT) and a drastic change 

in lattice parameters. In contrast, for TMIT < T < TICM, an ICM-to-CM magnetic transition has 

been observed without any observable structural change. Our results show that the effect of the 

magnetic Mn doping is very similar to that of nonmagnetic Ti doping, but different from the 

magnetic Fe doping. This study demonstrates the importance of phase competition in 

determining the physical properties of this bilayer ruthenate system, as well as the effectiveness 
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of 3d transition-metal doping and magnetic field in tuning the delicate balance among the 

competing states.  

II. EXPERIMENT 

The single-crystal samples of Ca3(Ru1-xMnx)2O7 with doping concentrations ranging from 

x = 0 to x = 0.1 were grown by the floating zone technique. The magnetization and resistivity 

measurements were performed using the Physical Property Measurement System (PPMS, 

Quantum Design). Neutron diffraction experiments were carried out using the HB-1A and CG-

4C triple-axis spectrometers at High Flux Isotope Reactor (HFIR) in Oak Ridge National 

Laboratory. The energy of the incident neutrons of HB-1A and CG-4C was fixed as Ei = 14.6 

meV and 5 meV, respectively. During the measurements on samples of different doping 

concentrations at zero field, the samples were oriented in (H 0 L) and (0 K L) scattering planes, 

where H, K and L are in reduced lattice units (r.l.u.) 2π/a, 2π/b and 2π/c. Samples were mounted 

in an aluminum sample can and cooled down using a closed-cycle Helium refrigerator down to 4 

K. To study the magnetic-field-induced transition, the Ca3(Ru0.96Mn0.04)2O7 sample was aligned 

in the horizontal (H 0 L) scattering plane and loaded into a vertical-field cyromagnet such that 

the magnetic field was applied along the b axis up to 8 T.  

III. RESULTS AND DISCUSSION 

A. Magnetic properties of Ca3Ru2O7 upon Mn doping at zero field. 

 Figure 2 shows the temperature dependence of the intensity of the representative 

magnetic Bragg peaks for Mn-doped Ca3Ru2O7 with different doping concentration x. For x = 

0.03, at TN ~ 61 K the magnetic Bragg peaks show up continuously at the nuclear-forbidden 

wave vectors q = (0 0 1) and its equivalent positions, for example (0 0 5), (0 0 7) etc., in the 

reciprocal space. The intensity keeps increasing until TICM ~ 42 K, where an ICM magnetic 
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Bragg peak qICM = (δ 0 1) emerges while the CM ones get suppressed. This ICM magnetic 

structure only exists in a very narrow temperature range TCM (~ 34 K) < T < TICM, below which 

the intensity of the CM magnetic peaks is enhanced and persists down to the lowest temperature 

measured. For x = 0.04, the high-temperature magnetic transitions are similar to that of x = 0.03, 

however, at TMIT ~ 30 K the intensity of both (0 0 1) and (δ 0 1) completely disappears and new 

magnetic peaks show up at (1 0 2), (1 0 4) and (1 0 6) etc., which suggests that the ground state 

magnetic structure is different from that of the parent compound and the x = 0.03 one. For x = 

0.05, only one first-order magnetic transition is seen at TN ~ 60 K, and the low-temperature 

magnetic structure is characterized by the magnetic peak q = (1 0 2).  

 To determine the spin structures of the different magnetic phases in Mn-doped Ca3Ru2O7 

compounds, we have collected a series of nuclear and magnetic Bragg peaks in (H 0 L) and (0 K 

L) scattering planes for each Mn doping concentration. Figure 3(a)-3(d) show the neutron 

diffraction scans along the [1 0 0] direction across the magnetic Bragg peak (0 0 5) and (0 0 1) 

for x = 0.03 and 0.04 at representative temperatures, and the rocking curve scans over (1 0 2) for 

x = 0.04 and 0.05 are shown in Fig. 3(e) and 3(f) respectively. We have performed magnetic 

representation analysis to explore the possible magnetic structures using the Rietveld refinement 

package FULLPROF [24]. We find that the strongest (0 0 1) peak corresponds to an 

antiferromagnetic structure where the magnetic moments are aligned parallel to each other within 

the bilayer, but antiparallel between adjacent bilayers (AFM-a or AFM-b) [11]. And the strongest 

(1 0 2) peak represents a G-type antiferromagnetic structure with all nearest-neighbor magnetic 

moments aligned antiparallel to each other (G-AFM) [17]. The ICM magnetic phase characterized 

by the magnetic wave vector (δ 0 1) is a cycloidal magnetic structure propagating along the a 

axis, with the period determined by the incommensurability δ. It is worth noting that the 
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magnetic wave vectors of the ICM magnetic structures are strongly temperature dependent, as 

shown in Figure 3(c) and 3(d). No higher-order harmonics are observed, suggesting that the ICM 

magnetic structure is uniformly modulated (Fig. 1(c)), in contrast to the magnetic soliton lattice 

in the Fe-doped  compound [20]. For x = 0.03, similar to the parent compound, the (2 0 1) 

magnetic peak is present at T = 4 K but is absent at 50 K, which suggests that at T < TCM the 

magnetic moments are along the b axis (AFM-b), while in the high-temperature phase TICM < T < 

TN the moments are along the a axis (AFM-a) [11] which is also the case for x = 0.04. 

 Very intriguingly, the magnetic transition to the low-temperature G-AFM state is 

accompanied by a dramatic change in the lattice constants. Figure 4 shows the lattice constants a, 

b and c as a function of temperature. For x = 0.03, there is no observable anomaly in all the 

lattice constants throughout the temperature range measured. In contrast, for x = 0.04, upon 

cooling the lattice constants b increases discontinuously by ~0.98% while c decreases by ~0.71% 

at TMIT ~ 30 K, which is much more pronounced compared with that in the parent compound 

(~0.1%) [9]. The shortening along the c axis and the expansion in the in-plane b axis results in a 

flattening of the RuO6 octahedron, similar to that in the single-layer Ca2RuO4, which may 

indicate a change in the orbital occupancy of the Ru t2g electrons [25,26]. For x = 0.05, a structural 

change of comparable magnitude is also observed at the magnetic transition at TN. 

B. Magnetic and transport properties of Ca3(Ru1-xMnx)2O7 (x = 0.04) in the presence of 

magnetic field. 

We have further investigated the effect of the magnetic field on the magnetic and 

electronic properties of Mn-doped Ca3Ru2O7. Note that since the ground state magnetic structure 

of x = 0.03 compound is similar to the parent compound (AFM-b), applying a magnetic field 

along the b axis is expected to lead to a transition to CAFM [11]. In contrast, no field-induced 
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transition (up to 9 T) is observed in the resistivity measurements on the x = 0.05 sample (data not 

shown). Notably, the x = 0.04 compound is close to the phase boundary [23], bridging the 

correlated AFM-b phase and the Mott insulating G-AFM state. Therefore, we have performed 

single-crystal neutron diffraction, magnetization and resistivity measurements on Mn-doped 

Ca3Ru2O7 of this doping concentration (x = 0.04).   

Figure 5(a) shows the temperature dependence of the in-plane resistivity ρab of Mn-doped 

Ca3Ru2O7 (x = 0.04) in 0 T and 9 T applied along the b axis, respectively. In contrast to the zero-

field data where a series transitions have been observed, in a magnetic field of 9 T, the system 

displays a localized behavior throughout the entire temperature range measured, suggesting a 

dramatic change in the electronic structure. In addition, the field-induced IMT is accompanied by 

magnetic transitions. Figure 5(b) and 5(c) show the isothermal magnetoresistance and 

magnetization as a function of magnetic field at T = 10 K and 34 K, respectively. At T = 10 K, 

the Mott insulating ground state is suppressed by a magnetic field at ܤ௖՛  ~ 7.2 T with a change in 

the resistivity by ~ 3 orders of magnitude. Concurrently, a large change in magnetization is 

observed, indicating a field-induced spin structure transition. The field-induced phase transition 

is of first-order, which is manifested by the large hysteretic effect as the magnetic field increases 

and decreases. At T = 34 K, where the zero-field state shows the coexistence of CM and ICM 

magnetic structures, the magnetic field can also drive a first-order-like magnetic transition, as 

shown in both the magnetoresistance and magnetization measurements. However, a much 

smaller change in resistivity is observed upon applying the field, presumably related to the spin 

scattering effect associated with the change in the magnetic structure, which is distinct from the 

T = 10 K data that arises from the change in electronic structure.   
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In order to determine the spin structure of the field-induced state in Mn-doped Ca3Ru2O7 

(x = 0.04), we performed neutron diffraction measurements. Figure 6(a) and 6(b) show the 

rocking curve scans across magnetic wave vectors q = (1 0 2) and (0 0 1) at T = 10 K, B = 0 T 

and 8 T, respectively. One clearly sees that (1 0 2) peak is suppressed completely at 8 T, while an 

alternative magnetic Bragg peak (0 0 1) shows up. Figure 6(c) and 6(d) show the intensity of q = 

(1 0 2) and (0 0 1) magnetic Bragg peaks as a function of magnetic field at T = 10 K. A field-

induced magnetic structure transition is observed at ܤ௖՛  = 7.3 ± 0.1 T. The large hysteresis 

observed when the magnetic field increases and decreases indicates the first-order nature of the 

field-induced spin structure transition, in agreement with both magnetoresistance and 

magnetization measurements (Fig. 5(b)). We have collected a series of magnetic Bragg peaks 

such as (0 0 3), (0 0 5), (2 0 1) et al. at B = 8 T, and performed representation analysis using 

FULLPROF [24]. The antiferromagnetic structure that best describes the neutron diffraction data 

is of AFM-a type, where the staggered magnetic moments are along the a axis, perpendicular to 

the applied magnetic field. In combination to the ferromagnetic component along the b axis 

revealed in the magnetization measurements (Fig. 5(b)), the resultant field-induced magnetic 

state is a canted antiferromagnetic structure (CAFM, Fig. 1(a)), a vector sum of the AFM-a type 

antiferromagnetic component and a ferromagnetic component (~1.4 μB at B = 8 T, 10 K) along 

the b axis, similar to the field-induced state in the parent and Ti-doped compound [11,22]. It is 

worth noting that above ܤ௖՛ , the intensity of (0 0 1) starts to decrease as the magnetic field 

increases further, which can be ascribed to the fact that CAFM transforms towards the fully 

polarized state (PM) with a decrease in the staggered antiferromagnetic moment.  

We have also studied the field-induced magnetic transition of the ICM magnetic 

structures at TMIT < T < TICM. Figure 7(a) and 7(b) show scans along the [1 0 0] direction across 
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the magnetic Bragg peak q = (0 0 1) at T = 34 K. At zero field, the magnetic structure exhibits 

the consistence of CM and ICM phases. However, at B = 5 T, the ICM peaks are suppressed, and 

the intensity of the CM peak becomes much stronger, indicating an ICM-to-CM transition. 

Similar enhancements in the magnetic intensity are also observed at the wave vectors (0 0 3), (0 

0 5) and (0 0 7) et al (data now shown).  Figure 7(c) and 7(d) shows the field dependence of 

magnetic intensity of q = (0 0 1) and (0.0245 0 1) at T = 34 K. The system undergoes an ICM-to-

CM magnetic transition at ܤ௖ଵ՛  = 4.4 ± 0.1 T, where the (0.0245 0 1) peak is suppressed 

completely and the (0 0 1) peak increases then stays almost constant. This field-induced ICM-

CM transition is also of first-order in nature, as the hysteresis loops are clearly seen when the 

magnetic field increases and decreases. By performing an analysis similar to that at T = 10 K, we 

conclude that the field-induced magnetic state at ܤ௖ଵ՛  is CAFM (Fig. 1(a)) as well. In addition, as 

the magnetic field increases further, the intensity of the (0 0 1) peak starts to decrease and finally 

disappears at ܤ௖ଶ՛  = 6.6 T, which indicates that the AFM-a component of the CAFM state is 

completely suppressed and the system is in a fully spin polarized state (PM).   

The field-induced IMT of the G-AFM Mott insulating state is accompanied by a 

simultaneous change in the lattice parameters. As shown in Figure 8(a), at T = 10 K, the lattice 

parameter c increases at ܤ௖՛ by nearly ~1%, while the lattice constant a remains unchanged across 

the transition. The magnetoelastic coupling is similar to that observed at zero field, where the 

Mott insulating state is accompanied by a flattening of the RuO6 octahedra. On the contrary, no 

crystal structural change is observed for the field-induced magnetic transition at T = 34 K, as 

shown in Figure 8(b).  

C. Discussions 
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 We have investigated the magnetic properties of Mn-doped Ca3Ru2O7 as a function of 

temperature T and Mn doping concentration x. Very surprisingly, the effect of magnetic Mn 

doping resembles that of the nonmagnetic Ti substitution [18], but is contrasted with  the 

magnetic Fe doping effect [20]. This suggests that these emergent states are related to the intrinsic 

instabilities of the Ru-O network and the role of the 3d dopants is to tip the balance between 

different competing tendencies which already exist in this bilayer ruthenate system.  

 There are several interesting features found in Mn-doped Ca3Ru2O7 that are worth further 

discussion. Firstly, the emergence of the ICM magnetic structure upon light Mn doping. It seems 

that the ICM magnetic structure is a common feature in  3d transition-metal doped Ca3Ru2O7 

[18,20], suggesting the strong competition between the AFM-b and ICM magnetic phases in this 

bilayer ruthenate. The ICM magnetic structure is most probably ascribable to the Dzyaloshinskii-

Moriya interaction (DM), as Mn-doped Ca3Ru2O7 has a noncentrosymmetric space group (No. 

36 Bb21m) [9]. The competition among DM interaction, antiferromagnetic superexchange, 

ferromagnetic double exchange interaction [27] and magnetocrystalline anisotropy, can give rise 

to either a collinear magnetic structures as in the pristine compound [11], or a modulated 

magnetic structure with noncollinear spin arrangement as in the doped ones.  

Secondly, the emergence of the G-type antiferromagnetic Mott insulating state for x ≥ 

0.04. A similar ground state has been observed in the single-layer Ca2RuO4 and Ti-doped 

Ca3Ru2O7 [28,17], but not in the parent or Fe-doped compound [11,20]. A comparison among these 

compounds leads to several important implications to the stabilization of such a phase. (i) The 

electron correlation is essential to realize the insulating state, as density functional theory 

calculations without the on-site Coulomb repulsion fail to capture the insulating nature of the 

ground state Ti-doped Ca3Ru2O7 [17], while an inclusion of onsite Coulomb repulsion U = 2 eV 
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results in an opening of the electronic gap [22]. Furthermore, the Mott-type scenario is also 

supported by the hard x-ray photoemission measurements [19]. (ii) There is strong coupling 

between spin and lattice degrees of freedom. The G-AFM structure is always accompanied by a 

discontinuous change in the lattice constants of the order ~1% at TMIT, which results in a 

considerable flattening of the RuO6 octahedra. In contrast, in the materials whose ground state 

magnetic structure is AFM-b or ICM, the change in the lattice parameters are much smaller (e.g. 

~0.1% in the parent compound [9]) or not observable (e.g. Fe-doped Ca3Ru2O7 [20] and 

Ca3(Ru0.97Mn0.03)2O7). In a recent report, applying hydrostatic pressure is shown to induce a 

magnetic structure transition from G-AFM to AFM-b in Ti-doped Ca3Ru2O7 [29], suggesting a 

direct correlation between G-AFM and the crystalline lattice in this bilayer ruthenate. 

Microscopically, the correlation between magnetism and crystal structure have been studied 

theoretically on Ca2RuO4 and it is revealed that the rotation of RuO6 favors ferromagnetism and 

the subsequent tilting favors antiferromagnetism [26]. Similar conclusions are expected to hold 

for the Mn-doped Ca3Ru2O7 because of the similar layered structure. (iii) The flattening of the 

RuO6 octahedra is expected to change the orbital occupancy of the Ru t2g level. For a multiband 

Mott-Hubbard system, the orbital polarization is suggested to be closely associated with the Mott 

transition by suppressing the orbital fluctuations [30,31]. Experimentally, ferro-type orbital order 

has been observed in Ca2RuO4 system by resonant x-ray scattering [32]. In a recent study on Ti-

doped Ca3Ru2O7, density functional theory calculations suggest an orbital polarization in the G-

AFM Mott insulating state, where the spin down channel of in-plane dxy orbital is fully occupied 

and that of out-of-plane dxz/dyz orbitals are almost empty, leading to the gap opening with an 

electronic configuration dxy (↓↑) and dxz/dyz(↑,↑). On the contrary, in the AFM-b phase with a 

longer c axis and shorter b axis, the calculations shows no sign of orbital polarization and there is 
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finite density of states near the Fermi surface [22]. Therefore, the G-AFM Mott insulating states 

in Ti- and Mn-doped Ca3Ru2O7 is a cooperative effect as a result of the coupling among spin, 

lattice and orbital degrees of freedom.  

Thirdly, the similarity in the doping effect of nonmagnetic Ti and magnetic Mn on 

Ca3Ru2O7, which is significantly different from that of the other magnetic dopants Fe. 

Understanding the effects of 3d transition-metal dopants on the emergent phases of the 4d 

layered ruthenates is intriguing but challenging. In a recent work, J. Peng et al [23] found that the 

MIT temperatures TMIT of Ca3Ru2O7 with different 3d transition-metal dopants are predominated 

by the structural parameter c/√ܾܽ, not only in the low-temperature ordered phase, but also in the 

high-temperature paramagnetic state. It was proposed that the magnetic and electronic states of 

3d transition-metal doped Ca3Ru2O7 is determined by lattice-orbital coupling, i.e., the G-AFM 

Mott insulating state can only stabilize below a critical value of this structural control parameter, 

where orbital polarization is expected based on first principles calculations. Therefore, due to the 

larger structural distortion induced by Ti and Mn dopants compared to that of Fe dopant, Ti- and 

Mn-doped Ca3Ru2O7 compounds exhibit G-AFM Mott insulating state, whereas the Fe-doped 

compound shows incommensurate magnetic structure resulting from the competition between 

DM interaction, exchange interactions, and magnetic anisotropy, and electronically it is a 

localized state induced by Fe impurities. Furthermore, it has been suggested that the structural 

distortions caused by 3d transition-metal impurity is dominated by electronic scattering, rather 

than the difference in the ionic radius or magnetic moments [23].  

Finally, the collapse of the Mott insulating state in a magnetic field.  It is quite unusual to 

observe a magnetic-field-induced IMT in a Mott insulator since early theoretical studies on a 

single-band Mott-Hubbard Hamiltonian reveal that the magnetic field tends to stabilize the 
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insulating state by a first-order metamagnetic phase transition [33], which has been observed 

experimentally in systems such as organic superconductors [34]. The discrepancies in the 

theoretical predictions and the observations in Mn-doped Ca3Ru2O7 may arise from the fact that 

the Mott transition in ruthenates is more complicated by a number of factors that are absent in 

the simplest model considered. As discussed previously, the Mott transition in these ruthenates 

involves three t2g bands, which indicates that orbital degrees of freedom may be important to the 

Mott transition. In addition, the IMT is accompanied by the simultaneous change in magnetic 

and crystal structures. There are several key aspects that are likely to be essential to 

understanding the field-induced IMT in Mn-doped Ca3Ru2O7. (i) Phase competition. Mn-doped 

Ca3Ru2O7 (x = 0.04) is close to the phase boundary, which implies the presence of strong 

magnetic and electronic instabilities. The balance of competition between two highly distinct 

magnetic and electronic states, e.g. G-AFM Mott insulating state and CAFM weakly localized 

state, can be easily tuned by the magnetic field. This is supported by the fact that for x = 0.05 

compound that is away from the phase boundary, the magnetic field up to 9 T cannot drive an 

IMT. (ii) The coupling between spin, lattice and orbital degrees of freedom. In a magnetic field 

applied along the easy axis, the introduction of the Zeeman energy leads to a magnetic structure 

transition from G-AFM to CAFM, which would cause a simultaneous change in the lattice 

constants and possibly orbital occupancy as discussed above, and gives rise to drastic effects on 

the electronic properties of this material.  

IV. CONCLUSION 

 In summary, we have investigated the magnetic properties of the new phases in the 

bilayer ruthenate Ca3Ru2O7 induced by Mn doping. The system shows an ICM magnetic 

structure for x ≤ 0.03, where the ground state magnetic structure is the same as the parent 
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compound. For x ≥ 0.04, the ground state changes to a G-type antiferromagnetic Mott insulator. 

We have also investigated the magnetic-field-induced phase transitions in Mn-doped Ca3Ru2O7 

for x = 0.04 that is positioned at the T - x phase boundary. Upon applying magnetic field, the G-

AFM ground state transforms into CAFM through a first-order transition, together with a 

collapse of the Mott insulating state and drastic changes in the lattice constants. Our results 

unambiguously demonstrate the competition between various states in this bilayer ruthenate 

system, which can be tuned by 3d transition-metal doping and external magnetic field.  
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Figure Captions 

 Figure 1. (a) Schematics of the crystal and magnetic structures of Mn-doped Ca3Ru2O7. 

AFM-b: ferromagnetic bilayers coupled antiparallel along the c axis. The staggered magnetic 

moments are along the b axis. G-AFM: the nearest-neighbor magnetic moments are 

antiferromagnetic. CAFM: canted antiferromagnetic structure consisting of an antiferromagnetic 

component (AFM-a) and a ferromagnetic component along the b axis. (b),(c) In-plane view of 

one RuO2 layer of AFM-b and ICM cycloidal magnetic structures, respectively.  

 Figure 2. Temperature dependence of the intensity of the representative magnetic Bragg 

peaks (1 0 2), (0 0 1) and (0.0246 0 1), of Ca3(Ru1-xMnx)2O7 (x = 0.03, 0.04, and 0.05).  

 Figure 3. (a),(b) Neutron diffraction scans along the [1 0 0] direction across the magnetic 

wave vector (0 0 5) at representative temperatures. Note that H is in reduced lattice unit (r.l.u.). 

(c),(d) Neutron diffraction scans across the magnetic wave vector (0 0 1) in the ICM magnetic 

phase. (e),(f) Rocking curve scans across the magnetic wave vector (1 0 2) at representative 

temperatures. 

 Figure 4. Lattice parameters as a function of temperature Ca3(Ru1-xMnx)2O7 (x = 0.03 and 

0.04).  

 Figure 5. (a) Temperature dependence of the in-plane resistivity ρab at B = 0 T and 9 T, B 

// b axis. (b),(c) Field dependence of the in-plane resistivity ρab and magnetization Mb at T = 10 K 

and 34 K, B // b axis. 

 Figure 6. (a),(b) Rocking curve scans on Ca3(Ru1-xMnx)2O7 (x = 0.04) across q = (1 0 2) 

and (0 0 1) at B = 0 T and 8 T, respectively, T = 10 K.  (c),(d) The intensity of q = (1 0 2) and (0 

0 1) magnetic Bragg peak as a function of magnetic field, T = 10 K.  
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 Figure 7. (a),(b) Neutron diffraction scan on Ca3(Ru1-xMnx)2O7 (x = 0.04) along [1 0 0] 

direction across the magnetic Bragg peak q = (0 0 1) at B = 0 T and 5 T, T = 34 K. Note that H is 

in reduced lattice unit (r.l.u.). (c),(d) The intensity of q = (0 0 1) and (0.0245 0 1) magnetic 

Bragg peaks as a function of magnetic field, T = 34 K.  

 Figure 8. Lattice constants a and c as a function of magnetic field at (a) T = 10 K (b) T = 

32 K. 
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