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We have investigated unusual phase transitions that were triggered by chemical doping in 

Ca3Ru2O7. Our experiments showed that doping with a few percent of Mn (>4%) can change 

the quasi-two-dimensional metallic state of Ca3Ru2O7 into a Mott insulating state with a 

G-type antiferromagnetic order, but this Mott state cannot be induced by Fe doping. By 

combining these results with first-principles calculations, we show that lattice-orbital 

coupling (LOC) plays an important role in the Mott transition. Interestingly, the transition 

temperature TMIT is found to be predetermined by a structural parameter denoted by /c ab  

at temperatures far above Néel temperature TN. This LOC-assisted Mott transition clearly 

contrasts with the band-filling picture. It is addressed that this type of Mott transition 

originates in the strong scattering centers formed by specific 3d-dopants. The 

dopant-scattering picture is then applied to explain the puzzling doping effects that occur in 

other ruthenates and 3d-oxides. Our findings will advance the general understanding of how 

the unusual properties of 4d correlated systems are governed by the complex interplay that 

occurs among the charge, spin, lattice and orbital degrees of freedom. 



 

 

I. INTRODUCTION 

Complex interplay among the charge, orbital, lattice and spin degrees of freedom is believed 

to underlie the broad range of fascinating phenomena that occur in strongly correlated 

systems [1]. An appropriate corollary to this interplay is the tunability of magnetic and 

electronic phases based on the use of nonthermal parameters such as chemical doping, 

pressure, or magnetic fields that is exemplified in high-temperature (high-Tc) superconductive 

cuprates [2-4] and colossal magnetoresistive manganites [5-8]. Comprehension of these 

complex phase transitions requires the constitutive relations among the different degrees of 

freedom to be determined but an appropriate solution remains elusive. 

Ruddlesden-Popper (RP)-type layered ruthenates of the form An+1RunO3n+1 are typical 

strongly correlated materials with a rich variety of different properties, including spin-triplet 

superconductivity in Sr2RuO4, a field-tuned electronic nematic phase in Sr3Ru2O7, itinerant 

ferromagnetism in SrRuO3 [9-13], an antiferromagnetic (AFM) Mott insulating state in 

Ca2RuO4, and paramagnetic (PM) ‘bad’ metallicity in CaRuO3 [13,14]. The larger radial 

extension of the Ru 4d orbitals when compared with the 3d orbitals in 3d correlated systems 

such as cuprates and manganites leads to weaker electron correlations and stronger 

orbital-lattice coupling that make these ruthenate systems more sensitive to external stimuli, 

such as chemical doping, magnetic fields, and applied pressure. For example, previous studies 

showed that some 3d ions have similar ionic radii to that of Ru4+ and can thus be easily 

incorporated into the crystal structure. A tiny amount of Ti substitution for Ru in Sr2RuO4 

(5%), Sr3Ru2O7 (5%), and Ca3Ru2O7 (3%), or similar concentrations for Mn substitution in Ru 

sites in Sr2RuO4 (3%) and Sr3Ru2O7 (5%) is effective for tuning of the electronic/magnetic 

states from a PM or nearly ferromagnetic (FM) metallic state to an AFM insulating state 

[15-23]. In contrast, doping with certain other magnetic 3d ions, such as Cr, Co, and Fe, 

preserves the metallic electronic states of pristine compounds and results in a tendency 

towards FM ordering in SrRuO3, CaRuO3 and Sr2RuO4 [15,24-26].  



 

In this paper, we focus on the mechanism of a Mott transition that is triggered by a tiny 

amount of chemical doping of the double-layered ruthenate Ca3Ru2O7. Ca3Ru2O7 has very 

rich physical properties, with spins that are ordered antiferromagnetically at a Néel 

temperature TN of 56 K [27]. This AFM state is characterized by FM RuO2 bilayers that are 

coupled antiferromagnetically along the c-axis with spins pointing along the a-axis [28,29]. A 

first-order metal-insulator transition (MIT) that is accompanied by a change in the spin 

direction from along the a-axis to along the b-axis occurs at TMIT = 48 K [28,29]. These two 

magnetic states were named as AFM-a and AFM-b, respectively [29]. This MIT is followed 

by quasi-2D metallic transport behavior at T<30 K in floating-zone-grown single crystals [30]. 

Angle-resolved photoemission spectroscopy measurements have shown that this metallicity 

below 30 K originates from a very small ungapped section of the Fermi surface that survived 

through the MIT [31]. Theoretical studies indicate that the anisotropic gap opening at 48 K is 

induced by interplay between the spin-orbit (SO) coupling and Coulomb repulsion [32]. Our 

previous work showed that the electronic and magnetic ground states of Ca3Ru2O7 are 

extremely sensitive to chemical doping; Ti doping of as low as 3% can tune the system from a 

quasi-2D metallic state with AFM-b order to a Mott insulating state with a nearest neighbor 

G-type AFM order (G-AFM) [22,23]. Schematic diagrams of the AFM-b and G-AFM 

magnetic structures are shown in Figure 1b. Additionally, this Mott insulating state can be 

suppressed by application of a moderate magnetic field (~8 T) or low hydrostatic pressure 

(~0.04 GPa) [33,34], and this produces complex phase diagrams. All these observations 

indicate the existence of competing physical interactions with similar magnitudes, such as 

those of SO coupling, kinetic energy, Coulomb repulsion, exchange interactions, and the 

crystal field. Understanding these complex competing interactions is clearly challenging but 

lies at the heart of strongly correlated material physics.  

The aims of this paper are two-fold. First, we intend to demonstrate that the doping effects 

of magnetic Mn ions are dissimilar to those of other magnetic ions, such as Cr, Fe, Co and Ni, 

but are unexpectedly similar to those of the nonmagnetic Ti ion. Second, we aim to address 

the question of why nonmagnetic Ti and magnetic Mn doping can induce Mott transitions, 

while these transitions are not induced by other 3d dopants. Through a comparison of the 



 

experimental and theoretical results, we find that the Mott transitions that are induced by very 

low concentration Mn or Ti doping in Ca3Ru2O7 cannot be simply classified as band-filling- 

or band-width-controlled Mott transitions, but are in fact tuned by the lattice-orbital coupling 

LOC. We disclosed that these Mott transitions originate in the local electronic configurations 

of specific dopants, and that this dopant selectivity is universal in transition metal oxides 

(TMOs).  

II. EXPERIMENTAL PHASE DIAGRAM OF MAGNETIC AND 

ELECTRONIC PROPERTIES 

Concentration-dependent electronic and magnetic phase diagrams of Ca3(Ru1-xMnx)2O7 and 

Ca3(Ru1-xFex)2O7 have been established based on transport, magnetic and neutron scattering 

measurements. The phase diagram for Ca3(Ru1-xMnx)2O7 is shown on the right side of Fig. 1a. 

Several distinct ordered magnetic phases can be observed in this diagram. The end member 

(at x=0) first shows an AFM transition at 56 K, which is then followed by MIT at 48 K, as 

noted above. When the Mn doping level is in the 0 < x(Mn) ≤ 0.04 range, the temperature 

range of AFM-a phase is broadened. Additionally, an intermediate magnetic (IM) phase also 

emerges in a narrow temperature range that lies immediately below TMIT. These features were 

clearly revealed by the results of magnetic susceptibility and resistivity measurements of the 

samples in this composition region [35]. 

When x(Mn) > 0.04, the multiple magnetic transitions merge into a single transition. We 

present magnetic susceptibility data for the 5% Mn-doped sample in Fig. 2a, where a single 

transition located near TN = 62 K is clearly shown in the susceptibility characteristic for field 

applied along both the a- and b-axes. Elastic neutron scattering measurements performed on 

this 5% Mn-doped sample proved that the magnetic state below 62 K is characterized by a 

G-AFM order. Fig. 2a also presents the intensity of the magnetic diffraction peak at (1 0 2) as 

a function of temperature, which shows a dramatic increase when the temperature is reduced 

below the magnetic transition temperature (62 K) and quickly becomes saturated. 

The left side of Fig. 1a shows the doping effects of the Fe ions. Fe substitution for Ru 

effectively broadens the temperature range of the AFM-a state, but does not induce an 



 

insulating G-AFM state. We present susceptibility data for the 5% Fe-doped sample in Fig. 2b, 

which demonstrate that the Fe doping increases TN but reduces TMIT. Elastic neutron scattering 

measurements of the 5% Fe-doped Ca3Ru2O7 sample showed that the magnetic ground state 

does not evolve into the G-AFM state that was observed in the 5% Mn-doped sample. Instead, 

the results indicate the coexistence of the AFM-b phase and an incommensurate phase that is 

characterized by a cycloidal spiral spin structure [36]. It should also be mentioned that an IM 

phase emerges within a narrow temperature range that occurs immediately below TMIT for 

compositions with 0 < x(Fe) < 0.04. These features are clearly shown by the results of the 

magnetic susceptibility and resistivity measurements of the samples in this composition 

regime [37]. 

Our transport measurements indicated that Mn doping (>4%) also induces a dramatic 

electronic state change that occurs concomitantly with the magnetic ground state transition 

from AFM-b to G-AFM. For the G-AFM state (where x(Mn) ≥ 0.05), abρ  increases by 

several orders of magnitude, thus indicating a truly insulating state. For the 0 <x(Mn) ≤0.04 

range, in which multiple magnetic transitions are observed, the AFM-a phase remains 

metallic, whereas the AFM-b phase shows localized behavior at temperatures down to 2 K 

(Fig. 2c); This is distinct from the quasi-2D metallic behavior below 30 K observed in pure 

Ca3Ru2O7 synthesized by the floating-zone-grown method. However, the amplitude of the 

metal-to-localized state transition in this composition range is comparable with that of pristine 

Ca3Ru2O7.  

The transport behavior of Fe-doped Ca3Ru2O7 is shown in Fig. 2d. abρ  maintains 

metallic behavior for the AFM-a phase (TMIT<T<TN) but demonstrates localized behavior for 

the AFM-b phase (T<TMIT); it does not evolve into the insulating state that was observed in 

the Mn-doped samples. When the Fe concentration is less than 3%, the AFM-b phase 

maintains metallic behavior at temperatures well below TMIT.  

The doping effects of the Fe and Mn ions in Ca3Ru2O7 are compared with the 

corresponding effects of Ti and Cr ions that were previously reported. With Ti doping, the 

system evolves from a quasi-2D metal state with an AFM-b magnetic structure into a weakly 



 

localized state for 0 < x < 0.03, and then finally into a Mott insulator state with G-AFM order 

for x ≥ 0.03. For 0 < x ≤ 0.03, the system shows complex magnetic transitions with an IM 

phase in a narrow temperature range between AFM-a and AFM-b [22,23]. The Cr doping in 

Ca3Ru2O7 leads to expansion of the AFM-a metallic state (TMIT < T < TN) temperature range 

and also preserves the AFM-b magnetic state for T < TMIT [38]. 

Other 3d ions such as Co, Ni and Cu show similar doping effects to those of Fe and Cr. The 

jump amplitudes of abρ  at TMIT for 5% Co-, Ni- and Cu-doped Ca3Ru2O7 samples are 

approximately the same size as that of pristine Ca3Ru2O7 and the 5% Fe-doped sample (see 

Fig. 3a). Additionally, the two cusps in the temperature-dependent magnetic susceptibility 

( ( )Tχ ) characteristics for Ca3Ru2O7 that correspond to TN and TMIT were also observed in the 

5% Fe- and Ni-doped samples (see Fig. 3b). Comparisons between the phase diagrams of 

Ca3(Ru1-xMnx)2O7 and Ca3(Ru1-xFex)2O7 with previously reported diagrams for 

Ca3(Ru1-xTix)2O7 and Ca3(Ru1-xCrx)2O7, as well as the magnetic and transport measurements of 

Ca3Ru2O7 when doped with other 3d ions, demonstrate that the doping effects of Mn are 

similar to those of Ti ions but remain distinct from those of other 3d ions. 

 

III. THEORETICAL UNDERSTANDING OF THE PHASE DIAGRAM 

A Mott transition with a G-AFM ground state was previously observed in the 

single-layered ruthenate Ca2RuO4 at temperatures below 110 K [39]. Theoretical studies 

showed that this Mott transition is inherently related to distortion of the RuO6 octahedron 

[40,41]. To understand the Mott transition that is caused by Ru-site doping in Ca3Ru2O7, we 

studied the temperature dependence of the crystal structure of both the 9% Mn- and 5% 

Fe-doped samples, which feature a Mott insulating state with G-AFM order and a localized 

state with an AFM-b order, respectively (see Fig. 1). The temperature dependences of the 

lattice parameters a, b and c with error bars for both samples are shown in Fig. 4a. In the 

9%-Mn doped sample, the c-axis is shortened by ~0.52% below TN (= TMIT) and the b-axis is 

elongated accordingly by ~0.75%; simultaneously, the a-axis remains almost unchanged 

across the phase transition, which suggests flattening of the RuO6 octahedron below the phase 



 

transition temperature. The magnitudes of the lattice parameter changes in the Mn-doped 

sample are comparable to those that were observed in the Ti-doped sample across TMIT (where 

the changes in b and c in the 3% Ti-doped sample were approximately +1.1% and −0.85%, 

respectively [23]). However, no remarkable structural distortions were observed in the 5% 

Fe-doped sample at the phase transition from AFM-a to the AFM-b+IC state (46 K) [36]. This 

indicates that the magnetic phases are intrinsically related to the crystal’s structural 

distortions. 

To understand the relationship between the structural and magnetic transitions, we 

performed Local-density approximation (LDA) + static U calculations for Ca3Ru2O7. In 

Ti-doped Ca3Ru2O7, it was previously demonstrated that a moderate U of 2 eV is necessary to 

reproduce the experimental band gap for the G-AFM phase [33]. Figure 4b presents the 

dependences of the total energies on the parameter /c ab  for the two distinct magnetic 

structures (i.e., AFM-a/b and G-AFM). In the calculations, the crystal volume is kept constant. 

The minima of the two lines indicate the points at which these two phases can be stabilized. 

Figure 4b clearly shows that the stabilization of the G-AFM phase corresponds to a smaller 

/c ab  when compared with that of the AFM-a/b phase. We selected several compositions 

(5% Fe-, 3% Ti-, 10% Ti- and 9% Mn-doped Ca3Ru2O7, along with the pristine compound) 

that have AFM-a/b or G-AFM phases. The /c ab  values of these compositions, which 

were derived from neutron or X-ray diffraction measurements, are placed at the 

corresponding positions along the horizontal axis in Fig. 4b. The three lines on the right, 

which correspond to the compounds with the AFM-a/b ground state, show larger /c ab  

values, while the compounds with insulating G-AFM ground states have smaller /c ab  

values. Our calculations reflect the relationship between the magnetic phase transition and the 

structural deformation. Sudden flattening of the crystal lattice was observed at the ordering 

temperature of the G-AFM phase. In contrast, no octahedral flattening was probed in the 

Fe-doped samples, which show an AFM-b ground state. 



 

Within an octahedral crystal field, the Ru4+ 4d orbital splits into high energy eg orbitals 

and low energy t2g orbitals, as shown in Fig. 5(a). Because of the large splitting energy 

between eg and t2g in the 4d orbitals, all four of the 4d electrons of Ru4+ prefer to fill the low 

energy t2g orbitals. Flattening of the RuO6 octahedron will split the t2g orbitals further into the 

singly-degenerate xy orbital and doubly-degenerate xz/yz orbitals. The downward-shifted xy 

orbital is then more energetically favored than the xz/yz orbitals. When the spin polarization is 

taken into consideration, the band structure of the doped Ca3Ru2O7 is calculated using the 

LDA+U method. The projected density of states (PDOS) for the Ru t2g bands (dxy and dxz/dyz) 

is calculated for the G-AFM state using the experimental structure of the 9% Mn-doped 

sample. /c ab  is adopted as the tuning parameter as per the calculated magnetic phase 

diagram. 

For larger /c ab  values (Fig. 5b, left side), the spin-up channel is fully occupied for 

both the xy and xz/yz orbitals, whereas the spin-down channel is partly occupied, and this 

results in a finite density of states at the Fermi surface. However, for a smaller /c ab  value 

(Fig. 5b, right side), the spin-up channel is still fully occupied for both the xy and xz/yz 

orbitals. The spin-down channel of the xy orbital changes from partly occupied to nearly fully 

occupied, but the spin-down channel of the xz/yz orbitals changes from partly occupied to 

nearly empty, which indicates an electronic configuration of xy(↑↓) xz/yz(↑,↑). The gap is 

opened because of the competition between and the cooperation of the two splittings, i.e., the 

orbital splitting between the xy and xz/yz orbitals and the exchange splitting between the 

spin-up and spin-down channels. Continuous tuning of the parameter /c ab  (Fig. 5c) 

causes the gap value to increase monotonically with decreasing /c ab , and this is 

accompanied by charge transfer from the xz/yz orbital to the xy orbital, as illustrated by the 

systematic variation of the orbital occupancy numbers nxy and nxz/yz in Fig. 5c. LDA+U 

calculations can successfully explain the Mott transition in this series. The sudden flattening 

of the RuO6 octahedron at TN (= TMIT) stabilizes the nearest neighbor AFM structure 

(G-AFM), thus causing charge transfer from the xz/yz orbital to the xy orbital and polarization 



 

of the t2g orbitals. These two effects combine to modify the electronic band structure near the 

Fermi level and thus drive the system into an insulating state. 

The analyses above show how the lattice degree of freedom affects the thermally driven 

magnetic/electronic transitions. Previous studies found that the Mott insulating state of 3% 

Ti-doped Ca3Ru2O7 can be destroyed via non-thermal perturbations, e.g., by application of a 

modest magnetic field (~8 T) or low hydrostatic pressure (~0.04 GPa) [33,34]. Suppression of 

the insulating state by application of a magnetic field or pressure is accompanied by a 

structural transition from a short c-axis phase to a long c-axis phase. This remarkable feature 

indicates that the mechanism for the Mott transition that occurs on cooling in doped Ca3Ru2O7 

also applies to the Mott transition when tuned by application of non-thermal perturbations, 

such as magnetic fields, pressure and electronic fields. 

IV. DEPENDENCE OF TMIT ON STRUCTURAL FLATTENING ABOVE TN 

After disentangling the nature of Mott transition induced by thermal and non-thermal 

perturbations in Mn- and Ti-doped Ca3Ru2O7, the question remains as to why these dramatic 

electronic and magnetic phase transitions can be induced by Ti and Mn doping but cannot be 

induced by Cr, Fe, Co, Ni and Cu doping. As discussed earlier, the Mott transitions that occur 

during temperature sweeps in Mn- and Ti-doped Ca3Ru2O7 are associated with structural 

transitions. We therefore performed structural studies on samples with various dopants. 

Figure 4b shows that the compounds with the G-AFM Mott insulating state have smaller 

/c ab  values than the compounds with the AFM-b localized states below TN. More 

noticeably, this trend also extends to the PM metallic phase, which exists far above TN. Figure 

6 shows plots of the room temperature crystal structure parameters /c ab  for the different 

compounds versus their MIT temperatures. Compounds with the G-AFM Mott insulating 

ground state are represented by the solid dots. Interestingly, we see that TMIT is almost linearly 

dependent on the /c ab  parameter, where a smaller value of /c ab  results in a higher 

value of TMIT. As indicated above, the G-AFM transition is accompanied by an abrupt 

reduction in /c ab  at TN/TMIT (Fig. 4a), which appears to indicate that the structural 



 

flattening may be induced by the magnetic transition. If this was true, the role of 3d element 

doping would be that of tuning of the spin orders via magnetic interactions. However, the 

results that are shown in Fig. 6 do not support that conclusion. The Mott transition 

temperature is predetermined by the crystal structure in the high-temperature PM phase.  

The compositions with the AFM-b ground states are represented by the hollow points in 

Fig. 6. These compositions are characterized by higher /c ab  values than the samples that 

show the G-AFM ground state both below (Fig. 4b) and above TN (Fig. 6). One direct 

implication of the above analysis is that we can probably predict whether the AFM Mott 

insulating state can occur or not based on the /c ab  value at room temperature for any 

Ru-site-doped Ca3Ru2O7 compound. Another implication is that the structural transitions 

drive the magnetic transitions, which provides a clue towards understanding of the 

simultaneous structural and magnetic transitions that occur in many correlated materials 

[42-44]. 

We can now summarize the realization of the Mott transition in doped Ca3Ru2O7 in three 

steps. First, lattice flattening in the high-temperature PM metallic state is caused by Mn or Ti 

doping. Second, static tilting of the octahedron will result in a reduction of the c-axis on 

cooling. In a doped Ca3Ru2O7 system, the /c ab  values for each of the compositions 

decrease on cooling at a similar rate (approximately −3×10−3/100 K for the 

temperature-dependent lattice parameters of Ca3Ru2O7 [28] and 9% Mn doping). Third, when 

/c ab  reaches a critical value, the G-AFM state can be stabilized, as shown in Fig. 4b. A 

charge gap then opens as a result of the combined effects of the G-AFM stabilization and the 

orbital polarization via the LOC. The effects of the first two stages can lead to compensation, 

which is the reason for the linear dependence between the room temperature /c ab  values 

and TMIT. For example, the value of /c ab  for a 10% Ti-doped sample at room temperature 

(3.5858) is smaller than that for the 9% Mn-doped sample (3.5931). This difference is equal 

to a cooling effect of ~67 K. Experimentally, the TMIT of the 10% Ti-doped sample is ~60 K 

higher than that of the 9% Mn-doped sample.  



 

As shown above, doping of ruthenates with Ti and Mn causes much stronger lattice 

distortions in the high-temperature metallic phase than doping with other 3d dopants. This 

nonmonotonic behavior cannot simply be explained by the variations of the ionic radii. Thus, 

the varied doping effects may be related to the different electronic configurations of dopants. 

We performed X-ray absorption near edge structure (XANES) spectrum measurements to 

investigate the valence states of these dopants (see Fig. 7). In Mn-doped Ca3Ru2O7, we found 

that the XANES spectrum shifted from 6555.514 eV for 3% Mn doping to 6556.037 eV for 9% 

Mn doping, which indicated a valence change from Mn3+ for the lower doping concentration 

to Mn4+ for the higher doping concentration. This trend was also observed in Mn-doped 

Sr2RuO4 [45]. XANES spectrum measurements were also performed on Fe-doped Ca3Ru2O7, 

with Fe2O3 powder crystal being used as a reference. Obviously, the absorption edges of the 3% 

Fe- and 5% Fe-doped samples were at higher energies (7129.498 eV and 7129.522 eV, 

respectively) than that of Fe2O3 (7124.004 eV), which indicated a valence that was higher 

than +3. Therefore, the outermost electronic states of the Mn and Fe dopants are Mn4+ (d3) 

and Fe4+ (d4), respectively.  

It may be found that Ti4+
 has fully empty 3d orbitals, and Mn4+ has fully empty spin-down 

t2g orbitals and fully occupied spin-up t2g orbitals. In the two cases, 3d states are all pushed 

away from the Fermi level. The undoped Ca3Ru2O7 is metallic at room temperature, and 

Ru-4d states appear around the Fermi level. The mismatched d-orbital energies cause the bulk 

metallic state to be strongly scattered by Ti or Mn defects, leading to the strong structure 

distortions. On the other hand, Fe4+ have partly occupied d-orbitals appearing around the 

Fermi level, and thus the induced scattering is much weaker. 

 

V. 3d DOPANTS IN TMOs: d0/d3 RULE 

We analyzed some experimental data in other 3d-metal-doped oxides, and realized that the 

above dopant-scattering picture may be universal in correlated systems. Considering a 

transition metal oxide constructed using units of MO6 octahedrons, if the M ion has a d1, d2, 

d4 or d5 configuration, the system should be metallic because the degenerate t2g orbitals are 



 

partly occupied. However, we know that there are many d1, d2, d4 or d5 Mott insulators. Those 

Mott phases surely require specific structural distortions to lift the t2g orbital degeneracy. In 

undoped systems, the structural distortion may be induced by a magnetic transition as 

temperature decreases. At high temperature, these systems are metallic.  

When a 3d-dopant is introduced into these systems, there are two possible outcomes. If the 

d orbitals of the dopant are pushed away from the Fermi level, the dopant could then become 

a strong scattering center for the d-wave current of the high-temperature metallic phase. 

Therefore, the low-temperature Mott phase is enhanced or a new competing insulating 

phase is induced. Because the 3d-orbital is highly localized, the strong scattering center is 

very likely to have a 3d0 or 3d3 configuration. The mechanism is illustrated in Fig. 8. Each 

Mn4+ ion carries three 3d electrons occupying the t2g spin-up subband according to 

intra-atomic Hund's rule. If another electron is put to the site occupied by a Mn4+ ion, this 

electron must occupy the next available state, i.e. the t2g spin-down subband or the eg spin-up 

subband which is above the Fermi level[46,47]. This process surely costs additional energy. 

For Ti-doped samples, if another electron is put to the site occupied by a Ti4+ ion, it must 

occupy the Ti t2g subband, which is also above the Fermi level according to the DFT 

calculations[23], thus causing the energy to increase. Therefore, either Mn4+
 (3d3) or 

Ti4+(3d0)-occupied site is reasonably expected to be a strong scattering center due to the 

presence of an effective repulsive-potential barrier. The effects of strong scattering centers 

(3d0 or 3d3 impurities) in ruthenates have been experimentally observed via scanning 

tunneling microscope (STM) measurements, such as the Freidel-like oscillations in Ti-doped 

Sr2RuO4 [48] and the local density of states (LDOS) modulations and quasiparticle 

interference effects in lightly Ti-doped Sr3Ru2O7 [49]. 3d3/3d0 strong scattering centers 

modify the local electron cloud configuration, thus resulting in local structural distortion. The 

strain field leads the local structural distortion to extend to the whole structure[50]. This 

mechanism reasonably explains why we could observe remarkable structural change even 

though the doping concentration is low.  

In contrast, if the d orbitals of the dopant appear on the Fermi level, the dopant forms a 

weak scattering center. The doping effects of these dopants mainly result from carrier 



 

injection, which may then weaken the low-temperature Mott phase. This accounts for the Fe-, 

Cr-, Co-, and Ni-doping effect in Ca3Ru2O7. 

Using the explanation above, we can then understand the phase diagrams of 

3d-element-doped Ca3Ru2O7 and other 3d-element-doped ruthenates. The ground states of 

Sr2RuO4 and Sr3Ru2O7 are both metallic. By Ti4+(d0) and Mn4+(d3) doping, AFM Mott 

transitions are induced in Sr2RuO4 and Sr3Ru2O7, respectively. The room temperature /c a  

is reduced ~0.32% by 10% Ti doping in Sr2RuO4 [18], ~0.33% by 10% Mn doping in 

Sr2RuO4 [45], and ~0.47% by 6% Mn doping in Sr3Ru2O7 [51]. More significantly, the MIT 

temperatures of Sr2(Ru1-xTix)O4 and Sr3(Ru1-xMnx)2O7 also show linear dependences on their 

room temperature /c a  values, as shown in Fig. 9 [18,51].  

Such a picture of 3d0/3d3 strong scattering centers also accounts for the metal-to-insulator 

transition induced by Cr/Al doping in the 3d system V2O3. V2O3 caused great research interest 

since 1969, when its unusual phase diagram was discovered [52,53]. This compound 

transforms from a high-temperature corundum-structured paramagnetic metallic phase into a 

low-temperature monoclinic antiferromagnetic insulating phase at TN ~ 150 K. When doped 

with Ti3+ or Cr3+ions, V2O3 exhibits very different properties [52,54]. Upon substitution of 

V3+ by Ti3+, the Néel temperature decreases and the antiferromagnetic phase vanishes for Ti 

doping of more than 5%. In contrast, substitution of V3+ by Cr3+ causes the Néel temperature 

to increase and it reaches ~180 K for 1.8% Cr doping. For higher Cr concentrations, TN 

remains constant and the transition is then to a paramagnetic insulating phase. V2O3 is 

composed of VO6 octahedrons and is a d2 system. Ti3+ and Cr3+ dopants in V2O3 have local d1 

and d3 configurations, respectively. Based on our conclusions above, the complex phase 

diagram of V2O3 can be explained phenomenologically. The d3 dopant Cr3+ enhances the 

AFM Mott phase and induces a competing paramagnetic insulating phase, while the d1 dopant 

Ti3+ conversely weakens the AFM Mott phase. Interestingly, Al3+ doping was found to have a 

similar effect on V2O3 to that of Cr3+ doping [55]. If Al is regarded as a d0 dopant, the 

experimental results are then consistent with our explanation. As shown in Table 1 below, 3% 

Cr or Al doping causes TN to increase from ~ 150 K to ~ 187 K. According to our proposed 

explanation, the LOC-induced or enhanced Mott transition requires significant structural 

distortions. In Ca3Ru2O7, Sr2RuO4, and Sr3Ru2O7, the critical structural distortions are 



 

described using the parameter c/a. In the Mott transition of V2O3, the critical structural 

parameters were indicated to be the V-V bond length (face sharing octahedron) and the c/a 

parameter [56]. The Cr3+ and Al3+ dopants have large and similar influences on the structure, 

and the Ti3+ dopant has a much weaker influence, as shown in Table 1.  

We further found this picture can be applied to 5d systems, for example, Sr2IrO4 is a 

well-known spin-orbital Mott insulator with a long-range canted AFM structure. With 10% 

Mn4+ (3d3) dopants, a new long-range magnetic structure with insulating state emerge through 

a reordering of the spins from the basal plane to the c-axis, indicating that a new competing 

insulating phase is induced[57]. We also note that the picture may be applied to some 

nonoxides, BaVS3 experience a MIT at ~ 70 K associate with a structural transition from 

orthorhombic to monoclinic. As few as 2% Ti4+ (3d0) dopants increased this transition 

temperature to ~ 250 K, indicating that the low-temperature Mott insulating phase is 

enhanced[58,59].  

The above discussion shows that the proposed picture can explain some unusual 

phenomena in doped Mott systems, even the microscopic mechanism is unknown. Conversely, 

the picture may also help us to understand the Mott physics of undoped systems. To detect the 

relationships between the Mott transition and lattice, orbital degrees of freedom, we can 

deliberately introduce specific 3d dopants, acting as strong scattering centers, to a given 

system, and then measure the resulting responses.  

VI. CONCLUSIONS 

In summary, we indicated that the G-AFM Mott transitions that occurred in Ca3Ru2O7 as a 

result of Mn or Ti doping can be unified into a simple picture of lattice-orbital coupling. The 

MIT temperature is found to be predetermined by the critical structural parameter /c ab  at 

room temperature. We disclosed that the induced Mott transition originates in the strong 

scattering centers formed by these dopants. This type of dopant-scattering picture is universal 

for correlated systems, and it will help us to understand some previously controversial 

phenomena. We believe that that our findings will open a new thought to understand or tailor 

the physical properties of TMOs. 



 

 

APPENDIX: EXPERIMENTAL METHODS 

The single crystals that were used in this study were grown by the floating-zone technique. 

All samples that were used in the experiments were tested via X-ray diffraction (XRD) 

measurements and were shown to be composed of pure bilayer phases. The success of the 

doping of 3d dopants into the single crystals was confirmed by energy-dispersive X-ray 

spectroscopy (EDS). The real compositions are generally consistent with the nominal 

compositions when the doping level is less than 5%. However, the real compositions are 

smaller than the nominal ones when the doping level is more than 5%. The resistivity of the 

samples were measured via the four-probe method and an adiabatic relaxation technique, 

respectively, in a physical property measurement system (PPMS, Quantum Design). The 

magnetization measurements were performed using a superconducting quantum interference 

device (SQUID, Quantum Design) magnetometer. The neutron scattering measurements were 

performed using the HB1A thermal neutron triple-axis spectrometers at Oak Ridge National 

Laboratory. The X-ray absorption data at the Mn and Fe K-edges were recorded at room 

temperature in transmission mode at beamline BL14W1 of the Shanghai Synchrotron 

Radiation Facility (SSRF), China. The structural studies were performed by various methods, 

including neutron scattering measurements and XRD measurements. Rietveld refinements 

performed using the General Structure Analysis System (GSAS) code were used to analyze 

the XRD data, which were then collected via a step mode on the diffractometer (Rigaku TTR 

III) using powdered single crystals for each composition. Single-crystal XRD analysis was 

carried out using a Rigaku Saturn 724+ charge-coupled device (CCD) diffractometer. The 

single-crystal neutron measurements were performed using the HB1A thermal neutron 

triple-axis spectrometers at Oak Ridge National Laboratory. Details of the determination of 

the structural parameters, including the error bars, are stated in the Supplementary Material 

[60]. 
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FIG. 1. (a) Magnetic and electronic phase diagrams of Ca3(Ru1-xMnx)2O7 and Ca3(Ru1-xFex)2O7, 
where IM represents the intermediate magnetic state; boundaries among the various magnetic 
states are indicated by solid/dashed lines. Metallic (white), localized (yellow) and insulating 
(blue) electronic states are represented by the different colored zones. (b) Schematic diagrams 
of the magnetic structures AFM-b and G-AFM. 

  



 

 

 

FIG. 2. (a) Temperature dependence of magnetic susceptibility under a 5000 Oe magnetic 
field for Ca3(Ru0.95Mn0.05)2O7. The integrated intensity of the magnetic Bragg reflections was 
measured via neutron diffraction at (1 0 2) for Ca3(Ru0.95Mn0.05)2O7. (b) Temperature 
dependence of magnetic susceptibility under a 5000 Oe magnetic field that was applied along 
both the a- and b-axes for Ca3(Ru0.95Fe0.05)2O7. (c) In-plane resistivity  of Ca-

3(Ru1-xMnx)2O7 (where x = 0.01, 0.03 and 0.05). (d)  values of Ca3Ru2O7 and 
Ca3(Ru1-xFex)2O7 (where x = 0.02, 0.05 and 0.06). A monotonic increase in TN and monotonic 
reduction of TMIT are both clearly observed. 



 

 

FIG. 3. (a) abρ  characteristics of Ca3Ru2O7 and 5% Cu-, Fe-, Co-, Ni-, Mn- and Ti-doped 

Ca3Ru2O7 samples. (b) Temperature dependences of magnetic susceptibilities under a 5000 
Oe magnetic field along the a-axes of the 5% Fe-, Ni-, Mn- and Ti-doped Ca3Ru2O7 samples. 

  



 

 

 

FIG. 4. (a) Lattice parameters a, b and c of Ca3(Ru0.91Mn0.09)2O7 and Ca3(Ru0.95Fe0.05)2O7 

versus temperature. (b) Dependence of the total energy on the structural parameter /c ab  

for the AFM-a/b and G-AFM magnetic states, as obtained via DFT calculations. Vertical lines 

indicate the /c ab  parameters that were derived from experimental data for Ca3Ru2O7 at 

40 K [28], 3% Ti doping at 50 K [23], 5% Fe doping at 30 K, 9% Mn doping at 35 K, 10% Ti 
doping at 90 K and 3% Ti doping at 30 K [23].  

  



 

 

FIG. 5. (a) Schematic diagram showing energy levels of 4d orbital for two states with 
undistorted and flattened octahedrons. (b) Calculated PDOS of the t2g orbitals of Ru for 

normal and small /c ab  ratios. (c) Calculated dxy and dxz/yz orbital occupancy numbers and 

band gap values as a function of the structural parameter /c ab . 

  



 

 

FIG. 6. Relationship between TMIT and /c ab  at 300 K for materials with the G-AFM 

insulating ground state (9% Mn-, 8% Mn-, 5% Ti- , 8% Ti-, 10% Ti-, 15% Ti-, 20% Ti-doped 
samples [22]) and for materials with AFM-b localized or metallic ground states (3% Mn- and 
2% Fe-doped samples and Ca3Ru2O7 [28]). 

  



 

 

 

FIG. 7. (a) Normalized XAFS spectra of the Mn-K edges of 3% and 9% Mn-doped Ca3Ru2O7. 
(b) Normalized XAFS spectra of the Fe-K edges of 3% and 5% Fe-doped Ca3Ru2O7 and 
Fe2O3. 

  



 

 

FIG. 8: The relative crystal-field-split energy levels of Ru, Mn and Ti ions for 
Ca3(Ru1-xMx)2O7 (M = Mn or Ti) system[46]. 

  



 

 

 

FIG. 9. Relationships between TMIT and /c a  at 300 K for Sr2(Ru1-xTix)O4 and 

Sr3(Ru1-xMnx)2O7 [18,51]. 

  



 

 Dopant 
configuration 

TN V-V(face 
shared) 
(300K) 

/c a (300K) 

V2O3  ~ 150 K ~2.700 ~2.828 

~3% Cr d3 ~ 187 K ~2.748 ~2.785 

~3% Al  d0 ~ 187 K Not reported ~2.78 

~3% Ti  d1 ~ 100 K ~2.706 ~2.82 

 

Table 1. Magnetic transition temperature and room temperature structural parameters for 
V2O3 and Cr-, Al- and Ti-doped V2O3 [54,55]. 


