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a b s t r a c t

The magneto-optical spectrum, with magnetic fields up to 42 T, of double layered ruthenates
Ca3(Ru0.91Mn0.09)2O7 (CRMO) single crystal is studied. Both the temperature and magnetic field induced
insulator-to-metal transitions (IMTs) are observed via magneto-optical properties of the crystal. The crit-
ical magnetic field (H // c) of IMT for CRMO is found to be as large as 35 T at 5 K. The fine structure of
optical spectra identified the antiferromagnetic/ferro-orbital-ordering configurations of Ru 4d orbitals
at low temperatures. Meanwhile, the configuration of orbital polarization of such double-layer CRMO sin-
gle crystal is discussed. These results suggest that the orbital degree of freedom plays an important role in
the field induced IMT of multi-orbital system.

� 2018 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

The insulator-metal transition (IMT) has been one of the most
studied phenomena in condensed matter physics area [1]. It is
not only promising in new generation of information technology
related applications, but also fundamentally important for study-
ing the underline physics of correlated electronic systems. In the
Hubbard model that only considers electrons in a single band,
either carrier doping or tuning of the ratio U/W between the typical
strength of local Coulomb repulsion (U) and the typical kinetic
energy of the relevant electrons (W) can achieve a transition from
the metallic state to a Mott insulating state or the inverse [1–4].
However, on the experimental side, IMTs are most often encoun-
tered in correlated electronic systems, especially d-electron sys-
tems, which cannot be simply considered as single band. In these
materials, the orbital quantum number specifies the electron den-
sity distribution in crystal, hence providing a link between mag-
netism and structure of the chemical bonds. When the symmetry
of the crystal field experienced by a magneto-active d-electron is
Elsevier B.V. and Science China Pr
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high, orbital degeneracy becomes an important and unavoidable
source of complicated behavior here.

Ruddlesden-Popper series ruthenates, (Sr, Ca)n+1RunO3n+1,
where n is the number of RuO2 layers per unit cell, is one of the cor-
related electronic systems that hold IMT and the multi-band model
should be considered [5,6]. There are four electrons in the t2g orbi-
tals of the 4d level for Ru4+ and the orbital degrees of freedom are
active. In single layer ruthenates Ca2–xSrxRuO4, the IMT occurs in
the Ca-rich region by varying either the Sr content or the temper-
ature [7]. Orbital degree of freedom is found to play an important
role in both cases. An orbital-selective Mott transition picture is
proposed to explain the IMT by varying the Sr content [8]. Orbital
ordering is found to happen simultaneously with the temperature
driven IMT in Ca-rich region (x < 0.2) [9,10]. Though there are still
debates about its concrete form, the importance of orbital ordering
in this IMT can never be neglected [10–13].

In addition to single layer systems, the double layer ruthenates
also exhibit intriguing IMTs. Floating zone grown single crystalline
Ca3Ru2O7 exhibits a quasi-2D metallic ground state with FM bilay-
ers coupled antiferromagnetically along c-axis [14–17]. With about
3% Ti or 4% Mn doping, the magnetic ground state switches to a
G-type AFM state which is characterized by the nearest-neighbor
AFM coupling for both the in-plane and c-axis directions [18–20].
ess. All rights reserved.
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Fig. 1. (Color online) Electrical transport and optical spectroscopic properties of
CRMO crystal. (a) Temperature dependent of resistivity of CRMO measured within
ab plane. The arrowhead pointing at 60 K represents IMT. (b) Photon energy
dependent of normalized reflectance of CRMO at different temperatures with zero
magnetic fields.
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Meanwhile, the electronic state experiences a transition from
quasi-2D metal to a Mott insulator. This Mott insulating state
induced by chemical doping can also be suppressed by external
magnetic field or hydrostatic pressure [21,22]. This is an uncom-
mon phenomenon. In a half-filled single-band Hubbard model,
the magnetic field is predicted to induce the competition between
the local antiferromagnetic exchange and the Zeeman energy,
resulting in a metal to insulating transition such as the quasi-
two-dimensional organic conductor j-(BEDT-TTF)2Cu[N(CN)2Cl
[23–26]. However, for a magnetic field induced insulating to metal
transition, the generic theoretical description is still lack. For half-
doped manganites, the field induced IMT is ascribed to the melting
of charge ordering between Mn3+/Mn4+ or orbital ordering state
[27]. The 9% Mn doped Ca3Ru2O7 is far from half doping or 1/4 level
doping. So, the charge ordering should not exist in the CRMO,
which implies the orbital ordering should be the most possible sce-
nario here.

Optical spectroscopy has been used as a powerful tool to probe
the orbital degree of freedom in correlated electronic systems
[9,11,28]. It also provides a non-contact and non-destructive envi-
ronment, and is compatible to the high magnetic field with low
temperatures. Up to date, optical spectroscopic study has been per-
formed on the metallic side with ferromagnetic bilayers of the
dopants induced Mott transition in double layer Ca based ruthen-
ates system [29], but never on the insulating side with G-type AFM
structure. In this work, we studied magneto-optical spectroscopy
of a typical double layer ruthenates CRMO single crystal, which
showed G-AFM Mott insulating ground state, by utilizing the opti-
cal spectroscopic technique with the application of high magnetic
fields along c-axis up to 42 T. A large BC � 35 T for IMT was found
in such compound at 5 K. It decreased with the increase of temper-
ature. In addition, several features of electronic band structure
were unraveled by the field and temperature dependence of optical
spectra. These magneto-spectra proposed the antiferromagnetic/
ferro-orbital-ordering (AFM/FO) configurations of Ru 4d orbitals
at low temperatures, as well as the possible existence of phase
separation at the critical conditions near the IMTs.
2. Experimental methods

The CRMO single crystals studied here were grown by floating-
zone technique [30]. The measurement for the reflective spectral
was conducted under pulsed magnetic fields up to 42 T at Wuhan
National High Magnetic Field Center. The CRMO was placed into
the center of magnet with an optical probe. The illuminating light
from bromine-tungsten lamp was guided into the probe using a
fiber and was focused onto the sample by a micro quartz lens.
The reflected light was collected by another fiber and then be
guided into a near infrared spectrometer (Princeton Instruments).
The electrical transport properties of CRMO crystals with zero
and low magnetic fields were measured using the four-probe
method in the Physical Properties Measurement System (PPMS,
Quantum Design). The electrical transport properties in high mag-
netic fields of CRMO crystal were carried out on the �35 T dc-
resistive magnet at China High Magnetic Field Laboratory in Hefei.
3. Results and discussion

Electronic transport of CRMO single crystal was measured per-
pendicularly with ab plane and the temperature dependence of
resistivity was presented in Fig. 1a. Above 60 K, the CRMO crystal
showed metallic behavior and the resistivity was lower than
1.1 � 10–3 X cm. With sample cooling down further, a sharp metal
to insulator transition happened at TIMT (=TN) � 60 K. The resistiv-
ity got a rapid four orders enhancement from 8 � 10–4 X cm at
60 K to 11X cm at 50 K. It reached 60X cm when the sample
was further cooled down to 2.2 K.

To reveal the electronic properties of CRMO, the near-infrared
reflection measurements were performed with pulsed high mag-
netic fields up to 42 T. Near normal incident reflectivity spectra,
reflectance (hv), were measured between 0.776 and 1.08 eV in a
single magnetic pulse. The sample temperature was controlled by
using a liquid helium cooled cryostat with a temperature range
from 5 to 300 K. To present the field and temperature induced
IMT efficiently, the reflectance spectra shown in this paper were
normalized by dividing them by their maxima. Typical near-
infrared reflectance spectra of CRMO measured at different
temperatures were present in Fig. 1b. Judging from the shape
and tendency, the photon energy (hv) dependent spectra can be
categorized into two groups. At high temperatures above 60 K,
the reflectance of CRMO increases rapidly with decreasing of hv
at first when hv > 0.912 eV. It follows a dip-peak around
0.897 eV, which is coming from the discontinuous spectra of the
optical spectrometer. Then, the reflectance decreases with hv
decreasing when hv < 0.88 eV except a small and broad valley
occurred around 0.85 eV. It is found that the reflectance spectra
were almost same to each other at all measured temperatures
when T > 60 K, indicating the little fluctuation of electronic state
above TIMT. When the sample was cooled further, the reflectance
spectra change suddenly around TIMT � 60 K. Comparing with the
high temperature cases, the reflectance obtained below TIMT is rel-
ative higher at hv > 0.912 eV and lower at hv < 0.88 eV. It is inter-
esting to find that the small valley around 0.85 eV disappears
and a broad valley around 1.03 eV (marked as a) emerges below
TIMT. Moreover, the valley a becomes deeper with cooling down
of the sample from 45 to 5 K as shown in Fig. 1b.



22 X. Xu et al. / Science Bulletin 64 (2019) 20–25
The valley a in the spectra, corresponding to a peak of photon
conductivity, was also observed in Ca2RuO4 in the AFM Mott insu-
lating state [9,13]. In CRMO crystal, Ru4+ ions have four d-electrons.
Considering the large energy splitting between eg and t2g states, all
four electrons are thought to be t2g electrons. Therefore, the 3-
orbital model is considered. It has been reported that the CRMO
have antiferromagnetic (AFM) coupling between nearest neighbor
Ru sites [31]. Three possible electronic configurations and their
corresponding RuO6 octahedral distortion are exhibited schemati-
cally in Fig. 2a–c. Fig. 2a shows a classical ferro-orbital ordering
(FO), in which the dxy orbital is expected to be dominantly occu-
pied. However, this AFM/FO electronic configuration forbids the
charge transfer from the occupied dxy on one Ru site to the unoccu-
pied dxy component on a neighboring Ru site with opposite spin
directions. Hotta and Dagotto [12] proposed the ‘‘antiferro-orbital”
ordering (AFO) configuration as shown in Fig. 2b. In this AFM/AFO
electronic configuration, dxy orbital is dominantly occupied on one
Ru site, and on a neighboring Ru site, dxz or dyz orbital is domi-
nantly occupied. In this case, the charge transfer from the occupied
dxy on one Ru site to the unoccupied dxy component on a neighbor-
ing Ru site with opposite spin is allowed. But this model is not con-
sistent with structural measurement performed in CRMO and
similar compounds (Ca3(Ru0.9Ti0.1)2O7, Ca3(Ru0.97Ti0.03)2O7)
[10,11,18]. In our previous report, it was found that the c axis of
CRMO is shortened by �0.52% below TIMT and b axis is elongated
accordingly by �0.75%; simultaneously, the a axis remains almost
unchanged across the phase transition, which suggests a flattening
of RuO6 octahedron below 60 K [31]. Moreover, based on the X-ray
diffraction (XRD) measurements, the RuO6 tilting angle h was
obtained as shown in Fig. 2d. Below TIMT (�60 K), the h of CRMO
vary >10� and it increases with the decrease of temperature. Such
a large tilting will cause hybridization of dxy orbital and dxz/yz orbi-
tal especially at low temperatures. Based on the results of both flat-
tening and tilting of RuO6 octahedron in CRMO, a new
antiferromagnetic spin and ferro-obital (AFM/FO) configuration
should be considered as shown in Fig. 2c. In this electronic config-
uration, the larger structural distortion in CRMO will cause the
three t2g orbitals to hybridize with each other. To confirm this sce-
nario and understand the relationship between the structural and
electronic configuration clearly, we performed local-density
approximation (LDA) + static U calculations for CRMO crystal
[31]. Theoretical study shows that, below TIMT, a gap of �1.0 eV
is opened within the three t2g orbitals. The dxy orbital is almost
Fig. 2. (Color online) The schematic band structures and the tilting behavior of RuO6 octa
model of AFM/FO configuration, (b) is the AFM/AFO model proposed by Hotta and Dag
coulomb repulsion which spilt the spin up and spin down channel of Ru 4d orbital. T
one Ru site to the unoccupied dxy component on a neighboring Ru site. (d) Temperature
fully occupied [31]. However, there is still a small unoccupied
pocket for dxy above the Fermi level due to the orbital hybridiza-
tion caused by the tilting of RuO6 octahedrons [31]. Consequently,
it is quite possible that the charge transfer (�1.03 eV) from the
occupied dxy on one Ru site to the unoccupied dxy component on
a neighboring Ru site can be identified as the valley a observed
in our spectrum measurement. The illustration of this charge
transfer was shown in Fig. 2c.

In order to identify the structural phases crossing the metal-
insulator transition. The rietveld refinements for XRD patterns
were done. It was found that the XRD patterns obtained in whole
measurement temperature ranges can be well fitted by single
Bb21m phase (see details in the Supplementary Data). It indicates
that there is only isostructural phase transition (no space group
change) accompanying with the metal-insulator transition, though
there are sudden changes of lattice parameters and bond angles
around TIMT. With temperature increase, the tilting angle decreased
and reached a minimum at �60 K as depicted in Fig. 2d. As a result,
the mixture of dxy orbital to dxz/yz orbital as well as pocket for dxy
above the Fermi level decreased and weakening of valley a was
observed. For the temperatures higher than 60 K, the collapse of
AFM/FO configuration would suppress the hopping at such energy
scale and the valley a disappeared (Fig. 1b). Another puzzling fea-
ture is the valley in reflectance at �0.85 eV for T > TIMT, which
should be corresponding to another peak in optical conductivity
spectrum. Usually, in a metallic phase, no anomaly should be
observed in optical conductivity. This feature needs to be further
explored.

In addition to temperature-driven IMT, influences of magnetic
field on IMT and optical spectra were also explored. The typical
optical spectra results obtained at 5, 45, and 65 K with magnetic
fields perpendicular the ab plane up to 42 T were shown in
Fig. 3. It was found that the high magnetic field had obvious effect
on the spectra at temperatures below TIMT. At 5 K, for instance, the
spectra of CRMO crystal remained almost unchanged when exter-
nal magnetic field was lower than 35 T, and it changed suddenly
when the fields exceeded the critical magnetic field BC � 35 T
(Fig. 3). Comparing with the spectra shown in Fig. 1b, it is found
that the magneto-spectra for B > BC were similar to those spectra
obtained at T > TIMT without magnetic field. This indicates that a
high magnetic field induced IMT occurs when the magnetic field
B > BC. The critical magnetic field BC of IMT decreases with increas-
ing temperature. Moreover, the sharp transition become broad,
hedral in CRMO crystal. (a) Electronic configurations and lattice structures with ideal
otto [12] and (c) is another AFM/FO configuration discussed here. The U is on site
he green arrow presents the charge transfer (valley a) from the occupied dxy on
dependent of tilting angle h of RuO6 octahedral.



Fig. 3. (Color online) Photon energy dependent reflectance of CRMO single crystal
with different magnetic fields measured at (a) T = 5 K, (b) T = 45 K, (c) T = 65 K.

Fig. 4. (Color online) Magnetic field dependent reflectance which collected at
(a) hv = 1.08 eV, (b) hv = 0.828 eV respectively. And (c) is the magnetic field
dependent of resistance of CRMOmeasured perpendicular with ab plane at different
temperatures.
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some intermediate states could be found as shown by the green
cure in Fig. 3b. For the temperatures higher than TIMT, CRMO crystal
is metallic and the magnetic field effect becomes negligible
(Fig. 3c).

Besides the field induced IMT, the variations of spectral fine
structure caused by magnetic fields were also worthwhile noting
as shown in Fig. 3. For example, the depth of valley around
1.03 eV (valley a) changed with variation of magnetic fields when
T < TIMT. At 5 K, valley a could still be found even B > BC. For the
45 K, while, the valley a almost disappears when the field exceeds
28 T. As mentioned above, the valley a was related to the charge
hopping of Ru 4d orbitals with the AFM/FO configuration. The
AFM/FO configuration was described in Fig. 2c. The application of
high magnetic field could suppress the AFM/FO configuration as
well as the charge hopping at such energy scale. Consequently,
the depth of valley in our reflectance spectra decreased with
increasing of magnetic fields. It disappeared when the antiferro-
magnetic spin configuration was destroyed totally when the field
was >28 T at 45 K (Fig. 3b).

To demonstrate the high magnetic field induced IMT in CRMO
crystal further, the relative reflectance spectra at selected photon
energy were collected as function of magnetic field applied along
c-axis. The typical data obtained at different temperatures with
hv = 1.08 and 0.828 eV were shown in Fig. 4a and b, respectively.
With hv = 1.08 eV and the temperatures below TIMT, the relative
reflectance decreased slowly at first and dropped rapidly when
magnetic field exceeded the critical value, i.e., BC. It is obvious that
the BC decreased with the increase of temperature, and they were
35, 31, and 24 T for 5, 3, and 45 K, respectively. Above TIMT, no field
induced phase transition existed and then the relative reflectance
varied slowly with fields within the whole measurement range.
Similar results could be found in the collected data with
hm = 0.828 eV and their field dependences of relative reflectance
had opposite variation tendencies to those of 1.08 eV case
(Fig. 4b). To confirm the relationship between the magnetic field
effect on the optical spectra and the field-driven IMT, the magnetic
field dependent resistivity (ab plane) of CRMO was measured with
magnetic fields up to 33 T. The typical results measured at 40, 45,
and 65 K are shown in Fig. 4c. It is found that an obvious insulator
to metal transition occurs around 24 and 27 T for 45 and 40 K
respectively, which is consistent to the optical measurement
results shown in Fig. 3a and b. This feature indicates that the
magneto-optic spectrum is a useful tool to explore the phase tran-
sition and the electronic configurations/orbital state in correlated
electron oxides. Combined with other high-field measurements
(e.g., magnetic field dependent-transport measurement,
-magnetic measurements, -XRD), a paradigm of interaction
between orbital, charge, spin and lattice degrees of freedom can
be established.

By summarizing the temperature and magnetic field depen-
dence of optical spectral properties and transport properties, the
B-T phase diagram of CRMO crystal was plotted in Fig. 5. The
ground state of CRMO was antiferromagnetic insulator and it could
be driven to ferromagnetic/metallic state by magnetic field or
paramagnetic/metallic state by temperature. They were presented
as field-stabilized ferromagnetic (FFM) and paramagnetic/metallic
(PM) state respectively here. In this phase diagram, the BC and TIMT

are utilized as phase boundary. At low temperatures below 20 K,



Fig. 5. (Color online) B-T phase diagram of CRMO derived from reflectance-photon
energy. Yellow colored region indicates AFM/FO phase; the green colored region
indicates the intermediate phase with CAFM structure; white colored region in high
magnetic field or high temperature indicate FFM or PM state. Shadow region
represent AFM/FO and PM phase coexistence. Insets: schematic diagrams of G-type
AFM and FO configurations.
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the BC was >30 T. With increasing of temperature, the phase
boundaries, i.e., BC, dropped and a dome structure of insulator
phase formed eventually. An intermediate phase with possible
canted antiferromagnetic (CAFM) structure emerges. This CAFM
phase was previously observed in parent compound Ca3Ru2O7

and Ti doped Ca3Ru2O7 unveiled by field dependent-Neutron mea-
surements [17,21]. As revealed by the magneto-optical spectra
observed here, the temperature and magnetic field induced IMT
were accompanied by a variation of AFM/FO configurations of Ru
4d orbitals. It has been proven that CRMO has a G-type AFM
ground state and the spins of all nearest Ru ions are antiferroic
to each other [20]. Our observation by magneto-spectra might fur-
ther suggest that the orbital occupation of 4d electrons were FO for
nearest Ru neighbors.

For the magneto-optical characterization of IMT in CRMO single
crystal, one point should be noted that the optical spectra of metal-
lic state driven by temperature are different from that driven by
magnetic fields. For instance, the valley a in the spectra disap-
peared at high temperature within paramagnetic/metallic state
(Fig. 1b), while it was weakened but still existed for the field driven
case, even the applied magnetic field was larger than BC at 5 K
(Fig. 3a). As aforementioned, such valley corresponded to the
charge hopping of Ru 4d orbitals within an AFM/FO configuration.
The remaining of the valley a for the field-driven IMT case might
imply that there still existed AFM/FO phases, though the main part
of the CRMO crystal were melted to ferromagnetic/metallic state
by the magnetic fields (shadow part in Fig. 5). This feature implies
that the phase separation may exist in the critical conditions near
the IMT. At higher temperatures, such as 45 K, the AFM/FO phase
was not as robust as the state at 5 K and it could be fully destroyed
when the magnetic field was set up to B � 31 T.

In view of critical phenomenon, it was interesting to find that
the critical parameters, i.e., TIMT and BC for IMT of such CRMO crys-
tal, were higher than other ruthenates (Actually, there were com-
plex phase transition in the Ca3(Ru(1–x)Mx)2O7 (M = Mn, Ti, Cr, Fe,
etc.), but it was very similar for the Mn and Ti doped Ca3Ru2O7).
In Mn (>4%) and Ti (�3%) doped Ca3Ru2O7, with temperature
decreased, a Mott transition from paramagnetic (PM) metal to
G-AFM Mott insulating state was induced [18,20]. In these
G-AFM Mott insulating state ruthenates, the TIMT and BC have pos-
itive correlation with different doping concentrations. For example,
the TIMT was 46 K for 3% Ti-doped Ca3Ru2O7 [18], and 82 K for 5%
Ti-doped Ca3Ru2O7 [21]. Meanwhile, the BC increased consistently.
It was about 9 T for 3% Ti-doped Ca3Ru2O7 (TIMT = 46 K). For 5%
Ti-doped Ca3Ru2O7 (TIMT = 82 K), no magnetic field-induced IMT
was observed up to 80 K with the magnetic field applied up to
9 T [21].

Such a strong correlation between the critical field of the field
induced IMT and TIMT are also found in other correlated electronics
systems, e.g. perovskite manganites. In these manganites, the TIMT

was 158 K for Nd0.5Sr0.5MnO3, while it increased to 250 K for
Pr0.5Ca0.5MnO3 and became as high as 270 K for Sm0.5Ca0.5MnO3

[32–34]. Meanwhile, the BC was 11, 27 and 50 T at 4.2 K for
Nd0.5Sr0.5MnO3, Pr0.5Ca0.5MnO3, and Sm0.5Ca0.5MnO3, respectively
[35]. In correlated electronic oxides, the multiple degrees of
freedom (spin, charge, orbit and lattice) were coupled with each
other [35], and the phase transitions related to each degree might
happen simultaneously. Actually, the temperature/field induced
IMTs (charge degree) in manganites mentioned above were
accompanied by both antiferromagnetic-to-paramagnetic (spin
degree) and orbital ordering to orbital disordering (orbit degree)
transitions [1,33]. It was also believed that the extremely high BC
in the half-doped manganites came from the existence of robust
orbital ordering [33]. For the 9% Mn doped Ca3Ru2O7 compound
studied here, the higher TIMT and BC might also originate from
the existence of multiple ordering states.
4. Conclusions

In summary, we had studied the IMT of CRMO compound by
magneto-optical spectra in high magnetic fields. The details in
spectra suggested the charge hopping of Ru 4d orbitals within an
antiferromagnetic spin and ferro-orbital (AFM/FO) configuration.
The large BC required for the IMT below 60 K might be assigned
to the existence of multiple ordering states.
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