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The magnetic ground state of CaRuOj; is mystifying as it is poised on the verge of a quantum critical point.
Minute perturbations via strain, chemical doping (or inhomogeneity or protonation), temperature, etc., alter
the magnetic ground state of the system. The unit cell volume gets squeezed by 0.6% with 15% Cr doping in
CaRuOj;. Here we study temperature-dependent neutron diffraction, neutron depolarization, magnetization, and
Raman spectroscopy to understand the magnetism and its correlation with crystal structure. The bulk magnetiza-
tion data indicate a possible weak ferromagnetic order below 100 K, which is well supported by the spin-phonon
coupling below T¢. Finally, the neutron depolarization analysis confirms about the ferromagnetic ground state
below 100 K in 15% Cr-doped CaRuOs;. The effect of Cr doping in combination with temperature-dependent
structural modulations found to be the origin of ferromagnetism in CaRuOs.

DOI: 10.1103/PhysRevB.110.184425

I. INTRODUCTION

Investigation of low-temperature structural and magnetic
coupling in functional ABO;3 perovskite-type oxides is an at-
tractive area for research and applications [1]. The adjustment
between electron-electron interactions, spin-orbit coupling
(SOC), and crystal field (CF) gives rise to several complex
magnetic ground states in perovskite oxides [2-5]. In addition,
the ability to tailor the physical properties by adjusting exter-
nal parameters such as pressure, temperature, and chemical
doping makes perovskites incredibly valuable. These external
perturbations induce various structural distortions such as ro-
tation of BOg octahedra [6], polar ion displacement (induced
ferroelectricity) [7], and octahedra distortions (Jahn-Teller
distortion) [8]. There are two most prevalent structures in
perovskites: R — 3¢ with tilt system a~a~a~ (Glazer’s nota-
tion [9]) and Pnma with tilt a~b"a~. Particularly interesting
Ru-based perovskites are the members of strongly corre-
lated systems with the orthorhombic Pnma structure [10].
The orthorhombic distortion, driven by octahedral tilting and
rotation, can be significantly adjusted by varying the ionic
size, which in turn alters both the B-O-B bond angle and the
B-0 bond length. The structural deformation and its effect on
the electric, magnetic, and spectroscopic characteristics are
adequately demonstrated in the Ru-based perovskite CaRuO3
[10,11]. Reports found that the CRO is near to the Mott
insulator transition boundary [12,13]. Even though SrRuOj;

“Contact author: kpooja@iitk.ac.in
fContact author: chanchal @iitk.ac.in

2469-9950/2024/110(18)/184425(10)

184425-1

and CaRuO; both possess similar electronic properties, both
have different magnetic ground states. The magnetic ground
state of CaRuO3 is controversial to date, being poised among
paramagnetic (PM) [14], ferromagnetic (FM) [15], and anti-
ferromagnetic (AFM) [5]. Such questionable magnetic ground
states can also be tuned by chemical doping. An extensive
study on chemical doping of Ru ion has been found to destroy
the magnetic ground state in CaRuOj3 [10,16—18]. The more
relevant example, the evolution of itinerant ferromagnetism
in Ca,Sr;_,RuO3, has been found due to mismatch in the
ionic radius of Sr’* (0.131 nm) and Ca®>* (0.118 nm) at
the same site, causing the change in octahedral bond angles
[19]. Moreover, various reports with different 3d transition-
metal ions (Fe**, Mn**, Co?*, Ni**, Cr**, and Cu®*) doping
in CaRuO; have been found [20-24]. Among all 3d ions,
Cr doping is the most enthralling as it contains unpaired d
electron and induces relatively larger magnetic moment per
formula unit than the same amount of Fe doping in CaRuO3
[20,22]. It has been also found that Cr doping results in
the spin glass behavior and improved magnetic correlations
in CaRuOs3 [25,26]. In addition, several interesting physical
properties are exhibited by chromium containing oxides, such
as the half-metallicity of CrO, and the induced ferromag-
netism in LngsCagsMn;_,Cr,O3 manganites. Recently, the
~30 K enhancement of 7¢ in SrRuOj3, has been observed by
the Cr doping at Ru site [27]. The origin of this 7 enhance-
ment is found to be the structural modulation [28]. In the more
recent work, the exception found FM order with tiny (1%) Cr
doping and reaches maximum 7¢ ~ 100 K at 15% in CaRuO3
[22,29]. However, there are still some unanswered ques-
tions in Cr-doped CaRuOj3, concerning the role of structural

©2024 American Physical Society
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modulation close to the phase transition and nonsaturating low
magnetic moment (five times smaller than the isostructural
Cr-doped SrRuOs [28]). These features motivate us to perform
a detailed low-temperature structural, magnetic, and spectro-
scopic study in Cr-doped CaRuO;. A powerful technique such
as neutron powder diffraction (NPD) is highly useful here
[30]. The NPD gives the microscopic picture of magnetic
and crystal structural parameters. For a detailed understanding
of the magnetic inhomogeneous system as well as domain
magnetization, the neutron depolarization (ND) method is
employed, which provides the domain magnetic correlations
in the mesoscopic length (10-1000 nm) scale [31]. In a mag-
netically inhomogeneous system, where spin fluctuations and
internal domain magnetization are present, the neutron beam’s
spin polarization is impacted, resulting in a depolarization
effect [32]. Several studies have demonstrated a high sensi-
tivity of neutron polarization to the presence of ferromagnetic
domains [31,33]. It has long been understood that minor ferro-
magnetic fluctuations within a paramagnetic host can lead to
the depolarization of a neutron beam [34,35]. This study aims
to clarify the nature of spin dynamics and magnetic correlation
in Cr-doped CaRuOs;. It also sheds light on the magnetism
that drives the atypical magnetic properties of CaRuQOs. On
the other hand, Raman spectroscopy is the optical technique
that probes vibrational, rotational, and other low-energy dy-
namics in the material. It is an advantageous technique to
probe the structural distortion, and magnetostructural (spin-
phonon) coupling in the system [36,37]. By measuring the
change in Raman shift (wppn) (inelastic scattering) of incident
monochromatic light wave, we get the idea of change in
Raman modes. The Raman modes are associated with the
crystal structure symmetry and atomic vibrations [38]. The
behavior of wyp, showing either a decrease or increase, has
been observed in magnetically ordered materials, such as
ferromagnetic STRuO; [39]. This effect arises from the modu-
lation of the spin-spin exchange integral by lattice vibrations.
In Cr-doped CaRuO3, Raman spectroscopy provides insights
into the correlations between magnetic ordering and crystal
structure.

This paper presents a detailed structural, spectroscopic,
magnetic, and temperature-dependent NPD and ND of Cr-
doped CaRuO3; compared with the parent compound. The
temperature-dependent crystal structural evolution finds a
sharp change in lattice parameter and a stable peak in unit
cell volume exactly at T ~ 100 K at 15% Cr-doped CaRuOs.
However, the parent compound skips such structural changes.
Further, the Raman frequency deviation from the anharmonic
contribution and finite neutron depolarization below T¢ ~
100 K is stabilized by the strong coupling between crys-
tal structural distortion and magnetic ordering in Cr-doped
CaRuOs.

II. EXPERIMENTAL DETAILS

A single-phase CaRu;_,Cr, O3 (CRCO) sample with (0 <
x < 0.15) is prepared by standard solid-state ceramic method.
The samples are characterized by room temperature (RT)
neutron powder diffraction (NPD) measurement and Rietveld
analysis. The details of sample preparation and x-ray diffrac-
tion (XRD) analysis are given in Ref. [29]. The Raman spectra

of all different samples are collected with LabRAM HR Evo-
lution Raman spectrometer in the backscattering geometry. A
Peltier cooled charge coupled device (CCD) is used to detect
the Raman signal. The temperature of the sample is varied
using the Linkam heating stage (Model HFS600E-PB4). The
excitation source of 532 nm is used to illuminate the samples
at different laser powers. The crystalline quality and com-
position of the samples are checked by the high-resolution
transmission electron microscopy (HRTEM) using TITAN
X-FEG at 300 eV. The NPD is performed on CRO (x = 0)
and CRCO15 (x = 0.15) samples using the three linear posi-
tion sensitive detector-based neutron Powder Diffractometer-I
(PD-1) with a wavelength of 1.094 A, located at the Dhruva
Research Reactor at Bhabha Atomic Research Centre (BARC)
in Mumbai, India [40]. The NPD patterns are recorded over
the 260 range 5-70 degrees,corresponding to a Q range (where
Q = 4m sinf/1) of 0.4-6.5 A~!, at several temperatures from
5-300 K. For NPD measurements, the powder samples are
filled in a cylindrical vanadium container (diameter ~6 mm)
and attached to the cold finger of a helium-4-based verti-
cal closed cycle refrigerator (CCR). The vanadium container
containing the powder samples is thermalized for ~30 min
at each temperature before the recording of the diffraction
patterns. The experimentally measured neutron diffraction
patterns are analyzed by the Rietveld refinement method
using the FULLPROF suite [41] computer program. The one-
dimensional neutron depolarization (ND) measurements on
the CRO and CRCO15 compounds are carried out using the
polarized neutron spectrometer (PNS) (A = 1.205 A) also
located at Dhruva reactor, BARC [42]. For ND measurements,
the samples are first cooled from RT down to 2 K by using a
helium-4-based CCR in the presence of a 35 Oe applied field,
which is required to maintain the neutron beam polarization
at the sample position. The transmitted neutron beam polar-
ization is measured as a function of sample temperature in the
warming cycle under the same value of the applied external
magnetic field. Magnetization measurement is performed us-
ing a superconducting quantum interference device (SQUID)
magnetometer (MPMS).

III. RESULTS AND DISCUSSION

A. Crystal structure

Figures 1(a) and 1(d) depict the HRTEM image of
pm-sized crystals of CRO and CRCOL15, respectively. The
selected area image obtained from HRTEM is shown in
Figs. 1(b) and 1(e), showing the periodic fringes of the crystal
lattice of CRO and CRCO15, respectively, under the same
experiential condition. Such periodic fringes verify the crys-
talline nature. The distance between the crystalline plane
is 4.16(3) A and 4.15(2) A for CRO and CRCOI15, cor-
responding to the (101) plane at 26 angle of 23.16°. The
diffraction spot of the (101) plane is seen in the selected area
electron diffraction pattern of both samples [inset Fig. 1(c)
and 1(f)]. The high angle annular dark field (HAADF)
image of CRO and CRCOI15 depicts the crystal size of
~400 nm in both cases, as shown in Figs. 1(c) and 1(f).
The HAADF element mapping further confirms the desired
composition of the constituent elements (not shown here) in
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FIG. 1. (a), (d) HRTEM image of pum-sized crystals of CRO
(circular shaped) and CRCO15 (rectangular shaped). (b), (e) Se-
lected area pattern, and (c), (f) HAADF images of CRO (top image)
and CRCO15 (bottom image). The inset of (b) and (e) shows the
zoomed-in view of the square region. Whereas the inset of (c¢) and
(f) depicts the selected area diffraction pattern of corresponding
samples.

the system. Further, the crystal structure symmetry and lattice
parameters of the samples are evaluated through the NPD
measurement at RT.

Figure 2(a) depicts the experimentally measured and cal-
culated RT NPD patterns of CRO and CRCO15. Rietveld
analysis reveals that both CRO and CRCO15 have orthorhom-
bic crystal symmetry with space group Pnma (62). The
derived values of lattice parameters at RT for both com-
pounds are tabulated in Table I. The lattice parameters closely
agreed with the parameters evaluated from the RT XRD
data. The CRCO15 compound has a lower unit cell vol-
ume (~1.0%) and orthorhombicity factor (a/c) (~0.6%) than
the parent compound CRO. The origin of such reduced
unit cell volume in CRCO15 is the smaller ionic radii of
Cr%*(0.044 nm)/Cr**(0.062 nm) (the oxidation state of Cr
has been confirmed by x-ray photoelectron microscopy) than
that of the Ru** (0.062 nm) ion. The change in unit cell vol-
ume and a/c ratio with Cr doping, suggests the stabilization
of structural distortion in CRO. The schematic view of the or-
thorhombic crystal structure of CRCO15 is shown in Fig. 2(b).
The crystal structure consists of the corner sharing (Ru/Cr)Og
octahedron along all three crystallographic directions. Each
of these octahedra possesses tilt along the in-plane (IP) and
out-of-plane (OP) directions leading to deviation of the Ru-O-
Ru bond angles from 180 degrees. Figure 2(c) demonstrates
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FIG. 2. (a) Room temperature NPD pattern of the parent and
the 15% Cr-doped compounds. The solid black circles and red
continuous lines are measured data points and calculated patterns,
respectively. The blue lines at the bottom of each panel show
the difference between measured and calculated patterns. The pink
vertical bars are allowed Bragg peak positions. (b) The crystal
structure of 15% Cr-doped sample, obtained using VESTA visual-
izing program [43], after the Reitveld refinement. (c) Side view
of the unit cell containing (Ru/Cr)Og¢ octahedra to demonstrate
the octahedral tilt and various oxygen atoms (apical O2 in bc
plane, and basal O11, O12 in ac plane). (d) Two-dimensional
(2D) (ac plane) view of crystal structure to visualize IP rota-
tion of the octahedra. The gray solid line represents the unit cell
dimension.

the octahedral tilt (¢ = 180 - ZRu-O-Ru, along the b axis)
and various oxygen atoms O2 (apical) and O11, O12 (basal).
In addition to the OP tilt, the (Ru/Cr)Og octahedron also
possesses the IP rotation as depicted in Fig. 2(d). The dis-
tortion of octahedra results the unequal Ru-O bond lengths:

TABLE I. The derived lattice parameters at 300 and 5 K obtained from Rietveld analysis of NPD patterns.

300 K 5K

Compounds CRO CRCO15 CRO CRCO15
aA) 5.5074(4) 5.4798(7) 5.5087(7) 5.4867(3)
b(A) 7.6625(6) 7.6450(9) 7.6522(0) 7.6328(5)
¢ (A) 5.3731(3) 5.3580(6) 5.3576(6) 5.3484(3)
Vv (A3) 226.753(3) 224.469(5) 225.845(5) 223.988(2)
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TABLEIIL List of Raman shift frequency (wp,) and their corresponding symmetry modes for Raman active phonons in CRO and CRCOI5.

Best compare with the reported w,;, values of CaRuO3.

Peaks Symmetry modes w;;‘ Ru03 145] o WGREO Atomic motions involved

P1 A, (1), By(1) 172 143+ 1.0 167+ 0.4 RuOg y rotation and breathing
P2 A,(3) 268 223+ 14 255+ 0.5 RuOg rotation/stretching

P3 A,(5) 357 328 £ 2.1 350+ 0.5 Ca(x), RuOg stretching/bending
P4 A,(6) 418 387 £ 2.6 416+ 1.1 01-Ru-01,02-Ru-02 bendings
P5 B, (5) 447 419 + 0.7 444 + 0.5 01-Ru-01,02-Ru-02 bendings
P6 A (T) 557 534 £ 0.7 560 + 0.4 Ru-02 in-plane stretching

P7 By, (1) 616 668 + 0.8 639 + 1.1 Ru-O2 stretching (breathing)
P8 - 737 698 + 0.7 739 £ 0.9 -

Ru-O2 (apical), Ru-Ol11 (basal), and Ru-O12(basal). The
octahedral distortions are quantified in terms of stretching
distortions (A) and angular distortions (%) [44], have been
calculated as:

Lo [1di—dmeanl |’
A= 8216—1[ dmeanea :I ) (1)
1 12
% = 5 Til¢i - 90l, &)

respectively. Here dyean and d; denote the average and ith
(Ru/Cr)-O bond length respectively. The angle ¢; is con-
sidered as ith O-(Ru/Cr)-O bond angles in the (Ru/Cr)Og¢
octahedron. The value of 6 and A increases by ~ 6° and 18
times, respectively, for 15% Cr doping in CRO. The calculated
value of X, A, and 6 for CRO and CRCOI15 at different
temperatures is discussed in the temperature-dependent NPD
section below. The unequal bond lengths and octahedral dis-
tortion make CRCO an interesting candidate for the Raman
study.

B. Raman spectroscopy

In cubic perovskite ABO3;, Raman scattering is forbidden
by the BOg octahedron symmetry. Whereas in orthorhombic
Pnma perovskite structure, the antiphase tilt of adjacent BOg
octahedron (a~b™a™ in Glazer’s notation [9]) breaks the cubic
symmetry and thus activates the Raman modes. According
to the group theory, ABO3 perovskite system [space group =
Pnma, Z = 4 (four formula units per unit cell)] has 60 I"-point
phonons; 24 of them are Raman active (7A, + 15B, 4+ 17By,
+ 15B3,) and 25 are infrared active (9B, + 17By, + 19B3,)
modes [45—47]. In parent compound CRO the Ay (1), Ag(3),
and A,(5) modes arise due to the movement of Ca atoms,
whereas A,(6) and B,,(5) modes involve OP and IP octahedral
tilting and banding. Similarly, A,(7) and By,(1) are related
to the (Ru/Cr)-O bond length stretching and breathing along
IP and OP, respectively. There is a complex band around and
above 700 cm ™!, which is assumed to have a phonon density
of state origin [45]. The particular symmetry mode of atomic
vibration at a different value of Raman shift frequency (wpn)
corresponds to a particular peak, named P1-P8 (are tabulated
in Table II). The RT Raman spectra of CRCO samples are
shown in Fig. 3(a). Each of the Raman spectra can be decon-
voluted into eight Lorentzian functions identifying the various
phonon modes (peaks P1-P8) as shown in Fig. 3(b). The value
of wpy, for the parent compound CRO is closely agreed with

the experimentally and theoretically derived values [45] (see
Table II). There is no change in the spectral characteristics (in
the form of peak emergence or disappearance) in the Raman
spectra of CRCO. However, the value of wpy, is changed on
changing the Cr concentration in CRO. Figure 3(c) shows the
variation of wy, and linewidth of peaks: P1 (168 Cm™"'), P2
(261 cm™Y), P3 (356 cm™!), and P4 (417 cm™') with respect
to Cr concentration. At low Cr doping (x < 0.05) in CRO,
the value of wy, increases (~17%) for all (P1-P4) peaks,
and remains constant at higher Cr concentration (x > 0.05).
This blue shift (moving w,, towards higher value) in the more
prominent peaks: P1-P3 [related to inter-(Ru/Cr)Og bending,
stretching, and rotation] and P4 [related to intra-(Ru/Cr)Og
bending] is due to the decrease ionic radii of Ru-site ion.
This suggests that the Cr doping modifies the local bonding
between ions due to structural distortion.

In order to further investigate the role of structural dis-
tortion in the magnetic ordering, the low temperature Raman
spectra are carefully collected for CRCO15, in the 80400 K
temperature range. There is also no change in the spec-
tral feature (no new peak) observed, indicating no structural
phase transition in the investigated temperature range. All
Raman spectra at various temperatures are analyzed using
the Lorentzian multifunction (peaks P1-P8) to extract phonon
parameters (frequency and linewidth) as a function of tem-
perature. The wp, (T') dependency of pronounced Raman
lines P1, P2, P3, and P4, are plotted in Fig. 3(d). The
atomic displacement for Ag(3) (P2) and A,(6) (P4) modes are
schematically shown in the inset of Fig. 3(c). The change in
the phonon frequency with temperature depends on several
factors: unit cell volume expansion, intrinsic anharmonicity
at constant unit cell volume, and spin-phonon coupling. The
value of wp, decreases gradually below ~100 K, for all promi-
nent peaks, suggesting the deviation from an anharmonic
contribution. For fully anharmonic phonon-phonon scattering,
the phonon frequency as a function of temperature is provided
by the equation [48,49]:

2
wanh(T)ZwO +A|:1 +Tj|’ (3)
e%sT — 1]

where w is the frequency of a phonon at absolute zero
temperature A is an anharmonic coefficient, 7 is the reduced
Planck constant, and kg is the Boltzmann constant. The fit-
ting value of wy is 165 cm™! for P1. In the absence of
structural phase transition (all NPD patterns are fitted by
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FIG. 3. (a) Room temperature Raman spectra of CRCO samples. (b) Lorentzian peaks (P1-P8) fitting shown for CRCO15 Raman spectra.
(c) Variation of Raman shift (left y axis) and linewidth (right y axis) with respect to Cr concentration. (d) Variation of Raman shift and linewidth
of P1, P2, P3, and P4 peaks, over the temperatures range 80—400 K. The solid red line is the fitting of Eq. (3). Inset shows the schematic picture
of atomic displacement for A,(3) and A,(6) modes.

Pnma symmetry) down to 5 K, this deviation from the anhar- by any known classical standard models. This value may
monic contribution below ~100 K in CRCOI15 attributes the = be possibly explained by a strong disorder due to quantum
spin-phonon coupling. Such spin-phonon interactions below fluctuation near phase transition [51]. The magnetic moment

~100 K establish magnetic ordering in CRCO15. attains a maximum value at the lowest temperature (4 K). The
. value of magnetic moment at 4 K increases with increasing
C. Magnetic measurement the applied field, giving an idea of the PM background of

The field cooled (FC) magnetization data for CRCO15 free Ru ions like in parent compound CRO. However, looking
measured at various applied fields: 0.05, 0.5, and 5 kOe, are at the low-temperature thermal evolution of magnetization
shown in Fig. 4(a). The ordering temperature (7¢) is evaluated of the system at different fields. It is important to note that
by fitting the magnetization data taken at lowest field with the the low-temperature magnetization gets reduced with the in-
following scaling law: crease in temperature. This is usually observed in the case of

M(T) ~ (T. — T)P. 4) an itinerant ferromagnet, both by thermally excited magnons
The fitting gives the value of 7o ~ 100 K and B ~ 09 near  (following Bloch Asw 7" law) as well as Stoner excitations
the phase transition. Such a large value of 8 was noticed for (fgllowmg BsgT~ law) [52]. The Obtalped. value of spin-wave
Sr-doped CaRuOj3 system [50], which cannot be described stiffness constant (Agsw) and stoner excitation parameter (Bgg)

(@) 0.24/ PR, p— (b)o4 . 121 (¢ i ,
£20 T soe MH at 4 K! ! ( )30}’0__0/0
0.204 ~d-}' 15 linear fit |
£ 0.2 E : 16.1 25+¢ §
"-‘0'1& A S os = | f S 20+ 1
< 0.12] B 00 002 % |
?’f ' CRCO15.':AA 005755 160 150 260 280 300 é_’ ’ . ” . ) g ,i St 1
= 0.081 2 = - | & 10 /& CaRu,Cr0O,
W —&— MT at 0.05 kOe 0.2 : : 6 1\/ S R C O
A —e— MT at 0.5 kOe V.21 1°. L —< >— rRu r i
0.041 oo e &~ MTat5kOe | | 5 1-x~'x3
p=09 —— fitting A : 0 ‘ ‘ ‘
000 100 150 200 280 300 041 — — 121 0.00 0.05 0.10 0.15
-100  -50 0 50 100 .
T (K) H (kOe) x (Cr-concentration)

FIG. 4. (a) Temperature-dependent FC magnetization curve for CRCO15 at 0.05, 0.5, and 5 kOe applied field. Here, the red line shows
the fitting of Eq. (4). The inset figure shows the inverse susceptibility (H/M) at 0.5 and 5 kOe. The black solid line shows the linear fitting
in high-temperature PM region. (b) Magnetic hysteresis loop for CRCO15 at 4 K. The left and right y axis of the MH graph show the
magnetization in pg/f.u. and emu/g, respectively. (c) Variation of the exchange constant J x kg with Cr concentration in (Ca/Sr)Ru;_,Cr,Os3.

184425-5



POOJA et al.

PHYSICAL REVIEW B 110, 184425 (2024)

for CRCO15 is 1.7 x 107* K32 and 5.8 x 1079 K2, re-
spectively. These values are close to the reported values for
itinerant ferromagnet SrRuO3 [53], which indicates the pos-
sibilities of forming a ferromagnetic order in CRCO15. The
inset of Fig. 4(a) depicts the inverse dc magnetic susceptibility
plot at 0.5 kOe and 5 kOe fields, both showing a nonlinear
behavior in the PM region (above the 7¢). The nonlinearity
downturn in the inverse dc magnetic susceptibility suggests
the presence of Griffith’s phases (GP) [54,55] in the Cr-doped
samples. The nonlinear downturn softens at the higher field
[see inset of Fig. 4(a)], which is a typical signature of the
GP [56]. The strength of GP is explicitly characterized by
the relation: X’l o (T — T.)'*, where 0 < A < 1 is the sus-
ceptibility exponent. The observed decrease in the value of
A from 0.96 (for x = 0.05) to 0.78 (for x = 0.15) indicates a
weakening of the GP with increasing Cr doping. This behavior
is similarly reported in other doped perovskites [57]. Recent
work also examines the GP and the evolution of magnetism in
Cr-doped CRO [29].

Further, the M (H) measurement is employed on CRCO15
at 4 K as shown in Fig. 4(b). The negative value of magneti-
zation in the virgin curve (the first magnetization curve after
cooling), could be considered as an error or an artifact of the
negative field cooling process. It does not reflect the intrinsic
magnetic properties of the material. Importantly, the hystere-
sis loop of magnetization is not getting saturated even up to
100 kOe applied field. This nonsaturating behavior along with
a substantial coercive field (£ 33 kOe) indicates a large mag-
netocrystalline anisotropy in CRCO15. Important to note that
the magnetic moment at 100 kOe is only ~0.4 g /f.u. The re-
duction of magnetization compared to STRuO3 (~1.6 ug/f.u.)
has multiple origins: high coercive field, presence of sig-
nificant magnetic disorders due to Cr’* and Cr®", weaker
exchange constant, etc. On Cr doping the lattice parameters
along a, b, and c axes are reduced around 0.5%, 0.3%, and
0.1%, respectively [29]. The change in the lattice parameters
with Cr doping up to 15% is rather small. However, such
change in the lattice parameters together with temperature-
induced structural modulations, which can alter the magnetic
ground state from paramagnetic to ferromagnetic in CRO.
This is also reflected in the evolution of exchange constant,
which is estimated from the low-temperature M (7T) fitting for
various Cr-doped samples. Figure 4(c) shows evolution of the
exchange constant with Cr doping. A gradual evolution of
ferromagnetism is evident from this plot. It is interesting to
notice that the exchange constant for 15% Cr-doped sample is
comparable with isostructural itinerant ferromagnet SrRuOs.
But the magnetization value is small compared to STRuO3 due
to the magnetic disorder and mixed valency of Cr discussed in
the recent works [28,29]. Now, it is curious to know the micro-
scopic origin of such complex magnetism and the evolution of
crystal structure, with temperature.

D. Temperature-dependent neutron diffraction
and neutron depolarization

The T (5-300 K)-dependent NPD for CRO and CROI15
compounds are collected. The Rietveld analysis of NPD for
both the compounds suggests there is no structural phase
transition down to 5 K. The values of lattice parameters along

all three crystallographic directions and unit cell volume are
evaluated at various 7 for both samples. Figures 5(a), 5(b),
and 5(c) depict the normalized lattice parameters: a/azgox.,
c/c300k, b/b3pok, and unit cell volume of CRCO15 (solid
symbol) in comparison with CRO (open symbol). In the case
of the parent compound the a/a3y k value is almost constant
throughout the temperature range. However, for CRCO1S5 the
value of a/asoox shows a steplike increment (~0.1%) close
to the Tc ~ 100 K and then remains constant below 100 K.
Interestingly, c¢/c300 x shows a gradual decreasing trend with
lowering T for both samples. In addition to the downtrend
in ¢/c300x value, a similar steplike increment is also noticed
for CRCO15 at ~100 K. Below 100 K it remains constant
down to 5 K. In (Ca/Sr)RuO; system, it is reported that the
lattice volume below a certain temperature (often below T¢)
is constant known as Invar effect [58] where lattice distortion
counteracts the usual thermal expansivity. We find that the In-
var effect also persists in CaRuO3 with Cr doping. However,
the sudden increment (~0.1%) of a and c lattice parameters
upon cooling from 150-100 K is correlated with the octahe-
dral distortion (mainly X, discussed later), especially in the
100-150 K region.

The value of b/bsyk shows a decreasing trend with low-
ering T down to 100 K. Below ~100 K it remains unchanged
for CRO, but shows concave upward for CRCO15. The overall
effect of temperature, as well as Cr doping on the crystal
structure, can be visualized from V/V3pok vs T plot of both
samples. As we move towards lower T, the value of the
V/Vaeox decreases down to ~150 K for CRCO15. Below
150 K the relative volume of CRCOI1S5 increases and attains
a peak at ~100 K, whereas, no such change is observed
for the parent compound CRO. Such a peak in temperature-
dependent unit cell volume has been reported earlier for a 15%
Fe-doped CRO system at the Curie temperature [59]. Thus,
the peak at ~100 K is attributed to the magnetic ordering of
CRCOL15 (matched with T¢ observed from the magnetization
data) and reveals a magnetostriction effect [60]. The derived
values of lattice parameters at 5 K for both samples are tab-
ulated in Table I. Surprisingly, there is no magnetic Bragg’s
peak observed in the NPD of CRCOI1S5 below 7 ~ 100 K.
This contradicts the fact that the peak in the volume corre-
sponds to the magnetic ordering. In contrast, in isostructural
Cr-doped SrRuQj3, a magnetic Bragg peak has been observed
at 1.6 A~! below Te ~ 190 K [28]. The absence of a magnetic
peak in the NPD of CRCO15 is attributed to the low value
of magnetic moment as found from M vs H measurement
at 4 K (~0.4 pp/fu. at 100 kOe) and this value is below
the measurement limit of the PD-1. Thus, to understand the
magnetic phase transitions in detail, one dimensional ND ex-
periments have been conducted on both CRO and CRCO15.
Figure 5(d) demonstrates the comparative 7-dependent ND
curves of CRO and CRCO15. For the parent compound CRO,
there is no neutron beam depolarization observed down to 2 K.
Whereas, the CRCO15 exhibits a significant amount ~14% of
neutron beam depolarization below 7o ~ 100 K, suggesting
a finite magnetization of the domain. A depolarization of
the neutron beam is expected in a system when magnetic
domains/patches are sufficiently large, long lived, and uni-
form magnetization is sufficiently large [31]. This confirms a
long-ranged magnetic ordering in the CRCO15. The origin
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FIG. 5. The temperature variation of the normalized (a), (b) lattice parameters (with respect to 300 K), and (c) unit cell volumes,
of CRO and CRCO15 compounds. Error bars in volume is smaller than the data point size. (d) The temperature-dependent transmitted
neutron beam depolarization measured during the warming cycle under 35 Oe magnetic field. Temperature evolution of various parameters
of (Ru/Cr)O¢ octahedron; (e¢) O11-Ru-O2 bond angles, (f) Ru-O2-Ru bond angles between neighboring RuOg octahedron, (g) stretching
octahedral distortion, and (h) angular octahedral distortion. In all plots a open symbol is used for CRO and a solid symbol for CRCO15

compounds.

of such induced ferromagnetism in CaRuOj; is twofold: (i)
Cr doping reduces the orthorhombicity and squeezes the unit
cell volume, (ii) the temperature-driven structural modulation
with an anomaly observed in the bond angles, distortions
around T¢. Both these factors effectively install ferromag-
netic exchange in CaRuOs3. Figures 5(e) and 5(f) depict the

variation of intra-O11-Ru-O2 and inter-Ru-O2-Ru octahedral
bond angle with respect to 7. Both bond angles remain con-
stant within the entire temperature range for pure compounds,
whereas CRCO15 shows anomaly at ~100 K. The changes in
the octahedral bond lengths and bond angles with respect to
T are quantified in terms of octahedral distortions [A, ¥ as
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defined in Egs. (1), (2)]. Figures 5(g), 5(h) depicts the varia-
tion of A and £ vs T for CRCO15 compared with CRO. A
weak anomaly in A and ¥ is evident for x = 0.15 around T¢,
which is not present in the parent compound. This clearly in-
dicates that the anomalies are associated with the magnetic or-
dering and making a case for the magnetostructural coupling.
In a nutshell, the comprehensive T-dependent NPD and ND
analysis reveal the presence of structural modulations around
the magnetic ordering temperature ~100 K, which play an
important role in stabilizing FM ordering in CRCO15. Such
structural anomalies and ND are absent in the case of parent
compound CRO.

IV. CONCLUSION

Temperature-dependent NPD of CRO and CRCO15 sug-
gests the orthorhombic crystal structure with Pnma space
group symmetry. Nevertheless, Cr doping in CRO reduces
the orthorhombicity factor (a/c) and the unit cell volume.
Moreover, the Cr doping increases the value of octahedral tilt
0 and stretching distortions A by ~ 6° and 18 times (at 15%
Cr doping in CRO), respectively. Because of the alteration in
the ionic radii of the same site, Cr doping modifies the Raman
modes associated with the (Ru/Cr)Og octahedral distortion.
With a modest (0.5%) Cr doping in CRO, the maximum in-
crease in Raman frequency, or blue shift (~17%) of Raman
peaks P1-P4, is found. This shift is related to the asymmetric
stretching, bending, and rotation of the (Ru/Cr)O¢ octahedra
[Ag(1), Ag(3)] and the position of the Ca atom [A,(5)] (see
Table II). Such modest Cr doping is sufficient to stabilize
FM order in CRO, which is situated on the verge of FM
ordering, revealing a strong correlation between the crystal
structure distortion and magnetic ordering. Below ~100 K,
a gradual decrease in the Raman frequency of P1-P4 peaks
is observed in CRCO15. There can be magnetic disorder due
to mixed valency of transition-metal ions (Ru/Cr) affecting
crystal’s original anharmonicity in the whole measurement
range of temperature. However, below the Curie temperature,

the spin-phonon coupling becomes the dominant factor of
phonon incoherence as disorder and inhomogeneity found
to be independent of the temperature. The crystal structure
prevails orthorhombic (Pnma) at all temperatures (300-5 K),
confirmed by the NPD study. Absence of any structural phase
transition confirms that the spin-phonon coupling is the origin
for the deviation of phonon frequency from the expected an-
harmonic trend below 100 K, in CRCO15. The magnetization
data confirms the FM ordering in CRCO15 below 7 ~ 100 K.
The low magnetic moment value [~0.4 ug/f.u., is 14% of an
effective spin only moment of CRCO15 (2.88 upg/f.u.)] even
at 100 kOe indicating inhomogeneous exchange interaction
between the Ru and Cr ions owing to their distinct ionic
sizes and valence states. Interestingly, no magnetic Bragg’s
peak is found in the NPD of both compounds down to 5 K.
It is explained by the low magnetic moment value in the
case of CRCO15, which is below the measurement limit of
PD-1. However, the magnetic ordering below about 100 K
is confirmed by a change in the ND in CRCO15, which is
absent in case of the parent compound CRO. Nevertheless,
the temperature-dependent NPD investigations in CRCO15
reveal structural modulation near the 7 = 100 K due to the
setting up of the FM ordering in CRCO15. In contrast, no
such anomalies are found for the parent compound CRO due
to having a spin-disordered (paramagnetic) ground state. This
work demonstrates that the Cr doping effectively installs fer-
romagnetism in CaRuO3; by means of temperature-dependent
structural modulations.
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