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Magnetic anisotropy and magnetocaloric effect in Gd2NiMnO6 thin films
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The magnetism and magnetocaloric effect in double perovskites is an alluring area of research due to its
tunable nature. In particular, the exchange interactions and local ordering of magnetic sublattices are sensitive
to the chemical substitution, synthesis/growth conditions, and strain. Here we study the effect of strain on
magnetism in Gd2NiMnO6 double perovskite thin films grown using pulsed laser deposition on SrTiO3 (001)
substrate. Magnetostructural study finds tensile strain to be the origin of perpendicular magnetic anisotropy
in Gd2NiMnO6. Further, the anisotropic nature prevails in magnetocaloric effect as well. Magnetic entropy
change along the in-plane direction is observed to be 21.82 J Kg−1 K−1, which reduces to 9.84 J Kg−1 K−1

along the out-of-plane direction. Our theoretical calculation reveals a ferrimagnetic ground state of Gd2NiMnO6.
The relative spin orientation of Ni and Mn changes from parallel configuration for strained Gd2NiMnO6 to
antiparallel configuration for strain-relaxed Gd2NiMnO6.

DOI: 10.1103/PhysRevB.108.214423

I. INTRODUCTION

Double perovskites (DPs) with a general formula R2BB′O6,
where R stands for rare-earth elements and B, B′ are transi-
tion metal elements, have gained much attention due to the
presence of room temperature ferromagnetism, high magnetic
entropy change, and magnetodielectric coupling [1–4]. The
crystal structures of DPs are mostly distorted owing to the
variations in the R-site cationic radius. Goldschmidt tolerence
factor defined as t = (rR + rO)/

√
2(〈rB〉 + rO), where rR, rO,

and 〈rB〉 represent the radii of R, O, and average radii of the
two B-site cations, respectively, is a measure of the distortion
[4]. When the R site is occupied by a smaller sized cation, the
structural symmetry reduces to monoclinic or orthorhombic
(t < 1) from perfect cubic structure (t = 1). The origin behind
such structural change is the cooperative tilting of BO6 and
B′O6 octahedra, which balances the chemical pressure created
by the smaller R-site cations. Such octahedral distortion alters
the B-O-B′ bond angle that influences the exchange interac-
tions. Not only the bond angle but also the oxidation states
and ionic radii of B and B′-site cations influence the exchange
interaction. The intermixing of B and B′ cations [termed as
antisite disorder (ASD)] also influences the magnetic ground
state of the DPs.
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Among various DPs, R2NiMnO6 and R2CoMnO6 are
interesting due to their complex magnetic nature, giant mag-
netocaloric effect, magnetodielectric effect, and multiferroic
behavior [2,3,5–7]. The origin of the complex magnetism
lies in the mixed valency of Mn and Ni/Co. Such mixed
valency along with ASD lead to various magnetic phenomena
in R2NiMnO6. In La2NiMnO6 (LNMO) and Nd2NiMnO6,
mixed valency and ASD gives rise to reentrant spin-glass and
exchange bias effect [3,8,9]. In polycrystalline Gd2NiMnO6

samples, Murthy et al. reported ferromagnetism with a Curie
temperature Tc ≈ 130 K, while Oh et al. observed the Grif-
fiths phase above ferromagnetic (FM) ordering temperature
[10,11]. Apart from mixed valency and ASD, the R-site
cation also influences magnetism through 3d-4f and 4f-4f
exchange interaction (at low temperature), which leads to
antiferromagnetic (AFM) ordering giving rise to large mag-
netic entropy change particularly in R2NiMnO6 DP systems
[6,11,12]. The cooling of a magnetic material is achieved
when exposed to a varying magnetic field due to isothermal
magnetic entropy change (�SM), popularly known as mag-
netocaloric effect (MCE). MCE can be efficiently utilized in
magnetic refrigeration technology without any environmental
hazards [13]. Among various oxides such as rare-earth man-
ganites, cobaltates, and spinel ferrites [13], rare-earth based
DPs have emerged to be a prototype system for tuning the
MCE [7,12,14,15]. Subtle change in orbital and spin order-
ings influence �SM as well as relative cooling power (RCP)
significantly. The cooling capacity of a magnetic refriger-
ant is defined by RCP = −�Smax

M × δTFWHM, where −�Smax
M
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and δTFWHM represent the maximum entropy change and
the width of −�SM vs T curve, respectively. Particularly,
in La2MiMnO6 single crystals, −�SM is found to be 3
J Kg−1 K−1 with a field change of 7 T along with a wider
transition width (hence high RCP) [16]. Another single crystal
work on R2CoMnO6 finds large anisotropic nature in MCE
owing to the strong magnetocrystalline anisotropy [2,14]. The
magnetic easy axis of the rare-earth and transition metal net-
works can be different, which makes this topic even more
intriguing [2,14].

Physical properties, especially magnetism in DPs, can be
highly influenced by appropriate growth conditions in thin
films. In particular strain, oxygen stoichiometry, fluence, and
growth temperature control the structure, magnetism, and
transport properties [15,18,19]. Most of the DP thin films
are grown using pulsed laser deposition (PLD). Strain can
influence the B-site octehedral distortion which controls the
90◦ nearest neighbor and 180◦ next nearest neighbor superex-
change interactions. Recent works on LNMO thin films grown
on (100)-oriented SrTiO3 (STO) and LaSrAlO4 substrates
reveal a structural change owing to tensile and compressive
strains, respectively [20]. This also induces ferroelectricity in
LNMO thin films grown on STO (111) [21] as the tensile
strain displaces the La+3 cation along the (111) direction
giving rise to polar nature. The saturation magnetization in
LNMO thin films can also be tuned via in-plane strain [22].
The FM Tc is enhanced in Y2NiMnO6 thin films by tensile
strain [23]. A variation in strain from −1.1% (compressive)
to 0.58% (tensile) rotates the easy axis of magnetization from
out-of-plane to in-plane in Sr2FeMoO6 thin films [24]. On the
other hand, MCE in thin films can be altered by tuning shape
anisotropy, strain-induced anisotropy, and magnetocrystalline
anisotropy. However, there is a lack of study in this regard,
particularly in DP thin films. A recent report by Matte et al.
suggests that �SM can be tuned by appropriate thin film
growth conditions [15].

To find the true magnetic ground state and the effect of
strain on magnetism, a comprehensive thin film study in
R2NiMnO6 is necessary. In addition, the anisotropy study in
R2NiMnO6 thin films is important for tuning MCE. With these
issues in mind, we have studied the structural, magnetic, and
magnetocaloric properties of Gd2NiMnO6 (GNMO) thin films
grown on the SrTiO3 (001). In particular, the evolution of
structure, magnetism, magnetic anisotropy, and MCE is stud-
ied with thickness in GNMO. The magnetic ground state and
magnetic anisotropy is also studied using density functional
theory (DFT) calculations.

II. EXPERIMENTAL DETAILS

We have grown thin films of GNMO using PLD technique
(KrF excimer laser, Lambda Physik COMPex Pro, λ = 248
nm). STO substrate was cleaned using NH4HF solution as
described by Ghising et al. to obtain the TiO2 terminated STO
surface [25]. The deposition was carried out at laser frequency
5 Hz and substrate temperature 800 ◦C in an oxygen envi-
ronment (0.2 mbar). Before deposition, the substrates were
annealed for half an hour at 800 ◦C. After deposition, the
samples were in situ annealed at 600 ◦C for 1 h. Thin films of
GNMO with thickness 15 nm (S-15), 40 nm (S-40), and 60 nm

(S-60) were grown on STO substrates. The thin film x-ray
diffraction (XRD) was carried out in a PANalytical X’pert
PRO diffractometer using the Cu-Kα source of wavelength
1.5405 Å. The thickness measurement was done using x-ray
reflectivity (XRR). The valencies of the constituent elements
were probed by x-ray photoelectron spectroscopy (XPS) using
a PHI 5000 Versa Prob II (FEI Inc.) system. The magnetiza-
tion measurements were performed using a superconducting
quantum interference device (SQUID) magnetometer (Quan-
tum Design, USA).

III. CALCULATION METHODOLOGY

The density-functional theory (DFT) calculations were
performed within the plane-wave basis set based on the
pseudopotential framework as implemented in the Vienna ab
initio simulation package (VASP) [26,27]. The generalized gra-
dient approximation (GGA) exchange-correlation functional
was employed following the Perdew-Burke-Ernzerhof pre-
scription [28]. The experimentally obtained structures were
optimized by relaxing the atomic positions towards equilib-
rium until the Hellmann-Feynman force becomes less than
0.001 eV/Å, keeping the lattice parameters fixed at their
experimentally obtained values. In order to incorporate corre-
lations beyond the scope of GGA, Hubbard U was introduced
by performing GGA+U calculations [29,30] with suitable
values of Ueff = 5 eV (U-JH ) at the Mn and Ni sites. The
effect of spin orbit coupling (SOC) is introduced as a scalar
relativistic correction term to the Hamiltonian to understand
its interplay with other existing energy scales. The calcula-
tions were performed with a plane wave cut-off of 500 eV
and 4 × 4 × 2 k mesh in the Brillouin zone was used for
self-consistent calculations.

IV. RESULTS AND DISCUSSIONS

A. Structural characterization

Figure 1(a) shows the three dimensional crystal structure
of GNMO generated from refined powder XRD data. GNMO
crystallizes in the P21/n space group with monoclinic crystal
structure. The transition-metal elements (Ni and Mn) occupy
2d and 2c Wyckoff sites in a rock-salt type arrangement and
the rare-earth element (Gd) takes the 4e Wyckoff site (in-
termediate space between the NiO6 and MnO6 octahedra).
Figure 1(b) shows the θ -2θ XRD scan of GNMO films. All
three samples show only (00l) reflections indicating the highly
c-axis oriented growth. Figure 1(c) represents the rocking
curves for all three samples with a spread of mosaicity from
0.3◦ to 1.1◦. A careful look [Fig. 1(b)] at the (002) plane
of the θ -2θ XRD scan reveals that the thinnest sample S-15
has a slightly higher c-axis lattice parameter (3.84 Å) than
that of the thickest sample, S-60 (3.815 Å). The bulk c-axis
lattice parameter of pseudocubic GNMO is reported to be
3.783 Å [11]. The cubic STO substrate has lattice mismatch
of 3.12% with bulk GNMO, which indicates the possibility
of strain evolution at the GNMO/STO interface. It is evi-
dent from Fig. 1(d) [zoom-in view of (002) peaks] that there
are two stable crystallographic phases, GNMO(002)P1 and
GNMO-(002)P2. P1 corresponds to strained phase and P2 to
strain-relaxed phase. The c-axis lattice parameter decreases
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FIG. 1. Structural characterization of Gd2NiMnO6 (GNMO) thin films: (a) 3D monoclinic crystallographic unit cell of GNMO compound
obtained from VESTA software [17], (b) XRD pattern (θ -2θ scan) of S-15, S-40, and S-60 thin films, (c) rocking curves (ω scan) for all three
samples at (002) plane, (d) zoomed-in view of θ -2θ scan around (002) plane, (e) reciprocal space map of S-40, and (f) AFM image of S-15.

with rising thickness. The existence of interfacial strain is
clearly visible from the reciprocal space mapping (RSM) of
S-40 in the vicinity of a (103) reflection peak of STO as shown
in Fig. 1(e). The coexistence of both GNMO(002)P1 and
GNMO(002)P2 is depicted by the dotted circle and crossed
regions around the pseudocubic (103) plane of GNMO, re-
spectively. The in-plane (a-axis) lattice parameters of P1 and
P2 are 3.903 Å and 3.798 Å, respectively. Since the in-plane
lattice parameter of the substrate (3.905 Å) is larger than that
of the sample (3.783 Å), the in-plane strain ought to be tensile
in nature. The values of this tensile strain along the a-axis
direction are found to be 3.17% and 0.4% for GNMO(002)P1

and GNMO(002)P2, respectively. Clearly, P1 gets stronger as
the thickness increases, indicating that thinner samples have
more strained phases and thicker samples have larger volume
fraction of strain-relaxed phases. The surface morphology of
the S-15 thin film is shown in Fig. 1(f). The rms roughness of
S-15 is 0.45 nm. The surface topography of S-15 depicts an
atomic step-terrace-like pattern, which is a representative of
two-dimensional growth.

B. X-ray photoelectron spectroscopy

Figure 2 depicts the room temperature XPS spectra of
S-60 for Gd, Ni, Mn, and O, respectively. The XPS survey
scan confirmed the presence of all the elements without any
impurity peak. The oxidation states were calculated using
an asymmetric Gauss-Lorentz sum function along with a
linear background fit with the help of XPS PEAKFIT4.1 soft-
ware. The Gd-4d core-level spectra consists of two peaks,
Gd-4d5/2 (∼141.7 eV) and Gd-4d3/2 (∼146.6 eV), as shown
in Fig. 2(a). The binding energy of these peaks confirms the

Gd+3 oxidation state [31,32]. In Fig. 2(b), the deconvoluted
Mn-2p core level spectra contains two main characteristic
peaks 2p3/2 (∼642.3 eV) and 2p1/2 (∼654.2 eV). This con-
firms the +4 oxidation states of the Mn ion [33–35]. The
Ni-2p core-level spectra shown in Fig. 2(c) is comprised of
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FIG. 2. Deconvoluted core-level XPS spectra for different con-
stituent elements in S-60 thin film: (a) Gd-4d spectra, (b) Mn-2p
spectra, (c) Ni-2p spectra, and (d) O-1s spectra. Red solid line repre-
sents the fitted curve.
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FIG. 3. Field-cooled (FC) magnetization (solid symbol) and
zero-field-cooled (ZFC) magnetization (open symbol) measured with
an in-plane magnetic field of 0.1 T for GNMO thin films. The
dotted olive-green line and dotted green line correspond to individual
contributions of Ni-Mn and Gd for S-60. The normalized data with
mean-field critical power law fit is shown in the inset.

Ni-2p3/2 (∼855.2 eV)and Ni-2p1/2 (∼872.9 eV) peaks reveal-
ing the presence of only Ni2+ ions in the system [36]. The
other two peaks are termed as satellite peaks for Ni2+ [36].
The O-1s spectrum shown in Fig. 2(d) exhibits two peaks,
OLBE (∼529.1 eV) and OHBE (∼531.9 eV). OLBE and OHBE

peaks correspond to the O2− (metal-oxygen bond) [37] and
hydroxyl (OH−) or carbonate (CO3

2−) anion adsorbed on the
top surface of GNMO [33].

C. Magnetic properties

Figure 3 represents the field-cooled (FC) in-plane (H || ab)
M-T data for all three samples and zero-field-cooled (ZFC)
data for S-60 measured at 0.1 T. A sharp change is evident
around 129 K for S-60, which corresponds to the ferrimag-
netic (FEM) Tc. The value of Tc was determined by fitting
the mean-field critical power law (inset of Fig. 3), M =
M0(Tc-T )0.5, in the vicinity of the critical region. A decrease
in Tc is noticed in the lower thickness samples (Tc = 125 K
for S-15 and Tc = 127 K for S-40). The decrease in Tc in
GNMO thin films is due to the finite size effect [38] and
strain [22]. The bulk Tc in GNMO is reported to be 132 K
[10]. In addition, a sharp rise in M-T is also observed below
20 K, which can be attributed to the large paramagnetic (PM)
contribution from rare-earth Gd. The small change in mag-
netization (S-15 and S-40) around 55 K has extrinsic origin
(oxygen peak) [39]. The FC-ZFC splitting in M-T curves of
S-60 below Tc indicates the presence of magnetocrystalline
anisotropy. Ferrimagnetism in GNMO is ascribed to the
dominant superexchange interaction between Mn+4 and Ni+2

cations mediated by the O−2 anion and the process is governed
by the Goodenough-Kanamori rule [40,41]. To visualize the
origin of the magnetic ground state more clearly, we have
evaluated the magnetization contribution due to Gd and Ni-
Mn separately as demonstrated in Fig. 3. The PM and FEM
contributions arise from the Gd+3-O-Gd+3 and Ni+2-O-Mn+4

superexchange interactions, respectively. However, the non-
saturating magnetic hysteresis (shown later) suggests that the
Ni-Mn exchange is antiferromagnetic with two magnetic sub-
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FIG. 4. (a) In-plane (ab plane) and out-of-plane (c plane) mag-
netic hysteresis recorded at 10 K for S-15. Lower inset is the
zoomed-in view around the low-field region. Upper inset shows the
evolution of in-plane and out-of-plane coercivity with thickness and
(b) in-plane and out-of-plane magnetic hysteresis for S-60 recorded
at 10 K. The upper inset of (b) shows the comparative plot of in-plane
hysteresis at various thickness. The lower inset shows the estimated
anisotropy constant vs inverse of thickness and (c) schematic picture
of S-15 and S-60 showing the possible evolution of SFM and HFE.

lattices of unequal moments leading to ferrimagnetism. This
is also clarified by theoretical calculations (Sec. IV D).

Further, for more insight about the magnetic ground state
as well as magnetic anisotropy, M-H hysteresis data was
recorded at low temperature (10 K) with magnetic field along
both in-plane (H ||ab) and out-of-plane (H ||c) directions.
Figures 4(a) and 4(b) show the M-H data for S-15 and S-60,
respectively. It is evident from Fig. 4(a) that out-of-plane (OP)
is the easy axis for S-15 and S-60 indicating perpendicular
magnetic anisotropy (PMA) in GNMO. A very careful
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look at the OP hysteresis of Fig. 4(a) reveals that the low
field region has minimal opening in the hysteresis whereas,
in the high field, it exhibits much more opening. This
peculiar shape of the hysteresis indicates the interplay among
various anisotropies in the system. The in-plane (IP) data
shows significantly reduced magnetization than the OP data.
Generally, the easy axis lies along the IP direction due to the
inherent shape anisotropy of thin films. Thus the occurrence
of PMA in GNMO films is intriguing. Magnetic anisotropy in
these samples can be analyzed in terms of mixed anisotropies
due to combination of soft ferromagnet (SFM) and a hard
ferrimagnet (HFE) phases. The SFM has PMA and it can
be associated with the strained structure, while the HFE is
associated with the strain-relaxed structure as discussed in
Sec. IV A. Figure 4(b) shows the M-H hysteresis for S-60. The
OP direction is still the easy axis of magnetization, but the
difference between the OP and IP magnetization has reduced
significantly compared to S-15. The OP hysteresis has nearly
uniform opening up to high field. This suggests that HFE is
dominant over SFM for S-60. The low-field susceptibility can
be calculated from the low-field slope of IP or OP hysteresis.
At all thickness, the OP susceptibilities are larger than the IP
susceptibilities, which is evident from the sharp rise of the
OP hysteresis curve in the zoomed in view [bottom inset of
Fig. 4(a)]. The evolution of SFM and HFE with thickness
can be further understood from the coercive field (Hc) vs
thickness plot [as seen in top inset of Fig. 4(a)]. The IP Hc

increases sharply (∼6 times) with thickness compared to the
gradually increasing (around 2 times) OP Hc. The evolution
of magnetism with thickness depicts that SFM remains nearly
constant while the HFE phase increases with thickness as
depicted in the schematic of Fig. 4(c). This is consistent with
our earlier proposition about the SFM being associated to the
strained phase. Overall, the PMA decreases with increasing
thickness. In order to quantify the PMA, we have estimated
the effective anisotropy constant

Keff = K⊥ + Ksh. (1)

K⊥ carries the contribution from magnetocrystalline and
strain-induced anisotropies, whereas Ksh corresponds to shape
anisotropy [42]. K⊥ can be estimated from the area difference
between IP and OP hysteresis curves and Ksh = − 1

2μ0M2
S ,

where MS is the saturation magnetization along the easy
direction. The value of K⊥ decreases from 1.15 MJ m−3 for
S-15 to 0.9 MJ m−3 for S-60. The change in the value of
K⊥ with thickness is related to the strain-induced anisotropy
in the background of magnetocrystalline anisotropy. The
estimated values of Ksh turn out to be −335 KJ m−3

and −253 KJ m−3 for S-15 and S-60, respectively.
In thin films, Keff can be expressed as a function of
thickness (t) as

Keff = Kv + KS1 + KS2

t
. (2)

Here Kv is the bulk (magnetocrystalline) anisotropy and
KS1 , KS2 are the surface anisotropies at the top and bottom
surfaces of the GNMO layer [43]. KS1 + KS2 and Kv can be
evaluated from the slope and intercept obtained after linear
fitting the Keff vs 1/t data as shown in the bottom inset of
Fig. 4(b). For any material exhibiting PMA, this slope should

TABLE I. Comparison of anisotropy constant.

Sample Keff (15 nm) Keff (60 nm) KS1+KS2 Kv

GNMO 1.4 MJ m−3 1.23 MJ m−3 3.2 mJ m−2 1.184 MJ m−3

LCMO 1.64 MJ m−3 1.16 MJ m−3 9.18 mJ m−2 1.02 MJ m−3

be positive. We find the slope KS1 + KS2 = 3.2 mJ m−2 and
intercept Kv = 1.184 MJ m−3. Table I gives a comparison of
Keff and KS1 + KS2 for GNMO and La2CoMnO6−ε (LCMO)
[44] thin films. The LCMO thin films also exhibit PMA. The
order of magnitudes of Keff and KS1 + KS2 for GNMO films
match very well with LCMO films. Thickness tuning of PMA
can be very useful for various spintronic applications [45].

D. Electronic structure calculation

In order to understand the above experimental results from
the microscopic point of view, we have performed DFT based
first principles calculation for the bulk as well as thin-film
structures of Gd2NiMnO6. Due to the presence of two 3d
elements, the incorporation of the Hubbard U parameter was
essential to take care of the strong electronic correlation. The
DFT calculations were also performed with varied parameters
of Hubbard U and various possible spin configurations of the
magnetic sites. The orbital projected GGA+U (Ueff = 5 eV)
spin polarized density of states (DOS) for the bulk structure
is shown in Fig. 5. We find that a band gap opens up at the
Fermi energy level, even in the absence of the Hubbard U ,
and this band gap is further enhanced with the inclusion of U ,
which suggests that the material falls under the category of
a typical Mott insulator. From the Gd-f DOS [Fig. 5(a)], we
find that it is completely filled in one spin channel, whereas
the other spin channel is completely empty and lies 3 eV
away from the E f . In Fig. 5(b), Mn-t2g states (blue curve) are
empty in the majority spin channel and completely filled in the
minority spin channel, whereas the Mn-eg states (cyan curve)
are completely empty in both the spin channels. On the other
hand, the Ni-t2g states (light-green curve) are completely filled
in both the spin channels and the Ni-eg (dark-green curve)
states are filled only in the majority spin channel as shown in
Fig. 5(c). The completely empty Ni-eg minority spin channel
lies around 4 eV away from the E f . The calculated spin mag-
netic moment at the Gd site is 6.84µB. At the Mn site we find
a spin moment of −3.10µB, whereas at the Ni site the value
obtained is 1.73µB. The point to be noted here is that the Mn
spin moments are antiparallel to that of the Ni spin moments,
even if we started with the initial parallel configuration, which
suggests that there is a strong AFM interaction between the
Mn and Ni sublattices. The induced magnetic moment at the
oxygen site is negligible and is of the order of 0.08µB/site.
With the change in the value of Ueff from 0 to 6 eV, we find
that the magnetic moment at the Gd site remains unchanged,
while that of Mn and Ni sites vary from (−2.55 to −3.23µB)
and (1.44 to 1.78µB), respectively. The total magnetic moment
however remains constant at 13 µB per formula unit. From the
above findings we can conclude that Gd is in a +3 (4 f 7)
electronic state with a high spin state of S = 7

2 , Mn is in
a +4 (3d3) electronic state with an intermediate spin state
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FIG. 5. Calculated GGA+U orbital projected density of states
for Gd2NiMnO6. (a) Density of states for Gd-f (violet curve), (b) den-
sity of states for Mn-t2g, Mn-eg states, and O-2p states represented by
blue, cyan, and red curves, respectively, and (c) density of states for
Ni-t2g, Ni-eg states and O-2p states represented by light green, dark
green, and red curves respectively. The distribution of electrons for
the Mn-d and Ni-d states has been shown in (b) and (c), respectively.
The Fermi energy is set at zero in the energy scale.

S = 3
2 , and Ni is in a +2 (3d8) electronic state with a low

spin state of S = 1. The above findings are consistent with the
experimental results.

Further, to understand the magnetic ground state of
Gd2NiMnO6, we performed total energy calculations for var-
ious possible spin configurations of the system. Figure 6
pictorially depicts the ground state magnetic configurations.
Our calculations reflect that the configuration depicted in
Fig. 6(a) is the lowest energy magnetic ground state of the
bulk structure system. The total energy of this particular con-
figuration [Fig. 6(a)] is ≈3 eV lower than the others. In this
particular case, the intrasublattices interactions of Gd, Mn,
and Ni are of FM type whereas, for the intersublattices, Gd
spins align ferromagnetically with Ni and antiferromagneti-
cally with Mn. The interaction between Mn and Ni is thus
AFM in nature. FM and AFM interactions among different
magnetic sublattices result in an overall ferrimagnetic system
with the uncompensated magnetic moment. These theoretical
calculations for bulk (strain-relaxed) structure qualitatively
match with the experimental results. Experimentally, the

Gd

Mn

Ni

Strain-relaxed Strained

SFMHFE

(a) (b)

(c) (d)

FIG. 6. Ground state spin configurations obtained from DFT
calculations for Gd2NiMnO6 in (a) bulk Structure and (b) strained
structure. The violet, blue, and green atoms represent Gd, Mn, and Ni
atoms, respectively. Red and yellow arrows depict the two possible
spin orientations. The dotted unit cell represents bulk unit cell indi-
cating volume expansion in strained unit cell, (c) hard-ferrimagnetic
phase for strain-relaxed structure, and (d) soft ferromagnetic phase
for strained structure with arrows scaled to moment magnitudes.
Since the Gd ordering takes place below 10 K, the magnetic con-
tribution of Gd atoms is neglected.

shape of the hysteresis as well as the nonsaturating tendency
[S-60, Fig. 4(b)] indicate the hard-ferrrimagnetic ground state
of the system as depicted in Fig. 6(c).

In order to correspond the electronic structure results with
experimental findings obtained on thin films, we also per-
formed electronic structure calculations on strained lattice
structure of Gd2NiMnO6, which is equivalent to that of thin
films of Gd2NiMnO6. Due to structural modification, the band
structure of the thin film undergoes changes as reflected in
Fig. 7. The major noticeable difference in the band structure
is the change in the band gap. In the strained structure, which
is equivalently mimicking the material in the thin film condi-
tion, the band gap decreases due to the major change in the
conduction band. In the strained structure of Gd2NiMnO6, the
conduction band is pushed down towards the Fermi energy in
both the spin channels. As a result of the change in the band
dispersion, the details of the electron hopping gets modified
compared to that of the bulk Gd2NiMnO6. The magnetic
moment at the Gd, Mn, and Ni sites changes to 6.84µB,
−2.00µB, and 1.03µB, respectively. The electronic occupation
and the total magnetic moment of the system however remains
unchanged. The variation in magnetic moment at the Mn site
compared to the bulk case (from −3.10 to −2.0µB) gets com-
pensated by a converse change in moment at the Ni site (from
1.73 to 1.03µB). Hence the total magnetic moment per formula
unit remains constant at 13µB. There is however modification
in the magnetic ground state of the system when we move
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FIG. 7. Calculated GGA+U electronic band structure is shown
for Gd2NiMnO6 for (a) bulk structure and (b) strained lattice struc-
ture. The black and turquoise curves represent the band structure
for the majority and minority spin channels, respectively. The Fermi
energy is set at zero in the energy scale.

from the bulk to strained structure as shown in Fig. 6(b). In the
strained structure, while the spins in the intrasublattices of Gd,
Mn, and Ni are aligned FM, the interaction between Gd-Mn
and Gd-Ni intersublattice is AFM in nature. Unlike the bulk
case, the Mn-Ni sublattice is FM in nature. This supports our
previous proposition of soft FM [Fig. 6(d)] and AFM (HFE)
in strained and strain-relaxed (bulk) structures, respectively,
in GNMO.

To understand the effect of SOC, we also performed
GGA+U+SOC calculations for the bulk structure. The
ground state magnetic configuration was considered in the
above case. There are minimal changes in the spin magnetic
moment at the Gd, Ni, and Mn sites on the inclusion of SOC.
The orbital magnetic moment is negligible at the Gd and Mn
sites. At the Ni site, however, there is a minimal orbital mag-
netic moment along the direction of the spin magnetic moment
which is of the order of ≈−0.1µB. Further inspections involv-
ing setting the quantization axis along various directions [viz.
(001), (100), (010), (110), (101), and (111)] aid us in conclud-
ing that the global easy axis for the bulk structure is along the
(001) direction. The point to be noted here is that only the
Gd spins align exactly in the (001) direction. The magnetic
moment at the Mn and Ni sites are distributed along all the
crystallographic axes, even in the lowest energy configuration.
This further suggests the possibility of a canting of spins and
a noncollinear magnetic structure. However, due to a large
moment at the Gd site, the spin ordering takes place at low
temperature. In the case of strained structure, the easy axis has
changed to the (100) direction. Additionally, the calculated
value of the magnetocrystalline anisotropy (MCA) energy is
very high in the bulk structure, while there is a drastic reduc-
tion of MCA energy in the strained structure. The anisotropy
constant K⊥ (containing contribution from both MCA and
strain-induced anisotropy) decreases with increasing thick-
ness, which is opposite to the MCA trend. This can be true
only when the strain-induced anisotropy outweighs the MCA
in the strained structure. Thus the large value of K⊥ in S-15

is predominantly due to the strain-induced anisotropy. In S-60
(bulklike), MCA is dominant over strain induced anisotropy.
Thus our theoretically calculated easy axis (001) matches with
experimental results for the bulk structure (S-60).

E. Magnetocaloric effect

The ordering of the Ni+2-O-Mn+4 spins across the PM-FM
transition and Gd+3 spins at low temperature is associated
with large change in magnetic entropy of the GNMO system.
The net change in magnetic entropy (−�SM) can be estimated
from a set of isothermal magnetization (M-H isotherm) data.
Figures 8(a) and 8(d) show M-H isotherms recorded from
10 K to 100 K with an interval of 10 K for S-60 for IP and OP,
respectively. −�SM is calculated with a magnetic field change
from 0 to H using the well-known Maxwell thermodynamic
relation:

−�SM =
∫ H

0

M(T + �T, H ) − M(T, H )

�T
dH. (3)

The anisotropy in MCE is studied in detail for S-60. Fig-
ures 8(b) and 8(e) display the variation of −�SM as a function
of temperature in low temperature for both IP and OP direc-
tions, respectively. The sharp rise in −�SM below 20 K for
both IP and OP is due to the Gd+3 ordering as discussed in
the earlier sections. For both IP and OP, −�SM shows a sharp
decrease up to 20 K owing to the PM Gd. The small hump-
like feature around 55 K is of extrinsic origin (oxygen) as
discussed in the magnetization section. Interestingly, the OP
−�SM is found to be two times smaller than the IP value. It is
evident from the theoretical calculation that the Gd+3 ions are
predominantly oriented along the c axis. The presence of such
single-ion anisotropy results in a direction dependent −�SM

in thin film GNMO [Fig. 8(c)]. Similar anisotropic character
of MCE has been observed in Gd2CoMnO6 and Tb2CoMnO6

single crystals, where both Gd+3 and Tb+3 have a tendency to
align along the ab plane but MCE is higher along the c axis
[2,14]. The field-dependent magnetic entropy change can be
represented in terms of the following power law: −�SM ∼ Hn

[53]. All three curves of Fig. 8(c) exhibit concave upward
curvature fitted with this empirical power law. The value of the
exponent (n) for in-plane magnetic entropy change is higher
(1.7) than that of the out-of-plane (1.4) at 11 K. These values
of n suggest that the magnetic transition is likely to be first
order type rather than second order [54,55]. In order to calcu-
late RCP, we have measured −�Smax

M in the vicinity of Ni-Mn
ordering. |�Smax

M | and RCP are found to be 1.4 J Kg−1 K−1

and 75 J Kg−1 for �H = 5 T. The field dependence of RCP
can be expressed by a scaling relation: RCP ∝ H1+ 1

δ [56]. The
RCP vs H plot [inset of Fig. 8(c)] is well fitted with critical
exponent δ = 3.125. Such value of δ suggests the spin-spin
interaction to be mean-field-like. Further study reveals that
the improved crystalline orientation and quality enhances the
magnetocaloric effect as seen in Fig. 8(c). The IP −�SM of S-
60 shows 90% enhancement compared to the polycrystalline
GNMO (11.41 J Kg−1 K−1). The obtained values of |�Smax

M |
are much larger than similar types (Ni-Mn and Co-Mn) of
DP systems [2,6,10,14]. This is further indicated by the red
filled circle in Fig. 8(f), which compares the −�SM values of
various R2BMnO6 (B = Ni, Co, Zn, Cr, Cu) DPs in polycrys-
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(a) (b) (c)

(d) (e) (f)

FIG. 8. (a) In-plane M-H isotherms for S-60 recorded at various temperatures as stated in the graph, (b) in-plane −�SM as a function of
temperature for various fields, and (c) in-plane and out-of-plane |�Smax

M | as a function of magnetic fields for S-60 in comparison with reported
polycrystalline GNMO [10]. The black lines correspond to power-law fitting by −�SM ∝ Hn. Inset shows the variation of RCP vs field
change across Ni-Mn magnetic ordering at 129 K, (d) out-of-plane M-H isotherms recorded at various temperatures as stated in the graph, (e)
out-of-plane −�SM as a function of temperature for various fields, and (f) comparison plot of −�SM as a function of temperature in R2BMnO6

family of double perovskite compounds studied in literature [2,6,7,10,12,15,46–52], where B = Ni, Co, Zn, Cr, and Cu. Here, solid symbols
correspond to thin films and single crystals and star marks indicate the polycrystalline form of the materials.

talline, single crystal, and thin film forms [2,6,7,10,12,15,46–
52]. The use of smaller rare-earth atoms (such as Gd, Ho)
at the R site gives giant magnetocaloric effect [2,10,54]. It
is evident that the compounds with a B-Mn combination of
Ni-Mn and Co-Mn possess the higher −�SM .

V. CONCLUSION

We have successfully grown high quality c-axis oriented
thin films of GNMO on STO (001) substrates. The XPS
studies combined with DOS calculations confirm the pres-
ence of Mn+4 intermediate spin state and Ni+2 low spin
state in the samples. The XRD and magnetic measurement
data reveals an evolution of two distinct crystallographic
phases: the “strained” phase associated to a soft ferromagnetic
phase and the “strain-relaxed” phase associated with a hard-
ferrimagnetic phase. Our theoretical calculations also suggest
that the relative spin orientation of Mn and Ni changes from
antiparallel to parallel configuration with increasing strain.

The tensile strain installs perpendicular magnetic anisotropy
in GNMO. The epitaxial nature and c-axis oriented GNMO
results in significant enhancement in MCE. Further, the MCE
is found to be large and anisotropic in nature. The entropy
change along OP is half of that along IP (|�SMmax | = 21.82
J Kg−1 K−1 at T = 11 K for H ||ab). The giant value of −�SM

establishes GNMO as a prospective candidate for magnetic
refrigeration. This work opens up the possibility of increasing
the values of �SM significantly in some of the other DP thin
films (especially Gd, Ho, Er, and Dy based) compared to their
bulk counterparts. For future work, the role of compressive as
well as tensile strain in tuning �SM will be interesting from
both theoretical and experimental perspectives.
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