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Table S1 The reported sequence of phase transitionsin AgNbO3.

Phases Polarizability Space groups Transition temperatures (°C)
M1 ferroelectric Pbem/Pmc2 ~70
M2 disordered AFE Pbcm ~270
M3 disordered AFE Pbcm ~350
o1 paraelectric Cmem ~361
02 paraelectric Cmem ~387
T paraelectric P4/mbm ~580

paraelectric Pm3m /
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Fig. S1 XRD of all ceramics measured atroom temperature.



Fig. S2 Secondary electron (SE) images of polished thermal etched samples of a) AgNbO3; b) Ndo.o1; ¢) Ndo.o2; d)

Ndo.03; €) Ndo.01Tao.10; f) Ndo.o1Tao.15; 9) Ndo.o1Tao.20; h) Ndo.o1Tao.>s and i) backscattered electron (BSE) image of a

polished thermally etched sample of Ndo.o3.
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Fig. S3 Impedance spectroscopy data (a-d) and the Arrheniusplots (e, f) of Ag1-3.Nd:.NbOs3 and Ago.97Ndoo1 TayNbz-

yO3 ceramics.
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Fig. S4 The frequency dependence permittivity (ervs T) and loss (tand vs T) for the Ago.o7Ndao1TayNb1.yO3 ceramics.
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Fig. S5 Wrec and 1 of &) Ndo.o2; b) Ndo.os; ¢) Ndo.o1Tao.10; d) Ndo.oaTaois and e) Ndo.o1Tao2s under their respective

electric fields.
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Fig. S6 P-E loops of a) AgNbO3; b) Ndo.o1; ¢) Ndo.o2; d) Ndo.o3; €) Ndo.o1Tao.10; f) Ndo.01Tao.15; ) Ndo.o1Tao.20 and h)

Ndo.o1Tao.25 ceramics under their respective electric fields.

Table S2 Refinement parameters of Ago.97Ndo.01Tao25Nbo 7503 ceramic at zero field and 380 kV cm™2,

Electric field (kV cm™?) 0 380
Space group Pbcm Pmc2, Pbcm Pb2im
Unit cell volume (A%) 484.62(4) 484.81(4) 484.92(4) 484.65(4)
Calculated density (g/cm?) 7.4276(7) 7.3706(7) 7.3689(7) 7.3731(7)
a(h) 5.5359(3) 15.6856(9) 5.5824(3) 5.5814(3)
b (A) 5.5816(3) 5.5359(3) 5.5371(5) 5.5358(3)
c(A) 15.6839(8) 5.5819(3) 15.6881(6) 15.6856(8)
GoF 1.07 1.02 1.10 1.08
Rexp 9.22 9.52 9.31 9.34
Rwp 9.89 9.71 10.24 10.08

First-principles calculations

The first-principles calculations were performed on the basis of DFT, the pseudopotential method,
and plane-wave basis sets [1-3]. The results were obtained by using a Cambridge serial total energy
package (CASTEP) [4]. The exchange-correlation effects were treated using the local density
approximation (LDA) [5]. For modeling of Ag1.3:Nd»Ta;Nb1.,03 solid solutions, the virtual crystal
approximation (VCA) was adopted which preserves the same crystalline unit cellsas AgNbOs and

replacing the Ag (Nb) with the virtual Nd (Ta) atom [6]. The crystal structure of orthorhombic Agi-



3xNdxTayNb1.,03 with a space group of Pbcm is shown in Figure 1. A plane-wave cutoff energy of
800 eV was employed in the calculations, which assured a total energy convergence of 10 %eV/atom.
For bulk calculations in which primitive unitcells were employed, the Brillouin zone sampling was
set with the 9 X9 X3 Monkhorst-Pack k-points meshes. All primitive unit cells were relaxed until the

force on each atom was smaller than 0.01 eV/A.

LGD phenomenology theory

According to Kittel’stheory [7], an AFE crystal is divided into two neighboringantiparallel dipoles
with spontaneous polarizations P; and P. The total Gibbs free energy g of the AFE system can be
written as:

G = Go + a(P’+P2°) + bPiP> + ¢(Pi* + P2*) + d(P1° + P2°) — (P1 + P2)E )
where a, b, ¢, and d are the Landau coefficients,and E is the applied electric field, respectively. By
calculating the thermodynamics conditions numerically (6G/0P; = 6G/0P> = 0), the equilibrium
relations of P; and P> can be obtained:

2aP;+ 4¢P’ + 6dP;° +bP2—E =0 )

2aP>+ 4¢P + 6dP2’ +bP;—E =0 3)

Here, we introduce the induced a spontaneous polarization order parameter (Pr) and the AFE

structural order parameter (Py):

Pr= (P; + P2)/2,P1= (P1— P2)/2. “4)

Recently, Tolédano et al. proposed a modified LGD phenomenological theory to explain the AFE

phase transitions by introducing a coupling term as APa?Pr? [8]. High-order items containing the
polarization order parameter are neglected and the free energy of the system is:

G =Go(T) + aPa? + BPa* +yPa® +NP42Pr*— PrE, 5)

where Go(7) is the free energy of the paraelectric (PE) phase, @, £, 7, and 4 are the constants. £ is

applied electric field. @= ao(T-Tc), Tc is the Curie temperature and ap a positive constant.

DFT + LGD theory
Table S3 shows the DFT calculated lattice constant (a, b, and c), volume (V) of pure AgNbO3, Nd-

doped, and Nd/Ta co-doped AgNbOs systems with Pbcm space group, as well as the total energy



difference between antiferroelectric (AFE) and paraelectric (PE) phases (AE = Eare — Epe) for pure
AgNbO3, Nd-doped,and Nd/Ta co-doped AgNbOs. From Table S3, the calculated V of Nd-doped
AgNbO3 AFEs slightly decreases with the doping of Nd, while the lattice constants and V of Nd/Ta
co-doped AgNbOs AFESs increase with the co-substitution of Nd and Ta. AE of Nd-doped and Nb/Ta
co-doped AgNbOs decreases with respect to AgNbOs, indicating that the co-doped AFE phase is

further stabilized.

Table S3 The DFT calculated lattice constant (a, b, and c), volume (V) of pure AgNbO3z and Nd-doped AgNbO3 (i.e.
Ago.o7Ndo.0:NbO3) and Nd/Ta co-doped AgNbOs3 (i.e. Ago.a7Ndoo1Tao2Nbo.g03) antiferroelectric (AFE) systems with
Pbcm space group. And total energy difference between antiferroelectric (AFE) and paraelectric (PE) phases (AE =
Eare — Epge) for pure AgNbO3s, Nd-doped AgNbOs, and Nd/Ta co-doped AgNbOs. For simplicity, the vacancy in the
Nd and Ta doped AgNbO3s system was omitted in the DFT calculations. In addition, it should be noticed that AE =

Eare — Epe =AG = Gare — Gpe, When the external electric field is zero.

Nd-doped Nd/Ta co-doped
Parameters AgNbO3
AgNbOs3 AgNbO3
a(A) 5.531 5.532 5.561
b(A) 5.657 5.651 5.699
c(A) 15.878 15.888 15.988
V (A3 496.849 496.726 506.700
AE (eV) -4.765 -4.886 -4.910

Based on LGD theory, the free energy difference (AG) for the system:

AG =G - Go(T) = aPa2+ BPa*+ yPaS +\P 2P~ PrE (6)
a = ay (T-Tc), 7)

PA=Pi-P> (®)

Pe=Pi + P ©)

where G is free energy of the system, Go(T) is the free energy of PE phase, @, £, , and 1 are
constants. £ is the applied electric field. Tc is the Curie temperature and @ is a positive constant.
P; and P; are the two neighboring spontaneous polarizations in the lattice. Fig. S7 shows the
schematic contour maps of AG for AgNbO3;, Nd-doped AgNbOs, and Nd/Ta co-doped systems

without and with E. Gare = Etot (AFE) and Gpg = Etot (PE) when £ = 0, where Gare and Gpg are the



free energy of AFE and PE state, and Etot (AFE) and Etot (PE) are the calculated total energy of AFE
and PE structure by DFT, i.e. AG = Gare — Gre = AE = Eare — Epe in Table S3. In Fig. S7a, the
contourmap of AG for AgNbO;3 is shown, in which four minima exist and are respectively marked
as AFE and FE (ferrielectric). The AFE minima are for the nonpolar AFE phase with Po # 0 and
Pr = 0, while the ferrielectric minima correspond to the induced metastable polar ferrielectric phase
with Po = 0 and Pr # 0. Increasing E decreases AGreri, while AGare remains unchanged based on
Equation (6). Hence, E induces the phase transition from AFE to ferrielectric in undoped AgNbOs,
as shown in Fig. S7d. For Nd-doped AgNbO;s (Fig. S7b), the potential well becomes deeper [i.e. AG
(Nd-doped AgNbO3) < AG (AgNbOs3)], indicating that the AFE phase is more stable in Nd-doped
than undoped AgNbOs, in agreement with DFT results [i.e. AEtot (Nd-doped AgNbO3) < AEtq
(AgNbQgz) in Table S3]. In Fig. S7b, the AFE state (Pa # 0, Pr = 0) is more stable than the
ferrielectric state (Pa = 0,Pr # 0) for Nd-doped AgNbO3; when E= 0, but the converse is true when
E = Erin Fig. S7e. Therefore, the induced electric field for AFE-ferrielectric phase transition (EF)
is larger for Nd-doped with respect to undoped AgNbOs. We can conclude that Nd-doping leads to
a more stable AFE structure, thereby increasing Er (the onset ofthe AFE-ferrielectric induced phase
transition in Fig. 4g). Similarly, for Nd/Ta co-doped AgNbO:s in Fig. S7c, the potential well becomes
much deeper [i.e. AG (Nd/Ta co-doped AgNbO3) < AG (Nd-doped AgNbOs3) < AG (AgNDbOs)],
indicating that the AFE phase is more stable in Nd/Ta co-doped than Nd-doped and undoped
AgNbO3, in agreement with DFT results [i.e. AE (Nd/Ta co-doped AgNbO3) < AEot (Nd-doped
AgNbO3) < AEtt (AgNbO3) in Table S3]. In Fig. S7c, the AFE state (Pa # 0,Pr =0) is much more
stable than the ferrielectric state (Pa = 0, Pr # 0) for Nd/Ta co-doped AgNbOs; when £ = 0, but the

converseis also true when £ = Er in Fig. S7f.
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Fig. S7 Schematic contour diagrams of the free energy difference (AG) for (a) undoped AgNbOs, (b) Nd-doped
AgNbO3, and (c) Nd/Ta co-doped AgNbO3z systems without electric field. Schematic contour diagrams of LGD
phenomenological theory of AFE-ferrielectric (FE) phase transition for (d) undoped AgNbQ3, (¢) Nd-doped AgNbOs,

and (f) Nd/Ta co-doped AgNbO3z with E.
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