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The electrical control of magnetization compensation temperature (Tcom) is investigated in ferrimagnetic
GdFeCo alloy deposited on ferroelectric Pb(Mg1/3Nb2/3)O3-30%PbTiO3 (PMN-PT). It is found that the applied
electric field can cause a 19 K shift in Tcom. Tcom under different applied electric fields across the PMN-PT sub-
strate suggests that such electrical control is induced by piezostrain at the ferroelectric-ferrimagnetic interface.
Spin-polarized first-principles calculations show that the change of exchange coupling strength in GdFeCo are
caused by the lattice strains. Nonvolatile switching of resistance and direct bipolar control of exchange bias are
achieved when an electric field is applied to appropriately designed multilayers. Our findings pave the way for
electric field control of Tcom in ferrimagnetic GdFeCo alloy and have implications for the development of energy
efficient and nonvolatile ferrimagnetic magnetic random access memory.
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I. INTRODUCTION

Spintronic devices, such as magnetic tunnel junctions
(MTJs), are a hot topic in information storage device re-
search due to their potential for low power consumption,
nonvolatility, high storage density, and fast operation [1–4].
Ferromagnet (FM)-based MTJs were widely studied for mag-
netic random access memory (MRAM) applications and have
been commercialized recently [5–8]. Ferrimagnets (FIMs)
have several advantages over FMs, including faster writ-
ing speed and higher storage density due to FIMs’ ultrafast
(THz) spin dynamics [8], antiparallel-aligned unbalanced
multisublattice magnetization [9], and existence of bulk per-
pendicular magnetic anisotropy [10,11]. Zhao et al. [12]
and Cao et al [13] demonstrated field-free spin-orbit torque
(SOT)-induced deterministic magnetization switching in a
single FIM CoTb alloy, which was introduced by the ver-
tical structural inversion asymmetry due to the composition
gradient of CoTb alloy or the in-plane magnetization of at-
tached Co films [14,15]. Compared to FMs [12], the efficiency
of field-free SOT-induced switching in FIMs can be signifi-
cantly increased, promoting the use of FIMs in MRAMs with
tunneling magnetoresistance readout [13]. However, SOT
generation is accompanied by the induction of a high-density
in-plane charge current [16–18]. The Joule heat of charge cur-
rents would reduce the thermal stability of device and increase
energy consumption [8,19].
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Alongside SOT-induced magnetization switching in FIM
alloys, electric fields (E) were also used to control the mag-
netic moment and achieve in situ 180◦ magnetization reversal
in the FIM GdCo alloy [20]. The use of electric field rather
than charge current can significantly lower power consump-
tion and avoid Joule heating in the devices [21]. Beach et al.
achieved a large modulation (∼100 K) of magnetization com-
pensation temperature (Tcom) and a 180◦ switching of the net
magnetization in GdCo/Pd/GdOx heterostructures by intro-
ducing gate voltage through the injection of hydrogen into
the GdCo alloy. However, electrical 180◦ switching of the
magnetization involved the hydrolysis of water in ambient
moisture and happened only when the water vapor was present
in the gas environment. Furthermore, the water vapor can
cause chemical reactions with heterostructures rendering the
resistance state of the latter volatile, which does not meet
the requirement of nonvolatile magnetoelectric random access
memory (ME-RAM) [22–24].

In this study, we demonstrate electric field-controlled
magnetization compensation temperature in an amorphous
rare-earth (RE)-transition metal (TM) FIM GdFeCo alloy. A
typical butterflylike Tcom-E curve implies that the switching
is closely related to the piezostrain-mediated magnetoelec-
tric (ME) coupling in ferroelectric (FE)-FIM heterostructures.
Spin-polarized first-principles calculations show that the
strength of exchange coupling in the GdFeCo alloy can
indeed be modulated by strains. Under isothermal con-
ditions, nonvolatile and reversible switching of resistance
is observed, indicating stable and reversible “ON”-“OFF”
switching behavior. Furthermore, E-controllable exchange
bias and nonvolatility are also achieved in appropriately
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FIG. 1. (a) Schematic view of the Ta/GdFeCo/Cu heterostructure with Hall bar structure and measurement setup. Current is applied along
the x direction and the Hall resistance is measured along the y direction. (b) Hall resistance as a function of magnetic field at different
temperatures (from 165 to 295 K). (c) Coercivity extracted from the hysteresis loops of heterostructures versus temperature. The inset shows
saturation resistance of the heterostructure measured at 310 mT as a function of temperature.

designed multilayers. Our findings hold great promise for
implementation in devices such as nonvolatile ME-RAMs,
as well as for understanding the effect of piezostrain on the
magnetic properties of FIM materials.

II. EXPERIMENTAL SETUP

Ta (5 nm)/Gd29Fe51Co20 (5 nm)/Cu (5 nm) heterostruc-
tures were deposited on 400-µm (011)-oriented single-
crystalline Pb(Mg1/3Nb2/3)O3-30%PbTiO3 (PMN-PT) sub-
strates at room temperature by dc magnetron sputtering with a
base pressure below 2.0 × 10−5 Pa. Ta films were deposited
onto the PMN-PT substrates as buffer layers to reduce the
influence of substrate roughness. GdFeCo films were formed
by depositing GdFeCo alloy targets. Cu capping layers were
deposited as top electrodes and to protect GdFeCo alloy
from oxidation. The PMN-PT/Ta (5 nm)/Gd29Fe51Co20 (5
nm)/IrMn (15 nm)/Cu (5 nm) structure was deposited to study
exchange bias. To ensure the pinning direction coincided with
the growth direction of heterostructure layers, a constant mag-
netic field of about 315 mT was applied along this direction
during growth. Maskless exposure technique was used to pat-
tern these layers into Hall bar devices (300 × 2000 µm2) for
the anomalous Hall effect (AHE) measurements, as shown in
Fig. 1(a). During the temperature-dependent AHE measure-
ments, the Hall bar devices were placed in vacuum thermostat

(Model: LanHai Instrument-101C) at a base pressure below
10−3 Pa. Data was collected by connecting the thermostat
wiring device to the test equipment (Keithley 2400-C Source
Meter and Keysight 34420A Nano Volt/Micro Ohm Meter).
Cu electrode with the thickness of 50 nm was deposited on
the bottom of PMN-PT substrate as the electrode. An electric
field using Keithley 6517 B dc power supply was applied
perpendicularly to the PMN-PT substrate. Magnetic domains
under electric field were investigated at 214 K using the polar
magneto-optical Kerr effect (MOKE) (Model: Evico magnet-
ics BmbH).

III. RESULTS AND DISCUSSIONS

A. Electric field modulation mechanism

Figure 1(b) shows the anomalous Hall resistance (Rxy) as
a function of out-of-plane magnetic field at different tempera-
tures to obtain Tcom of Cu/Gd29Fe51Co20/Ta heterostructures.
The loops polarity from 295 to 240 K shows the same sign
whereas below 240 K the loop polarity reversal. The reversal
of the loop polarity between 240 and 235 K indicates that
there exists Tcom at which the net magnetization converges
to zero. Because the Gd 4f electrons are far below the Fermi
level, the Rxy is mostly sensitive to magnetic moments in the
FeCo sublattice [3,20]. The net magnetization is dominated by
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FIG. 2. Influence of electric field on Rxy of GdFeCo film. (a) and (b) show electric field-modulated AHE hysteresis loops for
Cu/GdFeCo/Ta/Pb(Mg1/3Nb2/3)O3-30%PbTiO3 (PMN-PT) heterostructures at ambient temperature and at 230 K, respectively.

the antiparallel spontaneous magnetization of Gd and FeCo
below and above Tcom (∼237 K), respectively. Figure 1(c)
shows temperature dependence of coercivity (Hc). Here, the
coercivity is defined as Hc=(Hc+-Hc−)/2, where Hc+ and Hc−
are the coercivities for the ascending and descending branches
of AHE loop, respectively. The extraction of Hc+ and Hc−
at small magnetic field range is shown in Fig. S1 in the
Supplemental Material [25] (see also Refs. [26,27] therein)
for details. The divergence of Hc is observed at Tcom because a
larger magnetic field is required to generate a sufficiently high
Zeeman energy to switch the magnetization [11,28]. The inset
of Fig. 1(c) shows the saturation Rxy as a function of tempera-
ture in the presence of positive magnetic fields, extracted from
Fig. 1(b). The sign change of saturation Rxy near 240 K also
indicates Tcom of the heterostructures [9,11].

Figure 2(a) shows the AHE resistance loops of the
heterostructure in the unpolarized (the initial state of the het-
erostructures) and positively polarized (by gate electric field
+2 kV cm−1) states at ambient temperature. The basic build-
ing blocks of the electric field control setup are schematically
shown in Fig. S2 in the Supplemental Material [25] for details.
To ensure the stability of measurements, the heterostructures
were polarized several times before the measurements by
applying different positive and negative electric fields. Com-
pared with the value of Rxy in the unpolarized state (red
line in the corresponding hysteresis loop), a large modulation
(∼35%) at zero magnetic field (remanent Rxy) was induced
by the applied +2 kV cm−1 electric field. The coercivity of
heterostructures, on the other hand, is found to be decreased
(∼40%) from approximately 5.2 to 3.7 mT by the electric field
of +2 kV cm−1. These large modulations could be attributed
to the change of magnetic domain structures induced by exter-
nal electric fields [29]. Figure 2(b) shows the AHE resistance
loops of the heterostructure measured in 230 K at E = 0
(red line) and E = +2 kV cm−1 (black line). It shows that
the electric field reverses the polarity of hysteresis loop from
clockwise to anticlockwise, indicating Tcom of Ta/GdFeCo/Cu
heterostructures was modulated by the electric field.

To clearly describe electric fields control of Tcom, temper-
ature dependences of coercivity with unpolarized and electric
fields E = +2.75 kV cm−1 state were extracted and summa-

rized in Fig. 3(a), respectively. Obviously the shift of Tcom

(up to ∼28 K) after applying electric field is observed. The
dependences of Hc on temperatures in Fig. 3(a) show three
typical regions labeled “I”, “II”, and “III”. The polarity of
hysteresis loops is negative (positive) in the region I (III),
whereas the change from negative to positive is achieved with
applying electric field in the region II, which indicates the
change of Tcom induced by electric field.

To gain insight into the mechanism of the change of
Tcom by electric field, detailed evolution of Tcom with differ-
ent electric fields was performed, see Supplemental Material
S4 [25] (see also Refs. [30,31] therein) for details. Fig-
ure 3(b) displays a typical butterflylike behavior of Tcom-E
curve, which is similar to the behavior of strain-electric field
(ε-E ) curve (blue line) as shown in the inset of Fig. 3(b).
It indicates that the modulation of Tcom by electric field can
be attributed to piezostrain-mediated ME coupling in the het-
erostructures [32–35]. The lack of a pefect match between
Tcom-E and ε-E curves could be attributed to domain splitting
in the unstaurated PMN-PT ferroelectric substrate [29,36].
Given that the GdFeCo film has a positive magnetostriction
coefficient [37], the heterostructures have a positive mag-
netoelastic anisotropy [29]. By interfacing the GdFeCo film
to ferroelecrtric PMN-PT substrate, external electric fields
induce in-plane strain in the PMN-PT layer, which is trans-
ferred to the magnetic layer (GdFeCo film) and influences
the magnetic properties of Ta/GdFeCo/Cu heterostructures.
Additionally, the butterflylike behavior clearly demonstrates
that there are two distinguishable states at a given electric
field, such as at +2.75 kV cm−1. It implies that the history
of the applied electric field is important for the modulation.
Considering that the heterostructures are thick enough to mit-
igate the effect of local carrier density, we can safely disregard
the charge influence, which results in a typical hysteresislike
loop behavior [38–41].

To gain a better underestanding of the piezostrain-mediated
ME coupling mechanism, spin-polarized first-principles cal-
culations were performed on a GdFeCo crystal with uniformly
distributed Fe and Co atoms in unit cell [see Fig. 4(a)]. The lat-
tice constants were optimized to be a = 7.135 Å and b = c =
7.361 Å. A slight anisotropy was introduced, which directly
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FIG. 3. (a) Coercivity versus temperature in the unpolarized state (red spheres) and at applied electric field of +2.75 kV cm−1 (blue
spheres). (b) Tcom under different applied external electric field. The inset shows polarization-electric field (red) and strain-electric field (blue)
curves for (011)-oriented PMN-PT substrate at room temperature, which was measured along the (001) direction of PMN-PT substrate.

influnced the bond distances between Gd and Co or Fe atoms.
Bond lengths of 2.9746 and 3.0643 Å for the Gd and Fe atoms
corresponded to parallel and perpendicular to the x axis bonds,
respectively. Similarly, for the Gd and Co atoms, bond lengths
of 2.9761 and 3.0224 Å were obtained. The band structure and
density of states (DOS) in FIM state are displayed in Fig. 4(b).
The bands localized around 8.0 eV below the Fermi level in
the spin-down channel are mostly the f orbitals of Gd atoms,
while those located around 4.0 eV above the Fermi level also
appear in the spin-up channel as well. As a result, Gd atoms
have a very large magnetic moment of around 7.47 µB. The
itinerant d-orbital electrons of Gd atoms contribute about 0.47
µB to the total. DOS for the spin-up channel differs from that
for the spin down channel near the Fermi level, indicating
the appearance of spin splitting. This splitting is primarily
defined by the magentic moments of Co and Fe atoms, which
are 1.3725 µB and 2.3415 µB, respectively. The exchange
coupling between the Gd, Fe, and Co atoms was calculated
in the framework of the Heisenberg model of the exchange
for nearest neighbors, the Hamiltonian of which is given
by [42]:

H = −
∑

i,δ

Ji,i+δσiσi+δ.

Here, Ji,i+δ is the exchange coupling constant, δ is the
number of nearest neighbors, and σi is the quantum number of
the total spin angular momentum per lattice site, respectively.
For simplicity, we assume J ≡ JGd,Fe ≈ JGd,Co in GdFeCo.
Our calculations yield a value of averaged exchange coupling
constant J around −4.718 meV, which is comparable to a
value of around −5.0 meV for GdCo2 with the same crys-
tal structure [20]. The exchange coupling constantly changes
when the uniaxial tensile strain (ε) is applied along the x axis:
J decreases from −4.7 to −4.8 meV as ε increases from 0 to
3%, as shown in Fig. 4(c). The increase in the magnitude of
exchange coupling under tensile strain is highly infomative. In
fact, we find that the band structure remains nearly unchanged
under strain (not provided for brevity). This also holds true for
magnetic moments. Under the tensile strain ε = 3%, the bond
lengths between the Gd and Co atoms along the x axis increase
to 3.0511 Å. The corresponding bond lengths in the direction
perpendicular to the x axis however decrease to 3.0060 Å.
Noted that the number of bonds perpendicular to the x axis
is twice as large as the bonds along the x axis. Similar results
are obtained for the Gd and Fe atoms. It is well known that
the exchange coupling is closely related to the value of the
distance in the exchange integral. The decrease of this distance
has a larger effect on the exchange coupling. In detail, the
increase of exchange coupling in the direction perpendicular

FIG. 4. (a) Crystal structure of GdFeCo. The red, yellow, and blue spheres represent Gd, Fe, and Co atoms, respectively. (b) Calculated
band structure and DOS without strain. The red and black lines represent spin up and down channels, respectively. (c) Exchange coupling
constant J in GdFeCo as a function of uniaxial tensile strain.
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FIG. 5. Nonvolatile ferroelectric switching of resistance in the Cu/GdFeCo/Ta/PMN-PT heterostructures at 214 K. (a) Resistance responses
of the heterostructures at the read current of 8 mA under symmetric and asymmetric bipolar sweeping of electric field. Insets show differential
wide-field magnetic domain images of the heterostructures. (b) Electric field pulse-induced nonvolatile resistance switching behavior at 214 K,
in which a reverse saturation electric field is required during measurements due to the unequal strain in these domain states.

to the tensile strain excessively compensates for the decrease
in the direction parallel to the tensile strain, giving rise to
an increase in J. While a larger strain was applied in the
calculations, the linear relationship between the strain and
the value of exchange coupling constant is still satisfied as
the strain is less than 0.1%. As a result, the strain-regulated
exchange coupling obtained from first-principles calculations
agrees with the electric field-regulated Tcom obtained from
experiments. Here, the reason Tcom should increase is that
the Gd moment is supported by exchange to FeCo. Gd on
its own has a Curie temperature close to room temperature.
The exchange to FeCo maintains the moment in Gd up to and
above room temperature. As the exchange increases, the Gd
moment at a given temperature increases, causing Tcom to rise.
The theoretical findings allow for a comprehensively under-
standing of the electric-field-induced butterflylike behavior of
Tcom by an increase in exchange coupling.

B. Nonvolatile resistance switching behavior

Figure 5(a) presents an in situ electric field control of
saturation Rxy at 214 K applying magnetic field 310 mT.
The polarities of saturation Rxy changing with electric field
were observed, which one more again indicates that Tcom

can be controlled by electric fields. To directly describe the
effect of electric field on magnetic structure, the images of
magnetic domains were obtained by using MOKE after ap-
plying symmetric or asymmetric bipolar electric field. As
shown in the inset of Fig. 5(a), the gray (measured at “A”
point) and the black color (measured at “C” point) correspond
to antiparallel and parallel alignment of the FeCo sublat-
tice moment with respect to external field, see Supplemental
Material S7 [25] (see also Ref. [43] therein) for details. Ad-
ditionally, a typical butterflylike behavior of saturation Rxy

versus electric field (red line) is obtained upon sweeping
the symmetric bipolar electric field. This is consistent with
the butterflylike ε-E curve (blue line) shown in the inset of
Fig. 3(b), which indicates the change of the resistance of
heterostructures induced by piezostrain. When asymmetric
bipolar sweeping was performed, resistance hysteresis loops

were achieved that demonstrated the nonvolatile resistance
behavior. In particular, difference of resistance was observed
once another negative electric field was applied to the piezo-
substrate. Therefore, two distinct resistance states at zero
electric field were formed: the A state represents the low re-
sistance one and the B (C) state represents the high resistance
one, respectively. These results indicate that Ta/GdFeCo/Cu
heterostructures exhibit nonvolatile resistance switching
behavior.

In order to characterize the repeatability and stability of
nonvolatile device according to the potential application re-
quirements. Electric field pulse-induced nonvolatile switching
of resistance was measured at 214 K, as shown in Fig. 5(b).
Two stable and repeatable resistance states (with opposite
polarities) were formated by applying electric field impulses
with the duration about 0.5 s. Given the unequal strain in these
domain states, a reverse saturation electric field is required
during measurements [40]. We label the low and high resis-
tance states as ON and OFF states, respectively. As a result,
pulsed electric fields can achieve a repeatable, nonvolatile, and
attenuation-free ON and OFF switching, which is suitable for
various applications such as amplifiers and trigger devices.

C. Exchange bias behavior regulated by electric field

Based on the above results of electric field control Tcom,
an exchange-biased (EB) device utilizing the magnetic inter-
face effects in antiferromagnetic/ferrimagnetic structure was
designed. An antiferromagnetic IrMn layer was deposited
on the ferrimagnetic (GdFeCo) layer, inducing the unidirec-
tional exchange coupling effect at the interface between IrMn
and GdFeCo [see the inset in Fig. 6(a)]. The temperature-
dependent AHE hysteresis loops of the EB device were
obtained to confirm the values of Tcom [11], see Supplemen-
tal Material S8 [25] for details. The hysteresis loops at 200
and 225 K, i.e., below and above Tcom (∼210 K), show ap-
parent EB effect in the device [see Fig. 6(a)]. Figure 6(b)
shows temperature dependence of exchange bias field,
Heb = (Hc++Hc−)/2. Clearly, Heb increases with decreas-
ing of temperature to Tcom and changes its sign at Tcom.
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FIG. 6. Electric field control of exchange bias field in the Cu/IrMn/GdFeCo/Ta device. (a) and (c) show, respectively, AHE hysteresis loops
of the device in the unpolarized state and at the applied electric field of −C2 kV cm−1 at different temperatures. The inset displays schematic
illustration of the device layer structure. (b) and (d) show Heb as a function of temperature in the unpolarized state and at the applied electric
field of −2 kV cm−1, respectively. The dashed lines in (b) and (d) indicate Tcom of devices.

Subsequently, the amplitude of Heb starts to decrease and
approaches a constant value. Therefore, the bipolar EB effect
in our device was obtained [44,45]. Considering that Heb =

2
√

AK
MFIMtFIM

, where A is the exchange interaction energy, K is the
anisotropy constant of IrMn, and MFIM and tFIM are the magne-
tization and the thickness of FIM film, respectively [14,46,47],
our results indicate that pinned spins at GdFeCo/IrMn inter-
face can be reversed by temperature.

Then an electric field was used to control the invert of the
net magnetization, which induced the sign change of exchange
bias. The temperature dependence of AHE hysteresis loops
and coercivity demonstrated that Tcom of the device decreases
to 187 K as the presence of electric field E = −2 kV cm−1,
see Supplemental Material S9 [25] for details. The hysteresis
loops of the device under electric field −2 kV cm−1 at the
temperatures 185 and 195 K is shown in Fig. 6(c), which show
exchange bias effect and the sign change of Heb. Figure 6(d)
presents the temperature dependence of Heb with E = −2 kV
cm−1, which behaves similar to the unpolarized state. In the
regions I and III, Heb is negative and positive, respectively, in
both the unpolarized and E = −2 kV cm−1 states. However,
in region II, Heb changes from negative to positive after ap-
plying electric field E = −2 kV cm−1. The obtained results
indicate that pinned spins at the interface can be switched by
electric field.

D. Nonvolatile exchange bias behavior

Figure 7(a) shows the dependence of Heb in a full electric
field cycle at 175 K. A typical butterflylike loop of Heb versus
electric field was observed, which is similar to the Tcom-E
and the strain-electric field curves. Noted that the sign change
of exchange bias field can be achieved by applying different
electric fields. These results show that piezostrain induces
the change of Tcom and net mangetization of ferrimagnetic
GdFeCo alloy, which further results in the change of Heb

induced by exchange coupling at the interface between IrMn
and GdFeCo. To investigate the reversibility and stability
of electric field control Heb in our device, an electric field
pulse with the duration of approximately 0.5 s was applied
at 175 K, as shown in Fig. 7(b). Following the application
of pulsed electric field, two stable and reversible EB states
(with opposite sign) were observed. This observation points
to nonvolatility of the device and confirms that the EB effect
is indeed induced by piezostrain-mediated ME coupling in
the Cu/IrMn/GdFeCo/Ta/PMN-PT device [48,49]. Obtained
effects provide a step forward for the next generation of
EB-based devices such as spin valves [50] and hard drive
read heads [51], as well as the ability to effectively re-
duce writing fields in exchange spring media for magnetic
storage [52].
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FIG. 7. Electric field dependence of exchange bias field and nonvolatility effect at 175 K. (a) The exchange bias field as a function of the
external electric field. The electric field values follow the sequence “1”→ “2” → “3” → “4” which leads to a typical butterflylike curve. (b)
The pulsed electric field-induced nonvolatility exchange bias effect.

IV. CONCLUSIONS

In conclusion, we have demonstrated the shift of Tcom

in ferrimagnetic GdFeCo films by applying an electric field
across the PMN-PT substrate, indicating electric field control
of magnetization. A typical butterflylike curve of Tcom-E in-
dicates that the change of Tcom orginates from the piezostrain
of the PMN-PT substrate. The spin-polarized first-principles
calculations provide a microscopic mechanism for Tcom mod-
ulation based on changes in exchange coupling strength in
GdFeCo films by the lattice strain. Nonvolatile and reversible
Rxy is achieved by pulsed electric fields, which can be used
in trigger devices. Furthermore, a nonvolatile bipolar EB-
based device with appropriate multilayer design was also
fabricated. The results enabled the experimental realization
of a piezostrain-induced modulation of Tcom in ferrimagnetic
GdFeCo films. Such piezostrain-controlled magnetization
compensation manipulation can be used in energy-efficient
solid-state magnetic storage and logic devices.
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APPENDIX: COMPUTATIONAL METHOD

Spin-polarized first-principles calculations were performed
using DFT and the projector augmented wave method
implemented in the Vienna ab initio simulation pack-
age (VASP) [53,54]. The exchange-correlation potential
was treated using the generalized gradient approximation
(GGA) [55] with the Perdew-Burke-Ernzerhof [56] functional
corrected for solids. The GGA+U method was applied to
the f orbitals of Gd atoms. The value of effective on-site
Coulomb interaction parameter was Ueff= 6 eV. During the
optimization, all atoms were relaxed until the force on each
atom was less than 0.01 eV/Å. The conventional unit cell of
GdFeCo containing 8 Gd, 8 Fe, and 8 Co atoms was used.
A 10 × 10 × 10 k-point mesh and an energy cut-off value of
520 eV were taken. Our calculations showed that GdFeCo had
a normal Poisson’s ratio.
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