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ABSTRACT This article presents the generation of Greenberger–Horne–Zeilinger (GHZ) states using a
spin-torque-based qubit architecture, introducing a hardware-native decomposition of the Hadamard and
controlled NOT (CNOT) gates. Unlike optical or superconducting implementations, the proposed approach
exploits intrinsic spin-transfer-torque dynamics to realize single-qubit and entangling operations with min-
imal external control. The method reduces gate overhead and decoherence, enabling high-fidelity (> 99%)
GHZ formation. An unequal entanglement amplitude naturally arises from spin-torque non-linearities and
is analytically characterized as a tunable property advantageous for quantum secret sharing (QSS) and
asymmetric quantum communication schemes. Numerical simulations of state evolution and density-matrix
fidelity validate the robustness and efficiency of the approach. The results demonstrate that current-driven
spin-torque interactions provide a compact, energy-efficient platform for scalable multi-qubit entanglement,
linking spintronic device physics with quantum information processing.

INDEX TERMS Quantum computing, spin-qubits, GHZ state, W state, quantum secret sharing (QSS).

I. INTRODUCTION
The quantum entanglement is one of the fundamental op-
erations along with the single qubit rotation to perform the
quantum computing [1]. The entanglement would be of two-
qubit or more than two qubits. There are different ways
to obtain the quantum entanglement and one such ways is
through GHZ (Greenberger-Horne-Zeilinger) state generation
[2]. The GHZ state is generally represented by three qubits.
The generated state is maximally entangled such that state
of the qubits involved depend on state of other qubits. The
quantum properties of GHZ state are non-local correlations
[3] and inequality [3] such that one qubit measurement affects
the measurement of other qubits. The applications of GHZ
state in quantum computing are various algorithms, secret
sharing protocols, cryptography, error correction, teleporta-
tion, etc [4]. The proficiency to formulate and influence the
GHZ state is necessary for the information processing and for
the same a very precise control is required. The GHZ state is
obtained through the sequence of Hadamard gate and CNOT
gates [5]. The GHZ state is very similar to well-known Bell

state [6]. Bell state is for two-qubits while GHZ state is for the
three qubits representing more complex correlations. There
are several ways to realize the GHZ state such as supercon-
ducting qubits, ion trap, etc [7]. In this article, the GHZ state is
generated with the help of spin-torque [8]. The article consists
of IV sections. Section I includes current introduction section,
section II contains quantum circuits for three-qubit entangle-
ment through GHZ state generation, section III represent the
spin-torque based architecture for the single-qubit rotation
and two-qubit entanglement, The elementary decomposition
of the different quantum circuits representing the GHZ state,
is explained in section V. The evolution of the spin-qubit
states of these qubit states is depicted in section VI and im-
plementation of quantum secret sharing (QSS) is carried out
in section VII is followed by conclusion in section VIII.

II. QUANTUM CIRCUITS FOR THREE-QUBIT
ENTANGLEMENT THROUGH GHZ STATE
Quantum entanglement is one of the important aspects of the
quantum information theory. There are several applications of
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quantum entanglement such as cryptography, quantum com-
puting, teleportation [1]. The entanglement for the three states
A-B-C, is classified as Null, Separable A-B-C, Biseparable
A-BC, Biseparable B-CA, Biseparable C-AB, W and GHZ.
In this article, the GHZ state is considered for the three-qubit
entanglement.

The GHZ state is an entangled quantum state for
3 qubits and its state is

|GHZ| = 1√
2

(|000〉 + |111〉 ) (1)

The GHZ state is non-biseparable [3] and the other being
the W state. In contrast to the GHZ state, the W-state repre-
sents another form of genuine three-qubit entanglement and is
expressed as

|W 〉 = (|001〉 + |011〉 + |100〉 )

3
(2)

Unlike the GHZ state, which loses all entanglement when
one qubit is traced out, the W-state retains bipartite en-
tanglement among the remaining qubits, making it more
robust against particle loss. Thus, while GHZ states are ideal
for protocols requiring perfect global correlation, such as
quantum secret sharing, W-states are advantageous in dis-
tributed and fault-tolerant quantum communication, where
resilience to decoherence and qubit loss is critical. There-
fore, the three or more-qubit entanglement is represented by
|GHZ〉 and |W〉 [9] .This logical structure forms the foundation
for mapping the GHZ circuit onto the spin-torque-based qubit
platform.

A. SCOPE, NOVELTY, AND COMPARISON WITH PRIOR GHZ
IMPLEMENTATIONS
The present work focuses on the realization of Greenberger–
Horne–Zeilinger (GHZ) state generation using a spin-torque-
based qubit architecture. While several physical platforms
such as superconducting qubits, trapped ions, and quantum
dots have demonstrated GHZ preparation, each relies on con-
trol schemes involving large gate sets or laser-driven coupling
that are not directly compatible with spintronic hardware. In
contrast, the proposed architecture leverages intrinsic spin–
transfer torque (STT) dynamics to implement the GHZ cir-
cuit through hardware-native Hadamard and controlled-NOT
(CNOT) operations. This hardware-adaptive design enables
the circuit to be decomposed into a minimum number of
physical operations, thereby reducing decoherence accumu-
lation and energy dissipation during state preparation. The
novelty of the approach lies in employing Hadamard de-
compositions optimized for the spin-torque domain, which
utilize the natural precession of the magnetization vector
to perform single-qubit rotations instead of applying exter-
nal microwave pulses. The combination of intrinsic torque
interactions and optimized decomposition leads to a more
compact realization of the GHZ generator. Furthermore, in the
proposed configuration, the resulting entangled state exhibits
unequal amplitude distribution among the three qubits—an

TABLE 1. Individual Qubit Fidelity

intentional feature arising from realistic torque non-linearities
and inter-spin coupling asymmetries. This inequal entangle-
ment is analytically shown to preserve global coherence while
allowing tunability of individual qubit participation, which
can be beneficial for asymmetric quantum protocols such as
quantum secret sharing (QSS), threshold key distribution, and
delegated computation schemes. To position this work within
the broader research landscape, Table 1 and the accompany-
ing discussion in Section VI summarize how the proposed
design compares with earlier GHZ realizations. In supercon-
ducting and ion-trap systems, GHZ states typically require
multiple pulse sequences and exhibit fidelity degradation with
each additional qubit due to cumulative control errors. Semi-
conductor quantum dots offer strong exchange coupling but
require complex calibration to achieve equal superposition.
The spin-torque qubit framework presented here introduces
a non-optical, current-driven mechanism for entanglement,
achieving over 99% fidelity under experimentally attainable
parameters. This makes the architecture promising for scal-
able quantum information processing, particularly in hybrid
quantum–spintronic systems where on-chip integration and
magnetic control are desirable. Overall, the proposed GHZ
generation method advances the field by demonstrating that
spin-torque interactions can serve as a viable and efficient
medium for multi-qubit entanglement, with controllable im-
balance properties that can be engineered for specific quantum
communication and computation tasks.

III. QUANTUM CIRCUIT FOR GHZ STATE GENERATION
Generation of a three-qubit Greenberger–Horne–Zeilinger
(GHZ) state can be realized by an ordered sequence of quan-
tum gates consisting of one Hadamard operation and two
controlled-NOT (CNOT) gates. The logical circuit shown in
Fig. 1(a) begins with a Hadamard gate applied to the first qubit
S1, producing a superposition (�0〉+�1〉)/2. Two subsequent
CNOT gates, where S1 and S2 act successively as control
qubits for S2 and S3, entangle all three qubits, resulting in the
maximally correlated state. The quantum circuit representing
the GHZ consist of a Hadamard gate and two CNOT gates as
shown in Fig. 1(a). The Hadamard gate can be represented by
different set and sequence of single qubit rotations as shown
in Fig. 1(b), (c), and (d).

The generation of the Greenberger–Horne–Zeilinger
(GHZ) state can be accomplished through several logically
equivalent quantum circuit configurations, each differing in
gate arrangement and entanglement propagation. Fig. 1
illustrates four representative circuits that realize the
three-qubit GHZ state. In Fig. 1(a), the canonical circuit
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FIGURE 1. Quantum circuits for GHZ state generation.

is shown, where a Hadamard gate applied to the first qubit
creates a coherent superposition, followed by two successive
CNOT gates that sequentially entangle the second and third
qubits. This configuration is conceptually straightforward and
is often used as the reference model for GHZ preparation.
Fig. 1(b) presents a parallel entangling version, in which the
first qubit acts as a common control for two CNOT operations
targeting both the second and third qubits. This form
minimizes circuit depth and reduces the total entangling time,
making it suitable for architectures supporting multi-target
operations. The controlled-phase (CZ)–based circuit shown
in Fig. 1(c) performs the same logical transformation but
replaces each CNOT with a CZ gate surrounded by Hadamard
operations on the target qubits. This variant is preferred when
phase control is natively available, as it avoids amplitude
inversion and simplifies error correction in some hardware
models. Finally, Fig. 1(d) depicts the linear nearest-neighbor
(LNN) optimized circuit, in which entanglement is propagated
along adjacent qubits through a ladder of CNOTs. This
version is efficient for one-dimensional qubit layouts and
minimizes the requirement for SWAP operations. Although
all four circuits generate the same GHZ state.

FIGURE 2. Spin-torque based n-qubit reconfigurable architecture.

IV. SPIN TORQUE BASED QUBIT ARCHITECTURE
The architecture as shown in Fig. 2 consists of qubits and bar-
riers embedded in a semiconductor channel [10]. Each qubit
has two barriers (R-G) on either side. These barriers help to
isolate or allow a qubit for the operation. The qubit operation
is based on spin-torque based interaction of the conducting
electrons with qubit. For the same, the conducting electrons
are required to be generated and injected into the channel.

The single qubit rotation and measurement in n-qubit ar-
chitecture is as follow. The spin density matrix as expressed
in (3) represents the spin polarization of the injected electrons.

ρe = 1

2

(
I + σxx̂ + σyŷ + σzẑ

)
(3)

where, I, σ x, σ y, and σ z are the unitary Pauli spin matrices.
The Hamiltonian for the interaction of injected electrons

with the qubit as shown in Fig. 9, is represented as

H = p2

2m∗ + Jρe · S̃iδ (x) + �R f lδ (x − x0) (4)

where, m∗ and p are the effective mass and momentum oper-
ator of electron, respectively, J is the hyperfine or exchange
interaction, x-x0 represents the interaction distance from the
reflection barrier, and S̃iis the standard basis matrix represent-
ing the ith qubit. The mechanism for single-qubit rotation and
two-qubit entanglement is shown in Fig. 3.

Fig. 3 illustrates the electron–qubit interaction mechanism,
where (a) shows the single-qubit rotation process governed by
the gate control parameter G and rotation factor R1, while (b)
depicts the two-qubit entanglement process in which an elec-
tron sequentially interacts with two localized spins positioned
at distances x0 and x12, enabling exchange-coupling-mediated
correlation between the qubits. In Fig. 3(a), a single spin-
polarized electron interacts with a localized magnetic qubit,
producing a controlled spin precession through exchange cou-
pling. The precession angle, determined by the interaction
time, exchange energy Jex , and electron polarization, de-
fines the rotation on the Bloch sphere and allows precise
implementation of single-qubit gates such as Hadamard or
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FIGURE 3. Electron-qubit interaction for (a) Single qubit rotation (b)
Two-qubit entanglement.

phase rotations. In Fig. 3(b), the same principle is extended to
two adjacent qubits, where an electron sequentially interacts
with spins located at distances x0 and x12. The correlated
exchange process transfers spin information between them,
resulting in coherent two-qubit entanglement. The degree of
entanglement and phase alignment depend on the electron’s
kinetic energy and the temporal overlap of the two inter-
actions. These two fundamental operations i.e., controlled
rotation and mediated entanglement form the basis for con-
structing the GHZ state in the proposed spin-based qubit
architecture.

V. ELEMENTARY DECOMPOSITION OF GHZ QUANTUM
CIRCUIT
To generate the GHZ state with the help of spin torque-
based qubit architecture, the elementary decomposition of the
quantum circuit is necessary. Therefore, the quantum circuits
shown in Fig. 1 are decomposed in the sequence of single
qubit rotation and two-qubit entanglement as shown in Fig. 4.

Fig. 4 presents a comparative analysis of several elementary
decompositions of the GHZ circuit, illustrating how logically
equivalent constructions differ in gate composition, operation
depth, and entangling efficiency. In Fig. 4(a), the canonical
decomposition employs a single Hadamard followed by two
CNOT gates, representing the most direct realization with
minimal conceptual complexity. Each Hadamard gate is itself
reducible to the elementary rotation sequence Rz(π )Ry(π /2),
making this form the foundational template for GHZ syn-
thesis. Fig. 4(b) demonstrates a parallelized decomposition,
where the control qubit drives two target qubits concurrently.
This configuration reduces circuit depth by one entangling
layer but increases the simultaneous control demand, trading
simplicity for execution speed. In Fig. 4(c), a phase-based
decomposition substitutes each CNOT with an equivalent

FIGURE 4. Elementary decomposition of the quantum circuits for the GHZ
state generation.

sequence of controlled-Z (CZ) and single-qubit rotations, re-
distributing the entangling process through phase modulation
rather than amplitude inversion. This version is particularly
advantageous for hardware platforms that naturally imple-
ment phase interactions. Finally, Fig. 4(d) shows the nearest-
neighbor (LNN) decomposition, optimized for linear qubit
connectivity, where each CNOT is constructed through the
elementary transformation. Together, these decompositions
underline how the GHZ operation can be flexibly expressed
and optimized depending on hardware architecture and gate
availability.

VI. STATE EVOLUTION AND DENSITY MATRIX OF
THREE-QUBIT ENTANGLEMENT
The spin-qubit state evolution and spin density matrix of
the elementary quantum circuits for the different Hadamard
are shown in Figs. 5, 6, and 7. The three-qubit unequal en-
tanglement is achieved at the end of each quantum circuit
representing the GHZ.

VII. IMPLEMENTATION OF QUANTUM SECRET SHARING
USING GHZ GENERATION
One of the cryptographic techniques for the secure commu-
nication is quantum secret sharing (QSS) [11], [12], [13],
[14], [15], [16]. The QSS scheme is derived from the classical
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FIGURE 5. Spin state evolution for the Hadamard gate (Ry(-π/2))
(a)z-directed (b) x-directed (c) y-directed (d) Real- spin density matrix (e)
Imaginary- spin density matrix.

FIGURE 6. Spin state evolution for the Hadamard gate (Rx (π /2)- Rz (π/2)-
Rx (π/2)) (a)z-directed (b) x-directed (c) y-directed (d) Real- spin density
matrix (e) Imaginary spin density matrix.
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FIGURE 7. Spin state evolution for the Hadamard gate (Ry (π/2)- Rx (π)) (a)
z-directed (b) x-directed (c) y-directed (d) Real- spin density matrix (e)
Imaginary spin density matrix.

FIGURE 8. Quantum circuit for QSS [11].

FIGURE 9. Elementary decomposition of the quantum circuit for QSS.

secret sharing. The scheme involves senders and receivers
such that the receiver entirely divulges the large portion of the
receivers work together, otherwise, the secret is completely
mysterious at receiver end. QSS was introduced for the appli-
cations like quantum money, joint checking accounts, quan-
tum networking, and distributed quantum computing, etc. The
GHZ state generation is one of the important components
of the quantum circuits representing the QSS. The quantum
circuit for the QSS is shown in Fig. 8. The quantum circuit
consists of GHZ state generation block, Bell state generation
block, a Hadamard gate, 01 CNOT gate and 02 controlled Z
gates.

A. ELEMENTARY DECOMPOSITION OF QSS QUANTUM
CIRCUIT
The elementary decomposition of the quantum circuit for the
QSS is shown in the Fig. 9.

Based on the elementary quantum circuit presented in the
Fig. 9, the spin state evolution of along z, x, y for the Qubits
Q1, Q2, Q3, and Q4 is obtained as shown in Figs 10, 11,
and 12. Also the resultant state of these qubits also shown in
Fig. 13.

The input state density matrix, the output state density ma-
trix before the measurement, and output state density matrix
after the measurement in Figs. 14, 15, and 16 respectively.

The individual qubit fidelity is obtained as given in Table 1 .

The obtained fidelity for each qubit is well above faulty
tolerant fidelity. The fidelity exceeding 99% arises from the
use of optimized spin-torque pulse parameters that minimize
phase error, precise synchronization of gate operations reduc-
ing cumulative decoherence, and the inherent stability of the
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FIGURE 10. QSS state evolution along the z-axis.

FIGURE 11. QSS state evolution along the x-axis.

FIGURE 12. QSS state evolution along the y-axis.

FIGURE 13. Resultant QSS state evolution.

FIGURE 14. Input state density matrix.

FIGURE 15. Output state density matrix before the measurement.

FIGURE 16. Output State density matrix after the measurement.

spin-based qubit system which preserves coherence during
multi-qubit entanglement formation.

VIII. CONCLUSION
In this article, three different quantum circuits were utilized
to generate the GHZ. The respective quantum circuits were
further decomposed to obtain the elementary single- and
two-qubit level decomposition of the quantum circuits. Post-
measurement, the state evolution of these quantum circuits is
same. However, the density matrix representation of the out-
put state is different due to unequal three qubit entanglement.
Further, the fidelity obtained for the individual qubits utilized
for the QSS is more than 99%.
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