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Abstract We investigate the quantum Fisher information (QFI) of symmetric states for
spin-s particles. We derive the maximal QFI, and find that quantum spin correlations are
essential ingredients of the maximal QFI. We make applications to the generalized one-axis
twisting model. The results show that the redistributions of uncertainties on the basis of the
quantum correlations in the multiqubit system are useful for sub-shot-noise phase sensitiv-
ity. Furthermore, for high-spin (s > 1/2) composite systems, we find a sufficient criterion
for entanglement.
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1 Introduction

Quantum entanglement plays an important role in many fields of quantum information
processing, such as quantum teleportation [1], superdense coding [2], quantum key distri-
bution [3], and telecloning [4]. In the past decades, various kinds of entanglement criteria
were suggested. Quite recently, Pezzé and Smerzi [5] introduced a different criterion
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where N is the number of particles of the system under consideration, and Fy is the QFI
[6-9]. Thus the quantity Fp/N gives the mean quantum Fisher information per particle,
which is reciprocal to the quantity x2. In addition, p;, represents the input state, S; is the
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collective operator defined as S; = S -7 = ZIN:I o; with o; a Pauli matrix operator on the
Ith particle, and 7 denotes the direction along which x? is detected.

On the one hand, it is demonstrated that x? < &2, where £2 is the spin squeezing para-
meter following from Wineland’s definition [10]. For a state, if £2 < 1, it is spin squeezed.
Thus x2 < 1 recognizes a class of states which are entangled, but not spin squeezed. This
implies that as a criterion of entanglement, x2 takes an advantage over spin squeezing £2.
For instance, x2 can identify the Dicke state as entangled state, while £2 can not.

On the other hand, the QFI is closely connected to the phase estimation in metrology and
quantum sensors [11]. Generally, the output state is a linear rotation of the input state by an
angle @: pou = €'¥57 pie~¢5i. The estimation of the angle ® is bounded by the shot-noise
limit Apsy = 1/+/N. According to the Quantum Cramer-Rao theorem [7, 8], the phase
sensitivity Ag has a lower bound limit

1 _ X
VFolpm Sil VN’

If x2 < 1, the state is entangled, and is useful for sub-shot-noise sensitivity of phase estima-
tion. Especially, when x = 1/+/N, the estimation sensitivity can reach the Heisenberg limit
1/N. From (2), we see that the smaller x (or bigger Fy) is, the better of the input state for
the phase estimation is. Therefore, in this work, we try to give a general expression of x>
(or Fy) for the arbitrary symmetric pure states in systems composed of spin-s particles, and
find its minimum (or maximum) over the whole coordinate space under certain condition.

This paper is organized as follows. In Sect. 2, under certain condition, we give a general
expression of the minimum x2 (or MQFI) over the whole coordinate space. In Sect. 3, in
terms of the general expression, we study the MQFI and its direction in the generalized
one-axis twisting model. Finally, a conclusion is given in Sect. 4.

Apqgcer = (2)

2 The Maximal Quantum Fisher Information
The expression of QFI in (1) is explicitly derived as [5, 12, 13]

(pi — pj)? 2
Folpin, Sil=2) ————1{¥;|Sil¥i)|", (3)
oL XJ: pi+p;

on the basis of pi, = D, p;|¥;) (¥;] with p; independent of the parameter ®. For a pure state
o = |¥) (¥, the QFI is simplified as

Folpin, Sil = 4(AS;)?, “

with (AS;)? = (S2) — (S;)? the fluctuation of the collective operator S;.
A collection of N spin-s particles is represented by the collective operators

N
Sa:ZSi,ou aefx,y, z}, )
i=1

where s; , is the spin operator for the ith particle. In the following, we will give a general
expression of arbitrary symmetric states in such a composite system.
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For convenience, we would like to construct a new coordinate frame such as [14, 15]

7 sin® cos ¢ sinfsing  cos6 7
iy | = —sing cos ¢ 0 iy |, 6)
73 —cosfcos¢ —cosfsing sinf 7,

where 71, is the mean spin direction, 71, and 73 are the other two directions perpendicular to
71, 6 and ¢ are polar and azimuth angle with their trigonometric functions

c0s6 = (8.)// 18002 + (8,)% + (S.)2,

sing = /(52 + (5,127,182 + (5,2 + (52 ™
tang = (Sy)/(Sy).

First, we will find the MQFT in the (#i,, 7i3) plane. For clarity, we denote 7 ; as an arbitrary
direction in this plane, and introduce the collective operator S, . According to [16], we can
easily get the maximum fluctuation of S,

max AS? = 5[ (53, +S3,) + 152, = S22+ (IS5, S2,1)? |, @®)
iiL

with

Si, = —singS, + cos @Sy,

©))
Si; = —cosf cospS, —cosfsingS, +sinbS..

In a special case that there is no spin correlation between the direction of 7, and 73, i.e.,
([Si,, Si;1+)* = 0, we have a simple result

max AST =max((S;)), (S3,)). (10
ny

That is, the maximum spin fluctuation in the (7i,, 7i3) plane is just derived in the 71, direction

or 13 direction. This situation exists in the LMG model [17, 18], and the anisotropic XY

model in a transverse magnetic field [19-21]. Then combining (1) and (4), we obtain the

MQFI and the minimum x? in (ii,, 7i3) plane

max F| = 4max((S3,). (5;.)). (11)
iy N

o N
BT Smax(82), (S (12)

Then, we will find the MQFI over the whole coordinate space. We introduce an arbitrary
spin collective operator S, ),

S©,9) =sin© cos P S;, + sin O sin ®S;, + cos OS;,, (13)

with (®, ®) an arbitrary direction in the total space. Therefore, the maximum fluctuation
of S, can be obtained by finding the maximum value of (AS(@,q,))z over the whole
parameter space of ® and ©,

2 2 2
(IS%(AS(G,@) = (fg%((s(@,q))) —{Se©.9)))- (14)
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Generally, it is difficult to perform this calculation. However, for some especial states, such
as the Dicke state |n),, the even and odd states of operator Sy, , they have the following

property
(Sa) = (SuSi,) = (S, Sa) =0, € {1ip, 13} (15)
Therefore, (14) can be simplified as

max (AS.0))’ :max(As,% , max Asi). (16)
(©,9) ' Uiy
This implies that, under the condition of (15), the direction of MQFI over the whole space is

confined in the mean spin direction 72, or its perpendicular plane (7i,, 713). Finally, the MQFI
and the minimum x? over the whole space take the form as

max F = 4max(AS,% , max ASi), a7
©.9) by

.2 N
min (18)

enX = 4max(AS; ,max;, AST)’

The above expressions will be used to examine the states generated by the generalized one-
axis twisting model in the next section.
In fact, the fluctuation AS? can be expressed in terms of spin correlations

1
max AS? = N max As?, + EN[(N — Deov(s/, Si1)
iy

ny

+1(As)? + (N = Deov(s;, 571 — 1(Asy)?], (19)

where si = 8 i, £iSij,,and cov(A, B) = (AB) — (A)(B). Here and in the following, we
set the indices j # i. In addition, the fluctuation of the mean spin operator Sj, takes the form

AS; =N(s7; )+ NN — Disizisji) — N> (siiiy). (20)
From (19) and (20), we see that if there is no spin correlation between different sites (i.e., the
terms with j # i), the fluctuations max;, AS? and AS,%] are only determined by the spin
expectations of the same sites. Thus, the spin correlations between different sites, which
leads to the redistribution of the fluctuations, is an essential ingredient of the MQFI. In
addition, these two equations enable us to derive an analytical result of the generalized one-
axis twisting model.

3 The Maximal Fisher Information in the Generalized One-axis Twisting Model
In order to generate spin squeezing in terms of the spin correlations, Kitagawa and Ueda

introduced the so-called standard one-axis twisting model with Hamiltonian: Hy = 2/<Sf
[22] where is spin s = 1/2. In our work, we generalize it to the spin-s case [23]

N N
H=k) s3,+1Y 5. ®s).. @21)
i i#]
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The parameter « and XA represent the spin interactions in the same and different sites, re-
spectively. If A = «, this Hamiltonian reduces to the standard one-axis twisting model. For
simplicity, we set k = 1.

At the initial time, we suppose the multiparticle system is in a product state, i.e., |S, —S).
According to the Hamiltonian (21), we can obtain the corresponding evolution state. Then
we find that, first, the mean spin is always along the z direction during the time evolution
of the system, and the other two directions 7, and 73 correspond to the x and y directions,
respectively. The spin expectation value along z direction is given by

(si-()) =scos® T rcos™ VD (ar). (22)

Second, the condition (15) is satisfied, which indicates that we can use (18) to obtain the
minimum 2 over the whole coordinate space. By a straightforward calculation, we get
other spin correlations as

(520 = 3.
2 ), s 1 252 25(N—1) }
(s, () = 2{s + 3 s(s 2) cos™ " (2t) cos A1) ¢,
(six ()5 (1)) =0,
2
(siy(D)sj (1) = %{cos‘“*z(m — 1) —cos¥ 2 (At + 1) cos® NP (241)}, (23)

(six(t)sj (1)) = s cos™ 't sin(Ar) cos> NV (ur),

1 1
(si%z(t)) =3 {s2 + % + (s — 5) cos® 2 (21) coszs(N*l)(2)\t)},

2
(51.2(0)8,..(1)) = %{cos“H(u — 1)+ cosB 2t 4 1) cos® N (201)).

Combining (23), (20), (19) and (18), we can easily get the analytical result of the MQFI
in the generalized one-axis twisting model. We will discuss the result in the cases of spin
s =1/2 and s > 1/2, respectively.

3.1 MQFI in Spin-1/2 System

Let us first study the dynamical evolution of the MQFI in multiqubit system. In this case
s = 1/2, the Hamiltonian in (21) reduces to the standard one-axis twisting model [22]. The
expectation values shown in (23) are consistent with those of [24]. We find that x? is a
periodic function of time with the period T = /A, which is determined by the strength of
spin interaction A. During the time evolution progress, x> has a minimum value 1/N at the
half period point 7'/2, at which the system is in GHZ states

B
V2

Explicitly, the state is [GHZ)s. for even N and |GHZ);, for odd N. In other words, at the
time point 7' /2, the phase sensitivity of the state of the system can exactly reach the Heisen-
berg limit 1/N [11], as shown in Fig. 1. However, the best squeezing time is dependent on

IGHZ) = —=(IS, S)s, =15, =S)s,), @€y, z}. (24)
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Fig. 1 (Color online) x2 (black 10°
solid line) and &2 (black dashed c~— .
line) versus time ¢ for different
parameter N. Parameters k = 1, ~ 107
A = 1. The lines 2/(N + 1) (blue =
dotted line) and Heisenberg limit N2
1/N (blue solid line) are also B (@), N=
10
plotted 0 1 tn 2 3
0
01 (c), N=40
107
N/
_2
10
0 1 tm 2 3

the N, this implies that, in the general, the time at which x? takes the minimum value do
not correspond the best squeezing time (see Fig. 1(d)).

Next, we compare the ability checking entanglement of x? and of the spin squeezing in
the large N. Figure 1(d) shows that there is a wide time region, in which there is no spin
squeezing, i.e., S\i > 1 and Skz =1, where ékz is the spin squeezing parameter following from
Kitagawa’s definition [22]. However, for the large N case, the fluctuations max; ASi and
ASZ2 can be approximatively given by

N
max AS? = g[(N +1)— (N —Dcos™22un]1,
(x,y) N (25)
AS? = g[(N + 1)+ (N —Dcos™ 22 — N?cos*¥D(ar) /4.
These equations show that in this time region, x2 is maintained in

1 s 2
<42 < , 26
Nt =T (26)

as shown in Fig. 1(b)—(d). This further proves that x> < 1 takes an advantage over the spin
squeezing in detecting the entanglement of states. Furthermore, according to (2), we find

2
Agqcr < m ~1/N, 27

which attains the Heisenberg limit. From (25), this result suggest that when x2 < 2/(N + 1),
the quantum correlations among elementary spins are useful to essentially enhance phase
estimation despite they can not create spin squeezing.

To further understand the above results, we plot the time evolution behaviors of the fluc-
tuations AS; and max; ASﬁ in Fig. 2. From Fig. 2(a) and (c), we see that, for even N,
the maximal fluctuation max(@,cp)(AS(@m)z is not always in the (x, y) plane. At the point
when AS? = AS?, its direction turns to the z direction. However, for odd N, the maxi-
mal fluctuations are always in the (x, y) plane, and ASi is just the maximal fluctuation
max(@,q,)(AS(@,@)Z as shown in Fig. 2(b) and (d).
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-

Fig. 2 The fluctuations ASi
(black solid line) and ASZ2 (black
dashed line) versus time ¢ for
different parameter N.
Parameters k = 1, A =1
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3.2 MQFI in Spin-s System

Then we consider a general case s > 1/2. It was demonstrated that in the case of s = 1/2,
the QFI is bounded by N < Fp < N2 [5]. If Fo > N, then %2 < 1, which indicates the
multiqubit state is entangled. For the symmetric pure sates, this can be generalized to the
s> 1/2caseas 2sN < Fp < 452N?. Thus, a question is put forward that if Fp > 2s N, then
whether X,? < 1/(2s) still implies entanglement or not for high-spin states. Here and in the
following, we denote x? in the global system as X;’- To answer this question, it is necessary
to calculate the X2 in the local system, denoted as Xlz’ which can be obtained according
to (3). For simplicity, we take the two-particle spin-2 system for example. In order to find
the relations between x ;, ng and entanglement, we plot the dynamical behaviors of x ;, Xlz
and the linear entropy for different strengths of interaction X in Fig. 3.

When A = 0, i.e., no spin interactions between different sites are involved, the global
state is just a pure symmetric product state. Therefore, X; is completely determined by
the fluctuations of a single spin, i.e., X; = x7. From Fig. 3(a), we note that X; <1/(2s)
always holds, and it reaches a minimum value 1/(4s?) at the half period point T /2. However,
there is no entanglement in the system as the linear entropy always equals to zero. This
suggests that we can not check whether it is an entangled state or not from the inequality
x* < 1/(2s) for high-spin composite systems. In fact, it is easy demonstrated that x; = x;
for the symmetric product state.

When 1 # 0, we observe from Fig. 3(b) that the inequality x; > x; always holds, and
when Ax* = x7 — X; > 0, the linear entropy E; > 0 as well, which is different from the
results of the case A = 0. Therefore, it seems that

Ax*>0 (28)

may be regarded as an indicator of entanglement for the pure symmetric states in the high-

spin composite systems.
To further confirm our findings, we consider another class of states, i.e., the entangled

spin coherent states,

W) = C; ' (cosO1n) 1l +sin6] — n)i| = m)2), (29)
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Fig. 3 (a) and (b) x7 (dotted 1 @ Uas
line) and X(g% (solid line) versus y B (0)
time ¢. Parameters k = 1, w i
1=0,4,and s =2in(a)and (b). € 2

In (c¢) and (d), for the entangled N:U, ch»

X,

spin coherent state, Xlz, xg, A X2
(dashed dotted line) and linear

entropy Ej (dashed line)are gL __ _ _ - — — _ _ _ _
plotted as a function of 6. 0 1 tm 2 3

|

o

o

Parameters: n = 0.5, s = 2. The 1 © 1
linear entropy Ej is also plotted
in (a) and (b) o O T o I S S
o . b . R =N I R Y I B S
% o oo it Cs % ’_",\,"-ll,",\’."
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0
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where C; = /1 +sin20y%, y = (1 — |n|*>)/(1 + |n?) € [0, 1], and |n) denotes the spin
coherent state |7) = (1 + ||~ Y2, (ZS)I/ZU"IH)S, with the parameter 1 being complex.

n
As a function of 0, in Fig. 3(c) and (d), we numerically compute x?, X;, and Ax? the linear
entropy E; . It can be seen that when Ax? > 0, linear entropy is greater than zero as well.

Thus Ax? > 0 can also be regards as a criterion of entanglement.

4 Conclusion

In conclusion, we have studied the QFI for pure symmetric states. Under certain conditions,
we derive a general expression for the MQFI over the whole coordinate space. The expres-
sion is applied to the generalized one-axis twisting model with particle spin s. In the case of
s = 1/2, we explicitly discuss the MQFI and its direction. We find the MQFI has an maxi-
mal value 4N? at the half period time point. For odd N, its direction is in the (x, y) plane,
but for even N, it is not. In the case of arbitrary s, we give an inequality 2s N < Fp < 452 N?
for the pure symmetric states. We find that A x2 can be regarded as an indicator of quantum
entanglement in the high-spin composite systems.
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