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Quantum computation in molecular magnets is studied by solving the time-dependertiSgére@quation
numerically. Following Leuenberger and LofNature (London 410 789 (2001)], an external alternating
magnetic field is applied to populate and manipulate a superposition of single-spin states in molecular magnet
Mn,,. The conditions to realize parallel recording and reading databases of Grover algorithms in molecular
magnets are discussed in detail. It is found that an accurate time duration of the magnetic pulse as well as the
discrete frequency spectrum and the amplitudes are required to design a quantum computing device.

DOI: 10.1103/PhysRevA.66.010301 PACS nuntiber03.67.Lx
The quantum phase was proposed to store information in s—1 gueHm(t)
connection with a different class of computational algorithms Vhigh() = 2 3 [e(omttPmg
based on the rules of quantum mechanics rather than classi- m=mg
cal physicd1]. One example is the database search problem +eientPmg . ()

proposed by Grovef2,3]. Different from other quantum al-

gorithms, the superposition of quantum phases in singleH, is a single-spin Hamiltonian for the molecular magnet
particle quantum states is sufficient to implement the Grovefn,, [6]. |m) are the simultaneous eigenstatesHaf;, and
algorithm. Grover's algorithm was successfully implementedihe z-component spin operat&, with the energye,, and the
using Rydberg atomg4]. Recently, Leuenberger and LOSS momentm#i. Vo, and Vy,q, are the Zeeman terms to de-
proposed that molecular magnet Mican be used to realize scripe the coupling between the external magnetic fields and
the Grover algorithm by utilizing multifrequency coherent the spinS. The magnetic field with a low frequenay, is
magnetic radiation5]. In the S matrix and time-dependent gppjied along the easy axis, anfg,, supplies the necessary
perturbation theory, it is possible to populate and manipulatgnergy for the resonance condition. The high-frequency
a superposition of single-spin states by applying a singlgransverse fields are introduced to induce the transition from
pulse of weak alternating transverse magnetic field with gne injtial state| s) to excited statesm),m=m, ... s—1,
number of matching frequencies, and the state can be appligeghg the frequencieso,,,m=my, . ..,S—2, mismatch the

to store a multibit information. In this paper the population|eye| separation by, that is,%wn=emn—&ms 1+ h 0o, and
and manipulation of the spin excited states in an eXtema}st—FSs—l—ss—(S—mo—1)ﬁwo- The phases @,
alternating magnetic field are studied by solving the time-_ ¢m+1 ;

depender?t Scf%dinger equations numer)i/cally. T%e condi- Zi=s-1Pict on(om are the relative phaseand

tions for the magnetic pulse to implement the Grover algo- T

rithm are discussed in detail. We find that an accurate H, if te|—=,%| for m=0 and m=m,,
. . : iedlm(t)= 2'2

duration of magnetic pulse as well as the discrete frequencies'm _

and amplitudes are required to design a quantum computing 0, otherwise.

device in the molecular magnet Vin ) . _
Following Leuenberger and Loss, we consider a molecu¥he time-dependent Schdimger equation reads
lar magnet with spinS(>1/2) in the presence of a weak

alternating transverse magnetic field. The Hamiltonian for ih£|\lf(t)>=H|\If(t)> (5)
the system reads at '
H=H spinT Viow(t) + Vhigh(t)n (1) where
where >
(D)= > ap(t)e nm). (6)
— o
Hepi= —~AS,~BS;+gugdH,S,, 2)
The eigenstates an<<m, have been neglected. The low-
Viow(t) =gugHo(t)cog wet)S,, (3 energy states of a molecular magnetMbehave as a single
spin with s=10.

The Grover scheme adapts to describe the quantum com-
*Corresponding author. Email address: rotao@fudan.edu.cn  putational read-in and decoding of the quantum data register
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a=(as.8s 1, - - - @m;)- As a simple example, we discuss ~0/)a?|~2|aM|~279,|ad)|~2|af"|~27,|al?)|~0 and
the case ofmy,=9. At the f(lcr)‘?t stage of the so-called "'[Sf‘d 7n<1. Instead, our numerical calculation gives

" the initial values of{a;,’:m=10,9 are set to bda}g 1 1 1
_1 al®=0}. After wraélatlng the m%lecular magnzt Vi @] ~0.95, Jag”|~0.31, |ag"|~0.04,
with a coherent magnetic pulse with the relative phagé
and the durationT, one has the quantum data register
=(aly),af") with

|aiM|~0.01, |alM|~0.02, |alP|~0.01

and

|a{?|~0.82, |a{?|~0.59, |a{®)|~0.08,
alp)= cos{ QueH 2(9ls_ |10)T) 7
|al?)|~0.086, |al?|~0.01, |al?)|~0.01.
. 2
all)=—jeiet m(g’l;Bh %(9s_ |10>-|-) @  The values ofa™,a®} are complex numbersot reaj and
we only present their absolute values here. Therefore, the

numerical solution shows that the encoding number is §001
At the second stage of the so-called “decoding,” the solu-but not 1103 as expected by Leuenberger and Loss at the
tions of Egs.(7) and(8) become the initial values df,} i specific values of the applied field an@l. However,
Eq.(5), and the relative phase is set topg’=0. Atthe end  {a®),a®} depend orT, and one may be still able to reach to
of decoding, one obtains the encoding number 119by choosing a specific duration
of pulse.
To clarify the feasibility of the Leuenberger and Loss
scheme, we study a simple, but nontrivial, casengt=8 as
a representative example. The key approximation in the
method of Leuenberger and Loss is ti@;=0 for j<n
(=s—my). The transitions fronjk) to |m), i.e., B, (m<k
<s) and all higher-order amplltudes(ﬂ are neglected. In
the case omy=38, the first-order perturbatlon is reqwred to
be zero:S{Y, —sg”—o or at leas{S{Hd <|S3d(=|SEd)
and|S§R) <[ S (=[SE). In fact, the quantum amplitudes
of the transitions by the perturbatid®tmatrix formula are

QMB 9

—isin 2 (9|S_|10)T| for ¢§M=0
a®—

9
0 for qul)=77.

©)

If the condition ofgugHo(9|S_|10)T/2/ <1 is satisfied, the
result in Eq.(9) is in good agreement with Reff5]. For a
longer duration timeT> (gugHo(9|S_|10)/2%) "1, the con-
dition fails to implement the Grover algorithm.

For my<9, it is difficult to solve Eq.(5) analytically.
However, as it is a single-particle problem with a finite num-91Ven by
ber of states, it is possible for us to solve the differential
equations[Eq. (5)] numerically instead of evaluating the
Smatrix perturbatively as Leuenberger and Loss did. The
results of the explicit numerical calculation are more reliable

(2>_2”(%) 0H_9
|

1= | o7 (9ls- |10>—

(10

than other approximate results. For an illustration, we focus (2) _ (gMB)ZHnge'%e'% 8/S_9)(9]S_|10 T
on the case ofnyg=>5. In this case six states can be used for 107 | 27 (8S-[9)(9]s- >27-r’
guantum computation. The parameters used here are the (17
same as the ones used in REB]: wo=5%x10" s, T _

—107's, Hy=Ho=2 G, Hg/Hy=—0.04, H,/H, (1) 1 gugHoe!"e Sin(woT/2)

— —0.25Hg/Ho=—0.61, andHs/Ho=— 1.12. For the mo- T g (OISO —CHm—. (12
lecular mggnet Mp, A andB in Eq. (2) are 0.56 K and

1.11x 103 K, respectively[6]. According to Ref[5], the 1 gugHge'®s sin(woT/2)

relative phases are{= o= M=0 and o=V =7 (B:i_ T<8|S—|9>T, (13

for encoding the number 1g=1101%. Now, we solve six
first-order differential equations fdra,(t)} in Eq. (6). The
initial values of the{a,} are set to ba{y=1 anda{®¥’=0
for m#10. After a duration T, we have a¥
=(al}),afV af ,aM alt alM). At the second stage for
decoding the numbera®) become the initial values of Eq.
(5) and the relative phases should be set ¢f’=¢{?
= =0 andp{P= ¢{?)= 7. Once again, the six first-order

where® o= g and®g= D4+ ¢g (@9 andeg are the relative
phases The first two terms{S{3,,Sg result from the
second-order perturbation contributions with the energy con-
servation. From the conditio8{34=|S{d, one can deduce
the field amplitudeHg/H,=0.16. However, the lower-order
termsS§,andStY3, in general, are not exactly equal to zero
even if they do not satisfy the energy conservation. They can

differential equations with the new initial conditions are be zero only ifwgT= 21, wherel is an integer. Due to these

solved numerically. At the end of decoding, we obtaiR
=(a{?,a?,af? ,al?,al?,al?)). If the Grover algorithm is

SiHoands{ terms, the amplitudes afg(t) andag(t) in the
statel\P(t)) oscillate periodically withT as shown in Fig. 1.

implemented successfully, according to Leuenberger and Now, let us assume the parametefis=1.0x10 °

Loss, one should have{?)|~1/a{?|~2|a{"|~27, |al)]

Ho=200 G,Hg=20 G, andwo=47x10° s 1. This gives

010301-2
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0.5 TABLE |. The numerical results for the case wf=8.
Decoded number [a| |a{’ |af"| [a)] [af?| [a)|
0.4+
00, 099 0.13 0.10 100 0.07 0.01
01, 099 013 0.10 096 0.26 0.04
0.3 10, 098 014 0.10 098 0.04 0.20
§ 11, 098 014 010 094 028 0.19
£
£ 0.2- Y , .
N I 2@ 3 ; . of pulse should be chosen for a stable and clear quantum
8 ’ R ‘ ‘ o .
AR ; . s recording.
014 . - . S A The above discussion and conclusion can be generalized
’ : ’ X 0.1=0, ¢."=x | straightforwardly to the cases of any. The more quantum
“ ° e states are used to store information, the higher precision is
0.0 — 77T required to design the magnetic pulses. It is clear that the
1.0 12 14 16 18 20 22 24 lower-order perturbation series< n, of the S matrix do not

T (10%) vanish for a general even when the relative transitions do
not satisfy energy conservation. Therefore, to implement the
FIG. 1. The amplitudeg{?’| and|a{?’| for my=8 oscillate with  encoding and decoding in the molecular magnets by apply-

the pulse duratiofl in the unit 10°° s (for ¢{Y=0 ande{'=7).  ing an external alternating magnetic field, one should be very
The parameters for the magnetic pulse #g=200 G, Hy  careful to design the appropriateas well as the matching
=20 G,Hg=0.18H, andwy=4mx10° s 1, frequencies and amplitudes of the field.

In conclusion, we studied the quantum computing scheme
|S{)d=0.11. Following Leuenberger and Loss, we g& proposed by Fli_e_uenberger and Loss by solving the time-
-0 and <p§2)=0. Then, the recording number D@orre- dhependent sc tlimgljer equ:;tlon |nﬁtead of the perturba:lor;]

ds to - 7. oM7), 01, 10 [oD=0. @V— 1}, theory. Our calculation shows that some aspects of the
spon e ) 2 1Py T5 P8 scheme should be improved. We point out that the energy
10, to {¢g =, ¢g =0}, and 1} to {e5’'=0, ¢5"=0}.  conservation used in the perturbation theory is not valid
The results by our numerical calculation are shown in thejnce the duration of pulse in the problem is very short such
Table | (wherem=9,8 represent the binary digit® 2nd 2, that the contributions from the processes with no energy con-
respectively. Using the above parameters, the Grover algoseryation becomes non-negligible. It follows that the multibit
rithm can be implemented as suggzestedzby Leuenberger aRdges areT dependent, not as expected in the perturbation
Loss. However, the valugal3), [af?)|, |af’)[} are not con- theory. Thus]T control is one of the important steps in future
stants and will be changed with the duration of the magnetigpplications. More detailed calculations show that the multi-
pulse. In a certain rangéS§4 or |SGY| will have a magni- it codes in the model of Leuenberger and Loss are stable to
tude close tdSEQ,)SI, which can deform the recording, or even a reasonable extent with respect to some variatio af
more seriously destroy the recording completely. In Fig. lwell as frequencyw, and magnituded, of magnetic field.
we plot the amplitudes d&{?| and|af?| with varyingT (for  Leuenberger and Loss’ scheme may have the potential, in
eP=0 and¢{"’= ), which corresponds to @1 The am- future, to implement Grover’s algorithm. There will be some
plitudes |a§,2)|~0.26 and|a§2)|~0.04 forT=10"2 s. The scope for further study to improve the stability of codes re-

value 0.26 can be regarded as single-digit number 1 and 0.0#rding and decoding.

as 0_‘ The Valu%ﬂg)' andlag2)| are varied (_;NithT' The first This work was supported by the National Natural Science
maximum OfLafi |~0.107 atT~1.16><910 s, the second  gqyndation of China under Grant No. 10174015, Shanghai
maximum|a{?)|~0.22 atT~1.66<10 ° s, which becomes Research Center of Applied Physics, Institute of Physics of
larger than the first minimum ofa{?|~0.19 atT~1.37  Chinese Academy of Sciences, and a CRCG grant of the
x 10 ° s. Therefore, we conclude that an accurate duratiotUniversity of Hong Kong.
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