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We present pulse sequences for two-qubit gates acting on encoded qubits for exchange-only quantum
computation. Previous work finding such sequences has always required numerical methods due to the large
search space of unitary operators acting on the space of the encoded qubits. By contrast, our construction can
be understood entirely in terms of three-dimensional rotations of effective spin—% pseudospins which allows us
to use geometric intuition to determine the required sequence of operations analytically. The price we pay for
this simplification is that, at 39 pulses, our sequences are significantly longer than the best numerically obtained

sequences.
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I. INTRODUCTION

The ability to adiabatically switch on and off, or “pulse,”
the isotropic exchange interaction JS;-S, between pairs
of spin-% particles is a promising resource for quantum
computation [1]. Such pulsed exchange has been demonstrated
experimentally for electron spins in double quantum dots
[2] as well as cold atoms trapped in optical lattices [3].
The exchange interaction is purely isotropic and so cannot
change the total spin of the system it acts on and thus
cannot be used to carry out arbitrary unitary operations. As
a consequence, if logical qubits are represented by single

spin-% particles [1] or encoded into the singlet-triplet states

of pairs of spin-% particles [4], universal quantum compu-
tation requires additional resources beyond exchange (e.g.,
oscillating magnetic [5] or electric [6-9] fields for single-spin
qubits, and gradients in the Zeeman energy for two-spin qubits
[2,10-12]). However, if logical qubits are suitably encoded us-
ing three or more spin-% particles, then pulsed exchange alone
is a sufficient resource for universal quantum computation
[13,14].

DiVincenzo et al. [15] presented the first explicit scheme
for carrying out universal quantum computation using only
pulsed exchange. In this scheme, each qubit is encoded into the
two-dimensional Hilbert space of three spin-% particles with
total spin fixed to be % and polarized along a given direction.
For a linear array of spin-% particles, arbitrary single-qubit
rotations can then be carried out by performing a sequence
of up to four exchange pulses between nearest-neighbor spins
within a given encoded qubit.

There has been remarkable experimental progress on the
implementation of such three-spin qubits using electron spins
in triple quantum dots [16-20]. A related scheme, based on the
so-called resonant exchange qubit [21], in which the exchange
interactions between spins within the qubit are kept “always
on,” has also recently been demonstrated [22]. These resonant
exchange qubits offer resistance to leakage out of the encoded
qubit space and the possibility for carrying out two-qubit gates
with a single exchange pulse [23]. In this work, we adopt
the three-spin qubit encoding for exchange-only quantum
computation of Ref. [15] and assume that the exchange
interaction between spins is completely switched off except
when pulsing. In this case, two-qubit gates require nontrivial
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sequences of many exchange pulses to avoid leakage out of
the encoded space.

By performing a numerical search, DiVincenzo et al.
[15] were able to find a sequence of 19 nearest-neighbor
exchange pulses for a linear array of spins which carries
out a two-qubit gate locally equivalent to a controlled-NOT
(CNOT) gate (i.e., a CNOT gate up to single-qubit rotations)
on two three-spin qubits. This numerically obtained sequence
was later confirmed to be exact [24]. The set of single-qubit
rotations and CNOT gates is a standard universal gate set for
quantum computation, and so these pulse sequences can be
used to perform any quantum algorithm [25].

A key requirement in the CNOT construction of Ref. [15]
is that the total spin of all six spin—% particles forming the
two encoded qubits acted on by the gate must be 1. As
pointed out in the same reference, for electron spins this
condition can be forced by initializing the qubits in an external
magnetic field. This total spin requirement cannot be relaxed
because if the total spin of all six particles is 0, then the
19-pulse sequence does not result in the same two-qubit
gate and, in fact, leads to leakage out of the encoded qubit
space.

More recently, Fong and Wandzura [26] found a sequence
of nearest-neighbor exchange pulses, again for a linear array
of spins, which performs the same two-qubit gate (also
locally equivalent to CNOT) in both the total spin-0 and total
spin-1 sectors. Remarkably, with 18 pulses, this sequence is
shorter than the 19-pulse sequence of Ref. [15]. Although this
sequence was obtained by numerical minimization of a cost
function using a genetic algorithm, the final result is exact
and has a particularly elegant form consisting of SWAP pulses
that exchange the states of two spins, as well as +/SWAP and
inverse ~/ SWAP pulses. Related two-qubit gate sequences with
fewer pulses (16 and 14) have since been found for geometries
other than linear arrays of spins [27].

In this paper, we construct a family of sequences consisting
of 39 nearest-neighbor exchange pulses on a linear array of
spins which perform entangling two-qubit gates on three-spin
qubits, including a gate which is locally equivalent to CNOT.
The main new feature of our construction is that it can be
carried out purely analytically, requiring at most the solution
of a transcendental equation in one variable. Unlike the 19-
pulse sequence of Ref. [15], but like the 18-pulse sequence of
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Fong and Wandzura [26], the action of our 39-pulse sequences
is independent of the total spin of the two encoded qubits.
Indeed, we point out that any pulse sequence which carries out
a leakage-free two-qubit gate in the total spin-1 sector while
acting on only five of the six spins needed to encode the qubits
(which is the case for our sequences, as well as those found
by Fong and Wandzura [26] and in Ref. [27], but not for the
sequence of Ref. [15] which acts on all six spins) will perform
the same two-qubit gate in the total spin-0 sector. Using such
sequences eliminates the need to initialize encoded qubits in a
magnetic field.

II. HILBERT SPACE AND QUBIT ENCODING

Because the isotropic exchange interaction between pairs of
spin—% particles is rotationally invariant, any unitary operation
carried out purely by pulsing this interaction can be described
entirely in terms of total spin quantum numbers, with no
reference to S, quantum numbers.

Figure 1(a) illustrates a notation which exploits this fact.
This notation is inspired by that used in Refs. [28,29]
for non-Abelian anyons when finding braiding patterns for
topological quantum computation, a problem closely related
to that of finding pulse sequences for exchange-only quantum
computation. Here, spin-% particles are represented by solid
dots enclosed in ovals labeled by the total spin of the enclosed
particles. Any choice of nonintersecting ovals for which each
oval encloses two particles, two ovals, or one of each, amounts
to a basis choice. The basis states correspond to all possible
labelings of ovals consistent with the triangle rule for adding
spin quantum numbers. When referring to these basis states in
the text, we will use parentheses to represent ovals so, e.g., the
state shown in Fig. 1(a) would be written (((e @);(e ®)9)10)1 /2
where the symbol e denotes a spin—% particle. It is always
possible to change bases from one set of ovals to another
by using the appropriate spin recoupling coefficients [30] .
A multispin state with total spin S (i.e., the label of the
oval enclosing all the particles is §) has a (25 + 1)-fold
degeneracy associated with the possible values of the S,
component. However, as emphasized above, all spin operations
we consider for exchange-only quantum computation are
rotationally invariant, so at no point will it be necessary to
refer to these S, quantum numbers. In what follows, we will
therefore treat states like e or (e ); as single states in Hilbert

FIG. 1. (Color online) (a) Example state of five spin-% particles,
where each e represents one particle and the number next to each oval
gives the total enclosed spin. (b) Qubit encoding using three Spin-%
particles. States with total spin % are noncomputational states.
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FIG. 2. (Color online) (a) Two three-spin qubits in states a and
b with total spin g = 0 or 1. (b) Relevant spins (circled in blue) and
spin quantum numbers referred to in Sec. III through Sec. VI.

space, even though when the S, degeneracy is counted, they
are twofold and threefold degenerate, respectively.

To carry out exchange-only quantum computation, it is
necessary to use suitably encoded logical qubits [13]. The
basis states for the three-spin qubit encoding of Ref. [15] are
shown in Fig. 1(b). In this encoding, the logical qubit states
are those with total spin %, with the logical |0.) and logical
|1, ) corresponding, respectively, to the states for which two of
the particles are in a singlet or a triplet. The choice of the two
particles whose total spin determines the state of the logical
qubit is, of course, purely a basis choice. The price one pays for
this qubit encoding is that there is a noncomputational state,
denoted |NC) in Fig. 1(b), in which the total spin of the three
particles is %

Transitions from the computational space to the noncom-
putational space are known as leakage errors. When carrying
out single-qubit rotations by pulsing the exchange interaction
within a given encoded qubit, the total spin of that qubit is
unchanged and there are no leakage errors. However, carrying
out two-qubit gates requires some pulses that act on spins from
each qubit. Such pulses alter the total spin of each encoded
qubit and thus induce transitions into the noncomputational
space. It is therefore a nontrivial problem to determine pulse
sequences which carry out leakage-free entangling two-qubit
gates.

Figure 2(a) shows two logical qubits each of which has
total spin %, so the total spin of all six spin—% particles, labeled
g, can be either 0 or 1. In our construction, we assume these
spins form a linear array and only consider nearest-neighbor
exchange pulses. The choice of qubit bases in the figure is
convenient for our two-qubit gate construction. The full Hilbert
spaces of the g = O and 1 sectors are five and nine dimensional,
respectively, where, as described above, we ignore the S,
degeneracy. The set of unitary operators acting on this space is
then SU(5) @ SU(9), once irrelevant overall phase factors are
removed. The number of independent parameters appearing
in these unitary operators are 24 = 5> — 1 (for g = 0) and
80 = 92 — 1 (for g = 1). It is because of the enormous size
of these high-dimensional search spaces that all previous
work finding pulse sequences for two-qubit gates has been
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numerical, even when the result has the elegant form of the
Fong-Wandzura sequence.

An outline of our analytic approach to constructing pulse
sequences is illustrated in Fig. 2(b). After establishing the
fundamental resource (the exchange interaction between two
sp1n—— particles), we consider the Hilbert spaces of three
spins, four spins, and finally five spins. At each stage of our
construction, we work with a restricted set of operations which
allows us to work entirely in effective Hilbert spaces which are
at most two dimensional, i.e., that of a spin—% pseudospin. The
space of operations is then that of simple three-dimensional
rotations and this allows us to use geometric intuition to
analytically determine the required pulse sequences.

Our construction results in a controlled-phase (CPhase) gate
which is diagonal in the ab basis for the two qubits shown in
Fig. 2(a) and which applies a phase factor of e~*¢ to the state
with ab = 11 while multiplying the states ab = 00,01, and 10
by 1. We are able to set ¢ to any desired phase and the case
¢ = m yields a gate which is locally equivalent to CNOT. Two
examples of the resulting pulse sequences, which consist of 39
pulses and either one or two single-qubit rotation pulses, are
given in Sec. VIL.

III. TWO SPINS

We begin our construction by considering an exchange
pulse between two nearest-neighbor spins [e.g., the spins
circled in Fig. 2(b) in the diagram labeled “Sec. III"’]. The
effect of such a pulse generated by applying the Hamiltonian
JS; - S, for duration ¢, measured in units of 1/J (h=1),
is illustrated in Fig. 3 [31]. The matrix representation of the
resulting unitary operation in the (e o), basis with a = {0, 1},
i.e., the singlet-triplet basis where, as described in the previous
section, we ignore the S, degeneracy, is

Us(t) = e /1(Sr5:+3)

_ (1 eit) — e—il/2eili~0/2' (1)

Here, 0 = (0,,0,,0;) is the Pauli vector and the additive
constant % in the exponent gives a convenient choice for the
irrelevant overall phase factor. If we view the states (e o)y and
(e @); as the 1 and | states, respectively, of a pseudospin, then
this operation is a z-axis rotation in pseudospin space through
the angle + multiplied by a phase factor.

Our convention throughout will be that positive pseudospin
rotation angles correspond to left-handed rotations about the
given axis [i.e., a rotation through angle ¢ about an axis fi

—it/2 itz:0/2

1 R
It U,(t)= L |met e -
A e

FIG. 3. (Color online) Exchange pulse between two spm—— par-
ticles, represented by a double arrow labeled by the pulse duration ¢
defined in the text, which produces the operation U,(t). In the basis
a = {0,1}, the matrix representation of U,(¢) is a z-axis rotation in
pseudospin space with 1 = (e @)y and | = (e @);.
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corresponds to the SU(2) operation U = ¢/"19/2], The duration
of each pulse is positive and can always be taken to be in the
range 0 < t < 2m. For the inverse of an exchange pulse of
duration ¢ we pulse for duration s = 2w — t.

IV. THREE SPINS

Figure 4 shows the action of two different nearest-neighbor
exchange pulses on the Hilbert space of three spin-i particles
[e.g., the three spins circled in Fig. 2(b) in the diagram labeled
“Sec. IV”]. As described in Sec. II, the choice of labeled
ovals corresponds to a particular basis choice. The three-spin
basis shown in Fig. 4 consists of the states ((e @),0). Where
ac = 0%, 1%, and l%. For clarity, when referring to vertically
aligned spins in a given figure, the convention is that topmost
in the figure corresponds to leftmost in the text.

Matrix representations of the unitary operations produced
by the exchange pulses are also shown in Fig. 4. These matrices
are expressed in the ((e o) @), basis with ac = {02, 3 |1 } and

consist of a 2 x 2 block acting on the total spin ¢ = 5 sector

. . 3
and a phase factor multiplying the ¢ = 3 state.

We describe the two-dimensional ¢ = % sector in terms

of a pseudospin with 1 = ((e @)ge);2 and | = ((e ®);0)(2.
The unitary operations shown in Fig. 4 are then pseudospin
rotations about two different axes. Pulsing the exchange
interaction between the top two spins results in an operation
that is diagonal in @ and hence is a rotation about the z axis. In
the ((e 0),0); > basis with a = {0,1}, the matrix representation
of this operation is the same as that given in (1).

Likewise, the matrix representation of an exchange pulse
between the bottom two spins (see Fig. 4) in the (e(e ®),/)1/2
basis with a’ = {0,1} is

U;;l/z(l‘) — <1 e—ir) — efit/2giti-a/2. (2)

Here, the notation U;j,l/ % indicates the matrix representation
of U, (in this case the unitary operation produced by pulsing
the exchange interaction between the bottom two spins) in the

It o 112pi0)2 ‘ i

‘ e—lt X

i1/ pite/2 ‘ WS/'
I t ‘ e—it

FIG. 4. (Color online) Nearest-neighbor exchange pulses (de-
noted U, in the text) and their matrix representations in the ac =
{01,11]12} basis. Each 3 x 3 matrix is block diagonal, consisting of
a2 x 2 sector with ¢ = % and a one-dimensional sector with ¢ = %
Inthe c = % sector, the pulses produce rotations about either Z or i,
for a pseudospin where 1 = ((e @)y @), and | = ((e @); @), >.

o
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a’ basis in the sector with total spin ¢ = % To find the matrix
in the original ((e #),e);/> basis we perform the basis change

(0 ©)®)1/2 =Y Fiaa(e(e )12, 3)

where the matrix elements
Fiaa = ((e(0 0)y)12]((0 @), 0)1/2) @

are recoupling coefficients for three spin—% particles with total

spin % Fi 40 can be expressed as a 2 x 2 matrix which
transforms from the a’ = {0, 1} basis to the a = {0, 1} basis,

_(-172 B2\
Fl_(ﬂ/z 1/2)_f1-a, 5)

where f'l = («/§/2,0, —1/2). The action of pulsing the ex-
change interaction between the bottom two spins in the
((e ®),0)1 /2 basis with a = {0,1} is then

Uy, ()= FUSA(OF = e72eme 2 (6)

where F| = F,'. The rotation axis fi; = 2f,(f, - 2) — 2 makes
ananglecos ' A -2 = —2?” with the z axis, as shown in Fig. 4.

The ¢ = % sector consists of a single state which can be
expressed equivalently either as ((e ®)j0)3/2 or (e(e e);)3/>.
Consulting (3) for the case a = 1 we see that both exchange
pulses of duration # shown in Fig. 4 multiply this state by a
phase factor of e~ Thus, the ac = 1% diagonal element of
the corresponding matrix representations is e,

Figure 5 shows a key three-pulse sequence used throughout
our construction. The resulting unitary operation is denoted
Us. This pulse sequence is designed so that the matrix
representation of Us is diagonal in the ((e ),e), basis, as shown
in Fig. 5 [up to an irrelevant overall phase factor, chosen so
that the state ((e ®)j@);/> is multiplied by 1]. This allows us
to treat the Hilbert space with @ = 0 and 1 separately, while
at the same time generating a phase difference of ¢ between
the states ((e @);0);,2 and ((e ) e)3/>. This phase difference is
central to our construction, and in what follows we will often
write Us as a function of this phase Us(¢).

I ¢
‘l [l = _U3(¢)_ U3(¢): 1
A4 A . - e,,'¢
2z
tan—tan —=——=-2
z-m, =
_ ASS
p=t+t—-rx
0 /2 V4

t

FIG. 5. (Color online) Sequence of three exchange pulses for
Us(¢), a diagonal operation in the ((e ®),@). basis, shown for
ac = {04,15]13}. Us(¢) introduces a phase difference ¢ between
the states ((e ®);@);,, and ((e @),e)3,,. The graph of ¢ vs ¢ shows that
an arbitrary phase ¢ can be generated by choosing ¢ appropriately.
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(b) 2

FIG. 6. (Color online) Actions of the three rotations in the ¢ = %

pseudospin sector of the three-pulse sequence for U; shown in Fig. 5
on the vector Z. (a) The first pulse of duration ¢ rotates Z about the n;
axis to a vector on the yellow cone. (b) The second pulse of duration
f rotates the resulting vector about the z axis on the green cone.
(c) Provided 7 is chosen [by solving (7)] so that after the first two
rotations the resulting vector is on the intersection of the green and
yellow cones, the third pulse of duration ¢ will rotate the vector about
the n; axis back to Z. Because Z is unchanged by this sequence, the
resulting rotation is about the z axis.

In the ¢ = % sector, the pulse sequence for Us carries
out three pseudospin rotations about first the nj, then z, and
again the n; axis through angles ¢, 7, and ¢, respectively. This
sequence is chosen so that it results in a net rotation about the
z axis, and hence is diagonal in the ((e ®),e); /> basis. To find
the relation between ¢ and f we determine the condition under
which the vector Z is unchanged under these three rotations.
The yellow cone in Fig. 6(a) shows the set of vectors that
Z can be transformed into after rotations about the n; axis
by the first pulse. For a particular choice of the first rotation
angle ¢, the green cone in Fig. 6(b) then displays the set of
possible outcomes of the second rotation, this time about the
z axis. The third rotation, again about the n; axis, must bring
the transformed vector back to Z. Figure 6(c) shows both that
there is only one nonzero choice for the second rotation angle
f, and that the final rotation angle must again be 7. It is a simple
geometric exercise to show that the rotation angles 7 and ¢ are
related by

t f 1
tan —tan - = ——— = —2. 7)
2 2 Z-my

Furthermore, Fig. 6 clarifies that the ¢,7,¢ sequences are the
only nontrivial sequences of three rotations that result in an
effective z-axis rotation.

The sequence 7,7, produces the phase difference

$=t4i—m ®)

between the ((e @)j0);/> and ((e ®);e)3/> states. As a function
of the pulse length ¢, the phase ¢ varies monotonically from
0 to 2w (see Fig. 5). Thus, to produce Us(¢) for a desired
¢, one need only solve for ¢ and 7 using (7) and (8). For a
given ¢ there are two solutions, one with 0 <7 <m <7 <
27, and another with ¢t <> fsothat) <7 <7 <t < 2x. The
total duration of the ¢,7,¢ sequence with ¢ < f is shorter than
the sequence with ¢ > 7, and we refer to the former as the
short sequence and the latter as the long sequence. The only
difference between the Us(¢) operations produced by the short
sequence and long sequence is the value of the phase factor
e~ applied to the single state with a = 0, ((e #)ge); /2. In our
two-qubit gate construction we will see that the only effect the
choice of this phase factor has is to determine the single-qubit
rotations needed to bring the final gate to an exact CPhase
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form. We are thus free to use either the short or long sequence
for each Us that appears in our construction (see Sec. VII)
[32].

V. FOUR SPINS

In this section, we turn to the four spins highlighted in
Fig. 2(b) (labeled “Sec. V”), ((e ®),(e);); wWhere a and
b determine the states of the two logical qubits shown in
Fig. 2(a).

The full Hilbert space of four spin—% particles (as usual,
not counting the S, degeneracy) is six dimensional with one
two-dimensional sector (total spin 0), one three-dimensional
sector (total spin 1), and one one-dimensional sector (total spin
2). We reduce the nontrivial Hilbert space to that of a single
spin-% pseudospin by restricting ourselves to the use of the two
operations shown in Fig. 7. One operation is the U; sequence
described in Sec. IV acting on the top three spins, the other is
a simple exchange pulse U, between the bottom two spins.

Throughout our entire two-qubit gate construction (exclud-
ing single-qubit rotations), the top two spins with total spin
labeled a, referring to Fig. 7, will only be acted on by Us
operations. Because this operation is diagonal in the ((e e) ),
basis, the value of a is conserved and we can treat the cases
a = 0 and 1 separately. For the case a = 0, the top three spins
are always in the state ((e ®)ge) 2. It follows that Us acts as
the identity times a phase factor on all states with a = 0 in
the full Hilbert space of the two encoded qubits. Provided we
keep track of this a = 0 phase (which will depend on whether
we use the long or short sequence for Us) as it accumulates
we are free to focus on the case a = 1 for which Uj; acts
nontrivially on a two-dimensional Hilbert space. At the end of
our construction, the @ = 0 phase factor can always be set to 1
by a single-qubit rotation acting on the left qubit in Fig. 2(a).

a—1
A= (e g
_,© 7][7 e—it/zeizi~c/2
t x
WYaa
d b d
b
A\ 3 = 1
_U3(t)_ o2 it/
- ef"’
b d

FIG. 7. (Color online) Two operations, a simple exchange pulse
[Ua()] and Us(t), acting on the Hilbert space of four spins. Both
operations conserve a and act trivially on states with a = 0. This
allows us to focus on the case a = 1 by replacing the two spins
with total spin a by an effective spin-1 particle represented by A.
The matrix representations of U,(¢) and Us(¢) are then given in the
bd = {10|01,11|12} basis. In the d = 1 sector, U,(¢) and Us(¢) carry
out rotations about Z and n,, respectively, for a pseudospin where
1 = (A(ee)) and | = (A(e @););.
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Since we need only consider the case a = 1 in what follows
we can represent the top two spins as a single spin-1 particle,
as shown in Fig. 7. The basis states can then be written as

((00),—1(00),)y — (A(ee),)y, 9

where the symbol A represents the effective spin-1 particle.
This replacement of two spin-% particles by one spin-1 particle
is a key step in our construction.

The a = 1 Hilbert space, spanned by a spin-1 and two spin-
% particles, is four dimensional, with two one-dimensional
sectors (total spind = 0 and 2) and one two-dimensional sector
(total spin d = 1). The effective two-dimensional d = 1 sector
can be viewed in terms of a pseudospin where 1 = (A(e ®),—0);
and | = (A(e @)p—1);. As shownin Fig. 7, pulsing the exchange
interaction between the bottom two spins for a time ¢ then
results in a z-axis rotation through angle ¢ of this pseudospin.

The action of Uj on this two-dimensional Hilbert space is
first seen most clearly in the ((A o).e),—; basis with ¢ = {%, % .
Consulting Fig. 5 for the case a = 1, we have

U‘w’djl(l‘) _ (1 eit) — 67”/26”2'0/2. (10)

This operation acts like a nearest-neighbor exchange pulse
between our effective spin-1 particle and its neighboring
spin-% particle. However, here the parameter ¢ is not a pulse
duration, but rather the value of the phase difference Us(f)
produces between the states ((A e);/e); and ((A )32 )1, and
is best viewed as an “effective” pulse time.

If we change back to the (A(e ®);); basis, Us becomes a
pseudospin rotation about an axis fi,. To determine fi, we again
need to carry out a basis change using the relevant recoupling
coefficients, this time for one spin-1 particle and two spin-%
particles with total spin 1:

(A o)) = Y Fapc((Ao)e), (1)

where F p. = (((Ae).0)|(A(e ®)y);). The matrix

mo (CUV3 VIR g,
*T\v2 o yvE)
then changes bases from ((A e).0); with ¢ = { %, %} to (A(e o))

with b = {0,1}, where £ = (,/2/3,0, —1/+/3). The action of
Us(t) on the d = 1 sector in the original basis is then

UG () = RUT OF = 2™ (13)

12)

where the rotation axis fi, = 2f>(f, - ) — 2 makes an angle
cos iy, -2 =cos~! —% with the z axis, as shown in Fig. 7.

Finally, note that for the sectors with total spin d = 0 and
2 the change of bases is trivial: (A(e @)p—1)o = ((Ae).—1/2 )0
and (A(e e),—1), = ((Ae).—320),. Consulting Fig. 5, we see
that Us(¢) multiplies the states withd = 0 and 2 by 1 and e,
respectively, while from (1) the exchange pulse U,(¢) acting
on the bottom two spins multiplies both states by e~"’. The
resulting full matrix representations of U,(¢) and Us(¢) are
given in Fig. 7.

At the next level of our construction we will need an
operation which is diagonal in the (A(e ®);), basis. This will
allow us to treat the Hilbert space with b = 0 and 1 separately.
The simplest way to produce such a diagonal operation would
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be to pulse the exchange interaction between the bottom two
spins with total spin b (see Fig. 7). However, such a pulse will
merely correspond to a single-qubit rotation, and therefore
is not useful for our two-qubit gate construction. One way
to produce a diagonal operation which is not equivalent to a
single-qubit rotation would be to employ the same three-pulse
strategy used in Sec. IV. In this case, the rotation axis fip
is different [and so the right-hand side of (7) is 1/fh, - Z =
—3 instead of 1/fi; - Z = —2], but the geometric argument
summarized in Fig. 6 still shows that any three-pulse sequence
which produces a diagonal matrix must be of the same ¢,7,¢
form as U;. In Appendix A, we show that this construction
does indeed produce a diagonal operation in the (A(e ®);)y
basis, but cannot directly be used to produce the required phase
differences at the next level of our construction. Nevertheless,
the existence of this three-operation construction does point the
way to alternate two-qubit gate constructions, also discussed
in Appendix A.

Given that three operations are not sufficient, we turn to
sequences with five operations (sequences with four operations
are equivalent to sequences with three operations up to a
single-qubit rotation). Figure 8 shows such a sequence that
produces a diagonal operation which will be useful at the
next level of our construction. The sequence has the form
Us(@) = Us(t4)Ua(14)U3()U2(54)U3(s4), where s4 = 2 — 14
so that Us(ss) = Us(ts) ™" and Us(s4) = Us(ty) 'inthea = 1
Hilbert space. Thus, in this space, Us(¢) = SU3(¢)S~' where
S = Us(t4)Uy(t4). Written in this way, it is clear that U(¢)
is the result of a carrying out a similarity transformation
on the U;(¢) operation at the center of the sequence. In
the two-dimensional d = 1 sector, this transformation can
be understood geometrically as a rotation generated by
Us(t4)Us(14), two pseudospin rotations about first the z axis
and then the n, axis, both through angle #4. These rotations
act on fip, the rotation axis of Us(¢), and are designed to
diagonalize Us(¢) in the (A (e o),); basis by rotating i, to Z.

The transformation of the rotation axis of Us(¢) from fi,
to Z is illustrated in Fig. 8. Rotating fi, (Z) about the z axis

e

FIG. 8. (Color online) Sequence of exchange pulses (U,) and U;
operations acting on four spins resulting in the operation Us(¢). The
sequence is constructed so that the matrix representation of Us(¢) is
diagonal in the (A(e @);,), basis, shown for bd = {10]|01,11|12}. The
two-step similarity transformation that diagonalizes the d = 1 block
of Us(¢) in this basis is illustrated by the two intersecting cones where
t, = 27 /3 and, for the inverse operation, s, = 27 — t, = 47 /3.
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(n, axis) results in the rotated vector lying somewhere on the
green (yellow) cone. The rotation angle #; is chosen so that
M, is first rotated about the z axis to where the two cones
intersect. This is then followed by a rotation about the n, axis
through the same angle so that the final rotated vector is Z. It
is straightforward to calculate the required rotation angle

1 ﬁzi 2

[ — . 14
- Z+1 3 (14

14 = COS™

Due to this similarity transformation Us(¢p) = SU3(¢)S -1

the matrix representation of Uy(¢) in the d = 1 sector in the
(A(e ®))1 basis with b = {0,1} is a z-axis rotation

— —i i 7. 1
UL (@) = e 926/ 770/2 = ( e—iqb) : (15)

The full matrix representation of U4(¢) in all sectors is shown
in Fig. 8. Since in the one-dimensional sectors with bd = 10
and 12 the similarity transformation U(¢) = SU3(¢)S~! has
no effect on U3(¢), the corresponding elements are 1 and e,
respectively (see Fig. 7).

Let us summarize what we have achieved at this point and
what still needs to be done to construct an entangling two-
qubit gate. The operation Us(¢) multiplies the only ab = 10
state (A(e ®)p—0)y=1 by 1 while multiplying two of the three
ab = 11 states (A(e ®)1)4—1 2 by the phase factor e~*%. If this
operation also multiplied (A(e ®);),—0 by the same phase factor,
the action of Us(¢) would be to apply a CPhase gate (up to
the single-qubit rotation needed to eliminate the a = O phase
discussed above) on the two encoded qubits in Fig. 2(a) in
which the state ab = 11 acquires a phase factor e *¢ while the
states ab = 00,01, 10 are multiplied by 1. However, this is not
the case because U4(¢) multiplies (A(e @)1)s—¢ by 1. This is
consistent with the result of the theorem proved in Appendix B
which shows that any sequence of exchange pulses acting
on only four spins cannot result in a leakage-free entangling
two-qubit gate. To achieve such a gate, we need to consider
pulse sequences which act on one more spin.

VI. FIVE SPINS

We now turn to the final stage of our CPhase gate construc-
tion which involves five spins. These spins are highlighted in
Fig. 2(b) (labeled “Sec. VI”) in the ((e @) ((e ®);).); basis
with a and b determining the state of the two encoded qubits
shown in Fig. 2(a).

The full Hilbert space of five spin-% particles is ten-
dimensional and breaks into a five-dimensional sector (total
spin %), a four-dimensional sector (total spin %), and a

one-dimensional sector (total spin %). With reference to Fig. 2,

note that because the total spin of all six spin—% particles
encoding two logical qubits can only be either g = 0 or 1, the
one-dimensional f = % sector is not relevant for our two-qubit
gate construction.

We use the two operations Uz and U, shown in Fig. 9
to construct the CPhase gate, where U; now acts on the
bottom three spins and U, on the top four spins. In addition to
conserving a, for the reasons given in Sec. V, these operations
also conserve b. For the case b = 0 the top four spins are always

in the state (A(e ®)(); and the bottom three spins are always in
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e—it/zeiti-o/z

—it X

FIG. 9. (Color online) Two operations Us(¢) and U,(¢) acting on the Hilbert space of five spins. Both operations are diagonal in @ and b
and act trivially on states with a = 0 and b = 0. We are thus able to replace the pairs of spins inside the ovals with total spin a and b by
effective spin-1 particles. The matrix representations of Us(¢) and U,(t) are then given inthe ef = {55,55|535,5 5} basis. In either sector, with

f:

the state ((e @)ge); /. From Fig. 8 we then see that Uy acts as
the identity and, from the discussion in Sec. V, Uj acts as the
identity times a phase factor (which depends on whether we
use the short or long sequence) on all states with b = 0 in the
full Hilbert space of the two encoded qubits. As for the a = 0
phase factor discussed in Sec. V, if we keep track of thisb = 0
phase factor we are free to focus entirely on the case b = 1.
The b = 0 phase factor can then be set to 1 by a single-qubit
rotation acting on the qubit on the right in Fig. 2(a). The only
nontrivial case is thus ab = 11. To construct a CPhase gate,
we need to multiply this state with a phase factor of e =/,

We exploit the fact that ab = 11 is the only nontrivial case
by working in the reduced Hilbert space of five spin—% particles
in which the two spins labeled a and the two spins labeled b
are both replaced by effective spin-1 particles

(0 @)a=1((e @)p—10)c)f — (A(Ae).)/, (16)
as also shown in Fig. 9. The effective Hilbert space is
then that of one spin-% and two spin-1 particles and has
two two-dimensional sectors for f = l and 3 (again, as

shown above, we need not consider the f= 5 sector). In

both sectors, we define a pseudospin 1 ;= = (A(Ae),—12)r and
V= (A(Ae)=3/2)-

The matrix representations of Us; and Uy in the (A(Ae),) s
basis are shown in Fig. 9. Referring to Fig. 5 for the casea = 1,
we see that in this basis Uz performs a pseudospin rotation
about the z axis in both the f = % and % sectors. The action
of U, is most easily seen in the ((A A)ge) s basis where, from
Fig. 8 for the case b =1, we know the matrix representation

inthe f = 5 sector and the df = 2, 1 2} basis is
f 1/20) _ < e‘”) _ efit/Zefitiﬂ/Z; a7
andinthe f = 3 sector and the df = {13 ,2 } basis is
Ul = ( e e_”) — 1. (18)

11 31,13 33

22722122722

5 or %, the operations perform rotations in a pseudospin space with 1, = (A(Ae);); and | , = (A(A e)3)2) ;. The rotation axes in the
f= % sector are Z [for Us(¢)] and i, [for Uy(z)], as shown. In the f =

% sector, Us(¢) rotates about Z and U,(¢) is proportional to the identity.

To determine the action of Uy on the f = 5 sector in the
(A(A o)) basis, we once again perform a ba31s change

(AA®)) 12 =Y Fsoa((AA)go) 2, (19)
d

where F3 g = (((A A)s0)1/2|(A(Ae),)1,2). The corresponding

2 x 2 matrix is the same as F5 (a fact which can be understood

using the symmetries of the Wigner 6 symbol, see, e.g.,

Ref. [33]), and generates a basis change from the d = {0,1}
basis to the e = {2, 2} basis,
—1/4/3 2/3 P
ne (Ul )b
It follows that
f I/Z(I) — F3 f Uz(l)F _e—lt/2 itfip- 0'/2 (21)

where 1, is the same rotation axis found in Sec. V. Since in
the f = % sector Uy is proportional to the identity, it will be
left unchanged by the basis change to the (A(A e),)3/> basis

U{Z0 =070 = e, 22)

At this point, we are ready to complete our two-qubit gate
construction. To do this, we need to produce a sequence of
operations acting on five out of the six spins forming the
two encoded qubits in states a and b [see Fig. 2(a)] which
applies a phase factor of e~*¢ to the state with ab = 11. To
see what is required, note that the two-qubit state |1, )|1.) can
be expressed as ((e A);/2(A e)1/2), Where g equals O or 1. It is

straightforward to expand these states as follows:

((04)1 (4 #)1)g = (s(A(A®)1);_1 ). (23)
1
(04);(A0)1)1 = —(s(A(A®),) 1),
24/2
+ f(-(A(A-)pf:;)l, 24)

where in (24) we have used the recoupling coefﬁcients Fya 1=
(0 (A®))i|((0A)1/2 0)1) Where F, = 233,

11
22

4.1
’2
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FIG. 10. (Color online) (a) Sequence of operations Us and U, acting on five spins resulting in the operation Us(¢). The sequence is

11 31,13 33

constructed so that the matrix representation of Us(¢) is diagonal in the (A(Ae),), basis, shown for ef = {55,55155,55}. The two-step

22722122722

similarity transformation which carries out this diagonalization is illustrated by the two intersecting cones, where s = cos’l(i) and s5 =
2w — t5. (b) CPhase gate consisting of Us(¢) acting on five spins of two encoded qubits together with two exchange pulses of times #, and #,
that carry out two single-qubit rotations which depend on the particular choice of short or long U; sequences.

Here, the rightmost e in the definition of Fy represents the
rightmost qubit in the state (A o)/, in (24). To apply a phase
factor of e~'® to both states on the left-hand sides of (23)
and (24), it is clearly necessary to apply this same phase factor
to the five-spin states (A(Ae)2)(2 and (A(Ae)(/2)32. We
therefore need to find a sequence of operations that produces
an operation diagonal in the (A(A e),) s basis.

The simplest such diagonal operation is produced by a
single action of the operation U;. However, Us is a single
qubit operation which, as can be seen from Fig. 9, only
applies a trivial phase factor of 1 to the states (A(A @)1,2) r—1,2
and (A(A e);2)r=3/2. It is then natural to again try to apply
the three-operation construction Uy(¢)Us(7)U4(2) of Sec. 1V.
However, as in Sec. V, this construction is incapable of
producing the required operation. Direct calculation shows
that it is impossible to produce an operation for which
the same nontrivial phase factor is applied to the states
(A(Ae)i2)r with f = % and % Performing four operations,
i.e., a sequence of the form Us;UsU3Uy, is equivalent to
UsUszUy because the final U; operation is a single-qubit
rotation. We must therefore consider a sequence of at least
five operations, and the explicit construction presented in the
following shows that five is indeed enough.

The sequence shown in Fig. 10(a) is designed to
multiply the two states (A(Ae)j2)s=1/2,32 by the same
phase factor of e~'%. The sequence has the form Us(¢) =
Uy(s5)Us(t5)U4(p)Us(s5)Us(ts) where s5 = 2w — t5 so that
Uy(ss) = U4(15)_] and Us(ss) = U3(l5)_l in the ab =11
Hilbert space. Similar to Uy in Sec. V, in this space the Us
construction has the structure of a similarity transformation
Us(¢p) = SU4(¢)S™! with S = Uy(ss5)Us(ts). In both the f =
% and % sectors, this similarity transformation can be visualized
as a series of pseudospin rotations.

Again referring to Fig. 9 for the case of f = % Us(o) is
equal to the identity times e ~'?. This immediately implies that
in this sector the similarity transformation has no effect. Thus,
in the f = % sector, Us(¢) equals Us(¢p) and, in particular,
multiplies the state (A(A )12)3/2 by e™*¢.

To understand the action of Us(¢) onthe f = % sector, note
that in this sector U4(¢) is a pseudospin rotation about the axis
f,. In order for Us(¢) to multiply the state (A(A e);/2)i,2 by

e'?, the similarity transformation carried out by S in this
sector must be chosen so that it rotates fi,, the rotation axis
of U4(¢), to —Z. As shown in Fig. 10, S consists of a rotation
about the z axis through the angle #s (green cone) followed
by a rotation about the n, axis through the angle ss = 27 — #5
(yellow cone). It is straightforward to show that if we choose

oy Rz ]
ts = cos =cos -, (25)
n-z-— 1 4

then, under these rotations, fi, is first rotated to the intersection

of the green and yellow cones, and then rotated to —2.
1

The outcome of this transformation in the f = 5 sector of
Us(¢) in the (A(A »),)12 basis with e = {1,3} is
f=1/2 —i)2 Ji(—E)-6/2 emi?
Us, "(@)=e e = E (26)

Thus, the state with ((e @),—((e ®)p—; 0)1/2)1/2 is multlphed by
a phase factor of e~®. As shown above, in the f= % sector
Us(¢) is proportional to the identity and multiplies the state
((0 ®)a=1((® ®)p—1 ®)12)3/2 by the same phase factor of e~*¢.
So, the action of Us(¢) is to multiply all states with g = 0 and
1 on the right-hand sides of (23) and (24) by e~%.

The resulting operation is thus locally equivalent to a
CPhase gate. To complete the gate construction, we need only
determine the single-qubit rotations needed to set the a = 0
phase factor, discussed in Sec. V, and the b = 0 phase factor,
discussed above, to 1. The value of these phase factors depends
on whether we use short sequences or long sequences for the
U operations throughout the construction. Whatever the value
of these phase factors, they can be set to 1 by performing
single-qubit rotations corresponding to the two pulses shown
in Fig. 10(b).

Before proceeding, we point out that any sequence of
exchange pulses that acts on only five spins (which we take to
be the five rightmost in Fig. 2 with total spin f) and that carries
out a leakage-free two-qubit gate in the total spin g = 1 sector,
must carry out the same gate in the total spin g = 0 sector. This
is because (i) any such sequence conserves f; and (ii) for both
g = 0 and 1 the two-qubit basis states with ab = 00,01,10,
and 11 all have nonzero projection onto the f = % sector.
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[For g =0, f is fixed to be % For g =1, when a =0, f
is also fixed to be % and, when a = 1, the expansion (24),
together with a similar expansion for the case b = 0 with
the same recoupling coefficients, implies nonzero projection
onto the f = % sector.] Any operation produced by a pulse
sequence which acts on the five rightmost spins will then have
identical matrix representations in two two-qubit subspaces
with the same ab basis choice: one in the g = 0 sector, which
lives entirely in the f = % sector, and another in the g =1
sector, after projection onto the f = % sector. Therefore, if
this sequence produces a leakage-free two-qubit gate in the
g = 1 sector, it will produce the same leakage-free two-qubit
gate in the g = 0 sector. This observation is consistent with
the fact that the Fong-Wandzura sequence [26] and related
sequences in Ref. [27], as well as our sequences, act on only
five spins, while the sequence of Ref. [15] acts on six.

VII. FULL PULSE SEQUENCES

Figure 11 shows two explicit pulse sequences for CPhase
gates obtained by unpacking the Us and U; operations in
Fig. 10 and replacing them with sequences of exchange pulses.
To do this unpacking, each Uj; operation, including those
within each U, operation, is replaced by three-pulse sequences
found by solving (7) and (8) (see Sec. IV). To determine the
pulse times for the entire sequence, it is necessary to solve these
equations for Us(x) when x = t4,15,54,55 (see Secs. V and VI),

PHYSICAL REVIEW B 90, 045306 (2014)

as well as x = ¢ where ¢ is the phase which characterizes the
CPhase gate. The two sequences shown in Fig. 11 correspond
to different choices for the two possible three-pulse sequences
that can be used to carry out each Us operation, the short
sequence and the long sequence.

In Fig. 11(a), Us(t4) and Us;(ts) are taken to be short
sequences, while Us(s4) and Us(ss) are taken to be long
sequences. For this choice Us(sy) = Us(t,)~" and Us(ss) =
Us(ts)~! in the full Hilbert space, not just in the ab = 11
subspace. As a consequence, from the palindromic form of
the full sequence, it is apparent that the @ = O phase factors
contributed by those Uz operations which act on the two spins
in the state a cancel, save that due to the single Us(¢) in the
center of the sequence for Us(¢), which is itself at the center
of the sequence for Us(¢). This phase factor is eliminated by
the single-qubit rotation carried out by the single red pulse at
the end of the sequence. The b = 0 phase factors contributed
by Us;(ss) and Us(#s) in Fig. 10(a) cancel completely and there
is no need for a single-qubit rotation on the qubit in the state
b. All of the pulse times are fixed except for the four pulses
shown in red: three in the center, with times labeled ¢, 7, and ¢,
which carry out Us(¢), and the one at the end of the sequence
mentioned above of time 7 which removes the a = 0 phase
factor. The pulse times, including those for the ¢-dependent red
pulses when ¢ = m, are given explicitly in the figure caption.

In Fig. 11(b), we continue to take each U;(#;) and Us(fs5) to
be short sequences, but now also take each Us(s4) and Us(ss)

Is. 1e 14 s 1r 14 IDH TR U
O T T S 8 2 A U VA O O 1N N A 0
::S4 :[Q :[52 454 ,:’4 ‘:fz J:S4 ]:t‘*
jcsz :[Sz ][tz ][tz
Is o I Iss i I Iso s 1o 1,
1515 {6 ]o 1ol Isds 1o le 1aln Isls Is. s 1oy
Ise 14 Is: Is. 1 1% Is. lu I
Is. 15, I

FIG. 11. (Color online) Two full pulse sequences of 39 pulses plus single-qubit rotations for the CPhase gate construction shown in
Fig. 10(b): (a) a 40-pulse sequence (with one single-qubit rotation); and (b) a 41-pulse sequence (with two single-qubit rotations) of slightly
shorter total duration obtained by swapping pulse labels s; <> §; and 5, <> §,. Red pulses depend on the phase ¢ which determines the CPhase
gate, and black pulses are independent of ¢. Ignoring single-qubit rotations, the pulse times which do not depend on ¢ are t, = 27/3,54 = 47/3,
as well as #; = 1.34004 and 1, = 0.864 63 [obtained by solving for the short sequences for Us(ts) and Us(ts = cosfl(%)), respectively, see
Sec. 1V], together with those obtained from the relations tan(z; /2) tan(7; /2) = —2 and f; + 5; = t; +5; = 27 for i = 1,2. The times ¢ and 7
depend on ¢ and are found by solving for the short or long sequence for U;(¢). In (a), a single pulse of duration 7 brings the final gate to CPhase
form, whereas in (b), two pulses acting on both qubits are required, with pulse durations 7, = 4.11499 4 (mod 2x) and #, = 2.73045. For
¢ = m, the CPhase gate carried out by these pulse sequences is locally equivalent to CNOT and, if we choose the short sequence for the central

Us(¢p =), we findt = 1.91063 and 7 = 4.37255.
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to be short sequences. The resulting full sequence then has
slightly shorter total duration than that shown in Fig. 11(a)
provided all pulses are performed in parallel when possible.
Switching to only short sequences amounts to swapping the
pulses of length s; with those of length §; for i = 1 and 2 in
Fig. 11(a). The price of this rearrangement is that we lose the
phase factor cancellations which occurred in the first sequence.
Because of this, two single-qubit rotations corresponding to the
two pulses at the end of the sequence, rather than just one, are
needed to eliminate the a = 0 and b = 0 phase factors. One
pulse acts on the two spins in the state a for time 7, which
depends on ¢ through 7, and the second pulse acts on the
two spins in the state b for time #, which is independent of
¢. Both ¢, (as a function of ) and #, are given in the figure
caption.

Our 39-pulse sequence is significantly longer than both the
19-pulse DiVincenzo et al. [15] sequence (which only carries
out a gate locally equivalent to CNOT in the total spin g = 1
sector) and the 18-pulse Fong and Wandzura [26] sequence
(which, like our sequence, carries out a gate locally equivalent
to CNOT in both the total g = 0 and 1 sectors) as well as the
related 16- and 14-pulse sequences for geometries other than
linear arrays [27]. Nevertheless, we believe our two-qubit gate
construction is of interest because it introduces new methods
for finding pulse sequences acting on large Hilbert spaces by
effectively reducing the size of this Hilbert space at each stage
of the construction.

VIII. CONCLUSIONS

We have presented an analytic construction of pulse
sequences for exchange-only quantum computation which
carry out entangling, leakage-free two-qubit gates on qubits
encoded using three spin—% particles. The resulting pulse
sequences, while far from the most efficient, have the unique
property that they can be understood in simple geometric terms
despite the enormous size of the space of unitary operators
acting on the full Hilbert space of the six spin-% particles
needed to encode two qubits. The essential idea behind our
construction is that this Hilbert space can be built up, spin
by spin, in such a way that at each level, from two spins,
to three, then four, and finally five spins, we are able to
reduce the relevant effective Hilbert spaces to either trivial
one-dimensional sectors or two-dimensional sectors which can
be visualized in the language of spin-% pseudospins.

Because each level of our construction can be understood
in terms of effective spin—% pseudospins, we are able to work
out the required pulse sequences analytically, without having
to resort to numerical minimization of a cost function (as in
Ref. [15]), the use of genetic algorithms (as in Ref. [26]),
or any other numerical method. In addition, because our
construction is analytic it allows us to envision alternate
pulse sequences for carrying out two-qubit gates, some of
which are discussed in Appendix A. We believe this general
approach of iteratively constructing pulse sequences acting on
large Hilbert spaces by effectively reducing the size of the
Hilbert space at each level of iteration may have wider appli-
cability for constructing useful pulse sequences for quantum
computation.
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APPENDIX A: ALTERNATE U; CONSTRUCTION

In Sec. V, we introduced the operation Ug, which was
then used as a building block of Us in our full CPhase gate
construction. As shown in Fig. 7, the operation U, was, itself,
constructed out of a sequence of three U; operations and two
U, operations.

As emphasized in Sec. V, an important feature of Uy is
that it is diagonal in the ((e ®),—;(e ®);); — (A(e ®);), basis
(as in the main text, A is an effective spin-1 particle which
here corresponds to the two spin—% particles with total spin
a = 1 shown in Fig. 7). It is natural to ask if we can use the
three-pulse sequence of Sec. IV to construct an alternate Uy
operation which is also diagonal in this basis, but which only
requires two Us operations and a single exchange pulse Us,.
The answer is yes, but, as shown below, the resulting operation
cannot be directly used in our CPhase gate construction.

Figure 12 shows this alternate U4 construction. We denote
the resulting operation U,. As in Sec. V, the only two-
dimensional sector in the (A(e ®),); basis is that with d = 1
and we again define a pseudospin with 1 = (A(e @)g); and | =
(A(e®)1);. As shown in Fig. 7, the operations Uz and U, are
then pseudospin rotations about the fi, and Z axes, respectively.

The specific three-operation sequence Us () U () Us(t) used

to construct Uy is found using the same geometric construction
used for U; in Sec. IV. The only difference is that the two
rotation axes make a different angle than in the U construction.
This alters the right-hand side of (7) with 1/f; -2 = -2
replaced by 1/fi, - Z = —3, as shown in Fig. 12. Nevertheless,
provided this modified form of (7) is satisfied, the resulting
operation will still be a z-axis pseudospin rotation, and hence
diagonal in the (A(e o);), basis.
_ Direct calculation gives the full matrix representation for
U, shown in Fig. 12. For our construction, the crucial phase
difference is that between the bd =01 and the bd = 11
diagonal matrix elements (see below), which we denote 6, and
which is related to ¢ and 7 through the relation = ¢ — 7 + 7,
also given in the figure caption.

To see why the phase difference 6 is important,
consider the construction of Us in Sec. VI. The se-
quence of operations used in this construction is Us(¢) =
Uy(s5)Us(t5)Us(p)Us(s5)Us(ts). In this sequence, the two
outermost Uy operations [U4(#s) and U4(ss)] perform rotations
about the axis fi, through the angles 5 =cos™!1/4 and
ss = 2w — t5, respectively, on the pseudospin space with
tr=(A(Ae);p)rand |, = (A(Ae)3p)f for [ = % (referring
to Fig. 9). As shown in Sec. VI, the pseudospin rotation
angle produced by U, in the f = % sector is equal to the
phase difference between the bd = 10 and 11 diagonal matrix
elements which, in Fig. 8, is denoted ¢. This phase can be
set to any desired value since it is determined by the phase
¢ which appears in the central Us(¢) operation. As noted in
Sec. VI, in the f = % pseudospin space the central Us(¢)
operation is proportional to the identity and so is unchanged
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= - 1 P 37/2 2
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FIG. 12. (Color online) Sequence of two Us(t) operations and one exchange pulse U,(f), which produces the four-spin operation 174(9).
The sequence is based on the same geometric principle as that for U; (see Sec. V and Fig. 5). The matrix representation of U4(0) is diagonal
in the (A(e @),), basis, shown for bd = {10]01,11|12}, and induces a phase difference 6 between the states with bd = 10 and 11. To use l74 in
the construction of Us (see Sec. V1), it would be necessary to choose ¢ and 7 so that = 5 = cos™' 1/4 and s5 = 27 — 5. However, the graph

of 6 vs t shows that this cannot be achieved with a single U, operation.

by the similarity transformation construction which produces
Us().

Unfortunately, we cannot directly replace each of the two
outer U, operations in the Us construction with Uy operations.
To do so, it would be necessary to choose ¢ and 7 so that
0 =ts (and 0 = s5 = 2w — t5); however, as shown in Fig. 12,
in contrast to ¢ for Uy, the range of achievable 6 values does
not include 75 (or ss). Note that we do not consider replacing
the central U, with U, because, in our construction, it is crucial
that this operation be proportional to the identity in the f = %

sector, and this is not the case for Uj.

However, we can replace each outer U operation with
products of two U, operations. This is because, as can be
seen in Fig. 12, the continuum of achievable 6 values includes
t5/2 (and ss/2). Thus, there is a continuum of products of
the form Uy(0,)U4(6;) where 0; 4+ 0, = t5 (and 6 + 65 = s5)
which will perform the required pseudospin rotations in the
f= % sector for our Us construction. Since each Uy, operation
is realized through a sequence of the form U3 U, Us, the product
of two U, operations will always have the form Us;U,U;U,Us,
where the two central U; operations are combined into a
single Us. These U4(6,)U4(61) product operations thus contain
precisely the same number of pulses as the Us operations
constructed in Sec. V and can be used to construct a continuum
of full 39-pulse sequences (plus two pulses for single-qubit
rotation) which carry out CPhase gates.

APPENDIX B: FOUR SPINS ARE NOT ENOUGH

Here, we show that any sequence of exchange pulses which
carries out a leakage-free, entangling two-qubit gate on two
three-spin qubits, independent of whether the total spin of all
six particles is O or 1, must act on at least five spins [34].

To do this, it is convenient to consider logical qubits
encoded using four spins rather than just three. This four-spin
encoding is shown in Fig. 13(a) (the noncomputational states
are those for which the total spin of the four spin—% particles is
1 or 2). Figure 13(b) shows two adjacent four-spin qubits, and
illustrates the fact that if we remove the two outermost spins
the remaining three spins in each logical qubit have total spin
% and are therefore precisely the three-spin qubits used in our
main construction. Thus, any pulse sequence which performs a
two-qubit gate on two three-spin qubits regardless of whether
their total spin is O or 1 must carry out the same two-qubit gate

on two four-spin qubits when acting on the six central spins in
Fig. 13(b).

It follows that the Fong-Wandzura sequence, as well as our
sequences, can be used to carry out two-qubit gates on pairs
of four-spin qubits. We note that a 34-pulse sequence which
produces a two-qubit gate locally equivalent to CNOT for
two four-spin qubits was also found numerically in Ref. [35]
using methods similar to those used in Ref. [15]. However,
this sequence acts on all eight spins used to encode the two
qubits and thus cannot be used to carry out two-qubit gates for
three-spin qubits.

Now consider an operation produced by exchange pulses
which only act on the four central spins, i.e., those circled
by the dashed line labeled by the total enclosed spin d, in
Fig. 13(c). We denote the resulting unitary operation U®. If
we assume that U™ carries out a leakage-free two-qubit gate,
then it is clear that U® must be diagonal in the ((e @),(e ®);)y
basis. If this were not the case, then either a, b, or both would
change after carrying out U™, As a result, one or both of the
four-spin qubits would undergo a transition to a state in which
the two pairs of spins within the qubit have different total spin
values. Since any such four-spin state cannot have total spin
0, this transition would lead to leakage out of the encoded
four-spin qubit space shown in Fig. 13(a).

Since U™ is diagonal in the ((e ®),(e ®),), basis, it must
give each encoded two-qubit state in the ab basis a phase

—

@ [0.)- @ D@ 9 )= @ DE

0
(b) ® ) ° @a 0 @b. 1/2. 0
©) @a (@a 0 @> @b 0

FIG. 13. (Color online) (a) Qubit encoding using four spin—%
particles. (b) Two four-spin qubits in states @ and b, expressed in a
basis which shows that if the outer two spins are ignored the remaining
spins form two three-spin qubits as in Fig. 2(a). (c) The same four-spin
qubits with a dashed oval enclosing the four central spins labeled by
total spin d. In the text, we show that no sequence of exchange pulses
acting only on these four central spins can result in an entangling
two-qubit gate.
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factor e'®#. For the two-qubit states with ab = 00,01, and
10, the value of the total spin d is fixed to be 0, 1, and 1,
respectively, and so the corresponding phase factors are single
elements in the matrix representation of U @ However, for
the case ab = 11 the value of d can be either 0, 1, or 2.
Moreover, states with all three d values have nonzero overlap
with two four-spin qubits in the ab = 11 state. To see this,
first express this state (((e @),—1(® ®),—1)o((® ®)p—1(® ®)p—1)0)0
as ((A A)g(A A)y)g (where, as in the main text, A is an effective
spin-1 particle). This state can then be expanded in basis states
with well-defined d quantum numbers as follows:

((AA)g(AA)) = (A(A(AA)) o
1 1
= 5(‘ ((AA)g—oh))o — —3(A ((AA)g—1A)1)o

7
5
+ \/T_(A ((A A)g—24)1)o, B1)

where we have used the recoupling coefficients Fs gy =
(((AA)gA)(|(A (AA))) where Fsgo =1, Fso1=—1/v/3,
and F5 g = NG /3. Since these coefﬁcientsAare nonzero for
all possible values of d, the phase factor ¢! produced by
U™ for the state ab = 11 must be the same for d =0, 1,
and 2.

The above discussion shows that in the ((ee),(ee),)y
basis with abd = {000,110|011,101,111|112}, the matrix
representation of U® must have the form

el
eitn

et o

U® = . (B2)

eitn
eifn

PUZE

It is straightforward to show that the two-qubit gate produced
by U™ is locally equivalent to a controlled rotation through the
angle ¢ = ¢oo — Po1 — @10 + ¢11- The requirement that U @
produce an entangling two-qubit gate is then

oo — o1 — ¢10+¢11 #0 (mod 277).

We denote the determinant of U® in a subsector of total
spin d as det U®|,;. Equations (B2) and (B3) then imply the
following condition on U'¥:

detU® |a=o det u® |g=2
detU® la=1

(B3)

£ 1. (B4)
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If U® is the result of a series of N exchange pulses, it has the
form

U® = Uy(ty) - - - Us(t)U\ (1y). (BS)

Here, U, (t,) = exp(—i Hy,t,) is the time evolution operator of
the nth pulse, where H, = S,y - Sj) + % is the Hamiltonian
of the Heisenberg exchange interaction between spins i and j
with the constant added for convenience.

Since the determinant of a product of operators is equal
to the product of the determinants of those operators, the
requirement that the condition (B4) hold for the sequence (B5)
implies that

detU,|g=o det U, |g=>
det Un Id:l

£ 1 (B6)

for at least one of the U, operations. Given that detU, =
detenHn = ¢=itTr Hu this condition can be translated into a
condition on the trace of the Hamiltonian of a single pulse. If
we denote the trace of H, within a sector of total spin d as
Tr H,|4, then (B6) implies that at least one Hamiltonian H,
pulsed in (B5) must satisfy the condition

Tr Hn|d:0 —Tr Hn|d:1 +Tr Hn|d:2 75 0. (B7)
However, for H, = Sju) - Sjm) + % where spins i(n) and j(n)
label two of the four central spins in Fig. 13(c), one finds that
Tr H,|4—0 = 1, Tr H,|4=1 = 2, and Tr H|;—, = 1. Thus, we
see that

Tr Hn|d:0 —Tr Hn|d:l +Tr Hn|d:2 =1- 2+ 1=0. (B8)

It immediately follows that any pulse sequence consisting
of exchange pulses between two of the four central spins in
Fig. 13(c) cannot produce an operation of the form (B2) and
thus cannot produce a leakage-free, entangling two-qubit gate.
Lastly, we point out that if the trace condition (B8) holds for
two operators H; and H,, it trivially also holds for their sum
H, + H,. It immediately follows that our result that acting
on only four spins is not sufficient to carry out an entangling
two-qubit gate holds not just when the exchange interaction is
pulsed in series, but also when it is pulsed in parallel (e.g., when
operations of the form e~#/®15:#8:83) are included). This also
follows from the fact that such parallel operations can always
be approximated, to any required accuracy, by sequences of
operations carried out in series, as shown in Ref. [14].
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