wo 2017/087630 A 1[I A NPF V0000 R O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
26 May 2017 (26.05.2017)

=
WIPO I PCT

\

(10) International Publication Number

WO 2017/087630 Al

(51) International Patent Classification:

DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

B82Y 10/00 (2011.01) HOIL 39/00 (2006.01)
C40B 30/04 (2006.01) HOIL 39/22 (2006.01)
GOGF 19/00 (2011.01)

International Application Number:
PCT/US2016/062461

International Filing Date:
17 November 2016 (17.11.2016)

English
English

Filing Language:
Publication Language:

Priority Data:
62/256,200 17 November 2015 (17.11.2015) Us

Applicant: MASSACHUSETTS INSTITUTE OF
TECHNOLOGY [US/US]; 77 Massachusetts Avenue,
Cambridge, Massachusetts 02139 (US).

Inventor: KERMAN, Andrew, J.; 51 Glenburn Road, Ar-
lington, Massachusetts 02476 (US).

Agents: LANGE, Kristoffer, W. et al.; Daly, Crowley,
Mofford & Durkee, LLP, 354A Turnpike Street, Suite
301A, Canton, Massachusetts 02021 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,

HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

(84) Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant'’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:

with international search report (Art. 21(3))

(54) Title: PARAMAGNETIC TREE COUPLING OF SPIN QUBITS

100
N

106a

104e D
102b

FIG. 1

102¢

(57) Abstract: Described herein are structures and techniques for highly-connected qubit interaction using a "paramagnetic tree
coupling" scheme. In one embodiment, a structure for providing highly-connected qubit interaction includes a plurality of qubits
and, for each of the plurality of qubits, a paramagnetic medium connecting the qubit to each other one of the plurality of qubits,
where the paramagnetic medium includes a series of inductive couplers.



WO 2017/087630 PCT/US2016/062461

PARAMAGNETIC TREE COUPLING OF 5PIN QUBITS

CROSS REFERENCE TO RELATED APPLICATION

This application claims the benefit under 35 U.S.C. §119{e} of U.S. Provisional
Apphlication No. 62/256,200 filed November 17, 2015, which application is incorporated

5 herein by reference in its entirety.

U.S. patent application {Attorney Docket No. MIT-337AUS), entitled MULTILOOP
INTERFEROMETERS FOR QUANTUM INFORMATION PROCESSING, filed on
even date herewith, and assigned to the assignee of the present application is

incorporated herein by reference in its entirety.

1o STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

This invention was made with government support under Contract No. FA8721-05-C-
0002 awarded by the U.S. Air Force. The Government has certain rights in the

invention.

BACKGROUND

i3 Quantum annealing technology is of interest to government and commercial entities, as
it could provide enormous performance improvements in solving hard clagsical
optimization problems such as resource allocation and scheduling, planning, navigation,

circuit and network design and validation, and patiemn recognition, etc.

An important limitation of existing quantum annealing technology for classical

20 optimization is the hmited connectivity of the physical spin qubit hardware. Since each
qubit nominally represents a binary variable in the optimization problem to be solved,
and the connections made between them encode that problem (in the form of
constraints}, limited physical hardware connectivity translates to a Hmited complexity of
the optimization problems that can be posed on that hardware. Some existing systems

attempt to solve this problem using a technique known as “embedding,” in which

[
Wy

physical spin qubits with small connectivity are grouped together to form “logical spin

gubits” with higher connectivity.
1 g 3

In some existing systems, hardware coupling between spin qubits is engineered using

additional “coupler” qubits, with gach pairwise 2-spin coupling implemented by a single

i
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coupler qubit, inductively coupled to two spins. Making a large number of such direct
inductive connections to 2 single quantum spin is simply not possible due to the small
size of the qubits, the corresponding geometrical constraints, and the large inductive
loading of the spin that would result. Thus, existing systems can support at most six

pairwise connections fo sach spin.

SUMMARY

It is appreciated herein that the existing logical qubit grouping scheme has several
disadvantages. As an example, for general optimization problems, the embedding
process itself is an exiremely difficult classical optimization problem for which there is
no deterministic algorithm, and this difficulty increases exponentially as the physical
hardware conngctivity is made smaller. As another example, the couplings which
enforce agreement between the physical spin constituents (labeled Jr for ferromagnetic)
of each logical spin must be kept much larger than the couplings Ji; between logical
spins (which encode the problem to be solved), to avoid the appesrance of unphysical
solutions in the form of “kinks” in these spin chains. Given a maximum programmable
coupling strength of any physical machine, this amounts to sacrificing a substantial
fraction of the dynamic range available for programming the problem. Furthermore,
since the number of physical spins required per logical spin tends to grow polynomially
with the overall system size, the reguired ratio between Jr and the logical Jj; grows as
well causing the available dynamic range to decrease as the size of the problem is
increased. As yet another example, the quantum driver terms which are engineered in
the system to allow quantum tunneling and enhanced optimization are presently
associated with single spins only. As the number of physical spins per logical spin
grows, these fluctuations become exponentially less efficient at producing turmeling of

the logical spin variables.

In view of the above, it is further appreciated herein that achieving higher hardware
connectivity may have a transformative effect on the performance of quanturn annealing
technology. Accordingly, described herein are structures and techniques o circumvent
existing hardware connectivity limitations using a so-called “paramagnetic tree

coupling” scheme.

According to one aspect of the disclosure, a structure for providing highly-connected

qubit interaction includes a plurality of qubits and, for each of the plurality of qubits, a
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paramagnetic medium connecting the qubit to each other one of the plurality of qubits,

where the paramagnetic mediom includes a series of inductive couplers.

In some embodiments, the series of inductive couplers includes five or more couplers.
In certain embodiments, the series of inductive couplers includes two or more angle
couplers, two or more transfer couplers, and at least one sign coupler. In particular
embodiments, the phlurality of qubits includes at least 5, 9, or 64 qubits. In some
embodiments, every combination of three of the plurality of qubits is interconnected. In
certain embodiments, every combination of three of the plurality of qubits is

interconnected by a 3-spin sign coupler.

In certain embodiments, the series of couplers includes one or more couplers having two
coupler qubits arranged in parallel, wherein each of the two coupler qubits include a
flux loop, wherein one of the two coupler qubits has a crossover inside its flux loop. In
some embodiments, the plurality of qubits includes N gubits, wherein the series of
couplers includes an N-spin sign coupler having a plurality of loops, each loop having a

pair of Josephson junctions.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing features may be more fully understood from the following description of

the drawings in which:

FIG. 1 is a diagram of paramagnetic tree struciure to provide pairwise connectivity,

in accordance with an embodiment of the disclosure;

FIG. 1A is a plot illustrating a paramagnetic effect between two qubits, according to

some embodiments;

FIG. 2 is a diagram of a paramagnetic tree structure to provide fully-connected

pairwise interactions, in accordance with an embodiment of the disclosure;

FIG. 3 is a diagram showing a series of couplers to connect a pair of qubits,

according to some embodiments;

FIG. 3A is a diagram showing a series of couplers to connect a pair of qubits,

according to one embodiment;

FIG. 4 is a diagram of paramagnetic tree structure to provide high-connectivity 3-

spin interactions, in accordance with an embodiment of the disclosure;

3
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FIG. § is a diagram of a paramagnetic tree structure to provide fully-connected 3-

spin interactions, in accordance with an embodiment of the disclosure;

FIG. 6 is a diagram showing an arrangement of couplers for interconnecting three

qubits, according to some embodiments;

FIG. 6A is a diagram showing an arrangement of couplers for interconnecting three

qubits, according to one embodiment; and

FIG. 7 is a diagram showing how paramagnetic tree structures can be combined with

embedding technigues.

The drawings are not necessarily to scale, or inclusive of all elements of a system,
emphasis instead generally being placed upon illustrating the concepts, structures, and

technigues sought to be protected herein.

DETAILED DESCRIPTION

Referring to FIG. 1, a structure 100 can provide pairwise connectivity between a
phurality of qubits {102 generally}, according to some embodiments. The tree-like
structure 100 forms a paramagnetic medium in which the qubits (or “sping”™) 102 are
embedded and, thus, is said to provide “paramagnetic tree coupling.” It will be
appreciated that the paramagnetic {ree coupling scherme described herein can achieve
higher connectivity per qubit compared to existing technigues. In many embodiments,

the qubits 102 are provided as flux qubits each having pairs of Josephson junctions.

Each qubit 102 can be connected to every other qubit 102 via a series of couplers (104
generally). In the embodiment shown, pairs of qubits 102 are connected via a series of
five {5} couplers. For example, a first qubit 102a and a second qubit 102b are connected

via couplers 104a~104¢ arranged in series as shown.

in the embodiment of FIG. 1, each gubit 102 is connected to a plurality of couplers {four
couplers in FIG. 1), which in turn are connected to another plurality of couplers (also
four in FIG. 1}, and s0 on. This results in a tree structure for each gubit 102. For
example, as shown in FIG. 1, a first qubit 1022 may correspond to the root node of tree
having sixty-four (64) leaf nodes, one of which is labeled 106a in FIG. 1. Each of these
ieaf nodes may be connected to a corresponding tree structure for a different other one

of the plurality of qubits 102 such that every qubit is pairwise connected to many other
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qubits {and, in some cases, {0 every other qubit in a cluster). Thus, in the example
shown, each qubit 102 can have an independently- controliable interaction with sixty-

four {64} other gubits.

1t should be understond that only three qubits 102a-102¢ and only two full qubit tree
structures are shown in FIG. 1, with the remaining qubits and tree structure omitted for
clarity. Examples of fully connected paramagnetic tree structures are shown in FiGs. 2

and 5 and described below in conjunction therewith,

It will be appreciated that, using the paramagnetic tree scheme described above, each
qubit 102 is only directly connected to a small number of couplers, alleviating the

geometrical constraints and inductive loading.

Referring to FIG. 1A, in which like elements of FIG. 1 are shown using like reference
designators, the paramagnetic tree couplers 104 may act as inductors which can have
either positive, zero, or negative inductance. In many embodiments, couplers 104 may
act as tunable inductors, which can be tuned by controiling a flux through a loop of the

coupler.

As illustrated by plot 120 in FIG. 1A, the resulting effect is that of a paramagnetic
medium, where the qubits 102 act as sources of local magnetization. The coupler
“medium” {e.g., couplers 104a~104e}) is then magnetized by these sources {e.g., by
qubits 1022 and 102b), and where the magnetization induced by two spins overlaps, an

effective quantum interaction between them results.

In & classical paramagnet, a localized source is screened out over a characteristic length
{as illustrated by dashed line 122 in FIG. 1A). In contrast, using the structures disclosed
herein, the effective screening length can actually be negative, resulting in a
magnetization that increases with distance from the source {¢.g., from gubits 102a and
102b, as illustrated by dashed line 124 in FIG. 1A). This property constitutes an
effective distributed DC flux amplification, and can be exploited to achieve strong

coupling between qubits 102 even if the spins have relatively small intrinsic magnetic

moments.

Referring to FIG. 2, a structure 200 can provide a fully connected 9-qubit cluster with 2-
spin interactions, according to an embodiment of the disclosure. The structure 200

includes a plurality of qubits 202a-2021 (202 generally} connected via couplers (204

h
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generally). In the embodiment shown, gach qubit 202 is connected to gvery other
qubit 202 via a series of five {5} couplers. For example, a first qubit 2022 may be
connected to a second qubit 202b via couplers 204a, 204b, 204¢, 2044, and 204e,

arranged in series as shown.

Referring to FIG. 3, a series of couplers 300 connecting pairs of qubits in a
paramagnetic tree structure may include two or more distinct types of couplers,
according to some embodiments. The series 300 may be used, for example, within the
paramagnetic free structure 100 of FIG. 1 and/or the paramagnetic tree structure 200 in
FIG. 2. In the embodiment shown, qubits 302a and 302b may be coupled via a series of
five {5} couplers. The qubits 302a, 302b (302 generally) are connected to respective
angle couplers 304a, 304b (304 generally), which are in turn connected to respective
transfer couplers 306a, 3066 (306 generally), which are connected to each other via a
sign coupler 308. In some embodiments, qubits 302, angle couplers 304, transfer
couplers 306, and/or sign coupler 308 may be the same as or similar to elements 322,

324,326, and 328, respectively of FIG. 3A.

Referring to FIG. 34, according to one embodiment, a pair of spins 3222 and 322b may
be connected by a series of couplers 320 provided from the circuit elements shown. The
couplers 320 include angle couplers 324a, 324b (324 generally), transfer couplers 326a,
326b (326 generally), and a sign coupler 328. The sign 328 and angle couplers 324 may
each include parailel coupler qubits, with one having a crossover inside its flux loop,
that function together as a “push-pull” element. For the sign coupler 328, this scheme
may be used to circumvent the fact that individual coupler qubits produce much smaller
antiferromagnetic coupling than ferromagnetic coupling. By using a second qubit with a
crossover, both qubits can be biased in their intrinsically strong-coupling
{ferromagnetic) mode, and operated in parallel, to achieve strong effective coupling of
either sign {ferromagnetic or antiferromagnetic). For the angle couplers 324 shown, the
two parallel coupler qubits are connected with one to the qubit’s Z loop and one to the X
toop, allowing dynamic tuning of the effective relative angle of the two spin moments.
This allows continuous rotation Ising (Z7)} to transverse (XX} interaction. In the latter
case the sign of the XX coupling controls whether the resulting Hamiltonian is
stoquastic or non-stoguastic in the computational basis. Non-stoguastic Hamiltonians

are believed to have gualitatively greater quantum computational complexity than
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stogquastic Hamiltonians, and have not been implemented in any form fo date in

guanturm annealing hardware.

FIG. 4 illustrates & paramagnetic tree structure 400 for 3-spin interactions, according to
embodiments of the disclosure. Fach gqubii {e.g,, qubit 402a) may be connected to pairs
of other qubits {e.g., qubits 402b, 402¢) via a series of couplers (404 generally}. In the
example shown, a qubit may be connected to other qubits via a series of five (5}
couplers 404, For example, a first qubit 402a may be connected to a second qubit 402b
via coupler series 404a, 404b, 404c¢, 4044, and 404e and to a third qubit 402¢ vig
coupler series 404a, 404b, 404¢, 4041, and 404g, as shown. Thus, the three qubits 402a,
4072b, and 402¢ are joinily connected via coupler 404¢, which may be provided as a 3-
spin coupler. It should be understood that, to promote clarity in the figure, not all qubits

or ail couplers are shown i FIG. 4.

Referring to FIG. 5, a structure 500 can provide a fully connected 6-qubit cluster with 3-
spin interactions, according to an embodiment of the disclosure. The structure 500
includes a plurality of qubits 502a-502{ (502 generally} connected via couplers {504
generally). In the embodiment shown, every qubit 502 is connected to every possible
pair of other qubits, in each case via a series of five (5) couplers 504, and every
combination of three (3) qubifs 502 is interconnected. For example, a first qubit 502a is
connected to a second qubit 502b via coupler series 504a, 504b, 504c¢, 5044, 504¢ and to
a third qubit 502¢ via coupler series 504a, 504b, 504¢, 504e, S04f The triangular

elements in FIG. 5 {e.g., element 504¢) may be provided as 3-spin couplers.

FIG. 6 illusirates an arrangement 600 of couplers for interconnecting three qubits 602a—
§02c¢, according to some embodiments of the disclosure. The arrangement 600 may be
used, for example, within the paramagnetic tree structure 400 of FIG. 4 and/or the
paramagnetic tree structure 500 in FIG. 5. Each of the three qubits 602a, 602b, 602¢
{602 generally) is coupled to a respective angle coupler 604a, 604b, 604¢ (604
generally), which are in turn connected to respective transfer couplers 606a, 606b, 606¢
(606 generally), which are each connected to a sign coupler 608, as shown. The sign

coupler 608 controls an independent 3-spin coupling.

In ceriain embodiments, qubits 602, angle couplers 604, transfer couplers 606, and/or
sign coupler 608 may be the same as or similar to elements 622, 624, 626, and 628,

respectively, of FIG. 6A. In some embodiments, the 3-spin sign coupler 608 may be
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provided using a multiloop superconducting guantum interference device (mSQUID) as
described in U.S. patent application (Attorney Docket No. MIT-337AUS) entitled
MULTILOOP INTERFEROMETERS FOR QUANTUM INFORMATION
PROCESSING, filed on even date herewith, assigned to the assignee of the present
application, and incorporated herein by reference in its entirety. It will be appreciated
that an mSQUID could also be used within paramaguetic tree structures having higher

numbers of multigubit interactions, such as 4-or-more qubit interactions.

Referring to FIG. 6A, according to one embodiment, three qubits 622a-622¢ may be
interconnected using an arrangement 620 of couplers provided from the circuit elements
shown. The coupler arrangement 620 include angle couplers 624a—624¢ (624 generally),

transfer couplers 626a-626¢ (626 generally), and a 3-spin sign coupler 628.

FIG. 7 illustrates how paramagnetic tree structures can be combined with embedding
techniques to provide even greater qubit connectivity, according to some embodiments.
In the figure, circular elements (e.g., element 702a) correspond to qubits and hexagonal
elements {e.g., element 704) correspond to fully connected paramagnetic tree structures
{or “clusters”). in the example shown, the elements 704 may correspond to 18-qubit
fully connected clusters. Each qubit (702 generally} may be coupled to a single

cluster 704, as with qubit 702a the example shown, or to multiple clusters 704, as with

qubit 702b.

The lines labeled 706 indicate strong ferromagnetic couplings between constituent
physical spins. The resulting chains indicated by these lines are the logical spins
resulting from this embedding. The fully-connected logical couplings between these
logical spins are not shown directly but contained in the solid hexagonal regions. It will
be appreciated that in the example of FIG. 7, each pair of logical spins share overlap
with at least one cluster 704, meaning that there is at least one physical connection

gvailable between them.

It is appreciated that the concepts, structures, and technigues described herein may be
used to provide high-order gubit interactions and, as such, could have transformational

importance in both quantum annealing and in digital guantum information processing.

All references cited herein are hereby incorporated herein by reference in their entirety.
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Having described certain embodiments, which serve to illusirate various concepts,
structures, and techniques sought to be protecied herein, it will be apparent to those of
ordinary skill in the art that other embodiments incorporating these concepts, stractures,
and techniques may be used. Elements of different embodiments described hereinabove
may be combined to form other embodiments not specifically set forth above and,
further, elements described in the context of a single embodiment may be provided
separately or in any suitable sub-combination. Accordingly, it is submitted that the
scope of protection sought herein should not be limited to the described embodiments

but rather should be limited only by the spirit and scope of the following claims.

&
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CLAIMS

1. A structure for providing highly-connected gubit interaction, the structure
comprising:
a plurality of gubits; and
for each of the phurality of qubits, a paramagnetic medium connecting the gubit to
each other one of the plurality of qubits, where the paramagnetic medium

includes a series of inductive couplers.

2. The structure of claim | wherein the series of inductive couplers includes five or

more couplers.

3. The structure of claim 2 wherein the series of inductive couplers includes two or

more angle couplers, two or more transgfer couplers, and at least one sign coupler.
4. The structure of claim 1 wherein the plurality of gubits includes at least 9 qubits.
5. The structure of claim 1 wherein the plurality of qubits includes at least 64 qubits.

&. The structure of ¢laim 1 wherein every combination of three of the plurality of

qubits 1s interconnected.

7. The structure of claim 6 wherein every combination of three of the plurality of

gubits is interconnected by a 3-spin sign coupler.
8. The structure of claim 7 wherein the plurality of qubits includes at least 5 qubits,

9. The structure of claim 1 wherein the series of couplers includes one or more
couplers having two coupler qubits arranged in parallel, wherein each of the two

coupler gubits include a flux loop, wherein one of the two coupler qubits has a

crossover inside its flux loop.

10. The structure of claim 1 wherein the plurality of qubits includes N qubits, wherein
the series of couplers includes an N-spin sign coupler having a plurality of loops, each

loop having a pair of Josephson junctions.

16
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