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Quantum bits (qubits) are the basic building blocks of anyquantum computer.
Superconducting qubits have been created with a ‘top-downapproach that integrates
superconducting devices into macroscopic electrical circugt[1-3], whereas electron-spin
qubits have been demonstrated in quantum dotgi-6]. The phase coherence timerf) and
the single qubit figure of merit (Qu) of superconducting and electron-spin qubits are
similar --- T2~ us and Qu ~10-1000 below 100mK --- and it should be possible to scale-up
these systems, which is essential for the development ofyamseful quantum computer.
Bottom-up approaches based on dilute ensembles of spins haaehieved much larger
values oft; (up to tens of ms)[7, 8], but these systems cannot be scaled up, although some
proposals for qubits based on 2D nanostructures should beadable [9-11]. Here we report
that a new family of spin qubits based on rare-earth ions deamstrates values oft, (~ 5Qus)
and Qv (~1400) at 2.5 K, which suggests that rare-earth qubits may, in prciple, be
suitable for scalable quantum information processing atHe temperatures.

In general, a spin qubit state is a linear superposition of thespin states of an
electrorilt > and[! >. This means that the qubit can be representédpas = allt > + 3L >,
wherea andp are probability amplitudes, andf?|+ | B =1 .When measuring this qubit, the

probability of outcomgt > (ori>) is pf (or p f). In rare-earth (RE) systems the total sgin,



is no longer a good quantum number because the spin-orbit coupling b&weenthe total
orbital angular momentunh,, is larger than the coupling &f with the electric field gradient of
environmental ionic charges (crystal-field). The good quantum numb#reigotal angular
momentumJ=L +S, which is coupled with the crystal-field through The RE qubit states are
therefore crystal-field states. In addition, RE often show isotejitbsa nuclear spinl, which
has large interactions with(hyperfine interactions) leading to electro-nuclear crystéd-Beates
with wave functionszW.> (see the crystal-field background section). Qubits based on thes
electro-nuclear states differ from typical spin qubits in sdwgays: (i) the crystal-field strongly
affects the Rabi frequencies that depend on the direction and e¢hgtktiof applied magnetic
fields and electric field gradients, and this could open up new passsbfbr scaling; (ii) the
hyperfine interactions produce up to 3(21+1)-2 qubits per RE, @h wlightly different
resonance frequencies, which means that it should be quite eadgctovely address them with
superimposed (low) field pulses; (iii) due to their large magmebment (~10g), it should be
simple to manipulate RE qubits; (iv) the single qubit figure ofitm@f,, should be large enough
to allow quantum computer processing“die temperatures (@is the number of coherent
single-qubit operations, defined @gt,/T;, whereQg is the Rabi frequency: equivalently, it is the

coherence time divided by half the Rabi period).

This work is an extension of a previous research that exploregugmtum tunnelling
of the magnetization in Mg-ac and Ho:YLiz [12-14]. Due to the strong hyperfine interactions
in the latter system] tunnels simultaneously with (electro-nuclear tunneling). The system
chosen to illustrate the concept of RE qubits consists’hid@rs (J= 15/2 and g= 6/5) diluted
in a single crystalline matrix of CaWQvhich is isomorphic with YLiiz The main reason for
replacing YLiR with CaW@Q, is to reduce the proportion of nuclear spins, which are an importan
source of decoheren¢&5] (the phenomenon by which a quantum system seems to be classic

as a result of interactions with its environment ).

Continuous wave electron paramagnetic resonance (CW-EPR)meeeents were first
performed in Ef:CaWQ,. The transitions for the isotopes with 1=0 and 1=7/2 were observed a
“He temperatures using a Bruker X-band spectrometer at 9.7TBEge transitions occur either
between pure crystal-field levels (I=0) or between electean crystal-field sublevels (1=7/2)
(see background section). In both cases the observed line-width iseamagh for the lifetime

of the levels to be much larger than calculated periods of Raliatieds (weak decoherence).



In order to observe these oscillations, a series of experimames performed in pulsed wave
EPR (PW-EPR) mode. Eight transitions were observed (Fig 1).
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Fig. 1 Energy levels and Rabi frequencies for the erbium-apbed rare-earth system®’Er**:CaW0,. a, Energy
spectrum calculated for a magnetic field perperdicto the c-axis. In zero field the spectrum corgdl6 electro-
nuclear states ((2S+1)(21+1) with S=1/2 and I=#@ahpsisting in a singlet, 7 doublets and anotheglstn(nine
sublevels). The fourth doublet, near the centrehef figure, is well separated from the other leveWhen the
Zeeman splitting caused by the magnetic field bextarger than the hyperfine splitting, which géts energy
scale at zero-field, the levels vary linearly witie magnetic field, which gives 8 states with dffexspin 2 and 8
states with effective spin -1/2: each of theseestat labelled by the nuclear spin projection, which increases
from -7/2 for the two states at the centre of ipere to +7/2 for the lower- and upper-most staF#3R transitions
between spins +1/2 arfiin, =0 are represented by the vertical arrolysRabi frequencies, measured vs static field
H // a and ac-fieldigh =0.12 mT // b, on a single-crystal of ECaWQ, (2x2.5x3mmi, 10° atomic % Er). They
show an intense central peak (for the isotopes &@) 8 smaller peaks separatedMy/~ 6-8 mT (for the isotope
1=7/2, *EP"). Exact diagonalization of (1) (see backgroundtiea}; permits accurate calculation of these
frequencies (using the crystal-field and hyperfinastants only [30,32]); one find&/2n= 17.546, 17.302, 17.166,
17.115, 17.137, 17.238, 17.394, and 17.60B4z. The colour scale shows the proportion of iavith Rabi
frequencyQg at a given magnetic field (white < 80, blue = 84> 800 arbitrary units).



An example of the measured Rabi oscillations [16] is given inZifpr 1=0, where the z

component of the magnetization; Nk plotted vs time. It is possible to fit the data to
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Fig 2 Rabi oscillations and coherence time®Rabi oscillations measured on =0 isotopes ofstmae single-crystal
for poH=0.522 T //c uoh=0.15 mT//b and T=3.5 K. These oscillations are obtainedhayapplication of a nutation
pulse of length t followed, after a delay greateart, (permitting the transverses spin components xjeby a
T2-1 sequence. The resulting echo intensity is averayed ~16 measurements, giving the z-component of the
nutating magnetization at time t (M The dashed line is a fit to equ. (1) (see tgiting an exponential decay time
Tr= 0.2us <<T,~ 7us (see Fig. 3)lnset: Decay of the transverse spin componept,oBtained by a conventional
spin-echo method at different temperatures, showlirag the coherence time reaches the 108 scale afHe
temperatures. Weak superimposed oscillations comme fthe ESEEM effect (Electron Spin Echo Envelope
Modulation) [34] produced by the super-hyperfinegiing with second neighbour W nuclear spins. Cene \erify
that the oscillation frequency perfectly matcheqW¢leus spin Larmor frequency in the applied figdhall super

hyperfine limit).



using a single exponential damping paramege.2 us (Qr having been previously obtained
from a Fourier transform of the data). Other experiments peefbrat different microwave
powers show thatr increases as the power decreases, while the number of Ralatioss)
N(c) (where c is the Er concentration) remains nearly urggdhrn.e. N(c)®r(C)Qr with
N(c)~20 in the example of Fig. 2. This increaseais always limited by, (Fig. 3). All of this

suggests the phenomenological expression

1hRr(c)~ Qr/N(C) + L/12(C) (2)

whereTtg(c), N(c), andt,(c) are concentration-dependent. Rabi oscillations are lost fort ¥
the low power limit wher&r - 0, and for t >> N(dQQr in the large power limit wher@g >>
N(c)/to. In the first casa, should be limited by RE spin-diffusion due to long range dipolar
interactions, as in NMR. In the second case, the observed behaviotaracteristic of
inhomogeneous nutation frequency. In fact, a weak random crystal-&@sfghrrsible for the CW
line-width [17,18] feeds into some distribution of the ), m> coefficients resulting in
destructive interference of Rabi oscillatio@¥(0 <, m| J. | @, m’>, see background section)
which go out of phase after a certain number of periods. Howeneenumber of oscillations
N(c) depends on concentration, indicating that dipolar interactions atastbe taken into
account.

Recently, a model relying on the assumption that each spin ex@sriarstochastic field

of mean-square amplitudd oscillating at the resonance frequengyed to an expression,

1hr=PBQr + 1/21, (3)

very similar to (2) [19]. This linear dependence Qpr was tested on pur€=1/2 spins in
amorphous-Si@containing E’ centres where a concentration effect has alsodiained [20].

In the frame of the present study, the origin of the stochasit $hould be related to both
crystal-field distribution and dipolar interactions [21]. In ordercheck (2) and (3) more
carefully, 1fr vs Qg is plotted for two different directions of the microwave field h (Fig. 3, inset;
see also Fig. 4). The obtained curve is continuous, showing that the daatpisgales with the
Rabi frequency (and not with the microwave field h when dipole xmateiments are different)
according to an S-shaped curve of e.g. the type=11/,f(QgrT,), with a progressive saturation

at1, whenQr - 0. The dependence @k with the direction of the microwave field, h, is
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Fig. 3 Changing the damping time with the microwavepower. When the experiment in figure 2 is repeated with
the microwave field reduced by a factor of 20, peeiod of the Rabi oscillations becomes longertligysame factor
of 20), but the number of oscillations remainshef brder of 20 (up to 20s). The same fit as in Fig. 2 gives~ 3

ps, which is comparable with the ~ 7us obtained in spin-echo measurements under the saperimental
conditions.Inset: Damping rate of). the Rabi oscillationstgl/plotted against the Rabi frequen€y, for two

directions of the microwave field. The continuitiytbe curve proves thatt{/depends o2 only and tends to 1/
at low microwave power (dashed line)
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Fig. 4 Maximum and minimum coupling of the microwave fieldto Er effective spins and direction-dependant
Rabi frequencies.Rabi frequency measured for two directions of therowave field, ) , on a single-crystal with
atomic Er concentration of 5.f0The ac field was calibrated by comparison wittoal sample. Due to the “easy”
plane anisotropy (see background section), the lomupetween Er effective spins and the microwaieddfis

maximum when the latter is in the easy-plane (givargeQg) and minimum when it is perpendicular to it (gigin

smallQg).

demonstrated in Fig. 4 where a simple rotation from h // b te hetduces the Rabi frequency by
the factor Qr/Qric ~ 6. This ratio is slightly smallethan the one derived from the
proportionality Qr//Qric~ Gsiv/Qetic~ 6.7 becauseQgryp drops in a few degrees from its
maximum valueQg/p~ 6.y to its minimum value Qg A better agreement would simply
require better angular accuracy in the crystal orientation.

Finally, RE qubits have large\Qat “He temperatures and in principle they should be
scalable. Indeet; increases with dilution and cooling (Fig.2b); an extrapolation dowin5d<
for a concentration of 1Datomic Er:Caw@ gives Q; ~10" which is enough for quantum
information processing. Moreover, RE qubits could in principle be selpctderessed and
their couplings manipulated, according to variants of existing prapomsad realizations

(10,11,4-6]. As a matter of fact, they could be inserted in all kindsabfices structured by



lithography, including films, quantum dots or nanowires of semi-conducting Si [22] ofZ3&N
and coupled by controlled carrier injection through gate voltage [2¥y Tould be addressed
selectively by application of: (i) local field pulses of arhde < 25 mT adding algebraically to
the static field (this is limited to & 3(2I+1)-2 qubits, Fig. 1); (ii) continuous electric field
gradients for n>3(21+1)-2. A gradient of 10 mV/(rffm$ enough to modify the crystal-field
parameters by ~10% in most matrices and therefore the resdnequency. Interestingly, the
3(21+1)-2 Rabi oscillations of eaclf’Er (Fig. 1) may also be used to implement Grover's
algorithm [25] on single RE ions (this is a general propertgleétro-nuclear RE qubits with
I£0). Spin-state detection could follow schemes like those in [4,6]lteubative ways using fast
photo-luminescent properties of RE [22,23,26] might ultimately be better. Finatlyadhsf dots
one might also use single molecules containing a RE ion [27].

In conclusion, Rabi oscillations of the angular moment J=15/2 Gla®¥Q, have been
observed for the first time and analysed, evincing a new typaisbtropic electro-nuclear spin
qubits. Isotopes with 1=0 give a single purely electronic Ralguieacy (single qubidM = +1),
while the isotope 1=7/2'{’Er) gives a set of eight electro-nucldaequencies (eight qubits,
AM =11 andAM = 0) which are addressed independently. Because the spin-@ubiing, the
magnetic moments and the hyperfine interactions are a#,ldrghould be possible to couple
and address selectively a large number of RE qubits using weetkiecland magnetic fields.
Furthermore, each RE ion could be used to implement Grover’s hlgodtl this, together with
large Q factors (~ 16-10* between 2.5-1.5 K), suggests that RE qubits are good candidates f

implementation of quantum computatioriide temperatures.

Crystal-field background

1. Hamiltonian

The single-ion Hamiltonian for ExCaWQ, (tetragonal space groupiid and $ point symmetry
[28]) contains crystal-field, hyperfine and Zeeman terms:

Her= aiB°0,° + By(B,°0,° + B,'04%)+ yi(B’Os” + B'O6 + Bs“Os )+ Ajl.J + GiptsllodH . 1)

The Q™ are the Stevens’ equivalent operators with the reduced magmestsa;, Bj, Vi [29],

and the B" are the crystal-field parameters determined by high resolafptical spectroscopy



(B.Y =231cmt, B’ = -90 cm', B,* =+ 852 cmt', Be® = -0.6 cn', Bg* =+ 396 cmt*, and B =+
75 cm* [30]).

2. Energy spectra and wave functions

Exact diagonalization of the 16x16 matrix of (1) wittH=0, shows an easy plane perpendicular
to the c-axis with a doublet ground-state of wave functigms and | @ >. This doublet, with
effective spin ¥ and anisotropigggensor (g = 1.247, g = 8.38 [31]), permits a single EPR
transition Am; = £1) which can be observed on 1=0 isotopes (~ 77%). The Rabi freqigency
given by Qg = 2g Ue<@| Ju th @>/h O gesr, Whereh is the Planck’s constant. Natural Er also
contains'®’Er with 1=7/2 (~23%) and &= - 4.16 1¢° cmi* (-125 MHz) [32]. In this case the
128x128 matrix leads to the energy spectrum of Fig 1a. The degeme@ypletely removed
by H and the new set of wave functiofd.> = ZblJ, my I,m;> on the space product
(L,S,J,m> O0,m;> differs from |@> and | > owing to the nuclear degrees of freedom. Fig. 1
also shows that 3(2I+1)-2 EPR transitions are allowed, giving féf2)=8 transitions with

conservation of 14m;= +1 andAm, = 0) and 14 transitions withouhif;= +1 andAm, = +1).
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