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Generation of a Population Inversion between Quantum States of a Macroscopic Variable
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A population inversion has been created between the two adjacent fluxoid wells (with energy
differencee) in an rf SQUID subject to weak radiation at 100 GHz. The states in the two wells have
opposite currents, of magnitude2 uA, circulating through an inductance of 0.2 nH. The steady state
population of the upper well, (¢) shows local maxima whose positions correspond to calculated photon
absorption resonances between the ground state and an intermediate state. The maxirhim®.94
compared to the expected thermal equilibrium value,dg) = 2 X 107°. [S0031-9007(96)00100-7]

PACS numbers: 74.50.+r, 73.40.Gk

Evidence has been obtained which suggests that thehere L is the inductance of the rf SQUIDB, =
quantum effects, e.g., quantized energy levels and tur2wLI./®q, I. the junction critical current, and/y =
neling, commonly observed in microscopic systems camb}/472L. The fluxes® and ®, are measured with
also be seen in macroscopic variablgs describing the respect tad,/2. This potential, which has been discussed
collective motion of a large number of particles. A keyin detail elsewhere [9], is a symmetric double well for
to this development has been the understanding of thé, = 0 and1 < B, < 4.6 with minima located atb =
inevitable effects of the environment on these variables=®,,(8.). These wells correspond to fluxoid states with
through damping and thermal fluctuations [1]. A currentphase windin@ f (f an integer) of the SQUID differing
biased Josephson junctiog the junction’s phase) and a by 27, e.g.,f =0 and f = 1, and are separated by
superconducting loop interrupted by a Josephson junctioa barrier whose energy/z, with respect to the ground
(a SQUID, with y being the flux linking it) have proven state, also depends ¢y. For|d,| < ®,,, the potential
to be good models for both the theoretical and experitilts linearly in ®, giving an energy difference: =
mental study of the quantum mechanics of macroscopie®d,,®, /L between the ground states of two fluxoid wells.
variables due to their simple structure and high degree of The eigenstates of the Hamiltonian, Eq. (1), give typical
characterization. Both of these systems can be describdelvel structures such as those shown in Fig. 1. There are a
by potentials with metastable wells. Early experimentsseries of levels (indexed Byf, i}) with energiesEy; less
showed escape from the wells by tunneling through a barthan Uz which are well localized in either thé = 0 or
rier [2—4] and energy level quantization within a well [5]. f = 1 well. The level spacing within a well is approxi-
Recent results demonstrate the existence of resonant tumatelyZ w(, wherew, is the small oscillation frequency in
neling between these quantized levels in the macroscopihe well. For our data presented beldiy/kp = 1.4 K.
cally distinct fluxoid wells of the SQUID potential (MRT) For energies abov&y, the level spacing is reduced and
[6]. It has also been predicted that photoinduced transi-
tions between fluxoid wells is greatly enhanced when the
energy of photons incident on a SQUID equals the energy
difference of states in two wells [7,8]. These effects al-
low one to envision a maser based on macroscopic quan-
tum transitions. In this Letter, we report an important step
in this direction: the generation of a population inversion el
between the two fluxoid wells of a SQUID.

The system which we use is, effectively, a super- -
conducting loop interrupted by a Josephson junction— R
commonly known as an rf SQUID. The state of this sys- _—
tem can be specified by the applied fld®x. and the flux -

@ linking the loop. In the absence of damping this sys- ——
tem is described by the Hamiltonian ./

v R
Ho(q)sq)x) = 2C + U((I),(I)x) (l) (@)

HereC is the junction capacitance apd, = —ifid/o®. FIG. 1. SQUID energy levels at two different values of

i ic Qi showing the idealized transition paths when the level 1,3 is (a)
The potential er(lg)rgw ((I))f ;?e system is given by off the photon absorption resonance and (b) on the resonance.
B X

o The dotted and dashed lines are the energies of the incident
oL + BLlo COS(ZW(}T())’ (2) photons and the potential barrier, respectively.

p f=1/2 F=1/2

Energy

Uu®,o,) =
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the wave functions fofP are no longer localized in a sin-  We determine the population of the upper well from
gle fluxoid state. To indicate this delocalization, we in-a measurement of the mean fldx linking the SQUID.
dex these levels by = % e.g., E1,, realizing that for ~ Since the system temperature is 50 mK for the data pre-
levels with E = Uy the distinction can become blurred. sented belowksT < fiwo and only the lowest level in
The level structure within the wells, calculated using thiseach well should have a significant populatiep:(n;) for
approach with independently determined system paraméhe upper (lower) well. The mean flux in these levels dif-
ters, has been found to agree very well with that deterfers by2®,, = 0.4®,. Thus, a measurement of the flux
mined from resonate tunneling data [6]. The real SQUID/inking the SQUID gives the occupation of the twe= 0
of course, also has a source of damping through which thigvels, i.e.,n, — n; = —sgre)¢(e), and n, + n; = 1
system interacts with the thermal reservoir. For Ohmidvhereé(e) is the mean flux measured with respect to the
damping, this can be modeled as a resistaRda par- average of the mean fluxes of the two wells and normal-
allel with the junction. The levels calculated above areized to®,,. This gives the occupation of the upper well
sharply quantized when the classi@al= RCw, > 1,as in terms of ¢(e) to be n, = [1 — sgr(e)¢(e)]/2. To
is the case for the SQUID studied here. In our system, thachieve the steady state, the transition time between the
damping below 1 GHz is dominated by a AuPd foil enclos-wells must be short compared to the measurement time.
ing the sample SQUID to shield the sample from externallhis condition is achieved by the variation of the barrier
perturbations [6] and is equivalent to a shunt resistancBeightUs in situ through the modulation g8,. The sin-
of R = 4.5 + 1.5 kQ. SinceC = 80 fF, 0 > 50 below gle junction in the model presented above is actually a
~1 GHz and increases at higher frequency. In this Kggh- superconducting loop with a low inductankeontaining
limit it has also been shown that the effect of the dampingwo junctions in parallel (a dc SQUID). Sincer/.! <
on the level spacing and position is negligible [10,11]. o, this is well approximated by a single junction with a
Our approach to the generation of a population inversiosritical current that can be modulated by an applied flux
is similar to that used in a three level laser. Roughly®mod 9iVing B = Bro codm®poa/Po). For the sample
speaking the system is resonantly pumped from its grounteported hereg,o = 1.99. Since the two junctions in the
state, in the lower well, to an excited state, At~ Ug, dc SQUID have critical currents which are equal to better
from which it rapidly decays with a substantial probability than 1%, the minimumg,, is much less than unity. In
to thei = 0 level of the upper well where it is then trapped thermal equilibrium, the relative occupation of the upper
for a relatively long period. In our experiment, the sourcewell is just given by the Boltamann factor, sp(e) in
of photons is the 100 GHz oscillation of the dc SQUID thermal equilibrium is just (e)w = tanh(e/ksT).
magnetometer, also used to monidr The frequency
of these photons is essentially fixed, since significant
coupling occurs only at a resonance in the dc transforme
coupling the sample and magnetometer. The rf field is
quite weak, having been previously determined [6] to
have an amplitudeb,; < 4 X 1073d,. This results in
a maximum occupation of the resonant levelsnpf<
107%. The values ofe and 3;, for which large excess
populations of the upper well occur, should be those for 1.

n (&)

0

which the level spacing between the system’s ground stat: 8;3 /\/\ —
and the pumped (intermediate) state satisfies the resonan: 55 . . .
condition. An example of the process discussed above ®) A

is shown in Fig. 1(b). Here the system is resonantly 134 | '2‘ ~ = ‘g.
excited from the ground sta@, 0} to the level{1,3} in AR A e
the opposite well from which it rapidly cascades to the 130 : : :
{1, 0} level. The time for such intrawell decays is roughly 20 s(zi% 20
T ~ Q/wq [10,11] or on the order of a nanosecond for

our system. The lifetime of thfl, 0} state against decay FIG- 2. (&) Upper well population, vs ¢ for different values
to {0, 0} is about a millisecond, as extrapolated from theOf Br. The top curve is the calculated thermal equilibrium

. o : population at 50 mK; the rest are experimental data. (b)
directly measured transition rate for slightly largels  sguares (triangles) are the position of the outermost (second

(larger B.) [6]. Thus, this process is able to generateto the outermost) peaks af,(¢) vs B, for the data in (a). The
a significant exces§l, 0} population even with the very solid, short dashed, and long dashed lines are the positian, in
weak photon field. In addition to the process shown inof calculated photon absorption resonance between the zeroth

: . : : : . level of the lower well and an intermediate state in the opposite
Fig. 1(b), pumping to intermediate states in the initial We”’well, same well, or above the barrier, respectively. The short

. 1 1 .
e.g.,{0,4}, and above the barriefz,0} and{3, 1}, is also  horizontal lines indicate the boundaries between different types
possible. of intermediate states.
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The corresponding calculated,(e)m, as shown in the where 6E = E;; — Ey; is the energy differenceg;
top panel of Fig. 2(a), approaches a maximum value ofs the ® matrix element (normalized t@d,,) between
0.5 ase — 0. In the lower panels of Fig. 2(a), data are the levels, andR, = h/4e* = 6.45 kQ). The inverse
presented showing the measurgde) for 1.311 =< B, =  rates, obtained through detailed balance, are negligible at
1.364. These data represent the steady state, with th80 mK. The photon absorption rates/;_, ;, both in-
system switching rapidly between wells asis varied. terwell and intrawell, are calculated from Fermi’'s golden
This is demonstrated by the fact that the measubéd)  rule with the density of the states of the final level taken
is independent of the sign afe/dr. As one can see, to be Lorentzian with a full widthy ~ (E,; — E;0)/0.
the measured data differ dramatically from the predictedecause of the very low rf power and the resulting small
ny(m), €xhibiting a series of maxima in,(g) with val-  occupation of the intermediate states, simulated emission
ues as high as 0.94 fg@, = 1.35. This nearly complete is also a negligible process compared to spontaneous de-
inversion of the population represents an occupation ofay. The spontaneous interwell tunneling rates have been
the upper state approximatedyx 10® times the thermal calculated by several authors [14—20]. Since in our sys-
equilibrium value. Asp, is decreasedsn,(0) periodi- tem the intrawell decay rate is much greater than the tun-
cally changes from a local maximum, as in the equilib-nel splitting between levels in the two opposite wells,
rium case, to a local minimum and back. In Fig. 2(b),no coherent oscillation is expected during level crossing.
the calculated potential tilts are shown (lines) for which Therefore, the expression given in [18],
a pumping resonancef = 101 GHz) occurs as a func- A2
tion of B,. These energy level calculations use the W;”i_)g#i == Y i (4)
same sample parameteis € 210 pH, B0 = 1.99, and T 4 (Epi — Eg )* + y*/4
C =82 ﬂ:) used to fit MRT and photon assisted tunnel-is used fori + ] # 0, where A is the tunnel matrix
ing data measured for larggs, [6]. These parameter element between the two interwell levels. The transition
values also agree well with those independently deterrate between level®, 0} and{1, 0} is calculated according
mined (i.e., not using tunneling datd):= 210 = 10 pH,  to the standard incoherent tunneling rate formula for the
Bro = 2.00 = 0.1, andC = 80 * 25 fF. As can be seen (issipative two-state system given, e.g., in Refs. [21,22].
in Fig. 2(b), the data points, representing the location of The populationn,(s) vs & for the six values ofg;,
the two outermost peaks i (¢) for eachg, , are well de-  \which correspond to all the data sets in Fig. 2, has been
scribed by these calculations. These calculated curves ag@|culated using the sample parameters given above. The
associated with different intermediate states [cf. Fig. 2(b)alculations reproduce the main features of the data sets.
caption]. The resonant peaks associated with the soligtyo of the calculated:,(¢) are shown in Fig. 3, along
lines in Fig. 2(b) involve a direct photoinduced transitionwith the corresponding energy levels, 8y = 1.346 and
between states in different wells, i.e., between macroscop.357. The switching of:,(0) from a local maximum
ically distinct states, as depicted in Fig. 1(b). For examtp minimum for a change of less than 1% f) along
ple, the intermediate state corresponding to the outermost
n, peaks forB, = 1.357 (Fig. 2) has a>93% probability 1
density in the upper well. These data are the first, indi- =
rect evidence for such photoinduced transitions originally o
predicted by Chakravarty and Kivelson [7,8].

The calculation of the position of the pumping res- g
onances is on a very solid footing since the theory is
straightforward and the important sample parameters car
be independently determined. In contrast, the calculation
of the actual values of,(e), determined by solving the .
rate master equation for the first 24 levels of the system, * 0
is rather approximate since it involves the calculation of
the ratio in transition rates with significant uncertainties. -~

50 ¢

In the case of the intewell transitions, complete theories 39 ¢
exist only fore << fiwg, which is usually not the case for
our data. These rates, along with the intrawell decay rates 0 -2, 0.0

also depend on the damping which can only be estimatec e(K)

over a wide range of frequencies, and on the rf powerg|g 3. The calculated upper well population, and the

for which only the upper limit is known. The intrawell energy levels vs for two values of3,. The dark long dashed
transition rates for dissipation-induced spontaneous decdies are the energy barriers and the short dashed lines show
from level{ 7, i} to { £, j} are given by [12,13] the energy of the incident photons. The arrows indicate the

2w SE R SE positions of the photon pumping resonance between the zeroth
spo o ZMOL _Q| 2l 1 + cot (3) level of the lower well, to which all energies are referenced,
Wf,l—'f,] ¢ls] ’ . .
h R 2kgT and the intermediate level.
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