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High-field optically detected nuclear magnetic resonance in GaAs
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A method for high-field optically detected nuclear magnetic resoné®&NMR) is developed
sensitive to 18 nuclei. Nuclear spin transitions are induced using a radio frequency coil and
detected through Faraday rotation spectroscopy. Unlike conventional ODNMR, which is limited to
low fields and relies on the measurement of time-averaged luminescence polarization, this technique
monitors nuclear polarization through time-resolved measurements of electron spin dynamics.
Measurements in &110) GaAs quantum well reved®Ga, "‘Ga, and"As resonances and their
quadrupolar splittings while resolving changes in nuclear polarization of 0.022008 American
Institute of Physic§ DOI: 10.1063/1.1923191

The small number of nuclear spins in quantum wellsdetection. In addition, the conventional magnetic excitation
(QWs) and quantum dots makes conventional nuclear magef nuclear transitions circumvents the complex interactions
netic resonancé€NMR) experiments difficult in these semi- between electrons and nuclei that take place in optical exci-
conductor nanostructures. Optical pumpingtrongly en- tation schemes. Unlike conventional RF magnetic fields,
hances nuclear spin polarization and can increase thehich induce only dipole transitions, modulated optical
detection sensitivity of typical radio frequen¢RF) probes fields induce both ma%netic dipole transitions and electric
from a minimum of 187 nuclear spins to 8. As a result, quadrupole transition$™*™
RF detection of optically pumped GaAs multiple QWs has  As shown in Fig. 1, a semiconductor sample is cooled to
been achievedl.Detection of NMR has also been demon- T=5 K in a magneto-optical cryostat with an applied mag-
strated through optical measurements of recombination paaetic fieldB, along thez axis and is mounted in the center of
larization, either by exciting NMR transitions with a conven- a 10x 5 mn? Helmholtz coil wound from 22 AWG magnet
tional coil>* or by purely optical means? In the latter case, wire. RF radiation is coupled to the coil from the top of the
an optical field is modulated at the nuclear Larmor frequencyeryostat through an impedence-matched semirigid coaxial
resulting in an oscillating electron magnetization. This mag+transmission line producing an RF magnetic fi@lgdalong
netization interacts with nuclear spins through the contacthe y axis. The sample growth direction lies in tke plane
hyperfine coupling and induces NMR transitions in lieu of anand can be rotated to adjust the angleetween the growth
external RF field. While optically detected NM®DNMR)  direction and the laser propagation direction alongxtiagis.
provides the high sensitivity typical of optical techniques, itUnless otherwise specifieg=10°.
has several limitations. For electrgnfactors and spin life- We measure time-resolved FR in a modulation-doped
times typical of GaAs structures, ODNMR is only possible at7.5-nm-wide (110 GaAs QW with a mobility of
low magnetic fieldg<1 T). In addition, the reliance on ra- 1700 cn?V~!s and an electron density 0£910° cm™ at
diative recombination for detection makes ODNMR dispro-T=300 K. Confinement along tH&10) crystal direction sup-
portionately sensitive to nuclei located near shallow donorpresses D’yakonov—Perel spin scattering, resulting in spin
and impuritiesg. lifetimes longer than 1ns fromT=5K to room

Another type of ODNMR is possible using time- temperaturé?’A 250-fs 76-MHz Ti:Sapphire laser tuned near
resolved Faraday rotatioFR) (Ref. 10 to probe nuclear the exciton absorption energyl.572 eVf produces pulses
spin polarization. In this detection scheme, FR measures the
spin precession frequency of electrons in the conduction
band. Nuclear spins act on electron spins through the contact | (a) n (b)
hyperfine interaction altering this frequency and allowing for 4 X T
the precise measurement of nuclear polarization. All-optical fl,z S, &»z
versions of this method have been demonstrated in bulk y
GaAs and in a GaAs QW3 These measurements can be
made at high applied magnetic fields and, unlike measure- A
ments of time- and polarization-resolved photoluminescence,
they are not limited by the charge recombination time. ‘ B

Here we present an extension of this technique utilizing | laser -
a RF coil for the excitation of NMR transitions. The use of — laser
an external a RF field allows for the future application of B,v T=5K
well-developed pulsed NMR techniques for noise reduction

while at the same time exploiting the high sensitivity of FR

FIG. 1. Schematic of the experimental geometa). Side view of the ap-
paratus within a magneto-optical cryostdd) Top view of the sample at the
dElectronic mail: awsch@physics.ucsb.edu center of the Helmholtz coil.
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that are split into pump and probe with a full width at half At (ns) Afyr (kHZ)
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maximum (FWHM) of 8 meV and an average power of
2.0 mW and 10QuW, respectively. The linearlycircularly)
polarized prob&pump is modulated by an optical chopper
at f;=940 Hz(f,=3.12 kH2. Both beams are focused on the
sample surface to an overlapping spot & in diameter
with the pump beam injecting polarized electron spins along
the sample growth direction as shown in Figb)L The pin-
ning of the initial electron spin polarizatioé along the 4.4f \
growth direction relies on the fact that pump pulses couple 4.2} w?""" w 1
predominantly to heavy hole states, which are split off from 539 540 54.1
light holes states in a QW:*® Small rotations in the linear f. (Mhz)

polarization of the transmitted probe are measured and are 3/2 -
proportional to the component of electron spin polarization 1/2g,_ 1
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in the conduction band along the growth direction. Variation
of the pump-probe time delait reveals the time evolution

of this spin polarization. In the absence of nuclear polariza- 32 : : SIS SR
tion, electron spins precess about an axis and at a frequency 9

defined by the Larmor precession vectof=gBoug/h,
whereg is the Landé factor expressed as a tensgg, is the
Bohr magneton, andh is Planck’s constant. GaAs QWs
grown in the(110) direction exhibit strong anisotropy ig
resulting in both the dependence gf on the orientation of

B, with respect to the sample’s crystal axes and in a differ-
ence between the precession axjsand the direction of FiG. 2. (Color) NMR detected by time-resolved FRa) FR data taken at

>

BO-13 By=5.3019 T with B; driven at 54.0000 MHz, 50.0400 MHz, and

_ . . . 53.9800 MHz for the red, blue, and green points, respectively. Lines connect
At T=5 K, spin-polarized photoexcited electrons 9€N€Ihe data to guide the eyéb) FR shown as a function of, for fixed At

ate nuclear spin polarizati?n within the QW through dynamic=193> ps as indicated by the dashed line in the ins@tdc) FR plotted as
nuclear polarizatiofDNP)." DNP acts through the contact a function of detuning\fyyg from the ®Ga resonance of 52.9539 MHz at

. . . . T Al + - B,=5.2 T, from the’®Ga resonance of 67.2898 MHzB¢=5.2 T, and from
hyperfine interaction, written ag\,l-S=;Ay(l Sfl S) ihe As resonance of 54.4992 MHz By=7.5 T for the gray, red, and green

+Ayl,S,, where A, is the hyperfine constant arldis the  points, respectively. Solid black lines are fits to the data while dashed lines

nuclear spin. This “flip-flop” process results in an averageShOW the three peaks ipc[uded in Fhose fits. A schemgtic diagram of the
- -> relevant level structure is included in the lower Igfi) 1, is shown as a

nuclear spin(l) alongB, and is driven by the component of function of « at By=5.5 T for no RF voltage applied to the coil and for

electron spirS, in that direction. The sign and magnitude of -15 dBm applied at thé°Ga resonance at 56.0070 MHz for the blue and
red points, respectively. The solid black line is a fit to the angular depen-

() depends on the angle. dence ofy_ in the presence of a nonzefty. The dashed black line shows
The presence of a nonzefl in turn acts on the electron the same dependence wit=0.

spin dynamics through the addition of a term to the preces-
sion vectory =gBoug/h+Ay(l)/h. The measurement of,  full nuclear resonance in a tinee> Tpnp- This condition

and the knowledge dj andB, yield the nuclear polarization is satisfied for the data sr_\own in Fig(c2 whgre the reso-
ge oY P nances due to the three isotopes present in the ©3@4,

frequency v,=Ay(l)/h, which has been calculated to be . .
q Y rn=Aull) N "lGa, and’°As, appear at the expected frequencies. In addi-
32.6 GHz for 100% nuclear polarization in Gaﬁé:hanges . .
tion we observe satellite peaks for each resonance due to the

g‘ the averagedpucllear polr?rlzatlot_)/lwthm the Qchan uadrupolar splitting &q. By fitting each resonance to a
e measured directly as changes in the precession frequengy, ssjan peak and two symmetric satellites, the splittings are

Aw. measured to be 9.7, 7.0, and 16.3 kHz for%@a, "*Ga, and

5 3'>:0R19iSTpIC')trt]edh in Fllgd _23) as a.functioln OfAtf atBy  75pg isotopes. These values are similar to previously re-
f_ : hW'6t9 the coll driven continuously at a rgquencyported measurements and indicate the presence of a small
¢ Set to the>*Ga resonance at 50.0000 MHz and at tWo 46 nt of strain on the crystal likely due the wax used in

frequencies slightly detuned from resonance. The inset Clarimounting the sampl¥. The linewidth(FWHM) of the main

fies the reduction ofy_ for the resonant scan in which oqonance is 2.6, 2.1, and 4.6 kHz for #%6a, "‘Ga, and
nuclear spin transitions induced I decreasel). Scans  75xg jsotopes, respectively. The linewidths of the satellite
with an off-resonantf; show the samel) established by peaks are broader at 9.4, 6.5, and 13.8 kHz probably because
DNP without any appliedB;. Figure 2Zb) shows FR data of inhomogeneous strain in the sample. As noted
taken under the same conditions as in Fig. 2 while sweepingisewheré, methods such as ours for accurately measuring
fo across the”Ga resonance at a fixedt=1932 ps. Here, Aq are useful in the determination of built-in strain in semi-
the resonant depolarization @) and the change in, appear conductor heterostructures.

as a peak in the FR signal. The asymmetry of the resonance The dependence af on « is shown in Fig. 2d) in the
reflects the fast rate of the frequency sweep with respect toase of no RF voltage applied to the transmission line and in
the time required to polarize the nuclBiye~90 s. In order the case of —15 dBm applied at tH8Ga resonancef,

to investigate the true form of the pedk,s swept across the =5.0070 MHz forB,=5.5 T. The solid black line is an angle
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_’16 AL L LI and compensatinB,. The peaks shown to shift as a function

of f, are due to a decrease By under the resonant depolar-
' ization of (I). The 10 kHz/mT shift in the resonance for
small f; is close to the gyromagnetic ratio of the three rel-
evant isotopes. Ag; increases, the splitting between reso-
nances increases until =100 kHz andf.=120 kHz, the
three resonances are clearly distinguishable.

A calculation of the Hanle effect based on typical bulk
GaAs parameters and the three NMR resonances is shown in
Fig. 3b). There is good qualitative agreement between the
model and the data allowing us to estimétg'| ~0.25% as
shown in the dependence predicted by the model in Fig. 3
The signal-to-noise in the data indicates that we are sensitive
to changes down to 0.05%. Since the region from which we
are collecting PL contains-10'® nuclei, we estimate a sen-
sitivity of 10%? nuclear spins for this ODNMR technique. In
the FR measurement, which was done in a QW, we probed

many fewer nuclei,~10'2. There we could distinguish
PN RS | nuclear polarizations as small as 0.015% corresponding to a
-10 0 10 20 30 s .
B, (mT) sensitivity of 1_(9 nuclear spins. _ _
In conclusion, ODNMR detected by time-resolved FR is
FIG. 3. NMR detected by time-averaged PL polarizati@).p taken asB, an extremely sensitive probe of nuclear polarization capable
is Isw:ep:_t fror? -10 tof 30 tmT atB 2 _rnT:lmin folr differ(_et?]tt\r/]mUESf@f (b) g_ of resolving small numbers of nuclear spins and distinguish-
calculation ofp as a function o IS shown along wi € corresponain : H H 2
(c) dependenge ofl)/1 on By Thg dip aroun(Boz% T is due to thepemer-g !ng quadrUpm.ar S_pllttlngs I.n t.he kH.Z r?‘”ge' It may find use
gence of nuclear spin-spin coupling at low fields. in the determlnfatlon of built-in strain in GaAs heterostruc-
tures and provides an excellent way to perform ODNMR
measurements at high magnetic fields, impossible by con-
ventional techniques based on PL polarization.
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dependence calculated according to Satisl. taking into
account an anisotropi@ and a 9% nuclear spin polarization.
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