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Nuclear Spin Polarization Transfer with a Single Radio-Frequency Field
in Optically Pumped Indium Phosphide
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We describe a novel spin polarization transfer phenomenon observed in high-field, optically pumped
NMR experiments on single-crystal indium phosphide. Polarization transfer frim spins to3'P
spins occurs when a weak radio-frequency field is applied at'tReNMR frequency. Unlike other
known high-field polarization transfer effects, no rf field near thén frequency is required. We
present evidence that theP polarization arises from a state of optically pumped dipolar order in
the !5In spin system and propose two mechanisms that may contribute to the creation of this state.
[S0031-9007(98)07539-5]

PACS numbers: 76.70.Fz, 32.80.Bx, 61.18.Fs

Transfer of spin polarization between nuclei with dif- have applications in optically pumped NMR studies of
ferent resonant frequencies is an essential component eémiconductor heterostructures and in efforts to polarize
many nuclear magnetic resonance (NMR) experimentqiuclei in organic and biological overlayers deposited on
Polarization transfer from “sending” nucléito “receiv-  optically pumped semiconductor substrates [30].
ing” nuclei S permits the indirect detection of NMR  Figures h—1d are *'P NMR spectra of al0 mm X
spectra of nuclei with low magnetogyric ratios, low con-5 mm sample of a350 um thick, semi-insulating InP
centrations, or long relaxation times [1-5], the enhancewafer [Fe-doped, (100) orientation, Showa Denko lot
ment of directly detected signals from such nuclei [6—8],60706], acquired with the timing sequence SA]J-
and the measurement of correlations of NMR frequenciesp-Pex.-FID, where SAT represents a train of G4/2
of I andS in multidimensional spectroscopy [9,10]. A va-
riety of techniques for effecting spin polarization transfers —
have been developed, including techniques based on spin - (a)
thermodynamics in resonant radio-frequency (rf) fields . (b)

[1-4,6,7,11] and techniques based on the coherent evolu- T
- ()

tion of coupled spins under rf pulse sequences [5,8—10].

As a rule, polarization transfers in high magnetic field,
both in liquids and solids, are double-resonance experi-
ments; i.e., they require at least two rf fields, one near the
NMR frequencies of,, the other near the NMR frequen-
cies ofS. Double resonance is required to overcome the
mismatch of spin-flip energies df and S that otherwise
prevents polarization transfer, or to prepare a nonequilib-
rium state off in which significant population differences
exist among nearly degenerate energy levels.

Here we report a noveadingle-resonanceuclear spin - () -
polarization transfer phenomenon (i.e., only one rf field is L
required) in high field. We have observed this phenome- —
non in NMR measurements on indium phosphide (InP) 10 0 -10 -20 -30 -40
with optical pumping [12—26] at low temperatures. We Frequency (kHz)
attribute_it to an optically pur_nped dipolar-_order(_ad nu- IG. 1. P (a)—(d) and "In (&).(f) NMR spectra of InP
cle_ar spin state [11,27—29], i.e., a state in WhICh th b). (d), and (f) obtained with 'optical oumping; al, (o)
spin angular momenta of dipole-coupled nuclei are corzng ) without. ~ Spectrum If) is excited by a strongr/2
related. The creation of such a state by optical pumpingulse while @) is excited by a long weak pulse. Horizon-
has not been reported previously. Our results suggest thetl scale is the offset from rf carrier. Vertical scales in
similar effects may occur in optically pumped [13-18] (8)-(d) are the same, as are)(f). Inset: Dependence of
and optically detected [19—-26] NMR experiments ont€ P NMR signal magnitude on optical pumping time, with

- strong 7 /2 pulse [circles, fit to straight line] or long weak
other semiconductors and perhaps other classes of Maig;ise” with r... = 5 ms and re.. — 3.4 kHz [squares, fit to
rials, including quantum wells [14-16,22—25] and quan-f(r,) = f.(1 — e /") with 7 = 17 s]. Laser wavelength is
tum dots [26]. Single-resonance polarization transfer mag35 nm.
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pulses with 1 ms separations applied simultaneously at RF Pulse Amplitude (kHz)
the3!'P (161.587 MHz, spin-12) and'"’In (87.552 MHz, 0o 2 4 6 8 10 12 14
spin-92) NMR frequencies to saturate (i.e., destroy) o7
any initial 3P and !"5In spin polarizations,r; is a ,5] (@) oo’
period during which the sample is irradiated with near- o
infrared light, 7p is a period during which the light is 2.0
off, P is an rf pulse at the'P NMR frequency of
length 7., and FID represents the detection of free-
induction-decay signals with the light off. These spectra
were obtained at 9.39 T and 8 K, using a spectrometer,
cryostat, and optics arrangement described previously
[14-16] and using a Ti:sapphire laser. Unless otherwise
noted, the wavelength, power, and polarization of the . : - - - pa
light were 884 nm,1300 mW/cn¥, ando*. In Fig. 1a,

7. =0, 7p = 11 s, and P, is a7 /2 pulse with length RF Pulse Length (ms)

Texe = 10 ws and amplitude (i.e., Rabi frequency). = *'p Pulse Flip Angle

24 kHz. InFig. b, 7, = 10 s, 7p = 1 s, andPe. is the 0 90 180 270 360 450
same as in Fig.d The difference in signal amplitudes ' ' ' ' '
in Figs. Ja and b demonstrates the standard optical
pumping effect, in which the excitation of spin-polarized
electron-hole pairs leads to the generation of nuclear spin
polarization duringr;, through an Overhauser mechanism
[12,13]. Figures & and M are*'P NMR spectra under
the same conditions as Figsa and b, but with 7. =

8 ms andve,. = 3.4 kHz. Comparison of Figs.idand

1d shows that, under these conditiorss,long, weak rf 051 1
pulse excites stronger NMR signals than a strang2 (b)
pulse. This is surprising because a strong/2 pulse , ' , , ,
should excite the maximum signal from optically pumped 0 90 180 270 360 480

3P spin polarization. “®In Pulse Flip Angle

~ Figures B and ¥ are'”In NMR spectra, obtai?gd 8S FIG. 2. (a) Dependence of the optically pump&d® NMR
in Figs. Ja and b but with P, applied at the'”In  signal amplitude on the length (hollow circles) and amplitude
NMR frequency,ve.e = 22 kHz, and200 mW/cn? laser  (filled circles) of P.... (b) Dependence on the flip angle of a

power. Phases of all spectra in Fig. 1, except Fidj. 1 Pulse Py that precede®c. when Py, is applied at the'' P
are set so that equilibrium spin polarizations producdreduency (squares) or tHe€'In frequency (triangles).

purely absorptive (i.e., purely positive) line shapes after

a strongw /2 pulse. An additional phase adjustment of sequence SAT;-7p-Ppre-Pexc-FID, Where P, is an rf
90° is required to produce the absorptive line shape irpulse of amplituder,,. = 22 kHz (24 kHz) applied at
Fig. 1d. The3'P linewidth As; =~ 4.5 kHz (static field the!'3In (*'P) NMR frequency, withv.,. = 3.4 kHz and
perpendicular to wafer surface) arises from a combite. = 8 ms. WhenP,, is applied to!"*In nuclei, a
nation of 3'P-3'P and 3'P-'*In magnetic dipole-dipole strong oscillatory modulation of théP signal is observed,
and pseudodipole couplings [31]. TH&In linewidth  with minima (maxima) at,. =~ 7/2 and e = 37/2
A5 = 2.6 kHz arises from a combination of dipole- (6, = 7 andé,. =~ 27). WhenP,,. is applied to’!' P
dipole couplings and small electric quadrupole couplingsiuclei, a much weaker modulation is observed, with a
from strain that develops in the InP sample at low tem-minimum (maximum) at,.,. = 7 (fp. = 27). In the
peratures. At room temperaturd, ;s =~ 1.9 kHz. The latter case, FIDs in which the rf phase Bf;. relative to
absence of detectable signals in Fig. 5 due to the P is 0°, 90°, 180°, and 270 are coadded.

relatively long spin-lattice relaxation time (roughly 11 h) The data in Figs. 1 and 2 indicate that nél? spin
of 3'P in the dark at 8 K. The spin-lattice relaxation time polarization develops in the dark durify,., independent
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of 'SIn is roughly 2 h under the same conditions. of 3P polarization that is generated during by optical

Figure 2a shows the dependence of the integratedumping. The phase of the signal in Figl implies
3P NMR signal amplitude onve for fixed 7., = that the new polarization is aligned (i.e., spin locked)
8 ms and onre, for fixed ve,. = 3.4 kHz, with 7, = with the rf magnetic field ofP.. in the 3'P rotating

10 s and7p = 1s. The signal amplitude is maximized frame. The source of this polarization appears to be
when ve. = 3.4 kHz and approaches an asymptoticthe !'3In spin system. The polarization transfer process
maximum when 7, = 8 ms. Figure 2b shows the resembles Hartmann-Hahn cross polarization [1,2,7],
dependence on the flip angle &f,. in the modified in which spin-locked/ polarization is transferred to
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spin-locked S polarization when the two rf field am-

rf

plitudes satisfy the matching conditionl =~ »5. In

where Tp is the spin temperature describing dipolar
order produced by optical pumping. After the rf field

our experiments, the transfer occurs without any rfis applied to theS spins, the spin system will evolve
fields near the!'*In NMR frequency and is optimized to a quasiequilibrium statep.q = exp(—Hz;/kTz;) X

at an apparent matching condition,. = A5, i.e.,
when the amplitude of the rf field applied 8P nu-

exd:_(HII + Hyg + HS)/kTeq]- If Vexe ~ djk, Peq will
be reached rapidly and@., ~ Tp, so that a low dipolar

clei roughly equals the amplitude of dipole-dipole andtemperature will lead to an appreciable spin-locKesbin

quadrupole couplings of the3In nuclei. This matching
condition and the dependence of the® NMR signal
amplitude onP,,. when P, is applied to'"’In nuclei
suggest that the’'P spin polarization evolves from

dipolar order in the!'>In spin system [1,7,11,27-29].

The NMR line shapes in Figsbland M, which exhibit a

polarization. If the spin temperature formalism does not
apply andp(0) has a more general form, the condition
[p(0), H;s] # 0 must be satisfied for spin-lockegtspin
polarization to develop. In this case, “dipolar order” is
the component of (0) that does not commute withs.

A more complete treatment would include the

mixture of absorptive and emissive components, are alsquadrupole interaction Hy; = >; in(3IZ2,- —1?)  of
consistent with the presence of significant dipolar ordethe '*In nuclei in Eq. (1). SincdHy;, Hy] # 0, p(0)

[28,29].

rf irradiation [11,27] or pulse sequences [28,29].

In conventional high-field NMR experiments, in Eq. (4) would contain quadrupolar as well as dipo-
dipolar order must be created from Zeeman order byar order.
Inquadrupole interactions in InP are very small and because

We emphasize dipolar order because the

our experiments, dipolar order is created by the optical'’In quadrupolar order cannot evolve directly inttP

pumping process in the absence of rf fields.

polarization when an rf field is applied t8P spins,

To understand our observations, consider a system a&fince[Hp;, His] = 0. The Hys term in p(0) represents

many I spins coupled to on& spin, with interactions
described by the following Hamiltonian terms:

H; = V?Zld + ;{djk(:)’lzjlzk -I;- 1) (1a)
i j

= Hz + Hy, (1b)

Hig = zbnlznsza 2)

Hs = VexcSx - 3)

Hz; and Hj; represent the Zeeman and homonuclea

dipole-dipole interactions of thé spins, with Larmor
frequency»? and dipole-dipole coupling constantsy.

Hjs represents the heteronucldasS dipole-dipole inter-
actions, with coupling constants,. Hg represents the

interaction of theS spin with an on-resonance rf field,

viewed in theS-spin rotating frame. I; and S are the
nuclear spin angular momentum operatorg. is of order
108 Hz. d;x andb, are of orderl0* Hz or less. The state
of the spin system is described by a density operatoy,

with p(0) being the state prepared by optical pumping.

Note that [Hz;,H; + Higs + Hg] = 0. Therefore, if
p(0) is proportional taHz; or to any function offfz; such
as exp—Hz;/kTz;), which would correspond td-spin
Zeeman order with Zeeman spin temperat@itg, then

p(t) = p(0). In particular,p(¢) cannot develop a compo-
nent proportional td,,, which would represent spin-locked

S-spin polarization [i.e.{S,p(¢z)} = 0]. Thus, polariza-

tion of ''In nuclei to a low Zeeman spin temperature by

heteronuclear dipolar order. Because a rotationSpf

by 7 about thex axis changes the sign dfi;s, the
presence of heteronuclear dipolar order accounts for the
weak modulation of thé'P NMR signals whenP,,. is
applied to3!'P nuclei in Fig. 2b. A rotation by about

the x axis transformsH;; to Hy (), with Tr{H;(0) X
HyY/Tr{H}} = %(3 cog 6 — 1), which accounts for the
periodicity of the strong modulation whety,.. is applied

to '°In nuclei.

At least two mechanisms may contribute to the creation
Pf an initial statep(0) containing dipolar order. One
is the direct optical pumping of such a state. As a
simplified model for this process, consider two spjf21
nucleil; andl,, at positionsr; andr,, that are coupled to
one another by dipole-dipole coupling and to an electron
spin by a dipolar hyperfine coupling. Let the electron
be localized near positiom;, with small fluctuations
or(t), and maintained at spin temperatufg by optical
pumping. Assuming equal and uncorrelated amplitudes
in the three components éfr(¢), the ratesR ., «» Of all
possible transitions from nuclear spin statand electron
spin statem to nuclear spin stat&’ and electron spin
statem’ induced by these fluctuations are calculated in the
short-correlation limit as

RKm,K’m’ = RO Z |<K/mllvu|Km>|ze_hvem/kn
U=x,y,z
X {n(8E) + [1 — n(8E)]e B/} - (5)
where R, is a constanty, is the operator coefficient of
or,(t) in the fluctuating dipolar hyperfine coupling, is

optical pumping, as described for other nuclei in otheri,o alectron spin Larmor frequenc§E = E,. — E, +
K K

optical pumping studies [12—26], cannot account for our

experimental results.Next, note thafH;, H;s] # 0 and

[Hs,H;s] # 0. According to the spin temperature hy-

pothesis [32], optical pumping of thiespins will lead to
p(0) « exp(—Hz; /kTz) exd—(Hy + His)/kTp], (4)
3990

m' — hv.m, E, is the nuclear spin energy in state
x, T is the lattice temperaturep = *1/2, and n(x)

is the Heaviside step function. The steady-state popu-
lations of the nuclear spin states under optical pump-
ing can then be obtained from Eq. (5). In high field,
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the nuclear spin states afe) = |++), |[2) = (|[+—) +  to the short value ofl';p, which limits the diffusion of

[—+)/v2, 13) = (|+=) — |—+))/+/2, and|4) = |--),  dipolar order from optical pumping sites to the bulk.

with steady state populations;, p,, p3, and ps. The The heat capacity of the homonuclear dipolar reservoir,
component ofp(0) that does not commute witlif;s  which is proportional toy*S%(S + 1)?, is 94 times

is pp = Z52(12)(2] — 3)(3]). In general,pp # 0.  smaller for*' P than for!*In. Thus, we expect relatively

For example, in numerical calculations assuming nudittle 3'P dipolar spin order to be generated.
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