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Spontaneous spin coherence in-GaAs produced by ferromagnetic proximity polarization
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We find that photoexcited electrons in arGaAs epilayer rapidly(<50 p9 spin polarize due to the
proximity of an epitaxial ferromagnetic metal. Comparison between MnAs/GaAs and Fe/GaAs structures
reveals that this coherent spin polarization is aligned antiparallel and parallel to their magnetizations, respec-
tively. In addition, the GaAs nuclear spins are dynamically polarized with a sign determined by the spontane-
ous electron-spin orientation. In Fe/GaAs, competition between nuclear hyperfine and applied magnetic fields
results in complete quenching of electron-spin precession.
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Established methods of generating electron-spin polarizaperature and capped with 50 A of Al to prevent oxidation,
tion in semiconductors include electrical spin injection andand then-type doping (Si-7x10°cm™®) of the GaAs
optical excitation. Electrical spin injection has been reportedayer is chosen to extend the electron-spin lifetitecon-

Alternatively, optical excitation has been shown to induceCUt the ferromagnetic layer. Samples are mounted on fused

coherent spin polarization in semiconductors that persists fozgllgitﬁlgdettgﬁ 'cl'st??r?wasurtl)es'fir:terc;serr(tairgs\c/)?(tjhggeazh?r?Elrmgaa:%
~0.1 us? and is robust to transport over distances~df00 ' 9 prop

d h interfades| ki characterized af =10 K with a superconducting quantum
um and across heterointerfacesin more recent work, it o ference device magnetometer.

was shown that Mn-based hybrid ferromagne®aAs struc- Electron-spin dynamics in these samples are measured

tures exhibit a ferromagnetic imprinting of the GaAs nuclear-with TRFR using a mode-locked Ti:sapphire laser that emits
spin systenf. The resulting nuclear polarization was found to ~100-fs pulses at a 76-MHz repetition rate. The output, with
track the magnetization of the ferromagnetic layer and influenergy tuned near the GaAs band gapl.52 eV atT
ence the coherent spin dynamics of photoexcited electrons 5 K), is split into circularly polarizedCP) pump and lin-
via the hyperfine interaction. Furthermore, initial evidenceearly polarized(LP) probe beams that are focused to over-
was provided suggesting that the ferromagnet also generatPping~100 um spots on the sample. Due to optical orien-
coherent electron-spin polarization in the GaAs, possiblyation govered by the selection rules in GaAs given
driving the dynamic polarization of nuclear spin. pump pulse excites carriers with net spin aligned along the
Here, we observe spontaneous electron-spin coherence fRUMP path. After a timelt, the corresponding probe pulse
sulting from this ferromagnetic proximity polarizati¢RPP passes through the sample and Its p_olanzatlon axis rotates by
process in similar hybrid structures, including Fe/GaAs an angled proportional to the projection of the net spin onto

Time-resolved Faraday rotatibiTRFR) measurements re- the Probe path. An external fieH is applied transverse to
veal that photoexcited electrons rapidly spin polarizé&0 H}Z ng“&%gﬁg{g&;ﬂg?ﬂg f(i:glgerﬁr:ig ?5'21 ap r:ﬁg:tses(;o:s'g g:
ps) in the presence of the ferromagnetic layer and maintai :

: h f | ds. C . b iodic oscillation of 6 vs At, whereAt is varied with a me-
Spin coherence Tor Several nanoseconds. LompariSon bepapjcy) delay line. Where noted, separate lasers are used for

tween MnAs/GaAs and Fe/GaAs structures indicates thahe nump and probe, enabling independent tuning of their
these spins align antiparallel or parallel to the ferromagnet’%nergies_ In this two-color TRFR\t is varied by actively
magnetizatiorM, respectively. In addition to restricting the gynchronizing the two pulse trainsFinally, we also use a
possible mechanisms underlying FPP, this opposing align:p pump (which generates unpolarized carriets investi-
ment reveals that the sign of the nuclear-spin polarizatiogyate polarization processes distinct from optical orientation.
depends on the FPP electron-spin orientation rather¥han — Figure 1(left insed shows the experimental configuration,
One manifestation of this dependence is the quenching afhere the pump beam is normal to the MnAs/GaAs surface
coherent electron-spin precession in an applied magnetiand the in-plane magnetization is roughly perpendicular to
field (of order 1 7 in Fe/GaAs. These measurements indicateboth B and the optical path. The solid symbols in Fig. 1
that FPP electrons cause the dynamic polarization of nucleaepresent a TRFR scan taken with a CP pump Bat
spin. Moreover, they demonstrate an additional avenue of0.12 T. In this case, the net spin alongS;(At), exhibits
control over both electron and nuclear spins in a semiconthe oscillatory behavior discussed above. In contrast, while a
ductor through the choice of ferromagnetic material and thé.P pump does not generate spin polarization in the control
orientation ofM. sample(as expected from the selection rylé$samples with

We investigate a series of hybrid ferromagnet/a MnAs layer exhibit an oscillatory sign&."(At), similar
semiconductor samples grown by molecular-beam epitaxyo SSP(At) but with a ~90° phase shift to the precession
with the following structure: ferromagnet/GaAs (Fig. 1, open circles'? Thus, the ferromagnetic MnAs layer
(100 nm)/Ab 75Ga »5As(400 nm)h*-GaAs(001) substrate, appears to generate a spontaneous spin polarization in the
where the ferromagnet is either 25 nm of Mniigpe A)  GaAs (the FPP effegt
(Ref. 8 or 10 nm of F€. The Fe is deposited at room tem-  For either pump polarizationS,(At) is described by
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FIG. 1. Measured Faraday rotati@) vs At for MnAs/GaAs
using CP and LP pumps witB=0.12 T andT=5 K. Left inset: FIG. 2. Gray-scale plots 0§, vs At and B for MnAs/GaAs,

measurement geometry with angle between pump and greB® _srv!eseiin?: frorr|1|—3 to 3 Tlusir}gtLP(ai].?nd Cdp(l:)l) plim;p betzams a,‘tt,
exaggerated for clarity. Right inset: normaliz8gl vs Ep;m,, With _d - rora gl;ray-scae plots, w :e anL ac er;plg positive
the probe energy held constant. In Figs. 1, 2, and 4, the pump ar@f’d negative values @, respectivelyd) Lower panel: Fit am-

probe powers are 2.0 and 0.1 mW, respectively, and their energy Rlitude Sg” vs B, sweeping from-3 to +3 T (solid circleg and +L§
~1.52 eV. to —3 T (open circles (c) B, (open trianglesand normalizeds;

(solid squaresvs a at B=0.12 T. Solid lines represent fitB,, is
discussed later in the textc) Inset: sample geometry. Note: the

S,(At)=Spe” AUTS cog wAt+ ¢), (1) MnAs/GaAs sample iiic) and Fig. 3 is different from the one used
for other figures.

whereS, is the amplitudeT3 is the effective transverse spin ~ We note that these measurements of FPP rely on the
lifetime, w is the Larmor precession frequency, apds the  strong, uniaxial, in-plane magnetic anisotropy of the MAiAs.
phase of the Spin precession_ Hekes gMBBtotlh! Whereg HystereSiS curves of th@pltaXlab MnAs/GaAs show that
is the electrorg factor, ug is the Bohr magneton, arBl, is  the[110] (GaAs crystal direction is magnetically easy, char-
the total magnetic field, which includeB and any local acterized by sharp switching at the coercive fiel
fields. Several aspects of the FPP process can be quantified+0.086 T. Thg 110] axis is magnetically hard, exhibiting
by fitting the data. First, the energy dependenc8gf\t) is  negligible remanence and saturation abev2.5 T. Due to
measured with two-color TRFR by varying the pump energythis strong anisotrop is effectively pinned alon§110] at
Epump: While holding the probe energy constant. For both CPow fields. In the measurements above, we set the aagle
and LP pumps, a plot &, vs E,ym, (Fig. 1, insel, whereS,  between[110] andB to ~86° so thatM is roughly perpen-
has been normalized for ease of comparison, shows that ththcular to B (applied in plang and switches at~1.2 T
onset of TRFR with increasing energy coincides with the=B./cos(86°). Spin that is aligned alomg will then have
GaAs absorption edge. Second, calculatinggtiector from  a large component perpendicular Bothat precesses and is
the fitted  yields g=—0.412 which is consistent with the detectable by TRFR.

value ofg= —0.44 reported for nominally undoped GaXs. Making further use of this anisotropy, we verify thislt
These results confirm that the measured electron spins resigentrolsS-* by measuring the field dependenceSF(At).
in the GaAs layer. Figure 2a) shows a gray-scale plot & (At) vs B in the

In addition, we find thatS;"~ (1/3)S57, indicating that ~ same geometry as Fig. 1. Asis swept from—3 to 3 T, the
the efficiency of FPP is comparable to optical orientation.TRFR oscillations change sign twice. The first sign change
Furthermore, it is assumed in E@L) that there is no rise occurs a3 crosses zero in accordance with ELj, which is
time associated wit§-". Therefore, the negligible deviation an odd function ofw when ¢=—90°. The second sign
at smallAt of the fit (Fig. 1, solid ling from the data sets an change, at~1.2 T, is due to the reversal & along the
upper bound on such a rise time ®60 ps. While this shows MnAs easy axis as discussed above. Fitted valu&oas a
that the spontaneous polarization of spin is rapid, spin cohefunction of B are also plottedsolid circleg, and a compari-
ence times remain quite long. We obtdii~4 ns for a LP  son with the opposite sweep directitpen circles confirms
pump, wherea3?} ~2 ns for a CP pump? Finally, the initial  that Sy follows the magnetization hysteresis.

direction of S can be inferred fromp. For S;7(At), we In contrast, data taken with a CP purfffig. 2(b)] do not
obtain ¢~ —91°, which is consistent with spin initially po- clearly exhibit the hysteresis seenSiT(At). For clarity, let
larized antiparallel tavl (in plane. us denote the FPP spin 8§°Ffor either pump polarization.
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to 110 K to remove the possible influence of nuclear
polarization® The out-of-plane anisotropy then preveis
from aligning with B (for |B|<3 T). In this orientation, re-
fraction results in an optical path that is no longer perpen-
dicular toB. Consequently, the component of spin alddg
also contributes to TRFR as a nonoscillatory signal. A term
of the formS, exp(—At/Ty) is therefore added to E¢L) upon
fitting the following data, wherd; is the longitudinal spin
lifetime, andS; is the amplitude?®

Figures 3c) and 3d) display plots of S;(At) (open
circles at B=+0.25T for MnAs/GaAs and Fe/GaAs, re-
spectively. The data are nearly identical for the two samples
and are insensitive to the signBf In contrast, Figs. &) and
3(f) show plots ofS;°(At) at B=+0.25T for MnAs/GaAs
and Fe/GaAs, respectively. While the TRFR amplitudes from
both samples have similar magnitudes, they are of opposite
! sign for a given field. By comparing the signs and phases
o ] o B=+025T obtained from the fits with those &(At), the projections

V' eB--025T e« B=-025T onto M of the initial spin vectors are inferred: Fe polarizes
0 T >0 1 3 electron spins in GaAs parallel td whereas MnAs polar-
At (ns) At (ns) izes them antiparallel.

These observations restrict the possible origins of FPP.

FIG. 3. Measurement geometry for right GB and LP(b)  For instance, magnetic fringe fields cannot explain the oppo-
pump beams. Measure®} vs At at T=110 K for Fe/GaAdc), (6),  site polarizations for Fe and MnAs. Further, magnetic circu-
and MnAs/GaAs(d), (f). Solid lines represent fits. TRFR scans at |ar dichroism effects should be minimal whéh is perpen-
B=0 were subtracted from the data() and(f) to remove mono-  djcular to the optical path, and optical orientation of electron
tonic backgrounds(c)—(f) are plotted on the same scale. The pumpgpin alongM is inefficient in this case assuming bulk selec-
and probe powers used are 4.5 and 0.45 mW, respectively, with afy rulesI® One possible explanation of FPP is a spin inter-
energy of~1.51 eV. action at the ferromagnet/GaAs interface governed by the

spin-dependent density of stat30S).” Experimental evi-

Assuming that the FPP contribution EGfP(At) is compa- dence suggests that the DOS near the Fermi level is larger
rable to that ofS;7(At), reversing the sign o8 (upon  for minority spin than majority spin in MnAs films and vice
crossing zero field or switchinkfl) is expected to resultin a versa in Fe films® This might account for the opposite sign
~40° phase shift irSS°(At). However, we do not observe of ST for these two materials.
phase shifts of this magnitud@jndicating that TRFR due to Nuclear interactions also play an important role in the
S™PPdepends on the pump polarizatidcP or CP. electron-spin dynamics in GaAS8, manifested here as

We now verify thatS™”" aligns along the magnetization changes in the electron-spin precession frequency that satu-
axis by considering the dependenceshf(At) on the orien-  Fate in several minutes. This is a result of the hyperfine in-
tation of M. In Fig. 2c), a decrease iSBP is observed when t_eractlon, wherleom nuclear spins act as an effective magnetlc
the sample is rotated about its normal, reducing the angle field Ba=(1)/g,”" where(l) is the average nuclear spin. As
between the magnetic easy axis @Bd~0.12 T). In this the electron-sp|_n dynamics are sensitive to_the total field
case,|SéP| (solid squaresfalls off as sing) (solid line), B,=B+ B,, their Larmor frequency is indicative @&, . In

tracking the component &fl perpendicular t@. In addition, Luml' Iarrgelv«ra}lzuiis gg&;)ar:/vﬁergennerlaterd tr;rr]ough d?/nna[]nlc
we note a reduction diS;7| with increasingB] in Fig. 2(a), uciear poiarizatio » WHETE Nuclear spins become hy-

asM is rotated toward® in accordance with the magnetic perpolarized alon§ by exchanging angular momentum with

. ; nonequilibrium electron-spin distributidf'® Recent stud-
\?vﬁ?r? EérFt'I’%Salci);r:zg (I;Ar?t'i‘i\)sbaBr(;);?eFIoTﬂese results are conasten?es on hybrid ferromagnet/GaAs structures have shown that

In an attempt to gain insight into the microscopic origin of DNP can be generated by the ferromaghessulting in a

nuclear polarization controlled bM. Initial evidence also
the FPP effect, we compare MnAs/GaAs and Fe/GaAs ;
samples. In contrast to MnAs/GaAs, Fe/GaAs exhibitssuggeStEd that electron spipolarized by the ferromagnet

: . . o may drive this process. If the relevant electron spiSis,
weaker in-plane magnetic anisotropy. Magnetization meag -/ o\ 5 givedd
surements reveal significant remanence aldrip], indicat-
ing thatM is not pinned along110]. However, out-of-plane B, — ((SR.B)B/|B|? 2)
hysteresis data show that both thin-film materials have neg- " ’
ligible remanence and high saturation fields3 T) along  for sufficiently largeB and(I)<I. The negative sign comes
[001]. Exploiting this similarity, we compare the two from the negative electrogfactor in GaAs, resulting in B,,
samples by setting=0°, rotating the samples 30° about the that is antiparallel to{l). The inner product in Eq(2) is
[110] axis[Figs. 3a) and 3b)], and raising the temperature consistent with data from MnAs/GaAs taken with LP and CP
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4(b) displays a gray-scale plot & vs At andB. On the field
scale shownM is parallel toB as switching occurs at rela-
tively small fields 8.~0.005T). The influence of the Fe
layer is evident—spin precession completely cease8 at
~+0.85T. Correspondingl\B,,; (0pen circleg vanishes at
+0.85 T, yielding a direct measure Bf, for a pump power

of 4.5 mW. Lowering the pump power reduces the zero-
crossing field as predicted by DNRot shown.'® Moreover,
the data indicate thd,, is antiparallel to bottM andS™Fin
Fe/GaAs.

In the same manner, we determine the signBgf for
MnAs/GaAs. Figure &) displays a plot oB,,; vs B sweep-
ing from negative to positive fields. For all fields except 0
<B<B, (~0.086 T), M andB are parallel an®B,, is larger
thanB. In the excluded rangdd andM are antiparallel and

FIG. 4. (a) Measurement geometrgb) Upper panel: gray-scale B, is in_fefred to oppos® due to the switching observed_ at
plot of S, vs At and B for Fe/GaAs with a CP pump &t=5 K. B.. This |mrélll§s tha1Bn. andM are parallel, and assuming
Lower panel:B,y vs B for Fe/GaAs.(c) By, vs B for MnAs/GaAs ~ thatM andS™™ are antiparallel for a CP pumf, must be
(raw data not shown Dashed lines represeBt The signs o8,  antiparallel toS™"". Comparing the results from Fe/GaAs and
are inferred from the data. Fits to less than one TRFR oscillatiodMnNAs/GaAs indicates that the sign 8, is not determined
have been omitted. by M but rather byS™F, in accordance with Eq2). There-
fore, these results provide strong evidence that DNFSW&
is the origin of ferromagnetic imprinting of nuclear spins.

In conclusion, we have observed coherent electron spin in
n-GaAs produced by ferromagnetic proximity polarization.
Comparison of MnAs/GaAs and Fe/GaAs has given insight
into this effect and the resultant imprinting of nuclei. While
the origin of the effect remains unclear, the opposite sign of
polarization generated by these two materials provides flex-
ibility in orienting regions of electron and nuclear spins in a
Semiconductor.

pumps. Referring to Fig.(2), B,(«) (open trianglegis well

fit with B2 cos() (solid line) for a LP pump, wher®? is the
fit parameter. LikewiseB,, exhibits a similar dependence on
« when the pump is CP.

The opposite sign o8P for MnAs and Fe enables fur-
ther investigation of this ferromagnetic imprinting through
disentangling the influence &"PandM on the nuclei. This
is achieved most readily with a CP pump when the sample
are rotated so that tHd10] (easy axis is alongB and the
pump path is normal to the sample surfd€ég. 4(a@)]. In We thank E. Johnston-Halperin and G. Salis for helpful
Fe/GaAs samples, E) predicts thaB,, opposedV assum-  discussions and acknowledge support from DARPA/ONR
ing S"PPandM are parallel for a CP pump, as is the case forGrant No. NO0014-99-1-1096, ARO Grant No. DAAD19-01-
a LP pump. A specific value d,, would then exactly cancel 1-0541, NSF Grant No. DMR-0071888, and AFOSR Grant
B (Bt=0), thus quenching electron-spin precession. FiguréNo. F49620-99-1-0033.
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