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ABSTRACT: We use time-resolved Faraday rotation spectroscopy to probe
the electron spin dynamics in ZnO and magnetically doped Zn;_,Co,O
sol—gel thin films. In undoped ZnO, we observe an anomalous temperature
dependence of the ensemble spin dephasing time T,% i.e., longer coherence
times at higher temperatures, reaching T,* ~ 1.2 ns at room temperature.
Time-resolved transmission measurements suggest that this effect arises from
hole trapping at grain surfaces. Deliberate addition of Co*" to ZnO increases
the effective electron Landé g factor, providing the first direct determination of
the mean-field electron-Co>" exchange energy in Zn; ,Co,0 (No0t = +0.25 &
0.02 eV). In Zn, ,Co,0, T,* also increases with increasing temperature, 8
allowing spin precession to be observed even at room temperature. ,
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opant-carrier exchange interactions in diluted magnetic
D semiconductors (DMSs) have been exploited to control
the polarizations of carrier spins in all-semiconductor spintronics
device structures such as spin light-emitting diodes and spin
filters." Among DMSs, n-type Zn;_,Co,0 has received extra-
ordinary attention over the past decade,® * ever since reports of
room-temperature ferromagnetism in this material began to
appear.” Remarkably, the magnitude of the Co**-electron ex-
change energy (No@) has never been measured for this DMS.
Magneto-optical experiments have been used to characterize the
difference between Co*"-electron and Co”*-hole exchange en-
ergies in excitonic states, No|a.—f3|, but the presence of localized
midgap states complicates the analysis of magneto-optical data
in this and other Zn;_,TM,O DMSs substantially.éf9 For
Zn;_,Co,0 even the sign of No(0t—f3) remains ambiguous."
Here, we describe the use of time-resolved Faraday rotation
(TRFR) spectroscopy to directly probe the transient electron
spin dynamics in chemically prepared ZnO and Zn,_,Co,O
sol—gel films. A strong dependence of the effective electron
Landé g factor (g*) on x is observed, allowing the first direct
experimental measurement of both the sign and magnitude of the
Co**-electron exchange energy NoO in Zn; ,Co,0. Co”" do-
pants greatly accelerate spin dephasing, but the sol—gel synthesis
allows fine control of Co”* concentrations even in the low
doping regime. Coherent spin precession is observed at room
temperature in all Zn;_,Co,O films with doping below x ~
0.002S, and the apparent spin dephasing times (T,*) increase with
rising temperature. This anomalous temperature dependence is
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attributed to thermally activated hole trapping at grain surfaces, a
process not seen in epitaxial thin film or bulk ZnO preparations.
To our knowledge, the results presented here represent the first
direct measurements of carrier spin dynamics in any member of
the highly investigated Zn; _,TM,O series of DMSs.

ZnO films were prepared by modification of a sol—gel
synthesis method reported previously'' (see Supporting Infor-
mation for details). To fabricate Zn,_,Co,O films, a fraction of
the Zn(OAc), was replaced by a stoichiometric amount of
Co(0Ac),. Figure la shows a scanning electron microscope
(SEM) image of an x = 0.0021 Zn, ,Co,O sol—gel film on
sapphire with a thickness of 50 nm. It displays a columnar
structure with an average grain diameter of about 50 nm.
Structural investigation by X-ray diffraction demonstrates that
the sol—gel films are over 98% c-plane oriented (Figure 1b).
Suitability of the magnetically doped sol—gel films for optical
experiments is confirmed by broadband optical transmission
measurements, which show a clear onset of absorption at the
fundamental bandgap (Figure 1c). Magnetization measure-
ments at a temperature of T = 2 K demonstrate paramagnetic
saturation behavior that was modeled using eq 1, which describes
the anisotropic magnetization of Co>" in the trigonal cation site
of wurtzite ZnO. The first term describes the zero-field splitting,
and the second models the effect of the magnetic field, oriented
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Figure 1. Structural, optical, and magnetic characterization of a Zn; ,Co,0 sol—gel film with a cobalt concentration of x = 0.0021. (a) Scanning
electron microscope image, showing the granular structure of the film. (b) X-ray diffraction measurement, demonstrating over 98% c-plane crystal
orientation. (c) Optical transmission measurement, indicating absorption at the fundamental bandgap. (d) Magnetization data recorded at T =2 K using
a perpendicular applied field (dots) and calculated perpendicular magnetization curve for the same conditions (line).
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Figure 2. Time-resolved Faraday rotation traces for ZnO and Zn, _,Co,O films. Time-resolved Faraday rotation data collected at (a) T = 10 K and (b)
room temperature. The experimental data (solid lines) were recorded with a transverse magnetic field of B, = 1.4 T. Laser wavelengths were 4 = 368 nm
at T =10 K and 4 = 375 nm at room temperature. Exponentially damped sinusoidal fits are displayed as gray dotted lines.

perpendicular to the ¢ axis.

] . 1 .
H = D(SZZ _gs(s + 1)> + gultpBiSs (1)

D =0.337 meV is the axial zero-field splitting parameter, S.and S,
are spin operators, S = 3/2 is the ground-state slpin of Co?", &=
2.2791 is the in-plane g value of Co*" in ZnO," Ug is the Bohr
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magneton, and B, is the magnetic field applied perpendicular to
the ZnO ¢ axis. At these very low values of x, Co”"—Co>"
interactions can be neglected, including potential short-range
antiferromagnetic or long-range ferromagnetic coupling. The
calculated magnetization curve in perpendicular orientation
agrees well with the experimental data (Figure 1d).
Time-resolved Faraday rotation measurements'®> "> were

performed to study the electron spin dynamics in the sol—gel

dx.doi.org/10.1021/nl201736p |Nano Lett. 2011, 11, 3355-3360



Nano Letters

1200

(a) x=0 1(b)
10001 0.06 <
—_ i b "
2 800 x=0.0001 “—| 80047
o, 6001 = .
4007 Soo2{ "
200+ x =0.0006 u
—
0 . —— 0 T r r r
0 100 200 300 0  0.0005 0.001 0.0015 0.002
Temperature (K) x
0.4
() (d)
1.0 -
= ~, 0.3 . .
£0.8— < L]
S 300K ¥ . "
S06 <024 u
= ]
< 0.4 100K "
< 0.1
0.2 -
10K
0.0 T T . 0.0 T T
0 400 800 1200 0 100 200 300

Time delay (ps) Temperature (K)

Figure 3. Dependence of electron spin dephasing times T,* on
temperature and Co”* concentration. (a) Temperature dependence of
T,* in undoped ZnO (open red squares), x = 0.0001 Zn, _,Co,O (filled
orange triangles), and x = 0.0006 Zn, ,Co,O (green crosses) sol—gel
films. Solid lines are linear fits to the data. (b) Co®" concentration
dependence of 1/T,* at T = 10 K (filled squares), and fit to eq S (solid
line), yielding 7, & 0.25 ps. (c) Time-resolved differential transmission
of the undoped ZnO film, measured at various temperatures and
normalized at t = 0 ps time delay (T = 10, 100, and 300 K data shown).
The curves are taken at wavelengths ranging from 375 nm (T = 300 K) to
368 nm (T = 10 K). (d) Fractional contribution of the slow carrier
recombination process (7, ~ 1700 ps at T = 298 K) from panel c plotted
vs temperature.

films. In this ultrafast pump —probe technique, 3 ps laser pulses in
resonance with the fundamental absorption edge of the semi-
conductor are used to generate and probe spin-polarized
excited carriers. Figure 2 shows TRFR traces of an undoped
ZnO sol—gel film recorded at T = 10 K (Figure 2a) and room
temperature (Figure 2b), along with }z)arallel traces collected
from Zn,_,Co,0 films at various Co~" concentrations (vide
infra). Exponentially damped oscillatory signals are observed
that can be described using eq 2, where O is the Faraday
rotation angle, A is the amplitude, wy is the Larmor precession
frequency, t is the time delay, and T,* is the ensemble spin
dephasing time.

Or(t) = Aexp( —t/To*) cos(wyt) (2)
From wy, g* can then be determined according to eq 3.
h(l)L
gh= (3)
HpBs

Fitting the ZnO TREFR time trace yields g* = 1.99 at T = 10 K,
which agrees well with electron §* values for epitaxial ZnO
films."® As reported previously,'”'® the hole spin dephases too
quickly to be observed on the picosecond time scale, so our
TRFR measurements selectively probe electron spins.
Remarkably, TRFR signals in these sol—gel films persist up to
room temperature and T,* increases with rising temperatures, in
stark contrast with previous observations for epitaxial ZnO
films.'® This surprising trend is illustrated in Figure 3a, which
plots T,* over the full temperature range between T = 10 and
298 K for three different sol—gel Zn;_,Co,0 films including
x = 0 (undoped ZnO). In the undoped ZnO sample, T,*
increases by over a factor of 2, from 500 ps at T = 10 K to more

than 1 ns at room temperature. The opposite dependence of T,*
on temperature was observed in an undoped ZnO film grown by
molecular beam epitaxy (MBE) (data not shown). Sol—gel films
of Zn; ,Co,O show a similar temperature dependence of T,*
as will be discussed below.

The contrast with epitaxial films suggests that the anomalous
T,* observed in these sol—gel ZnO films arises from their
granularity (Figure la). Hole traps at the surfaces of ZnO
nanocrystals have been proposed to slow down electron—hole
recombination and hence allow observation of extended electron
spin coherence times.'” We believe that this mechanism is also
active in the sol—gel films studied here. To test this hypothesis,
carrier recombination dynamics were probed using the same
pump—probe setup by monitoring the time evolution of the
transient transmission at the ZnO band-edge following photo-
excitation. Figure 3¢ shows the differential transmission data
at three different temperatures. Biphasic recombination
dynamics are observed. These dynamics were fit with a biexpo-
nential function involving a short component (7, ~ 20 ps at
T = 10 K, amplitude A,), attributed to direct electron—hole
recombination, and a long component (7, ~ 700 ps at T =
10 K, amplitude A,), attributed to recombination of the
conduction-band electron with a trapped hole, as discussed
previously.'” Tt is apparent from the transient differential
transmission traces in Figure 3c that the slow component
becomes more prominent as the temperature is raised.
Figure 3d plots the relative amplitude of the slow component
(A2/(A; + A,)) determined from the biexponential fitting vs
temperature, which shows a steady increase with rising tem-
perature. These data suggest that hole trapping becomes
increasingly important at higher temperature, a result that
implies that hole trapping is thermally activated. Although the
possibility that other thermally activated processes may also
contribute to this anomalous temperature dependence cannot
be completely excluded, the correlation between the tempera-
ture dependence of the transient differential transmission and
that of T,* is a strong indication that the anomalous tempera-
ture dependence of T,* is linked to the increasingly slow
carrier recombination dynamics at elevated temperatures. The
data are consistent with a picture in which electron—hole
separation is thermally activated and subsequent charge
recombination is slow.

Two prominent changes are observed in the TRFR signal
upon precise addition of Co®" to the ZnO sol—gel films
(Figure 2): an increase in @y, (i.e., an increase in g*) and a rapid
decrease in T,*. The inset in Figure 4a plots g* vs x for 10 sol —gel
films with different values of «x, all measured at T = 10 K
Obviously, g* in Zn;_,Co,O can increase by a factor of almost
2 with only small changes in x. The temperature dependence of
g* was also measured (Figure 4a). In undoped ZnO, g* remains
nearly constant between T = 10 and 298 K (g* = 1.98—2.00). In
Zn;_,Co,0, however, g* decreases with increasing temperature,
approaching that of the undoped ZnO at high temperatures. This
behavior reflects the existence of exchange coupling between the
photoexcited electrons and the Co>" dopants. These data there-
fore allow the electron—Co”* exchange coupling parameter,
Ny, for Zn; _,Co,0 to be determined. Because of the relation-
ship between g* and T,* found in these Zn;_,Co,0O films
(vide infra), the data in Figure 4a were obtained by fitting just
the short-time data (second oscillations) of each TRFR time
trace. Within the mean-field and virtual-crystal approximations,
g* for a conduction-band electron in a DMS can be described
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Figure 4. Temperature and time dependence of the observed effective g
factorin Zn, _,Co,O. (a) Temperature dependence of g*in Zn, ,Co,O
with x = 0.0021 (filled black circles), 0.0013 (open blue diamonds),
0.0006 (green crosses), and 0.0000 (undoped ZnO, open red squares).
Inset: Dependence of g* on Co** concentration in Zn,_,Co,O sol—gel
films, measured at T'= 10 K. The line is calculated from eq 4 using Noot =
+0.25 eV. (b) Time-resolved Faraday rotation trace for the x = 0.0006
Zn;_,Co,O sol—gel film, recorded at T = 25 K. The dots plot quasi-
instantaneous g* values as a function of time, and the line is a guide to
the eye.

using eq 4 (ref 20).

xNO a<Sx>
MpBy

g = gt — (4)

The first term, gi,y, is the intrinsic electron g value in the absence
of magnetic dopants. From the undoped ZnO films, g, = +1.98.
The second term describes the perturbation to g* induced by
electron—Co”" magnetic exchange coupling. (S, is the expecta-
tion value of the Co>" spin perpendicular to the ¢ axis of ZnO
(i.e., along the magnetic field, B,), and by convention is defined
as a negative number. The temperature dependence of (S,) is
obtained from the numerical derivative of the eigenvalues of the
axial spin Hamiltonian in eq 1 with respect to the magnetic field,
weighted by the Boltzmann populations of each state.

A global fit of the data in Figure 4a yields Noot = +0.25 £ 0.02
eV. The sign of No is determined unambiguously from the
observation that g* increases rather than decreases with Co™*
doping (see eq 4). Curves based on this value of Nyt are drawn
as solid lines in Figure 4a, and agree very well with the experi-
mental data over the entire temperature and concentration
ranges. The solid line in the inset of Figure 4a has a slope
corresponding to NoO. = +0.25 eV. Hence, excellent agreement is
achieved between the calculated and experimental data using
Noo. = +0.25 €V, for all 10 samples investigated and under all
experimental conditions. Note that the strong dependence of g*
on temperature makes measurements of Noat by TRFR in
principle susceptible to systematic error from laser heating.
The measurements here were therefore all %)erformed at the
lowest possible excitation powers (55 W/cm* at T = 10 K) to
minimize such heating effects (see Supporting Information).

To our knowledge, this is the first experimental determination
of No@ in Zn;_,Co,0. A value of Ny|a.—f3| & +0.8 eV has been
reported for Zn; _,Co,O MBE-grown films based on analysis of
excitonic Zeeman splitting energies,' but the analysis is comg;li—
cated by the uncertainty in the valence band ordering in ZnO*"**
and the proximity of Co’'-centered photoionization transi-
tions™ to the excitonic transitions. The observations of magne-
toresistance and anomalous Hall effect in paramagnetic n-type
Zn;_,Co,0 films** certainly indicate the existence of s—d
exchange, but such data have always been analyzed™ using

Ny values estimated from other Co**-based II—VI semicon-
ductors (such as Nyo. = +0.28 eV and +0.18 eV for Cd,_,Co,Se
and Cd,_,Co,S, respectively26’27). The value of Nyt = +0.25 £+
0.02 eV reported here is independent of the above complications
and should facilitate assessment of the magneto-electronic and
magneto-optical properties of this material. Recent ab initio
calculations on bulk Zn;_,Co,0 have suggested Noot = +0.34
eV (ref 6), which is in fair agreement with our experimentally
determined value.

Electron spin dephasing is strongly accelerated by introduc-
tion of Co”" into the sol—gel ZnO films (Figure 3b). With as
little as x = 0.0001, T,* drops from 600 to 250 ps at T = 10 K.
At x = 0.002S, the TRFR signal is heavily damped with no visible
oscillations remaining at T = 10 K (data not shown). Addition of
Co™ into the ZnO lattice clearly introduces a very effective
dephasing mechanism. Nevertheless, large increases in T,* are
still visible with increasing temperatures.

The accelerated dephasing upon addition of magnetic impu-
rities is attributed to local fluctuations of the magnetization,28
which in turn arise from thermal fluctuations of (S,) and from
microscopically inhomogeneous spatial distributions of the do-
pant ions (i.e., a breakdown of the virtual crystal approximation).
As in magnetic resonance spectroscopy, the efficiency of this
dephasing mechanism is directly related to the strength of the
exchange interaction.” The experimental dependence of T,* on
«x shown in Figure 3b can be modeled by eq S (ref 28).

((OM.*) + (OM,*))/2
1+ (gmpBe/h + )’(Mx»zfoz

(5)

Here, ¥ = xNoa/A describes the interactions between the
electrons and the Co”" ions, 7, is the electron spin correlation
time, N, = xN,V, is the average number of Co”" ions within the
volume of an electron (V,), (OM?) = (M?) — (M,)* is the variance
of the Co”* magnetization parallel (x) and perpendicular (y, z) to
the applied magnetic field due to thermal fluctuations. The
average magnetization along the field also varies due to local
Co®* concentration fluctuations, modeled by (OMz) For a
Poissonian distribution of dopants, (OMz).s equals (M,). The
average magnetization (M) and its second moment (M?) can be
calculated by differentiating the eigenvalues of the axial Co>" spin
Hamiltonian (eq 1) with respect to the magnetic field once and
twice, respectively, and weighting by the Boltzmann populations
of each eigenstate. In this way, the data in Figure 3b could be
fitted to eq S with 7 as the only free parameter. The solid line in
Figure 3b shows the best fit, obtained using a correlation time of
To = 025 ps. This fitted value of 7, is very similar to the
propagation time of electrons in ZnO calculated following ref
28 (7o &~ 0.1 ps), lending credence to the conclusion that the
accelerated dephasing observed with increasing x is indeed
caused by magnetization fluctuations.

A striking consequence of the relationship between electron—
Co™" coupling and electron spin dephasing is that electrons
interacting with the highest number of Co®" ions have the largest
¢" but also dephase the quickest. Figure 4b shows a TRFR trace
that illustrates this effect. Close inspection of the TRFR data for
this Zn, _,Co,O (x = 0.0006) sample reveals that the oscillation
frequency is not constant but decreases with increasing delay
times. In Figure 4b quasi-instantaneous g* values (green dots)
were extracted for single-cycle windows within this TRFR trace
using an autocorrelation function. From these data, we find that

L 7Tl smly 4 (oM, +
T* N ¥ *d
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g" decreases from 2.2 to 2.0 over the 400 ps time window of the
TRER trace. This apparent evolution of g* reflects the fact that
TRFR measures an ensemble of spins in which those with
smallest g* retain coherence longest because of the dependence
of T,* on x described in Figure 3b.

To our knowledge, the results presented here constitute the
first measurement of ultrafast carrier spin dynamics on any ZnO
DMS, a class of materials that has attracted extraordinary attention
in recent years for potential spintronics applications.”* > In both
ZnO and Zn,;_,Co,0 sol—gel films, the ensemble electron spin
dephasing times T,* grew longer at elevated temperatures. This
unprecedented behavior in ZnO-based materials is attributed to
inhibition of carrier recombination via thermally activated hole
trapping. Throu§h analysis of the electron’s effective g factor as a
function of Co”* concentration, the mean-field electron—Co>*
exchange coupling parameter in Zn,;_,Co,O has been determined
for the first time (NyoL = +0.25 = 0.02 eV).

A key aspect of these experiments was the ability to synthesize
optical-quality Zn;_,Co,O films by a rapid, inexpensive wet-
chemical synthesis. This preparative approach has yielded ZnO
films showing the longest room-temperature optically generated
spin coherence times yet observed in any ZnO-based materials
(1.2 ns). Moreover, it provided the flexibility needed to explore a
broad experimental parameter space, which led to the discovery
that TRFR in Zn;_,Co,0 could only be observed at very low
values of x because of fast dephasing due to electron—Co>"
exchange interactions. Beyond providing fundamental new
insights into the spin dynamics of ZnO DMSs, these results
thus highlight the importance of exploring solution-based
preparations of magnetically doped oxides for optical spin-
manipulation experiments. The demonstration here that it is
possible to prepare ZnO and Zn,_,Co,O films suitable for
optical electron spin generation and detection using rapid
solution techniques, with precise control over x, marks a
promising advance in the development of flexible, low-cost
preparative methods for incorporation of oxide DMSs into UV
optical microcavities>> or related optoelectronic and optospin-
tronic device structures.

B ASSOCIATED CONTENT

© Ssupporting Information. Chemical preparation of Zn;_,
Co,O sol—gel films, technical specifications of the setups for
structural, optical, and magnetic characterization, and description
of the time-resolved Faraday rotation measurement. This material
is available free of charge via the Internet at http://pubs.acs.org.
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