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Optically induced magnetization and Mn spin-lattice relaxation in InP:Mn
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Photomagnetization of InP doped with 8 X 10'® cm ™3 Mn ions has been observed when pumping
the sample with unpolarized light in an external magnetic field. The effect is attributed to enhance-
ment of the spin polarization of localized magnetic moments by trapped photocarriers. Analysis of
the temperature dependence of the photomagnetization signal shows that the spin-lattice relaxation
of Mn?* in InP is due to the one-phonon direct relaxation (~T ') for T <8 K and by the two-
phonon Orbach-Blume relaxation (~ T %) for T > 8 K. Above 1 T, saturation of the photomagneti-
zation is observed giving evidence for aligning of the spins in ferromagnetic spin clusters.

In recent years several investigations have been made
into light-induced changes of the properties of dilute
magnetic semiconductors. Ryabchenko, Semenov, and
Terlistskii' have observed giant splitting of exciton
luminescence lines in Cdj ¢sMng osTe when pumping the
sample by light in an external magnetic field. The effect
was attributed to exchange scattering of spins between lo-
calized magnetic moments and light-induced carriers
which are not in spin equilibrium. By using a supercon-
ducting quantum interferometer (rf SQUID) Krenn et
al.? have observed photomagnetization of Hg,_,Mn, Te
by pumping the sample with circularly polarized light.
In this case the sample is magnetized by spin scattering
between local moments and carriers oriented by transfer
of angular momentum from light. Awschalom et al.?
have used a sensitive dc-SQUID to investigate photomag-
netization of Cd, gMn, ,Te. Applying the optical boxcar
technique they were able to explore picosecond dynamics
of magnetization including the formation of magnetic-po-
larons. %>

In this paper we will discuss optically induced magneti-
zation of InP doped with 8 X 10'® cm ™3 Mn ions. This is
the first III-V compound semiconductor found to exhibit
macroscopic magnetization under optical pumping. The
obtained results provide information about the spin-
lattice relaxation of the impurity ion in the sample.

In the experiments the sample is illuminated from the
top of a dewar along a tube containing a lens system or
an optical fiber. This tube ends with a section made out
of fused silica and accommodates the sample holder,
heater, and a thermometer. On its outer wall a detection
coil is wound (10-mm diam) matched to the input of an
rf-SQUID. The sample tube is fixed tightly on the axis of
a superconducting solenoid, and the whole assembly is
shielded against stray magnetic fields with superconduct-
ing and pu-metal shields. The sample is cooled by He ex-
change gas, and the temperature is measured with a
carbon-glass thermometer. As the light source, a
tungsten lamp is used followed by a filter. The photoin-
duced magnetization signal is detected with a lock-in
amplifier connected to the output of the SQUID control
electronics.

As discussed by Kaufman and Schneider,® the charge
state of Mn in InP is a matter of controversy. Results of
electron-spin-resonance (ESR) measurements’ and those
of optically detected magnetic resonance® and Hall-effect
measurements’ have been explained by models involving
the Mn?" charge state from the 3d° configuration and a
hole bound loosely to the impurity ion. The alternative
possibility is Mn>" with the 3d* electron configuration. !°
Agreeing with our earlier data for InP:Mn (Ref. 11), the
magnetic susceptibility of the sample, as shown in Fig. 1,
obeys the Curie-Weiss law. However, the plot of 1/ re-
veals a small positive value of the Curie temperature,
6=0.5 K, as determined by fitting the data to the equa-
tion Y(T)=x,;+Nuip3[3kz(T —6)]"', where x, is
the diamagnetic contribution (—3.3X107% JT 2kg™})
and p,=g[S(S+1)]'/? the effective Bohr magneton
number. The value of g=2.0 was obtained from
ESR measurements. The magnetization of the sample
was found to obey the formula M(H,T)
=NgugSBs(SgugH /kyT), where Bg is the Brillouin
function with S =2 and N =8X 10%¥ cm 3.

The positive value of 0 is indicative of ferromagnetic
interactions in the sample. All alloy systems possess
some degree of atomic short-range order. As shown by
Morgonwick and Mydosh'? for AuMn and CuMn it is
this spatial distribution of the magnetic impurities in the
nonmagnetic hosts which determines the type of magnet-
ic interactions. They used a cluster model containing
singlets, pairs, and triplets of the magnetic atoms. Essen-
tially the same method, extended nearest-neighbor-pair
(ENNP) approximation (Ref. 13) has been successfully
used for description of magnetic properties of Mn-based
semimagnetic semiconductors.'* In semiconductors con-
taining magnetic impurities there is a large exchange in-
teraction between carrier spins and the spins of the mag-
netic ions surrounding the carrier. The energy of con-
duction electrons is at minimum if ordering is of fer-
romagnetic type.'> Therefore, there is a tendency for
self-trapping and impurity localization of carriers in fer-
romagnetic regions.

An example of light-induced magnetization signal,
M, when pumping the InP:Mn sample by unpolarized
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FIG. 1. Temperature dependence of the magnetic susceptibil-
ity of InP containing 8 X 10'® cm ™ Mn ions.

light is shown in Fig. 2. The absolute value of M, was
determined by calibrating the magnetometer with a coil
having the same diameter as the sample, 3 mm. For
phase-sensitive detection the pumping light was chopped
at the frequency of 67 Hz. The level of the noise in the
measurements was about 2X 107 *®,, where ®, is the
magnetic-flux quantum (2.07X 107" Wb). Using
different optical band filters, the pumping was made at
wavelengths in the region of the band edge (E, =1.42 V)
or deeper in the conduction band. No dependence of
M, on pumping wavelength was observed in this way.
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FIG. 2. Dependence of the light-induced magnetic moment
on optical pumping power. In the right-hand corner of the

figure is shown a typical signal appearing at the output of the
lock-in amplifier.
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The plot of M, versus pumping power density was
found to be approximately linear in the range of small
pumping powers. A complete saturation was observed
when increasing the light intensity. This behavior is simi-
lar to that of photoconductivity of semiconductors at low
temperatures and probably results from the presence of
carrier trapping centers in the sample (see Ref. 16, p.
325). All the subsequent measurements were made at
power densities in the linear part of the plot of M, in
Fig. 2.

When photoexcited carriers are generated, they possess
high kinetic energy. After thermalization near to the lat-
tice temperature they may become captured by trapping
centers. As already mentioned, one way to localize the
carrier spin is trapping near the band edge in a region
where the effective magnetic field is large due to the pres-
ence of magnetic impurities or their complexes.”> In
semimagnetic semiconductors the strong spin-exchange
interaction between the holes bound at acceptor sites (or
electrons bound to donors) leads to formation of bound
magnetic polarons (BMP).®> Considering the acceptor
properties of Mn?* in InP and its tendency to bind
holes,® we emphasize the similarity between the suggest-
ed trapping of spins in our sample and the BMP problem
in semimagnetic semiconductors.

As is shown in Fig. 3 the low temperature part of M,
is proportional to T~ !. This suggests that the relaxation
of the Mn spins is attributable to the one-phonon direct
relaxation.!” For T >8 K the experimental points can be
well fitted with T 3. This behavior is consistent with the
spin-lattice relaxation observed for Mn®>* in BaF, and
SrF, (Ref. 18) as well as in InP between 40-200 K.” The
T~ dependence can be connected to the Orbach-Blume
relaxation'® which is a two-phonon process with the par-
ticipation of multiplet states lying close to one another.
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FIG. 3. Temperature dependence of the light-induced mag-
netic moment (open circles). In the inset is shown the high tem-
perature part of the data in an expanded scale. The solid lines
represent for the best fits of the experimental results to func-
tions of the form ~T ! and ~7T~°. The T’ dependence is
shown for comparison (dotted line). The value of the external
magnetic field is S mT.
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Along with the suggestion'® that the oxidation state of
Mn in InP would be Mn", the ground state of the ion
would be split by the Jahn-Teller effect to a singlet °B and
to a doublet °E located at an energy of 3E;; above the
singlet. With a conceivable Jahn-Teller energy E ;1 =480
cm™! (Ref. 10) the E state would lie above the allowed
phonon spectra of the crystal with the consequence that
the spin-lattice relaxation would take place via the
second-order Raman process with a predicted dominance
of a T~ 7 term over T > As shown in the inset of Fig.
3 our results for T'>8 K can be fitted better with the
T~° than with the T~7 dependence. Although the
difference of the two plots is not very large, it gives sup-
port to the interpretation that the oxidation state of Mn
in InP is Mn?" rather than Mn3™.

Formation of ferromagnetic spin clusters in EuTe has
been explained by an overlap of wave functions of impuri-
ty electrons with neighboring Eu ions.?® Spins of the
magnetic ions in the cluster are ferromagnetically cou-
pled giving a large magnetic moment parallel to the spin
of the electron. Assuming that in InP:Mn the exchange
interaction between the Mn moments and spins of
trapped photocarries is responsible for the observed pho-
tomagnetization, we find that the relaxation of the cou-
pled system still occurs through the Mn-ion spin-lattice
relaxation. This is consistent with long lifetimes of
trapped carriers, tens of milliseconds for shallow traps as
evidenced by photoconductivity measurements.'® For
rare-earth paramagnetic ions the spin-relaxation times
are of the order of 1073 s and somewhat shorter for the
iron group. !’

Denoting the spin-up and spin-down Mn ions as N
and N _, we write the rate equation governing the magne-
tization M, ~gup(N . —N_)(S,) as

dN,—N_) n%—n® n"—n" N,—N_

= +
at Topm Thpm Ty, ’
(1)

where T,,, (i =e,h) and T, are the electron-Mn, hole-
Mn and Mn-lattice spin-relaxation times, respectively.
The rate equations for the photocarriers can be written as

R Y S
at g+ 8-

n', —n'

T T, Ty ’

where g', and g’ are the generation rates of spin-
polarized carriers, 7 is the lifetime of carriers trapped at a
localized magnetic moment, and 7, the carrier spin-
phonon relaxation time. In the stationary state M, is
proportional to

g8+ 8-
Tt '+ T+ T,

N+—'N_=TMI

gl —g"
T (T '+ T+ T |

(3)
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If the number of e-h pairs created in a unit time is n,
then g, —g" <nyr*/T), where 7* is the lifetime of a
free carrier, and T, is the Mn-carrier spin-polarization
time. With 7*~T, ~10"°s, T),~10"'2 s [as in another
A;Bs semiconductor GaAs (Refs. 21 and 22)],
T, > T ~Tyuy~10"12 s (Refs. 1 and 2), and 7* the
same for electrons and holes, Eq. (3) is reduced to

—1
Tyl +—

N, —=N_xnym™*Ty, >

(4)

From comparison with the temperature dependence of
the relaxation times observed in GaAs (Refs. 21-23) it
can be suggested that in the conditions of the present ex-
periment (7T < 15 K), the only temperature-dependent re-
laxation time in (4) is Ty;.

Magnetic field dependence of the photomagnetization
signal is shown in Fig. 4 together with the magnetization
predicted by the Brillouin function Bs,,(3ugH /kpT). It
is found that M, obeys the field dependence of Bs,, up
to H~0.8 T, but then starts to saturate when H is in-
creased. This saturation is interpreted as aligning of the
spins in the ferromagnetic spin clusters. In our experi-
ments the thermal average of the Mn spin component is
(S)=SBy(SupH/kT)~3X10"2 in a typical measuring
field of H=5 mT and T=2 K. From the value of
M, =2X10""> Am’ we estimate that the number of
spin-polarized ions in the sample at 2 K was
N, —N_~4X10". The measurement was made with
an excitation power of 6 mW through a filter with the
center frequency at 1.5 eV. Supposing that the efficiency
of producing e-h pairs by light is 40%, the number of in-
duced photocarriers in the sample is 2X 10'® s™!. The
contributions from electrons and holes is expected to be
additive.! If 0.5% of carriers becomes trapped near the
magnetic ion sites, one obtains from (4) with the given re-
laxation times the value of T,,;~6X10"*s. This is a
reasonable result, but it must be noted that large uncer-
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FIG. 4. Magnetic field dependence of the photoinduced mag-
netization signal. The solid line shows the Brillouin function
for S =3 and g =2.
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tainties are involved in the parameters needed in the cal-
culation.

The level of Mn impurities in our sample, 8X 108
cm 3, is much below the concentration of magnetic ions
in typical semimagnetic semiconductors. Considering the
relatively good signal to noise ratio in the experiment and
the possibility to use higher magnetic fields, we should be
able to detect light-induced magnetization at impurity
concentrations of about 10'¢ cm ™3,

To summarize, we have observed magnetization in-
duced by unpolarized light in InP doped with manganese.
The effect is attributed to trapping of photoexcited car-
riers near to magnetic impurities to form clusters of spins
polarized by the carrier-Mn exchange interaction. With
the used method it is possible to investigate the tempera-
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ture dependence of the spin-lattice relaxation process of
magnetic impurities at concentrations where the applica-
tion of conventional methods such as ESR is limited by
mutual magnetic interactions. In fields above 1 T satura-
tion of the photomagnetization signal is observed giving
evidence for the aligning of the spins in ferromagnetic
spin clusters. It is expected that the effect discussed here
is observable in a number of other III-V compound semi-
conductors doped with different magnetic impurities.
Some of these materials, like InP:Fe are of interest for ap-
plications as radiation detectors or substrates for mi-
crowave devices.

The authors are indebted to Professor B.P. Zachar-
chnya for his interest and discussions.
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