HPSP VII, Schwabisch Gmiint, 1996, Phys. Stat. Solidi (b) 198, No.1 (1996).

High Pressure Magnetophotoluminescence

in Diluted Magnetic Semiconductors Cd;_,Mn,Se and Cd,_,Co,Se

N. KURODA and Y. MATSUDA

Institute for Materials Research, Tohoku University, Katahira 2-1-1, Sendai 980-77, Japan

This paper reviews experimental studies on the magnetophotoluminescence in diluted magnetic
semiconductors Cd,_,Mn, Se of x=0.01, 0.05, 0.10 and 0.25 and Cd,_,Co, Se of x=0.012 at 1.4
and 4.2 K under hydrostatic pressures up to 2 GPa. The studies focus attention to the pressure
dependence of the magnetic dichroism of the 1s exciton state under magnetic fields of 0 - 27 T.
Pressure strengthens the exciton-Mn(Co) and Mn(Co)-Mn(Co) exchange interactions. An analysis
of these results in terms of the kinetic exchange theory shows that the on-site Coulomb energy U

and the charge-transfer energy A are reduced markedly by pressure.

PACS : 75.50.Pp, 75.30.Et, 78.20.Ls, 71.45.Gm

keywords : diluted magnetic semiconductors, magnetooptical effects, electron correlation,
high pressure effects

corresponding author :  N. Kuroda
Address: Ingtitute for Materials Research, Tohoku University,
Katahira2-1-1, Sendai 980-77, Japan
FAX/Phone : +81-22-215-2073/+81-22-215-2072
e-mail : kuroda @ imr. tohoku. ac. jp



1. Introduction

Magnetooptical properties of diluted magnetic semiconductors (DMS) are useful for optical
devices. An example of such application isthe laser-light isolator for the fiber amplifier of optical
telecommunication systems.[1] The giant magnetooptical effects in DMS originate from the
exchange interaction of the exciton at the fundamental energy gap with transition-metal (TM) ions
substituted for cations. This exchange interaction is dominated by the kinetic interactions of spins,
[2,3] which arise from the transfer, that is, real space hopping, of electrons.

Superexchange interactions in TM compounds had long been treated in terms of the
Anderson formulaJ = -2b%/U, [4] where J isthe interaction constant; b and U are the effective
transfer integral between TM ions and the on-site Coulomb energy of d electrons, respectively. As
evident from this formula the kinetic exchange interactions are closely related to the electron
correlation. Zaanen, Sawatzky and Allen [5] extended the Anderson model by introducing the
electron transfer process between the anion p and TM d orbitals. They defined the energy needed
for thistransfer as the charge-transfer energy A. Introduction of this process allows us to describe
the exchange interactions by explicitly taking account of the p-d covalent bonding.[6] Furthermore,
a number of TM compounds can be classified into Mott-Hubbard insulators, charge-transfer
semiconductors and p- or d-type metals according to the relative magnitude of U, A and the half
width of the anion valence band. Viewed from the band structures of CdTe and MnTe calculated
by Wei and Zunger [7], many II-VI DMS satisfy the condition U > A, and thus belong to the
regime of charge-transfer semiconductors.

The charge-transfer semiconductors are mostly antiferromagnetic. MnTe, for instance, isan
antiferromagnetic semiconductor with Néel temperature T, of 307 K and an energy gap of 1.3 eV.
Interestingly, T, increases markedly with pressure.[8] The sameistrue for Nil,, in which T, is 75
K at 1 atm and increases up to 310 K at 19 GPa[9] Since T, is determined by the d-d
superexchange interactions understanding of its large pressure dependence requires knowledge of
the behavior of U and A under pressure. So far, however, only alittle experimental information is
available on the pressure dependencies of U and A. In recent years spin-related electronic properties

of quantum structures of DM S have been the subject of extensive studies. Detailed knowledge of
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the nature of the kinetic exchange interactionsis also essentia for those studies.

This paper presents the experimental data on the pressure dependence of the exciton-TM and
TM-TM exchange interactions in bulk Cd, ,Mn,Se of x = 0.01, 0.05, 0.10 and 0.25 and
Cd,_,Co,Se of x = 0.012. The data have been obtained from magnetophotoluminescence
measurements with respect to the A exciton under hydrostatic pressures. On the basis of these data

we investigate how the contraction of the tetrahedral bond influencesU and A in11-VI DMS.

2. Experiment

The sample was subjected simultaneously to high hydrostatic pressure and high magnetic
field at low temperatures. To measure the photoluminescence under these combined extreme
conditions we made a cryogenic optical system consisting of a clamp-type diamond anvil cell,
optical fibers and light-collecting and focusing optics.[10] Condensed argon was used as the
pressure medium. The static magnetic field up to 27 T was generated with a hybrid magnet, and
was applied parallel or perpendicular to the c-axis of the wurtzite structure of the sample. The
diamond anvil cell wasimmersed in liquid He at 4.2 K or in pumped superfluid He at 1.4 K. The

514.5 nm line of an Ar-ion laser was used to excite photol uminescence.

3. Results and Data Analysis
The substances studied in this work can be classified into the following three categories: (1)
Cd, goMn, 4;5e and Cd, 445C0, 1,58, in which the content of TM ionsis so small that TM ions
are mostly isolated, (2) Cd, ¢sMn, ;5Se, in which a significant amount (~20 %) of TM ions are
situated on the nearest-neighbor cation sites, (3) Cd, oMn, ;Se and Cd, ;:Mn, ,:Se; in these
substances TM ions mostly form clusters.
Throughout this study the maximum pressure was limited to 2 GPa because a pressure-

induced phase transition to arock salt structure occurs irreversibly around 2.5 GPa.

3.1. Cdy ggMn, (,Se and Cd, 455C 0, o1,5€
Figure 1 shows the magnetic field dependence of the photoluminescence spectrum in
Cd, goMng 5, Sefor HII ¢ at 4.2 K under 1 atm and 1.7 GPa, where H and ¢ denote the external
magnetic field and c axis of the crystal, respectively. The observed spectrum is comprised of two
3



bands separated by 4 meV. The higher energy band is attributed to free excitons, while the lower
energy band to bound excitons.[11] Figure 2 shows a plot of the energy shift 6E, of the free
exciton band observed under various pressuresat 4.2 K for H caswell asHIl c.[12] A similar
behavior of the free exciton band is observed also in Cd,) 455C0, 51,5€. [13,14,15]

The free exciton photoluminescence band arises from the lower magnetic sublevel of the A
exciton formed by an electron of the lower magnetic sublevel of the conduction band and a hole of
the upper magnetic sublevel of the A valence band. The field-dependent part of the Hamiltonian
relevant to this state is given well by a combination of the s-d and p-d exchange interactions, the
Zeeman energy of the electron-hole pair, the diamagnetic energy of the exciton, and the zero-
wavevector valence band Hamiltonian including the spin-orbit interaction and hexagonal
anisotropy.[15,16] Because of the high itinerancy of the electron and hole the mean-field
approximation applies well to the present case. The magnetic-field-induced shift of the exciton
energy is dominated by the exchange field due to the mean spin of TM ions.

For an external magnetic field applied along the z direction, the thermal average of S, of the
spin S of isolated TM ions can be expressed as

gvugSH

<Sz> = SBS(W

) D
where B¢ is a modified Brillouin function of index S, gy, the g-parameter of the TM ion, ug the
Bohr magneton, k the Boltzman constant, T the sample temperature, and T, an effective
temperature representing the influence of weak interactions between distant-neighbor TM ions. The
value of g, is known to be 2.0 for Mn®* and 2.3 for Co**. The typical valueof T is 1 and 3K in
Cd; ,Mn Se and Cd,_Co,Se, respectively, of x=0.01, showing that the distant-neighbor
interactions tend to suppress the magnetization of individual ions. If the magnetic field exceeds 10
T, <S,> isalmost saturated to be ~S. As a consequence the diamagnetic shift, which is given by
oH? with o = 0.7-0.8x10"> eV/T?, becomes obvious above 10 T.

It is apparent from Fig.2 that the shift of the photoluminescence lineis strongly influenced by
pressure. Let the density of the cation sites be N, and the electron-TM s-d and hole-TM p-d
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exchange constants be Nya. and N3, respectively. In the case of HIl ¢, the exchange interactions
can be characterized by a parameter N,(a—f). If the contributions from pairs and clusters are
neglected, SE, is given by
O, =~ 3 Nofo~ BIX<S,> - & |ge ~nl ugH + oH? )

where g, and g, are the g- parameters of the electron and hole, respectively. Clearly, the pressure
dependence of 6E, observed for HIl ¢ arises mainly from the changein Ny(a—p). For H c,
the total Hamiltonian is nondiagonal, so that the change of the hexagonal anisotropy A, of the
valence band contributes additionally to the pressure dependence of 6E,. In Fig.2 the theoretical
curves of 6E, vs. H are shown along with the experimental data.

Figures 3 and 4 respectively show pressure dependencies of A, and N(a—f) obtained. In
both Cd,, goMn, 5,Se and Cd, 455C0, 1,56, A, turns out to be reduced by pressure at a rate of
~6x10" eV/GPa Almost the same value is obtained also for Cd, goMn, ;55e.[17] The exchange
parameter N(a—p) increases with pressure P at a rate of dInNo(a—ﬁ)/dP:7x10'2 GPa? in both
substances. Since the volume compressibility of these substancesis 1.8x 102 GPa'! the Griineisen
parameter of Ny(a.—p) amountsto ~4.

In this analysis the pressure dependence of T, isignored, because our study gives weight to
the behavior of 6E, for H >10 T, where <S> isadmost saturated and thereby insensitiveto T,. In
principle, however, T, should depend on pressure. According to (1) the influence of pressure on
T, isreflected by the curvature of the 6E, vs. H curvein the low field region. Meyer et a.[18] have
observed a pressure-induced change of the curvature, which suggests dT,/dP=1.1-1.3 K/GPa, in a

single-quantum-well structure of CdTe/Cd, o,Mn; ogTe€.

3.2. Cdy gsMn, 45Se
When TM ions with different spin forms coexist, <S> in (2) is replaced by

<S,> = Efm<Szm> : (3)
m



where f isthe probability that aTM ion belongs to the form m and <S,, > the thermal average of
S, of the form m. If the mole fraction of TM ionsis raised to the order of 0.05, a significant amount
of the ions are situated on the nearest-neighbor cation sites to form antiferromagnetic spin pairs.
These spin pairs manifest themselves as a series of weak and stepwise development of
magnetization under high magnetic fields and low temperatures. Given exchange interaction

—2\]NNSi S’ between TM spins on the nearest-neighbor i- and j-th sites, the steps occur at

o 2ndyy

n

+Hy , n=1,2, ... , 2S 4)
gmus

where His asmall correction (~1 T) due to distant-neighbor interactions. According to Forner et
al.[19] H,=12.8 T, H,=24.1 T and Jy= —7.6£0.2 K in Cdy g5,Mn, g40Se e 1 am.

Figure 5 shows a plot of SE, vs. H observed in Cd, cMn, ,-Se at 1.4 K under various
pressures.[20] Since the sample temperature is very low, SE, is already saturated around 6 T. The
flatness of E, above 10 T results from cancellation of the diamagnetic shift by the exchange-field
shift due to paired Mn ions. We see that 6E, undulates slightly for H higher than 10 T. The
undulation is clearly visualized if the derivative of SE, with respect to H is plotted, as shown in the
inset of Fig.5. This plot shows that at 1 atm there occurs a stepwise increase of 6E, around 13 T
and 24 T, in good agreement with the magnetization data reported by Forner et a.[19] At 4.2K the
stepwise anomalies are thermally smeared out.[14,15] The point to observeisthe fact that H, and
H., shift toward higher magnetic field with increasing pressure. The values of [Jy| and Ny(o—p)
obtained from this experiment are plotted in Fig.4 for comparison with the pressure dependence of
Ny(a—B) in Cd, 4oMn, 4,Se and Cd, 455C0, o1,5€. It emergesthat |Jy, | increases with pressure

at arate of ~20 %/GPa. The corresponding Griineisen parameter isas great as ~11.

3.3. Cdy goMn, ;€ and Cd, ,Mn, ,:Se
The results on paired Mn ions lead us to envisage that the saturation field of magnetization of
clustersis appreciably higher than 20 T and that the saturation field increases with pressure. As a

conseguence, in the substances with comparatively large values of x, <S,> at a given external
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magnetic field is expected to decrease with pressure. Figure 6 shows the experimental results for
Cd, goMn, ;,5€[13,17] and Cd, ,sMn, ,:Se at 4.2 K.[13,15] For both substances SE, is not
saturated even above 20 T, as expected. In the case of Cd, 4,Mn, ,,Se the effect of pressure is
very weak. Thisis ascribed to the accidental cancellation of two competitive effects, namely, an
increasein N(a.—f) and adecreasein @ . Inthe case of Cd,, ;,sMn,, ,:Se, in which more than
90 % of Mn ions participate in clusters, the effect of decreasein ?ﬁ predominates over the effect

of increasein Ny(a.—), and therefore 6E, is reduced by pressure.

4. Pressure Dependence of Exchange Interactions

Figure 7 schematically shows energies of the conduction and valence bands relative to the
energies of d states of TM ions. Here the spin-orbit splitting and asmall hexagonal anisotropy A of
the valence band are ignored. In the ground state of Cd, , Mn, Se every Mn atom is ionized into
Mn®* with S = % The d electrons of the Mn?* jon consist of three de and two dy electrons, and
form the lower Hubbard state. The de electrons hybridize with the Se 4p electrons forming the
topmost valence band.[7] The upper Hubbard state lies above the Cd 5s-like conduction band edge
since the effective on-site Coulomb energy U is satisfactorily large. The charge-transfer energy A
corresponds to the energy gap between the upper Hubbard state and the valence band. In this
scheme the energy gap A between the valence band and the lower Hubbard state isequal to U-A.

If the interaction between a hole spin s" and Mn spins is written as -J, X <S,> Sh, the

interaction constant de isgiven by [2,3]

Id == ) ()

where tod isthe transfer integral between the Se p and Mn d orbitals. The ordinary potential term of
the exchange interaction of the hole with TM ionsis nearly equal to that of the conduction electron,

and is much smaller than the kinetic term. Consequently one can write to a good approximation

No(a—=Pp) = =Jpa - (6)



The exchange interaction of paired Mn ions is a fourth order transfer process. The interaction

congtant Jy, is given by [2,6]

1 ty(U +4)

7
25?2 AU ()

Jan = -
When A >> U, (7) isreduced to the Anderson formulawith b = tﬁd/(ZSA).

The transfer integral tod scales with the bond length | as | ’3'5.[21] In view of the bulk
modulus of Cd,_,Mn, Te obtained by Stréssner et al.,[22] the compressibility of the Mn-Se bond is
expected to be ailmost equal to the compressibility, 0.62x102 GPal, of the Cd-Se bond. Then
substitution of the experimental values of N(a.—f) and Jy, in Cd, gsMn, (sSe shown in Fig. 4
into (5) and (7) enables us to evaluate the pressure-induced variations of U, A and A from their
atmospheric values U=7.6 eV, A=4.2 eV and A=3.4 eV [2]. The results are shown in Fig.8. It
turns out that all the energy parameters decrease with increasing pressure. Within the experimental
accuracy their variations are linear to pressure. The least-squares fit to the data gives dU/dP =
-0.18 eV/GPa, dA/dP = -0.12 eV/GPa and dA/dP = -0.06 eV/GPa. The decreasing rate of U,
dinU/dP = —2.4x10"2 GPa %, is of the same order in magnitude as the increasing rate of the transfer
integral, dlntpd/dP:2.2x 102 GPa™. Presumably, an increase in the p-d hybridization causes an
enhancement of the effective screening of Coulomb interactions by valence electrons to reduce U.
The changes of A and A are the results of the reduction of U and relative shifts of the lower
Hubbard state and valence band. These effects will occur generally in TM compounds. Therefore, a
significant part of the pressure dependence of T, observed in TM compounds mentioned in section

1 may beinduced by the changes of U, A and A.

5. Conclusions
High-field magnetophotoluminescence due to the A exciton has been studied in diluted
magnetic semiconductors Cd;  Mn, Se and Cd,_, Co, Se with x ranging from 0.01 to 0.25 under
high hydrostatic pressures at 1.4 and 4.2 K. The results demonstrate that the p-d and d-d

antiferromagnetic exchange interactions are strengthened significantly by pressure. These
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observations allow us for the first time to look quantitatively into the pressure dependence of the
effective on-site Coulomb energy U and the charge-transfer energy A of the Zaanen-Sawatzky-
Allen scheme. It emerges from an analysisin terms of the kinetic exchange theory that both U and
A are reduced by pressure. The value of |dinU/dP| is about 4 times as great as the linear
compressibility of lattice and is comparable to the increasing rate of the p-d transfer integral. These
findings suggest that not only the transfer but also the electron correlation in TM compounds is

generally sensitive to achange in bond lengths.
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Fig. 1. Photoluminescence spectrum in Cd, goMng 5, Se under various magnetic fieldsfor HIl ¢ at
4.2 K under 1 atm and 1.7 GPa. The features B and F are due to bound and free excitons,
respectively.

Fig. 2. Exciton energy shift vs. magnetic field in Cdy ggMny g1 Sefor HI cand H ¢ at 4.2 K

under various pressures. The solid lines are theoretical curves.

Fig. 3. Pressure dependence of the hexagonal anisotropy energy A, of the valence band in
least squaresfit of astraight line to the experimental data.

Fig. 4. Pressure dependence of the exchange constant N(a.—f) in (- )Cdg ggMng 9158, (

)Cdy 9g5C0p 9125 and (w )Cdy gsMng osSe  and Jyy in (e )Cdy gsMng o5Se.  The data of
No(a—p) are normalized by the atmospheric value 1.37 eV and 2.52 €V in Mn- and Co-based
substances, respectively. The solid line is the least-squares fit of a straight line to the experimental
data of N(a.—). The dash-dotted line is the curve of Jy calculated from (7) with tpd(P:O)=O.79
eV and the values of U(P), A(P) and A(P). Asfor the values of U(P), A(P) and A(P) see section 4.

Fig. 5. Exciton energy shift vs. magnetic field for HIl ¢ in Cdy gsMnj sSe at 1.4 K under
various pressures. The inset shows the derivative of the energy shift with respect to H. The solid

lines are the guide for eyes. Arrows show the field positions of H; and H.,.

Fig. 6. Exciton energy shift vs. magnetic field in Cd, ggMn, 1oSe under (o )1 atm and (x)1.1
GPa, and in Cdy 75Mng o5Se under (e )1atmand ( )1.4 GPafor HIl ¢ at 4.2 K. The solid lines

arethe guide for eyes.

Fig. 7. Schematic representation of the single particle density of states. CB and VB denote the

conduction and valence band, respectively.
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Fig. 8. Pressure dependence of (o )U, ( )A and (O )A in Cdy gsMng g5Se. The solid, dashed and
dash-dotted lines are the least-squares fits of a straight line to the experimental dataof U, A and A,

respectively.
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