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Pressure Dependence of Hole-Mn and Mn-Mn Exchange Interactions in Cd0.95Mn 0.05Se
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(Received 4 December 1995)

Magnetophotoluminescence due to theA exciton has been studied in a diluted magnetic semiconduc-
tor Cd0.95Mn 0.05Se under hydrostatic pressures of 0–2 GPa at 1.4 K. The experimental data on the
pressure dependencies of the hole-Mnp-d and Mn-Mn d-d exchange interactions suggest that
in concurrence with an increase in thep-d transfer integral the on-site Coulomb energyU and
p-d charge-transfer energyD decrease with increasing pressure. The deduced value,d ln UydP 
22.5 3 1022 GPa21, of the relative pressure coefficient ofU is about 4 times in magnitude as great as
the linear compressibility of lattice. [S0031-9007(96)00840-X]

PACS numbers: 71.45.Gm, 75.30.Et, 75.50.Pp, 78.20.Ls
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Electron correlation is one of the most important m
ters in understanding the nature of transition-metal (T
compounds. In the case of diluted magnetic semicon
tors (DMSs), TM ions are substituted for cations of
host semiconductors. The holes of the topmost vale
band consisting of anionp orbitals have a strong antiferro
magnetic exchange interaction with thed electrons of TM
ions, giving rise to enormous magneto-optical effects.
addition, TM ions settled on the nearest-neighbor ca
sites couple one another antiferromagnetically. Tak
account of thed-d Coulomb interaction, Larsonet al. [1]
and Bhattacharjee and co-workers [2] have made pe
bative approaches to these exchange interactions.
have shown that thep-d and d-d exchange interaction
are second and fourth order perturbations, respectiv
by the transfer, viz., real-space hopping, of an electron
tweenp andd orbitals. The hopping of an electron caus
a change in the number of electrons of TM ions. Res
of the perturbative approaches show that such charge
tuations, whether real or virtual, bring about strong co
lation effects.

As emerged from magnetophotoluminescence exp
ments on theA exciton in Cd12xMnxSe and Cd12x-
CoxSe, the p-d exchange interaction is strengthen
markedly by hydrostatic pressure. A large part of t
change arises from a change in the transfer integral ca
by the contraction of the Mn(Co)-Se bonds [3–5]. Ho
ever, the degree of the observed enhancement of thep-d
exchange interaction is too large to be explained in te
of the transfer integral alone [6]. It is suggested, the
fore, that the on-site Coulomb energyU and the charge
transfer energyD are also changed by pressure. Sin
an inequality relationship ofU . D holds, in Zaanen
Sawatzky-Allen’s classification of TM compounds [7] I
VI DMSs belong to the same regime as semiconduc
such as CuO. Many of those compounds are antife
magnetic. MnTe, for instance, is an antiferromagn
semiconductor with Néel temperatureTN of 307 K and
an energy gap of 1.3 eV. Interestingly,TN increases with
pressure [8]. To understand this phenomenon, knowle
0031-9007y96y77(6)y1111(4)$10.00
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of the behavior ofU andD under pressure would be cru
cial. However, in neither DMSs nor TM compounds
reliable experimental information available on the pre
sure dependencies ofU andD.

In this Letter we report on experimental studies
the magnetophotoluminescence due to theA exciton in
Cd0.95Mn0.05Se under high hydrostatic pressures at 1.4
If the mole fraction of TM ions is raised to the orde
of 0.05, a significant amount of the ions is settled
the nearest-neighbor cation sites to form antiferromagn
spin pairs. These ions manifest themselves as a serie
weak and stepwise anomalies of magnetization under h
magnetic fields and low temperatures. In Cd0.95Mn0.05Se
the stepwise anomalies are known to appear around
and 24 T at 1 atm [9]. The present study focuses atten
on the pressure dependence of these stepwise anomal
well as the paramagnetic background due to isolated
ions. The results show that the anomalies shift rapi
toward higher magnetic fields with increasing pressu
This observation permits us for the first time to loo
closely into the variation ofU andD caused by a chang
in the bond lengths in a highly correlated material.

A homemade cryogenic optical system [10] consist
of a clamp-type diamond anvil cell and optical fibers
used to measure the photoluminescence. Condense
gon is employed as the pressure-transmitting medi
The maximum pressure is limited to 2.0 GPa becaus
pressure-induced phase transition to a rocksalt struc
occurs irreversibly around 2.5 GPa. A magnetic field
to 23 T is generated with a hybrid magnet and is appl
parallel to thec axis of the wurtzite structure of the sam
ple. The 514.5 nm line of an Ar-ion laser is used to e
cite photoluminescence. The optical system is immer
in pumped superfluid He. All the measurements are p
formed at 1.4 K.

Figure 1 shows the photoluminescence spectra du
the A exciton under various magnetic fields at a press
of ,0.02 GPa. If the external magnetic field is lowe
than 0.1 T, the spectrum is dominated by a rather br
line sBd due to excitons bound by lattice defects. As t
© 1996 The American Physical Society 1111



VOLUME 77, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 5 AUGUST 1996

e

s

d

c

e
h

d

i

h
t

s

2
t
te

t
T
y

w
t

in

e
eld

tic
ith
eak
he

he
hift

.
en-

r

n
d

ard

e
sfer
ss
en,

r-
n’s
he
and
FIG. 1. Photoluminescence spectra in Cd0.95Mn0.05Se under
various magnetic fields at 1.4 K and 0 GPa. The magn
field is applied parallel to thec axis of the crystal. The
features denoted asB andF are due to bound and free exciton
respectively.

magnetic field increases the bound exciton line is rapi
suppressed and a sharp free exciton linesFd appears. This
behavior of the photoluminescence is almost identi
with the behavior observed at 2 K [11] and 4.2 K [3,6].

The free exciton line appearing under a magnetic fi
is due to the radiative recombination of excitons in t
lower Zeeman sublevel formed by an electron in the low
magnetic sublevel of the lowest conduction band an
hole in the upper magnetic sublevel of theA valence
band. Figure 2 shows a plot of the field-induced sh
dEA of the peak energyEA of the free exciton line at
several pressures: The value ofEA at 0 T is obtained
from the energy of the bound exciton line assuming t
the binding energy of 4 meV is independent of magne
field. At any pressure the magnitude ofdEA increases
rapidly with increasing external magnetic field but almo
levels off above about 6 T.

The shift of the exciton energy is proportional to th
strength of the mean exchange field due to TM ions [1
The external-field dependence shown in Fig. 2 indica
that the magnetization of isolated Mn ions is satura
above about 6 T. Moreover, the saturated value ofdEA

is enlarged by hydrostatic pressure. This is due to
enhancement of the exchange interaction between
ions and theA exciton by pressure [3–6]. One ma
also note that the shift undulates slightly over the fie
region between 6 and 23 T. The inset of Fig. 2 sho
the derivative2dEAydH of the peak energy with respec
to the external magnetic fieldH. At 0 GPa the derivative
curve exhibits peaks at 13 T and around 24 T, show
1112
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FIG. 2. Energy shift of the free exciton line in Cd0.95Mn 0.05Se
induced by the external magnetic field under 0ssd, 0.7 s,d, 1.3
shd, and 1.9snd GPa at 1.4 K. The inset shows the derivativ
of the exciton energy with respect to the external magnetic fi
under 0ssd, 0.7 s,d, 1.3 shd, and 1.9snd GPa. Solid lines
are guides for the eye. Arrows show the field positionsH1 and
H2.

that EA undergoes a stepwise shift at these magne
fields. (We have confirmed by other experiments w
magnetic fields increased to 25 T that the second p
occurs at 24 T.) This observation agrees well with t
magnetization data at 1.4 K reported by Foneret al. [9].
There is no doubt that the peaks of2dEAydH are due to
the magnetization of paired Mn ions. Furthermore, t
present observation shows that the peak positions s
toward higher magnetic fields with increasing pressure

Figure 3 shows the single-particle scheme of the d
sity of states of electrons inCd12xMnxSe. The ground
state of thed electron of Mn ions is the so-called lowe
Hubbard state. It consists of threed´ and twodg elec-
trons, of which thed´ electrons hybridize with the Se4p
electrons of valence band [13]. In this state every M
is ionized intoMn21. The valence band edge is locate
below the upper Hubbard state, since the Mott-Hubb
gapU is greater than the energyL required to promote an
electron from aMn21 ion to an anion to annihilate a hol
in the valence band. In this scheme the charge-tran
energy D, which is the energy for a reverse proce
to the L transfer and has been introduced by Zaan
Sawatzky, and Allen [7], equalsU 2 L. The present sit-
uation, whereU . D, corresponds to the charge-transfe
semiconductor regime of Zaanen, Sawatzky, and Alle
classification of TM compounds. Here we consider t
p states near the topmost edge of the valence b
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FIG. 3. Schematic representation of the single-particle den
of states in II-VI DMSs. CB and VB denote the conductio
and valence bands, respectively. The density of states of
lower and upper Hubbard states are exaggerated.

according to the three-level model of Larsonet al. [1].
Then at 1 atm we haveU  7.6 eV, L  3.4 eV [1], and
D  4.2 eV.

In general, the ordinary potential term of the exchan
interaction of the electron of an exciton with Mn ion
almost cancels that of the hole, and therefore the exci
Mn exchange is dominated by the hole-Mn kinetic sp
interaction. Thus according to the scheme shown in Fig
the exciton-Mn exchange constant is given to a go
approximation by [1,2]

Jpd  216t2
pdUySLsU 2 Ld , (1)

whereS  5y2 is the total spin of the lower Hubbard sta
6S of a Mn ion andtpd is the transfer integral between th
p andd orbitals. The field positionH1 of the first peak of
2dEAydH, on the other hand, is related to the neare
neighbord-d exchange constantJNN of a Mn-Mn pair
and theg parameter,g  2.0, of the Mn spins byH1 
2jJNNjsgmBd21 1 Hd [9], wheremB is the Bohr magneton
andHd ø 1.5 T is a correction due to the distant-neighb
interactions. Thed-d interaction is dominated by th
kinetic superexchange interaction mediated byp-d bonds.
In light of the treatments of Larsonet al. [1] and Gorska
and Anderson [14],JNN is given by

JNN  2t4
pds2U 2 Ldy2S2UsU 2 Ld3. (2)

An identical expression has been obtained by Zaanen
Sawatzky [15] from a configuration-interaction approa
to TN in TM mono-oxides.

In Fig. 4 dEAsPdydEAs0d are plotted, obtained from
experimental values ofdEA at 10 T andJNNsPdyJNNs0d
ity
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determined fromH1 as a function of pressureP. The val-
ues ofdEA at 10 T are chosen because, as evident fr
Fig. 2, they function as a good probe for the pressure
pendence ofJpd. We see from Fig. 4 that bothjJpdj and
jJNNj increase with increasing pressure. Their increas
rates are found to bed ln jJpd jydP  s7.0 6 1d 3 1022

and d ln jJNNjydP  s21.0 6 5d 3 1022 GPa21. As a
test of the universality of this value ofd ln jJpd jydP
we have measureddEAsPdydEAs0d for Cd0.99Mn0.01Se,
in which the Mn content is so small that Mn ions a
mostly isolated. The result agrees well with that f
Cd0.95Mn0.05Se, as shown in Fig. 4.

Because of the difference in the tetrahedral radius
tween Mn and Cd ions, there should be a local distort
of lattice around Mn ions. The nonhydrostaticity of pre
sure due to freezing of argon, which is used as the pres
medium, might cause additional distortion. However, t
distortion would be random since Mn ions are substitu
for Cd ions randomly in the crystal. The present stu
deals with the mean value ofdEA and the central position
of the anomaly of2dEAydH. Therefore, in the follow-
ing discussion the compression of MnSe4 configurations is
assumed to be uniform, with the bond angles unchang
throughout the crystal.

According to Harrison, the transfer integraltpd scales
with the Mn-Se bond lengthl asl27y2 [16]. At 1 atm, since
we haveJpd  21.37 eV andJNN  26.4 3 1024 eV,
Eqs. (1) and (2) givetpd  0.64 and 0.79 eV, respec
tively, which agree rather well with one another. O
account of the isostructural and isovalent nature
CdSe and MnSe, it may be reasonable to expect
the compressibility of the Mn-Se bond is similar to th
compressibility of the host CdSe lattice. In fact th
bulk modulus of Cd12xMnxTe obtained by Strössne
et al. [17] indicates that the compressibility of th
Mn-Se bonds is almost equal to the compressibi

FIG. 4. Pressure dependencies ofdEA at 10 T shd and
JNN ssd in Cd0.95Mn0.05Se, and of dEA at 10 T s¶d in
Cd0.99Mn0.01Se. All data are normalized by the values at 0 GP
The solid lines are the linear fits to the experimental data.
1113
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FIG. 5. Pressure dependencies ofU ssd, D s,d, andL shd in
Cd0.95Mn0.05Se. The solid, dashed, and dot-dashed lines are
linear fits to the experimental data ofU, D, andL, respectively.

0.62 3 1022 GPa21 of the Cd-Se bonds. Hence Harr
son’s formula givesd ln t2

pdydP ø 4.3 3 1022 GPa21

and d ln t4
pdydP ø 8.7 3 1022 GPa21. Note that

these values can explain only halves of the e
perimental values d ln jJpdjydP ø 7 3 1022 and
d ln jJNNjydP ø 21 3 1022 GPa21, respectively. More-
over, d ln jJNNjydP is 3 times as large asd ln jJpdjydP.
These facts suggest thatU, D, and/or L depend on
pressure.

Substituting the pressure coefficients oft2
pd , t4

pd, Jpd ,
andJNN into Eqs. (1) and (2) one may evaluate the pr
sure dependencies ofU, D, andL. The results are shown
in Fig. 5. We see from Fig. 5 thatU, D, and L de-
crease pronouncedly with increasing pressure. Their p
sure coefficients are20.19 6 0.04, 20.13 6 0.04, and
20.06 6 0.04 eVyGPa, respectively. It is worth not
ing that the relative pressure coefficientjd ln UydPj 
2.5 3 1022 GPa21 of U is about 4 times as great as th
linear compressibility of lattice. This is the same o
der as the increasing rate of the transfer integral, tha
d ln tpdydP ø 2.2 3 1022 GPa21. Concerning the quan
tity Uytpd , which is a key parameter for characterizing t
effects of electron correlation in a substance [7], a h
of its reduction can be attributed toU in the present sub
stance. The positive value ofd ln tpdydP means that the
p-d hybridization is enhanced by compression of latti
Presumably, therefore, the observed reduction ofU is in-
duced by the enhancement of the screening effect du
the valence electrons. The changes ofD andL are the re-
sults of the reduction ofU and relative shifts of the lowe
Hubbard state and valence band.

In conclusion, the magnetophotoluminescence due
the A exciton in Cd0.95Mn0.05Se under high hydrostati
pressures at 1.4 K has been interpreted in terms of
kinetic exchange theory. The results suggest that the
1114
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site Coulomb repulsion energyU of Mn ions and the
p-d charge-transfer energyD are reducedby pressure.
The relative pressure coefficientjd ln UydPj is about 4
times as great as the linear compressibility of lattice a
is comparable to the pressure coefficient for the incre
in the transfer integral. Therefore, not only the trans
but also the electron correlation in solids should gener
depend on bond lengths. This finding will give us
insight into various electronic properties of correlat
systems, particularly under high pressures.
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