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We have taken magnetization and calorimetric measurements on Zn,_,Cr, Te (x=0.003). The heat-
capacity measurements show a Schottky peak indicating an energy-level splitting of 3.1 K between the
ground and first excited states. Above 1.5 K we observe additional heat capacity, which indicates the
presence of additional low-energy vibronic excitations. The magnetization data reveal a small anisotro-
py (~7%) with the (111) direction giving the largest value. The magnetization data were fit with a mod-
el including a static Jahn-Teller distortion proposed previously in these materials [J. T. Vallin, G. A.
Slack, S. Roberts, and A. E. Hughes, Phys. Rev. B 2, 4313 (1970)]. Reasonable agreement was found

with the data for a spin-orbit parameter of —59 cm ™' and a Jahn-Teller energy of 320 cm ™.

I. INTRODUCTION

The class of alloys known as diluted magnetic semicon-
ductors' (DMS?’s) take the form 4,_ M, B where M is a
transition-metal ion and 4 and B are elements from the
second and sixth column of the Periodic Table, respec-
tively. A substantial amount is known about Mn-based
DMS’s and somewhat less about Co and Fe-based alloys.
A,_,Cr,B materials, on the other hand, have received
less attention. Some earlier optical-absorption,? >
luminescence,® and electron-paramagnetic-resonance
(EPR) experiments have been reported on II-IV semicon-
ductor crystals with a low concentration of Cr.
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FIG. 1. Energy-level splittings for the 3d electrons of Cr*" in
ZnTe including crystal-field, Jahn-Teller, spin-orbit, and spin-
spin effects.
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Based on this experimental work, Vallin et al. suggest-
ed that there is a static Jahn-Teller distortion in Cr®*-
based DMS’s.? This results in a static displacement of
the Cr** ion from its lattice site along one of three
equivalent directions along the (100), (010), or (001) cubic
axes. The symmetry is lowered, the energy states are
split, and the total energy of the system decreases.
Shown in Fig. 1 is the splitting for Cr** in DMS’s of T,
symmetry with a tetragonal Jahn-Teller distortion. The
key feature is an orbital singlet, S =2 ground-state multi-
plet with a small splitting of the m states.

Recently, interest in the chromium-based DMS’s has
increased with the publication of several theoretical®!!
and experimental'>!3 papers. The key difference between
chromium and the previously studied transition metals
(Mn, Fe, Co) arises from the nature of the exchange in-
teraction between the valence band p-type electrons and
the d electrons of the transition metal. This interaction,
which involves p-d hybridization, is predominantly due to
d electrons with z-type symmetry. In the case of Mn, Fe,
and Co the spin-up ¢ orbitals are occupied and the spin-
down ¢ orbitals are empty. In the case of Cr**, only two
of the three spin-up ¢ orbitals are occupied, leading to
new exchange channels. The recent observation of fer-
romagnetic p-d exchange in a chromium-based DMS
(Ref. 13) was argued to result from these new exchange
channels. The theory of Bhattacharjee!! also suggests
that Cd,_,Cr,Te and Zn,_,Cr,Te will show large
magneto-optical effects due to the close proximity of the
chromium donor level with ¢-type symmetry to the top of
the valence band.

In this paper we present magnetization, and heat-
capacity data measured on bulk Zn,_,Cr,Te crystals
grown from the melt. Using the model Hamiltonian of
Vallin et al. we numerically diagonalize the resulting
25X 25 matrix and compare the predicted magnetization
to our data.

II. EXPERIMENTAL DETAILS

Single-crystal Zn,_ ,Cr, Te samples were grown by the
vertical Bridgman method. In this work we report on
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two samples, 4 and B, cut from a single boule with nomi-
nal Cr** concentration x =0.005. Sample 4 was used
for the magnetization measurements and sample B was
used for the heat-capacity measurements. Typically, the
actual concentration is somewhat less than the nominal
value in samples grown by this method. Atomic absorp-
tion spectroscopy (AAS) was performed on small chips
taken from samples 4 and B yielding values of
x =0.003510.0005 and x =0.0019+0.0004, respectively.
The ratio of saturation magnetization values for the two
samples and the concentration determined by a Schottky
fit to the specific heat data from sample B were consistent
with these concentrations.

Magnetization data were taken on a Cryogenic Consul-
tants Limited SQUID magnetometer for fields between 0
and 6 T and temperatures between 1.5 and 300 K. Sam-
ples were oriented along the (111), (110), and (100) direc-
tions by the standard Laue diffraction technique. The
samples exhibited a hysteresis loop at low fields revealing
the presence of a ferromagnetic minority phase.!> The
ferromagnetic signal saturates by about 0.5 T at low tem-
peratures with a magnitude of 0.055 emu/g (Fig. 2).
Magnetization measurements as a function of tempera-
ture suggest a Curie temperature slightly above 300 K for
the minority phase.

Both the diamagnetic signal from the ZnTe and the
ferromagnetic signal from this minority phase were sub-
tracted from the data. We report only magnetization
data above 1 T where the ferromagnetic signal is saturat-
ed. The saturation value is obtained from measurements
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FIG. 2. Hysteresis loop showing a ferromagnetic minority
phase. The saturated magnetization of this ferromagnetic in-
clusion is M, and the coercive field is H,. The signal is believed
to be due to CrTe. The diamagnetic contribution has been sub-
tracted.

16 915

of the hysteresis loop and its temperature dependence
was fit to the standard low-temperature ferromagnetic
behavior: M =M, (1— AT?/?), where A4 is a positive
constant.

Heat-capacity data were measured on a 0.58 g sample
in a pumped *He cryostat using the quasiadiabatic heat-
pulse method. Measurements were taken between 0.4
and 5 K in zero field. Both the addenda corrections and
the lattice contribution from the ZnTe were subtracted
leaving a residual heat capacity, which we attribute to the
Cr?** in our sample. In the region of the Schottky peak
at 1 K, this residual accounts for roughly 80% of the to-
tal observed heat capacity.

III. THEORETICAL MODEL

In the analysis of our results, we utilized a model pro-
posed by Vallin and Watkins’ for the 3d states of Cr’" in
Zn,_,Cr,Te, which includes the crystal-field, Jahn-
Teller, spin-orbit, spin-spin, and Zeeman effects as well as
ligand admixture corrections. We constructed the full
25X 25 matrix for the Cr?*, which was numerically diag-
onalized to yield the energy levels as a function of field.
These were then used to calculate the magnetization as a
function of field and temperature.

The crystal-field environment of the Cr’™ in the host
ZnTe has tetrahedral (T;) symmetry, which can be writ-

ten in terms of operator equivalents for L =2 as!®!
A
HCF(Td)=E[%(Li +L%+3L}—6L2—12], (1)

where A is the crystal-field splitting parameter. This
reduces to diagonal form for the basis states!®

SE: %4,: |E6)=|0),
1
’B;: |E£>=72(|2)+|‘2>);

’T,: E: |T,1)=|—-1), (2)
|T,—1)=—|1),

5B, |T20>=%2(|2)—]—2)).

As shown in Fig. 1, the crystal-field splits the d electronic
states into an orbital doublet (°E) and a lower lying orbit-
al triplet (°T,).

The static Jahn-Teller distortion of the Cr?* ion off of
its lattice site is driven by mixing the E phonon mode

with the E and the T, electronic states according
to%19,20

Hyr=V(QgEgt+Q.E.)+V,(QsUg+0Q.U,)
+ic(Q3+02), 3)

where V| and ¥V, are the coupling coefficients between
the lattice and the T, and °E states, respectively. The
last term is the potential energy of the distorted lattice
where k=u@? is the elastic lattice constant, y is the ion
mass, and @ is the phonon frequency. Q, and Q, are the
nuclear displacements. The electronic operators for °T,
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are Eg and E, and for °E are Ug and U,. This term is also
diagonal for our choice of electronic basis states and
yields ground-state minima for the nuclear displace-
ments,

Vi
Q9=—K- > and QE_—_O >

| 4 _V
Qp=——, and Q. =V3—, (@)
K 2K

or
v, —V,
Qo — and Q, \/32K .

Each of these three equivalent static distortions along the
(100), (010), and (001) directions results in an orbital
singlet (°B,) with an energy Ejr = V2 /2« below the °T,
state and a doublet (°E) with an energy 2E;; above the
5T, state (Fig. 1). The symmetry is reduced from T, to
D,,. This static distortion also leads to a splitting of the
SE state into the orbital singlets ° 4, and °B, due to the
term V,(Q,Ug+Q,U,). As shown in Fig 1, the °E state
is split by 4E JTE,where Eyxg=V3/2k=n’E;; and
n=V,/V,.

The point-ion treatment of the spin-orbit, spin-spin,
and Zeeman interactions take their usual form,

HSO=}\.(L‘S) y
Hg=—p[(L-S*+XL-S)—1L(L+DS(S+1)], (5

and
Hy=pg(L+28)-B

Here, A and p are the spin-orbit and spin-spin parame-
ters, respectively, and pp is the Bohr magneton. Howev-
er, in addition to the crystal-field splitting due to a point-
ion analysis of the crystal environment of the Cr’", the
chemical bonds, themselves, have been shown to have an
important effect on the energy levels of the Cr’** ion.’
Since the chemical bonding between ions perturbs the p
electronic states into ¢ and 7 bonds, the p states and the
magnetic d states are no longer perfectly orthogonal.
Their nonzero overlap contributes to the effective spin-
orbit and spin-spin parameters.

The addition of ligand-field terms requires four
different p’s and three A’s, which act on different regions
of the complete 25X 25 matrix. Within the °E multiplet
we have

HS():A-(LS) ’
and 6)
Hgs=—p[(L-$)*+ L(L-S)—1L(L+1DS(S+1)].

Since the results depend only weakly on the E levels, we
use the free ion values of p=0.12 cm ™! and A=57 cm ™!
for these terms. For coupling between the °E and °T,
multiplets we have

Hs():)\-z(L‘S) ’
and (7
Hgs=—p,[(L-$)*+ HL-S)—LL(L +1S(S+1)].
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Within these regions, the interactions have only E sym-
metry so each region needs only a single A and p.

Within the ground *T, multiplet, however, the spin-
spin interaction can have terms with E or T, symmetry.
Therefore, the spin-spin Hamiltonian must be rewritten
in the form

Hgs=—1p)(LgSp+L,S.)— 1p5(LeSe+L,S, +LSy) ,
(8)

where p, accounts for interactions with E symmetry, p,
accounts for interactions with T, symmetry, and

Ly=L;—NL+L}),
v3
2
=L,L,+L,L,, ©)

L,,=LZLX+LXLZ )

L=—~(Li-L}),

and
L.=L,L,+L/L,

with corresponding expression for Sy, S, S, S,, and S,.
Finally, the spin-orbit Hamiltonian within the ground
ST, multiplet is given by

HSOZA;I(L‘S) . (10)

These five effective spin-orbit and spin-spin parameters
including ligand admixture corrections can all be written
in terms of the free-ion values plus two additional param-
eters,

KIE)\'(I_—K),
}\,zgk —5_ >
— 3 (324932

5
p2= 3}5)\17\2+P ’

and
5

pP3= 9E(

The parameter K sets the overall magnitude of the mix-
ing with the o and 7 bonds. The spin-spin corrections
arise from mixing with the next highest LS state of the
same symmetry (3d*) which has L =2 and S=1. This
state is at an energy E =20000 cm ! above the L =S =2
ground state. Note that in the absence of any mixing
w1th the o and 7 bonds, K =0, and A;=A,=A and
= =(5/3E)A*+p. And, in the limit where the
next highest LS state is increasingly further away
(E — ), p1=p,=p3=p-

This system is then fully described by five parameters:
A, Ey, Eyrg, K, and E. All of these parameters can be
determined from previous work. E is taken as 20000

cm™!,7 although the system is relatively insensitive to

AM+4rd)+p .
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reasonable deviations from this value. Ej;; has been
directly measured by infrared absorption to be 320
cm~!.> The parameters A and E;r; can be determined
by combining this measurement of E;; with the near-
infrared absorption measurements of the zero-phonon en-
ergy Ezp and the peak phonon energy E .,y by?

A=E,p—(1—m*)E}y , and Ejrz=7E;yr , (12)
where
172
E .—E
p=—1+ | P2 2 (13)
EJT

The values of Ezp and E,,, are taken from the near-
infrared absorption data to be E,p;=4994 cm ™' and
E e =5530 cm ™ '.2 From this we obtain A=4700 cm ',
E;;g=30 cm™!, and 7=0.294. Alternately, the value of
E ;g was measured to be 40 cm ™! from absorption and
luminescence measurements.” However, the structure in
this last spectra has also been interpreted as arising from
phonon modes rather than the Epj splitting. 2

With set vlaues for A, Ejy, Eyrg, and E, the value of K
is obtained from the value of D as determined by the
electron-spin-resonance results and our heat-capacity
measurement. With D =3.1 K, we find K=2.04. This
results in effective spin-orbit and spin-spin parameters of
A=—59.4 cm™!, A,=42.4 cm™!, p;=0.32 cm~},
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FIG. 3. Energy levels for the ground-state multiplet for Cr>*
in ZnTe. The field and orientational dependence of the energy
levels were calculated by numerically solving the 25 X 25 Hamil-
tonian for the D state.
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p,=—0.09 cm™!, and p;=0.22 cm~! for Zn,_,Cr,Te.
We note that our values for these parameters are different
from those reported previously by Vallin and co-
workers>’” who assumed E;pz=0.0 cm ™! in their calcu-
lations.

With the system reduced to zero adjustable parame-
ters, we calculated the energy levels for Zn,_,Cr,Teas a
function of field. Shown in Figs. 3(a), 3(b), 3(c), and 3(d)
are the energy levels for a Jahn-Teller distortion along
the (001) direction and an externally applied magnetic
field along the (001), (111), (1mO0), and (011) directions,
respectively.

IV. EXPERIMENTAL RESULTS

A. Heat capacity

The excess heat capacity for Zn,_,Cr,Te after sub-
traction of the lattice contribution is shown in Fig. 4.
The exponential decrease in the heat capacity at low tem-
peratures is typical of a Schottky peak. From the theory’
we expect a ground-state multiplet consisting of an
m; =0 ground state with a degenerate m;==1 level a
distance D above, and a nearly degenerate m; =12 levels
a distance 4D above.

The data was fit with a three-level Schottky peak,
shown in Fig. 4 as a solid line. From the fit we obtain a
value of D =3.1£0.1 K (=2.15 cm™!). This result is in
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FIG. 4. Heat-capacity data for Zn,_,Cr, Te with a theoreti-
cal three-level Schottky peak shown as a solid line. The rise in
the heat capacity above the Schottky peak for T > 1.5 K is dis-
cussed in the text.
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good agreement with the value reported from electron-
spin-resonance measurements of 2.30+0.17 cm™!.5 We
also obtain a value for the Cr concentration of
x =0.00231£3:39%, in agreement with the AAS results
and the magnitude of the saturated magnetization.

As can be seen, the agreement between the calculated
Schottky peak and the data is good from low tempera-
tures through the peak. Above the peak the data show a
large excess. Similar excess heat capacity has also been
observed in Zn,_,Cr,Se.!? We believe this excess heat
capacity is related to the abrupt broadening of the EPR
linewidth above ~7 K for Zn,_,Cr,Te and ~8 K for
Zn,_,Cr,Se (Ref. 7) and to the structure observed in
luminescence spectra.>%?! The luminescence spectra
have been interpreted in terms of several broad vibronic
energy bands, the lowest of which is centered at 60 cm ™!
in ZnS (Ref. 6) and 52 cm ™! in ZnSe.?' This additional
structure in the phonon spectrum arises from the Jahn-
Teller induced displacement of the Cr?>* atoms from the
normal lattice sites. It seems likely that the sharp rise in
heat capacity that we observe arises from these vibronic
energy bands.

B. Magnetization

The magnetization of Zn,_,Cr,Te as a function of
field at 3.67 K is shown in Fig. 5 for three orientations.
The magnetization grows slower than a standard Bril-
louin function and more rapidly then a Van Vleck system
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FIG. 5. Magnetization data for Zn,;_, Cr, Te with a theoreti-
cal fit including a static tetragonal Jahn-Teller distortion and
ligand-field corrections to A and p. An anisotropy in the magne-
tization is evident. The ferromagnetic and diamagnetic contri-
butions have been subtracted.
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indicating that the lowest multiplet has a small splitting.
By 6.0 T, the magnetization is approaching saturation.
From Fig. 5 we estimate a saturated value of ~0.36
emu/g. Using the value of concentration
x =0.0035£0.005 obtained from AAS, we obtain an
effective Cr?" moment of p =3.6+0.5u 5. This is close to
the expected value of 4.0 for a pure spin two system. The
magnetization is anisotropic with the (111) direction hav-
ing the largest value. The anisotropy splitting is ~7% of
the total signal by 6.0 T. Similar measurements were tak-
en at 2.0 and 5.4 K (not shown) and displayed similar
behavior.

The magnetization vs field curves for several orienta-
tions were obtained using the energy levels for the Cr?*
ground multiplet calculated numerically from the 25X25
Hamiltonian (Fig. 3). The results are plotted as a set of
three lines in Fig. 5. The concentration, x =0.0031, was
chosen to give the correct magnetization at 6.0 T and is
in agreement with the AAS results.

In our analysis we have assumed that the Jahn-Teller
distortions are frozen and randomly distributed along the
three equivalent crystalline axes. For a magnetic field
along the (100) direction, for example, 1 of the Cr** ions
will have their Jahn-Teller distortion along the field
direction. The energy levels for these atoms will be as
shown in Fig. 3(a). The remaining 2 of the Cr?" ions will
have their Jahn-Teller distortion perpendicular to the
field direction and will have energy levels shown in Fig.
3(c).

The theory with frozen Jahn-Teller distortions correct-
ly predicts both the initial slope and anisotropy with the
(111) direction having the greatest magnetization. Fur-
ther, the magnitude of the anisotropy splitting is correct-
ly predicted. The small discrepancies between the calcu-
lated and experimental magnetization may result from
small strain- or field-induced differences in the Jahn-
Teller energies along the three crystal axes. The samples
were glued to thread with a small amount of Duco ce-
ment, which may introduce small strains due to thermal-
contraction differences. In addition, the minority phase
may introduce both local strain and magnetic fields. It is
also possible that there is some additional effect that is
not accounted for by the theoretical model.

As can be seen from Fig. 5, the agreement between the
theory and experiment is quite good with the concentra-
tion being the only adjustable parameter. However, one
can ask whether a simpler theory would give equally
good agreement. To this end, a fit to the magnetization
data was also attempted for a crystal-field model alone. 2
This theory gives an anisotropy with decreasing magni-
tude for orientations along the (111), (110), and (100)
directions, in agreement with the observed magnetic an-
isotropy. However, this model cannot explain the steep
initial slope or the magnitude of the magnetization at 6 T
with reasonable values of the concentration.

The fit was also attempted including the effects of a
static Jahn-Teller distortion but ignoring corrections to
the spin-orbit parameter due to mixing with the chemical
bonds. A Jahn-Teller energy more than a factor of 3
below the measured value for E;; was required to obtain
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reasonable agreement with the data. This shows the
shortcomings of the point-ion approximation for
Zn,_,Cr,Te.

Another interesting question is whether a given Cr’**
ion is frozen into a single Jahn-Teller well —specifically
can the Cr’" ions relax preferentially into the lower-
energy distortion sites perpendicular to the field? Magne-
tization measurements have been made on Zn,_,Cr, Se
and interpreted within such a picture.'? Since the poten-
tial barrier between Jahn-Teller distortion sites is typical-
ly an order of magnitude smaller than the Jahn-Teller en-
ergy, 2 the barrier should be on the order of 40 cm ™.
Both thermal activation over and quantum tunneling
through this barrier may occur.

The possibility for motion between states was explored
for our samples by cooling in 0 T and observing the mag-
netization as a function of time after ramping to 6.0 T.
On the time scale of hours, no drift that would indicate
that the Cr*>* ions were relaxing to lower-energy distor-
tions relative to the field axis was observed. A compar-
ison of the data taken at 2.0 and at 5.4 K also showed
very similar anisotropies. We might expect strong
temperature-dependent effects if thermal activation over
the barriers was important in this temperature range.
Further, calculations were made to predict the magneti-
zation as a function of field in the limit of free motion be-
tween states. We found the magnetization for this free
tunneling regime leaves the (111) directions unaffected, as
expected, but inverts the anisotropy so that the (100)
direction has the largest magnetization. This is contradic-
tory to the observed results. Therefore, we conclude that
the transition rate between different Jahn-Teller distor-
tions, if it occurs, must have a time scale longer than
hours in our experiment and thus may be neglected.

Measurements of the magnetization vs temperature
were also made at 1 T. After subtracting the constant di-
amagnetic and low-temperature ferromagnetic com-
ponents, a plot of H/M vs T (Fig. 6) somewhat surpris-
ingly shows a nearly straight line with a negative inter-
cept typical of the Curie-Weiss behavior. Normally, a
value for the effective nearest-neighbor exchange is ex-
tracted from this type of behavior. However, when the
temperature dependence of the magnetization is calculat-
ed using the 25X 25 Hamiltonian (plotted as a solid line
in Fig. 6) and compared with the experimental results,
the calculated temperature dependence shows good
agreement with the experimental results, exhibiting even
the curvature at low temperatures due to the reduced
population of the excited states.

Below 4 K the data lie somewhat above the calculated
values as can be seen in the inset of Fig. 6. One effect
that is neglected in our analysis is the presence of
nearest-neighbor pairs. In other DMS systems the
nearest-neighbor interaction energy varies from 4 to
around 50 K. Based on a random distribution, we would
expect 4% of the Cr’* ions would be nearest-neighbor
pairs in our sample. If we simply assume that these Cr?*
ions are paired antiferromagnetically at our base temper-
ature, they would no longer contribute to the magnetiza-
tion. This would result in deviations of the observed mag-
nitude. If this interpretation is correct then J, /kz would
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FIG. 6. H/M vs temperature for Zn,_,Cr, Te for the (110)
orientation. Note the saturation in M at low temperatures. The
solid line is the theoretical prediction (110) direction. The inset
shows the low-temperature behavior on an expanded scale.

be roughly equal to the temperature at which we observe
deviations. We also note that the pair anisotropy is likely
to be different from the single ion anisotropy, which may
explain the small deviations seen in Fig. 5. Further work
is needed to calculate the pair Hamiltonian and answer
this question.

V. CONCLUSIONS

We have presented magnetization and heat-capacity
data on Zn,_,Cr,Te. From our data we find that the
ground state is a singlet, m, =0, with a small splitting
D =3.1 K to the doublet, m;==1, first excited state.
The data is well described by a theory including a static
Jahn-Teller distortion and ligand-field corrections.
Agreement is obtained for theoretical parameters of
A=4700 cm~!, E;;=320 cm™!, n=V,/V,=0.294,
A=—59.4 cm~!, 1,=42.4 cm™!, p;=0.32 cm~},
p=—0.09cm™ !, and p;=0.22 cm ..

Above 1.5 K we observe additional heat capacity,
which increases rapidly at higher temperatures. This is
consistent with the presence of low-energy vibronic
bands. On the other hand, we find no evidence for
motion between the Jahn-Teller minima along the three
crystal axes at temperatures up to 5.4 K in Zn,_, Cr, Te.
This question requires further study in the Cr-based
DMS’s as nearly free motion was reported between the
Jahn-Teller minimum in Zn,_,Cr,Se (Ref. 12) at 2 K
despite the fact that the Jahn-Teller energies are compa-
rable.
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