ANISOTROPY ENERGY OF FERROMAGNET

and there is no assurance of complete ferromagnetic to
antiferromagnetic order. Of course, the surface energy
K, must be sufficiently large and 4rAM must be larger
than the line width (so that the surface spins would be
nonresonant) for effective pinning to occur. Although
this phenomenon could be equally accounted for by
inhomogeneous demagnetizing field due to the film’s
nonellipsoidal shape, our detailed calculations show
that the inhomogeneity is only of order (d/D)4rM,
where d/D is the thickness to diameter ratio of the film,
entirely too small compared to the line width to account
for pinning,
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A further word on the experimental determination
of the exchange constant 4 and the surface anisotropy
energy density K, is in order. Using the measured
critical angle ¢, at which the spin system becomes
unpinned, 24%?/2K,/, the ratio of the exchange to
surface energy, could be determined from Fig. 3. Then,
using this ratio and curves similar to Fig. 4 plotted with
A as a constant parameter, K, and 4 may be determined
simultaneously. Thus, we see that if the surface spins
are not completely pinned, the exchange constant
cannot be determined independent of the surface
energy, as is usually done.
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Paramagnetic resonance has been studied for Cr in the 3d5 configuration substituting for Cd in CdTe. We
find $=5/2, g=1.9997-+0.0003, |a|=(3.12£0.6)X10™* cm™, and 4= (+12.78140.005)X10™* cm™ for
Cr8, Using electron-nuclear double resonance the complete tensor describing the anisotropic hyperfine
coupling with the nearest Cd neighbors has also been determined. Electrical measurements indicate that
the Cr acceptor level lies within 0.6 eV of the conduction band edge.

I. INTRODUCTION

HE technique of electron paramagnetic resonance

has been used with moderate success for the study

of defect centers, principally transition metal ions of the

3d group, in CdTe and related II-VI compounds. Data

on manganese ions having a half-filled 3d shell are

available for all of these compounds, while cobalt in the

3d7 configuration has been studied in most of them.

Paramagnetic resonance associated with chromium has
been reported only in ZnS and CdS.!+?

The purpose of the present paper is to report on the
paramagnetic properties of chromium in the 345 con-
figuration in CdTe, a cubic crystal having the zinc-
blende structure. If chromium were simply to substitute
for cadmium in the lattice with no charge unbalance, its
configuration would be expected to be 3d% The fact that
one detects Cr(3d®) implies that chromium can act as
an acceptor as it does in ZnS.!:® The resonance study of

1 The research reported in this paper was sponsored in part by
the Air Force Aeronautical Research Laboratories, Office of Aero-
space Research, under contract AF 33(616)-8264.

1R. S. Title, Bull. Am. Phys. Soc. 8, 23 (1963).

2 For a more complete discussion of paramagnetic resonance of
defects in II-VI compounds, including references, see G. W.
Ludwig and H. H. Woodbury, in Solid State Physics, edited by F.
Seitz and D. Turnbull (Academic Press Inc., New York, 1962),
Vol. 13, p. 223.

3 The configuration of the free chromium atom is 3d®4s. On an
ionic model one writes CdTe as Cd?*Te?~; thus, at a chromium
impurity site, assuming no charge unbalance, one would have
Cr2t(34%). On a covalent model one writes CdTe as Cd*~Te?*, but

Cr(3d%) in CdTe has been unusually successful. It has
been possible to determine not only the g factor and the
cubic field splitting parameter, but also, using electron-
nuclear double resonance (ENDOR) techniques, the
hyperfine interaction with Cr%, and the complete tensor
describing the hyperfine coupling with the magnetic
isotopes Cd™ and Cd® occupying second-neighbor
positions.

Sample preparation and properties and the resonance
spectrum are described in II; IIT is devoted to a de-
scription of the ENDOR experiments; the results are
presented and discussed in IV.

II. EXPERIMENTAL TECHNIQUES AND
THE RESONANCE SPECTRUM

High-purity CdTe single crystals were prepared by
techniques already described.* Samples were cut into
oriented bars approximately 3X3X10mm?® with a
[1107] axis parallel to the long dimension. The bars were
etched in HF-HNO;-2H,O solution and chemically
polished in a solution of 70 parts of saturated K.Cr:O7

the outer Cd electrons are used in the covalent bonding. On such
a model one would have Cr2~(3d*4s44?) at a chromium site were
there no charge unbalance. The 4s4p® electrons participate in
covalent bonding leaving the Cr core in the 3d* configuration.
Thus with either model Cr(34%) is the configuration for no charge
unbalance at the Cr site, while Cr(3d®%) implies that the chromium
impurity has accepted one electron.

4 M. R. Lorenz and R. E. Halsted, J. Electrochem. Soc., 101,
343 (1963).
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F1e. 1. Spectrum
of Cr(3d5) in CdTe
at 4.2°K with the
spectrometer tuned
to dispersion under
rapid passage condi-
tions. (a) H ‘n the
zero cubic field split-
ting direction (p=0).
()] (b) H in a [001]
direction.
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and 30 parts of concentrated H,SO4.® The latter solution
apparently gives rise to an adsorbed layer of chromium
ions which is not completely removed even by a thor-
ough rinse in distilled water. The treated bars were
sealed in evacuated quartz ampoules to which Cd metal
had been added. These were held for 24 h or longer at
950°C, were quenched, and the surface regions were
removed. The Hall coefficient and resistivity were meas-
ured from 12 to 350°K using conventional techniques.

A number of samples were # type and exhibited
electron freezeout into a level 0.056 eV below the con-
duction band® and also into the hydrogenic donor level.”
When such samples were examined in a paramagnetic
resonance spectrometer which has been described
previously,®® resonant absorption was detected in the
vicinity of g=2. The spectrum was not observed if the
Fermi level locked onto a level 0.6 eV below the con-
duction band edge. Thus, the resonant center must have
an electrical level located within 0.6 €V of this band
edge.

With the magnetic field H restrained to be in the

5 T. Ichimiya, T. Niimi, K. Mizuma, O. Mikami, Y. Kamiya,
and K. Ono, in Solid State Physics in Electronics and Tele-com-
munications (Proceedings of the International Conference held at
Bméisgls, 1960) (Academic Press Inc., New York, 1960), Vol. 2,
P M. R. Lorenz and H. H. Woodbury, Phys. Rev. Letters 10,
215 (1963).

7B. Segall, M. R. Lorenz, and R. E. Halsted, Phys. Rev. 129,
2217 (1963).

(1;5% W. Ludwig and H. H. Woodbury, Phys. Rev. 113, 1014
( ;ég) H. Woodbury and G. W. Ludwig, Phys. Rev. 117, 102
1 .
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(110) plane, the resonance spectrum, shown in Fig. 1, is
simplest for H in a zero cubic field splitting direction.
[This is the direction in which p vanishes, where

p=1—5EmP+meni+nP), )

I, m, and # being the direction cosines of the magnetic
field with respect to the cubic crystalline axes. | For p=0
the spectrum consists of seven strong resolved lines
having an envelope of intensities. A similar pattern has
been described previously for resonant centers in'® CdS
and! CdTe, and has been attributed to an essentially
isotropic hyperfine coupling of the unpaired electrons
with the magnetic isotopes Cd™ and Cd'® occupying
twelve equivalent sites, viz., the twelve nearest Cd sites
to an impurity ion occupying a substitutional Cd site.

As the magnetic field is rotated in the (110) plane
towards p=1 (the [001] direction), each of the Cd
hyperfine lines splits into three resolved fine structure
components. However, if there were only three fine
structure components (S=2%) one would expect no cubic
field splitting. One is, thus, led to suspect that S=%:
there are five fine structure components but the splitting
between the outer fine structure components is not
resolved. Taking for the spin Hamiltonian

Je=gB8S-H+%a
X[SAHS,/ 4SA-3S(S+1)BS+35—-1)], (2)

and assuming S=$% and |a|<Kg8S-H, the AM==+1
transitions are given by

M=+%to—%: h=gBH,
M=+3to +%: hw=gBHF5pa, @3)
M=% to £%: hwv=gBH+E2pa,

where p is defined by (1).

From the spectrum for p=0 one finds g=1.9997
+0.0003. Similarly, from analysis of the angular de-
pendence of the fine structure components we obtain
|a| = (3.12£0.6) X 10~* cm™. In arriving at this value it
was assumed that the experimentally measured peak
positions of the outer fine structure components repre-
sent the =% to % transitions, which are stronger
than the &% to 4-% transitions and which generally also
are narrower. The large uncertainty takes into account
the possible inaccuracy of this assumption.

Impurity ions in CdTe which might have electron
spin § are Cr, Mn, and Fe. To check whether the above
spectrum is associated with Cr(3d®) a sample was pre-
pared containing chromium enriched in the isotope
Cr%, which has a nuclear spin of 4. Indeed, a spectrum
was detected in this sample which was similar to that of
Fig. 1 except that there were 13 strong lines for p=0
instead of 7. Thirteen strong lines are to be expected if
the hyperfine interaction with the Cr® nucleus is

0 P, B. Dorain, Phys. Rev. 112, 1058 (1958).
11 7. Lambe and C. Kikuchi, Phys. Rev. 119, 1256 (1960).
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roughly twice as large as that with the neighboring
Cd™ and Cd™ nuclei.

III. ENDOR MEASUREMENTS

In order to gain additional information about the
hyperfine interaction with Cr® and with the magnetic
Cd isotopes the sample was examined using the electron-
nuclear double resonance (ENDOR) technique de-
veloped by Feher.!? In this technique, one detects
transitions in which a nuclear spin reorients, the electron
spin retaining its orientation (AM =0, Am=41), via
the associated change in intensity of an electron para-
magnetic resonance line. Experimentally, one adjusts
the magnetic field to resonance on an electron para-
magnetic resonance line and simultaneously exposes the
sample to an rf magnetic field which induces the nuclear
transitions. In analyzing the ENDOR transitions, we
assume that the nuclear sublevels are described by the
Hamiltonian

Hon=AS I—vByH- I+ 5(S- Ty -Li—vi8yH-1,). (4)

Here the first two terms describe the isotropic hyperfine
interaction with Cr® while the kth of the remaining
terms gives the anisotropic interaction with Cd“! or
Cd™ occupying the kth of the nearest Cd neighbor
positions to the impurity site.

A. Cr%

Supplementing (2) with (4) and assuming the hyper-
fine interaction terms to be small, one finds that the
frequency f of a Cr® ENDOR transition is approxi-
mately

hf=| AM—[S(S+1)+ @m—1)M—M*]
X (42/h)—~ByH|. (5)

2 G. Feher, Phys. Rev. 114, 1219 (1959).
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Since S=3, M can take on the values 43, &%, +3,
while for I =$% there are three m to m—1 transitions.
Thus one has the possibility of detecting eighteen
ENDOR transitions of widely differing frequencies from
which the two parameters 4 and vy are to be determined.
Of these eighteen transitions, we have studied all but the
M=% transitions, which are weak because of the
Boltzmann factor. The M= —% transitions are shown
in Fig. 2. The value for 4 (including its sign, which can
be determined knowing the signs of M and v) and a
value for v, the nuclear g factor of Cr?, are givenin IV.
In addition, the experimentally determined magnitude
of the second-order terms in (5) confirms the supposition
that S=3.

B. Cd'! and Cd®

The analysis of the Cd!"! and Cd'8 ENDOR spectrum
is more involved than the Cr® analysis because the Cd
hyperfine interaction tensor is anisotropic. Since Cd!
and Cd™ each have nuclear spin %, one has only the
m=1% to —% transition. However, besides the six values
of M there are twelve values of k. For the magnetic field
in the (110) plane, one can show by symmetry that the
twelve k yield seven spectra of relative intensity
1:1:2:2:2:2:2. Moreover, in high symmetry directions
some of these seven coalesce; for example, in the [110]
direction one has four spectra of intensity 2:2:4:4.

The detection of the Cd ENDOR transitions is a
relatively difficult experimental problem because of the
low natural abundance of the relevant isotopes (Cd
and Cd™ are 12.7 and 12.39, abundant, respectively).
ENDOR transitions have been detected for all £ only
for M=—3% and H in the [110] direction. For Cdu?
these transitions are at 20.42, 20.51, 21.04, and 21.12
Mc/sec. The analysis of this spectrum will now be
described.

The second neighbors to a substitutional site in the
CdTe lattice lie in the (110) planes, which are planes of
reflection symmetry. As a result one of the principal
axes of the tensor describing the hyperfine interaction of
the Cr(3d®) center with its nearest Cd neighbors (which
occupy the 220 positions) is the corresponding [110]
direction. The other two principal axes lie in the cor-
responding (110) plane (see Fig. 3). Since the magnetic
interaction between the Cd nucleus and the unpaired
electrons is strong compared to the nuclear Zeeman

F16. 3. Principal axes of the
tensor describing the hyperfine
coupling between the Cr center
and its nearest Cd neigh-
bors. Experimentally we find
B=23745° using the conven-
tion T1> Tz.
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interaction (g8S-H>S- T, -Ii>vi8yH-I;), the Cd%?
ENDOR transitions are given approximately by

hf= | MTk—’YkﬁNH(TﬂOSZ@l—I— T2C05202+ T3C0$293)/Tk(| ,)
6

where vy is the nuclear g factor of Cd"® and 6; is the
angle between the magnetic field and the ith principal
axis of the tensor T'. For H in a [110] direction, the
four possible T, having intensities 2:2:4:4, are as
follows:

To=Ts, )
Ty2= T12cos?B+To%sin?3, (8)
AT 2=2T2[ (cosB/V2)-sinB8 ]
4272 (sinB/V2)+cosp P+T, (9)
4T 2=2T[ (cosB/V2)+sin8
4272 (sin8/v2)—cosS P+T2  (10)

Equations (7)-(10) are four equations in the four
unknowns T3, T2, T3, and B. There is the additional
uncertainty that experimentally one does not know
which of the two weaker ENDOR transitions is de-
scribed by (7) and which by (8). [With the convention
T1>Ts, this single choice serves to allocate the meas-
ured transitions among (7)-(10).] If one assigns the
transitions at 20.42, 21.04, 20.51, and 21.12 Mc/sec to
Te, Ty, T, and T, respectively, and substitutes into
(6), one obtains the hyperfine parameters quoted in
IV.3 By interchange of T, and T's one obtains T,=
+5.77, To=+5.55, T'3=+415.75, all in units of 10~* cm™,
and 8=60°. This result is considered unlikely because
of the large angle between the axis of T and the Cr-Cd
internuclear axis, which corresponds to 8=0.

IV. RESULTS AND DISCUSSION

The parameters of the complete spin Hamiltonian (2)
plus (4) at 1.4°K determined as described in IT and
IIT are

S= %1
g=1.9997-0.0003,
|e]=(3.120.6)X10~* cm7?,

A= (+12.781:£0.005) X 10~* cm‘l’} for Crs
+=0.3161=:0.0008,

13 The frequency range in which the ENDOR transitions occur
is such that agreement with the hyperfine splitting of Fig. 1 is ob-
tained only if | M| =% and, in addition, the first and second terms
of (6) tend to cancel. Since the M =3 level is depopulated we
assume that the transitions correspond to M = —$. The cancella-
tion of the terms in (6) then implies that v and the components of
T have opposite signs, from which we conclude that the compon-
ents of T’y are positive.

G. W. LUDWIG AND M. R. LORENZ

T1= (45.82£0.05) X 10~ cm™,

To=(45.63£0.05) X 10~ con~2,

T3=(45.61=£0.05) X 10~ e,
B=37+5°.

for Cqus

The magnitude of v given above agrees within the
experimental error with published values of v for Cr5
but not with v for any other common nuclide. Thus, the
center under study undoubtedly is a chromium ion.
Since S=% and g~2 it seems clear that the chromium
ion has a half-filled 3d shell. Moreover, the magnitudes
of g, @, and A4 are similar to those reported by Title for
Cr(3d5) in cubic ZnS.!

The number and relative intensities of the hyperfine
lines shown in Fig. 1 are consistent with the notion that
the hyperfine interaction is with Cd** and Cd"® occupy-
ing twelve equivalent sites. The ENDOR spectrum
discussed in ITII B confirms this notion. If the chromium
were substituted for Te in the lattice, it would have four
nearest Cd neighbors (the hyperfine interaction with
these would be expected to be larger than that with the
twelve Cd neighbors at the 311 positions). If the chrom-
ium ion were interstitial, it would have either four or
six nearest Cd neighbors. Agreement with the spectrum
is obtained only if one assumes that the chromium
substitutes for Cd, in which case it does have twelve
nearest Cd neighbors.

Chromium which substitutes for Cd in the lattice and
has the configuration 3d° must have accepted an elec-
tron.> The electrical measurements referred to in II
show that the acceptor level lies within 0.6 eV of the
conduction band edge.

Superhyperfine interaction with Cd in the 220 posi-
tions has been observed previously for Mn(3d%) in
CdS¥® and CdTe.* The hyperfine splitting which we
observe (~6 G) for Cr(3d%) is roughly four times as
large. Thus, the wave function of the Cr(3d%) center is
more spread out, which might be expected since the Cr
center has trapped an electron. The principal axes of the
Cd hyperfine interaction are as given in Fig. 3.

Unfortunately, the hyperfine interaction with tellur-
ium neighbors to the Cr center was not detected. Thus,
one cannot decide experimentally how the wave func-
tion of the Cr center is divided among the Te and Cd
sublattices. No explanation is offered for the magnitude
of the anisotropy of the Cd hyperfine coupling.
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