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Phonons and spin waves in the magnetic semiconductor chalcopyrite CuFeS2
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We present the results of inelastic neutron-scattering measurements of the spin wave and phonon dispersion
in the antiferromagnetic semiconductor chalcopyrite CuFeS2. The spin waves are steeply dispersive, and are
described well by a simple local-moment model that considers only nearest-neighbor interactions. The nearest-
neighbor exchange energy is determined as 2.27~2! THz, and there is an anisotropy gap of 1.28~1! THz.
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Chalcopyrite~CuFeS2) is a semiconducting material wit
unusual properties, especially compared with related se
conductors with the chalcopyrite structure, such
CuGaSe2 and AgInS2. The optical absorption edge is only
about 0.5 eV~Ref. 1! and the electrical conductivity is
anomalously low, even though the carrier concentration
high.2 It is thought that the explanation lies in the fact th
chalcopyrite is magnetically ordered. Chalcopyrite displa
magnetic properties that are reminiscent of a metal: it ord
antiferromagnetically with the very high Ne´el temperature
of 823 K, and the magnetic susceptibility is relatively tem
perature independent.2 The magnetic structure of chalcopy
rite was among the earliest to be determined using neu
diffraction,3 and it was found to be a simple antiferromagn
with every Fe atom tetrahedrally coordinated to four oth
through bonds to S atoms, and the moments ordered ant
allel along thec axis. The effective magnetic moment of th
Fe atom was determined from the neutron diffraction data
be 3.85mB . This value corresponds to neither that for Fe21

nor that for Fe31, while the magnetic moment of the C
atom is zero, or 0.2mB at the most.

3 These properties presum
ably arise from delocalization of the 3d electrons, which
form the main part of the upper valence band.4

Mikhailovskii et al.5 have suggested that the reason
the unusually low electrical conductivity is that strong co
pling occurs between the charge carriers and the magn
moments. The idea is that a carrier orients the surround
magnetic moments parallel to its own spin to give rise to
mobile ferromagnetic domain consisting of perhaps 15 to
spins at room temperature; this is commonly known as a s
polaron. This concept is given credence by the fact that
conductivity rises dramatically upon heating above the N´el
temperature,2 as would be expected from the decrease in
fective mass of the charge carriers as they become decou
from the relatively rigid antiferromagnetic structure.

In this paper, we present an inelastic neutron-scatte
study of the phonon and spin dynamics of chalcopyrite un
ambient conditions, with the aim of determining the natu
of the structural and magnetic interactions. The phonon m
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surements were only partially successful, and are prese
here for completeness, but with the spin-wave measurem
we were able to analyze our data with a local-moment mo
and to extract the magnitude of the exchange interaction

Since high-purity synthetic crystals of chalcopyrite a
not available, we used a natural single crystal from
Wheal Unity Mine in Cornwall that was supplied by th
Natural History Museum~London!, with the registered num-
ber BM41087. This crystal has a volume of approximately
cm3, and a mosaic spread of approximately 1.7°.

Inelastic neutron-scattering measurements were
formed on the E3 triple-axis spectrometer at the NRU reac
at Chalk River Laboratories. Two spectrometer configu
tions were used: for energy transfers below 4 THz,
monochromator and analyzer were both pyrolytic graph
~0 0 2! planes and the analyzing energy was fixed at 3
THz; for energy transfers above 4 THz, the monochroma
was changed to beryllium—with the~0 0 2! planes—and the
analyzing energy was fixed at 8.23 THz. These two ana
ing energies were carefully chosen to optimize the inst
mental resolution and range of accessible energy trans
within the particular kinematic constraints of the spectro
eter~which has a restricted range of monochromator take
angles!. At the same time, these two analyzing energies
lowed for the use of a pyrolytic graphite filter in the scatter
beam to remove spurious higher-order scattering. In b
cases, the in-plane collimation was 608-248-338-1508. The
crystal was held in the beam with an aluminum peg, shield
with cadmium, and all measurements were performed w
the sample at room temperature.

The crystal was aligned so that the scattering plane c
tained (h h l) wave vectors. The space group of chalcopyr
is I42d, which means that the systematic absences
nuclear reflections in this scattering plane are 2h1 l54n.
Measurements of the spin waves were performed at
~0 0 2!, ~1 1 0!, ~1 1 4!, and ~0 0 6! reciprocal lattice posi-
tions, which are positions of zero nuclear Bragg scatteri
but are magnetic zone centers. We found that the spin wa
are very steeply dispersive, so we characterized them mo
6957 © 1997 The American Physical Society



o
low
d
re
bl

e

ho
o

in
g
c
s
an
he
a-
on
din
-
pt
o
dy
a

e

a

ly
er

p

ter,
one

e

.
had

-

of

for

ve

the
r.
e

ing
l
at
and
w-
es:
the
n at

ere
in-
ex-

ata
d 12

all
that
d
ood
is
is
for

ic

fo
ho
itu

6958 55M. J. HARRIS, M. P. ZINKIN, AND I. P. SWAINSON
with constant-energy scans at a number of energies up t
THz. However, because of the combined effects of the
incident neutron flux at these relatively high energies, an
high background due to the low scattering angles requi
we found that the maximum energy transfer at which relia
data were obtained was 12 THz.

In addition to the spin-wave measurements, we also p
formed constant-Q scans around the~2 2 0!, ~0 0 4!, and
~0 0 8! nuclear Bragg peaks, in order to investigate the p
non dispersion of chalcopyrite. We observed a number
dispersive excitations that we interpret as phonons, s
they emanate from nuclear zone centers and appear rou
to strengthen in zones going further out in reciprocal spa
As stated above, these measurements were only partially
cessful due to poor phonon intensities, particularly for sc
around the~0 0 4! peak, which were used to determine t
phonons for@0 0 l # wave vectors. We present all of the me
sured phonon dispersion curves in Fig. 1. For both directi
we observed a transverse acoustic branch and a longitu
acoustic branch, while for@h h 0# wave vectors, we also ob
served a mode that we interpret as being a longitudinal o
branch, due to the fact that it has an energy gap at the z
center. We have not developed a model for the lattice
namics of chalcopyrite, since we consider that the data
incomplete at present.

We used the following spin Hamiltonian for analyzing th
spin-wave spectra:

H5J(
j ,d

Sj•Sj1d1D(
j

~Sjz!
2, ~1!

where J is the nearest-neighbor exchange integr
Sj5(Sjx ,Sjy ,Sjz) is the spin of thej th atom,D is the single-
ion anisotropy energy, and the sum for every atomj is over
all nearest neighborsd. For this analysis, we consider on
the magnetic moment on the Fe atoms, since the ord
moment on the Cu atoms is negligibly small.3 Using the
method of Holstein and Primakoff,6,7 and only considering
nearest-neighbor interactions between Fe atoms, the dis
sion relation for a general coordinate (h k l) in reciprocal
lattice units can be approximated as

FIG. 1. Measured phonon dispersion in chalcopyrite
@j j 0# and@0 0 j# wave vectors. Open circles denote observed p
non peaks with transverse polarization, full circles denote long
dinal polarization. The curves are guides to the eye.
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v~h k l!
2 .16J2S2~42cos2ph2cos2pk

22cosphcospkcosp l !1v0
2 , ~2!

wherev0 is the spin-wave gap at the magnetic zone cen
due to anisotropy. For wave vectors close to a magnetic z
center, we can approximate this further to

vq
2.4J2S2@2a2~qx

21qy
2!1c2qz

2#1v0
2 , ~3!

whereqx , qy , andqz are the reduced wave vectors from th
magnetic zone center parallel to thea* , b* , and c* direc-
tions, respectively, anda and c are the lattice parameters
We found that for our sample, at room temperature these
the valuesa55.294 Å andc510.446 Å. The precise value
of S is unclear; Donnayet al.3 determined the magnetic mo
ment on the Fe atoms in chalcopyrite to be 3.85mB , which
compares well with the measured magnetic moments
other transition ions withS53/2, such as Cr31. We adopt
this value forS here. The neutron-scattering cross section
transverse spin waves8 is

d2s

dVdv
5S ge2

mec
2D 2 N

p~2mB!2
kf
ki

u f ~Q!u2~11Qz
2!

3@n~v!11#x9~Q,v!, ~4!

whereki andkf are the incident and scattered neutron wa
vectors, respectively,f (Q) is the magnetic form factor,Qz is
the component of the wave-vector transfer parallel to
c* axis, andn(v)11 is the Bose-Einstein population facto
x9(Q,v) is the imaginary part of the susceptibility, and w
used the form

x9~Q,v!5
Gv

G2v21~v22vq
2!2

, ~5!

whereG is the damping of the spin waves.
The experimental spin-wave data were analyzed by fitt

with Eqs. ~3! and ~4! convoluted with the four-dimensiona
experimental resolution function, which was calculated
each data point using the method of Popovici, Stoica,
Ionita.9 We used the data taken with the high- and lo
energy transfer configurations for slightly different purpos
since the splitting of the spin waves on either side of
zone center is only resolvable in a constant-energy sca
relatively high energy transfers~above about 5 THz!, the
data taken with the low-energy transfer configuration w
largely used for determining a precise value for the sp
wave gapv0. Once this was found, the nearest-neighbor
changeJ, was determined by fitting Eqs.~3! and ~4! to the
data from the high-energy transfer configuration. These d
consist of a series of constant-energy scans between 5 an
THz along two different directions through the~1 1 4! mag-
netic zone center, and in the fitting procedure we fitted to
of these spectra simultaneously. The only parameters
were varied at this stage were an overall scale factor anJ;
the agreement factor obtained was reasonably g
(x251.6). We found that the spin-wave gap
v051.28(1) THz, while the exchange energy
J52.27(2) THz. This means that the spin-wave velocity
@h 0 0# wave vectors is 51.0~5! THz Å and 71.2~5! THz Å-
for @0 0 l # wave vectors. It was found that the intrins
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width of the spin-wave branches is too small to measure w
our experimental resolution, so the spin-wave dampingG
was kept fixed at the nominal, very small, value of 0.01 T
during the data analysis.

In Fig. 2, we show data taken from a constant-Q scan at
the ~1 1 0! magnetic zone center using the low-energy tra
fer configuration, with the fitted profile shown as the curv
The highly asymmetric profile reflects the way that the re
lution ellipsoid intersects with the very steep spin-wave s
face. In Fig. 3, we show a series of constant-energy sc
across the spin-wave branches around the~1 1 4! position,
taken with the high-energy transfer configuration. The sp
ting of the branches is clear for scans with@h h 4# wave
vectors, but is barely discernible for the@1 1 l # scans, be-
cause of the higher spin-wave velocity.

To summarize, we have studied the phonon and s
wave dispersion of chalcopyrite~CuFeS2) under ambient
conditions. The spin waves are found to be steeply disp
sive, with a gap of 1.28~1! THz at the magnetic zone cente
which we suggest is due to single-ion anisotropy. We h
analyzed the spin-wave data with a model that only consid

FIG. 2. Constant-Q scan atQ5~1 1 0! measured with the low-
energy transfer configuration. The curve shows a fit to the dat
the theoretical scattering function, convoluted with the experime
resolution.
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interactions between nearest-neighboring magnetic ions,
have found good agreement. The magnetic moment of
Fe atoms is known from previous work3 to be reduced from
the two possible free-ion values, and using the va
S53/2, we determine the exchange energy between nea
neighbors to beJ52.27(2) THz. We conclude that, in spit
of the fact that certain electrical and magnetic properties~to-
gether with the results of band-structure calculations4! indi-
cate that the magnetic Fe 3d electrons are at least partiall
delocalized, the spin dynamics are consistent with a sim
local-moment model.
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FIG. 3. Constant-energy scans aroundQ5~1 1 4!, measured
with the high-energy transfer configuration. The curves show fits
the data of the theoretical scattering function, convoluted with
experimental resolution.
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