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Spin-wave measurements on MBE-grown zinc-blende structure MnTe
by inelastic neutron scattering
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Spin-wave excitations of a MBE-grown single crystal of MnTe with a zinc-blende structure have been
measured by inelastic neutron scattering in the type-III antiferromagnetic low-temperature phase of this com-
pound. The experimental data have been modeled with a Heisenberg Hamiltonian including isotropic ex-
changes and magnetic anisotropy. Exchange constants and anisotropy terms have been estimated, which al-
lowed a discussion on the relative importance of distant neighbors. The relevance of anisotropic exchanges is
also discussed. The assumption of a collinear spin arrangement provides a consistent description of the spin-
wave spectrum, including inelastic-neutron-scattering cross section. The temperature dependence of the spin
waves revealed an anomalously strong damping, which starts well below the transition temperature.
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I. INTRODUCTION

The knowledge of magnetic exchange interactions
tween magnetic ions is a key factor for the understanding
the properties of diluted magnetic~semimagnetic! semicon-
ductors~DMS’s!. The best known group of such materials
based on II-VI tellurides containing Mn and possess the z
blende~ZB! structure, such as Zn12xMnxTe, Cd12xMnxTe,
Hg12xMnxTe, or Mg12xMnxTe. It is widely accepted tha
the predominant mechanism of magnetic interactions
tween Mn21 ions in this group of DMS’s is the superex
change~see, e.g., Anderson1,2! mediated by the Te anions.3–7

Because of the ZB structure the antiferromagnetic~AF! char-
acter of these interactions causes frustration which, adde
disorder, induces at low temperatures a spin-glass-like s
in the low Mn concentration range of the phase diagram
particular, for the mixed crystals containing Zn or Cd suc
state has been observed in the composition range 0,x
&0.6.8–12With the increase of Mn concentrationx above 0.6
one expects first a short-range order~creation of magnetic
clusters!, followed by a long-range order, and finally a tru
AF order. Bulk samples with a very high Mn concentrati
cannot be grown in the ZB structure by equilibrium tec
niques since they undergo a structural transition toward
hexagonal NiAs structure, which is the natural structure
pure bulk MnTe.13 A single ZB crystallographic phase o
bulk crystals could have only been obtained in the case
Cd12xMnxTe for x&0.77 and in the case of Zn12xMnxTe for
x&0.86.14

ZB DMS’s with any Mn composition can be grown wit
the use of nonequilibrium techniques such as molecu
beam epitaxy~MBE!, because the ZB structure for very hig
x is stabilized by the inherent axial strain, imposed by
substrate. The growth of pure ZB MnTe was first demo
strated by Durbinet al.15 This opened the path for the studie
of very thick, bulklike, epitaxial layers of ZB MnTe—th
magnetic component of all Mn-based DMS tellurides—a
0163-1829/2002/66~22!/224426~16!/$20.00 66 2244
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for further progress in the understanding of this potentia
important, in view of spintronic applications, group of mat
rials. In particular, the studies of MBE-grown weakly dilute
magnetic semiconducor layers allowed the magnetic ph
diagrams to be completed.16–23 It was also shown that pure
ZB MnTe undergoes a first-order transition at the Ne´el tem-
perature TN'65 K and that below TN it orders magnetically
in a type-III AF structure.16,17,19This confirmed the sugges
tions deduced from the first elastic-neutron scattering m
surements performed on Cd12xMnxTe ~Refs. 24 and 25! and
Zn12xMnxTe ~Refs. 26 and 27! bulk crystals. The type-III AF
magnetic order, which will be presented in detail in Sec. II
is expected when strongly dominant nearest-neighbor
next-nearest-neighbor interactions~described by the ex-
change integrals usually namedJ1 andJ2, respectively! are
both antiferromagnetic, and has been predicted by a theo
ical analysis28,29 devoted to possible AF orders of magne
crystals with a face-centered-cubic~fcc! structure.

The relative importance of isotropic exchange interactio
for different shells of neighbors is a fundamental factor
the magnetic structure of DMS’s. All Mn-Mn superexchan
interactions are mediated by bridging via Te ions and
nature of the bridging may strongly affect the hierarchy
the exchanges, usually thought of in terms of Mn-Mn d
tances. Many theoretical papers have addressed this is
The fast decrease, limiting the relevant interactions to fi
and second neighbors,3,7 was found overestimated and man
models30–35suggest a significant contribution of more dista
third and fourth neighbors. Detailed theoretical calculatio
of the superexchange interaction using realistic linear co
bination of atomic orbitals ~LCAO! energy-band
calculations,36 ab initio calculations,37 or the three-level
model of the band structure38 have been performed, an
pointed out a spatial dependence of the exchange interac
more complex than a simple power form, with even t
possibility36,37 that J4 could be larger thanJ2.

Magnetization measurements at high magnetic fields
very low temperatures for highly diluted magnetic semico
©2002 The American Physical Society26-1
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ductors Zn12xMnxX (X5S, Se, Te! ~Refs. 39 and 40! and
Cd12xMnxTe ~Ref. 41! have been interpreted in this wa
assuming a random distribution of Mn. However, the a
equacy of this interpretation for large Mn concentration
for pure ZB MnTe is not obvious. Indeed, LCAO theoretic
calculations42 point out a significant dependence of the e
change constants on the Mn concentration in Cd12xMnxTe,
strongly affecting the exchange between more distant ne
bors, and mainly related to the evolution of the contributi
to the exchange of the electron-hole interaction.

Another important point is the possible occurrence of
isotropic contributions to the total exchange interaction,
lowed in the ZB structure because of the lack of center
symmetry. Hybridization of Mnd states withsp band states
of Te, arising because of the anion spin-orbit interactio
may induce anisotropy in the superexchange spin-spin c
pling of Mn nearest neighbors. Such a possibility
Dzialoshinski-Moriya~DM! anisotropic exchange43,44 in the
ZB structure has been invoked by many authors.7,35,36,45–51

Finally, the anisotropy of the nearest-neighbor excha
interaction due to the tetragonal distortion of the nuclear u
cell in the magnetically ordered AF III phase has also be
analyzed, either through the determination of excha
striction35 or through the angular dependence of the near
neighbor exchange.4,52–54

All numerical data cited in the literature and related
exchange integrals and magnetic anisotropies are base
experiments performed either on Mn-containing mixed cr
tals or on highly diluted magnetic semiconductors. This i
plies large variations of many parameters: disorder and f
tration in the high Mn concentration range, and t
importance of the local symmetry and environment for
luted systems, which has made it difficult to get definite co
clusions on the pure sytem by mere extrapolation. The ac
to these quantities with the use of pure ZB MnTe remain
therefore an appealing goal and put forward the possibility
determine them via the measurements of the spin-wave
citations of the AF ordered phase.

The first experimental results of this kind have been
tained by neutron scattering on Cd0.35Mn0.65Te mixed crys-
tals ~Refs. 25 and 55! and more detailed inelastic-neutro
scattering studies have been reported for Cd0.33Mn0.67Te
~Refs. 56 and 57! and for Zn0.35Mn0.65Te.56 Analysis of these
data was done with a quasiharmonic spin-wave approxi
tion including nearest-neighbor exchange and next-nea
neighbor exchange (J1 and J2, respectively!: both were
found antiferromagnetic as predicted for superexchange
diated by Te anions. However, no inelastic-neutron-scatte
data have been obtained so far for crystals with perfect lo
range type-III AF magnetic order, because of the sm
sample volume (mm3 size!.

The zone-center magnon mode58,59as well as its tempera
ture dependence61,62 has been observed by one-magnon R
man scattering for MBE-grown MnTe in the AF III structur
A frequency of 33.6 cm21 was found, with only a smal
variation with a substitution of Mn by Cd, Zn, or Mg.60,59

But this value corresponds to a combination of magne
anisotropy and exchange and only the use of the experim
22442
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tal value ofTN allows to obtain a model-dependent estim
tion of the parameters.

The improvement of the neutron-scattering technique,
pecially related to the use of focusing devices on three-a
spectrometers~TAS! has strongly extended the possibility o
inelastic-scattering measurements, and samples of mm3 size
may now be investigated in favorable cases. The case
MnTe is indeed a favorable one since several micron th
MBE-grown samples are now available63–65 and the mag-
netic moment of Mn21 has a high value of almost 5mB .4,66

Recent developments of the experimental technique at
Orphée reactor of the Laboratoire Le´on Brillouin ~LLB ! at
Saclay, France, with a beam tube redesigned to optimize
thermal beam flux available on the 2T TAS, offered the p
sibility to measure the spin-wave spectrum of AF III MnT
The results of these experiments are presented in this pa

The paper is organized as follows. In Sec. II details co
cerning the sample growth and its structural characteris
are reported. The spin-wave measurements at low temp
ture, including details related to the magnetic domain co
positions of the sample, are presented in Sec. III. The te
perature dependence of a few modes, related to the mag
transition of the system, is reported in Sec. IV. The analy
of the results and a subsequent discussion can be foun
Sec. V.

II. SAMPLE GROWTH AND CHARACTERISTICS

A. Growth and crystalline properties

A 6-mm-thick ZB MnTe layer has been grown by MBE i
the EPI 620 system at the Institute of Physics of the Po
Academy of Sciences in Warsaw. The growth was perform
on an epi-ready semi-insulating GaAs substrate with~001!
orientation (2° misoriented towards the@011# direction!,
with a very thin ZnTe buffer followed by a thicker (2mm)
CdTe buffer layer. The growth of the MnTe layer was re
ized in Te-rich conditions from elemental Mn and Te sourc
~more detailed information about the growth can be fou
elsewhere.63–65!

X-ray diffraction was used to check the lack of oth
phases and to verify the crystal quality of the sample. Sing
phase growth of the MnTe layer has been confirmed usin
low-resolution diffractometer. A high-resolution x-ray di
fractometer in double-crystal geometry was used to as
the sample quality. The full width at half maximum~FWHM!
values for~004! rocking curves measured for the CdTe buff
and MnTe layer were determined as 48 and 148, respectively.
Reciprocal space mapping of~004! and (3̄3̄5) Bragg reflec-
tions performed to better understand the sample charact
tics are illustrated in Fig. 1. The mapping of the~004! sym-
metrical reflection confirms that the main origin of th
rocking curve broadening is the sample mosaicity@Fig. 1~a!#

and that of the (3̄3̄5) asymmetrical reflection@Fig. 1~b!#
allows to estimate the strain state of the layer, by determin
the in-plane (axy) and out-of-plane (az) lattice-parameter
values. A slight tetragonal distortion has been found for b
the MnTe layer (axy56.3366 Å,az56.3411 Å) and the
CdTe buffer (axy56.4790 Å,az56.4848 Å). Both layers
6-2
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FIG. 1. Reciprocal space map
taken for the MnTe/CdTe/
GaAs~001! sample:~a! ~004!, ~b!

(3̄3̄5) reflections. The MnTe layer
and the CdTe buffer are shown i
the upper and the lower part o
this figure, respectively; the are
corresponding to the GaAs sub
strate is not presented.
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were residually compressively strained because of the di
ence between thermal-expansion coefficients of the G
substrate and deposited layers during the cooling proces
ter the MBE growth.

The temperature dependence of the lattice parameter
been determined by elastic neutron diffraction. A monoch
matic neutron beam, coming from a cold source, was
tained with a double monochromator, made of pyroly
graphite in~002! reflection @PG~002!#, and filtered by cold
beryllium to reduce higher-order contamination. The d
fracted beam was analyzed by a PG~002! crystal, with 208
collimation on each side. This yielded aQ resolution of 4
31023 Å 21 ~FWHM! for neutrons of wave vectorki
51.18 Å21, which have been used for the study of the cry
tal structure. The sample with a surface of'3 cm2 was
mounted in an aluminum can containing helium exchan
gas, and fixed on the cold finger of a closed cycle refr
erator.

The temperature dependence of the lattice parameter
ported in Fig. 2 has been obtained by analyzing the splitt
observed when measuring the~002! Bragg reflection at low
temperatures. Due to the negative Fermi length of Mn,
intensity of the~002! reflection observed by neutron diffrac
tion was high, even in the ZB structure, and the contami
tion by the equivalent reflection of the CdTe buffer was ne
ligible.

The result shown in Fig. 2 illustrates the tetragonal str
tural distortion (Da/a50.3%) which the sample undergoe
below the magnetic phase transition at low temperature.
transition was found to be very abrupt and consistent wit
first-order character, but with only a small step, which w
better evidenced on the temperature dependence of the B
magnetic signal.

Contrary to previous measurements performed on
MnTe ~Refs. 16 and 19 and Zn0.06Mn0.94Te,35 we did not find
a significant difference between the Ne´el temperature and th
temperature of the structural distortion~in our case the dif-
ference was smaller than 5 K, which is within the accura
of the splitting determination!. This is likely related to the
large thickness of our sample and to a very small resid
strain ~almost fully relaxed state!, as already evidenced b
the x-ray-diffraction data taken at room temperature.
22442
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The observation of a splitting is a direct consequence
the sample partition into different domains in the tetrago
phase. Indeed the structural distortion consists of an elon
tion of one axis of the high-temperature structure. The p
ferred axis at the transition is related to the strain induced
the interface by the buffer layer. In our case~CdTe buffer
layer! this favors the in-plane axes and, because of the s
metry of the system, gives rise to two equivalent domai
Furthermore, the sample thickness is such that the third
main with the elongation perpendicular to the layer plane
also populated.

As the effects deriving from this domain partition will b
important in the data analysis of inelastic-neutron-scaterr
measurements, we will use the following rules to label t
axes, as illustrated in Fig. 3. TheX,Y,Z axes define the rea
space of the sample, withZ being perpendicular to the laye
andXZ defining the neutron-scattering plane.x,y,z axes are
attached to a given domain, with the assumption thatz is
always along the long axis of the tetragonal cell, andj,h,z
span the associated reciprocal space. We then will spea
domainsX, Y, or Z when thez axis is along theX, Y, or Z
axis, respectively. We will neglect the small lattice distorti
('731024) due to the residual compressive strain at roo
temperature, and consider a unique set of lattice parame
(a5a8 and c5c8 in Fig. 3!. The domain populations hav
been deduced from the intensity ratio of the split~002!
peaks, yielding 22% of theZ domain and 39% of domain
X or Y.

B. AF III magnetic structure

Below TN'65 K magnetic Bragg peaks appear, in agre
ment with the AF III magnetic structure already evidenc
for ZB MnTe by Giebultowiczet al.19 The temperature de

pendence of the (1012 ) reflection, characteristic of such
structure as explained below, is presented in Fig. 2, and
first-order character of the transition is seen atTN by the
sudden drop of the magnetic intensity, without the tail due
critical scattering normally associated with a second-or
phase transition. No hysteresis has been detected, within
6-3
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experimental accuracy of'1 K, accounting for the tempera
ture increment of the measurements done in cooling or h
ing the sample.

The AF III magnetic structure, illustrated in Fig. 4,
made of two sublattices of perfect AF ordered planes (xy
planes of the figure!, stacked alongz, the long axis of the
tetragonal structure. A sublattice consists in a stacking al
z of AF planes with an interplane distance ofc, with a spin
reversal everyc ~e.g., planes containing spins 1 and 3
Fig. 4!.

As it has been determined first for ZBb-MnS ~Ref. 67!
and then for ZB MnTe,19 the spin direction is within thexy
plane, but its exact direction in the plane could not be sp
fied. The sublattices are deduced from each other by a tr

lation of the form @ 1
2 0 1

2 # if regarding their spin positions
~e.g., from spin 3 to spin 2 in Fig. 4!, but the relative orien-
tation of the spins is not uniquely defined. Indeed it can
shown that the interactions between a given spin of a sub
tice and its nearest neighbors of the other sublattice ha

FIG. 2. Top: temperature dependence of the lattice paramet
MnTe illustrating the tetragonal distortion as deduced from
splitting of the~002! Bragg reflection. Bottom: temperature depe

dence of the (1012 ) antiferromagnetic reflection.
22442
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null resultant, even when taking the tetragonal lattice dis
tion into account.

The respective alignment of the two sublattices is th
defined by other forces. The collinear structure is not
only solution and an ordering with a spin rotation betwe
sublattices is possible. Keffer,45 analyzing the ground state o
ZB b-MnS, suggested a 90° rotation, hereinafter referred
as the Keffer structure, but a canted structure with an a
trary angle cannot be excluded.68 This kind of canting is
made possible by the noncentrosymmetric character of

of
e

FIG. 3. Schematic view of the crystal structure of ZB MnT
grown on a CdTe buffer layer: starting from a slightly tetragona
distorted structure at room temperature (a,a8), three types of do-
mains are found in the low-temperature phase.c or c8 is the long
axis resulting from the transition.p is the percentage ofZ domain.

FIG. 4. Magnetic structure of AF III MnTe. Only positions o
magnetic Mn atoms are shown. Spins 1 and 3 are antiparallel, a
spins 2 and 4. When the structure is collinear, spins 1 and 2
parallel, while in the noncollinear structure proposed by Keffe45

spins 1 and 2 are perpendicular.
6-4
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nuclear structure which allows anisotropic exchanges suc
the DM exchange.

The collinear state has been shown favored in the p
system,69 but is very sensitive to disorder. Monte Car
simulations70 revealed a complex phase diagram for a Z
diluted magnetic semiconductor, where above 85% of
the magnetic system exhibits a reentrant behavior going f
a paramagnetic to a long-range collinear AF III phase a
finally to a long-range noncollinear AF III phase when low
ering the temperature. Because of domain effects, magn
neutron-diffraction measurements can only demonstrate
the spins lie within the AF planes. In the following, we w
use the assumption of a collinear magnetic structure to a
lyze our experimental data. We will discuss in Sec. V t
consistency of this assumption.

As may be seen in Fig. 4, the magnetic lattice has in f
a body-centered tetragonal structure, with a doubling of
nuclear cell alongz and with four spins in the magnetic un
cell. Keeping the indexing of the nuclear lattice, this induc
the selection ruleh1k12l 52n11, and yields that only
Bragg peaks withh1k odd andl 5(2m11)/2 have a non-
zero magnetic structure factor. Magnetic domains are in
same ratio as the nuclear ones and within each of these
mains subdomains, depending on the multiplicity of t
easy-magnetization axis in the plane, could also exist. T
last effect has no consequence for the spin-wave determ
tion, contrary to the first type of domains. The domain pop

lations determined from the intensity ratio of the (101
2 ) and

( 1
2 01) were consistent with those deduced from the nuc

peaks’ intensities.

III. SPIN-WAVE MEASUREMENTS

Inelastic-neutron-scattering measurements have been
formed on a thermal beam, with a configuration optimiz
for maximum intensity. The incident beam was delivered
a PG~002! monochromator, vertically bent to focus the bea
on the sample, and the scattered beam was analyzed w
PG~002! crystal horizontally and vertically bent to focus o
the detector. Measurements have been performed at con
final wave vectors ofkf52.662 Å21 and kf53.85 Å21,
with a graphite filter positioned between the sample and
analyzer to reduce higher harmonics. No Soller slit collim
tors were used, which resulted in an energy resolution71 of
dE'0.2 THz in the elastic position atkf52.662 Å21 and a
Q resolution ofdQ'0.04 Å21 ~both values correspondin
to FWHM!.

The weakness of the scattered intensity enhanced the
ficulties commonly encountered in this kind of measu
ments: parasitic signals, nonconstant background at low s
tering angles, etc. Therefore we had to check carefully
consistency of the results. For instance, we realized that
signal was sensitive to the inelastic scattering from the
lium exchange gas filling the sample can, which evolv
significantly with temperature in the range of interest for t
study. This gave rise to spurious effects and made the d
mination of the temperature dependence of the magnetic
nal more difficult.
22442
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However, the main experimental difficulty came from th
polydomain character of the sample. It decreases the e
tive scattering volume to less than 1 mm3 per domain, the
total MnTe volume being about 1.8 mm3 (6 mm thickness
and a surface of about 3 cm2). Moreover, the contributions
of different domains could be superimposed in a given m
surement, leading to ambiguity in the assignment of the
served modes.

The definition of theQ position in a measurement will b
given in the conjugate space ofX,Y,Z and written as
QX ,QY ,QZ . An inelastic-neutron-scattering measuremen
a given Q value yields the superposition of three (j,h,z)
contributions, weighted by the population of the domai
When the scattering plane is defined as theQXQZ plane, the
scattering planes deduced for the three domains are show
Fig. 5, with the trajectories along which the measureme
have been performed.

The temperature dependence provided an important ch
of the magnetic character of the observed signal. This
illustrated in Fig. 6, where a comparison of measureme
performed atT513 K and T575 K shows the disappear
ance of the spin-wave signal above the Ne´el temperature. To
overcome the difficulty arising from domain effects we pr
ceeded in the following way: we performed some measu
ments at equivalentQ positions corresponding to differen
ratios of the domain contributions and we compared the
sults to a realistic spin-wave model, including a calculati
of the inelastic-neutron-scattering cross section, which w
refined self-consistently. Then, as far as possible, we us
continuity argument to complete step by step the spin-w
spectrum. An example of such a procedure is illustrated
Fig. 7, which shows results of measurements performed aQ
values corresponding to the zone center of domainX,Q

5( 1
2 ,0,1) ~population of 39%!, and to that of domainZ,Q

5(1,0,12 ) ~22%!. Each measurement contains three contrib
tions: that of a zone-center spin wave, and those of the
other domains, which at this special position have the sa
frequency. This explains the double-peak feature observe
the measurements with open circles in the top and bot
panels of Fig. 7. In each panel of the same figure a meas

FIG. 5. Scattering planes for the domainsZ ~left! andY ~right!.
The projections of the trajectories in theQXQZ plane along which
measurements have been performed are indicated by broad
Domain X is deduced from domainZ by the correspondence
(j,0,0)Z⇒(0,0,z)X and (0,0,z)Z⇒(0,h,0)X . The corresponding
trajectory is indicated by the dot-dashed lines.
6-5
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FIG. 6. Verification of the magnetic characte
of the scattering in constant-n scans, withkf

53.85 Å21. Open symbols correspond to me
surements atT513 K, full symbols atT575 K.
Left: n52.8 THz,Q5(0,0,11qZ). The peak
corresponds to superimposed equivalent contri
tions of (11j,0,0) of domainY and (0,11h,0)
of domain X and defines the magnon mod
marked 1 in Fig. 9. Right: n52.4 THz,Q
5(0.5,0,11qZ). The weak peak on the left cor
responds to (0,11h,0.5) of domainX, the main
one to (0.5,11h,0) of domainY, and they define
magnon modes marked 28 and 2 in Fig. 9. No
contribution (0.5,0,11z) of the domainZ is ex-
pected.
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ment performed atQ5(1.118,0,0) is also reported. ThisQ
value has the same modulus as the previous ones bu
low-frequency mode is expected there. The three meas
ments differed only by a simple sample rotation, and a
anomalous contribution related to parasitic scattering or n
tron shielding leakage would be present in each of them.
result demonstrates the reliability of the measureme
and also provides a flat background reference for the d
analysis.

Two modes are identified: a peak atn50.75 THz, which
is due to the domain contamination, and another one an
51.05 THz, which corresponds to the gap value observed
Raman scattering by Szuszkiewiczet al.58,61 A low-
frequency tail is also evidenced. This tail is due to a we
known effect of the instrumental TAS resolution when
constant-Q measurement is performed inside the dispers
cone of a mode starting from zero frequency or with a g
unresolved because of the resolution of the measurem
This observation leads to the conclusion that the acou
mode, which is doubly degenerate in the absence of an
ropy, is split in such a way that one mode is still starti
from zero or a small frequency and the second one st
with a frequency gap of 1.05 THz. This is important for t
characterization of the dominant anisotropy and will be d
cussed in Sec. V.

The low-frequency part of the spin-wave spectrum w
not easy to disentangle. As there are two sets of planes
tical modes due to the interaction between sublattices
expected. Because of the weak coupling between the two
of planes, which is a characteristic feature of the AF III-ty
structure, these optical modes have low frequencies. T
added to the mode superposition due to domain effects, m
it particularly difficult to analyze the measured intensity. F
nally the key point was to use the prediction of a spin-wa
model ~see the Appendix! to analyze measurements whe
the same domain contributions were present with differ
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ratios. For that purpose, we performed two series of m
surements, one alongQ5(0.52qX,0,1) and the other along
Q5(1,0,20.51qZ). The choice of coordinates is such as
get a simple sample rotation between the series and thu
keep constant resolution effects such as focusing for dis
sive modes.

FIG. 7. Constant-Q measurements, withkf52.662 Å21 at T

515 K : ~a! open circles,Q5( 1
2 ,0,1), Bragg center for domainX;

~b! open circles,Q5(1,0,12 ), Bragg center for domainZ. In both
cases the result of a measurement made after a sample rotati
30° ~1 symbols! has been added. The dot-dashed lines corresp
to the calculated contributions of the domain associated with
Bragg peak, the dashed lines to those of two other domains, ta
into account the domain populations and the influence of the exp
mental resolution on the spin-wave modes. Both the dispersion
dynamical structure factor were deduced from the analysis
sented in Sec. V.
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FIG. 8. Measured spin-wave cross sections
a function of wave vector and energy. Top pan
left, starting from the zone center of domainX;
right, starting from the zone center of domainZ.
Bottom panel: deduced contribution of the d
main with vertical stacking axis, which corre
sponds to a low-frequency mode along th
@j,0,0# direction with 0.5,j,1 measured in the
Y domain in the Brillouin zone centered on th
~110! Bragg peak.
. 8
gh
tri
en

t
bu
%
.
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. 9
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of a
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ffect,

of
The overall results are reported in the top panel of Fig
For the sake of clarity, the data are reported with a sli
smoothing, obtained by weighting each point with a con
bution of its nearest neighbors. The first set of measurem
is the superposition of the (0,0,z) mode of the domainX

~39%!, starting from the zone center (0,1,1
2 ), of the (0.5

2j,0,0) mode of the domainZ ~22%!, starting from the zone
center~0,0,1!, and of the (20.52j,0,0) mode of the domain
Y ~39%!, starting from the zone center~1,1,0!, with z andj
varying from 0 to 0.5. The second set of measurements is
superposition of an equivalent combination of modes,
with different weighting, respectively 22%, 39%, and 39
As the spin-wave model predicts a contribution of the (0
2j,0,0) mode decreasing very rapidly with increasingj
value, the direct difference~Series 1!-~Series 2! is essentially
the contribution of the (0,0,z) mode. The linear combination
22442
.
t
-
ts

he
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.
5

of scattered intensities 0.39*~Series 1!20.22*~Series 2!
gives essentially the contribution of the (20.52j,0,0) mode
and is reported in the bottom panel of Fig. 8. These data w
then used to go a step further in the model refinement.
final results of the data acquisition are reported in Fig
together with theoretical curves, calculated according to
model presented in detail in Sec. V.

IV. TEMPERATURE DEPENDENCE

As mentioned above, the temperature dependence
few measurements has been used to ascertain the mag
origin of the scattering. Beyond this basic test, temperat
dependence has also evidenced a strong damping e
which was not expected since the magnetic transition is
first order. This is illustrated in Fig. 10 for aq value along
a-
s

ne-
e

FIG. 9. Spin-wave dispersions of MnTe me
sured atT'15 K. Full lines correspond to mode
calculated withJ3 and J4 interactions, dashed
lines correspond to the case where they are
glected ~only the high-frequency modes ar
shown!. Points marked 1, 2, and 28 correspond to
examples presented in Fig. 6, points 3 and 38 to
those of Fig. 10.
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B. HENNION et al. PHYSICAL REVIEW B 66, 224426 ~2002!
the @0,0,z# direction, which has been used to obtain t
lowest-frequency mode in this direction. The small peak
served at 0.72 THz atT516 K is quite weak and could hav
been an artifact. However, an increase of temperature
hances the scattering due to the Bose thermal factor, w
ensures the physical origin of the peak. It is also obser
that this mode and the higher modes at about 1.25 THz
come broader with increasing temperature, pointing out
important damping.

A similar observation is presented in the top panel of F
11 for a measurement performed atQX5(0,0,1). For thisQ
value the contributions of all domains are superimpos
which made the analysis much easier. Using a class
damped harmonic-oscillator model to describe the spin-w
mode, we obtained the temperature dependence of its
quency and damping, shown in the bottom panel of Fig.
The damping value at low temperature may be slightly ov
estimated because of the assumption of a single mode
glecting a possible lift of the double degeneracy. The m
conclusion of this analysis is that the system shows on
small renormalization of its spin-wave spectrum~which is
consistent with the first-order character of the transition! but
at the same time an anomalously large damping.

This kind of temperature dependence has been obse
for severalQ values in the present study and it had alrea
been observed for the gap mode atq50 by Raman
scattering.61 Such a behavior is not usual for an ordered m
netic system of localized spins. The standard mechanism
the transition towards a paramagnetic state is the reductio
the magnetic moment, due to the thermal population of m
nons, which in turn renormalized the spin-wave spectrum
the same proportion. In the present case the transition se
rather related to a divergence of the damping, which preve
a spin deviation from propagating as a plane wave thro
the magnetic system, giving rise to localized defects. P
sible origins of such a behavior will be discussed in Sec. V

FIG. 10. Temperature dependence of the scattering measur
QX5(0.25,0,1). The arrows show the position of modes atT
516 K. Peaks at 0.72 and 1.21 THz correspond to modes pr
gating in the@0,0,z# direction with z50.25 ~marked 3 in Fig. 9!,
the peak at 1.26 THz is due to a domain contamination and co
sponds to a mode propagating along@j,0,0# with j50.75 ~marked
38 on Fig. 9!.
22442
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V. DATA ANALYSIS AND DISCUSSION

The analysis of the spin-wave spectrum implies t
knowledge of the ground state which defines the structu
characteristics of the magnetic system and the definition
the perturbative terms of the Hamiltonian involved in t
collective excitations.

We have used as a starting point the Hamiltonian defi
as

H5 (
lmlm

JlmlmSW ll•SW mm1(
ll

DSll
z 22ha (

ll↑l↓
~Sll↑

w 2Sll↓
w !

1Hanis , ~1!

wherel andm are cell indices,l andm are site indices inside
the cell, andJlmlm are the isotropic exchange integrals. T
dominant mechanism of the exchange interaction is the
perexchange mediated by Te ions and all the contributi
are expected to be antiferromagnetic, which means pos
values with the definition of Eq.~1!. To check the importance
of distant neighbors we kept exchange interactions up to

at

a-

e-

FIG. 11. Top: the scattering measured atQX5(0,0,1) versus
temperature. Bottom: temperature dependence of the frequency
damping of the spin wave in a damped harmonic-oscillator appr
mation.
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SPIN-WAVE MEASUREMENTS ON MBE-GROWN ZINC- . . . PHYSICAL REVIEW B 66, 224426 ~2002!
fourth neighbors. The tetragonal distortion induces an
change distortion between neighbors in the same AF plan
in different planes. We will account for that only for th
nearest neighbors, introducingJ12dJ1 for neigbors in adja-
cent planes.

The choice of the anisotropy terms is not straightforwa
We know from neutron diffraction19 that the spin direction
lays within the plane perpendicular to the elongation axis
the tetragonal distortion. Therefore we used as a star
point an easy-plane anisotropy term written as( llDSll

z 2.
The easy magnetization axis in the AF plane is unknown
arbitrarily defined byw. The anisotropy needed to determin
this direction is written2ha( ll↑l↓(Sll↑

w 2Sll↓
w ), where l↑

andl↓ index spins up and down.
Finally Hanis represents anisotropic exchange which

also expected, generally of the form of the Dzialoshins
Moriya interactionDDM( i j DW llmm•(SW llSW mm).

The calculation of the spin-wave modes and of t
inelastic-neutron-scattering cross sections are given in
Appendix. The comparison to experimental data is done
defining a limited set of parameters entering Eq.~1! and
adjusting their numerical values to get a better agreem
between calculated and measured modes. The definitio
the Hamiltonian is not unique and depends on the phys
assumptions used for the dominant mechanisms. The gro
state itself is still debated, as the collinear arrangement of
spins in AF adjacent planes is in competition with a can
state, up to a 90° rotation, as proposed by Keffer.45

We have performed a comparison between experim
and calculation, starting from Eq.~1!, where, at the first step
anisotropic exchange has been negelected. Then we mod
the Hamiltonian to account as far as possible for the disc
ancies between calculation and experiment.

For a better understanding of the relationship between
adjustable parameters and the measured spin waves, we
use the equation of the spin-wave dispersion obtained in
case of a collinear structure when anisotropy and anisotr
exchange are both neglected~see the Appendix!. This yields
in the @100# direction,

v2516S2@2~J122J3!~12cospj!2J2~12cos 2pj1ha!#

3$2J1~11cospj!1J2~11cos 2pj!24J3~1

2cospj!14J4~11cos 2pj!1ha6@2~J12dJ1!~1

1cospj!12J3~cospj1cos 2pj!#%. ~2!

It may easily be seen that i! the velocity of the acoustic
branch is dominated byJ1, ~ii ! at q5(0.5,0,0) the frequency
of the lowest mode is proportional todJ1 and that of the
highest one proportional toJ1, ~iii ! the zone-boundary fre
quency atq5(1,0,0) is given byv25128S2(J122J3)(J2
24J314J4). We also know that the gap induced atq50 by
a planar anisotropy is proportional toDJ1. HenceJ1 andD
are essentially determined by the gap atq50, the slope of
the acoustic mode, and its maximum frequency in the@100#
direction. The zone-boundary mode clearly imposes a str
linear constraint betweenJ2 , J3, andJ4, while the effects of
individual contributions are reflected in theq dependence o
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the spin-wave dispersion. Finally, we see that the excha
distortion dJ1 prevents a structural instability atq
5(0.5,0,0) ~as doesha when introduced!. Hence the deter-
mination of dJ1 will be very sensitive to the lowest fre
quency at thisq value and will be strongly affected by th
assumption on the anisotropy terms.

The calculation performed with the assumption of
canted structure shows that the highest and lowest mo
stay at the same values as in the collinear case, so tha
previous considerations are still valid.

A. Collinearity

A preliminary question for the spin-wave analysis is t
nature of the ground state, as there is an uncertainty on
collinearity of the structure. Therefore we have performe
model calculation, where only isotropic exchange inter
tions and planar single-site anisotropy have been used
visualize the evolution of the spin-wave modes when int
ducing a canting angle between spins of adjacent AF pla
Such a canting of the structure only affects the modes
sensitive to the planar anisotropy, which start linearly fro
the zone center. The acoustic like mode~upper branch! and
the optical-like mode~lower branch! move towards each
other to merge in a degenerate mode in the case of a
rotation, as illustrated on Fig. 12~a!. The calculation of the
inelastic-neutron-scattering cross section shows that in
conditions of the present experiment all the modes would
observable.

A qualitative comparison with the experimental results
ported in Fig. 9 clearly excludes the Keffer structure. T
experimental evidence of a small canting should be a bro
ening of the lowest mode in the vicinity ofq5(0.5,0,0),
because a canting enhances the splitting at that point.
analysis of the mode atq5(0.5,0,0), illustrated in Fig. 7,
and of the segmentq5(j,0,0),0.5,j,1, reported in the

FIG. 12. ~a! Effects of a canting of the magnetic structure on t
spin-wave dispersion in the@j,0,0# direction. The thick lines are
branches not affected by the canting. Arrows indicate the move
branches affected by the canting, starting from the collinear st
ture to the Keffer structure. The dispersions have been calcul
with the parameters used in Fig. 9.~b! Effects of an anisotropic
exchange interaction between nearest neighbors. See details i
text of Sec. V D.
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B. HENNION et al. PHYSICAL REVIEW B 66, 224426 ~2002!
bottom panel of Fig. 8, did not need any intrinsic broadeni
the linewidth of the modes being accounted for by the
perimental resolution. This is in favor of a collinear~or very
weakly canted! structure. We have also checked that the
clusion of anisotropic exchange terms did not change
main features of the dispersion and could not affect the c
clusion.

B. Anisotropy

The experimental observations at the zone center are
sistent with the assumption of a dominant planar anisotro
Indeed such a term removes the twofold degeneracy of
acoustic branch and yields a branch with a gap, when
other branch still departs linearly from the zone center.
axial anisotropy would induce a gap without affecting t
degeneracy. No small frequency gap could be detected in
measurements, which gives an upper limit of'0.3 THz for a
possible gap because of the experimental resolution. A
consequence we keptha50 for further analysis.

However the use of a single-site term to describe the
nar anisotropy has the effect of propagating a large m
splitting all along the Brillouin zone. Such a splitting wou
have been observed on the low-frequency modes, even
the limited resolution of our measurements. This is likely
hint that a more sophisticated description of the anisotrop
needed for a better description of the magnetic system.
will come back to this point in Sec. V D.

C. Exchange

Many previous works usedJ1 and J2 as the dominant
exchange interactions, but the importance ofJ3 and J4 has
become an important issue. We checked both assumpt
adjusting the parameters to obtain the best fit w
the experimental data. This was done by minimizing
reduced x2, defined as x251/(N2n)( i 51,N@ycalc( i )
2yexp(i)#

2/Dy(i)2, where N is the number of experimenta
values~we used 51 experimental data! andn is the number of
adjusted parameters~up to 6, with the neglect ofha). With
only J1 , dJ1 , J2, and D we obtained~in units of kelvin!
J156.34(5), dJ150.59(2), J250.63(2), andD51.03(2)
with a x2 value of 4.54, while addingJ3 andJ4 we obtained
J155.71(7), dJ150.52(2), J250.08(5), J350.00(1), J4
50.18(2), and D51.12(2) with ax2 value of 1.97. The
improvement of thex2 is significant and is mainly due to
better description of the high-frequency modes in the@j,0,0#
and @0.5,h,0# directions as shown in Fig. 9. These hig
frequency modes are not much affected by the anisotr
term and thus the values obtained for the exchange inte
tions do not depend on the description of this anisotropy.
have already mentioned the linear correlation imposed by
value of the mode at the zone boundary. This means tha
uncertainties on the estimated values are correlated in
same way. AsJ3 is found almost negligible, it means that th
sumJ214J4 should be kept nearly constant when deviati
from the optimal values given by the fit. This also explai
the very large change of theJ2 value when introducingJ3
andJ4. ThedJ1 /J1 ratio is found'9% in both cases, which
22442
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seems a value too high to be realistic. This likely points o
the limit of the used Hamiltonian.

D. Anisotropic exchange

This step of the data analysis provided us with a set
exchange interactions stable as regards the assumption o
anisotropy term. It also suggested that the anisotropy was
well described, as pointed out by the very large splitting
the low-frequency modes and an obviously too high value
dJ1 /J1. Therefore we considered the effects on the sp
wave spectrum of the introduction of anisotropic exchan
interactions, adding a Dzialoshinski-Moriya term to th
Hamiltonian. But forcing such a term on the collinear stru
ture does not decrease the value of the single-site pla
anisotropy and has the effect of enhancing the splitting of
low-frequency modes nearq5(0.5,0,0), as illustrated by the
dashed lines in Fig. 12~b! ~only low-frequency modes are
reported!. This could even lead tov2,0 values, reflecting
the instability of the collinear structure as regards such
term. To compensate for this effect, we would then nee
large ha or a still largerdJ1 /J1 value. So such a DM term
has to be discarded.

Nevertheless the existence of a canted state has bee
certained in diluted systems72 as a step towards a spin-gla
state and related to the high frustration of the AF III stru
ture. The tendency of a DM interaction to induce spin ro
tion is well in agreement with such a behavior. Without que
tioning the previous conclusion on the collinearity of th
magnetic structure, we have checked the consequences
DM term in the case of a Keffer structure. The result
displayed by the dot-dashed lines in Fig. 12~b!. The doubly
degenerate mode specific to this structure and incompa
with our data does not change, but the effects on the
other modes are in a very good qualitative agreement w
what we are looking for. WithDDM corresponding to'6%
of J1, the correct gap at the zone center is reproduced w
out additional single-site anisotropy and the frequency of
lower mode atq5(0.5,0,0) is enhanced, allowing thus a r
alistic value ofdJ1 /J152%.

A continuity argument may be used to assert that a D
term on a weakly canted structure would only induce sm
effects. Then, coming back to the collinear structure, we
rectly injected into the development of the Hamiltonian t
correcting terms derived from a DM interaction in the Keff
structure. Doing that, we are unable to write the exact
pression for the corresponding exchange term, beca
the correction so-obtained contains only the two-opera
parts of its development in the Holstein-Primako
approximation.73 Thus the physical meaning of such a ter
remains undefined. Nevertheless, the effects of such a
in the collinear case have still the right properties. With
weight of '4% of J1 anddJ1 /J155%, we obtain the dis-
persions drawn in full lines in Fig. 12~b!.

The validity of such a procedure is not ascertained,
the weight of the correction needed to get the desired eff
is in a very realistic range, when compared to estimations
Larson and Ehrenreich47 of the importance of anisotropic
exchange in ZB MnTe-based systems.
6-10
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TABLE I. Comparison of experimental and theoretical values of exchange integrals. Values of the n
neighbor exchangeJ1 are given in kelvin and more distant neighbor interactions are given relative toJ1. The
first two columns are experimental data for highly diluted Zn12xMnxTe ~Refs. 39 and 40! and Cd12xMnxTe
~Ref. 41!, respectively, then three theoretical predictions for Cd12xMnxTe ~Ref. 36! and pure ZB MnTe~Refs.
37 and 38! are given. The last column corresponds to the present determination.

Experiment Theory This work
Refs. 39 and 40 Ref. 41 Ref. 36 Ref. 37 Ref. 38

J1 ~K! 9 6.1 11.1 9.3 7.72 5.71~7!

J2 /J1 0.022 0.010 0.006 0.034 0.054 0.014(7)
J3 /J1 0.018 0.030 0.024 0.017 0.001 0.000(5)
J4 /J1 0.057 0.064 0.065 0.041 0.003 0.032~6!
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Therefore we believe that this points out the existence
an incipient anisotropic exchange mechanism involved in
definition of the system Hamiltonian, compatible with th
existence of the canted structure in DMS’s.

It is also worthwhile to notice that the various dispersio
reported in Fig. 12 are obtained with the set of isotro
exchange integrals deduced from the analysis reporte
Sec. V C, with at most a slight deviation within the err
bars.

E. Discussion

From the analysis of our experimental data, we dedu
exchange integrals up to the fourth neighbors. Due to
strong linear correlation betweenJ2 , J3, andJ4, the uncer-
tainties given by the best fit to experimental data are a
correlated, following approximately the relationDJ2
24DJ314DJ450. More experimental data in less symme
ric directions would have been needed to get a better de
tion of these interactions, which was impossible due to
experimental difficulties mentioned in Sec. III. Neverthele
the values obtained from our analysis are stable as reg
the various assumptions made on the anisotropy terms
on the collinearity of the structure. The main conclusions
that J4 is at least as important asJ2, and thatJ3 is almost
negligible. This corroborates the importance of the bridg
mechanism of Mn by Te ions prior to the direct distan
between neighbors. The comparison with other experime
and theoretical values of exchange integrals is summar
in Table I.

The value ofJ1 deduced from our measurements is n
ticeably below all other determinations or predictions. T
may be due to the fact that we are dealing with a pure s
tem: the tetragonal distortion associated with the magn
transition may affect the superexchange mechanism and
absence of disorder prevents perturbations of the electr
characteristics of the system and of the exchange mecha
linked to them, such as the Bloembergen-Rowla
interaction.74

The same kind of arguments may be invoked to expl
the differences with the estimations ofJ2 , J3, and J4 ob-
tained on highly diluted systems. Nevertheless the ove
conclusions on the relative importance of distant neighb
are quite similar.

The complex behavior of the lower modes nearq
5(0.5,0,0), depending on exchange distortiondJ1 and/or
22442
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anisotropic exchange, prevents a precise determination
dJ1. The value of 9% obtained when a single-site plan
anisotropy and isotropic exchanges are used in the sys
Hamiltonian, is unrealistic as regards what may be dedu
from the geometrical dependence of the sup
exchange.35,52–54In the same way, the single-site planar a
isotropy term of 1.1 K used to reproduce the zone-center
is certainly a very high value. To get rid of these discrepa
cies we have to introduce additional terms in the Ham
tonian. A DM interaction would be efficient in the Keffe
state, but another form is needed to be compatible wit
collinear or weakly canted structure. We cannot deduce fr
the analysis of our data the literal expression of such a t
nor the underlying exchange mechanism, which is likely
lated to the vicinity of a canted structure, favored by disord
as revealed by the substitution of Mn by Cd.72

This analysis was done on low-temperature data. But
have also observed a very peculiar temperature depend
of the spin-wave spectrum, with a significant damping w
below the transition temperature and strongly increasing w
temperature, while at the same time the frequencies of
modes evolve in a more common way with a slight decrea
This behavior is not expected for a transition towards a pa
magnetic state in an insulating system. The usual origin
the damping in this class of magnetic systems is due
magnon-magnon interaction and becomes effective in the
cinity of the transition. Furthermore, in the present case
transition is of the first order, which should still decrease t
effect. A relevant comparison may be found in the evoluti
of the spin waves in MnO. In that case, Mn ions also form
fcc lattice and the system undergoes a first-order transi
towards an AF state of type II, associated with a trigon
distortion. Spin-wave measurements75,76 evidenced a de-
crease of the spin-wave frequencies with no strong damp
when approachingTN . In the present study, we could onl
investigate the temperature dependence of the spin wave
a few q values, as illustrated in Figs. 10 and 11, but this
enough to state that this abnormal damping is not specifi
a particularq. A complementary information comes from
Raman-scattering measurements on ZB MnTe, where
zone-center mode has been followed with increasing te
perature, revealing a small decrease of its frequency,61 but
the observed damping, which also increases rapidly nearTN ,
keeps small absolute values in comparison with the m
frequency.77 So we can also state that there is aq dependence
of the spin-wave damping.
6-11
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B. HENNION et al. PHYSICAL REVIEW B 66, 224426 ~2002!
This kind of damping could be due to an interaction b
tween spin-wave modes and ‘‘other modes’’ of the syste
related to structural or electronic characteristics of the m
rial, or to a very large anharmonicity.

Because of the quenching of the Mn orbital moment
cannot expect a strong magnon-phonon coupling relate
spin-orbit coupling. The usual interaction between magn
and structural dynamical properties in insulating system
due to the fact that the spins are linked to ions, and, in
case of magnetic superexchanges, that the exchange is m
ated by intermediate ions. So the lattice vibrations induc
modulation of the spin positions and also of the excha
interactions. This should lead to aq-dependent broadening o
the spin-wave modes. This mechanism is usually conside
as giving rise to only small effects. Would ZB MnTe be a
exception?

Another suggestion would be that the anisotropic
change term, which is needed to replace the single-site pl
anisotropy of our description, would involve four-operat
terms, such as biquadratic exchange,2 giving rise to a thermal
dependence of this contribution. This would be in acc
dance with the vicinity of a canted state in the phase diag
of the system and would affect preferentially the optic
modes which reflect the sublattice interplay.

Evaluating the effects of such a coupling is beyond
scope of the present paper. But most of the discrepan
with standard models, pointed out by our analysis, co
have a common origin in the very strong correlation betwe
structural and magnetic properties, either via the definition
the magnetic exchange interactions or via any kind of c
pling between magnons and lattice vibrations.

VI. CONCLUSIONS

The spin-wave spectrum of MnTe has been obtained
inelastic neutron scattering on a MBE-grown sample w
ZB structure. The salient features of the spin-wave disp
sion exclude the Keffer structure and favor a collinear
only weakly canted structure. The accuracy of the meas
ments was high enough to analyze the interactions up
fourth neighbors. The numerical determination of the e
change integrals is nearly independent of the assumpt
made on the anisotropy of the system and the importanc
distant neighbors is well confirmed and qualitatively su
ports theoretical predictions of exchange interaction mod
or ab initio calculations. Our determination of the neare
neighbor exchangeJ1 is at the lower limit or even below the
common extrapolation based on diluted MnTe magnetic s
tems.

The assumption of a single-site planar anisotropy allo
to account for the observed lift of the degeneracy near
zone center, but has the consequence of propagating all a
the Brillouin zone a splitting of the spin-wave branche
which is not observed. This discrepancy and the very h
value of the exchange distortion,dJ1 /J1'9%, points out
the necessity of a more specific intersite anisotropy term.
Dzialoshinski-Moriya anisotropic exchange between nea
neighbors, which is usually referred to, is inefficient to a
count for our experimental data with the constraint of a c
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linear structure. A correcting term deduced from the dev
opment in the Holstein-Primakoff approximation of a D
term applied to a Keffer structure has been injected in
calculation of the spin waves of the collinear system. T
main features of the experiment are thus reproduced, wi
weight of this term corresponding to'4% of J1. This can
only be considered as a strong indication that a specific
isotropic exchange would be able to account for the exp
mental observation. But the literal expression of such a te
is still to be found.

An anomalous damping of the spin waves has been
served, which reveals a strong perturbation of the collec
magnetic modes. This could be due to the high anharmo
ity of the system or to a dynamical modulation of the e
change interactions. We can unfortunately not assert
there is a common explanation of this temperature dep
dence and of the need of an unusual anisotropic exchan

The experimental study presented in this paper sho
provide a set of data useful for quantitative comparison w
further theoretical models. On another hand, such a dete
nation of spin-wave branches in a MBE-grown sample m
also be considered as a step towards similar measurem
performed on quantum magnetic structures obtained via
itaxial growth, such as, for instance, superlattices made
MnTe and ZnTe thin layers. The same kind of measureme
may indeed be undertaken on samples with a typical th
ness of 1mm when the magnetic moment per unit cell is
same order as that of Mn21 in this study.
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APPENDIX

To find the eigenvalues of Eq.~1!, we have to make some
assumption on the magnetic structure. The simplest one
suppose that the structure is collinear. In this case we m
specify up and down spins by definingSW ll andTW mm such as

Smm
u 5Tmm

u ,

Smm
v 52Tmm

v ,

Smm
w 52Tmm

w
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and

Smm
1 5Tmm

2 ,

Smm
2 5Tmm

1 ,

whereSu,Sv,Sw are the spin components,w labels the spin
direction, which is supposed to be within thexy plane of a
given domain,u,v is an arbitrary choice to define the tran
verse components of the spin. We then use a Holst
Primakoff approximation73

Sll
1 5A2Sall ,

Sll
2 5A2Sall

† ,

Sll
w 5S2all

† all ,

and

Tmm
1 5A2Sbmm

† ,

Tmm
2 5A2Sbmm ,

Tmm
w 52S1bmm

† bmm ,

whereall , all
† , bmm , andbmm

1 are boson operators creatin
or annihilating a spin-1/2 deviation at sitesll or mm. Then
we write the Fourier transforms

all5
1

AN
(

k
exp~ ikW•rW ll!al~kW !,

all
† 5

1

AN
(

k
exp~2 ikW•rW ll!al

†~kW !
22442
n-

and

bmm5
1

AN
(

k
exp~2 ikW•rWmm!bm~kW !,

bmm
† 5

1

AN
(

k
exp~ ikW•rWmm!bm

† ~kW !,

where N is the number of cells. The operators obey t
commutation rules @al(kW ),al8

† (kW8)#5dll8dkWkW8 and

@bm(kW ),bm8
† (kW8)#5dmm8dkWkW8 .

Each term of the Hamiltonian may be written as a fun
tion of these operators, using for the planar anisotropy
relation78

~Sz!252 1
4 @~S1!21S~S2!222S22S2S1#,

wherez labels the direction perpendicular to the easy pla
Keeping only terms with two operators, this yieldsH
5(kHk , where Hk is a bilinear form of the operators. A
linear transformation is then needed to get the Hamilton
in its diagonal form. We introduce four operatorsa i , with

a i~k!5xi1a1~k!1xi2a2~k!1xi3b3
†~k!1xi4b4

†~k!

1xi5a1
†~2k!1xi6a2

†~2k!1xi7b3~2k!

1xi8b4~2k!,

which obey the commutation rule@a i(kW ),a j
†(kW8)#5d i j dkk8

and such that@a i(k),H#5v i(k)a i(k), wherev i(k) are the
eigenvalues of the Hamiltonian. The eigenvalues are the
ues ofv that give a zero value of the determinant
Ua2v b c 2b* d 0 0 0

b* a2v 2b c 0 d 0 0

2c b* 2a2v 2b 0 0 2d 0

b 2c 2b* 2a2v 0 0 0 2d

2d 0 0 0 2a2v 2b 2c b*

0 2d 0 0 2b* 2a2v b 2c

0 0 d 0 c 2b* a2v b

0 0 0 d 2b c b* a2v

U ,
where

a5z131z142z121g118 2z118 1z138 1DS1ha1g119 2z119 1z149

2z129 1g11- 2z11- 1z13- ,

b5g121g129 ,
c52g132g138 2g13- ,

and

d5DS,

with g i j 52S( i j Ji j exp(ikW•dW ij) andzi j 5g i j (0). Here,dW i j is a
vector joining sitei to site j, g i j8 ,g i j9 ,g i j- andzi j8 ,zi j9 ,zi j- are
6-13
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used for second, third, and fourth neighbors.
Because of the tetragonal distortion we take for the ne

est neighborsJ135J245J1 and J125J145J12dJ1. This
yields

g1254~J12dJ1!S@cospkz~cospkj1cospkh!

1 isinpkz~cospkj2cospkh!#,

g1358J1Scospkjcospkh ,

g118 54J2S@cos~2pkj!1cos~2pkh!#,

g138 54J2Scos 2pkz

g119 516J3Scos~2pkz!cospkjcospkh ,

g129 58J3S@exp~ ipkz!cospkjcos~2pkh!

1exp~2 ipkz!cos~2pkj!cospkh#,

g11- 58J4Scos~2pkj!cos~2pkh!,

g13- 58J4Scos~2pkz!@cos~2pkj!1cos~2pkh!#.

Solving the equation, we get eight eigenvalues, co
sponding to6v i(k), which means four dispersion curve
With no anisotropy, this would correspond to two doub
degenerate branches, classically an acoustic mode, dispe
linearly from zero frequency near the zone center, and
optical mode. In fact in the present case both modes s
from zero frequency at the zone center, because in the lo
wavelength limit the two sublattices are independent,
mentioned in Sec. II B. An axial anisotropy introduces a f
quency gap but does not lift the degeneracy. This degene
is only removed by a planar anisotropy. When the pla
anisotropy term is neglected, the equation giving the t
degenerate modes isv25(a1c)(a2c62b). This is used in
Sec. V to get Eq.~2!.

To disentangle the experimental data we also neede
calculate the neutron-scattering cross section. Follow
Lovesey,78 this is done starting from the general formula

S~QW ,v!}(
a,b

~da,b2Q̃aQ̃b!E dt exp~2 ivt !

3^X̂Q
a ~0!X̂2Q

b ~ t !&

with a,b5j,h,z and

X̂Q
a 5(

ll

1

2
glFl~QW !exp@2Wl~QW !#exp$2 iQW •~ lW1lW !%Ŝll

a .

HereQ̃ is the unitary vector of the total momentum transf
Fl is the magnetic form factor of the Mn21 ion, andWl is
its partial Debye-Waller factor, related to thermal motion
For a collinear magnetic structure only the terms reduced
X̂1 and X̂2 are meaningful. Using the same approximati
as before, withal andbm

† we get
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S~QW ,v!}~11Q̃z
2!(

t
d~QW 2qW 2tW !(

ll8

1

2
glFl~QW !

3exp@2Wl~QW !#
1

2
gl8Fl8~QW !exp@2Wl8~QW !#

3exp@2 i tW~lW 2lW 8!#^al~qW !al8
†

~qW !&.

By expandingal(qW ) asal(qW )5( j tl ja j and taking into ac-
count that̂ a j (qW )a j

†(qW )&5n„v(qW ),T…11, wheren„v(qW ),T…
is the thermal population of a boson mode, we get

S~QW ,v!}~11Q̃z
2!(

tW
d~QW 2qW 2tW !

3(
j

U(
l

exp~2tW•lW !tl j~qW !U2

3@n„v j~qW !,T…11#d„v2v j~qW !…

which may be simplified becauseQW 5tW1qW and tl j (QW )
5exp(2tW•lW)tlj(qW), andv j (QW )5v j (qW ).

All previous calculations are based upon the assump
of a collinear structure. In order to account for a noncolline
structure with a spin rotation of 90° between the two sub
tices, we have to change the definition of spins 2 and 4 of
second sublattice. This is done by definingSW 28 as

S2mm8u 5S2mm
u ,

S82mm
v 52S2mm

w ,

S82mm
w 5S2mm

v

and the equivalent forSW 48 .

Contributions derived fromSW 1•SW 28 , which wereg12a1a2
†

1g12* a1
†a22z12(a1a1

†1a2a2
†) with the collinear structure,

are now 1/2$g12(a1a2
†1a1a28)1g12* (a1

†a21a1
†a82

†)%, which
modifies the determinant yielding the eigenvalues. The c
culation of the neutron-scattering cross section follows
same derivation as reported above, with the complicat
that we have no longer the factorization of the orientat
term 11Q̃z

2 .
To check the effect of a Dzialoshinski-Moriya term b

tween nearest neighborsDDM( i j DW i j •SW iSW j , we used the fact

that for neighbors i j with rW i j 5( 1
2 , 1

2 ,0) we have DW i j

5(1/A2,21/A2,0) andDW j i 52DW i j and equivalent relations
by symmetry~see Ref. 47!. Only two-operator terms of the
development in the Holstein-Primakoff approximation a
kept, then Fourier transformed. This gave theqW dependence
of the anisotropic exchange generated by the coupling.
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