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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-lll 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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[. INTRODUCTION for further progress in the understanding of this potentially
important, in view of spintronic applications, group of mate-
The knowledge of magnetic exchange interactions betials. In particular, the studies of MBE-grown weakly diluted
tween magnetic ions is a key factor for the understanding ofagnetic semiconducor layers allowed the magnetic phase
the properties of diluted magnetisemimagneticsemicon- ~ diagrams to be completéfi-**It was also shown that pure
ductors(DMS’s). The best known group of such materials is ZB MnTe undergoes a first-order transition at theeNem-
based on I1-VI tellurides containing Mn and possess the zincPerature ~65 K and that below ¥ it orders magnetically
blende(ZB) structure, such as Zn,Mn,Te, Cd_,Mn,Te, in a type-lll AF structuré._' ' Th|§ confirmed the sugges-
Hg, Mn,Te, or Mg_,Mn.Te. It is widely accepted that tions deduced from the first elastic-neutron scattering mea-
the predominant mechanism of magnetic interactions beSurements performed on €dMn,Te (Refs. 24 and 2band
tween Mr?* ions in this group of DMS's is the superex- Zn, _,Mn,Te (Refs. 26 and 2irbulk crystals. The type-1ll AF

change(see, e.q., AnderséR) mediated by the Te aniofis’ magnetic order, which will be presented in detail in Sec. 11 B,

Beca%se of,thégiB structure the antiferrgmagn(aqiié) char. is expected when strongly dominant nearest-neighbor and
. . . ) - t- t-neigh interacti ibed by th -

acter of these interactions causes frustration which, added ext-nearest-neighbor interactiorisescribe y e ex

disorder. ind t low t t in-al like st ange integrals usually namég andJ,, respectively are
Isorder, induces at low temperatures a spin-glass-like stajg, aniiferromagnetic, and has been predicted by a theoret-

in the low Mn concentration range of the phase diagram. INe5| 4nalysi282° devoted to possible AF orders of magnetic
particular, for the mixed crystals containing Zn or Cd such acrystals with a face-centered-culfficc) structure.
state has been observed in the composition rangex 0 “The relative importance of isotropic exchange interactions
=0.6.°~*?With the increase of Mn concentratiarabove 0.6  for different shells of neighbors is a fundamental factor for
one expects first a short-range ordereation of magnetic the magnetic structure of DMS'’s. All Mn-Mn superexchange
clusters, followed by a long-range order, and finally a true interactions are mediated by bridging via Te ions and the
AF order. Bulk samples with a very high Mn concentration nature of the bridging may strongly affect the hierarchy of
cannot be grown in the ZB structure by equilibrium tech-the exchanges, usually thought of in terms of Mn-Mn dis-
niques since they undergo a structural transition towards gances. Many theoretical papers have addressed this issue.
hexagonal NiAs structure, which is the natural structure ofThe fast decrease, limiting the relevant interactions to first
pure bulk MnTe** A single ZB crystallographic phase of and second neighbof<,was found overestimated and many
bulk crystals could have only been obtained in the case ofnodel$°~**suggest a significant contribution of more distant
Cd,_Mn,Te forx=0.77 and in the case of £Zn,Mn,Te for  third and fourth neighbors. Detailed theoretical calculations
x=<0.861 of the superexchange interaction using realistic linear com-
ZB DMS’s with any Mn composition can be grown with bination of atomic orbitals (LCAO) energy-band
the use of nonequilibrium techniques such as molecularealculations’®® ab initio calculations’ or the three-level
beam epitaxyMBE), because the ZB structure for very high model of the band structut® have been performed, and
X is stabilized by the inherent axial strain, imposed by thepointed out a spatial dependence of the exchange interactions
substrate. The growth of pure ZB MnTe was first demon-more complex than a simple power form, with even the
strated by Durbiret al.* This opened the path for the studies possibility***” thatJ, could be larger thad,.
of very thick, bulklike, epitaxial layers of ZB MnTe—the Magnetization measurements at high magnetic fields and
magnetic component of all Mn-based DMS tellurides—andvery low temperatures for highly diluted magnetic semicon-

0163-1829/2002/6@2)/22442616)/$20.00 66 224426-1 ©2002 The American Physical Society



B. HENNION et al. PHYSICAL REVIEW B 66, 224426 (2002

ductors Zp_,Mn,X (X=S, Se, Te (Refs. 39 and 40and tal value ofTy allows to obtain a model-dependent estima-
Cd,_Mn,Te (Ref. 4) have been interpreted in this way, tion of the parameters. _ _
assuming a random distribution of Mn. However, the ad- The improvement of the neutron-scattering technique, es-
equacy of this interpretation for large Mn concentration orP€cially related to the use of focusing devices on three-axis
for pure ZB MnTe is not obvious. Indeed, LCAO theoretical SPECtrometereTAS) has strongly extended the possibility of
calculation§? point out a significant dependence of the ex_melasﬂc—scattgnng r_neasure;ments, and samples of size
change constants on the Mn concentration in G¥n, Te, may now be investigated in favorable cases. The case of

strongly affecting the exchange between more distant neigtHnTe 's indeed a favorable one since _SG%VGVa' micron thick
. . Do BE-grown samples are now availabie®® and the mag-
bors, and mainly related to the evolution of the contribution

4,66
to i‘e izr):ch_ange ff tthe gl(;)(_:trctJr?-hole mbtleractlon. f Recent developments of the experimental technique at the
nother important point 1S the possIbie occurrence o an'Orph'ea reactor of the Laboratoire ba Brillouin (LLB) at

isotropic contributions to the total exchange interaction, al'SacIay France, with a beam tube redesigned to optimize the

lowed in the ZB structure because of the lack of center oty ormal beam flux available on the 2T TAS, offered the pos-
symmetry. Hybridization of Mrd states withsp band states  gjpility to measure the spin-wave spectrum of AF IIl MnTe.
of Te, arising because of the anion spin-orbit interactionsyne results of these experiments are presented in this paper.
may induce anisotropy in the superexchange spin-spin cou- The paper is organized as follows. In Sec. Il details con-
pling of Mn nearest neighbors. Such a possibility ofcerning the sample growth and its structural characteristics
Dzialoshinski-Moriya(DM) anisotropic exchand&**in the  are reported. The spin-wave measurements at low tempera-
ZB structure has been invoked by many autdots**%*=!  ture, including details related to the magnetic domain com-
Finally, the anisotropy of the nearest-neighbor exchanggositions of the sample, are presented in Sec. Ill. The tem-
interaction due to the tetragonal distortion of the nuclear uniperature dependence of a few modes, related to the magnetic
cell in the magnetically ordered AF Ill phase has also beerransition of the system, is reported in Sec. IV. The analysis
analyzed, either through the determination of exchang®f the results and a subsequent discussion can be found in
strictior™ or through the angular dependence of the nearesSec. V.
neighbor exchang&®?~*
All numerical data cited in the literature and related to
exchange integrals and magnetic anisotropies are based on Il. SAMPLE GROWTH AND CHARACTERISTICS
experiments performed either on Mn-containing mixed crys- A. Growth and crystalline properties

tals or on highly diluted magnetic semiconductors. This im- . .
plies large variations of many parameters: disorder and frus- A 6-um-thick ZB MnTe Iayer.has been grown by MBE n
fration in the high Mn concentration range, and thethe EPI 620 system at the Institute of Physics of the Polish

importance of the local symmetry and environment for di-~\cademy of Sciences in Warsaw. The growth was performed

luted systems, which has made it difficult to get definite con°" @ gpi-reagjy s_emi?insulc?ting G‘SAS substrzcajt_e \@01)
clusions on the pure sytem by mere extrapolation. The acce£&i€ntation (2° misoriented towards tj@11] direction,
to these quantities with the use of pure ZB MnTe remained!/th @ Very thin ZnTe buffer followed by a thicker (2m)

therefore an appealing goal and put forward the possibility tg~dT€ buffer layer. The growth of the MnTe layer was real-
determine them via the measurements of the spin-wave e zed in Te-rich conditions from elemental Mn and Te sources

citations of the AF ordered phase. more detailed information about the growth can be found

3-6
The first experimental results of this kind have been ob-elsewheré="%

; ; ; X-ray diffraction was used to check the lack of other
tained by neutron scattering on £@Mng gsTe mixed crys- ) . :
tals (Refs. 25 and 56and more detailed inelastic-neutron- Phases and to verify the crystal quality of the sample. Single-

scattering studies have been reported for, Qdng gTe phase growth of the MnTe layer has been confirmed using a

(Refs. 56 and 57and for Zn, sMn, ecTe.® Analysis of these :cow—resolutlo'n glffrle)i:tometeri A high-resolution >((j—ray dif-
data was done with a quasiharmonic spin-wave approximt:t-raCtOmEter in double-crystal geometry was used 10 assess

o . e y he sample quality. The full width at half maximufi@WHM)
22?9%%‘2?%?(%%?35?; naer:%h?:r fexsc;e"’:;ﬁ;l;nﬂ 0?;? x\tNr:: res?alues for(004) rocking curves measured for the CdTe buffer

found antiferromagnetic as predicted for superexchange m@nd MnTe layer were determined asahd 14, respectively.

diated by Te anions. However, no inelastic-neutron-scatterinfR€ciprocal space mapping 304 and (35) Bragg reflec-
data have been obtained so far for crystals with perfect longtions performed to better understand the sample characteris-
range type-lll AF magnetic order, because of the smalfics are illustrated in Fig. 1. The mapping of t{@04) sym-
sample volume (mmsize. metrical reflection confirms that the main origin of the
The zone-center magnon m3&&°as well as its tempera- rocking curve broadening is the sample mosaifitg. 1(a)]
ture dependené&® has been observed by one-magnon Raand that of the (35) asymmetrical reflectiofiFig. 1(b)]
man scattering for MBE-grown MnTe in the AF Il structure. allows to estimate the strain state of the layer, by determining
A frequency of 33.6 cm* was found, with only a small the in-plane é.,) and out-of-plane &,) lattice-parameter
variation with a substitution of Mn by Cd, Zn, or M3>®  values. A slight tetragonal distortion has been found for both
But this value corresponds to a combination of magnetithe MnTe layer &,,=6.3366 Aa,=6.3411 A) and the
anisotropy and exchange and only the use of the experimeiGdTe buffer &,,=6.4790 Aa,=6.4848 A). Both layers

netic moment of MA* has a high value of almost.g; .
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were residually compressively strained because of the differ- The observation of a splitting is a direct consequence of
ence between thermal-expansion coefficients of the GaAthe sample partition into different domains in the tetragonal
substrate and deposited layers during the cooling process gihase. Indeed the structural distortion consists of an elonga-
ter the MBE growth. tion of one axis of the high-temperature structure. The pre-
The temperature dependence of the lattice parameter hagrred axis at the transition is related to the strain induced at
been determined by elastic neutron diffraction. A monochrothe interface by the buffer layer. In our cag@dTe buffer
matic neutron beam, coming from a cold source, was 0bfayey this favors the in-plane axes and, because of the sym-
tained with a double monochromator, made of pyrolytic mery of the system, gives rise to two equivalent domains.
graphite in(002 reflection[PG(002], and filtered by cold £ ithermore, the sample thickness is such that the third do-
beryllium to reduce higher-order contamination. The dif-5iy ith the elongation perpendicular to the layer plane is
fracted beam was analyzed by a ®Q2) crystal, with 20 also populated.
iofgpgtffllonlzwmﬂs'ie' This ylelded? resolution 0;(4 As the effects deriving from this domain partition will be
_ -1 (™ ) for neutrons of wave vectok important in the data analysis of inelastic-neutron-scaterring
=1.18 A1, which have been used for the study of the crys- : .
. measurements, we will use the following rules to label the
tal structure. The sample with a surface =3 cn? was : A ;
mounted in an aluminum can containing helium exchang@xes’ as illustrated in F.'g' 3'. heY,z axes define the real
gas, and fixed on the cold finger of a closed cycle refrig-SpaCe of th.e'sample, with being per_pend|cu|ar to the layer,
erator. and XZ defining the neutron-scattering plangy,z axes are
The temperature dependence of the lattice parameters réftached to a given domain, with the assumption tha
ported in Fig. 2 has been obtained by analyzing the splitting/Ways along the long axis of the tetragonal cell, @ng,{
observed when measuring th@02) Bragg reflection at low Span the associated reciprocal space. We then will speak of
temperatures. Due to the negative Fermi length of Mn, thélomainsX, Y, or Z when thez axis is along theX, Y, or Z
intensity of the(002) reflection observed by neutron diffrac- axis, respectively. We will neglect the small lattice distortion
tion was high, even in the ZB structure, and the contamina¢~7x10 %) due to the residual compressive strain at room
tion by the equivalent reflection of the CdTe buffer was negtemperature, and consider a unique set of lattice parameters
ligible. (a=a’ andc=c’' in Fig. 3. The domain populations have
The result shown in Fig. 2 illustrates the tetragonal strucheen deduced from the intensity ratio of the sgb02)
tural distortion Aa/a=0.3%) which the sample undergoes peaks, yielding 22% of th& domain and 39% of domains
below the magnetic phase transition at low temperature. Thg or v.
transition was found to be very abrupt and consistent with a
first-order character, but with only a small step, which was
better evidenced on the temperature dependence of the Bragg B. AF Ill magnetic structure

magnetic signal. | _ . K .
Contrary to previous measurements performed on zB Below Ty~65 K magnetic Bragg peaks appear, in agree-

MnTe (Refs. 16 and 19 and ZpgVing osTe.,*® we did not find ment with the AF Il magnetic structure already evidenced

a significant difference between thé éléemperature and the fOr ZB MnTe by Giebultowiczet al'® The temperature de-
temperature of the structural distorti¢im our case the dif- pendence of the (%0 reflection, characteristic of such a
ference was smaller than 5 K, which is within the accuracystructure as explained below, is presented in Fig. 2, and the
of the splitting determination This is likely related to the first-order character of the transition is seenTat by the
large thickness of our sample and to a very small residuasudden drop of the magnetic intensity, without the tail due to
strain (almost fully relaxed staje as already evidenced by critical scattering normally associated with a second-order
the x-ray-diffraction data taken at room temperature. phase transition. No hysteresis has been detected, within our
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5 FIG. 3. Schematic view of the crystal structure of ZB MnTe
£ grown on a CdTe buffer layer: starting from a slightly tetragonally
S distorted structure at room temperatuee<(a’), three types of do-
g 200 mains are found in the low-temperature phaser c’ is the long
axis resulting from the transitiom is the percentage & domain.
0 ' ' : null resultant, even when taking the tetragonal lattice distor-
0 20 40 60 80 tion into account.

T(K) The respective alignment of the two sublattices is then

FIG. 2. Top: & wre d q ¢ the latti ‘ %efined by other forces. The collinear structure is not the
- 2. 10p- temperature dependence ot the fatlice parameler ¢,y sq|ytion and an ordering with a spin rotation between
MnTe illustrating the tetragonal distortion as deduced from the,

" ) ) sublattices is possible. Keffétanalyzing the ground state of
splitting of the (002 Bragg reflectlo.n. Bottom. temperature depen- ZB B-MnS, suggested a 90° rotation, hereinafter referred to
dence of the (1@) antiferromagnetic reflection.

as the Keffer structure, but a canted structure with an arbi-
trary angle cannot be excludé¥This kind of canting is
experimental accuracy ef1 K, accounting for the tempera- made possible by the noncentrosymmetric character of the
ture increment of the measurements done in cooling or heat-
ing the sample.

The AF 1ll magnetic structure, illustrated in Fig. 4, is
made of two sublattices of perfect AF ordered planeg (
planes of the figune stacked along, the long axis of the
tetragonal structure. A sublattice consists in a stacking along
z of AF planes with an interplane distance @fwith a spin
reversal everyc (e.g., planes containing spins 1 and 3 in
Fig. 4).

As it has been determined first for ZB-MnS (Ref. 67
and then for ZB MnTé? the spin direction is within they
plane, but its exact direction in the plane could not be speci-
fied. The sublattices are deduced from each other by a trans-

lation of the form[303] if regarding their spin positions [, 4. Magnetic structure of AF lll MnTe. Only positions of
(e.g., from spin 3 to spin 2 in Fig.)4but the relative orien-  magnetic Mn atoms are shown. Spins 1 and 3 are antiparallel, as are
tation of the spins is not uniquely defined. Indeed it can be&pins 2 and 4. When the structure is collinear, spins 1 and 2 are
shown that the interactions between a given spin of a sublaparallel, while in the noncollinear structure proposed by Kéffer
tice and its nearest neighbors of the other sublattice have spins 1 and 2 are perpendicular.
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the DM exchange.

The collinear state has been shown favored in the pure
system?® but is very sensitive to disorder. Monte Carlo
simulation€® revealed a complex phase diagram for a ZB
diluted magnetic semiconductor, where above 85% of Mn
the magnetic system exhibits a reentrant behavior going frorr
a paramagnetic to a long-range collinear AF IIl phase and-
finally to a long-range noncollinear AF Ill phase when low-
ering the temperature. Because of domain effects, magneti
neutron-diffraction measurements can only demonstrate tha.

the spins lie With,in the AF plgnes. In the fP”OWi”Q' we will FIG. 5. Scattering planes for the domaiagleft) andY (right).

use the assumption of a collinear magnetic structure to angme projections of the trajectories in ti@Q, plane along which

lyze our experimental data. We will discuss in Sec. V themeasurements have been performed are indicated by broad lines.

consistency of this assumption. Domain X is deduced from domairz by the correspondence
As may be seen in Fig. 4, the magnetic lattice has in fact¢,0,0),=(0,0¢)y and (0,07),=(0,7,0)x. The corresponding

a body-centered tetragonal structure, with a doubling of therajectory is indicated by the dot-dashed lines.

nuclear cell along and with four spins in the magnetic unit

cell. Keeping the indexing of the nuclear lattice, this induces

the selection ruleh+k+2l=2n+1, and yields that only

Bragg peaks witth+k odd andl=(2m+1)/2 have a non-

zero magnetic structure factor. Magnetic domains are in th

same ratio as the nuclear ones and within each of these d d ¢ ¢ ab 3 @n M h buti
mains subdomains, depending on the multiplicity of the@nd @ surface of about 3 ¢in Moreover, the contributions

easy-magnetization axis in the plane, could also exist. Thi different domains could be superimposed in a given mea-

last effect has no consequence for the spin-wave determingtrément, leading to ambiguity in the assignment of the ob-

tion, contrary to the first type of domains. The domain popu-S€rved modes. o .
y yp pop The definition of theQ position in a measurement will be

. . . . . l
lations determined from the intensity ratio of the G)Cand given in the conjugate space of,Y,Z and written as

(301) were consistent with those deduced from the nucleaQ, ,Qy,Q,. An inelastic-neutron-scattering measurement at
peaks’ intensities. a givenQ value yields the superposition of threé, §,¢)
contributions, weighted by the population of the domains.
When the scattering plane is defined as @hg), plane, the
ll. SPIN-WAVE MEASUREMENTS scattering planes deduced for the three domains are shown in

. . Fig. 5, with the trajectories along which the measurements
Inelastic-neutron-scattering measurements have been pgy.

. : . e ave been performed.
formed on a t_herma_ll beam,_ W!th a configuration thlmlzed The temperature dependence provided an important check
for maximum intensity. The incident beam was delivered by, o magnetic character of the observed signal. This is
a PG002 monochromator, vertically bent to focus the bea.millustrated in Fig. 6, where a comparison of measurements
on the sample, and the scattered beam was analyzed with

. : p%rformed atT=13 K and T=75 K shows the disappear-
PG(002) crystal horizontally and vertically bent to focus on ance of the spin-wave signal above theeNemperature. To

the detector. Measurements have 7ble en performed a’E(l:onst%w ercome the difficulty arising from domain effects we pro-
fmal wave vectors Oﬂ(f.:.2'662 A"* and k=385 A", ceeded in the following way: we performed some measure-
with a graphite filter posmoned bemeen the sample anq th‘ﬁwents at equivalen® positions corresponding to different
analyzer to reduce h|gher harmqmcs. No Soller S“tﬁz.ou'ma'ratios of the domain contributions and we compared the re-
tors were used, which resulted in an energy resolution sults to a realistic spin-wave model, including a calculation

~ i : - — ~1
5E~0'|2 THz I?;hi%@;;l%??&gonhm—l2.662 A anddfa of the inelastic-neutron-scattering cross section, which was
Q resolution 0f5Q~0. (both values corresponding |ofineq self-consistently. Then, as far as possible, we used a

to FWHM). S ;
. . continuity argument to complete step by step the spin-wave
The weakness of the scattered intensity enhanced the di pectrum. An example of such a procedure is illustrated in

ficulties commonl_y encountered in this kind of measure—Fig_ 7, which shows results of measurements performeg at
ments: parasitic signals, nonconstant background at low sc alues corresponding to the zone center of domei@
tering angles, etc. Therefore we had to check carefully the | . )
consistency of the results. For instance, we realized that our (2:0,1) (population of 39% and to that of domaiz,Q
signal was sensitive to the inelastic scattering from the he=(1,0;3) (22%). Each measurement contains three contribu-
lium exchange gas filling the sample can, which evolvedtions: that of a zone-center spin wave, and those of the two
significantly with temperature in the range of interest for thisother domains, which at this special position have the same
study. This gave rise to spurious effects and made the detefrequency. This explains the double-peak feature observed in
mination of the temperature dependence of the magnetic sighe measurements with open circles in the top and bottom

nal more difficult. panels of Fig. 7. In each panel of the same figure a measure-

nuclear structure which allows anisotropic exchanges sucha Q, i 0.0.0), Q, ‘(O,n,O)
3 [
é i

However, the main experimental difficulty came from the
polydomain character of the sample. It decreases the effec-
gve scattering volume to less than 1 rhmer domain, the
Bqtal MnTe volume being about 1.8 ning6 wm thickness
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200 T . . 150 . . . .

FIG. 6. Verification of the magnetic character
of the scattering in constamt-scans, withk
=3.85 A~1. Open symbols correspond to mea-
surements al =13 K, full symbols atfT=75 K.
Leftt »=2.8 THzQ=(0,0,1+q,). The peak
corresponds to superimposed equivalent contribu-
tions of (1+ ¢,0,0) of domainY and (0,1 #,0)
of domain X and defines the magnon mode
marked 1 in Fig. 9. Right:v=2.4THzQ
=(0.5,0,1qy). The weak peak on the left cor-
responds to (0,t ,0.5) of domainX, the main
one to (0.5, #,0) of domainY, and they define
magnon modes marked 2and 2 in Fig. 9. No
contribution (0.5,0,% ¢) of the domainZ is ex-
pected.

150 =+

100 |

(&)
o

scattered intensity

0

1.00 1.‘10 1.I20 1.;?;0 1.40 1.1 112 113 114 115 1.6
Q=(0,0,1+q,) Q=(1/2,0,1+q,)

ment performed aQ=(1.118,0,0) is also reported. Th@@  ratios. For that purpose, we performed two series of mea-
value has the same modulus as the previous ones but fyrements, one alon@=(0.5-qx,0,1) and the other along
low-frequency mode is expected there. The three measur@ = (1,0,~0.5+0z). The choice of coordinates is such as to
ments differed only by a simple sample rotation, and an)ﬂet a simple sample rotation between the series and thus to
anomalous contribution related to parasitic scattering or nedkeepP constant resolution effects such as focusing for disper-

tron shielding leakage would be present in each of them. Th@ive modes.

result demonstrates the reliability of the measurements 300
and also provides a flat background reference for the data
analysis. 200 |

Two modes are identified: a peak=at0.75 THz, which
is due to the domain contamination, and another one at
=1.05 THz, which corresponds to the gap value observed by 100 |
Raman scattering by Szuszkiewicet al®®®! A low-
frequency tail is also evidenced. This tail is due to a well-
known effect of the instrumental TAS resolution when a
constant measurement is performed inside the dispersion
cone of a mode starting from zero frequency or with a gap
unresolved because of the resolution of the measurement.
This observation leads to the conclusion that the acoustic
mode, which is doubly degenerate in the absence of anisot- 100 |
ropy, is split in such a way that one mode is still starting
from zero or a small frequency and the second one starts
with a frequency gap of 1.05 THz. This is important for the 00 0 0'5
characterization of the dominant anisotropy and will be dis- ' '
cussed in Sec. V.

The low-frequency part of the spin-wave spectrum was FIG. 7. Constan® measurements, with;=2.662 A1 at T
not easy to disentangle. As therg are two sets of plqnes, OR:15 K : (a) open circlesQ=(%,0,1), Bragg center for domaiX;
tical modes due to the interaction between sublattices ar ) open circlesQ=(1,03), Bragg center for domaid. In both
expected. Bec_:au_se of the Weak_ c_oupllng between the two se Sses the result of a measurement made after a sample rotation of
of planes, which is a characteristic feature of the AF ll-typegge (4 symbolg has been added. The dot-dashed lines correspond
structure, these optical modes have low frequencies. Thigg the calculated contributions of the domain associated with the
added to the mode superposition due to domain effects, madgagg peak, the dashed lines to those of two other domains, taking
it particularly difficult to analyze the measured intensity. Fi- into account the domain populations and the influence of the experi-
nally the key point was to use the prediction of a spin-wavemental resolution on the spin-wave modes. Both the dispersion and
model (see the Appendjxto analyze measurements where dynamical structure factor were deduced from the analysis pre-
the same domain contributions were present with differentented in Sec. V.

scattered intensity
W
[ ]
o

1.0 1.5 20
Frequency (THz)
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centered on domain Z
22% (0,0,8)

39% (0.5-£,0,0)
39% (-0.5-£,0,0)

centered on domain X

39% (0,0,%)
22% (0.5-£,0,0)

FIG. 8. Measured spin-wave cross sections as
a function of wave vector and energy. Top panel:
left, starting from the zone center of domax
right, starting from the zone center of domain
Bottom panel: deduced contribution of the do-
main with vertical stacking axis, which corre-
sponds to a low-frequency mode along the
[ £,0,0] direction with 0.5<¢<1 measured in the
Y domain in the Brillouin zone centered on the
(110 Bragg peak.

Intensity (arb. units)
3
_£ ¢

T100 140 180 220
Frequency (THz)

"060 100 140 180 220 0.60
Frequency (THz)

linear combination of intensities to eliminate (0,0, § modes contribution

47% (0.5-£,0,0) calculated as low intensity
}70% (-0.5-£,0,0) calculated as dominant contribution
I

L

Intensity (arb. units)

o
" 060 100 140 180 220
Frequency (THz)

The overall results are reported in the top panel of Fig. 8of scattered intensities 0.3@eries 1—0.22*(Series 2
For the sake of clarity, the data are reported with a slighgives essentially the contribution of the-0.5— £,0,0) mode
smoothing, obtained by weighting each point with a contri-and is reported in the bottom panel of Fig. 8. These data were
bution of its nearest neighbors. The first set of measurementien used to go a step further in the model refinement. The
is the superposition of the (0{), mode of the domairX  final results of the data acquisition are reported in Fig. 9
(39%), starting from the zone center (0%}, of the (0.5 together with theoretical curves, calculated according to the
— £,0,0) mode of the domaifi (22%), starting from the zone Model presented in detail in Sec. V.
center(0,0,1), and of the ¢ 0.5—¢,0,0) mode of the domain
Y (39%), starting from the zone centé€t,1,0, with  and ¢
varying from 0 to 0.5. The second set of measurements is the
superposition of an equivalent combination of modes, but As mentioned above, the temperature dependence of a
with different weighting, respectively 22%, 39%, and 39%.few measurements has been used to ascertain the magnetic
As the spin-wave model predicts a contribution of the (0.5origin of the scattering. Beyond this basic test, temperature
—§¢,0,0) mode decreasing very rapidly with increasifig dependence has also evidenced a strong damping effect,
value, the direct differencéSeries )-(Series 2is essentially  which was not expected since the magnetic transition is of
the contribution of the (0,@) mode. The linear combination first order. This is illustrated in Fig. 10 for @ value along

IV. TEMPERATURE DEPENDENCE

4 . . 4 4 . . . 4
P
7
/
3+ + / 1 3 3 3
2 /
;I:'\T \ FIG. 9. Spin-wave dispersions of MnTe mea-
= \ sured aff ~15 K. Full lines correspond to modes
; ol 1 V] s o 5 calculated withJ; and J, interactions, dashed
2 3 lines correspond to the case where they are ne-
2 glected (only the high-frequency modes are
g 3 shown). Points marked 1, 2, and Zorrespond to
- 7 B examples presented in Fig. 6, points 3 aridt@
Tr 1t 1 those of Fig. 10.
T
E T
3 3
%50 025 000 025 050 075 100 000 025 050 075 1.00
(0,0,0) (£,0,0) (0.51m,0)
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E
0 — : TT ‘ 0 : : :
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Frequency {THz) Frequency (THz)
FIG. 10. Temperature dependence of the scattering measured 2.0 ,
Qx=(0.25,0,1). The arrows show the position of modesTat O spin wave frequency
=16 K. Peaks at 0.72 and 1.21 THz correspond to modes propa ® spin wave damping ( I' DHO)
gating in the[0,0¢] direction with {=0.25 (marked 3 in Fig.
the peak at 1.26 THz is due to a domain contamination and corre- 157
sponds to a mode propagating aldrig0,0] with £=0.75 (marked
3’ on Fig. 9. =
I
o}
the [0,0¢£] direction, which has been used to obtain the &
lowest-frequency mode in this direction. The small peak ob-§
served at 0.72 THz &ti=16 K is quite weak and could have g
been an artifact. However, an increase of temperature ent %57
hances the scattering due to the Bose thermal factor, whict
ensures the physical origin of the peak. It is also observec
that this mode and the higher modes at about 1.25 THz be 0.0

come broader with increasing temperature, pointing out an 00 200 40.0 60.0 80.0
important damping.

A similar observation is presented in the top panel of Fig.
11 for a measurement performed@g=(0,0,1). For thisQ FIG. 11. Top: the scattering measured@{=(0,0,1) versus
value the contributions of all domains are superimposediemperature. Bottom: temperature dependence of the frequency and
which made the analysis much easier. Using a classicalamping of the spin wave in a damped harmonic-oscillator approxi-
damped harmonic-oscillator model to describe the spin-wavéation.
mode, we obtained the temperature dependence of its fre-
quency and damping, shown in the bottom panel of Fig. 11. V. DATA ANALYSIS AND DISCUSSION

The damping value at low temperature may be slightly over- 1o analysis of the spin-wave spectrum implies the

estimated because of the assumption of a single mode, Ngq,yiedge of the ground state which defines the structural
glecting a possible lift of the double degeneracy. The main.paracteristics of the magnetic system and the definition of

conclusion of this analysis is that the system shows only ge perturbative terms of the Hamiltonian involved in the
small renormalization of its spin-wave spectrumhich is  .,jective excitations.

consistent with the first-order character of the.trans)timut We have used as a starting point the Hamiltonian defined
at the same time an anomalously large damping. as

This kind of temperature dependence has been observed
for severalQ values in the present study and it had already .
been observed for the gap mode @=0 by Raman ~ H= > Jm,Sx Sm.t > DSH2—h, 2 (S —SK)
scatterind’* Such a behavior is not usual for an ordered mag- ~ '™*# A Wy o T
netic system of localized spins. The standard mechanism of + Hanis, (1)
the transition towards a paramagnetic state is the reduction of
the magnetic moment, due to the thermal population of magwherel andm are cell indicesh andu are site indices inside
nons, which in turn renormalized the spin-wave spectrum irthe cell, and),, , are the isotropic exchange integrals. The
the same proportion. In the present case the transition seerdeminant mechanism of the exchange interaction is the su-
rather related to a divergence of the damping, which preventgerexchange mediated by Te ions and all the contributions
a spin deviation from propagating as a plane wave througlare expected to be antiferromagnetic, which means positive
the magnetic system, giving rise to localized defects. Posvalues with the definition of Eq1). To check the importance
sible origins of such a behavior will be discussed in Sec. V Eof distant neighbors we kept exchange interactions up to the

Temperature (K)
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fourth neighbors. The tetragonal distortion induces an ex- Al I p—
change distortion between neighbors in the same AF plane or - Keftor +OM b) |- scanng )
. A . r+pseudo-DM —-— 90° canting

in different planes. We will account for that only for the N\

nearest neighbors, introducidg—dJ; for neigbors in adja- 81
cent planes.

The choice of the anisotropy terms is not straightforward.
We know from neutron diffractiotf that the spin direction
lays within the plane perpendicular to the elongation axis of
the tetragonal distortion. Therefore we used as a starting
point an easy-plane anisotropy term written 3§D S}, 2.

The easy magnetization axis in the AF plane is unknown and
arbitrarily defined byw. The anisotropy needed to determine ‘ N .
this direction is Written—haE,xm(S"VM—S‘A&), where\; %0 0.5 0 05 1.0

and\ | index spins up and down. E0,0) (E0,0)

Finally H,,is represents anisotropic exchange which is . _
. - olL:. FIG. 12.(a) Effects of a canting of the magnetic structure on the
also expected, generally of the form of the Dzialoshinski spin-wave dispersion in the£,0,0] direction. The thick lines are

Moriya interactionD oy =i Dy my (S Smy)- branches not affected by the canting. Arrows indicate the moves of
The calculation of the spin-wave modes and of thepranches affected by the canting, starting from the collinear struc-
inelastic-neutron-scattering cross sections are given in thgire to the Keffer structure. The dispersions have been calculated
Appendix. The comparison to experimental data is done byith the parameters used in Fig. @) Effects of an anisotropic
defining a limited set of parameters entering Ef). and  exchange interaction between nearest neighbors. See details in the
adjusting their numerical values to get a better agreemengxt of Sec. VD.
between calculated and measured modes. The definition of
the Hamiltonian is not unique and depends on the physicahe spin-wave dispersion. Finally, we see that the exchange
assumptions used for the dominant mechanisms. The grourdistortion dJ; prevents a structural instability ag
state itself is still debated, as the collinear arrangement of the- (0.5,0,0) (as doesh, when introducedl Hence the deter-
spins in AF adjacent planes is in competition with a cantednination of dJ; will be very sensitive to the lowest fre-

Frequency (THz)

state, up to a 90° rotation, as proposed by Kéffer. guency at thigg value and will be strongly affected by the
We have performed a comparison between experimerdssumption on the anisotropy terms.
and calculation, starting from E@l), where, at the first step, The calculation performed with the assumption of a

anisotropic exchange has been negelected. Then we modifiednted structure shows that the highest and lowest modes
the Hamiltonian to account as far as possible for the discrepstay at the same values as in the collinear case, so that the

ancies between calculation and experiment. previous considerations are still valid.
For a better understanding of the relationship between the
adjustable parameters and the measured spin waves, we may A. Collinearity

use the equation of the spin-wave dispersion obtained in the A orelimi ion for th . vsis is th
case of a collinear structure when anisotropy and anisotropic ~* Preliminary question for the spin-wave analysis Is the

exchange are both neglectéske the Appendix This yields nature of the ground state, as there is an uncertainty on the
in the [100] direction ' collinearity of the structure. Therefore we have performed a

model calculation, where only isotropic exchange interac-
w2=16572(J;— 2J3)(1—cosmé) — Jo(1—cos 2mé+hy) ] ti_ons {:md planar si_ngle-site ani_sotropy have been us_ed, to
visualize the evolution of the spin-wave modes when intro-
X{2J1(1+cosmé) +I,(1+cos 2mé) —4J5(1 ducing a canting angle between spins of adjacent AF planes.
Such a canting of the structure only affects the modes not
—cosmé) +4J,(1+cos 2mé) +hp 2 [2(3;—dJy)(1 sensitive to the planar anisotropy, which start linearly from
+cosmé) + 2J5(cosmé+cos 2mé) ]} (2)  the zone center. The acoustic like mo@pper branchand
the optical-like mode(lower branch move towards each
It may easily be seen thaj the velocity of the acoustic other to merge in a degenerate mode in the case of a 90°
branch is dominated by, (i) atq=(0.5,0,0) the frequency rotation, as illustrated on Fig. 1@. The calculation of the
of the lowest mode is proportional wJ; and that of the inelastic-neutron-scattering cross section shows that in the
highest one proportional td,, (iii) the zone-boundary fre- conditions of the present experiment all the modes would be
quency atq=(1,0,0) is given byw?=1285%(J;—2J3)(J,  observable.
—4J;+4J,). We also know that the gap inducedogt O by A qualitative comparison with the experimental results re-
a planar anisotropy is proportional BJ,. HenceJ; andD ported in Fig. 9 clearly excludes the Keffer structure. The
are essentially determined by the gapgat0, the slope of experimental evidence of a small canting should be a broad-
the acoustic mode, and its maximum frequency in[th@0] ening of the lowest mode in the vicinity af=(0.5,0,0),
direction. The zone-boundary mode clearly imposes a strongecause a canting enhances the splitting at that point. The
linear constraint betweedy,, J;, andJ,, while the effects of analysis of the mode aj=(0.5,0,0), illustrated in Fig. 7,
individual contributions are reflected in tlyedependence of and of the segment=(£,0,0),0.5<¢<1, reported in the
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bottom panel of Fig. 8, did not need any intrinsic broadeningseems a value too high to be realistic. This likely points out
the linewidth of the modes being accounted for by the exthe limit of the used Hamiltonian.
perimental resolution. This is in favor of a collingar very
weakly cantegl structure. We have also checked that the in-
clusion of anisotropic exchange terms did not change the D. Anisotropic exchange
main features of the dispersion and could not affect the con- Thig step of the data analysis provided us with a set of
clusion. exchange interactions stable as regards the assumption on the
anisotropy term. It also suggested that the anisotropy was not
well described, as pointed out by the very large splitting of
the low-frequency modes and an obviously too high value of
The experimental observations at the zone center are CoRrJ, /J,. Therefore we considered the effects on the spin-
sistent with the assumption of a dominant planar anisotrop}yave spectrum of the introduction of anisotropic exchange
Indeed such a term removes the twofold degeneracy of thgyteractions, adding a Dzialoshinski-Moriya term to the
acoustic branch and yields a branch with a gap, when thejamiitonian. But forcing such a term on the collinear struc-
other branch still departs linearly from the zone center. Afyyre does not decrease the value of the single-site planar
axial anisotropy would induce a gap without affecting theanjsotropy and has the effect of enhancing the splitting of the
degeneracy. No small frequency gap could be detected in oyéw-frequency modes near=(0.5,0,0), as illustrated by the
measurements, which gives an upper limited.3 THz fora  gashed lines in Fig. 1B) (only low-frequency modes are
possible gap because of the experimental resolution. As gported. This could even lead te?<0 values, reflecting
consequence we kept, =0 for further analysis. the instability of the collinear structure as regards such a
However the use of a single-site term to describe the plagerm. To compensate for this effect, we would then need a
nar anisotropy has the effect of propagating a large modgyrge h, or a still largerdJ; /J; value. So such a DM term
splitting all along the Brillouin zone. Such a splitting would has to be discarded.
have been observed on the low-frequency modes, even with Nevertheless the existence of a canted state has been as-
the limited resolution of our measurements. This is likely acertained in diluted systerffsas a step towards a spin-glass
hint that a more sophisticated description of the anisotropy igtate and related to the high frustration of the AF Ill struc-
needed for a better description of the magnetic system. Wgyre, The tendency of a DM interaction to induce spin rota-
will come back to this point in Sec. VD. tion is well in agreement with such a behavior. Without ques-
tioning the previous conclusion on the collinearity of the
magnetic structure, we have checked the consequences of a
DM term in the case of a Keffer structure. The result is
Many previous works used; and J, as the dominant djisplayed by the dot-dashed lines in Fig.(H)2 The doubly
exchange interactions, but the importancelgfandJ, has  degenerate mode specific to this structure and incompatible
become an important issue. We checked both assumptiongith our data does not change, but the effects on the two
adjusting the parameters to obtain the best fit withother modes are in a very good qualitative agreement with
the experimental data. This was done by minimizing theyhat we are looking for. WitD ), corresponding te~ 6%
reduced x® defined as x*=1/(N—n)Zi_in[Yeadi)  of J;, the correct gap at the zone center is reproduced with-
—Yexeli)[7Ay(i)%, where N is the number of experimental out additional single-site anisotropy and the frequency of the
values(we used 51 experimental daltiﬂdn is the number of lower mode aq: (05,0’0) is enhanced, a||owing thus a re-
adjusted parameteisip to 6, with the neglect ofi;). With  gjistic value ofdJ; /J;=2%.
only J;, dJ;, Jp, andD we obtained(in units of kelvin A continuity argument may be used to assert that a DM
J1=6.345), dJ;=0.592), J,=0.632), andD=1.03(2)  term on a weakly canted structure would only induce small
with a y* value of 4.54, while addind; andJ, we obtained  effects. Then, coming back to the collinear structure, we di-
J1=5.7X(7), dJ;=0.522), J,=0.085), J3=0.001), J4 rectly injected into the development of the Hamiltonian the
=0.182), andD=1.12(2) with ax* value of 1.97. The correcting terms derived from a DM interaction in the Keffer
improvement of they? is significant and is mainly due to a structure. Doing that, we are unable to write the exact ex-
better description of the high-frequency modes in[th®,0]  pression for the corresponding exchange term, because
and [0.5,7,0] directions as shown in Fig. 9. These high- the correction so-obtained contains only the two-operator
frequency modes are not much affected by the anisotropparts of its development in the Holstein-Primakoff
term and thus the values obtained for the exchange interaapproximatior’> Thus the physical meaning of such a term
tions do not depend on the description of this anisotropy. Weemains undefined. Nevertheless, the effects of such a term
have already mentioned the linear correlation imposed by thin the collinear case have still the right properties. With a
value of the mode at the zone boundary. This means that thgeight of ~4% of J; anddJ;/J;=5%, we obtain the dis-
uncertainties on the estimated values are correlated in theersions drawn in full lines in Fig. 1B).
same way. Asl; is found almost negligible, it means thatthe  The validity of such a procedure is not ascertained, but
sumJ,+4J, should be kept nearly constant when deviatingthe weight of the correction needed to get the desired effects
from the optimal values given by the fit. This also explainsis in a very realistic range, when compared to estimations by
the very large change of thi value when introducing;  Larson and Ehrenreiéh of the importance of anisotropic
andJ,. ThedJ;/J; ratio is found~9% in both cases, which exchange in ZB MnTe-based systems.

B. Anisotropy

C. Exchange
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TABLE |. Comparison of experimental and theoretical values of exchange integrals. Values of the nearest-
neighbor exchang&, are given in kelvin and more distant neighbor interactions are given relatise fthe
first two columns are experimental data for highly diluted ZfMn,Te (Refs. 39 and 40and Cd_,Mn,Te
(Ref. 41, respectively, then three theoretical predictions foy G#n, Te (Ref. 3§ and pure ZB MnTéRefs.
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
J; (K) 9 6.1 111 9.3 7.72 5.17)
NPYNR 0.022 0.010 0.006 0.034 0.054 0.014(7)
J3/dy 0.018 0.030 0.024 0.017 0.001 0.000(5)
NPYNR 0.057 0.064 0.065 0.041 0.003 0.082

Therefore we believe that this points out the existence o&nisotropic exchange, prevents a precise determination of
an incipient anisotropic exchange mechanism involved in thelJ;. The value of 9% obtained when a single-site planar
definition of the system Hamiltonian, compatible with the anisotropy and isotropic exchanges are used in the system
existence of the canted structure in DMS'’s. Hamiltonian, is unrealistic as regards what may be deduced

It is also worthwhile to notice that the various dispersionsfrom — the geometrical dependence of the super-
reported in Fig. 12 are obtained with the set of isotropicexchang€™>*?~>*In the same way, the single-site planar an-
exchange integrals deduced from the analysis reported i{§0tropy term of 1.1 K used to reproduce the zone-center gap

Sec. VC, with at most a slight deviation within the error IS certainly a very high value. To get rid of these discrepan-
bars. cies we have to introduce additional terms in the Hamil-

tonian. A DM interaction would be efficient in the Keffer
state, but another form is needed to be compatible with a
collinear or weakly canted structure. We cannot deduce from
From the analysis of our experimental data, we deduceehe analysis of our data the literal expression of such a term
exchange integrals up to the fourth neighbors. Due to theor the underlying exchange mechanism, which is likely re-
strong linear correlation betweel3, J;, andJ,, the uncer- lated to the vicinity of a canted structure, favored by disorder
tainties given by the best fit to experimental data are als@s revealed by the substitution of Mn by &d.
correlated, following approximately the relatiodJ, This analysis was done on low-temperature data. But we
—4AJ;+4AJ,=0. More experimental data in less symmet- have also observed a very peculiar temperature dependence
ric directions would have been needed to get a better definef the spin-wave spectrum, with a significant damping well
tion of these interactions, which was impossible due to thébelow the transition temperature and strongly increasing with
experimental difficulties mentioned in Sec. Ill. Neverthelesstemperature, while at the same time the frequencies of the
the values obtained from our analysis are stable as regardsodes evolve in a more common way with a slight decrease.
the various assumptions made on the anisotropy terms arthis behavior is not expected for a transition towards a para-
on the collinearity of the structure. The main conclusions arenagnetic state in an insulating system. The usual origin of
thatJ, is at least as important ak, and that); is almost  the damping in this class of magnetic systems is due to
negligible. This corroborates the importance of the bridgingmagnon-magnon interaction and becomes effective in the vi-
mechanism of Mn by Te ions prior to the direct distancecinity of the transition. Furthermore, in the present case the
between neighbors. The comparison with other experimentatansition is of the first order, which should still decrease this
and theoretical values of exchange integrals is summarizeeffect. A relevant comparison may be found in the evolution
in Table 1. of the spin waves in MnO. In that case, Mn ions also form a
The value ofJ; deduced from our measurements is no-fcc lattice and the system undergoes a first-order transition
ticeably below all other determinations or predictions. Thistowards an AF state of type Il, associated with a trigonal
may be due to the fact that we are dealing with a pure sysdistortion. Spin-wave measuremefnt€ evidenced a de-
tem: the tetragonal distortion associated with the magneticrease of the spin-wave frequencies with no strong damping
transition may affect the superexchange mechanism and thehen approachingy . In the present study, we could only
absence of disorder prevents perturbations of the electroniavestigate the temperature dependence of the spin waves for
characteristics of the system and of the exchange mechanisanfew q values, as illustrated in Figs. 10 and 11, but this is
linked to them, such as the Bloembergen-Rowlandenough to state that this abnormal damping is not specific of
interaction’* a particularg. A complementary information comes from
The same kind of arguments may be invoked to explairRaman-scattering measurements on ZB MnTe, where the
the differences with the estimations 8§, J;, andJ, ob-  zone-center mode has been followed with increasing tem-
tained on highly diluted systems. Nevertheless the overalperature, revealing a small decrease of its frequéhbyt
conclusions on the relative importance of distant neighborshe observed damping, which also increases rapidly figar
are quite similar. keeps small absolute values in comparison with the mode
The complex behavior of the lower modes neqr frequency.’ So we can also state that there ig dependence
=(0.5,0,0), depending on exchange distortidd, and/or of the spin-wave damping.

E. Discussion
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This kind of damping could be due to an interaction be-linear structure. A correcting term deduced from the devel-
tween spin-wave modes and “other modes” of the systemppment in the Holstein-Primakoff approximation of a DM
related to structural or electronic characteristics of the mateterm applied to a Keffer structure has been injected in the
rial, or to a very large anharmonicity. calculation of the spin waves of the collinear system. The

Because of the quenching of the Mn orbital moment wemain features of the experiment are thus reproduced, with a
cannot expect a strong magnon-phonon coupling related taeight of this term corresponding ts4% of J;. This can
spin-orbit coupling. The usual interaction between magnetionly be considered as a strong indication that a specific an-
and structural dynamical properties in insulating systems igsotropic exchange would be able to account for the experi-
due to the fact that the spins are linked to ions, and, in thenental observation. But the literal expression of such a term
case of magnetic superexchanges, that the exchange is meti-still to be found.
ated by intermediate ions. So the lattice vibrations induce a An anomalous damping of the spin waves has been ob-
modulation of the spin positions and also of the exchangeerved, which reveals a strong perturbation of the collective
interactions. This should lead tagedependent broadening of magnetic modes. This could be due to the high anharmonic-
the spin-wave modes. This mechanism is usually considereity of the system or to a dynamical modulation of the ex-
as giving rise to only small effects. Would ZB MnTe be an change interactions. We can unfortunately not assert that
exception? there is a common explanation of this temperature depen-

Another suggestion would be that the anisotropic ex-dence and of the need of an unusual anisotropic exchange.
change term, which is needed to replace the single-site planar The experimental study presented in this paper should
anisotropy of our description, would involve four-operator provide a set of data useful for quantitative comparison with
terms, such as biquadratic exchalggying rise to a thermal further theoretical models. On another hand, such a determi-
dependence of this contribution. This would be in accor-nation of spin-wave branches in a MBE-grown sample may
dance with the vicinity of a canted state in the phase diagraralso be considered as a step towards similar measurements
of the system and would affect preferentially the opticalperformed on quantum magnetic structures obtained via ep-
modes which reflect the sublattice interplay. itaxial growth, such as, for instance, superlattices made of

Evaluating the effects of such a coupling is beyond theMnTe and ZnTe thin layers. The same kind of measurements
scope of the present paper. But most of the discrepancignay indeed be undertaken on samples with a typical thick-
with standard models, pointed out by our analysis, coulchess of 1um when the magnetic moment per unit cell is of
have a common origin in the very strong correlation betweersame order as that of M# in this study.
structural and magnetic properties, either via the definition of
the magnetic exchange interactions or via any kind of cou- ACKNOWLEDGMENTS

ling between magnons and lattice vibrations. . .
Piing g We would like to express our gratitude to Professor J.

Kossut for his continuous interest in the present studies as
VI. CONCLUSIONS well as for his encouragement. Thanks are also due to J.
_ ) Domagata for his kind help in the layer structure character-
~ The spin-wave spectrum of MnTe has been obtained by;ation. One of u¢T.W.) acknowledges the hospitality of the
inelastic neutron scattering on a MBE-grown sample withypjversity of Notre Dame, where final stages of work on this
ZB structure. The salient features of the spin-wave dispermanuscript were done. This study has benefited from finan-
sion exclude the Keffer structure and favor a collinear orgia| support within the frame of a POLONIUM project, a
only weakly canted structure. The accuracy of the measurgsppperation between CNR&rancé and the Polish Acad-
ments was high enough to analyze the interactions up tg@my of SciencegPoland. The work was also supported in
fourth neighbors. The numerical determination of the expart py the Committee for Scientific ResearéRoland
change integrals is nearly independent of the assumptiongrough Grant No. PBZ/KBN/044/P03/2001, within Euro-
made on the anisotropy of the system and the importance Qfean Community program ICA1-CT-2000-700(Bentre of
distant neighbors is well confirmed and qualitatively sup-gxcellence CELDI$ and by the European Commission
ports theoretical predictions of exchange interaction modelgnrough the Access to Research Infrastructures Action of the

or ab initio calculations. Our determination of the nearest-improving Human Potential ProgramméContract No.
neighbor exchangé, is at the lower limit or even below the HpR|-CT-1999-0003p

common extrapolation based on diluted MnTe magnetic sys-
tems. APPENDIX

The assumption of a single-site planar anisotropy allows ] )
to account for the observed lift of the degeneracy near the To find the eigenvalues of E¢l), we have to make some
zone center, but has the consequence of propagating all alo@§sUmption on the magnetic structure. The simplest one is to
the Brillouin zone a splitting of the spin-wave branches,SUPPOse that the structure is collinear. In this case we may
which is not observed. This discrepancy and the very higtspecify up and down spins by definirgy, andT‘mM such as

value of the exchange distortiodJ;/J;~9%, points out sUo=TY |
the necessity of a more specific intersite anisotropy term. The me e
Dzialoshinski-Moriya anisotropic exchange between nearest Shme= " T s
neighbors, which is usually referred to, is inefficient to ac-

count for our experimental data with the constraint of a col- vamz —Tvnvw
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and

Sne=Tm

mu
- _ 7+
S = T s

whereS",S",S" are the spin components;, labels the spin
direction, which is supposed to be within tkg plane of a

given domainu,v is an arbitrary choice to define the trans-
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and
1 . R
bmﬂ=m; exp —iK-Tpy,)b,(K),

1
o e T
bm“_J—N ; explik I, ) bL(K),

verse components of the spin. We then use a Holstein-

Primakoff approximatiof?
S = \/Z—Sax,
S\ =254,
Sh=S- aIT)\alx ,
and
Tone=V2SH,,,
T o= 2Shn,,
Tu=—S+bl,bm,.
whereay, , &} , by,

or annihilating a spin-1/2 deviation at sitBs or mu. Then
we write the Fourier transforms

1 TN .
alx:\/_NEK exp(ik-1y,)a, (K),

aﬁ:%ﬁ% exp(—ik-ri)al(K)
|
a—w b c —b*
b* a-w -b c
-C b* —a-w -b
b -c -b* —a-ow
—d 0 0 0
0 —d 0 0
0 0 d 0
0 0 0 d

where

"

a=213+214— Z1o+ ¥11~ 211+ 213+ DS+ ha+ ¥ — 211+ 2,

" " "

1"
—Zpt v~ 211t 7y,

b=yt ¥1,,

and b;w are boson operators creating

where N is the number of cells. The operators obey the
commutation  rules [a,(K),al (k')]=8\ Sk and
[b,.(K), b’ (K')]= 8,00 S

Each term of the Hamiltonian may be written as a func-

tion of these operators, using for the planar anisotropy the
relatior(®

(8)?=—1[(S")*+S(S")*~25-25 S"],

wherez labels the direction perpendicular to the easy plane.
Keeping only terms with two operators, this yields
=2>H,, whereH, is a bilinear form of the operators. A
linear transformation is then needed to get the Hamiltonian
in its diagonal form. We introduce four operatars, with

(k) =Xi181(K) + Xi285(K) + Xi3b3(K) + Xi4bj(K)
+%i581(— k) +Xi6a( — k) +Xi7b3(— k)
+Xigha(—k),

which obey the commutation rulex;(K), e (k') 1= &; S
and such thafa;(k), H]= w;(k) «;(k), wherew;(k) are the

eigenvalues of the Hamiltonian. The eigenvalues are the val-
ues ofw that give a zero value of the determinant

d 0 0 0
0 d 0 0
0 0 —d 0
0 0 0 —d
—a—w -b -c b* |’
—b* —a—w b -C
C —-b* a-ow b
-b C b* a—-w
|
C=—7Y13~ Y13~ V13
and

d=DS,

with Yij =ZSE,JJ,]eXpﬂlzaIJ) andzij = ’}/”(0) Hel’e,aij isa

vector joining sitei to sitej, vj, i, andzj,z,z; are
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used for second, third, and fourth neighbors. R ~ ..

Because of the tetragonal distortion we take for the near- S(Q,®)(1+Q%)> 8(Q—q—r7)
est neighborsl;3=J,,=J; and J;,=J;,=J;—dJ;. This 7
yields

>

1
2 50HF(Q)

AN

.1 - -
xexfg —Wy(Q)J5 9, Fr(Q)exd — Wy (Q)]
Y12= 4(J1—dJy) § cosmk,(cosmk,+ cosmk,)

+isinmk (cosmk,— cosmk,)], xex —it(X—X")(a\(a)a, (q)).

715~ 8J1Scosmkcosmk,, By expandinga, (q) asa,(d)==S;t,;e; and taking into ac-

count that(a;(q) (d)) =n(w(q), T)+1, wheren(w(d),T)

1,=4J,9 cog27k,)+cog27k,)], ) /
1 25 cog2mky) 2mky)] is the thermal population of a boson mode, we get

¥1,=16J3Scog 27k,)cosmkcosmk,,, S(Qw)x(1+ (5?)2 3(Q—-q—7)

2

v1,=8J39 exp(imk,)cosmk.cog27k,) - -
o ‘ ‘ 7 X2 | 2 exp =7 N)ty(d)

+exp( —iwk,)cog2mk,)cosmk, ],

¥ih=8J,Scos 27k)cog 27k, ), *[n(w;(@). N+ 150w (a)

¥15=8J,4Scog 2k, )[ cog 2 mk) + cog 27k, ]. which may beﬁ simplifiedﬁ becau§@=r+q and t,;(Q)
_ | o =exp(-7Nt(@), andw;(Q)=w;(q).

Solving the equation, we get eight eigenvalues, corre- All previous calculations are based upon the assumption
sponding to* w;(k), which means four dispersion curves. of a collinear structure. In order to account for a noncollinear
With no anisotropy, this would correspond to two doubly structure with a spin rotation of 90° between the two sublat-
degenerate branches, classically an acoustic mode, dispersitiges, we have to change the definition of spins 2 and 4 of the
Ilngarly from zero frequency near the zone center, and aQecond sublattice. This is done by definéﬁgas
optical mode. In fact in the present case both modes start
from zero frequency at the zone center, because in the long-
wavelength limit the two sublattices are independent, as o= Samps
mentioned in Sec. Il B. An axial anisotropy introduces a fre-
guency gap but does not lift the degeneracy. This degeneracy
is only removed by a planar anisotropy. When the planar ’gmf—sgvmﬂ,
anisotropy term is neglected, the equation giving the two
degenerate modesis’=(a+c)(a—c*2b). This is used in
Sec. V to get Eq(2). o= Som

To disentangle the experimental data we also needed to
calculate the neutron-scattering cross section. Following i -,

Lovesey’® this is done starting from the general formula ~ @nd the equivalent fo§, . o

Contributions derived fron8, - S;, which wereylzalaz
+y%ala,—z1(aal +a,al) with the collinear structure,
are now 1/2y,(a;a}+a,a5) + yi(ala,+ala’})}, which
modifies the determinant yielding the eigenvalues. The cal-

suiw)ocaZB <5a,ﬁ—éa6ﬁ>f dt exp( —iwt)

x(f(%(O)f(’fQ(t)) culation of the neutron-scattering cross section follows the
_ same derivation as reported above, with the complication
with «, 8= §,7,{ and that we have no longer the factorization of the orientation
1 term 1+ Q3.
f(gzlz: EgAFA(Q)qu_WA(Q)]eXp{_id'(r+ IS To check the effect of a Dzial0§hinski-Moriya term be-
A tween nearest neighboByp2i;Dj; - SS;, we used the fact
HereQ is the unitary vector of the total momentum transfer,that for neighborsij l’Vith rij = 3,2.0) we have D;;
F, is the magnetic form factor of the M# ion, andW, is =(1N2,-11\2,0) andD;;=—D;; and equivalent relations

its partial Debye-Waller factor, related to thermal motions.by symmetry(see Ref. 4Y. Only two-operator terms of the
For a collinear magnetic structure only the terms reduced adevelopment in the Holstein-Primakoff approximation are

Xt andX~ are meaningful. Using the same approximationkept, then Fourier transformed. This gave &1e|ependence
as before, witha, and b; we get of the anisotropic exchange generated by the coupling.
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