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Electron-spin-resonance studies of the ferrimagnetic semiconductor FeG$,

V. Tsurkan}? M. Lohmann! H.-A. Krug von Nidda! A. Loidl,* S. Horn! and R. Tidecks
nstitut fir Physik, Universita Augsburg, UniversitsstraRe 1, D-86159 Augsburg, Germany
2Institute of Applied Physics, Academy of Sciences of Moldova, Academiei 5, MD 2028, Chisinau, Republic of Moldova
(Received 18 October 2000; published 13 March 2001

Electron-spin-resonand&SR) measurements have been performed on f®G&ingle crystals in the tem-
perature range 4.2—200 K. On decreasing temperature, the resonance lines strongly shift to low fields for the
easy magnetization directio100), and to high fields for the hard directiond,10) and(111). In the hard
directions additional resonance modes appear below 125 K. The nonmonotonic behaviors of the ESR linewidth
and intensity indicate substantial changes of the relaxation processes below 125 K, which correlates with the
macroscopic dc magnetization and ac susceptibility data.
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I. INTRODUCTION field to the plane surface. Perfect octahedron-shaped as-

grown single crystals and polycrystalline samples were also

The ternary FeGB, ferrimagnetic semiconductor shows studied. The orientation of the single crystalline samples in
correlated transport and magnetic properties. The observéhe principal directions was better thar2°. In all measure-
tion of a colossal magnetoresistance similar to that of manments the frequency was=9.478 GHz.
ganese perovskitésand of a half-metallic behavidrhas
attracted considerable interest in this material. It has a nor-
mal spinel structure with two magnetic sublattices occupied
by tetrahedrally coordinated Fe and octahedrally coordinated Figure Xa) presents typical ESR spectra at a selected tem-
Cr ions which order antiferromagnetically below the Curie perature belowT¢ for one of the disklike samples with a
temperatureT¢ (~170 K).2 High-field magnetization mea- (110 plane orientation, recorded in the parallel configuration
surements indicate a strong magnetocrystalline anisotropy
due to the presence of Feions tetrahedrally surrounded by
sulphur iong"® Recently, the unusual behavior of the low-
field dc magnetization of Feg3, single crystals, similar to
that of a spin glass, was observed below 60 kac suscep-
tibility measurements revealed considerable temperature-
dependent magnetic relaxation processes at low
temperatur&. The origin of these phenomena is not clear at
present. Structural changes may be the reason. Electron-spin
resonancdESR) is a powerful technique for the investiga-
tion of spin-lattice and spin-spin relaxation phenomena in
magnetic materials, and is thus suitable to improve the
knowledge about the dynamic magnetic properties of this
compound. As far as we know, this is the first ESR study on

IIl. EXPERIMENTAL RESULTS
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FeCpS, single crystals were grown by the chemical trans- = T O/O 2000
port reaction method with chlorine as the transport agent. Q d
The sample pompositio_n was checked_ by energy-dispersive "’63 _<100> J <> <110>
x-ray analysis. The single-phase spinel structure of the T q
samples was confirmed by x-ray-diffraction analysis. ESR 2 | L | |
measurements were performed for 42 K<200K, using a 0o
Bruker ELEXSYS E500 cwX-band spectrometer with fre- 1 . . ‘ ‘ . ‘
guency modulation of the magnetic field, and recording the 0 20 40 60 80 100
field derivative of absorptiond P/dH, with a lock-in tech-

¢ ; ) © (degree)

nigue. Samples were mounted in a continuous He gas-flow

cryostat(Oxford Instruments and the temperature stability FIG. 1. (@ ESR spectra of a Fe¢3, single crystal(sample
was about 0.3 K. Measurements were performed on polishege 35m, disk) at 105 K for theH(110) plane along three principal
thin disks with(001), (110), and(111) plane orientations for axes.(b) Angular dependence of the resonance field for the same
parallel and perpendicular configurations of the magneticample at 105 K.
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FIG. 2. ESR spectra of a Fefs; single crystal(sample Fe

35m, disk) at different temperatures for thell(110) plane.H is FIG. 3. ESR spectra of a Fefy; single crystal (sample
applied in the easy magnetization directid®0). Inset: ESR spec- Fe 35n, disk at different temperatures fdfl{110).

tra for perpendicular orientatiofisample Fe 3& disk, plane

(100) HI(001)]. Below 90 K these two lines merge and continuously shift to

higher fields, with an increasing rate for decreasing tempera-
with the magnetic fieldH along the three main crystallo- ture.

graphic directions{100), (111), and(110. The spectra are In the (111) direction the ESR spectra show a similar
strongly angle dependent, as shown in of Figb)lwith  temperature behavior as for the #14.0) axis. The rate of the
different temperature behaviors for different axes. Figure Zemperature shift oH . is considerably higher than for the
shows the field dependence of the ESR signal at variou&l10 direction in the range 140—-80 K. Below 70 K the reso-
temperatures for the same sample, with the magnetic fieldance field in thg111) direction becomes smaller than that
along the easy magnetization directi¢h00). In the para- in the (110 direction. At temperatures below 60 K, ESR
magnetic state above 167 K no ESR signal was found. Delines in the hard directions become strongly distorted.
creasing the temperature from 165 to 105 K yields an in- In the temperature range 90KI <160 K the main ESR
crease of the ESR line intensity and a shift of the resonanckne was found to have a pure Lorentzian shape, and from the
to lower fields. For further decreasing temperatures the ineorresponding fit of the spectra the values of the resonance
tensity of the ESR line significantly decreases. A similar beield, H . of the linewidth,AH, and of the integral intensity,
havior of the resonance line fét in the (100 direction was |, were calculated. Figure 4 shows the temperature depen-
observed for thg001) plane both for parallel and perpen- dences of these parameters for the three directions investi-
dicular configurations. In the inset of Fig. 2, ESR spectra forgated for a disk of110) plane in parallel configuration. The
temperatures between 90 and 60 K are presented. Below Giiewidth AH in the (110 and (111) directions exhibits a
K no ESR resonance line could be detected in ¢he0 nonmonotonic temperature change with a minimum at
direction. around 125 K, whereas in tH@00 directionAH decreases
The ESR spectra foHI{110) axis exhibit a completely continuously with decreasing temperat{ifég. 4(b)]. A non-
different behavior than fo /(100 (see Fig. 3. On decreas- monotonic behavior of the integral intensity of the ESR sig-
ing temperature, 160KT<<135K, the resonance lines are nal is a characteristic feature of all three directidifsg.
shifted to lower fields, whereas for temperatures below 13@(c)]. Similar variations of the ESR spectra were observed
K they are shifted to higher resonance fields. At temperaturefor (100 and(111) planes in parallel and perpendicular con-
below 125 K, a second resonance line is observed in théigurations. However, below 90 K the data érand AH

low-field region. The second resonance line is shifted tashould be treated with caution because of the strong distor-
higher fields with decreasing temperature, like the main linetion of the ESR lines.
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st a o FIG. 5. Dependence of the resonance frequesigy normalized
@ ‘// \A\ E\lu to the anisotropy fieldd 5, on an applied magnetic field normal-
= a4 /D *6&‘&23559\& ized toH,.
g g 2.
= r / wlyH,, i.e., low values of the anisotropy field, the reso-
©) o° \6 nance fieldH s is smaller than in th€111) direction, but for
00 80 100 120 140 160 higherH , the situation is reversed, as can be seen from Fig.
T K) 5. In our experimentv is fixed, butH 5 varies with tempera-

ture. The anisotropy fieldH, increases with decreasing
FIG. 4. Temperature dependences of the resonanceHiglda), temperaturé,so thatw/ yH, decreases with decreasing tem-
linewidth AH (b), and integral intensity (c), of a FeCsS, single  perature. Thus Fig. 5 explains very well the experimentally
crystal (sample Fe 3%, disk) for three principal crystal axes. In- observed behavior of the resonance field with temperature
set: H,=Tf(T) for the same sample at increased scales at higHor all three directions studieligs. 4a) and Ga)].
temperatures. The values of the anisotropy field plotted in Fig. 6 were
calculated from Egs(l) and (2) using the measured values
IV. DISCUSSION of resonance fieldH . for these two directions, and consid-
ering thatw/y is constant. We now justify the use of the
The evolution of the resonance fields with decreasingabove-mentioned formulas to calculate the anisotropy field
temperature in the range 160-60 K can be understood ifor our nonspherical samples, in which a shape anisotropy
terms of a ferromagnet with a strong cubic anisotropy. Thenay play a role. As is well knowh; only in the case of a
resonance conditions in a ferromagnetic sphere for the magphere is no shift of the resonance field by demagnetizing
netic field applied in the three main directiofi00), (110,  fields expected, because the demagnetizing contributions
and(111) are given by the relation$ along the main axes cancel each other. For our octahedron
sample in all three principal directions the resonance field
H,es is not changed in the temperature range above 150 K
) _ [see the inset of Fig.(8)]. This indicates a small contribu-
(11D ol y=Hres~ 4HA/3, 2) tion of the anisotropy field, which is temperature dependent
. _ 12 and could yield a temperature dependenceHgf,. More-
(119: @/ y={(Hres~ 2Ha)(Hrest HA) - (3) over, for these temperatures the experimentaqlisvalues of the
where w is the resonance frequency,is the gyromagnetic resonance field are the same for #id1) and (100 axes.
ratio (y=ge/2mc), g is the spectroscopic splitting factor, The value ofH s in the (110 direction for this temperature
H,=K/M is the anisotropy fieldM is the sample magne- range is only slightly loweftby ~1%) than for the(111) and
tization, K, is the first-order anisotropy constant, and the(100 directions. Thus the demagnetizing fields, which could
second-order anisotropy constant is neglected. lead to some angular dependence due to differences in shape,
Using Egs.(1)—(3) we calculated the field dependence of or to a temperature dependence due to the temperature de-
the resonance frequencies. In Fig. 5 these theoretical curvggndence of the magnetization, are negligible. For this rea-
are plotted, normalized to the anisotropy fiéld . Accord-  son we consider the octahedron sample as a sphere and use
ing to Egs.(1)—(3) an anisotropy fieldH , for fixed w shifts  Egs.(1)—(3) for the calculation of the anisotropy field.
the resonance field in th€l00) direction to low fields, For the disklike samplésee the inset of Fig.)4at high
whereas for thé111) and(110 directions this shift is in the temperatures between 150 and 160 K, where the contribution
opposite direction. In thé110) direction for large values of of the anisotropy field is small, the demagnetizing field shifts

(100:  w/y=Hyest2Ha, (1)
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sof iz The experimentally found value of the resonance field,
R oo \\ ~3900 Oe for the octahedron sample at high temperatures,
\ ~ . where the contribution of the anisotropy field is Ipgee the
\ -] Toag_gA=t=t inset of Fig. €a)] strongly deviates from the value 3386 Oe
r =}

\ a6 o calculated forg=2 according to the formuta

—A—<111>

H, (kOe)
T

\i\ /O hv=gugH s, 4

where wg is the Bohr magneton. This can be understood
taking by into account the presence of two antiparallel
N aligned magnetic sublattices. For ferrimagnetic substances,
. oA like ours, the effectivey factor is given by the formuld*3

N " “‘Eﬁ@fﬁi&aﬂn—-—-—. : y

a) *0 g0’ Geii=(M1—M3)/(M1/g1—M;/g,), 6)

whereM,,M, andg,,g, are magnetic moments amgfac-
—®— octahedron tors of the two sublattices, respectively. Using the single-ion
ok value for Fe and Cr moments amgdvalues of these ions in
similar substance¥:!® one can easily obtain the observed
value of the resonance field. For example, dag=2.07 and
b) 0cr=1.95, the calculated value of the resonance field is 3876
0ok ‘ ‘ i~G=g-g-g Oe, which is close to the observed one.
60 80 100 120 140 160 The appearance of additional low-field resonance lines in
T (K) the hard magnetization directiofE10) and(111) may result
from the nonsaturated state. Indeed, the field position of
FIG. 6. () Temperature dependences of the resonanceHigld  these additional lines corresponds to an incomplete align-
for three principal crystal axes and of the anisotropy fidld of a ment of the magnetization vector by the applied fieRimi-
FeCpS, single crystal(sample Fe 35, octahedron Inset: Hees g additional low-field resonance lines were often found in

= f(T) for the same sample at increased scale at high temperatureg, nsatyrated multisublattices ferrimagnéstse, for example
(b) Temperature dependences of the anisotropy fidlg for Ref. 16 ' '

samples Fe 35 and Fe 3Ah.
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The nonmonotonic temperature behavior of the linewidth
of the ESR signa|Fig. 4(b)] reflects the contribution of dif-
the resonance for all three directions to lower fields, as onéerent mechanisms. One of these, probably caused by critical
expects from the Kittel formula for ferromagnetic resonancefluctuations, determines the decreas@éf around the mag-
in an in-plane magnetized disk!? netic phase transition. The increase of the resonance line-

The temperature dependence of the anisotropy field obwidth at temperatures below 125 K may be related to some
tained experimentally from the resonance fields for the octainhomogeneous broadening due to lattice distortions in-
hedron sample is shown in Fig. 6, together with data obduced, for example, by the Jahn-Teller effect or by magne-
tained for the disklike specimen which is magnetized Withintogtriction. These effects were envoked for explanation of the
its plane. The calculated values of the anisotropy figjdin ~ MOssbauer spectra anomalies of Fg&r'~>! The appear-
both cases are close, indicating that contribution of the shag"ce of lattice distortions in FegS;, and their increase with -
anisotropy is small. For temperatures where the resonandifCcreasing temperature, were found earlier as a broadening
field in (100) direction is clearly determined, we calculated ©f X-ray-diffraction lines at temperatures beldw.™ If this
H, from the difference of the resonance fields(iri1) and me_chanlsm is of 5|gn|f|(_:ance_ here, th_en our ESR data give
(100 directions, as explained above. From the resulting Val_ewdence of a strong spin-lattice coupling in this compound.

. Since our samples have a relatively low resistivity, we
ues ofH, using Eqs.(1) or (2), we calculatedu/y as the should discuss a possible influence of the skin effect on our

function of temperature for the range 160-100 K. This yieldsr : :
esults. We estimated the penetration depthby the
a value ofw/y~3900 Oe, independent of temperature within formula3 P pihby

~2%. For lower temperatured €100 K), where the reso-

nance field in the/100 direction cannot be evaluated, we 8= (pl pow)*2. (6)
used the resonance field for ttiEelL1) direction together with  There is a minimum of the resistivity observed at around
the w/y value mentioned above, which is assumed to be alsq@og K with the valuep=4.5x10"3Q m.2* With uo=4m
constant below 100 K. This assumption is justified usingx 10-7v s/Am andw=27x9.47 GHz, this yields a mini-
Egs.(2) and(3), though only within=10%, according to an  mum penetration depth of 2.48.0~* m which is ~5 times
increase of the error in the determinationtbf,s caused by  higher than the disk thickness. Moreover, our measurements
complicated shape of the resonance curve. The values of thgh similar polycrystalline FeGs, samples show that the in-
anisotropy field calculated in this way are in agreement withtegral intensity of the ESR signal is essentially the same as in
the data obtained from the high-field magnetization measuresingle crystals. In the case of a skin effect this cannot be
ments on the same single crystahhich will be published expected because of the considerably higher ratio of surface
elsewherg to volume for polycrystals as compared to single crystals.
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These facts indicate that the skin effect does not influenc®e observed large temperature variations of the resonance
our results. fields due to the magnetocrystalline anisotropy. For the easy
Finally, it is necessary to note that the observed peculiarimagnetization directioi100) the anisotropy field causes a
ties of the ESR spectra below 125 K point to considerablestrong decrease of the resonance field with decreasing tem-
microscopic magnetic changes, and correlate well with th@erature. Below 60 K the resonance in this direction is sup-

dc magnetization and ac susceptibility dafavhich show Pressed. For the hard magnetization directiéhs0 and
strong variations of the macroscopic magnetic properties if111 the anisotropy field considerably shifts the resonance

this temperature range. Further studies are necessary i_@ h|gher f|e|dS In these hard magnetization directions addi-
clarify the origin of these transformations. tional low-field resonance lines at temperatures below 125 K

were observed. A nonmonotonic temperature behavior of the
integral intensity and of the resonance linewidth of the main
resonance lines was found, which indicates substantial

We have investigated the electron-spin resonance aofhanges of the magnetic relaxation processes in the studied
single crystals of a FeG3, ferrimagnetic semiconductor. compound below 125 and 60 K.

V. CONCLUSION
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