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Automated ESR spectrometer
for various applications
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The paper presents a 3-cm automated ESR spectrometer providing measurements be
done in the temperature range 4.2 to 300 K. The spectrometer is designed according to a
standard scheme with a superhet SHF radiation receiver and magnetic field modulation.
The software for the spectrometer is designed as a single program module guaranteeing
performance of all types of experiments and based on the principles of structural program -
ming and elements of object-oriented programming assuring mutual independence of algo -
rithms and the possibility to expand the software support. Advantages of the spectrometer
are illustrated taking investigations of characteristics of diluted magnetic semiconduc tors
as an example. Preliminary investigations of both organic and inorganic substances that
have been carried out on the spectrometer testify to possibilities of its effective applica-
tion not only in physics but also in medicine and biology.

B cratee ommcan aBTomaTusupoBaHHBI ICP-crmexTpomerp 3-cM auamnasoHa, obecredu-
BalOIUil TpOBeJeHUe H3MepeHuil B TemieparypHoMm auamasone 4,2—-300 K. Cmoexrpomerp
IOCTPOEH II0 CTAHAAPTHON CXeMe C CylepreTepoAuHHBIM npueMHuKOM CBY wmsnyuenus u
MOIYJIANMEeH MarHuTHOrO MoJiA. IIporpaMMHOe obecledyeHmre [AJid CIeKTpoMeTpa paspaboTaHo
B (bopMe eIMHOr0 MOAYJSA MIPOTrPaMM, MapaHTUPYIOIIEr0 BBLIMOJHEHHE BCEX THUIIOB JKCIIEPHU-
MEHTOB ¥ OCHOBAHHOT'O HA MPUHIIMIIAX CTPYKTYPHOI'O IPOrPAMMUDOBAHUA U DJIEMEHTOB 00'b-
€KTHO-OPUEHTHPOBAHHOTO IPOrPAMMUPOBAHUA, 00€CIIeUNBAIOIIEr0 B3ANMHYI0 HE3aBUCUMOCTD
aJITOPUTMOB M BO3MOYKHOCTH DPACIIMPEHUS IPOrPAMMHON mommep:xkKu. IlpemmylmecTBa pas-
paGoTaHHOI'0 CIIEKTPOMETPA IIOKAa3aHbl HA IIPUMEpPEe HCCJIeNOBaHUA (DYHKIUA pasbaBIeHHBIX
MATHUTHBIX IMOJYIPOBOAHUKOB. IIpeqBapuTesbHbIe MCCAEIOBAHNS KaK OPraHUYECKUX, TaK U
HEOpraHMYeCKUX BEI[eCTB, BBIMOJHEHHBIE C IIOMOIIbIO JAHHOI'O CIIEKTPOMETPA, CBUIETEJIbCT-
BYIOT O BO3MOJKHOCTH ero 5(G(QeKTHBHOIO NMPUMEHEHUsA He TOJbKO B (hU3UKe, HO TaKMKe B
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MeIUuIlMHe U OUOJIOTUH.

As a rule, most of paramagnetics are
studied 3-cm ESR spectrometers; only in
few cases, the particular interest in higher
resolution of ESR spectra necessitates the
development of higher-frequency spectrome -
ters [1]. Development of an ESR spectrome -
ter with high sensitivity and fully auto-
mated data retrieving and processing is of a
gaining importance. This paper presents a
3-cm ESR spectrometer with fully auto-
mated process measuring of ESR line pa-
rameters, which retrieves information on
magnetic properties of substances at low
concentrations of paramagnetic centers.

ESR spectrometer is a part of a set-up
for studying different characteristics of
substances, such as conductivity, surface
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characteristics, and magnetic susceptibility
in the temperature range 4.2 to 300 K. The
spectrometer can be tentatively presented as
divided into four functional blocks: tem -
perature, magnetic field controlling, scheme of
ESR line recording and software (see Fig. 1).
The temperature stabilization circuit in-
cludes three temperature sensors, a tem-
perature measuring block, a computer, and
two heaters with a power supply unit. To
attain a desirable temperature, a cooling
liquid (nitrogen or helium) is pumped under
pressure into the lower part of cryostat. As
the cooling medium evaporates, a flow of
cold gas is formed, which can be regulated
by a throttle. This provides wide-range tem -
perature regulating within the cryostat. To
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Fig. 1. Block-diagram of ESR spectrometer.

control the operating chamber temperature
more precisely, we use an automatic stabi-
lizing circuit. The precision of temperature
stabilization £0.1 K is achieved using a pro-
portional integral-differential (PID) control
algorithm. The resonance cell is placed in-
side a copper cylinder so that the tempera -
ture around it is distributed homogene-
ously. Under the temperature stabilization
regime, the resonance cell temperature
reaches the preset value in 10—-20 minutes
and remains stable to within #0.1 K during
the whole experiment.

The magnetic field control circuit in-
cludes a Hall sensor, a magnetic field meas -
uring block, and an electromagnet with a
computer-controlled power supply unit. The
signal from the Hall sensor enters the com -
puter which produces a monitoring signal
for the electromagnet basing on the PID
algorithm. The magnetic field can be regu-
lated both with and without feedback. The
latter regime is used for a preliminary re-
cording of ESR line; in this case, the deter-
mination precision of the magnetic field
value is #40 Gauss because of hysteresis in
the magnet core. When the feedback algo-
rithm is used in the magnetic field range 0
to 7500 Gauss, the magnetic field stabilis-
ing and measuring precision is 1.0 Gauss.
When determining g-factor as well as meas -
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uring narrow lines, the magnetic field in-
terval can be considerably reduced and,
therefore, the magnetic field stabilisation
and measurements can be as exact as
+0.01 Gauss.

The ESR spectrometer is designed basing
on a superheterodyne receiver of SHF radia -
tion, magnetic field modulation and record -
ing of the first derivative of absorption line
at the magnetic field modulation frequency
(Fig. 1). The klystron frequency is stabi-
lized using a scheme of automatic frequency
control to the working resonator; a voltage
modulation scheme on the klystron reflector
at 100 kHz frequency is used. The synchro-
nous detector that is used in the spectrome -
ter can be operated by hardware as well as
by software. The former way provides a bet -
ter noise reduction during the ESR line re-
cording. The choice of time constant is
stipulated by the width of the initial spec-
trum. The latter way is more suitable for
narrow intense lines.

The operation of the setup and the meas-
uring of analog signals are monitored
through analog-to-digital converter-digital-
to-analog converter L761 of L-Card. Control
over the experiment and data recording are
supported by the software written in Bor-
land C++ 5.02 using the library of API
functions of a driver from L761 card. The
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software operates under Windows 95, thus
has expanding the possibilities for data
visualization and providing a convenient in -
terface. The software fulfils three func-
tions: stabilization and measurement of
temperature inside the cryostat, measure-
ment and control over the magnetic field,
and automatic recording of ESR lines. Tem -
perature stabilization is performed simulta -
neously with control over the magnetic field
and registering of ESR line. When studying
substances with low concentration of
paramagnetic centers, the sensitivity is in-
creased through the regime of accumulating
data from multiple measurements of the
ESR line (Fig. 2). We have also introduced
an additional digital integration of the sig-
nal from the synchronous detector. When
the ESR line is recorded, the program
shows the measured values of the absorp-
tion signal in graphic form on the screen in
real time. The software uses automatic defi-
nition algorithms of ESR line width and its
center. The ESR curve width is determined
as the distance between the maximum and
the minimum of the first derivative from
the absorption line, whereas its center is
defined as a point where the line intersects
with x-coordinate axis. Software automated
regime of the integrating voltmeter is used
to compensate for the circuit error.

In cases when the ESR spectrum is a
broad, low-intensity line, the curve parame -
ters cannot be determined precisely using
numerical methods because of the noises
that overlap with the ESR curve. The algo-
rithm of fitting the experimental curve to
theoretical one is used to obtain a smooth
curve. If a real ESR spectrum cannot be
described by either Lorentz or Gauss func-
tions, the central part of initial experimen -
tal ESR spectra is approximated with a
polynomial of highest power, which looks as
follows:

f(H) =ay +ay(Hy - H) + 1)
+ a2(H0 - H)"'... + an(HO - H),

where H is the line center defined as a
point where the first derivative of absorp -
tion line intersects zero; a; are coefficients
of polynomial determined by approximation;
n, the order of the polynomial. The determi -
nation algorithm of the ESR line width and
center is as follows. First, the center of
experimental curve is determined and the
approximation by formula (1) is carried out.
Then, the center of ESR line is determined
from the approximated curve at a higher pre-
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Fig. 2. ESR spectrum of the sample of
Hg,_ ,Cr,Se type with x =0.08 at the tem-
perature T = 224.3 K: for the only realiza-
tion (a), and for 16 realizations (b).

cision, and the second approximation of the
experimental line is conducted. The final
width and center of the line are determined
basing on the last approximated curve.

We have investigated a series of
Cd,_,Mn,Te samples with manganese con-
centration x varying of 0.02 to 0.55 as well
as Mn doped CdTe (CdTe:Mn) crystals grown
by Bridgman method of manganese substi-
tution for cadmium. The crystal under
study has the structure of a zinc blende.
The main particularities of ESR spectrum
of Cd;,_Mn,Te at low manganese concentra-
tions are as follows: gyromagnetic ratio g is
almost equal to g-factor of free electron
(1.99 < g < 2.02); isotropic hyperfine struc-
ture consisting of six lines can be observed
as a result of interaction between 3s23d®
and 38s3d%4s configurations; a fine struc-
ture is also visible as a result of anisotropic
influence. The line shape is similar to
Gaussian. As the manganese concentration
increases, the spectrum fine structure dis-
appears (at x > 0.03) and the line shape
changes to the Lorentz one. At high concen -
trations, considerable broadening of ESR
line can be observed as the temperature de -
creases, which is the result of the internal
field increase due to final clusters of antif -
erromagnetic ordering.

The ESR lines for all the above samples
are symmetrical throughout the whole tem -
perature interval and shaped similar to
Lorentz type, which correlates well with the
previous results [2]. The absorption line is
defined by the manganese ion Mn**. Any
explicit magnetic anisotropy axes cannot be
observed in these samples. Fig. 3 shows
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temperature dependences of ESR line width
for manganese content (x) of 0.02 to 0.55.
The manganese concentration range from
the minimum to x = 0.1 shows only a slight
temperature dependence in the range from
room temperature to helium one. However,
as the Mn** increases further, the ESR line
width increases, and the temperature de-
pendence of ESR line width shows an area
with anomalously high growth rate at each
composition. This fact results from the in-
creasing internal magnetic field defined by
the presence of final antiferromagnetic clus-
ters [2]. In this case, broadening of ESR line
can be observed long before the transition
temperature to the spin glass phase (T)). It is
just this fact that forms a base for the
method of determination the spin glass tran-
sition temperature T, using ESR method.

In order to determine the spin glass tran -
sition temperature T, experimental data
have been approximated by the formula (2),
which describes the line width increase at
the temperature decrease [2]:

0T, O (2)

[© 0
AH =
pp Aﬁ% +B%+1%

where B is the temperature-independent line
width; a, a critical indicator; © is a Curie-
Weiss temperature. The empirical picture of
the spin glass formation for these samples
has been reconstructed basing on the con-
cept of spontaneous formation of clusters
with antiferromagnetic ordering. As the
temperature decreases, the volume of clus-
ters increases. The higher manganese con-
centration in a sample is, the higher is the
temperature at which the volume of clusters
increases to the point of their contact. It is
below this temperature that the whole sub-
stance transits into the spin glass phase.
Unlike the paramagnetic phase where mag -
netic moments fluctuate in time, the spin
glass phase is characterised by the presence
of "frozen" magnetic moments [3]. This
means that atomic magnetic moments have
non-zero time-averaged vector values.

The properties of CdTe:Mn samples differ
from those described above. We have meas -
ured ESR spectra of CdTe:Mn in the tem-
perature range 80-300 K. An explicit an-
isotropy in the sample magnetic properties
can be observed at room temperature: at a
certain sample orientation, a single symmet -
ric line corresponding to Mn** can be ob-
served. As the sample is rotated, an unre-

128

AH, Oe

2000
1500 6
1000 5
4

500

2

3
2
0—0—0—0—0—-0—0—0—0—o0—0o—o07
0 1 1 1 1 1 L

0 50 100 150 200 250 T,K
Fig. 3. Temperature dependences of ESR line
width for Cd,_ Mn,Te samples with different
manganese concentration, x: 0.02 (1), 0.1 (2),
0.2 (3), 0.3 (4), 0.45 (5), 0.55 (6).

solved hyperfine structure appears which
resolves at the temperature decrease. Biva-
lent Mn** ions have 3d®-configuration and
the basic state 635/2. The crystal field re-
vokes partially the 6-fold degeneration of
the ground state, however, it cannot revoke
it fully; at best, this state can be divided
into three Crammers doublets. In this case,
the Mn** ESR spectrum consists of five
resonance lines corresponding to the thin
transition structure for AM = +1. The
scheme of energy levels depends on the
angle between magnetic field and crystal-
lographic axes. As the Mn** nucleus has
magnetic moment I = 5/2, the interaction
between the electron and nuclear magnetic
moments results in splitting of each energy
level of the fine structure into six addi-
tional levels. The simplest spin Hamiltonian
for Mn** in a cubic crystal looks as follows:

a
H = gBHS + g(sglc +Sj + 83 +A108, ()

where g is the spectroscopic splitting factor;
B, the Bohr magneton; a is a cubic field
constant; A, the constant of hyperfine inter-
action with Mn®® nucleus.

As the temperature decreases, the spec-
trum structure becomes more resolved be -
cause of the narrowing of single resonance
lines due to relaxation processes. The value
of hyperfine splitting is 60.4 Gauss. When
the angle between the direction of magnetic
field H and the polar axis of the crystal is
¢ = 32°, a characteristic line superposition
takes place, with lines corresponding to
transitions with the same projection of nu-
clear spin onto the direction H. As this case
is equivalent to the crystal field absence,
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the observed six peaks correspond to the
transitions between the levels of hyperfine
structure (Fig. 4). For other angles ¢, the
spectrum structure changes considerably
due to combinations of different hyperfine
structure lines belonging to different ele-
ments of thin structure. For the orientation
¢ = 32°, we have determined line parameters.
As the spectrum is not fully resolved, we
have approximated the experimental spectra
with the following function:

6 (4)
I(H) = Z f(H - Hq + (i - 3.5)AH,),
i=1

where H( is a magnetic field value corre-
sponding to the center of ESR signal; AHP,
the hyperfine splitting value; f(H), a func-
tion describing the line shape of a hyperfine
structure single component.

As f(H), we take Gaussian function

10 =~ G ©)

or that of Lorentz

OH O (6)
NE =
f(H):_ E 9 9
O [l
o+2H0 g
O %ﬁm O

for the first derivative on the absorption

line. Here, AH is the line width.

As a result, we have determined the val-
ues AH,, AH and H,. The values of reso-
nance magnetlc field and of hyperfine split -
ting do not change as the temperature decrease
and remain HO 3526 Gauss (corresponds
to g =1.9807), AH = = 60.4 Gauss. The width
of a single resonance line decreases monoto -
nously with decreasing temperature, and its
shape remains the Gaussian. Mn*™* ESR
spectra in Cd,_,Mn,Te with x < 0.03 have
been studied in detail in [4-6].

To conclude, the 3-cm ESR spectrometer
presented here has characteristics compat-
ible with those of well-known analogues. Its
key particularity, however, is the use of
software making it possible to study sub-
stances with low concentration of paramag -
netic centers. The programs of experimental
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Fig. 4. ESR spectrum of CdTe:Mn crystal for
¢ =32°at T =180 K.

ESR spectra processing provide determina -
tion of the width and the center of ESR line
as well as the function corresponding to the
ESR line shape of both for single and com -
plex absorption lines that describe fine and
hyperfine structures. The advantages of
this spectrometer are explicated in the pre-
sented ESR spectra of a number of diluted
magnetic semiconductors of Cd;_,Mn,Te
type with manganese concentration x rang-
ing from 0.02 to 0.55. Experimental results
are analysed basing on existing physical
models that describe diluted magnetic semi -
conductor properties in the given tempera-
ture range. Preliminary investigations of
different substances of organic and inor-
ganic nature show that the spectrometer
can be applied in a number of experiments
in medicine and biology.

Samples of Cd;,_Mn,Te type have been
supplied by our colleagues from the Faculty
of Microelectronics at Chernivtsi National
University.
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Asrtomatuzosauuii ECP cnexTpometp
oJisi Pi3HOMAHITHHX 3aCTOCYBaHb

I.B.Iéanuenkxo, C.JIO.Kapenin, H.O.Ilonenko

YV crarti npencraBienuii aBromarusoBauuii ECP cmexTpomerp. CIeKTpoMeTp [T03BOJIAE
MPOBOAUTH BUMiplOBaHHA B iHTepBasi Temmepartyp 4,2—300 K. ECP cuekTpomeTp CTBOpeHUIt
3a CTaHJAAPTHOIO cxeMoio i3 cymeprereponmuauM HBY mpuiimaueMm Ta MOAYJIAIi€0 MarHiTHO-
ro nojasi. IIporpamue 3abesmeuenHs aas ECP crmekTpoMeTrpa po3po0JieHO Y BUTJIALL €IUHOTO
IPOrpaMHOTO MOV, KUl JO3BOJAE MPOBOJUTH YCi BUAM eKcIepuMeHTiB. Moro cTpyKTypa
0asyeThCs Ha MPUHIIMIIAX CTPYKTYPHOT'O IPOTrpaMyBaHHSA Ta eJeMeHTax 06’€KTHO-OpieHTOBa-
HOTO IpOTPpaMyBaHHSA, SKi 3a0e3Ieuy0Th B3a€MHY HE3aJeKHICTh aJTOPUTMIB Ta MOKJIUBICTH
pO3MINpPEHHs NOporpaMHOTo 3abesmeueHHs. [lepeBaru crmeKTpoMeTpa IPOJEeMOHCTPOBAHO Ha
OpUKJIaAi MOOCHiIKeHb XapaKTepHCTUK HAMiBMATHITHMX HamiBmpoBigHuKiB. IlpoBemeni Ha
CIIEKTPOMETPi IoIepeaHi MocaifKeHHs PisHOMAaHITHMX PEUYOBMH OPraHiuHOl Ta HeopraHiuHOI
MIPUPOAY CBifUaTh MPO MOKJIUBICTH HOT0 e()eKTUBHOTO BUKOPUCTAHHSA TAKOXK Y MEIUIIMHI Ta
6ioJorii.
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