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rf susceptibility of single-crystal CrBr 3 near the Curie temperature
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The high-frequency susceptibility of the ferromagnet GrBear the Curie temperature is investigated both
in the ferromagnetic and paramagnetic states. The temperature dependenced)ointeesity and linewidth
of electron spin resonandESR), (2) effective field of the magnetic anisotropy, af®) behavior of an
imaginary part of the magnetic susceptibility in the region of homogeneous magnetization of a sample are
obtained. The approximation of the ESR line intensity dependence on temperature-gh/€5—T,)?, where
v=1.307 andl,=32.1 K. The behavior of the ESR linewidth above the critical temperature is well described
as SH~1/(T—Ty)", v=0.5=0.05. Determination of the transition point from characteristic features of
ferromagnetic and paramagnetic states gives the transition tempefatat@3 K. The effective field of the
magnetic anisotropy il A(T)=HA(0)(1—T/T,)*2 An imaginary component of the parallel susceptibility in
a homogeneously magnetized state demonstrates the dependéreexd (Ho,—H)/a(T—Ty)], where a
=197.2 Oe/K,Hy=1380 Oe, andr,=29.8+0.2 K. The same temperature corresponds to the maximum of
absorption in a zero magnetic field. Assuming that the critical temperature is the temperature of susceptibility
maximum in a zero magnetic fie[@9.8 K), the temperature dependeri¢d@) has an indexy~ 2, whereas the
dependence of the ESR linewidth on temperature has the ind€x8. [S0163-18207)07125-7

INTRODUCTION other is in the interlayer plarfeThe dependence of magne-
tization on temperature and magnetic field was investigated
Critical phenomena near the temperature of paramagnetié? a number of works by the nuclear magnetic resonance
ferromagnetic transition have been the subject of extensivéNMR) technique’™*® The measurements were made in the
studies for many years. On the one hand, these phenometgmperature range below 20 K, where a NMR signal can be
are subject to the general phase transition theory of secorbserved. The results obtained were described using spin-
order! which is characterized by a peculiar behavior of anwave theory and its expansion, which takes higher orders of
order parameter. For ferromagnets, this parameter is thi@teraction into account.
modulus of spontaneous magnetization. On the other hand, Data on the CrBy behavior near the critical temperature
investigations of these critical phenomena could provideare also available in the literature. In his bdoKittel pre-
both better insight into details of the ferromagnetic systenrsents the data on the critical behavior of the susceptibility
behavior and support for one of the existing models of magabove T¢ (y=1.215-0.02) and magnetization beloW,
netic ordering. The known ferromagnets are mainly metallid3=0.368+0.005), unfortunately, without referring to the
substancegmetals, alloys, and intermetallic compounds original work. The data on the measurements of the elec-
However, a few ferromagnetic insulators are known. Repretronic spin resonance linewidth in Crabove the critical
senting an example of the three-dimensiot@D) Heisen- temperature are reported in the book by WhHitehere the
berg system, ferromagnetic insulators are simpler for theodependenceT(— To)%?is described as due to the exchange
retical investigations, which makes them preferable fomarrowing. Thus the temperature dependence and critical be-
experimental studies. There are many theoretical pagees havior of this substance have been investigated fairly well.
Ref. 2 and references thergiand very few experimental We studied the rf-susceptibility dependence on tempera-
works on such 3D ferromagnetic insulators, which primarilyture and magnetic field of CrBsingle crystals in the tem-
deal with Eu-containing compounds like EuO and BdS.  perature range including the critical temperature, considering
CrBry is one of the ferromagnetic insulators. It was inves-the sample to be a 3D Heisenberg ferromagnet. This work
tigated by Tsubokawain 1960. The magnetic system of reports the results obtained and their discussion.
CrBr; is a good example of the Heisenberg ferromagnet. Un-

like cubic Eu.O and EuS, it has a hexagonal crystalline struc- EXPERIMENTAL DETAILS
ture of the Bik type. Below 32.5 K CrBr; is a ferromagnet
having anisotropy of an easy-axis tyftee sixthfold axis of Single crystals of CrBt grown by the gas transport

a crystal. The magnitude of the effective field of magneto- technique;> were thin plates less than 50m thick, with
crystalline anisotropy was estimated by Dillbon the basis lateral sizes of about 1 cm. For experimental study, 3
of the data from a ferromagnetic resonance investigationrK 5 mm rectangles were cut out so that the axis of easy mag-
(HA=6.8 kOe). The neutron studfeshowed that the ex- netization(cg axis) was perpendicular to the plate plane.
change interaction is described by five constants. In simpli- The experimental setup was arranged on the power-
fied computations, describing experimental results satisfactahrough spectrometer principle. A rf signal from the genera-
rily, the exchange interaction can be described by twdor of sweeping frequencycentral frequency in the range
constants, one of which is in the hexagonal layer and thd00-1000 MHz was supplied to the absorbing cell
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through the coaxial line. The absorbing cell was a helix withexternally applied magnetic field were used in our
a sample inside which was placed so that the rf magnetiovork: (a) The magnitude of the external magnetic field was
field was parallel both to the plate plane and helix axis. Thancreaseddecreasedfrom 0 to 7 kOe at a certain rate and
helix was made of a copper wire 0.2 mm in diameter; the(b) the magnetic field was varied in a sawtooth manner with
diameter of the helix was 4 mm. A sample was placed betime, with the field uniformly increasing from-1050 to
tween the insulating plates. The helix was inserted into a+ 1050 Oe and then returning t61050 Oe and so on. Field
copper tube30 mm long and 10 mm in diamejeusing a intensity was measured by a Hall gauge. Temperature was
dielectric holder. Two coaxial conductors, fastened to thedetermined by measuring the resistance of a carbon ther-
tube, were made of thin-walled stainless-steel tubes. Thegnometer, placed on the copper tube. The readings of both
were the holder of the whole construction, through whichthe Hall gauge and the thermometer were also read out on a
high-frequency power was brought to and removed from theomputer.
absorbing cell. Communication with the helix was effected Changes in the rf power, passed through the resonator
by the capacitive technique, that is, by placing the centralith a sample, were registered. At a constant power supplied
conductors of the coaxials at the ends of the helix withouto the resonator, the changes were proportional to the change
any electrical contact. An amplitude of frequency modula-of an imaginary part of the high-frequency susceptibility of a
tion of the rf generator was about the resonator passband. kample, provided the resonator parameters were independent
the low-frequency rangél60—360 MH2, a LC circuit was  of magnetic field and temperature.
used as an absorbing cell.

A signal, passed through the resonator, was supplied EXPERIMENTAL RESULTS
through the second coaxial line to the preliminary amplifier
and detector in succession. Then the signal was brought to Changes in the characteristic properties of rf-field absorp-
the peak detector and, if necessary, to the differential amplition by a sample depending on the external magnetic field
fier. A detected and amplified signal was supplied to a comH were studied in the temperature range 20—65 K. The reso-
puter. The amplitude-frequency characteristic of the resonaiant frequency of the C circuit atT=4.2 K was 363 MHz.
tor during measurements was observed on the oscilloscops liquid helium evaporated, the temperature slowly in-
screen. The helix was located inside a helium cryostat. Thereased to 65 K within approximately 1 h. The external mag-
cryostat jacket was filled with liquid nitrogen. To reach tem- netic fieldH was parallel to the easy magnetization axis and,
peratures in the range 4.2-77 K, a small amount of liquicat the same time, perpendicular to the rf magnetic field. It
helium was poured into the cryostat. A heating element wasvas varied according to proceduit® with the frequency of
placed inside the cryostat, on an additional metal screergscillations equal to X102 Hz. That is, as the temperature
which allowed us to vary temperature in the range of interestincreased from 20 to 65 K, approximately 60 cycles of mag-
The cryostat was positioned between the poles of an electraretic field variation were performed in a continuous manner.
magnet which could be rotated around its vertical axis. The Figure 1 presents the curve obtained in the experiment. It
helix and sample were arranged so that the helix axis wasan be arbitrarily divided into three parts. At temperatures
horizontal and the sample plane vertical and parallel to thdelow T=28.8 K(T is the absolute temperatiréhe depen-
axis. By turning the magnet, the following orientations of thedence of the absorption on the magnitude of the external
uniform external fieldH could be achieved: (1) parallel to  magnetic fieldH is the following: The absorption maxima
the helix axis and, therefore, perpendicular tothexis of a  correspond to the zero-field value and the minima to its
sample and2) perpendicular to the helix axis and parallel to maximum valugby amplitudg. As the temperature grows, a
the easy magnetization axis. Orientations were set by checlsharp increase in the absorption in the zero field is observed,
ing the sample response. Two different ways of varying theeaching a maximum at=29.8 K. At T=33 K, the field
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FIG. 2. Temperature dependence of the rf ab-
sorption =600 MHz) by CrBg in sweeping
from —1050 to +1050 Oe external magnetic
field. The external magnetic field is perpendicular
to thecg axis of the sample and parallel to the rf
magnetic field. The solid arrows mark the
maxima which correspond to the zero value of a
sweeping field, and the dotted arrows mark the
maxima which correspond to the maximuioy
amplitude value of a sweeping field. The dotted
arrow marks the phase transition.
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dependence of the signal changes again. The lines of intense In the same configuration, the rf-absorption dependence
absorption, arising at this temperature, correspond to electraon magnetic fieldH was studied at a fixed temperatiitgpe
spin resonancéSR). Evidently, the sample is paramagnetic (a) of electromagnet operatiGnThe external field was in-
above this temperature. Each line consists of two ESR linegreased from 0 to 6 kOe. The temperature of each measure-
corresponding to the value of resonant field, .= ment was maintained constant. Some selected curves are
+ wresl ¥* (y* gyromagnetic ratio of Gt ion). Until the  shown in Fig. 3.
line half-width is greater than the value of the resonant field, Up to a temperature below 29 K in Fig. 2, the maxima of
the maximum of absorption is in the zero field. As the tem-absorption correspond to a zero value of the magnetic field
perature grows, the half-width decreases and the absorptid. These maxima are marked by solid arrows. At 29 K, an
dependence on the magnetic field is described by the cunvabrupt increase in the absorption in the zero field oc(his
presented in the inset of Fig. 1. Moreover, a total growth ofincrease is also seen in one of the curves in Fig. 3 as a sharp
absorption at temperatures above 30 K is seen in Fig. IJpeak atH=0). Above 29 K, additional maxima begin to
apparently caused by an increase in the specific resistance appear between the earlier marked ones. They are marked by
copper, which is the basic element of the absorbing cell. pointed arrows and correspond to the maxim{by ampli-
Similar measurements were made using another expertude value of an oscillating magnetic field. In Fig. 3, all the
mental configuration. The external magnetic field was apeurves exhibit a peak of absorption. At low temperatures,
plied parallel both to the surface of the sample and to the rthis peak is observed in the region of rather large fields. The
field, and was oscillated at an amplitude froml050 to peak is due to the resonance of domain wall displacement in
+ 1050 O€ltype (b)]. The resonant frequency of the helix at the region of the domain structure instability, disappearing as
T=4.2 K was 600 MHz. The temperature was varied in theit approaches the saturation field of magnetization of a
range 24-45 K. The technique of the experiment was similasample,Hg.'® With an increase in the temperature, it shifts
to that described above. The experimental curve is shown itowards smaller fields and at about 29 K it appears in the
Fig. 2. region of field oscillation(Fig. 3). Upon further growth of

FIG. 3. Dependence of the rf-field absorption
in CrBr; on the external magnetic fieldype (a)
of the electromagnet operatibnThe external
magnetic field is perpendicular to tlog axis and
parallel to the rf magnetic field. Curve 1 corre-
sponds to the temperature 24.1, 2—-28.8, 3-31,
and 4-35.4 K. The arrow at curve 3 marks the
transition of a sample into a homogeneously
magnetized state.
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the temperature, a larger part of the peak appears within the PROCESSING AND DISCUSSION OF THE RESULTS
1 kOe limits, which is accompanied by the growth of the In order to determine the temperature dependence of the

amplitude of additional maxima in F_|g. 2 The sharp MaXl ESR line intensity, the following procedure was adopted. A
mum at 32.8 K corresponds to the situation when the wholey, 546 in absorption due to the specific resistance of copper
peak was registered. Aic=33 K, the feature of absorption a5 sybtracted from the curve in Fig. 1. The curve in the
is seen in Fig. 2, marked by the dotted arrow. At this tem-ggion of the ESR appearance was divided into plots, limited
perature, the sample passes into the paramagnetic state, af\fithe points of a minimum level of absorption, to which the
the maximum of absorption Corresponds to the trace of Spi@xterna] magnetic field Va|ueg-| =+1050 Oe, Correspond_
resonance in the zero magnetic field and further suppressiorhen each plot was renormalized to the range of magnetic
of the resonance absorption by a magnetic field when the digeld changes. As a result, a set of curves was obtained where
magnetic field is parallel to the orientation of the rf magneticeach curve was the sum of two ESR lines corresponding to
field. That is, within one cycle of the field oscillation the H =+ w,/y*. Assuming that an ESR line had the Lor-
sample was first ferromagnetiend we observed the maxi- entz form, each curve was fitted by the function
mum of absorption, corresponding to the transition of the
substance into a homogeneously magnetized )state then 1 1
became paramagnetiand we observed a trace of paramag- =
netic resgnanoeg ! P k Y=ath (H_H0)2+d2+(H+H0)2+d2 '

If the amplitude of an external magnetic field, applied
perpendicular to the anisotropy axige., parallel to the whereH, is the resonant magnetic field amdis the line
sample surfageis increased, then at some magnitude of thehalf-width. In the inset in Fig. 1, the dots represent one of
field the sample will pass into a homogeneously magnetizethese curves and the solid line is the result of approximation.
state. This field, referred to as a saturation field, is equal t@his approximation allowed us to obtain the resonant mag-
Hs=Ha+47N, Mg,° whereH, is the field of anisotropy, netic field, width, and area of an ESR line.
Mg is the saturation magnetization, aNd is the demagne- The dependence of line half-width on temperature is pre-
tizing factor in the direction perpendicular to the anisotropysented in the inset of Fig. 5. The ordinate axis shows the
axis. In Fig. 3, the value of this field is marked by an arrow.logarithm of the half-width, and the abscissa axis shows the
We defined it as the uppéby field) boundary of absorption, logarithm of theT— T, difference. Approximating the tem-
with the resonance of domain wall displacement near thg@erature dependence of the half-width near the Curie point
field of saturation magnetization. The position of this branchby the functiond~1/(T—Tg)", we find T;=32.1 K andv
of the resonance with respect to the magnetic field is virtu=0.5+0.05. The result of this approximation is shown by
ally independent of a frequency in the frequency range belowhe straight line 1 in the inset in Fig. 5. Along with the
600 MHz for the sizes of samples us€dBecause in this expecteddue to fluctuationsgrowth of the half-width as the
case the geometrical sizes of the sample are such that tl@urie point is approached, its reduction at high temperature
demagnetizing factor in the-axis direction is much higher is also observed, connected with the exchange narrowing,
than in any other direction perpendicular to it and the sum ofvhich is proportional to T—T¢)%?%* In the inset in Fig. 5,
the demagnetizing factors in three mutually perpendiculathis dependence is shown by straight line 2 in the high-
directions is equal to 1, we can consider that0.05 and temperature region.
Hg(T)=~HA(T). The constructed temperature dependence of Knowingb andd values, we can find the area of an ESR
the anisotropy field is presented in Fig. 4. Although itline at a given temperature and obtain the temperature de-
slightly differs by its absolute value, this dependence doependence of the line intensity. This dependence is shown in
not contradict the results obtained by Dillén. Fig. 5. The ordinate axis shows the inverse intensity.
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FIG. 5. Dependence of the inverse ESR line
intensity on temperature. In the inset, the abscissa
axis shows the logarithm ofT(—T,) difference
where T;=32.1 K and the ordinate axis shows
the logarithm of the ESR line half-width. Dots
are the experimental data; solid line is the result
of approximation.
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Far from the Curie point, the dependence of absorption o= 1380 Oe. Thé(T) dependence is represented by curve
temperature follows the law II(- ) rather precisely, where 2 in Fig. 6. It is well approximated by the functidn(T)
¢ has an appreciably higher value than the actual temperatueeg(T—T,), wherea=197.2 Oe/K andr,;=29.8+0.2 K.
of transition? Approximating the part of the curve in Fig. 5 Let now consider the maximum of absorption in zero
for temperatures above 44 K by this function, we obtdin magnetic field at a temperature slightly beldw (Figs. 2
=38 K. The result of the approximation is presented byand 3. It follows from the above reasoning that the
curve 1. Near the temperature of the phase transition, the”(T H) behavior that the temperature of this maximum co-
experimental results are described by the dependende 1/(ncides withT,. This fact is indicative of the interrelation
—To)?, wherey=1.307 andT,=32.1 K (curve 2. between this maximum of absorption and the discussed

A significant change ofy”(H) occurs in a field higher above dependencg’(T,H) atT—T;.
than the saturation one as seen in Fig. 3. This change in- To explain these results, we turn to a well-known model
creases as the transition temperature is approached. An @f spontaneous magnetization occurrence in the framework
tempt was made to approximate the parts of the curves. Thef molecular field theory. The model is connected with a
exponenty” =A(T)exd —H/b(T)] seems to be best suited for graphic solution of the expression for magnetization in the
the purpose. From the set of the results obtaing@d)  form of a Brillouin function in which the argument involves
=a(T—T,), whereT;=29.8-0.2 K. Then we considered a molecular field. An external magnetic field is usually ne-
the preexponential factdk(T), which is represented in Fig. glected in the model. Taking an external magnetic field into
6 (curve 1. It appeared that this factor also fits well the account gives rise to a spontaneous magnetic moment at a
exponential dependen&exyd c/(T—T,)] with the same value temperature higher than the Curie temperature. Because the
of T, whereB andc are constants. Combining these depen-model does not include any mechanism to account for losses,
dences, we found that the set of these data is described by th&e assume in our consideration that characteristic features of
expression x"~exd(Ho—H)/b(T)]. This approximation an imaginary component of the susceptibility are typical of
proved valid in the temperature range 31-35.4 K, where théeatures of its real component. According to the model, the
magnitude ofx” was measured. The approximation gavereal component also exhibits a characteristic feature at a tem-
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mative curve parametes andb, describing the
experimental behavior of an imaginary part of the
parallel rf susceptibility x"(T,H)=A(T)exp
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perature equal to the Curie temperature. In our experimentgrea as critical. An approximation of the experimental depen-
we measured the imaginary componenvdf/dH in arela- dence of the ESR line area on temperature gives the index
tively strong magnetic field. The results show that its behavsy~2. Thus the introduction of a single critical temperature
ior is described by a relatively simple expression which exHemoves one contradiction, but gives rise to another: a too
hibits a characteristic feature at a temperature much lowehnigh index of the temperature dependence of the ESR line
than that of the spontaneous moment occurrei€g¢ area, which is inconsistent with scaling correlatidns.

=29.8 K, wheread =33 K). The spin-wave approathis
unsuitable in our case.

. . . . CONCLUSION
Processing of the data on an effective field of magnetic
anisotropy near the Curie poiffig. 4) takes the form The high-frequency susceptibility of the ferromagnet
B " CrBr; near the Curie temperature has been investigated both
HA(T)=HA(0)(1-T/Tc)™, in the ferromagnetic and paramagnetic states. The following

whereH ,(0)=6.3 kOe andTc=33 K is the transition tem- t€mperature depende_nce_s are determin_ed: ESR intensity,
perature into a paramagnetic state. For ¥ @Gon, the anisot- ESR IlneV\_ndth, effgctlve_ field of magnetic anisotropy, and.
ropy has basically a dipole-dipole character. A comparisor{h€ behavior of an imaginary part of the magnetic suscepti-
of the anisotropy field measured in the present work and th8ility in the region of homogeneous magnetization of a
magnetization obtained from the NMR dktahows that the sample_. Th'ree characteristic temperatures are observed.' An
anisotropy field is proportional to the square magnetizatiorgPProximation of the temperature dependence of ESR line
in the temperature range 4.2—20(te inset in Fig. # We  intensity gives [I~1/(T—T,)”, where y=1.307, T,
could measure a NMR signal in CrBonly below 20 K. =32.1K. _The same temperature ya_lue characterizes the
Assuming that this proportionality holds up to the Curie ESR linewidth behavior above the C“F'Ca| temperatwb!
point, index at (Tc—T) in the magnetization dependence ~1/(T—To)", »=0.5+0.05]. Observation of the transition
on temperature would be approximately equal to 0.25. by characteristic features of ferromagnefiomain wall ab-

Now let us consider the mathematical processing of th&orption near the field of homogeneous magnetizaténd
experimental data. Because the set of data is limited, thBaramagnetidESR) states gives the transition temperature
computer processing of the dependences with three unknowhc=33 K. The same temperature is obtained from the ap-
parameters does not allow their precise determination. T@roximation of an effective field of the magnetic anisotropy
avoid this, we tried to determine the characteristic temperatHA(T) =HAa(0)(1—T/T¢)"% where H,(0)=6.3 kOe is
tures from the experimental data, extrapolating them up téhe anisotropy field at 0 K The result is to be expected,
the intersection with the temperature axis. The obtained chaRecause the anisotropy field was evaluated from the absorp-
acteristic temperatures were substituted into the deperion of domain walls. The lowest characteristic temperature
dences, so that the computer should determine only indice§ exhibited by an imaginary part of parallel susceptibility in
and constants. the homogeneously magnetized statg”~exd(Hg

The presence of three characteristic values of temperatureH)/a(T—Ty)], where a=197.2 Oe/K, H,=1380 Oe, and
describing the phase transition of second order is an exceg1=29.8-0.2 K. The same temperature corresponds to the
tional circumstance and needs some comment. Recall thgtaximum of absorption in zero magnetic field. The presence
the thickness of the sample is rather sn@$ um). This  Of these three various temperatures cannot be due to an in-
value primarily determines the domain structure parametergccuracy of the experiment, because all these features can be
When the space ranges of ferromagnetic fluctuations arébtained as the result of the processing of one measurement
higher or of the same order as the domain thickness and tH&igs. 1 and 2 The temperature 33 K apparently corre-
characteristic times of fluctuations are much longer than théponds to the coincidence of characteristic space ranges of
reversed frequency of the rf magnetic field, the domain strucfluctuations with domain structure dimensions, whereas the
ture can coexist with fluctuations and reveals itself duringveritable transition temperature is that of the maximum of
measurements. We measured the anisotropy field using tisaisceptibility in zero magnetic fiel@9.8 K). In this case the
absorption signal, associated with the domain structure digémperature dependent€T) has the indexy~2 and the
appearance. Thus the temperature 33 K may be treated as th&R linewidth dependence on temperature has the index
temperature at which the characteristic sizes of fluctuations=0.8.
may be in some relationship with the domains thickness.
Tr'e'ated in this way, the temperature 33 K Woulq not bg ACKNOWLEDGMENT
critical. Therefore the temperature of the absorption maxi-
mum in zero magnetic field, 29.8 K, can be substituted into The authors are grateful to Dr. V. I. Marchenko for his
the equation for the temperature dependence of the ESR liristerest in this work and helpful discussions.
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