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The methods of torsion balances and NMR (of the Fes7 nucleus in domains) were used to study the 
phase transitions connected with the temperature reorientation of the spins in the b c and a c planes 
of rhombic DyFeo998 Coooo,O, crystals. The character of the phase transitions is established, and the 
singularities of the NMR intensities in the phase transitions, both in the absence and in the presence 
of an external constant field, are explained. 

INTRODUCTION 

The phenomenon of spin reorientation in rare-earth 
orthoferrites has recently been under intensive investi
gation by various methods (see, eogo, [1, 2J). Nuclear 
magnetic resonance (NMR) was recently used to study 
the reorientation process in TmFe03 and ErFe03[3,4J • 
It is of interest to compare NMR investigations of other 
orthoferrites in which transitions connected with spin 
reorientation are observed, and it is expedient to com
bine the NMR procedure with magnetic measurements 
performed on the same samples. 

The purpose of the present paper was to investigate 
exhaustively the magnetic properties and NMR in 
DyFeo, 99BCOO, 0020 3 crystals, the spin- reorientation tran
sitions in which have not been investigated in detail 
before. According to the data of [3 J , when crystals having 
a similar composition are heated in a temperature inter
val convenient for experimental purposes (77-300° K), 
several transitions should be observed, namely, from the 
antiferromagnetic (AFM) to the weakly ferromagnetic 
(WFM) state with the appearance of a spontaneous mo
ment m parallel to the rhombic axis (a transition analog
ous to the Morin point TM in hematite), as well as tran
sitions connected with the gradual reorientation of the 
spins from the state m II a to m II c. 

SAMPLES AND MEASUREMENT PROCEDURE 

The single crystals were grown from the solution in 
a melt of the compounds 4<YJo PbO, 52% PbF2, 8% B203 
(molar percentages) ° The cobalt content was determined 
by an MK-2 x-ray spectral analyzer, using an external 
standard, with accuracy to 4%. 

A qualitative analysis was also carried out to deter
mine the content of fluorine ions in the investigated 
crystals, since the melts used to grow the crystals con
tained monovalent fluorine ions capable of replacing the 
oxygen ions in the perovskite structure. An URKh-3 
analyzer revealed the presence of fluorine in the crys
tals, and this should have contributed to the entry of the 
divalent cobalt into the crystals. 

The magnetic properties of individual single crystals 
several millimeters in size were measured with a mag
netic torsion balance with an autocompensator. The 
NMR at the Fe 57 nuclei (natural isotope content) was ob
served with the aid of a static-type microwave spec
trometer made by DECCAo To obtain a sufficiently 
intense NMR signal, the single crystals used in the mag
netic measurements were oriented in the same direction 
and glued together to form a single sample. The total 
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weight of this composite sample was 4.9 g. The dis
orientation of the individual crystals was minimal with 
respect to the c axis (~1 0). The disorientation relative 
to the a and b axes could reach several degrees. 

In addition to the investigation of the magnetic proper
ties and the NMR, we measured the relative change in 
the real part of the high-fr~quency susceptibility X' at a 
frequency in the region of 36 MHz. To this end we used 
the same composite sample and the generator of the 
NMR spectrometer. The change of X' was registered by 
measuring the frequency of the generator, whose coil 
was filled with the sample. The frequency was read 
continuously, with high accuracy, with the aid of a digital 
electron-counting frequency meter. In this method, the 
temperature dependence of the frequency is the sum of 
the monotonic temperature drift of the frequency of the 
generator with the empty coil and an additional frequency 
change due to the dependence of the X' of the sample on 
the temperature. At temperatures where X' increases, 
the generator frequency decreases because of the in
creased inductance of the coil. 

RESULTS OF INVESTIGATION OF THE 
MAGNETIC PROPERTIES 

The magnetic measurements have shown that single
crystal DyFeo,99sCoo,00203 at T < 140 0 K is an antiferro
magnet with antiferromagnetism vector 1 parallel to the 
b axis. When heated near TM = 140o K, the crystal goes 
over into the WFM state (b-c reorientation) with 1 II C 

and with the appearance of a perpendicular spontaneous 
moment m II a due to the onset of noncollinearity of the 
spins. With further temperature rise, the spin becomes 
reoriented from I II C to 1 II a (c-a reorientation), caus
ing a rotation of m from the a axis to the c axis. At 
3000 K and above, m is parallel to the c axis of the 
rhombic crystal. Figure 1 shows the temperature de
pendence of the specific magnetization cr = m/p (p is the 
density) measured along the axes a and c, while Fig. 2 
shows the dependence of the angle eo between the equili
brium direction of m ("easy" axis) and the rhombic axis 
c. The values of a and eo were obtained from the torque 
curves with allowance for the torque due to the aniso
tropy of the paramagnetic susceptibility of the dyspros
ium ionso The torque due to the anisotropy of the sus
ceptibility of the rare-earth ions was determined from 
the torque curves plotted in the same plane for single 
crystals of the non-substituted dysprosium orthoferrite. 

As seen from Figs. 1 and 2, the reorientation of the 
spins to the b axis, accompanied by a WFM-AFM tran
sition at TM = 1400 K, occurs practically jumpwise, 
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FIG. I. Temperature dependence of the specific sponteneous mag
netization a, measured along the axes c (curve I) and a (curve 2), re
spectively, for a single crystal of DyFeo.998Coo.oo203' 

FIG. 2. Dependence of the angle 00 between m and the c axis on 
the temperature. 

whereas the spin reorientation in the a.c plane is effected 
via a smooth rotation of the spins in a wide temperature 
interval from 170 to 300o K, 

From the torque curves plotted in the planes ac and 
ab we determined the signs of the corresponding second 
anisotropy constants K2 and K~, It turned out that K2, 
corresponding to anisotropy in the a.c plane, is positive 
in the entire temperature intervaL On the other hand, 
from the torque curves near TM for the ab plane it fol
lows that K~ < O. 

The torque curves at T < TM, where the crystal is 
antiferromagnetic, reveal abrupt anomalies at sufficiently 
large values of the projection of the magnetic field H on 
the a axis; these anomalies are connected with the tran
sition of the crystal from the AFM to the WFM state. 
The dependence of the AFM ~ WFM transition tempera
ture on H, determined by this method, is shown by the 
circles in Fig, 3. 

RESULTS OF NMR INVESTIGATIONS 

Figure 4a shows the temperature dependences of the 
NMR frequency and of the amplitude intensities of the 
NMR signals Ic and la' respectively, for two cases of 
crystal orientation relative to the radio-frequency field, 
h II C and h II a. 

Figure 4b illustrates the relative temperature varia
tion of the real part of the high-frequency susceptibility, 
for the same two crystal orientations, h II C (X~) and 
h II a (X~) in the absence of an external constant field H 
(curves 1 and 2, respectively) and in external fields H 
(see the caption of Fig. 4b). Each curve in Fig. 4b con
sists of a continuous set of experimental points. At the 
point TM = 140o K, a jump of Ie and Xc is observed (the 
increase of X~ corresponds to an abrupt "dip" in the 
generator frequency). No NMR signal is observed at 
T < TM' In the region of 260 0 K there is a second maxi
mum for Ia and x~, while Ie and X~ have no singularities 
in this temperature region. 

A comparison of Figs. 4a and 4b shows that the NMR 
intensities Ic and Ia and the susceptibilities X~ and X~ 
vary in like fashion. 

The behavior of Ia and Ie in an external field is also 
determined by the values of X~ and x~. It is seen from 
Fig. 4b that in the region 140-200° K, where m is close 
in direction to the a axis, an increase of the field H II a 
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FIG. 3. Shift of AFM-WFM transition 
temperature under the influence of a field 
Hila. The bars show the transition interval 
as obtained from measurement of X' and of 
the NMR intensity, while the circles show the 
results of the magnetic measurements. 
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FIG. 4. a) Dependence of the resonant frequency I'res and of the 
NMR signal intensity I on the temperature at various orientations of 
the crystals relative to h: o-for h IIc (lc), e-for hila (la). Solid curves
NMR for DyFe03: I-for domain-wall center, 2-for domain-waH 
periphery. b) Change, proportional to X', of the generator frequency I' 

with changing temperature, at various orientations of the crystals rela
tive to h: (o-for h IIc, e-for hila) in the absence of a constant field H 
(curves I and 2) and in external fields H IIc (curve 3-for 0.2 kOe, 4-for 
I kOe) and H II a (curve 5-for I kOe, 6-for 2 kOe, 7-for 4 kOe). 

leads to a gradual decrease of X~ and to a shift of the t 
transition at TM to lower temperatures (curves 6 and 7). 
On the other hand, if the field is directed along the 
c axis, then the susceptibility decreases rapidly even in 
weak fields: in the field H = 200 Oe, the susceptibility 
X~ is decreased approximately to one-half (curve 3 in 
Fig. 4b), and a field of 1 kOe (curve 4) smooths out the 
jump of X~ near TM almost completely, The NMR in
tensity Ic behaves Similarly. It is seen from Fig. 5 that 
H II a leads to a smooth decrease of Ic (curve 1), whereas 
in a field H II c the NMR signal becomes comparable 
with the noise even in a field H = 200 Oe (curve 2). In 
the region of the high-temperature maxima of X~ and la, 
where m is close to the c axis, the character of the in
fluence of the field H is reversed, namely, H II C leads 
to a smooth decrease (curve 3 of Fig. 5), and the field 
H II a leads to an abrupt decrease of Ia (curve 4 in Fig. 
5) and X~ (curve 5 in Fig, 4b). 

Figure 3 shows the shift of the AFM ~ WFM transition 
under the influence of a field H II a. In the presence of the 
field, the transition was observed by us both with the aid 
of magnetic measurements (see the preceding section) 
and by measuring the NMR intensity Ic and the suscepti
bility x~. The temperature interval of the transition in 
the latter case was estimated from the steepest section 
of the dependence of X~ on T, from curves similar to 
curves 6 and 7 of Fig. 4b. As seen from Fig. 3, the re-
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FIG. 5. Dependence of the NMR signal intensity I on the magnitude 
and direction of H at various temperatures (o-for h lie, ,:l·-for hila): 
curves I-for Hila, 153 K; 2-for H lie, 153 K; 3-for H lie, 240 K; 
4-for Hila, 240 K. 

suIts obtained by different methods on the influence of 
H II a on the transition temperature are in good agree
ment. 

DISCUSSION OF RESULTS 

To interpret the NMR data, it is important to ascer
tain whether the NMR signal is produced by nuclei loca
ted in domains or whether it is connected with nuclei in 
the domain walls. The following facts indicate that the 
NMR enhancement is due to the interaction of h with m 
in the domains. First, the NMR signal is maximal when 
the angle cp between hand m in the domains is close to 
7T/2 and lies in the ac plane. In the case of the "intra
wall" signal, it is natural to expect the signal to be maxi
mal at cp = 0 (h is directed along the "easy" axis), where 
then the wall displacement is maximal. Second, applica
tion of an external constant field H II h (curves 2 and 4 
in Fig. 5) leads to a faster decrease of the signal inten
sity than in the case H 1 h, when H is almost parallel to 
the easy-magnetization axis (curves 1 and 3 in Fig. 5). 
The decrease of the NMR intenSity in the case H 1 h is 
typical of nuclei in domains, the gain of which varies like 
Hn/(Ha + H) (Hn is the local field at the nucleus, Ha is 
the anisotropy field). Third, the NMR frequencies fit well 
the temperature dependence of the "domain" NMR fre
quencl l obtained in [8J for pure DyFe03' The NMR fre
quency for nuclei at the centers of domain walls (curve 
1 in Fig. 4a) decreases more steeply with temperature. 

As shown in [3 ,4J, maxima of the gain f) in the domains 
are observed for the ErFe03 and TmFe03 crystals fol
lowing reorientation of the c -a type at the pOints T 1 

(start of reorientation) and Tz (end of reorientation, 
Tz > T1 ), In our case we also observed two maxima for 
the intensities Ic and la and the corresponding suscepti
bilities X~ and X~. 

The maxima of I and X I are analogous in their phys
ical nature to the susceptibility singularities observed at 
Tl and Tz in the crystals TmFe03 and ErFe03 in a wide 
range of frequencies, starting with 60 Hz [7J and all the 
way to 5400 MHz [8J • A theoretical treatment of the high
frequency properties of orthoferrites is presented 
in [9, 10J. That these phenomena are related is indicated 
by the complete identity of the behavior of the NMR in
tensity and X I. The gain TJ in the domains, like X', is 
determined by a quantity d&/dh, which characterizes the 
small deviation of m from the equilibrium direction 80 

under the influence of a weak radio-frequency field h. In 
those cases when h II C or h II a, recognizing that h is 
small, we can assume accordin~ly cp ~ 8 0 or cp ~ 7T/2 
- 80 , The expression given in [4 for d8/dh then reduces 
to 
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dO /1 (iFF,) dO / t (J'F") - ;:::;:; sin 00 - -- ,-~ cos O~ - -~-" 
elh, mao' 0-', dh" m 00- u~u. 

(1) 

where F = Kl sin" 8 + Kz sin' 8 is the anisotropy energy 
in the acaplane (the angle 8 is measured from the c axis), 
The quantity (1/m)(aZFa/a8Z) = Ha is the anisotropy field 
that characterizes the "rigidity" of the coupling of m 
with the direction 80 , At the points T 1 and T 2, where 
-Kl = 2K2 and Kl = 0, respectively, a local loss of 
"rigidity" of the spin system takes place, since Ha 
vanishes (in a real crystal, Ha has a certain finite value 
at Tl and T2)' The spin system is not acted upon in this 
case by the restoring forces at small deviations of m 
from 80 , and this leads to an increase of the amplitude 
of the oscillation of the spins in the field h, and conse
quently to the appearance of maxima of X' and 1)0 The 
indicated loss of "rigidity" causes, in particular, the 
frequencies of the antiferromagnetic resonance to vanish 
in theory at the points T 1 and T 2 [9, 10J 0 

According to (1), the direction of the maximum sus
ceptibility for the region T ~ T 1 (sin 8 0 ~ 1) is the c 
axis, and for the region T ~ T2 (cos 8 0 ~ 1) it is the 
a axis, as is observed in the experiment. Inside the 
reorientation region T 1 < T < T 2, the quantities la' Ic' 
X~, and x~ are determined by the temperature depen
dences of Ha and 0 0 • 

In the region of the low-temperature maximum of Ie 
and X' , the situation is made more complicated by the 
prese~ce of the point TM = 140u K, below which the crys
tal goes over into the AFM state as a result of a reorien
tation of the c -b type. It was of interest to ascertain 
whether a jump of Ic and X~ is observed at TM if the 
temperature region of the c-a reorientation is located 
at a considerable distance from the TM point. To this 
end we measured X~ and searched for an NMR signal in 
crystals with larger cobalt content (DyFeo, 991CO O, 00603), 
for which, according to the magnetic-measurement data, 
TM ~ 1300 K and Tl exceeds room temperature. No 
anomaly of x~ was observed in this crystal at the point 
TM' and there was no NMR Signal. We conclude there
fore that the abrupt jumps of Ie and Xc at TM are due to 
the fact that owing to the transition to the WFM phase 
the crystal turns out to be in a state with low value of 
Ha, because of the proximity of TM and T 1 , although 
magnetic measurements have shown that m begins to 
deviate noticeably from the a axis only at T > 1700 K 
(Fig. 2)0 The temperature T2 corresponding to the maxi
mum of la and X~ (260 U K) is also shifted somewhat rela
tive to the temperature at which, according to the 
magnetic-measurement data, the angle 80 becomes equal 
to zero (~ 3000 K), The reasons for this discrepancy in 
the determination of Tl and T2 by different methods are 
not yet clear. 

It is seen from Fig, 3 that the transition from the 
AFM phase to the WFM phase shifts practically linearly 
in temperature with increasing field H II a, The value of 
this shift is ~ 2. 5 deg /kOe. The shift of TM in a field 
H II a, shown in Fig. 3, should be treated as a tempera
ture dependence of a certain critical (or threshold) field 
Hcr that induces the AFM - WFM transition. The field 
Hcr is directed in our case perpendicular to the AFM 
vector 1. An induced AFM - WFM transition of this type 
was observed in hematite in a field H 1 1 below the Morin 
point [llJ, although the analogy between these transitions 
may not be complete. 

Unlike the smooth spin-reorientation transition in the 
ac plane, the AFM - WFM transition takes place prac-
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tically jumpwise. Judging from the curves 6 and 7 in 
Fig. 4b, the presence of a field does not lead to a signifi
cant smearing of the transition, and only decreases the 
jump of the susceptibility X I • It is known that in the case 
of spin reorientation, when the first anisotropy constant 
reverses sign, the character of the transition is deter
mined by the sign of the second anisotropy constant. A 
negative sign of the constant K~, corresponding to b-c 
reorientation, with a sign-variable first anisotropy con
stant explains the jumplike character of this transition. 
No temperature hysteresis was observed in b-c re
orientation. 

A positive sign of the constant K2 in the ac plane 
causes the orientation of the c-a type to proceed via 
two second-order phase transitions at Tl and T 2. The 
length of the a-c reorientation interval is apparently due 
to the large value of K2 > 0, which is comparable with 
Kl in magnitude over a wide temperature interval, inas
much as the relation sin2 eo = -K1/2K2 should be satis
fied at T 1 < T < T2 [2J. The large values of Kl and K2 
may be due to the presence of C02+ ions, which have a 
degenerate orbital ground state. As noted above, the 
presence of univalent fluorine in the ion flux can contri
bute to the appearance of the divalent cobalt ions. 

We note that a 90 0 rotation of the spins, connected 
with the a-c reorientation, does not noticeably affect 
the temperature dependence of the NMR frequency. 
This indicates that the anisotropy contribution to the 
local field at the nuclei in this crystal is small. The 
NMR signal splitting observed in TuFe03 and 
ErFe03[3,4J, was not observed in the region of the a-c 
reorientation. The distortions that lower the symmetry 
of the unit cell to monoclinic in the interval Tl < T < T2 
are apparently small, because of the large temperature 
region over which the reorientation takes place, in com
parison with the orthoferrites of thulium and erbium, in 
which this region occupies only ~ looK. 

CONCLUSION 

The crystal with composition DyFe o,99SCOo, 0020 3 is an 
object unique in the abundance of the phase transitions 
observed in the interval 77-300 o K, The small amount of 
cobalt, which apparently enters into the structure in the 
form of divalent ions, strongly alters the energy of the 
magnetic anisotropy, causing the appearance of a re
orientation of the type a-c that extends over more than 
100° and a shift of the TM pOint to 1400 K as against TM 
R; 40 0 K for nonsubstituted DyFe03. The large tempera
ture region of reorientation of the spins in the a-c plane 
is due to the large value of K2 > 0 in this plane, which 
is comparable with Kl in a wide temperature interval. 
The transition at TM takes place jumpwise, this being 
due to the negative sign of the second anisotropy constant 
K~ in spin reorientation to the b axis of the rhombic c 
crystal. Application of an external field H II a in the 
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AFM phase can induce an AFM - WFM transition at 
T < TM' In this case the transition hardly spreads out 
in fields up to 10 kOe. Since the anisotropy field depends 
strongly on the temperature near the region of spin re
orientation, an abrupt jump of the susceptibility and of 
the NMR gain, which determines the intensity of the NMR 
absorption, is observed in the investigated single crys
tal, where TM and Tl are close to each other. 

In the crystal DyFeo,994COO,OOS03, in which Tl is far 
from TM' no such phenomenon was observed. 

The NMR absorption intensity, just as the high-tem
perature susceptibility Xl, is determined by the tempera
ture dependence of the angle eo and of the anisotropy 
field Ha' The points Tl and T2 correspond to the maxima 
of the NMR intensity and of X I. The Singularities of the 
NMR intensity and X I at the points T 1 and T 2 C an readily 
be accounted for from the point of view of the theory de
veloped to explain the high-frequency properties of 
orthoferrites in the reorientation region [9, 1OJ. The ab
sence of NMR frequency splitting in the region Tl < T 
< T2 is evidence of negligible distortion of the rhombic 
lattice in the ac reorientation process. 

l)MosCQW State University. 
2)Introduction of a small number of cobalt ions into DyFe03 cannot 

greatly change the local field a t the FeS7 nuclei. 
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