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Antiferromagnetic resonance (AFMR) has been investigated in the range 1.7 to 15 K in the spin-flop state 
of monocrystals of garnets in which the octahedral sublattice is formed by Fe3+ or cr3+ ions (TNz 13 K). 
The experimental angular variations of the AFMR field are described by theoretical relations that take 
account of magnetoelastic interaction [A. G. Berezin and V. G. Shavrov, Zh. Eksp. Twr. Fiz. 72, 2362 
(1977) (this issue) [Sov. Phys. JETP 45, 1242 (1977)]]. The best agreement of theory with experiment is 
obtained with the following values of the effective anisotropy and magnetostrictive fields (4.2 K): for 
CrGeG, HA] = 38.1 f 0.5, HI = 15f 1.5, Hz = 11.2f 1.5 Oe; for FeGeG, these values are, respectively, 
15.3 f0.3, 3.6f0.7, 1.3 f0.7 Oe. The observed temperature variations. of the anisotropy and 
magnetoelastic-interaction constants give evidence in favor of a single-ion mechanism for these interactions 
in cubic crystals. 

PACS numbers: 76.50. +g, 75.80. +q 

In compounds with the garnet structure, in which the field H, a s  obtained by us earlier,c41 with the theo- 
magnetic 3d ions occupy only octahedral interstices of retical calculations. ['I 

the oxygen lattice, antiferromagnetic ordering is ob- 
- 

served a t  sufficiently low temperatures. At present 
there are  a considerable number of papers on neutron- EXPERIMENTAL METHOD 

diffraction investigation of the magnetic structure and The measurements were made over the frequency 
on study of the magnetic susceptibility and of the spe- range 23.5-50 GHz, on a direct-amplification radio- 
cific heat of antiferromagnetic garnets (see, for exam- spectrometer with a pass-through cylindrical resonator, 
ple, the review by Belov and ~ o k o l o v ~ ' ~ ) .  whose construction permitted retuning within the in- 

Study of antiferromagnetic garnets by the method of 
antiferromagnetic resonance (AFMR) is of interest from 
at least two points of view. First, this is apparently the 
simplest method of obtaining information about the an- 
isotropy of these compounds, since i t  is impossible to 
determine the value of the sublattice-flip field of a cubic 
antiferromagnet by measurements of the magnetization. 
Second, theoretical calculations carried out by Berezin 
and ~ h a v r o v ' ~ ]  indicate an influence of magnetoelastic 
interaction on the antiferromagnetic resonance spectrum 
in cubic crystals. They showed that the magnetoelastic 
gap is anisotropic, and that i t s  angular dependence in 
general is different from the angular dependence of the 
gap caused by magnetocrystalline anisotropy. 

In the present work, AFMR was investigated in the 
spin-flop state of garnet monocrystals in which the 
octahedral sublattice is formed by magnetic ions ~ e ~ '  
or Cr3'. Since in Ref. 3 a difference had been observed 
in the nature of the specific-heat anomaly near the NQel 
temperature (T,) between polycrystalline garnets 
Cd3CrzGe301, (TN = 12.55 K,[" ao=  12.205 A) and 
Ca,Cr,Ge301, (TN = 13.5 K,[~.' u,, = 12.263 A), we mea- 
sured the AFMR parameters on crystals of both ser ies  
and detected no qualitative difference. The results pre- 
sented below pertain to the garnet Cd3CrzGe301z (CrGeG), 
which has a narrower resonance-absorption line (- 500 
Oe). Because there has already been a short communi- 
cationM1 regarding the detection and study of AFMR in 
Ca3FezGe3OI2 (FeGeG) with TN = 12.55 K,"' for this 
specimen we present only the results  of a comparison 
of the experimental angular variations of the resonance 

- 
dicated frequency range. Standard klystron generators 
were used a s  sources of microwave power. The uncer- 
tainty of the frequency measurement was 2. lo-'. In 
measurement of the frequency variation of the AFMR, 
the external magnetic field H was produced by a super- 
conducting solenoid a t  50 kOe, into which tightly fitted 
the resonator with the crystal  glued to its ground bottom. 
In order to obtain the angular dependence of the reso- 
nance field, the crystal, oriented in an appropriate 
manner, was placed at the center of the resonator by 
means of a special quartz mount, and a magnetic field 
was produced by a superconducting Helmholtz coil, 
which could be rotated about the resonator, B e c a ~ e  
the resonator was tuned to the Hot, mode, the condition 
H1kicroarPve was satisfied in both cases. Serving a s  a 
marker for the magnetic field was the narrow line of 
the EPR signal from the radical a, ar-diphenyl-@-pic- 
rylhydrazyl (DFPH), placed near the specimen under 
study. The AFMR and EPR signals were recorded on 
an xy-recorder. 

The temperature interval 1.7-4.2 K,was obtained, as  
usual, by pumping of liquid-helium vapors. Measure- 
ments in the range 4.2-20 K were made in a shorted 
waveguide section with a vacuum jacket. Here use was 
made of a spectrometer connected in a bridge circuit, 
and the temperature of the specimen was controlled by 
an Allen-Bradley carbon thermometer. The accuracy 
of the measurement and regulation of the temperature 
was 0.1 K. 

The FeGeG and CrGeG monocrystals were grown in 
the magnetism problem laboratory of Moscow State Uni- 
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FIG. 1. Angular variation of the resonance field in the (110) - . . 
plane for CrGeG. Points, experiment at  frequency 26.35 GHz 
and T = 4 . 2  K. Solid line. calculation bv formulas ( 6 )  and (8) 
in Ref. 2; dotted line, by formula (10'). 

versity, by B. V. Mill'. For obtaining AFMR, well 
faceted crystals of dimension 1 and 2 mm were selected, 
whose shape was nearly spheric:il. From several crys- 
tals, little spheres were made, which after polishing 
were annealed at 1200 " C for 24 hours. No important 
difference, however, was observed between the AFMR 
parameters of these specimens and those of the un- 
worked specimens. The orientation of the crystals was 
done by an x-ray method with an accuracy no worse 
Ulan 0.5". 

RESULTS AND DISCUSSION OF THEM 

A s  has been shownc2', with b,,,,crow\ove 1H there should 
be excited, in the AFMR spectrum of a cubic antiferro- 
magnet, the high-frequency branch of the oscillations 

Here HE i s  the exchange field, hrAi i s  the anisotropy 
field-(corresponding to_ the first anisotropy constant K,), 
and HI =+(HI+ Hz) and Hz = 3H1 - 4) are the effective 
magnetostrictive fields with HI = 9 ~ f ~ ~ ( ~ ~ ~  - C 1 2 ) / ~ o  and 
Hz= 1 8 ~ ~ , ~ C ~ d M ~ ,  where C and X are the elastic con- 
stants of the crystal and the magnetostriction constants; 
Mo i s  the sublattice magnetization. The functions fl(x) 
and f2(x) describe the angular variation of, respectively, 
Ki and the anisotropic part of the magnetoelastic gap: 
for the (001) plane, x =  cos4rp; for the (110) plane, 
x =  sin2@. Because the accuracy of our experiment did 
not permit determination of more than three parameters 
from the angular variations of EI,  we disregarded in (1) 
the contribution of the Dzyaloshinskii interaction and of 
the hyperfine field (an isotropic term HE H,), and also 
the second anisotropy constant, which gives a contribu- 
tion of the form HEHA, f(x). 

1. Antvewomagnetic resonance in CrGeG. Figures 
1 and 2 show the angular variation of the resonance field 
in CrGeG at 4.2 K, at  frequency 26.35 GHz, in the 
planes (110) and (100). The experimental values of Hb 
shown on the graph by circles, indicate that in CrGeG 
the (100) axis i s  an axis of easy magnetization; that is, 
Kl > 0. Furthermore, in the angle interval 60-120" in 

the (110) plane, and for all directions in the (loo), two 
maxima of the resonance absorption a re  observed; in 
the (1 00) plane, the lower -field resonance is independent 
of the direction of the external magnetic field. The high 
high-field resonance is less intense, with a broader ab- 
sorption line, and is practically unobservable near the 
directions of degeneracy: (111) for the (1 10) plane and 
(100) for the (100) plane. 

Double-field resonance similar to that described above 
was observed by Eastman et  al. in a low-anisotropy 
cubic antiferromagnet, TlMnF, doped with cobalt. 
According to their r n e a s u r e r n e n t ~ ~ ~ ~ ~  these two reso- 
nances correspond to two nonequivalent equilibrium 
positions of the sublattice magnetization in the spin-flop 
plane. In fact, analysis of the equilibrium spin config- 
urations in CrGeG shows that when H lies in the (100) 
plane, the lower-field resonance is due to a sublattice 
magnetization directed along the (100) axis. This axis 
corresponds to the "absolute" minimum of the anisot- 
ropy energy (a stable state) and to the angular function 
f(x) = 1 in (1) (see formula (2) in Ref. 2). The higher 
resonance corresponds to a sublattice magnetization 
perpendicular to the (100) axis and is characterized by 
a metastable state, with a relative minimum of the 
anisotropy energy and with the angular function fix) 
=cos4rp (formula (4) in Ref. 2). 

When the field lies in the (110) plane, in the angle 
interval 0' 8 54.7" a single resonance should be ob- 
served, corresponding to a unique minimum of the an- 
isotropy energy, with the angular functions given in 
formula (6) in Ref. 2; but for 54.7" 5 6 5 90°, a stable 
and metastable state again occur, (8) and (10) in Ref. 2. 

In Figs. 1 and 2, the solid and dotted lines correspond 
to  the values of the resonance field for the stable and 
metastable resonances according to formulas (2), (4), 
(6), (8), and (10) in Ref. 2. We obtained the best agree- 
ment with experiment with the following values of the 
effective fields in (1): 

By using the experimental value of the exchange field 
Hz= 250 k ~ e , ' ~ '  we find 

FIG. 2. Same as  Fig. 1, but for the (100) plane. Solid and 
dotted lines, calculation by formulas (2) and (4) in Ref. 2. 
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FIG. 3. Frequency-field re- 
lations for AFMR in CrGeG 
at  4.2 K, along principal axes 
of the crystal. Points, ex- 
periment. Dotted curves, 
calculation by formula (1). 
Solid line, EPR for g =  1 . 9 8 0 .  

H,.=38.1*0.5; H,=15*1.5; H2=11.2*1.5 Oe. 

Since for a cubic crystal with Kl > 0 the field HA, 
= 2K1/Mo, and Mo=gpBS, the value found for HA, gives 
for the anisotropy constant (per cr3' ion): Kl = 27 . lo-' 
cm-'. We remark that the sign of Kl in CrGeG agrees 
with the results of investigation of the EPR of octa- 
hedral cr3' in a matrix of diamagnetic garnets, which 
give for the parameter of the axial crystalline field in 
the spin Hamiltonian the values D = 0.35 cm-' (YG~G"]) 
and D= a209 cm-' (YA~G~").  

Figure 3 gives the frequency-field relation for AFMR 
in CrGeG at 4.2 K along the principal axes of the crys- 
tal, [loo] and [Ill]. It is evident that the experimental 
data (points) agree well with the calculated, which were 
obtained by use of the values found for HA1, HI, and H2. 

It was established earlierrB1 that in the AFMR spec- 
trum of cubic RbMnF, there is observed an isotropic 
gap HNHE , caused by the hyperfine anisotropy field HN, 
which leads to a strong temperature dependence of the 
resonance field (HNm ~ O / T ) .  Our measurements of the 
AFMR field in CrGeG in the interval 1.7-12 K indicate 
a very weak dependence of Ho on temperature, in any 
event for 1.7-4.2 K. This is obviously explained by the 
small value of the hyperfine-interaction constant, which 
cannot be determined from the data on EPR of cr3' in 
garnetc7'81, and also by the insignificant content of the 
isotope crS3 in natural chromium (< 10%). 

Supposing that the change of H,(T) corresponds to a 
Brillouin function for S = 3/2, we calculated the tempera- 
ture dependence of the magnetoelastic-interaction con- 
stants Bl(T) and B2(T) and of the anisotropy constant 
Kl(T) in CrGeG. Figure 4 shows the experimental val- 
ues of B1, B2, and Kl (divided by the values of 0 K) a s  
functions of the relative magnetization m (T) = M(T)/M(OI 

According to the single-ion theory, in cubic crystals 
at low temperatures Kl varies with temperature a s  
m". L'O1 This relation is represented by curve 1 in Fig. 
4. It is seen that the experimental values for Kl in 
CrGeG agree well with the theoretical relation. 

The temperature dependence of the magnetoelastic- 
interaction constants, within the framework of the same 
model, has the 

where is the modified Bessel function, and where 
L-' is the inverse Langevin function of the relative mag- 
netization (Curve 2 in Fig. 4). The experimental values 
of B1 and B2 (circles in Fig. 4) do not agree with the 
theoretical relation (2), in any event in the low-tempera- 
ture range (T < 8 K). But it may be remarked that our 
determinations of Bl and B2 give evidence in favor of 
the single-ion mechanism of magnetoelastic interaction 
in CrGeG rather than of the two-ion, which is described 
by an m z ( ~ )  dependence (the dotted line in Fig. 4). As 
regards the temperature range near TN, where the 
anisotropy is small, the e r ro r  in the determination of 
Hl and H2 increases to such an extent that a calculation 
of Bl and B, has no meaning. 

We remark that a resonance-absorption line in CrGeG 
is observed also a t  T > TN. From the paramagnetic- 
resonance field in CrGeG, we found the value g= 1.980 
* 0.005, which agrees well with the results of EPR 
impurity Cr3+ ions in diamagnetic garnets. [7'81 

2. Antiferromagnetic resonance in FeGeG. In ac- 
cordance with our preliminary data on measurement of 
AFMR in a garnet with Fe3* in octahedra, FeGeG is 
an undistorted cubic antiferromagnet with Kl < 0. Pro- 
cessing of the experimental angular dependencies at 
4.2 K (see Fig. 1 in Ref. 4) according to formula (1) 
gives the following values of the effective fields: 

According to the measurements of Allain and ~ e c o m t e : ~ ~ ~  
the sublattice-flip field in FeGeG is HE =404 kOe. With 
allowance for the Brillouin dependence HE(T), we get 
for 4.2 K. 

Since for K1 < 0 the field HA, = - 4K1/3Mo, the value found 
for HA, gives for the anisotropy constant (per ~ e "  ion) 
Kl = - 26.4 -10" cm". 

The temperature variation of K1 for FeGeG, shown in 

FIG. 4. Anisotropy constants K 1  and magnetoelastic-interac- 
tion constants B 1  and B2,  normalized with respect to T = 0 K ,  
as functions of the relative magnetization m ( T )  for CrGeG. 
Points, experiment: A, K 1 ;  a, B l ;  @, B 2 .  Curves, theory: 
1 ,  mi'; 2 ,  formula ( 2 ) ;  3 ,  m 2 .  
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FIG. 5. Same as  Fig. 4, but for FeGeG. Points, experiment: 
A, Kt; 0, Bl; e, B,. Curves: 1, single-ion theory; 2, for- 
mula (2); 3, EPR data. li3] 

Fig. 5 (A), is well described by the single-ion theory 
' ( ~ u r v e  1). It should be noted that our results agree with 
the Kl(T) variation obtained ea.rliercl3' from EPR data 
on octahedral ~ e ' '  ions in garnet (the dotted line in Fig. 
5). But the absolute values of K1 differ significantly; 
at 4.2 K, EPR gives Kl = - 64 *' cm-'. For quantita- 
tive agreement it is apparently necessary, in the pro- 
cessing of the angular dependences of the AFMR spec- 
trum, to take K, into account. (We note that in the 
garnet structure, according to Ref. 14, K2/Kl = 3 to 4 
for octahedral Fez*, CO*, and ~ i ~ *  ions. ) 

In Fig. 5 the circles represent the magnetoelastic- 
interaction constants BI and B ,  in FeGeG. A s  in the 
case of CrGeG, so also in FeCieG the constants B1 and 
B, are apparently of single-ion nature. From resonance 
measurements on FeGeG at T .> T,, we obtained g= 2.003 
* 0.001, which agrees within the limits of error  with 
EPR data on impurity Fe3' ion;s in octahedral sites of 
a garnet. c131 

In contrast to the chromium garnet, in FeGeG we ob- 
served no resonance connected with metastable states 
of the magnetization vector, although according to Ref. 
2 it should occur when the external field lies in the (110) 
plane. A possible reason for this is the low intensity of 
the high-field resonance. Thus investigation of AFMR 
in garnets makes it possible to obtain information about 
the equilibrium spin configurations, the anisotropy, and 

the magnetoelastic interactions in antiferromagnetic 
garnets. In this respect, static magnetic methods, for 
crystals with high symmetry, a re  apparently much less 
informative. 

Our measurements on two antiferromagnetic garnets 
with F'e3' and cr3' ions in octahedra show that in these 
low-anisotropy compounds, an important role is played 
by 'magnetoelastic interactions (the magnetostriction 
constants of the specimens investigated are  of the same 
order as  in ferrimagnetic WG). In contrast to uniaxial 
antiferrornagnets, the effective anisotropy and magneto- 
strictive fields differ insignificantly. 

The authors thank K. P. Belov for his attention to the 
research and for discussion of the results. 
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