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Ferrimagnets with lsing ions. Magnetic properties of 
holmium-yttrium iron garnets in strong fields at helium 
temperatures 
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The magnetization of single-crystal holmium-yttrium iron garnets Ho,Y,-,Fe,O,, (0 s x  5 3) was measured 
in fields up to 300 kOe at 4.2 K. It was observed that phase transitions into field-induced noncollinear phases 
in compositions with x < 1.65 are of first order H-x phase diagrams of holmium-yttrium iron garnets are 
constructed for field orientations along the crystallographic axes <11 I>, <1 lo), and <100>. It is shown that 
the experimental data (the magnetization curves along different directions, the dependences of the transition 
fields on the holmium concentration and on the orientation of the magnetic field, etc.) of femtes with x < 1.65 
can be explained by means of a model that considers the Ho3+ ion in the garnet structure in an extremely 
anisotropic Ising approximation. Possible causes of deviation from this model in iron garnets with large 
holmium contents are discussed. 

PACS numbers: 75.30.Cr, 75.30.Kz, 75.50.Gg 

1. INTRODUCTION 

Numerous recen t  investigations (see,  e . g. , the re- 
view') have shown that noncollinear magnetic s t ruc-  
tures can be  produced i n  fe r r imagne ts  i n  a cer ta in  field 
interval .  T h e  formation of such  s t r u c t u r e s  is due to 
the competition between the negative exchange interac-  
tion that  tends to produce an ant iparal le l  alignment of 
the magnetic moments  of the  sublat t ices  of the f e r r i -  
magnet, and the Zeeman interact ion of the magnetic 
moment of the sublat t ices  with the ex te rna l  field, which 
tends to orient  them paral le l  to each  o ther .  

The field-induced noncollinear magnetic s t r u c t u r e s  
were investigated i n  g rea tes t  detai l  theoret ical ly  and 

experimental ly  i n  f e r r i m a g n e t s  i n  which the magnetic 
anisotropy is e i t h e r  nonexistent (the isotropic  case12 
or is s m a l l  compared with the exchange interact ion be- 
tween the sublat t ices .  Much less investigated were  

the noncollinear s t r u c t u r e s  i n  s t rongly anisotropic 
fe r r imagne ts .  Anomalies of the magnetization of hol- 
mium-yttrium i r o n  garne t s  (HYIG) HOxY,-xFe50,2(x 
s 0.4) were  observed i n  Ref .  4 in  f ie lds  close to the 
exchange f ie ld (-lo5 Oe). It  w a s  shown theoretically5 
that  these  anomalies  can b e  in te rpre ted  as a mani- 
festation of the realignment of the magnetic s t ruc ture  
of the fe r r imagne t  i n  the f ie ld.  The  r a r e - e a r t h  hol- 
mium ions w e r e  t rea ted  i n  th i s  c a s e  i n  the extremely 
anisotropic  Ising approximation. 
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However, the earlier experimental data4 and the 
corresponding theoretical calculations5 pertained to 
HYIG with small holmium content and the question of 
whether the proposed model describes the HYIG with 
large numbers of holmium ions remained open. In 
addition, principal attention was paid in Refs. 4 and 5 
to the magnetization anomalies in strong fields com- 
parable with the exchange fields, and practically no 
analysis (theoretical o r  experimental) was made of the 
magnetization curves of Ising ferrimagnets in weaker 
fields. We have therefore undertaken experimental 
investigations of the magnetic properties of single cry- 
stals of the HYIG system Ho,Y3-,FeSOlz in a wide range 
of concentrations (0 c x 3) and of magnetic fields (up 
to 300 kOe) at liquid-helium temperature, and cal- 
culated the magnetization and the phase diagram of 
these ferrimagnets in a model that takes into account 
the Ising character of the holmium ions ~ 0 ~ ' .  The ex- 
perimental results were compared with this theoretical 
model. The possible causes that lead in a number of 
cases to a difference between the experimental and 
theoretical data were analyzed. 

2. FUNDAMENTAL MAGNETIC PROPERTIES OF 
RARE-EARTH IRON GARNETS 

The rare-earth iron garnets (REIG) R3Fe5OI2 (8 is 
a rare-earth element o r  yttrium) had a cubic crystal 
structure and a re  described by the space group 0;'. 
The ~ e ~ *  ions in the garnet crystal lattice (the unit cell 
contains eight formula units R,Fe50,J occupy places 
with octahearal oxygen surrounding (a-sites) and places 
with tetrahedral oxygen surrounding (d-sites). A 
strong negative exchange interaction takes place be- 
tween the ~ e ~ '  ions in the a and d sites (the effective 
field is Ha- ,  x 2 . lo6  Oe) and leads to antiparallel or-  
ientation of the magnetic moments of the ~ e ~ '  ions in 
these places, so that in the fields H <<Ha, we can con- 
sider one a-d sublattice of the iron ions with a magnetic 
moment MF, equal to the difference between the mag- 
netic moments of the a and d sublattices (at 0 K we have 
M F e =  5pg per formula unit). 

The rare-earth ions R ~ '  a re  located in si tes with do- 
decahedral surroundings of oxygen ions, having a point 
group D2 (c-sites), while the crystal lattice has six 
non-equivalent c-sites that differ in the orientation of 
the axes of the dodecahedron (Fig. 1). In the general 
case i t  is therefore necessary to consider six different 
rare-earth sublattices. The magnetic ordering of the 
rare-earth ions is due to the negative exchange inter- 
action with the iron sublattice. The effective field of 
the R-Fe interaction is of the order of lo5 Oe, i . e . ,  
i t  is weaker than the Fe-Fe interaction. The exchange 
interaction between the rare-earth ions is weak, and 
can be neglected. Thus, in mixed REIG R,Y3_,Fe3Ol2 
the exchange field acting on the rare-earth ion can be 
regarded in first-order approximation a s  independent of 
the concentration of the rare-earth ions. 

3. THEORY 

We examine the properties of mixed REIG 
R,Y3-,Fe5012 as functions of the field and of the con- 

FIG. 1. Arrangement of the six nonequivalent dodecahedra in 
the unit cell of the garnet. 

centration of the rare-earth ions at 0" K. Just as prev- 
i o ~ s l ~ , ~  we describe the R ~ '  ions in the Ising approxi- 
mation, i . e . , we assume that at all orientations of the 
fields (external magnetic field and exchange field) acting 
on this ion the magnetic moment of the ion can be or-  
iented only along a definite Ising axis that coincides with 
some particular symmetry axis of that c-site at which 
the rare-earth ion is located. As the Ising axis of each 
i-th si te we chose5 the z, axis (see Fig. 1). Since this 
choice is the only one at which the resultant easy-mag- 
netization axes of the garnet coincide with axes of the 
type ( I l l ) ,  as is the case for most REIG and in partic- 
ular for the HYIG considered below. We note that with 
this choice of axes the positions 1 and 2, 3 and 4, and 
5 and 6 become pairwise equivalent and we consider 
three magnetic sublattices of the rare-earth ions. 

Although the proposed model is hypothetical and its 
correctness is confirmed only by the agreement be- 
tween the theoretical predictions and the experimental 
data, i t  is based in many respects on results of in- 
vestigations of the state of rare-earth ions in the gar- 
net structure. The crystal  fields produced at the rare- 
earth ion by the surrounding oxygen split the principal 
multiplet of this ion into doublets for Kramers ions 
and singlets for non-Kramers ions. In a number of 
cases the lower levels in the spectrum of non-fiamers 
ions a r e  two closely-lying singlets located f a r  enough 
from the higher levels (see, e .  g. Ref. 6). As shown 
by ~ r i f f i t h , ~  these ions behave like Ising ions. 

We proceed now to construct the thermodynamic po- 
tential (the energy of the ground state of the system). 
The effective field acting on the rare-earth ion can be 
represented in the usual form 

Heff =H-hMp,., (1) 

where H is the external field, MF, is the magnetic mo- 
ment of the iron sublattice, and X > 0 is the constant 
of the molecular field produced at the rare-earth ion 
by the iron sublattice. 

Since we assume an Ising rare-earth ion, the levels 
of the quasidoublet of the ion in the i-th si te will be 
split only by the z ,  component of the effective field, and 
the energy of the ground state of such a ferrimagnet 
(per molecule of the REIG) can be written in the form 
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(see Ref. 5) 

where p~ is the magnetic moment of the rare-earth 
ion, x is the concentration, and z, is a unit vector. 
(Formula (2) can be represented in the form 

where Hi,,, Hi,,, H:,, a r e  the projections, on the coordi- 
nate axes of the effective field acting on the rare-earth 
sublattice. The f i rs t  term in this expression des- 
cribes the magnetic anisotropy and, as seen from (3) in 
this model the magnetic anisotropy does not reduce to 
the form usual for cubic weakly anisotropic ferrimag- 
nets .) 

Denoting by 1, the direction of the magnetic moment 
of the rare-earth ion in the i-th position 

Ir=zi sign{(-hMR,+H) zi), (4) 

we represent the energy of the ground state in the form 

- ~ 

1-1.1.5 

Changing over to the dimensionless variables 

we obtain 

where y = ~ ,  JM,,, and the vector 

is the combined moment of the rare-earth ions in rel- 
ative units. Its value 

~ R = X ~ R / ~ " ~ M F ~  (8) 

can be regarded as the relative concentration of the 
rare-earth ions, so  that we shall investigate hence- 
forth the behavior of an equilibrium configuration of 
magnetic moment of the system as a function of the 
field at different values of m, (i. e .  , of x) . " 

Since the magnetic moment of the rare-earth ion in 
each i-th site is oriented collinear with the corres- 
ponding z, axis, i. e. , collinear with a crystallographic 
axis of the type (loo), i t  follows that the summary 
magnetic moment of all the rare-earth ions, m,, can 
be directed a t  0 OK only along an axis of the type (111). 
Thus, magnetic phase transitions can proceed in this 
system, depending on the field, only via discrete re- 
orientations of the mignetic moment mR of the sum- 
mary rare-earth sublattice from m, from one direction of 
the type (111) to another (with a corresponding rota- 
tion of the magnetic moment of the iron sublattice). 
The phases of the system a re  determined by the direc- 
tion of the vector m,, and, as is clear from the fore- 
going, the maximum possible number of phases is 
eight. Naturally, not all eight phases a re  realized 
each time. The ratio of the magnetic moments of the 
rare-earth and iron sublattices specifies the initial 
phase H - 0, and when the field is increased only the 
phases corresponding to the energy minimum are  
realized. 

The equilibrium direction of the magnetization of the 
iron sublattice a t  a given m,is determined by mini- 
mization of (6) with respect to y given by 

Thus, in the phase specified by the orientation of the 
vector m, the equilibrium magnetic moment of the sys- 
tem (normalized to MFJ is 

and i ts  projection on the direction of the field (its mag- 
netization) is 

Substituting (9) in (6), we find that the energy of the 
ground state in a phase with specified mR is 

F=- ( I I - ~ I ~ ,  I -hm,,. (12) 

The regions of existence of phases on the (h ,  mR) 
plane can be easily obtained from the condition that the 
given phase, determined by the direction of m,, ceases 
to exist when the projection of the effective field 

herf=h- (h-III,)/ Ih-nrl,l (13) 

on any of the axes z, (or, equivalently, on the crystallo- 
graphic axes [loo], [010], [001]) vanishes. In fact, as 
follows from (4), the reversal  of the sign of the pro- 
jection of the effective field on the z, axis causes a 
reorientation of the magnetic moment of the rare-earth 
ion in the i-th site, and this leads to a change in the 
orientation of the vector m, [see ('i')]. 

Thus, the problem of finding the equilibrium config- 
urations of the magnetic moments of a given system 
and of the phase transitions between them reduces to 
the following: a) determination of the regions of ex- 
istence of phases with specified m,; b) calculation of 
the energy of these phases by formula (12) and deter- 
mination of the phase with the lowest energy for given 
H and x; c )  finding the phase-transition lines from the 
condition that the phase energies be equal. 

We consider f i rs t  the phase diagrams of Ising ferri- 
magnets a t  0 "K for the three field orientations most 
frequently encountered in experiment: h 11 [001], 
h l l  [110] and hll 11111. 

A. h 11 [001]. At this orientation of the field, two four- 
fold degenerate phases a re  possible: 

and have different projections of the vector rn, on the 
field direction. The first-order phase-transition line 
that separates these phases is determined from equality 
of their energies and is of the form2' 

B. h 11[110]. In this case three phases exist: 1) the 
doubly degenerate phase m, I I  [ i i i ] ,  m~ 11 11111; 2) the 
fourfold degenerate phase m, 11 [ I l l ] ,  m~ 11 [ l i l ] ,  
m, 11 [ l l l ] ,  m, I 1  [ i l i ] ;  3) the doubly degenerate phase 
m, 11 [ l l l ] ,  m, II[lli]. The first-order phase-transition 
line between phases 1) and 2) is given by 

325 Sov. Phys. JETP 51(2), Feb. 1980 Silant'ev et a/. 325 



and the first-order transition line between phases 2 and 
3 is described by the expression 

6 n 1 , ~  6 (mR2 - 1) 
hs,-s - - - (16) 

(6 - nzQg 6 -- mR2 

C. h ll[lll]. At this field orientation there are  four 
phases: 1) nondegenerate phase m, 11 [ i i i ] ;  2) three- 
fold degenerate phase m, 11 [iiil, m, ~ ( [ i i i ] ,  m, 11 [ i i i l ;  
3) threefold degenerate phase m, 11 [ l l l ] ,  m, 11 [ l l l ] ,  
m, I I  [ i l l ] ;  4) nondegenerate phase m, 11 [ill]. 

The phase-transition lines between the phases a re  
given by 

h,,,=3(l-mR)/(3-mn), (17) 

We note that in the region of the existence of phase 4) 
there exists also one phase transition 4'-4"), which 
follows the line 

h;.-,..=rn1,, m1,>3'". (20) 

In this transition, a reorientation of the magnetic mo- 
ment of the iron sublattices takes place from y l l  -h to 
y I (  h, i. e. ,  a transition from a ferrimagnetic structure 
of the rare-earth and iron sublattices to a ferrimag- 
netic structure. Within the framework of the consid- 
ered model, this is a hysteresis-free first-order 
transition. Hysteresis appears when account is taken 
of the magnetic anisotropy of the iron sublattice. 

We note also that phases 1) and 4) differ from the 
other phases presented above: their total moment and 
the moment of the rare-earth sublattice, a r e  collinear 
with the direction of the field (they can therefore be 
called collinear o r  symmetric), whereas in all other 
phases the total magnetic moment makes an angle with 
the fielddirection, the magnitude of this angle being 
dependent on the value of the field (these phases can be 
called canted). 

We have considered the realignment of the magnetic 
structure of an Ising ferrimagnet for the most sym- 
metrical directions of the magnetic field. It is impor- 
tant that in these cases, owing to the high symmetry 
of the system, phase degeneracy took place. The max- 
imum number of phase transitions is equal to 1,2, o r  
3 respectively at  h ( 1  (loo), h 11(100), h ll(ll1). Ob- 
viously, at  other (low-symmetry) directions of the ex- 
ternal field the degree of phase degeneracy decreases, 
and therefore the number of phase transitions in- 
creases. 

We shall examine this question in greater detail for 
the case of an arbitrary orientation of the field in the 
( l i0)  plane. In this case there exist the following 
energywise nonequivalent phases: 1) m, 11 [iiI], 2) 
m, II  [ili], m, I1 [iii], 3) m, 11 [iii], 4) m, I 1  [llll, 5) 
m, I 1  [ l i l ] ,  m, I I  [ i l l ] ,  6) m, 11 [ l l l ] .  The maximum 
number of phase transitions is five. The phase-trans- 
ition lines between the phases a re  determined by the 
expression 

where q, = (m,, . h)/m,h) is the projection of the mag- 
netic moment of the rare-earth ions in the k-th phase 
on the field direction. A calculation of the dependence 
of the fields of the phase transitions on the angle of 
orientation of the field in the (110) plane and a com- 
parison of the experimental and theoretical data will 
be presented below. 

Since the total number of phases, as indicated above, 
is eight, the maximum possible number of transitions 
at  an arbitrary direction of the magnetic field in space, 
when the phase degeneracy is completely lifted, is 
equal to seven. It should be noted, however, that there 
exists an infinite number of field directions which a re  
not connected with any of the crystal symmetry ele- 
ments, but for which degeneracy of the phase exists 
nevertheless. This situation takes place at  field or- 
ientations h 11 [i, j, k], when the sum (or difference) of 
any two of the indices i, j, and k is equal in absolute 
value to the third. In this case there a r e  at  least two 
energywide equivalent directions m,, the projections 
of which on the field directions a r e  identical (equal to 
zero), and form by virtue of this a single degenerate 
phase. Thus, for example, at  h ll[i, j, i_f j ]  the phases 
with orientations m, 11 [ l l i ]  and m, 11 [ l l l ]  a re  energy- 
wise equivalent. Therefore the problem of the exper- 
imental resolution of all seven discontinuities entails 
a certain difficulty: an arbitrary direction of the field 
turns out to be sufficiently close either to the sym- 
metry axes and planes, o r  to the directions described 
above. 

We have considered the magnetic phase diagrams of 
iron garnets with Ising rare-earth ions. The mag- 
netization in each phase can be easily obtained from 
the general formula (11). The theoretical m,,(h) de- 
pendences will be analyzed in greater detail below when 
the comparison with the experimental data is made. 
We note here that in Ising ferrimagnets the transitions 
between the phases are always of f i rs t  order, there- 
fore the phase-transition fields should always reveal 
magnetization jumps due to the reorientation of the 
magnetic moment of the rare-earth sublattice from one 
of the axes of the (111) type to another, with a cor- 
responding rotation of the magnetic moment of the iron 
sublattice. This constitutes one of the substantial dif- 
ferences between Ising ferrimagnets and ferrimagnets 
that have a magnetic anisotropy that is small compared 
with the exchange interaction; in the latter the transi- 
tions to the noncollinear phase can be of either f i rs t  o r  
second order. 

Another singularity of Ising ferrimagnets, which we 
must point out, is that at  all field directions except 
parallel to the easy magnetization axes ( I l l ) ,  a non- 
collinear structure appears already a t  h - 0 and exists 
in the given approximation up to h - -. In weakly an- 
isotropic ferrimagnets, the noncollinear phase exists 
in most cases in a limited field interval. 
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4. SAMPLES AND MEASUREMENT PROCEDURES 

Single crystals of the HYIG H0,Y,_,Fe5012 were grown 
by spontaneous crystallization from the solution in the 
melt (see Ref. 8 for  more details). The composition of 
the samples was determined by x-ray spectral anal- 
ysis, and also by measurements of the saturation mag- 
netization in the (111) direction at 4.2 K (as shown in 
Ref. 8, the magnetization of HYIG per mole depends 
linearly on the holmium concentration). 

The magnetization was measured in static fields up 
to 70 kOe with a vibration magnetometer, and also in 
pulsed fields up to 300 kOe by an induction method. The 
critical fields of the phase transitions were determined, 
in addition, from measurements of the differential sus- 
ceptibility in pulsed fields. The torque acting on the 
single crystal was measured in pulsed fields up to 120 
kOe using a setup with a piezoelectric pickup (in our 
version the pickup used was single-crystal quartz), 
similar to the setup described earlier.  All the mea- 
surements were made a t  4.2 K. 

5. EXPERIMENTAL DATA AND THEIR 
THEORETICAL INTERPRETATION 

Figure 2a shows the experimental dependences of the 
magnetization on the field in HYIG H00.41Y2.59Fe5012 
along the crystallographic directions (loo), (loo), 
(111). It is seen that in fields of the order of 100 kOe 
the plots of the magnetization against the field show 
jumps, one in a field parallel to the (100) axis and two 
in a field parallel to the (110) axis, and three in a field 

0 I00 , 100 ZOO 

!-.-.- 

I ! 
-.J 

I 

0 100 ZOO 0 100 700 
6 a H, kOe 11, kOe b 

FIG. 2. ExperimentaI (a) and theoretical 6) plots of the mag- 
netization of the HYIG H~,riY2,5,Fe501z against the field: solid 
curves-for HI (Ill), dashed-for HI1 (110), dash-dot-for 
H II (100). The imets show MI, (If) in weak fields. 

parallel to the (111) axes. The jumps exhibit hyster- 
esis: when the field is increased the jumps occur in 
stronger fields than in a decreasing field. We note that 
in a field parallel to the (111) axis, which is an easy- 
magnetization axis, absolute saturation is reached 
after the jumps-the magnetization becomes equal to 
the sum of the magnetic moments of the iron and rare- 
earth sublattices. 

The magnetization behaves anomalously also in weak- 
e r  fields (see the inset of Fig. 2a). Whereas the mag- 
netization along the (111) axes saturates in weaker 
fields and depends little on the field if i t  is weaker than 
the jump field, the magnetization along the (110) and 
(100) axes increases with the field, and in a certain 
value of the field the magnetization in these directions 
becomes larger than the magnetization in the easy 
direction (111). 

Similar magnetization curves a re  observed for other 
compositions of HYIG with x<0.8 (x=0.8 is the con- 
centration a t  which the magnetic moment of the rare- 
earth sublattice, i . e . ,  m, = 1, and the total magneti- 
zation of the HYIG with x =  0.8 is equal to zero). The 
increase of x in this concentration range, without 
changing the number of jumps along different direc- 
tions, leads only to a change in the transition fields, 
a change in the amplitude of the jumps, and also to an 
increase of the hysteresis in the transitions. 

Different dependences of the magnetization on the 
field a re  observed in HYIG with large holmium con- 
tents. Figure 3a shows the magnetization curves of 
HOl.05Yl.,5Fe5012. It i s  seen that the magnetization 
curve has in a field parallel to the (111) axis two an- 
omalies, past which the magnetization reaches ab- 
solute saturation. When the field is oriented along 
(110) and (100) an increase of the magnetization is ob- 
served with increasing field, but there a r e  no jumps. 
Nonetheless, even for this HYIG the magnetization in 
the easy direction (111) becomes smaller in a certain 
field interval than in the directions (110) and (100). 
Similar dependences of the magnetization on the field 
a r e  observed for other HYIG samples in the concentra- 
tion 0.8< xc1.25. 

FIG. 3. Experimental (a) and theoretical (b) plots of the mag- 
netization of the W I G  Hoi.wYi.95Fe5012 against the field: solid 
lines-for HI1 (I l l ) ,  dashed-for HI1 (110), dash-dot-for 
H ll (100). 

327 Sov, Phys. JETP 51(2), Feb. 1980 Silant'ev et a/. 327 



Our measurements have shown that the magnetization 
of the single-crystal HYIG H01.65Y1.35Fe5012 along the 
(111) axis begins to increase when a field H,=200 kOe 
is reached. This increase takes place (in contrast to 
samples with smaller holmium contents) without hy- 
steresis,  smoothly, and absolute saturation is not 
reached in fields accessible to us. Linear extrapola- 
tion of the experimental data yields for the saturation 
field H2=320 kOe. For this sample, the magnetization 
in the directions (loo), (110) also exceeds in a certain 
field interval the magnetization in the easy direction 
(111). 

In HYIG with x >  1.65 (2.5; 3) we observe no anomalies 
of the magnetization. They apparently lie in fields 
stronger than experimentally obtained in our study (-300 
kOe). 

Most of our experimental results can be well ex- 
plained within the framework of the theory developed 
above for the magnetization of iron garnets with Ising 
rare-earth ions. 

The anomalies of the magnetization of HYIG a re  due 
to a 180" reorientation, in the field, of the magnetic 
moments of the ~ 0 ~ '  ions in different nonequivalent po- 
sitions (this, as indicated, is equivalent to reorientation 
of the resultant moment of the holmium sublattice from 
one direction of the (111) type to another) and to the 
corresponding rotation of the magnetic moment of the 
iron sublattice, and the theory predicts correctly the 
number of anomalies of the magnetization along differ- 
ent directions and i ts  change with increasing holmium 
concentration in the HYIG: a t  x ~ 0 . 8  one observes in 
experiment three jumps in a field parallel to a (111) 
axis, two in a field parallel to (110), and one in a field 
parallel to (100); a t  larger contents of holmium, the 
anomalies of the magnetization take place when the 
field is oriented in an (111) direction-two at  0.8 < x 
"11.25 andone a t  x=1.65. 

Moreover, the theory yields phase-transition fields 
that agree with experiment and describe satisfactorily 
the experimentally obtained dependences of the mag- 
netization on the field for HYIG with x <1.65. This is 
clearly seen from the theoretical magnetization cur- 
ves of the corresponding HYIG shown in Figs. 2b and 
3b. However, for the HOl~,5Yl~,,Fe5012 sample the 
theory does not yield the experimentally observed 
smooth increase of the magnetization along the (111) 
axis. The causes will be discussed below. We note 
that no fit parameters whatever were used in the the- 
oretical calculation, and the values of the molecular 
field H,,, = A,, and of the magnetic moment of the hol- 
mium ion pH,, which a re  needed for the calculation, 
were taken from the results of independent measure- 
ments on holmium iron garnet: H,,, = 125 kOe from 
Ref. lo3' and pH, = l l p ,  from Ref. 8 (in the calculation 
of pH, from the experimental data i t  was assumed that 
the holmium ions have an Ising magnetic ordering). 

From the theory developed above follow also the ex- 
perimentally observable intersections of the magnetiza- 
tion curves along different directions (see the insets of 

Fig. 2, and also Fig. 3). These intersections a re  phy- 
sically due to the fact that, a s  already noted, at 
H 11 (111) in fields weaker than the field of the f i rs t  phase 
transition the magnetic moments of the iron and result- 
ant holmium sublattices remain antiparallel (collinear 
phase), and according to the theoretical model the mag- 
netization must not vary with the field in this field in- 
terval. On the other hand, if the field is oriented a t  an 
angle to the easy-magnetization axis, then even in weak 
fields a noncollinear structure is produced, in which the 
magnetic moment of the iron sublattice deviates from 
the (111) axis towards the field direction, and the mo- 
ment of the resultant holmium sublattice remains or-  
iented along this axis, owing to the Ising character of 
the magnetic ordering. Because of this, the magneti- 
zation increases with increasing field, and exceeds in 
a certain field the magnetization along the (111) axis. 

Figure 4 shows the experimental H - x  phase diagrams 
of the HYIG HO~Y,_~F~,O, ,  for  field orientations along 
the axes (loo), (110), (111). The same figure shows the 
theoretical phase diagrams for IG with Ising rare-earth 
ions, constructed in accordance with formulas (14)- 
(20) and using the cited values of H,,, and pH,. It is 
seen that the experimental and theoretical plots of the 
critical fields against the holmium concentration a r e  in 
agreement. We note that the theoretical values of the 
critical fields correspond, as indicated above, to equal- 
ity of the energies of the different phases. Experi- 
ment, on the other hand, reveals hysteresis of the 
transition fields (Fig. 4 shows the critical fields with 

FIG. 4. H-x phase diagrams of the W I G  HoxY3,,Fe,0i2 along 
the crystallographic axes (100) (a), (110) b), and (111) (c). 
Circles, squares, and triangles-experimental values of the 
jump fields (light symbols-with increasing field. dark-with 
decreasing field). Solid lines-theoretical calculations. The 
numbers denote the phases. 
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increasing and decreasing field). This hysteresis can 
be due to the existence of metastable states, o r  ap- 
parently also to relaxation processes (the transition 
hysteresis is weaker in static than in pulsed fields). 
However, the experimental value of the hysteresis is 
much less than would follow from theoretical estimates 
of the region of metastability of the different phases. 
Thus, metastable states a r e  not fully realized in such 
transitions. It is possible, however, that the onset of 
metastability causes the transitions to become smeared 
out in a number of cases over a finite field interval 
(other probable causes of this phenomenon will be con- 
sidered below). 

In the discussion of the theoretical model i t  was noted 
that if the field is oriented in an arbitary direction in 
a plane of the (110) type, the largest possible number 
of transitions is equal to five. Experiment confirms 
this conclusion. Figure 5a shows the experiment H-cp 
phase diagram of the HIYG H00,41Y3,59Fe5012 in the 
(110) plane. It is seen that a t  certain orientations of 
the field there a re  five phase transitions, and the ex- 
perimental dependence of the transition fields on the 
angle agrees qualitatively with the theoretical one (Fig. 
5b), although there a r e  some quantitative differences 
between them. 

Interesting data on the processes of HYIG magnetiza- 
tion can be obtained from the plots of the torque against 
the field. Figure 6a shows an experimental plot of 
L(H) in the (110) plane of the HYIG H00.41Y2.59Fe5012. 
It is seen that the torque has an unusual behavior: 
with increasing field the sign of L is reversed. This 
behavior agrees qualitatively with the Ising model of 
magnetic ordering of this ferrimagnet. As follows 
from the thermodynamic relations, in the most gen- 
era l  form the torque, in relative units, can be rep- 
resented in the form 

where m, is the projection of the relative magnetization 
of the HYIG on the direction perpendicular to the field 
and to the rotation axis. It is seen from (10) that m, 
consists of two terms: the projection yl of the iron 
sublattice and the projection mRl of the resultant rare- 
earth sublattice. In a zero field, y is antiparallel to 

m,, so  that f o r  this HYIG we have m, < 1 and the re- 
sultant torque is determined by the iron sublattice. 
With increasing field, the magnetic moment of the iron 
sublattice begins to rotate towards the field direction, 
y, decreases, whereas the magnetic moment of the 
rare-earth sublattice does not change i ts  direction be- 
cause of the Ising character of the ordering of the rea r  
rare-earth ions. Consequently, m,, like-wise remains 
unchanged. Therefore in a certain field n?,, becomes 
larger than y,, and this leads to a change in the sign of 
the torque. 

I / ! , , ,  

The torque changes sign also in the phase-transition 
field. Using (101, we easily obtain a general expres- 
sion for the torque of the HYIG at  a field orientation in 
the (111) plane for the i-th phase (i= 1-6) (see Sec. 3): 

I I I I 1 1 1  

( 2 1  ( 1 1  ( 1 1  1 1 1  
L=h( 1--lh-an,, I-') [2 -"cosc( , ( rn l , ,  +n,,,, ) - n t , ,  sill TI.  (23) 

20 YO 1 60 80 20 YO 160 60 
(100) (111) (110) (100) (~II) (rlD) 

y', deg y, deg 

FIG. 5. Experimental (a) and theoretical (b) H-cp phase dia- 
gram of the HYIG Ho,,41Y2.5sFe50iz in the (110) plane. The cir - 
cles show the ax le s  at which the values of the corresponding 
jumps are equal to zero. 

where the angle cp, which determines the orientation of 
the external field, is measured from the [001] axis, 
and m2;(a = x, y, z are  the components of the vectors 
Ai' in the crystallographic axes. The torque curve 
calculated from this formula for a HYIG with x =  0.41 
is shown in Fig. 6b and agrees well with the experi- 
mental relation, as follows from a comparison with 
Fig. 6a. 

CONCLUSION 

The reported experimental results and their compar- 
ison with the theoretical calculations show that many 
properties of HYIG can be described in a model where- 
in the magnetic ordering of the ~ 0 ~ '  ions in the garnet 
structure is of the Ising type. The form of the mag- 
netization curves in weak fields, the number and mag- 
nitude of the anomalies of the magnetizations of differ- 
ent compositions when the field is oriented along differ- 
ent directions, the H-x and H- phase diagrams, the 
field dependences of the torque, a re  all described by 
this model, as already noted, without resorting to any 
additional fit parameters whatever. 

There are,  however, a number of facts that cannot be 
described in this simple model. 

1. The pure Ising model is in poor agreement with 
neutron-diffraction according to which the 
magnetic moments of the holmium in HO,Fe5OlZ form a 
double "umbrella" with inclination angles from the (111) 
axis in the planes (110) amounting to 29 and 63", and 
not to 55' as should be the case of the Ising model. 4 '  

2. Whereas in the Ising model of the ordering of the 

FIG. 6.  ~ x ~ e r i r n ~ n t a l  (a) and theoretical (b) plots of the torque 
of the HYIG Hoo,41Yz.5sFe5Q2 in the (110) plane. The field is 
oriented at an angle 80" to the (100) axis. 
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rare-earth ions the magnetization along the (111) axis 
should not depend on the field in weak fields, for in this 
case the "umbrella" should not be deformed, the ex- 
perimental M 11 (H) curves along this direction reveal 
an increase of the magnetization with increasing field, 
which is particularly noticeable in compositions with 
large holmium content, for example in holmium iron 
garnet. 15* l6 

3. In the Ising model transitions from one phase to 
another should proceed jumpwise. The anomalies on 
the experimental plots of the magnetization against the 
field in HYIG stretch in a number of cases over a cer- 
tain field interval, this being particularly noticeable for  
composition with large holmium contents. As already 
noted, this can be due to the' onset of metastable states. 
but this smearing is largest for  the transition 4') =4") 
in HYIG with x =  1.65, where there is not metastability 
under the model under consideration. 5' 

All these singularities can be qualitatively explained 
by assuming that the Ising model is a f i rs t  approxima- 
tion, and that the holmium ion in the HYIG, while 
strongly anisotropic, is not a pure Ising ion. In other 
words, differing from zero a re  not only the z i  com- 
ponents, but also other magnetic-moment components 
of the holmium ion, and consequently deviations (al- 
beit small ones) of the magnetic moment of the cor- 
responding holmium sublattice from an axis of the (100) 
type a re  possible. The crystal field in the exchange 
interaction between the holmium and iron ions lead to 
the existence of an umbrella arrangement of the mag- 
netic moments of the holmium ions, with angles dif- 
ferent from 55", and the external field leads to a 
change of this angle. This assumption provides also 
a natural explanation for the fact that the Ising model 
becomes less  effective when the holmium concentra- 
tion is increased, and why, for example, the 4 3 = 4  ") 
in HYIG with x =  1.65 proceeds smoothly at H 11 (111) 
and becomes similar to the transition in the isotropic 
model. In the 4') =4") transition, as already noted, 
the magnetic moment of the iron sublattices is rotated 
through 180". If the rare-earth ions a r e  of the Ising 
type, so  that the resultant magnetic moment of the 
rare-earth sublattice cannot deviate from the (111) 
axis, then this transition must take place jumpwise. 
On the other hand, if such deviations a re  possible, then 
the reorientation of the magnetic moment of the iron 
sublattice takes place gradually and is accompanied by 
a deviation of the magnetic moment of the resultant 
rare-earth sublattice from this axis. 

By using, for example, the relations given in Ref. 1, 
i t  is easy to find that in the isotropic approximation the 
maximum deviation angle of the magnetic moment of the 
rare-earth sublattice i s  

(o , t )mal=dr~c~. . [  ( I - I I z , , - = )  I" ,  (24) 
i.e., the larger m,, the smaller the deviation of the 
magnetic moment of the rare-earth sublattice from the 
(111) axis, and therefore a t  large holmium contents 
even a small deviation of the components m,, and m,, 
from zero causes the transition in question to become 
smooth. Estimates show that for HYIG with x =  1.65 
i t  suffices for this purpose to have mR,mRy cO.1 m,,. 

From the microscopic point of view, the deviations 
from the Ising model can be qualitatively explained by 
recognizing that our analysis was restricted to consid- 
eration of the ground quasidoublet of the ~ 0 ~ '  ion in a 
crystal field, and i t  is this which caused the pure Ising 
character of the behavior of the magnetic moments of 
the Ho3' ions, and we neglected the influence of the 
higher levels. Allowance for the influence of the higher 
levels (by perturbation theory) adds to the energy of the 
ground state of the Ho3+ ion in the i-th si te the incre- 
ments 

AE,=- G,[(H-hMp.)a,]Z+... , (25) 
=-*,",* 

where a, is the orientation of the symmetry axes of the 
i-th site, 6, >O a re  numerical coefficients that depend 
on the spectrum and on the wave functions of the ion in 
the crystal field. It is these increments which make 
the Ho3' ions no longer of pure Ising type, and makes 
i t  possible for their magnetic moments to deviate from 
axes of the (100) type. 

From this point of view, the increase of the deviation 
from the Ising model in compositions with large hol- 
mium contents can be attributed to the behavior of the 
energy levels of the Ho3' ion in a magnetic field. As 
noted above, the Ising approximation holds true in the 
case when the ground quasidoublet is separated from 
the ground levels by a large distance and the interaction 
of the levels of a quasidoublet with the higher levels 
can be neglected. In compositions with small holmium 
contents (niR < 1) the external field is oriented anti- 
parallel to the exchange fields, and therefore leads to 
a decrease in the splitting of the levels of the quasi- 
doublet and to an increase of the distance from the ex- 
cited level of a quasidoublet to the higher levels. In 
other words, in this case the external field can only 
contribute to an Ising character of the spins. On the 
other hand if the holmium content is high (m, > I), then 
the external field is parallel to the exchange field and 
leads to an increase of the splitting of the quasidoublet 
levels, to an approach of one of the doublet components 
to the higher levels, i . e. , the Ising character of the 
spins is violated. 

We note that the Kramers ion Dy3' in the aluminate 
garnet Dy3A1,012 is almost of the Ising type. l7 The 
splitting of i t s  ground doublet by the exchange and ex- 
ternal fields is of the form 

where g,,g, <<g, (for Dy3d3Ol2 we have1' g,=0.73,gy 
=0.40,g,= 18.2). 

A similar situation can ar ise  for a non-Kramers Ho3' 
ion in an iron garnet, if i t s  ground state in the crystal 
field is a quasitriplet. It is easy to show that in the 
general case the splitting of the quasitriplet can be 
represented in the form 

If p,= py=O, then we a r e  dealing with the pure Ising 
model considered above. A deviation from Ising be- 
havior takes place as a result of the deviation of p, 
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and p, from zero. 
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I'In this model we neglect the magnetic anisotropy of the iron 
sublattice because it is small compared with the magnetic 
anisotropy of the rare-earth ions. 

''In order not to encumber the exposition with a large number 
of formulas we do not list here and below the regions where 
the phases exist. We note only that with increasing conoen- 
tration of the rare-earth ions the hysteresis near the phase- 
transition lines increases. 

3'We note that in the literature there are  also other values of 
Xd for holmium iron garnet, ranging from 109 (ref. 11) to 
147 kOe (ref. 12). The use of these values in the calculation 
leads only to changes in the fields of the phase transitions, 
without changing the general form of the magnetization curves 
and of the phase diagrams. The best agreement between the- 
ory and experiment is obtained at  n,,= 125 kOe. 

"Incidentally, it should be noted that neutron-diffraction data 
were obtained under a number of assumptions; In some cases 
(for example for Er,FeSO1,) they contradict the results of later 
magnetic m e a s ~ r e m e n t s ? ~  

S)~llowance for the magnetic anisotropy of the iron sublattice 
does not lead to agreement with experiment. 
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