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Spin-reorientation in ErFeO;: Zero-field transitions, three-dimensional phase diagram,
and anisotropy of erbium magnetism
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Spontaneous spin-reorientation transitions in Erfaf@ studied using ultrasound, magnetic susceptibility,
and magnetic moment measurements. The properties of the first-order transition happening in magnetic field
sweeps through zero are studied and a three-dimensibhdl) (magnetic phase diagram of the material is
constructed. Direct measurements of the magnetic moment allow for a precise determination of the temperature
dependence of the magnetization direction in the reorientation region. The mean-field theory of orientation
transitions is modified to account for the magnetism of the erbium subsystem, and an excellent agreement with
experiment is achieved.
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[. INTRODUCTION earth ions magnetic reorientation transitions occur upon
cooling. The most common type of spin reorientation is a
Orthoferrite ErFe@ belongs to the family of rhombic sequence of transitions I'y(Gy,F,)—124(Gy ,,Fx )
rare-earth orthoferrites, which were first identified in the —I",(G,,F,) which brings the system to another symmetric
early 1940s and became a subject of extensive studies onfigurationI', with F||a (the x coordinate axis is chosen
many research grougsee, e.g., Refs. 1+3They have the alonga) through the intermediatE,, tilted phase. Thd’,
chemical formulaRFeQ;, whereR is a rare-earth ion. A —T',, andI',,—T, transitions are two second-order orien-
characteristic feature of thBFeG; is the presence of two tation phase transitions. Their temperatures are denoté¢ as
magnetic subsystems, the rare-earth ions and the iron ionsandT, (T,<T;<Ty). The overall picture of the transition is
The iron subsystem usually orders magnetically at theas follows: upon cooling down frorfy, the first spontane-
Neel temperaturdy~620-740 K into a slightly canted an- ous OPT happens at temperatilise where vectofF starts to
tiferromagnetic structure with the Neel vect®rand the fer-  rotate fromc axis towards thea axis staying in the &,c)
romagnetic vectoF. The ferromagnetic moment is usually plane. Rotations happens in the temperature inteival
very small, but plays an important role in the phenomenas[T,,T,], i.e., in the tiltedI",, phase. AtT, vector F
discussed in this paper. reaches tha direction and rotation stops. This is the point of
As a rule the rare-earth subsystem orders magneticallgnother spontaneous OPT. It happens in many orthoferrites,
below Tygr~=5-10 K. Above this temperature tifitions are  e.g., forR = Tm, Er, Yb, Sm, Nd and in a somewhat differ-
paramagnetic, but experience the molecular field of the irorent form forR = Ho. In the tilted phase the whole antifer-
subsystem which partially magnetizes thef® Magnetic ~ romagnetic structure continuously rotates, for example, vec-
moment of erbium subsystem will be denotedrby Conse-  tor F rotates in the ,c) crystal plane from the axis toa
guently the total magnetic momentN4=F+m. axis. In the Landau theory approach these transitions are of-
The iron and rare-earth subsystems have quite differerten described by the temperature dependence of the anisot-
properties, which can change with temperature, field, or elag-opy constants of iron subsysteéft®The reorientation tem-
tic stress. They also interact with one another. It was foungberature interval T,,T,] can differ greatly for different rare
that this interaction leads to a whole series of orientatiorearths. For example, in YbFgQ,~6.8 K, T;~8 K, while
phase transitiongOPT), in which the spin system rotates in SmFeQ T,~450 K, T;~478 K. In this paper the reori-
with respect to the crystal axis. These transitions are studieentation phase transitions in ErFe@r which T,~88 K,
in both bulk materials and filmésee Refs. 1-3 and refer- T,~97 K is studied. Approximate equalities are used be-
ences therein, and more recent wori). cause transition temperatures turn out to be sensitive to crys-
When iron orders afly, its magnetic structure corre- tal growth and other conditions and can differ from sample to
sponds to the irreducible representation (G, ,F,) with F sample!>?°
pointing along thec axis of the crystalthe z coordinate axis Since in ErFe@ OPT’s happen at a temperature much
is chosen along). All orthoferrites order withF|c immedi-  lower thanTy, the iron sublattice magnetizations are almost
ately below the Nel temperature. This phase is known as afully saturated. It is assumed that during the OPT they sim-
major phase. It is also called the symmetric phase becaugsy rotate, retaining the same absolute value. Moreover, it is
the magnetic moment points along one of the symmetry axiproved that when the transition occurs in the absence of an
of the crystal. For nonmagnetic rare earths La, Y, Lu this  external magnetic fieldspontaneous OBT the angle be-
phase persists to the lowest temperatures. For other rareween the sublattice magnetizations remains constant as they

0163-1829/2004/69.0)/10442910)/$22.50 69 104429-1 ©2004 The American Physical Society



BAZALIY et al. PHYSICAL REVIEW B 69, 104429 (2004

rotate together. In this case it is enough to follow the rotation Il. EXPERIMENT
of vectorF to describe the transition. Such description may
no longer be sufficient in very high magnetic fields, which
pull sublattice magnetization towards the field direction
eventually inducing the spin-flip transition. However theseSetup without a crucible.

regimes will not be discussed here. Ultrasound measurements and magnetic susceptibility

When external magnetic field is applied, it couples to . ;
. : . measurements were done on a cylinder sample with rounded
vectorF and may change it. For the moderate fields used in

this study the magnitude &f is not influenced byH. Thus it edges. The samp_le was 4 mm In dlameter ar'1d 1'.9 mm high.
o . . The c axis was aligned along the cylinder axis with the ac-
is still not necessary to take into account the full antiferro-

. . curacy of 0.5 deg. Magnetic moment measurements in a
followed. The magnetic et proclices an additonal fotatorSQUID Magnetometer uiere done on a rectangular sample
: 9 P ith rounded edges and corners. Its dimensions are 3.9

of F on top of the spontaneous rotation discussed above. [t 3.1x3.9 mn? . Its weight is 0.405 g. The sides of the

was shown that foH|c andH|a one observes field-induced o : I
second-order OPTs at finite ﬁeldga’c(_l_)lgyﬂymyﬂ If the (r)efcct)ag%lsgcommded with tha and c axis with the accuracy

magnetic field is pointing in an arblt.rary d_lrect|on in the Acoustic studies were conducted using a pulsed ultrasonic
(‘T"’.C) plane, not exactly along- or ¢-axis, no induced tran- spectrometer. A purely transverse sound mode with 25 MHz
sition _happens. Here for the first time théi{,T) and g0 ency was excited by a specially designed transducer
(He,T) phase diagrams were combined in a threeyn,qe of LiNbQ. A phase-sensitive technique was used to
dimensional(3D) (Ha,H.,T) phase diagram of the orthof- meagyre relative sound velocity changes. The accuracy of
errite. The obtained 3D diagram shows that crossingHhe g;,ch measurements is 10 Temperature was measured with
=0 point in a field sweep results in a first-order OPT fOI’a copper thermometer located near the Samp|e.
almost all directions oH. These first order OPT’s will be The magnetic susceptibility diverges near the OPT points
the primary subject of this investigation. as y~1NT—T,, It was measured with an autodyne gen-
In this work the OPT’s in ErFe@were studied by mea- erator operating at 6.2 MHz base frequency in a setup analo-
suring the magnetic susceptibility, ultrasound velocity, andgous to the NMR spectrometer. The resonance frequency
magnetic moment. The combination of these methods allovef the generator is very sensitive to the susceptibility of the
a precise measurement of tfig , temperatures. sample,y~1/\/1+4my. It was measured with a 18 rela-
Then, the transition that happens when a magnetic field itive error. The sample was placed directly on a flat spiral coil
swept throughH=0 was investigated. Like for any first- coupled to the autodyne generator. The rf field of the coil
order magnetic transition, its observation was complicategpermits the record of g, and y. combination and diver-
by the emergence of magnetic domains. With a proper intergence of either susceptibility could be observed in the same
pretation, the results confirmed our generalization of theexperimental run. The temperature was measured by a ther-
magnetic phase diagram. The magnetization loops observéBal emf of a copper-constantan pair. .
in the tilted and symmetric phases are described in the text, The dc value of magnetic moment was measured using a
and the influence of the domain structure on their formatior>QUID magnetometer quantum design MPMS-5S in the
is discussed. temperature range from 75 to 105 K and in magnetlc fields
Finally, a systematic study of the spin rotation ane(@) up to 300 Oe. Measurements of the magnetic moment as a

betweenM andc axis in the [T,,T,) interval at zero mag- function of temperature were performed both in zero mag-

netic field was performed. This is done by a direct magneticnetIC field and at 50 Oe.

moment measurement using a superconducting quantum in-
terference devicéSQUID) magnetometer. Data of(T) in
ErFeG, are scarce in the literature: most investigators con-
centrated on other rare-earth orthoferrites. The only earlier Figure 1 shows the temperature dependence of the relative
measurements we are aware of are the nuclear-magnetichange of the sound veloci§for the transverse mode with
resonance(NMR) study’® and Mosshauer measurenfént wave vectork||c and polarization vectoe||a. This mode
from which thed(T) dependence was extracted in the frame-was chosen because symmetry consideratidfishow that
work of a certain models. Our study offers a direct and mordt must be softened during tHé,—1I",,— 1", transitions.
accurate experimental determination of the tilting angle and Near the transitions a decrease $fs observed. These
sufficiently differs from Refs. 22 and 23. The temperatureanomalies show no hysteresis upon decreasing and increas-
dependencé(T) obtained in our experiment does not follow ing the temperature and are in accord with the th86f9.
previous theoretical predictior$; 417192yt was repro-  The other transverse mode|[b) with the same wave vector
duced well by a modified mean-field theory developed in thisshows miniscule changes &f

paper. Temperature dependencies of the rotation angle were Figure 2 shows the behavior of magnetic susceptibility in
also measured before for YbFgQRef. 21) and SmFe@?*  the same temperature interval. No hysteresis is observed and
The results were at best in partial agreement with the theoriethe shape of the observed anomalies follows the theoretical
used to interpret them. predictions as well. To sum up, both orientation phase tran-

All measurements were performed on samples prepared
from single crystals of ErFeQthat were grown by the
floating-zone method using radiation-induced melting in a

Ill. RESULTS
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) FIG. 3. Zero magnetic field value of the remnant magnetic mo-

FIG. 1. Temperature dependence of the sound velocity of th(?nentMremnan(T)_ At each temperature a saturating field of 300 Oe
transverse sound mode with the wave vedtfe and polarization ;55 applied along or ¢ axis and reduced to zefsee text Com-
vectore||a. The relative change @displays anomalies at the OPT ponent alonga axis is shown with squares and aloogxis with

points. triangles.

sitions atT;=97 K andT,=88 K are clearly seen and their . : .
second-oréer nature is czonfirmed y in the tilted phase, since the absolute valuéloseems to be

Next, the magnetic momemd of the ErFeQ sample is very plose to zero in thgT,,T4] interval. This issge wi[l be
measured in the reorientation temperature interval. Thé’Iarlfled .Iater by further measu'relments. 'The main pomt here
SQUID magnetometer measurements were performed as fdi? that Fig. 3 shows a shgrp distinction in the magnetic mo-
lows. First, at each temperature point a saturating magneti'(“f]ent behe}wolr for three. intervalb>T,, T2<T<l§]haﬁpd
field H=300 Oe was applied in eitheror ¢ axis. Then, the 1<Tp Asit W_'" be explal_ned bEIOWi the value & "
field was reduced to zero and the projection of the remnantiﬂe reorientation region is not particularly useful. But from
magnetic momenM™™aton the same axis was measured. e high- and Iow-tem.perature o!ata it should be noted that
Two series of measurements, one k6™ and another for the magnetic moment ifi, phase is larger than ifi, phase.
Memnant e e made. Th|§ is a manifestation of the behay|or of_ the rare-e_arth_ mag-

aThe results are shown in Fig. 3. At first they seem to be ir{]hetIC mlo melnts.f_Tlr&e (}Ietghree %f th?jlr_pamal kr)n agP et|za|tq|on by

S . ) . \ e molecular field of the ordered iron subsystem changes
contradiction with the picture of a continuous rotationhof during the reorientation process. This question is discussed
in detall in the following section.
v = 6.2 MHz To clarify the situation in the reorientation regions, hys-
teresis loops were measured throughout this temperature
range. A series ol (H) loops is shown in Fig. @) for H|ja
and Fig. 4b) for H|c. From Fig. 4b) for temperatures suf-
ficiently aboveT a rectangular hysteresis loop is observed.
As the temperature approach@&s, the shape of the loop
changes from square to triangular. Finally the loop becomes
an S-shaped curve without hysteresis for temperatures deep
in the reorientation region. Below, the M (H) dependence
is a straight line with the slope corresponding to the para-
magnetic contribution of Er ions.

Similarly, Fig. 4a), for H||a square loops are observed for
T<T,. Around T, they transform into triangular loops and
then become S-shaped curves without hysteresis deep in the
— T reorientation region. Finally, a straight line is observed for
80 90 100 110 T>T,.

Temperature (K) The shape of the loops in the symmetric phdsgandl’,
can be explained by assuming that magnetic domains are not

FIG. 2. Temperature dependence of the autodyne generator fréormed and the sample magnetization switches coherently.
quency shift. Anomalies af v/ v reflect the anomalies of magnetic This explains the square loops and implies thatNH&™"
susceptibilityy and correspond to the OPT points. measurement gives a reliable measure of the saturation mag-
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netization. The shape of the loop in the tiltEd, phase can Knowing the shape of the loops, a simpler and faster pro-

be explained assuming that for some reason domains awedure to measur®, and M. can be implemented. From
formed in this phase. Such assumption is supported by thEig. 4 it is observed that in a weak fielti=50 Oe, the
fact that much lower domain wall energies were found inmagnetization value is approximately equal to saturation
nonsymmetric phasés. Then the triangle and S-shaped M, ¢ for all temperatures. Thus simple temperature sweeps at
M (H) dependences reflect the evolution of the domain struc-

ture of the sample, and therefore thE®™ " measurement

does not give information about the saturation magnetiza- 10-

tion. The value of the saturation magnetization, however, carg™ 1=

be obtained by extrapolating the high-field lindéd(H) de- g 8

pendence down to zero field. The intersection of the line with 5 |—v—m Hire=500¢)

the vertical axis gives the value bf for the saturation mag- g —o—M (H // a = 50 Oe)

netization. TheM ,(T) and M(T) dependencies calculated L 64 vy M

this way are plotted in Fig. 5. Now the gradual change in the 8 a M

magnetic moment projections is observed. The absolute 'g 4- B

value of M can be calculatedsee inset in Fig. 7 Though }_3.

not constant|M| changes continuously and does not have ©

) . . . g9 24

jumps, as Fig. 3 might suggest. Thus the apparent contradic %

tion is resolved. As mentioned, a change in the absoluteE

value of M is due to the temperature-dependent magnetiza- 04  TTRNYYwy 0 0 gegoa
tion of the Er ions in the molecular field of the iron sub- 80 85 90 95 100 105
system. Temperature (K)

Hysteresis loops for a magnetic field tilted in the d)
plane are shown in Flg 6. Using the data for tilted field it FIG. 5. Ma,c(T) calculated from the magnetization loops as
was checked that the tilted projections Mf are consistent explained in the textfilled symbolg; M, .(T) measured in a tem-
with M, and M. measured at the same temperatures in experature sweep ai =50 Oe as explained in the tet¢mpty sym-
periments presented in Fig. 5. bols).
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FIG. 6. Magnetization loop$(H) for tilted direction of the ErFeQ;, let us recall the form of the energy functional of an
external field. orthoferrite. It was explained in the Introduction that at zero
external field the magnetization stays in tteed) plane for
fixed field H=50 Oe directed along or ¢ axis give the the investigated temperature range. If a magnetic field is ap-
corresponding components bf. Figure 5 showd/, . mea-  plied in the same plane, this remains true for finite fields as
sured in this manner. The difference between this measuravell. Therefore, one anglé (betweenM andc axis) deter-
ment and the values obtained on the basis of loop analysis ines the magnetization direction, and the free energy can be
insignificant. The main deficiency of the fast procedure is thewritten as
parasitic nonzero magnetic moment measured in symmetric
phases. F(M,H)=Fy(0)—M-H.
The hysteresis loops observed in our study allow for a
precise direct measurement of the vechdr components Consider first the spontaneous magnetizatibror its angle
alonga andc axis. KnowingM, andM one can reconstruct . As shown in Fig. 8, foiT>T, the free energyr,(6) has
the temperature dependence bif| and the rotation angle: ~ two equivalent minima at/=0,7. For T<T, equivalent
minima are located ai= = 7/2. Finally, forTe[T,,T;] the

IM|= M2+ M2, energy has four equivalent minima #to(T), =+ 6(T). At
T, and T, the angled(T) reaches 0 andr/2, respectively,

M, and equilibrium points merge pairwise. The positions of

0=arctar6 M_) equilibria in the M,,M.) plane are symmetric with respect

¢ to a and ¢ axes, which follows from the symmetry of the

The results are shown in Fig. 7. orthoferrite.

An application of the external magnetic field generally
IV. DISCUSSION lifts the degeneracy of the equilibria. The lowest-energy state

is related to the equilibrium, with the vectbt being closest
to H. If H changes sign, the state with theM moment

The measurements of the saturation magnetizaddgi) becomes the lowest-energy state. In a thermodynamic sense
required a study of the magnetization loddgH) at con-  the jump fromM to —M (first-order transitionhappens ex-
stant temperature. These hysteretic loops are a manifestatiactly atH=0 since the energies dfl and —M states are
of the first-order OPT that the system undergoes in a magequal by symmetry at this point. Of course, tiestate re-
netic field sweep throughi=0. A first-order OPT of this mains metastable, and therefore, as in any first-order transi-
kind is characteristic for any ferromagnet and simply meangion, a hysteresis is possible. There is, however, a special
that its magnetic moment flips from “up” to “down.” To direction of the magnetic field, in which no transition hap-
better understand the peculiarities of this transition inpens atH=0. This is a direction for which the degeneracy

A. Phase diagram
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(A) (B)

FIG. 9. Two-dimensional phase diagrafagin the (H,,T) and
(b) in the H.,T) planes.

dence is linear which giveldl .=0 atH =0 and thus there is
no jump and no phase transition.

Before going to the 3D diagram, consider the field-
induced transition atH=H, /(T) also shown in Figs.
9(a,b).3131421.28This well-known second-order transition is
characterized by the field-induced merger of two equivalent
equilibria. But such equivalent equilibria exist only fdija
or Hljc. For a generic direction dfl one equilibrium is al-
ways an absolute minimum and the rest are metastable states

which play no role in the thermodynamic sefSelhis is
why in the 3D diagram the field-induced transition will hap-
pen not on two-dimensional surfaces, but only on one-
dimensional curves lying in theH,,T) and H.,T) planes.
With all of the above said, the 3D phase diagram is pre-
sented in Fig. 10. The shaded planar regitwsdges repre-
sent planes of first-order transitions. Upon passing through
one of these wedges, a componentMfjumps; more pre-
cisely theM. component jumps when the horizontal wedge
is crossed and th#&, component jumps when the vertical
wedge is crossed. The boundaries of the wedges are the

) ) o second-order transition lines. As the system passes through a
between the states is not lifted. Such situation is only pos-

sible when two conditions are fulfilled. First, the spontane-
ous magnetization has to have tyas opposed to fouequi-
librium directions, i.e., forT<T, or T>T;. This is
necessary because when four equilibria are present, any di-
rection of H will lift the fourfold degeneracy to either a
nondegenerate situation or two doubly degenerate equilibria,
and thus make possible a transitiontat=0. Second, the
field has to be directed perpendicular to the magnetization,
HLM to make the energy of two equilibria equal for any
magnitude of the field.

What do these arguments mean for a three-dimensional
(Ha,H:,T) phase diagram of the orthoferrite? The two-
dimensional cross sectiondH{,T) and H.,T) are well
known and shown in Figs.(8,0.3**?1For H|/c, the spe-

- W

FIG. 8. Magnetic energy and equilibrium direction of magneti-
zation in ErFeQ in different phases.

FIG. 10. Phase diagram of ErFe@n the (H,,H.,T) space.

i . €Rvo wedges, lightly hatched vertical and gray horizontal, are the
whenM|ja, i.e., forT<T, (observe the absence of the thick g faces of a first-order transition. Componé¥t jumps upon

first-orderH=0 line therg. For H||a, the special situation crossing the horizontal wedge and compon&h{ jumps upon
happens wheM|[c, i.e., for T>T;. This is well illustrated  crossing the vertical wedge. Betwedh and T, crossing theH
by our measurements on Fig. 4. For example, as shown ir( line always leads to a first-order transition. Abovgand be-
Sec. Il for theH||a case[Fig. 4a@], a nonzero saturation low T,, transition upon crossing =0 can be avoided if one moves
moment belowT; is observed. Abovd; the M(H) depen-  exactly in the plane of the corresponding wedge.
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wedge close to the wedge boundary, the jumpMfde-  difference between the phases and requires a closer investi-

creases and disappears at the boundary. gation. A similar difference in the domain wall energy be-
The magnetization loops measured fdr tilted in the tween the symmetric and nonsymmetric phases has been

(a,¢) plane(Fig. 6) supports the proposed 3D phase diagram.feli)or'fedg-s‘34

They show that for a generic direction ldfthere is always a

first-order transition upon sweeping through=0. Unlike C. Temperature dependence of the rotation angle

Fig. 4, no region with a lineav (H) dependence is observed 14 (ate these measurements are the most accurate and

here. This result is i_n complete accord with the physical piCjirect experimental approach known to the authors to give
ture that leads to Fig. 10. Indeed, betyve'élngnd T, four __the spin rotation anglé(T) for erbium orthoferritg(see Fig.
equilibria are present so there are no “special directions” of7) "the results confirm the continuous rotationMfin the
mzignetlc f|gld that can destroy the first-order transition aeorientation region. Thé(T) dependence in orthoferrites is
H=0. Outside of the[T,,T,] interval HLM cannot be  gan gescribed by a mean field Landau theory. In the usual
achieved for the tilted field. As a result, for a generic d'rec'approacﬁ'n‘lg the magnetization is assumed to have con-
tion of H in the (a,c) plane the special conditions are Never giant magnitudéM| and the free energy is a function of the
fulfilled and the first-order transition is always present. In the,jiation angle only:
3D diagram this statement corresponds to the fact that going '
along a tilted line throughd =0 one always crosses at least 1
one of the wedgegsometimes both thus going through a F=Fot 5Ku(T)cod26) +Kycog46). (1)
first-order transition.

For K,>0 the reorientation region is defined by inequalities

B. Domain structure —8Kp<K,(T)<8K,,

As any magnetic first-order transition, t_he OPTHa#(_) and within it the rotation angle is given by
may be masked by the presence of domains. If domains are
formed, the transition can proceed without hysteresis. This is 8K+ K,(T)
actually the situation that is seen in our experiment Tor tarf(T)= BK—Ky(T)"

e[T,,T,]. The S-shaped nonhysteretic or triangle curves b

observed roughly betweeh50 Oe are most probably a con- It is also assumed, and can be verified in many
sequence of the multidomain state of the sample. Indeed, &@thoferrites;>!7%*2that within this intervaK ,(T) has an
observed in previous investigatiotfsthese curves cannot be approximately linear dependence @n

explained by the magnetization rotation in a single-domain B

state since, for anisotropy constants of Ergétthe charac- Ky(T)=8Kpe(T),
teristic width of the loop, determined by Slonczewski’s as-

troid curve®? would be of the ordek/M~1 kOe. Note that &M=
even thougtK, goes through zero, the presence of constant (Ty=T2)/2

Ky, ensures the large characteristic scale. Thus monodomaghqk, is approximately temperature independent. Then the
rotation of M is incompatible with 50 Oe switching scale gnpgle is given by

observed in our experiment. The shape of the loops therefore

depends on the domain structure, energy of domain wall for- 1+¢

mation, and the shape of the sample. Another signature of the tang= 1¢ 2
presence of a domain structure is the dependence of the loop

shape on the amplitude of magnetic field sweep. This effectvhen OPT temperatures are know(fior ErFeGQ T,

is seen in Fig. 6. =97 K, T,=88 K), this formula has no fitting parameters.

By extrapolating the high-field linear dependendéH) The resultingd(T) is shown on Fig. 7 as a dotted line. It is
to H=0 and obtaining a nonzero value Mf the presence of seen that Eq.2) does not describe the experimental findings.
the underlying first-order transition is revealed. This is not very surprising, since our measurement shows

In the T>T; and T<T, intervals rectangular loops are that magnetic moment is not the same in the two phases, but
observed. This means that no stable domain structure isther changes during the reorientation process. FFgrto
formed, and switching happens between two monodomaiif, it changes by a factoF,(T,)/F.(T,)~1.72. Thus at
configurationgthough the mechanism of switching may in- least some assumptions that lead to @jjare violated in the
clude dynamic domain wall motign material.

The signature of domain formation inside th&,,T,] How can the magnetization of erbium orthoferrite change
interval and the absence of such outside it was observed iy about 70% in the 10 K temperature interval if the reori-
our experiments for all orientations of the magnetic field,entation happens so far below the Neel temperature of the
including the field tilted in the &,c) plane(see Figs. 4 and material? This change in the magnitude M| is assumed to
6). This result probably reflects some intrinsic difference be-be due to the change of the Er magnetizationwhile the
tween the domain walls in the tilteld,, phase on one hand iron magnetizationF indeed does not chandé®® In the
and the symmetrid’, and I', phases on the other. Such reorientation interval erbium ions are paramagnetic and only
difference is likely to be a consequence of the symmetnypartially magnetized by the molecular field of the iron sub-
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system. Phenomenologically, the angle dependenddof L
can be reproduced by assuming that the susceptibilities of the 804  vvv
Er ions to the molecular field ia and ¢ directions are dif- '
ferent:

ma:XErFaa 60

mc:XEch- ©)

For xE'# x5, |m| (and accordinglyyM|) will change asF
rotates. It should be underscored that in this apprdagh
changes not due to a strong temperature dependengs,of
but because different components of the susceptibility tensor
are relevant for the high and low ends of the reorientation
interval.

To describe this mechanism in mean-field theory frame- T T T T T 1

v 1
. . 86 88 90 92 94 96 98 100
work we consider the free-energy functional
Temperature (K)

30

Angle 6 (degrees)

v O -

F= 7:0_;_ %KU(T)COE{ZGF) +Kpcog46F) FIG. 11. Th_eoretical fits of the temperature dependencg o&_the
and 6 . Experimental values of are shown by circles, a fit with
formula (7) is given by a full line. Upward pointing triangles are

_,B(FaXaErma+ FcXErmc)"‘ EmZ (4) experimental values o) calculated as arcdiM,/M,(T,)] and
2 downward pointing triangles as arcEtk. /M (T,)]. We see that
both methods indeed give the samie. The dotted line is given by

where 6 is the rotation angle ofF, F,=Fsin6:, F, formula (2)

=F cos6g. The third term in Eq(4) describes the influence
of iron molecular field on erbium magnetization, and the
fourth term with >0 ensures that erbium subsystem is
paramagnetic.

Energy functionals with explicit Er-Fe interaction terms
were introduced following the idéahat it is this interaction
that drives the spin-reorientation transitions. Mean-fiel
theories accounting for the interaction of all eigfgur iron
and four erbium sublattices in the magnetic structure of the
orthoferrite§ and theories adopting the ferromagnetic mo-
ment approximatioh* were put forward. However, in previ-
ous research the main goal was to explain the existence

Equation(5) has the same form as E(.) and thus leads to
the same picture of two phase transitions, whether the effec-
tive constanK |, depends on temperature due to the tempera-
ture dependence of iron subsystem anisotropy constant
d(Refs. 3,13-18 and 1%r due to the temperature dependence
of xE".%4 Due to the renormalization d€, given by Eq.(6),

the OPT temperatures are now different, but in terms of the
actualT,, T, known from experiment, the angt is given

by the same Eq(2) as before. The angle of rotation of the
&atal magnetizatio is obtained from

the two second-order transitions, and the temperature depen- Er Er

. > 2 . . M, [1+x3\Fa [1+xz
dence of the rotation angle, which is of primary interest for tanf= — = —= tanég .
us, was not considered. Me | 14+xE Fe | 14+xF

Minimization of F with respect tom, and m, indeed
gives Egs.(3). When evaluated at the equilibrium values of
m, Eq. (4) gives

Taking into account thaM (T;)=M(T;)=(1+xE)F and
M(T,)=M,(T,)=(1+xE"F, this formula can be rewritten

as
F=TF +1K cog20¢) +K,cod46¢) Ma(T2)
0 gnu Rl F tanf= ———tanfg .
Mc(T1)
_ g[(xgr)ngJr(XEr)ng] As a result, the modified mean-field theory predicts
M (T 1+
~, 1 tang= Ma(TZ) —1_5. (7)
= Fo+ 5K (€04 26¢) +Kpcog 40) (5) o(T1) 3
. . _ Again for this formula there are no adjustable parameters
with new coefficients defined as that are not determined from the experiment. Using the rela-
F2 tion M ,(T,)/M(T1)~1.72 the theoretical curvdull line in
F=F _ﬁ_[( En24 (yEn2) Fig. 11 and the observed data are in very good agreement.
0 0 4 Xa Xc N .. .
Slight deviation may be ascribed to small changes(ﬁg
5 with the temperature. As seen from Fig. 5 the magnetization
K =K. — BF [OED2= (592 6) does change with temperature even in the symmetric phases.
uT PuT X Xa )l This change, however, is less than 5-10% and in the first
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approximation could be neglected in comparison with the = M M
reorientation-induced change [l |. Small temperature de- cos&F:FZ CEr Y _T_ .
pendence oK, may also play a role. The present accuracy (1+xc)F o(T1)

of experiment is insufficient to determine the source of small
differences between the data and expres$nlt is worth ) ) )
mentioning that the ratio of the slopesMdf,(T) dependence Plotting arcsifiMa/My(T2)] and arccdsMic/M(T,)] (Fig.

in the T, phase andl(T) dependence in thE, phase 11) it can be demonstrated that both procedures give the
2 ¢ 4 ' same angle and that it can be fitted by [E2), as expected
(d Ma/dT)Fz (dXEr/dT)rz from the modified mean-field theory.
= ~1.76,

(dMc/dTr,  (dxgdT)r,
within experimental error happens to be the same as the V. CONCLUSIONS
Ma(T2)/Mc(T,) ratio. This fact may have implications for  The magnetization of ErFe@vas measured by a SQUID
the future theory of Er magnetism. magnetometer. The precision of the experiment allowed the

The fit of formula(7) with no adjustable parameters is a measurement of the temperature dependence of the magnetic
very strong support for this model. At the same time it meansnoment rotation angle and absolute value, and uncovered a
that any additional information abowt" and y;," cannot be  significant change of Er magnetization in the reorientation
extracted from the fitting procedure. In particular, accordingregion. By taking the angle dependence of the erbium mag-
to Ref. 1 erbium ions are magnetized opposite to the irometism into account in the mean-field theory framework, an
ions for all temperatures. In accord with this statemfWlf,  excellent agreement with experiment was achieved.
decreases with decreasing temperature in both symmetric The first-order phase transition Ht=0 was analyzed on
phasegsee Fig. 3, and for sufficiently low temperaturésot  the basis of a 3D phase diagram. The difference between
studied in this work ErFeQ; is known to have a compensa- symmetric and nonsymmetric directions of magnetic field
tion point withM =F+m=0. The presence of the compen- was explained. A drastic difference in the shape of the hys-
sation point would be impossible F andm pointed in the  teresis loops in the reorientation region and outside of this
same direction. Thus, boty's are in fact negative, and their region was observed and discussed from the point of view of
absolute values satisfy5'|<|xE'| to produce the increase of domain structure formation in the phases of different sym-
|F|. But the fit would work equally well ify’s were positive — metry.
with [xE1>|xE'. The only thing that matters is the ratio
(14 x3)/ (14 x5) =Ma(T2)/M(Ty).
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