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Abstract. We present thermodynamic and magnetic studies of single crystalline DyFe3(BO3)4. The data
indicate an easy axis antiferromagnetic order below Tn ~ 38 K which we attribute to the Fe subsystem.
The Dy subsystem remains paramagnetic down to the lowest investigated temperatures of 2 K, but it is
polarized by the Fe spins due to a f—d interaction. External magnetic field leads to a spin-flop transition
in the iron subsystem as well as to superposed magnetization in the Dy subsystem. The repopulation of
two low-lying Kramers doublets in Dy*" ions results in well defined Schottky anomalies in specific heat

and magnetization.

PACS. 75.30.-m Intrinsic properties of magnetically ordered materials — 75.40.Cx Static properties

1 Introduction

The rare-earth ferroborates with the general formula
RFe3(BO3)s (R is yttrium or a rare-earth ion) consti-
tute a large family of metal-oxide compounds. Their study
reveals important features of 3d- and 4 f-electrons inter-
actions. Besides purely magnetic effects, the interplay of
electric and magnetic order parameters is of interest, be-
cause it has already been shown that some members of
this family possess multiferroic properties [1-3]. At high
temperatures, the RFe3(BO3)4 compounds belong to the
trigonal space group D% (R32). In this structure, chains of
edge-sharing FeOg octahedra run along the trigonal axis,
being interconnected by isolated ROg trigonal prisms and
BOg triangles [4]. Within this family, the members with
R = Eu — Er experience a first order structural transfor-
mation to a less symmetric P3;21 phase which also belongs
to the trigonal type [5].

At low temperatures, every compound of this fam-
ily exhibits an antiferromagnetic order at the Néel tem-
perature Ty which only slightly depends on the kind of
rare-earth ions [5]. To that same range falls the T in
YFe3(BO3)4, indicating that the rare-earth does not influ-
ence much the ordering in the iron subsystem. Whereas,
the particular type of magnetic structure, i.e. either easy-
axis or easy-plane order, depends on the anisotropy of
the R3T ion. Thus, it was found that at Ty = 37 K, the
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GdFe3(BO3)4 compound orders antiferromagnetically into
the collinear easy-plane structure, at T = 10 K, a reorien-
tation of the magnetic moments to the easy-axis magnetic
structure occurs [6-9]. In NdFe3(BOs3)4, the magnetic mo-
ments of both iron and neodymium ions are oriented in
the ab-plane [10,11], while in ThFe3(BOs)4, the magnetic
moments of both iron and terbium subsystems are aligned
with the trigonal c-axis [12].

The application of external magnetic field to rare-earth
ferroborates results in field induced transitions. The reori-
entation of magnetic moments caused by a magnetic field
also leads to noticeable changes in dielectric permittiv-
ity and polarization. It was found, that the magnetoelec-
tric effects are much stronger in NdFe3(BO3)4 than in the
isostructural GdFes(BOg3)4 compound [1,2,13].

In the present paper, we report magnetization and
specific heat studies of DyFes(BOs3)y single crystal. The
magnetic measurements show that, below T, the mag-
netic moments of the iron and dysprosium subsystems are
aligned along the trigonal axis, which is in agreement with
theoretical predictions [14] and optical investigations [15].
Such orientation of magnetic moments causes a spin-flop
transition in the iron subsystem in a magnetic field ap-
plied along the trigonal axis, while the magnetic moment
of dysprosium subsystem aligns in the direction of the
external magnetic field. At low temperatures, the repop-
ulation of two low-lying Kramers doublets in Dy3* ions
results in well defined Schottky anomalies in specific heat
and magnetic susceptibility.
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2 Experimental

Single crystals of DyFes(BOs)s were grown using a
BiaMo3012-based flux [16]. Seeds were obtained by spon-
taneous nucleation from the same flux. Single crystals are
green in colour and have good optical quality and easily
visible grown edges. Magnetic susceptibility x(7) mea-
surements were performed in the temperature range of
2-350 K in a magnetic field of B = 0.05 T using a com-
mercial Quantum Design SQUID magnetometer. Magne-
tization measurements were performed in a home built
vibrating sample magnetometer [17] in magnetic fields up
to 15 T while sweeping the field at a rate of 0.4 T /min and,
at 4.2 K, in pulsed magnetic fields up to 48 T with pulse
duration of approximately 0.05 s. All magnetic measure-
ments were carried out in magnetic fields oriented along
the crystallographic a, ¢ and b’-axes. The last direction
is not a crystallographic axis of the trigonal crystal, but
it points perpendicularly to the crystallographic a- and
c-axes. Heat capacity was measured in the temperature
range of 2-300 K using a Quantum Design Physical Prop-
erties Measurement System.

3 Results

The measurements of the specific heat ¢, in zero magnetic
field and of the magnetic susceptibility y along different
crystal directions in a small field of B = 0.05 T (see Figs. 1
and 2) display the basic properties of DyFe3(BOs)y. The
specific heat data exhibit several pronounced anomalies,
i.e. a first order phase transition at 77 ~ 280 K, a second
order transition indicated by a A-type anomaly at about
38 K, and a Schottky-type anomaly around 10 K. Over-
all, the magnetic susceptibility exhibits a Curie-Weiss-like
temperature dependence above 38 K and a decrease of the
magnetization upon further cooling. The anomalies of ¢,
are associated with only small changes in magnetizsation.
In particular, the data in Figure 2 barely show any fea-
ture at 280 K, and at 38 K there is a kink only in x||c.
Upon further cooling, the data display broad maxima in
B||c and Blla,b" at 23 K and 10 K, respectively. In ad-
dition, we find a slight upturn at very low temperatures
which we attribute to the presence of a small amount of
paramagnetic impurities.

We presume that the high temperature specific heat
anomaly seen at about 280 K is related to a structural
transformation. This notion is supported by the obser-
vation that a structural transformation is observed in a
powder sample of DyFe3(BO3)4 at 340 K [5]. The differ-
ence between the transition temperature 77 in the single
crystal studied here and in the ceramic sample might in-
dicate a high sensitivity of the chemical composition of
dysprosium ferroborate to the method of preparation. The
single crystals grown in BisMo3O12-based flux could ad-
sorb Bi®**t ions which can partially substitute Dy3* ions
in the structure. Indeed, small traces of Bi were found in
our single crystals by EDX analysis. In addition, the spe-
cific heat data display a shoulder below T} which might be
associated to a structural non-uniformity of the sample.
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Fig. 1. The temperature dependence of specific heat (open cir-
cles) and the excessive specific heat (closed circles) estimated
by subtracting continuous background (dashed line) from to-
tal specific heat. Inset: ¢, /T vs. T dependence (open circles)
and Schottky anomaly (solid line) calculated according to the
model discussed in the text.
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Fig. 2. The temperature dependence of magnetic susceptibility
X = M/H measured in B = 0.05 T along a, b’ and c axes.
Inset: xc(T") dependence enlarged in the low temperature range
(symbols) and Schottky-type anomaly (solid line) calculated
according to the model discussed in the text.

Nevertheless, the comparison of the magnetic transition
temperature of the single crystal with that of the ceramic
sample [5] implies that a slight dilution of the rare-earth
subsystem does not change the magnetic parameters of
the transition metal subsystem. This conclusion is consis-
tent with the absence of a similar feature as the shoulder
below T7 in the proximity of the magnetic ordering transi-
tion at Tx. If one assumes a continuous background of the
specific heat as it is indicated by the dashed line in Fig-
ure 1, the data imply that the anomalous entropy change
at T amounts to [ Ac,/TdT ~ 1.9 J/molK.
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The high temperature magnetic properties exhibit con-
siderable magnetic anisotropy. While x,(7) and xu (T)
practically coincide across the entire temperature range,
Xc(T) is considerably larger than x,(T") and xu (T'). Since
no significant magnetic anisotropy is expected for the 3d-
ion Fe?*t, we attribute the high temperature anisotropy to
the Dy3* subsystem. We note that the data can not be de-
scribed in terms of the Curie-Weiss law. For temperatures
higher than the crystal field splitting, one would expect
uniform population of the levels and an isotropic Curie-
Weiss-like magnetization. The data hence imply that the
splitting of the energy levels is at least larger than ~400 K.

The A-type anomaly found in the specific heat at 38 K
as well as the kink in the magnetic susceptibility x.(T")
indicate the onset of long range magnetic order. This tem-
perature agrees to the Néel temperature found in a poly-
crystalline sample of DyFe3(BO3)4 [5] and by means of
spectroscopy measurements on a single crystal [15]. The
magnetic susceptibility data in Figure 2 indicate complex
temperature dependence in the spin ordered phase. The
low temperature behaviour of the in-plane and out-of-
plane magnetic susceptibilities and the fact that x.(T")
tends to vanish approaching zero temperature suggests
that at 38 K, the system undergoes an antiferromagnetic
transition so that the magnetic moments of both the rare-
earth and transition metal subsystems are oriented along
the trigonal c-axis. However, the contribution of the rare
earth subsystem to the total magnetic susceptibility of
DyFe3(BOs3)4 complicates the behaviour so that the mag-
netic susceptibility does not correspond to a typical easy-
axis antiferromagnet. Instead, we observe broad maxima
at about 11 K in x.(7) and at about 23 K in x,.(T)
and xp (T'). We attribute these maxima and the broad
anomaly in the specific heat at T < T to the thermal
population of two low-lying Kramers doublets of the Dy3*
ions, i.e., a Schottky anomaly (a detailed analysis will be
given below).

The magnetization dependences M,(B) and M.(B)
measured at T = 4.2 K along the a- and c-axes and
a derivative dM./dB are shown in Figure 3. In low fields,
M. (B) increases gradually, and it shows a negative curva-
ture at least above 1.5 T. At the critical field Ber ~ 3 T,
the magnetization exhibits a sharp jump reaching a value
of ~ 7up immediately after the transition. A further in-
crease of the magnetic field leads to a subsequent linear in-
crease of the magnetization. A small hysteresis at the crit-
ical field B,, points to a first order character of the phase
transition. In a pulsed field (see Fig. 4) the hysteresis of the
magnetization M.(B) is noticeably larger than in a static
field (Fig. 3). This can be caused either by relaxation pro-
cesses related to the first order transition or by the magne-
tocaloric effect. In contrast, the magnetization along the
a-axis M,(B) increases gradually, has positive curvature
below 20 T, and does not exhibit any sharp anomalies. It
is worth mentioning that above ~20 T the magnetization
measured along both axes is anisotropic but increases lin-
early with an isotropic slope of x ~ 8 x 1072 erg/(G?mol)
up to 48 T.
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Fig. 3. (a) The magnetic field dependences M (B) measured
along a (filled circles) and ¢ (open circles) axes at 4.2 K in static
magnetic field. Solid line represents fitted curve (see text for
details). (b) The peaks on the dependences of dM/dB vs. B
indicate critical fields of the first order phase transition.
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Fig. 4. The magnetic field dependences M(B) measured along
a (filled circles) and ¢ (open circles) axes at 4.2 K in pulsed
magnetic field.

The magnetization dependences M, (B) and M.(B) in-
vestigated at different temperatures in magnetic fields up
to 15 T are shown in Figure 5. At higher temperatures,
the magnetization jump in M.(B) decreases in value and
shifts to the higher fields. Above Ty, no jump-like anoma-
lies were observed in the M.(B) dependences. No such
anomalies were found in the M,(B) dependences at any
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Fig. 5. The magnetization curves measured in static magnetic
field at different temperatures along (a) ¢ and, (b) a axes.

temperature, and in the temperature range ' < T they
always had a positive curvature. The observed anomalies
are summarized in the phase diagram in Figure 6.

4 Discussion

The magnetic system of DyFe3(BOs)s consists of two
kinds of magnetic ions, i.e., Fe3* and Dy*t, which con-
tribute to its magnetic properties. Our experimental data
can be understood if one assumes that the magnetic order-
ing takes place in the iron subsystem only while the dys-
prosium subsystem remains essentially paramagnetic. In
this model, the dysprosium subsystem is polarized due to
f—d interaction and can be considered as two sublattices
with the magnetic moments oriented along the trigonal
axis in zero external magnetic field. In contrast to the two
sublattices of the iron subsystem which are coupled by an
antiferromagnetic exchange interaction, the sublattices of
the dysprosium subsystem do not strongly interact with
each other.

As mentioned above, at low temperature, the mag-
netic moments of both the rare-earth and the iron sub-
system are aligned along the c-axis. The magnetic field
driven jump in M.(B) corresponds to a spin—flop transi-
tion in the iron subsystem, i.e., the magnetic moments of
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Fig. 6. Magnetic phase diagram for B||c obtained from magne-
tization data. Be, labels the critical field of the spin-flop tran-
sition. Full/open data markers refer to increasing/decreasing
quasi-static fields, i.e., 9dB/0t ~ 0.4 T/min (see text). M is
the magnetic moment of iron ion, m is the magnetic moment
of dysprosium ion, I and II are numbers of sublattices.

the Fe?t-ions flop into the plane perpendicular to the c-
axis. The small hysteresis observed on M (B) dependences
indicates that the spin-flop transition in the iron subsys-
tem is of the first order. The spectroscopic data [18] show
that the crystal field acting on dysprosium ions leads to
splitting between the first and second Kramers doublets
of about 15.5 cm ™!, and between the first and third dou-
blets of about 140 cm~!. This crystal field splitting causes
a strong anisotropy of the Dy ion. Thus, immediately af-
ter the spin-flop transition, the magnetic moments of both
dysprosium sublattices align along the direction of an ex-
ternal magnetic field. This results in a jump of overall
magnetization. The shift of the critical field of this tran-
sition to higher values and the reduction of the magne-
tization jump with increasing temperature relates to the
diminishing difference between Xfe and Xf e,

At T = 4.2 K in the external field Bljc < Be,, the

magnetic susceptibility of the iron subsystem Xﬁ? € is very

small. The shape of M.(B) dependence in fields B < Be,
is predominantly determined by the behaviour of the dys-
prosium subsystem. The effective field B.g acting on the
dysprosium sublattice with the magnetic moment directed
opposite to the external field decreases, and, therefore, this
magnetic moment tends to diminish with increasing field.
At the same time, the effective field favours an increase of
the magnetization of the dysprosium sublattice with mag-
netic moments aligned with the external field. This leads
to a gradual increase in the total magnetic moment and

implies the concave character of the magnetization at low
fields.

In order to estimate the contribution of the dysprosium
subsystem to the magnetization and the specific heat be-
low the Néel temperature, we have to take the splitting
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of the Dy3* energy levels (total momentum J = 15/2)
into account. Any crystal field with symmetry lower than
a cubic one results in eight Kramers doublets. The spec-
troscopic data show that, at zero field, the splitting be-
tween the first and second Kramers doublets amounts to
A = 155 cm™! = 223 K, and the population of the
others is negligibly small for T' < Tx [15]. Hence, below
the Néel temperature, only these two lowest doublets con-
tribute to the magnetic properties. The external magnetic
field results in a further splitting of the Kramers dou-
blets. The magnetic moment per dysprosium ion can be
written as

A BB gi(e™ — e ) 4 gy e AR (et2 —
a = 2 (eml + e—xl) + e—A/kT(emg _ e—:cz)

where « represents dysprosium sublattices with the mag-
netic moments oriented along (¢ = I) or opposite
( = II) to the direction of the external field, k is the
Boltzmann constant, up is the Bohr magneton, g; (i = 1
or 2) are the components of g — tensor for the ground
and the second Kramers doublets, respectively, and the

variable X; = %ﬁ Here, the effective magnetic field

acting on the Dy3* ions, B.g, results from both the exter-
nal field B and the internal field, By_g, from the ordered
Fe subsystem. In the case of the Iy dysprosium sublattice,
the effective magnetic field is B.g = B+ Bf_q, and in the
case of the IInd sublattice, it is Bey = B — By_q. At
T =4.2 K and for Bl|c < By, M.(B) can be described as
a superposition of two contributions, M = 0.5(M;+ M),
where each contribution corresponds to one of the two dys-
prosium sublattices with appropriate B .

We assume, that the value of magnetization, reached
immediately after the spin-flop transition, My = 6.8 up,
corresponds to the phase where the magnetic moments of
both dysprosium sublattices are oriented along the exter-
nal magnetic field and the iron spins are oriented per-
pendicular to the field. This value as well as value of
A = 15.5 cm~! allows one to fit the low field magne-
tization along the ¢ axis using equation (1). The results of
fitting are shown in Figure 3a by the solid line. This pro-
cedure yields the g-factors of the two low-lying doublets
and the exchange interaction between the transition and
the rare earth sublattice. We find that g; = 13.1, go = 16
and By_q = 3.4 T, respectively. We note that, in order to
achieve the best fitting results, an additional linear term
was added which probably arises due to thermal fluctua-
tions in the iron subsystem above zero temperature. We
also can not exclude a small amount of paramagnetic im-
purities.

The parameters, g1, g2 and By_g4, were used to esti-
mate the contribution of the Dy>* subsystem to magnetic
susceptibility, x2?¥(T) , and specific heat, CSchotthy (T)-

Dy(T) was calculated by differentiating M.(T) from
the equation (1) with respect to the magnetic field, and
CSchotthy (T') was calculated using standard formulas ad-
justed to the magnetic structure model described above
taking into account the temperature dependence of the
internal magnetic field, By_q4 [15]. The results, shown in
the insets of Figures 1 and 2, provide additional support
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for the suggestion that the broad maximum in y.(7) at
~23 K and the wide anomaly below T’y in the specific heat
can be associated with the repopulation of two low-lying
Kramers doublets of Dy?* ions.

In the flop phase (B > B.,), the magnetic moments
of the iron subsystem continuously rotate towards the ap-
plied magnetic field. The linear slope of M.(B) is gov-
erned by the Fe3T-spins, i.e., Mfe = XfeB, so that the
perpendicular susceptibility of the iron subsystem can be
estimated as 1 ~ 0.14pup/T.

To understand further details of the experimental data
and to perform a reliable analysis of the field and temper-
ature dependence of the in-plane magnetic response, the
strict calculation of the energy level splitting caused by
the crystal and external magnetic fields must be carried
out. However, we can postulate that the wide maximum of
the in-plane magnetic susceptibility around 11 K is again
related to the repopulation of the two low-lying Kramers
doublets in Dy>* ions, as is the case for x.(T') at ~23 K.
The lower temperature of the Schottky anomaly can be
caused by smaller values of the in-plane g-factors in com-
parison to those out-of-plane.

If the magnetic field is oriented within the basal plane,
the magnetic moments of both the rare-earth and iron
subsystems rotate towards the field direction as the field
increases. The total magnetization can be estimated as
My(B) = x*B + Mp,, where x/°B and Mp, are the
contribution of the iron and the dysprosium subsystems,
respectively. Since above 20 T the slope of M, (B) is the
same as the slope of M.(B), we can assume that in high
fields, the increase of the total magnetization M (B) is
caused only by the iron subsystem. The magnetic moment
of the dysprosium subsystem reaches ~5 up at about 20 T
and remains unchanged up to the maximum investigated
field.

5 Conclusion

The experimental data on the thermodynamic properties
of DyFes(BO3),4 clearly show that below Ty = 38 K,
the compound is an easy-axis antiferromagnet. However,
the magnetic susceptibility and magnetization data indi-
cate that the magnetic contributions of the rare-earth and
transition metal subsystems differ qualitatively. The iron
subsystem orders antiferromagnetically below Ty, while
the dysprosium subsystem remains essentially paramag-
netic down to the lowest investigated temperatures. The
paramagnetic behaviour of the dysprosium subsystem, po-
larized due to f—d interaction, is additionally complicated
by the splitting of the two lowest Kramers doublets of the
Dy3* ions. The broad maximum in the magnetic suscep-
tibility x.(T") at ~23 K as well as an anomaly in specific
heat ¢, (T") below T’y can be explained by the repopulation
of the two lowest Dy®*-energy levels.
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