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Single crystals of Zr-substituted Zn-Y (Zr–ZnY; Ba2Zn2ZrxFe12�xO22) were grown from the flux

system of BaCO3 and B2O3 by a high temperature slow cooling flux method. X-ray diffraction

pattern confirmed the crystal structure with Zn–Y composition. The single crystals were

characterized for magnetic and microwave properties. The measured anisotropy field (HA) and the

in-plane magnetization (rs) are 13 kOe and 52.0 emu/g, respectively. Ferrimagnetic resonance

measurements show 18 Oe of linewidth (DH) at 9 GHz. The combination of low DH with a high

HA in Zr–ZnY hexaferrite is suitable for microwave devices, which can operate with low external

biasing field. VC 2011 American Institute of Physics. [doi:10.1063/1.3560885]

Hexagonal ferrites have been classified according to

their structure and composition into several classes including

M-type (BaFe12O19), W-type (BaMe2Fe16O27), Y-type

(Ba2Me2Fe12O22), X-type (Ba2Me2Fe28O46), and Z-type

(Ba3Me2Fe24O41), where Me represents a divalent metallic

ion from the first transition series.1 Among the Y-type hexa-

ferrites, attention has been focused on Zn-based Y-type hex-

aferrite (Ba2Zn2Fe12O22; Zn–Y) due to its low insertion loss,

wide bandwidth, low biasing field, and high anisotropy field

(HA) for microwave device applications.2,3 Substitution of

cation for Fe3þ or Ba2þ in Y-type hexaferrite is an effective

method for tailoring the magnetic and physical properties of

the hexaferrite. For example, saturation magnetization (rs) of

polycrystalline Zn–Y was increased by substituting Co2þ and

Cu2þ for Zn2þ from 30 to 36 emu/g,4 but large magnetic loss

was observed. Sr2þ substitution for Ba2þ in polycrystalline

Ba2�xSrxZn2Fe12O22 hexaferrite showed a decrease in rs and

an increase in permittivity with Sr content from x¼ 1.0 to

1.5.5 Savage et al. showed that a small quantity of Mn2þ sub-

stitution in single crystalline Zn–Y decreased the ferrimag-

netic resonance (FMR) linewidth to 3.8 Oe at 9 GHz.6

In addition high quality Zn–Y single crystals showed

promising results, operating at KU band frequencies by reduc-

ing insertion losses and increasing bandwidth.3,7 However,

microwave devices, such as phase shifters, employing Zn–Y

hexaferrites need at least 2 kOe of applied field to bias the fer-

rite. It is still a rather high applied field, and it requires bulky

and costly permanent magnets with high current drives to per-

form. Therefore, there is a potential need to improve the mag-

netic and microwave properties of Y-type hexaferrites for

next generation microwave devices. In this paper, we report

low loss and high anisotropy single crystal Zn–Y hexaferrite

by substituting Zr ions. It was found that substitution of Zr for

Fe in the Zn–Y single crystal increases the rs from 44 to 52

emu/g and the HA from 10 to 13 kOe. This improvement in

magnetic properties plays an important role for microwave

devices, which can operate with a low external bias field.

Single crystals of Zr-substituted Zn-Y (Zr–ZnY; Ba2Zn2Zrx

Fe12�xO22) were grown in a platinum crucible using a high tem-

perature furnace. The reagents (see Table I) were blended and

ground thoroughly for 1 h and filled in a platinum crucible. The

crucible was placed in a furnace and fired at the temperature of

1350 �C for 12 h, to homogenize the melt. After the melt was

completely homogenized, it was slowly cooled to 1000 �C, and

then followed by rapid cooling in the furnace. The crystals were

separated, by leaching in hot dilute nitric acid, from the plati-

num crucible. The morphology of the grown single crystals was

TABLE I. Compositions and magnetic properties of Ba2Zn2ZrxFe12�xO22

single crystal.

BaCO3:ZnO: Fe2O3:

B2O3: ZrO2

(mol %)

rs k
(in-plane)

(emu/g)

Hc k
(in-plane)

(Oe)

rs ?
(out-of-plane)

(emu/g)

Hc ?
(out-of-plane)

(Oe)

HA

(kOe)

50.13: 7.12:

22.26: 20.48: 0.0

44.0 0.4 31.0 3.7 10.0

50.13: 7.12:

17.80: 20.48: 4.45

52.0 0.8 42.0 10.0 13.0

50.13: 7.12:

15.13: 20.48: 7.12

38.0 0.8 27.0 6.8 12.0
a)Author to whom correspondence should be addressed. Electronic mail:

ykhong@eng.ua.edu.
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examined with an optical microscope. The composition and the

crystalline phase were identified by x-ray diffractometer

(XRD). The magnetic properties were measured by a vibrating

sample magnetometer (VSM) with a maximum applied field of

10 kOe and microwave properties were characterized using a

broadband FMR measurement system.

Figure 1(a) shows the optical micrograph of several bulk

single crystals of Zr–ZnY (Ba2Zn2ZrxFe12�xO22; x¼ 0.05)

hexaferrite. The crystals show a typical hexagonal ferrite

growth habit with a plate-like geometry on the crystal and are

4–6 mm in diameter and 3–4 mm in thickness. Several bulk

crystals were powdered for the XRD measurement. All x-ray

peaks are indexed to the major planes of the Zn–Y hexaferrite

composition as shown in Fig. 1(b). Figure 2(a) shows the

magnetic hysteresis loops measured in the out-of-plane and

in-plane directions of the Zr–ZnY single crystal with x¼ 0.05.

The crystal has a c-plane magnetization of 52 emu/g at 10

kOe and a coercivity of 0.8 Oe in the easy axis in-plane direc-

tion. It is noted that uniaxial anisotropy (HA) and the rs of Zr–

ZnY are controllable with dopant concentration of the Zr

ions. The HA field increased from 10 to 13 kOe when the con-

centration of Zr is increased to x¼ 0.05 and then decreased to

12.5 kOe at x¼ 0.08, whereas the rs shows the same trend

(see Table I).

In a Zn–Y crystal, the magnetic moments of iron ions are

arranged perpendicular to the hexagonal c-axis, but with op-

posite spin directions in the individual sublattices. Albanese et
al.8 determined the various metallic lattice sites together with

their coordination and spin orientations. The crystal has six

sublattices that are 6cIV (spin-down), 3aVI (spin-up), 18hVI

(spin-up), 6cVI (spin-down), 6c�VI (spin-down), and 3bVI (spin-

up). The resulting magnetization M at a temperature T of Zn–

Y per formula unit (f.u.) can be approximated by a simple

summation according to the following formula:

M Tð Þ ¼ �6rcIV Tð Þ þ 3raVI Tð Þ þ 18rhVI Tð Þ � 6rCVI Tð Þ�
6rc�VI Tð Þ þ 3rbVI Tð Þ, where r stands for the magnetic

moment of a Fe3þ ion. Assuming a magnetic moment of 5 lB

(Bohr magneton) per Fe3þ ion at 0 K, a net magnetization of

30 lB/f.u. is obtained for pure Zn–Y. Accordingly, an increase

of the net magnetization is expected if the Fe3þ ions in the

spin down sublattices (6cIV, 6cVI and 6c�VI) are replaced by

nonmagnetic ions. O2� (1.4 Å) and Ba2þ (1.35 Å) ion take a

close-packed layer structure along the c-axis of the Zn–Y

crystal. The interlayers of tetrahedral and octahedral sites are

occupied by Zn2þ (0.74 Å) and/or Fe3þ (0.64 Å) ions.8 Sub-

stitution of nonmagnetic Zr4þ (0.79 Å) will replace and sub-

stitute the Fe3þ sites in the 6c�VI tetrahedral sites, thus

strengthening the Fe3þ–O–Fe3þ superexchange interaction

resulting in an increase of net magnetization.9 With an

increase in the Zr ion concentration from x¼0.05 to x¼0.08,

the Fe3þ ions in the tetrahedral sites are fully substituted by

the Zr ions, which causes a magnetic dilution by changing of

the Fe3þ (high spin) valence state to Fe2þ (low spin) state on

the tetrahedral sites. This weakens the Fe3þ–O–Fe3þ superex-

change interaction by the Fe2þ ions. In addition, a change in

the anisotropy constant is anticipated with an increase in the

Zr ion concentration in Zr–ZnY hexaferrite. In hexagonal

crystals, the crystalline anisotropy is originated from the

FIG. 1. (a) Optical micrograph of bulk single crystals of Zr–ZnY (Ba2Zn2ZrxFe12�xO22; x¼ 0.05) and (b) x-ray powder diffraction pattern reflecting all the

major planes, which confirm ZnY composition.

FIG. 2. (Color online) (a) Magnetic hys-

teresis loops and (b) angular dependence

of magnetization for Ba2Zn2Zrx-

Fe12�xO22 single crystal, when external

magnetic field is applied in-plane (easy

axis) and out-of-plane (hard axis).
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dipole–dipole interaction, and for Y-type hexaferrites, the

spin configuration is in the basal plane that is perpendicular to

the c-axis. A complete calculation of the dipole sums has

been made by Casimir et al.:10

ðK1Þdip ¼�ð0:044l2
t þ 0:0006ltl0þ 0:240l2

0Þ � 106; (1)

where lt and l0 are the average magnetic moments in lB

of the tetrahedral and octahedral ions, respectively. From

Eq. (1), it was shown that the K1 values range from �5 to

�7�106 erg/cm3 for various Y-type hexaferrites at T¼0 K. For

the Zr–ZnY material, Mössbauer spectra analysis is needed to

reveal the cation site occupancy to determine the K1 values,

which is currently under investigation. Figure 2(b) shows the

specific magnetization of the Zr–ZnY single crystal along vari-

ous measured directions against the c-axis of the crystal.

With regard to microwave properties, FMR measure-

ments were performed on a finely polished Zr–ZnY single

crystal in the form of a slab using a shorted waveguide config-

uration and a differential absorption detection scheme over a

frequency range of 9–40 GHz. For ferrites with planar anisot-

ropy, ferrimagnetic resonance occurs at a frequency that

depends on both the resonant magnetic field Hres and the HA.

The resonance condition is given by the following relation:11

fr=c
0ð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Hres Hres þ 4pMs þ HAð Þ½ �

p
: (2)

However, the saturation magnetization (4pMs) is considered

to be the effective saturation magnetization (4pMeff) for Y-

type hexagonal ferrites due to their high uniaxial anisotropy,

which is (4pMsþHA). Therefore, Eq. (2) is rewritten as

fr=c
0ð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Hres Hres þ 4pMeffð Þ½ �

p
; (3)

where fr is the resonance frequency (GHz) and c
0 ¼ 2.8 GHz/

kOe. From the VSM measurement in Fig. 2(a), the 4pMs

value was calculated to be 3544 G. The HA was found by

plotting the FMR frequency as a function of Hres, which was

applied perpendicular to the slab plane. By fitting Eq. (3), we

obtained 4pMeff¼ 16.54 kOe. From this, the value of HA was

estimated to be 13 kOe as shown in Fig. 3, which is in good

agreement with the magnetization curve as shown in Fig.

2(a). A FMR linewidth (DH) of 18 Oe at 9 GHz was obtained

for a Zr–ZnY (Ba2Zn2ZrxFe12�xO22; x¼ 0.05) single crystal,

as shown in Fig. 4. One reason for a low DH is the substitu-

tion of Zr4þ in the Zn–Y crystal. It was reported that the tet-

ravalent ion is able to form stable bonds with Fe2þ ions.12 As

the Zr concentration increases, Fe2þ content decreases,

therefore reducing magnetic loss in ferrite. The values of HA

and DH are comparable to those of Savage et al.6 and Obol

et al.,13 who used Mn to reduce the Fe2þ ion concentration.

In the former case, the 4pMs dropped from 2800 to 2350 G,

and in the latter case, fairly high DH of 140 Oe at 9.56 GHz

were obtained. The combination of low DH with a high HA

in Zr–ZnY (Ba2Zn2ZrxFe12�xO22; x¼ 0.05) hexaferrite plays

an important role for microwave devices, which can operate

with a low external biasing field.

In conclusion, single crystals of Ba2Zn2ZrxFe12�xO22

(x¼ 0.00, 0.05, and 0.08) were grown from the flux system of

BaCO3 and B2O3. The obtained crystals have an in-plane uni-

axial anisotropy field (HA) of 13 kOe and a saturation magnet-

ization (rs) of 52 emu/g. FMR measurements were performed

on the single crystals and the linewidth (DH) for a polished

crystal was 18 Oe at 9 GHz. Single crystals of Zr–ZnY

(Ba2Zn2ZrxFe12�xO22; x¼ 0.05) are suitable for microwave

planar ferrite devices operating at KU band frequencies.
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“Larry” Drummond Endowment at the University of Ala-
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FIG. 4. (Color online) Ferrimagnetic resonance linewidth of a Zr–ZnY

(Ba2Zn2ZrxFe12�xO22; x¼ 0.05) single crystal sample showing the linewidth

of 18 Oe at 9 GHz.

FIG. 3. (Color online) Plot of frequency vs FMR resonance field for a single

crystal Zr–ZnY (Ba2Zn2ZrxFe12�xO22; x¼ 0.05) sample.
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