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Effects of oxygen nonstoichiometry on the stability of antiferromagnetic phases
of CuFeO,, 5 single crystals

M. Hasegawa, M. |. Batrasheviclf, T. R. Zhao? H. Takei® and T. Gotd
lnstitute for Materials Research, Tohoku University, Katahira, Aoba-ku, Sendai 980-8577, Japan
2Institute for Solid State Physics, University of Tokyo, Kashiwanoha, Kashiwa-shi, Chiba 277-8581, Japan
SGraduate School of Science, Osaka University, Toyonaka, Osaka 560-0043, Japan
(Received 24 October 2000; published 24 April 2001

Effects of oxygen nonstoichiometry on stabilities of the antiferromagriéfd phases of CuFeQwith a
delafossite-type structure have been investigated. Temperature dependence of the magnetic susceptibility be-
tween 5 and 300 K in 0.1 T parallel to tleeaxis, and magnetic-field dependence of the magnetization below
40 T parallel to thec axis at 4.2 K are clarified using CuFeQ; single crystals with stoichiometry varying
from oxygen deficiency §= —0.026,—0.061) to oxygen exces$€ 0.14, 0.085). It is found that the stabili-
ties are strongly affected by the oxygen defects, depending on their type, i.e., oxygen deficiency or oxygen
excess. The transition temperature between the four-sublattice AF fbastemperature AF phagand the
partially disordered phasgigh-temperature AF phasés increased by the oxygen deficiency, whereas it is
decreased by the excess oxygen. It should be noted that both types of oxygen defects bring another metamag-
netic transition around 23 T. Besides, all metamagnetic transition fields are increased by the oxygen defects.
These effects are discussed from the viewpoints of crystal chemistry.
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I. INTRODUCTION fied the first and second magnetization steps in detail
recently’ These studies have reported that the magnetic
Since the two-dimensional Cu-O planes play an importanstructures and magnetic transitions are complicated because
role in the highT cuprate superconductors, such low dimen-of the spin frustration based on the two-dimensional triangu-
sional structures have been attractive in their exotic physicdpr lattices. Therefore the magnetic state is expected to be
properties. Thus materials having the two-dimensional trianaffected by a slight disturbance of the spin structure, such as
gular structure become the next important targets. Magnetiénpurities and nonstoichiometry. Ajiret al ' and Kasahara

11 . . .
and electric properties of these materials are usually quitgt @~ reported effects of impuritynonmagnetic Al or mag-
sensitive for stoichiometry and impurity. netic Cp ions substituting from Fe ions in CuFe®@n the

Cuprous ferrite CuFeQwith the delafossite structure is stability of the ground-state spin configuration in the trian-

one of these attractive materials. It has a crystal structurgUIar lattice AF lattice. I
In the present paper, effects of oxygen nonstoichiometry

with the space grouE@m and the hexagonal lattice param- o, stapilities of the AF phases in CuFg@gainst tempera-

eters 0fa:3-03'& andc=17.0_9A,1 as shown in Fig. 1. The tyre and magnetic field parallel to theaxis are clarified
structure consists of respective hexagonal layers of Cu, Fe,

and O with Cu a0, 0, 0, Fe at(3, 3, 3), and two O at(s,
3, %) and (—s, —3%, —3%), which stack in the sequence of
A-B-C  [A(Cu),A(O),B(Fe),C(0),C(Cu),C(O),A(Fe),
etc] to form a layered triangular lattice antiferromagnet.
CuFeQ shows successive antiferromagndtid=) transi-
tions atTy;=16 K andTy,=11K in zero magnetic field and
multistep metamagnetic transitiofis' Fukudaet al. investi-
gated submillimeter wave electron spin resonafi€®R on
CuFeQ in frequencies up to 762 GHzThey observed
changes of antiferromagnetic resona&MR) mode cor-
responding to the metamagnetic transition belbyy . Mit-
suda etal. investigated magnetic states by neutron-
diffraction measurements and determined the magnetic phase
diagram®~8 They clarified that the magnetic phase transitions
in zero magnetic field are four-sublattice antiferromagnetic
(AF) phasespartially disordered AF phaseparamagnetic
phase with increasing temperature and that the magnetic
phase transitions in magnetic fields at low temperatures
(for example, at 4.2 K are four-sublattice
AF phase=five-sublatticelike AF phasefive-sublattice AF
phase with increasing magnetic field. They have also clari- FIG. 1. Crystal structure of CuFeO
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FIG. 3. Oxygen defect contentj dependence of a ratio/a
between lattice parametessand ¢ of CuFeQ, 5 (6<0: oxygen
deficiency;5>0: oxygen excess

increases slightly with increasing deficient oxygens, while in
the case of oxygen excess the ratio decreased considerably
with increasing the excess oxygen content. From these points
of view on crystal chemistry of CuFeQ;, it is easily ex-
pected that disturbances induced by the oxygen nonstoichi-
ometry in CuFe@® affect stability of antimagnetic phases of
CuFeQ.

II. EXPERIMENT

All samples were as-grown single crystals. They had been
grown by means of the traveling gD-solvent floating-zone
method in an infrared radiation furnace under £@r, Ar

FIG. 2. Schematic illustration of two-dimensional Fe or Cu +0.5%0, Ar+2%0, atmosphere, respectively. Composi-
layer in oxygen nonstoichiometric CuFgQy. Hatched circle indi-  ions of the single crystals were inspected by a scanning
cates a noted original ion (Feor Cu"). Marks @ indicate induced electron microscope with an electron probe microanalyzer
divalent ions (F& or CU/*). Each mark with number(dotted (SEM-EPMA) using metal copper and iron as standards. The
circle) 1, (hatched circlg 2, (open circle 3, indicates first, second, densities were also measured by a so-called Archimedean
and third nearest-neighboring ions fFeor Cu") to the noted ion, method. The chemical formula of each sample was deter-
respectively.(a) Fe ion layer of6=—0.026.(b) Cu ion layer ofs mined .from these measurements as CUReD (3

0.085. :_0026), CUFnggg (5:_0061), CUFeQ()?O ((S

_ ) . _ _ L =0.014), and CuFefyss5(6=0.085). The crystal structures
using high quality CuFeg ; single crystals with stoichiom- yere investigated by an x-ray powder diffraction and preces-
etry varying from oxygen deficiencyst= —0.026,—0.061)  gjon camera method. The sharpness of the diffraction pat-
to oxygen excessd=0.014, 0.085). _ _ terns revealed that the single crystals were found to be in

Oxygen nonstoichiometry accompanies changes of catiofoaq qualities. Details of the crystal growth and character-
valences and lattice parameters. In the present case, the 0X¥ations have been described elsewHéra’
gen .deficienc+y induce§ a mix+ed-val_ence state of Fe ions, i.e., gach sample to measure magnetic properties was cut from
dominant F&" and slight F&", while the excess oxygen inhe respective single crystal. The Laue back-reflection pat-
|nd1Lices a _mlxed-\J/raIence state of Cu ions, i.e., dominanfer was used to establish the orientation of the single crys-
Cu™" and slight Cé". For example, an oxygen deficiency of (515, Magnetic susceptibilities were measured in the magnetic
6=—0.026 induces 5.2% Fe ions in Fe ions which is al- field of 0.1 T parallel to thec axis by a superconducting
most equal ta} in total Fe. This means that one Fe ion in the guantum interference devi¢8QUID) magnetometefQuan-
first, second, and third neargst-r!eighbor F_e ions_ changes {gm Design MPM$. The high-field magnetization was mea-
be Fé" from F€'", as shown in Fig. @). Besides, it should gyred by an induction method using pulse magnetic fields
be noted that excess oxygen ®#0.085 induces 17% Cli  parallel to thec axis up to about 40 T at 4.2 K. The transition

ions which is more thag (=35) in total Cu. This means that magnetic field was determined from differential magnetiza-
one of the first nearest-neighboring Cu idttgee of the first,  tjon curvesdM(H)/dH].

second, and third nearest-neighbor Fe jarfsanges Cl to

CW", as shown in Fig. @). In addition, it was reported that Ill. RESULTS AND DISCUSSION
the lattice parameters of CuFe(Q; depended on the oxygen
nonstoichiometry?*3 Figure 3 showss dependence of a ra-
tio between the lattice parametecga in CuFeQ, ;. It
should be noted that changes of the ratio depend on the type Temperature dependence of the magnetic susceptibility of
of oxygen defect. In the case of oxygen deficiency the ratiea CuFeQ g7, (5= —0.026) single crystal in 0.1 T parallel to

A. Effects of oxygen nonstoichiometry on temperature
stabilities of four-sublattice antiferromagnetic phase
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Temperature (K) FIG. 5. (a) Temperature dependence of the magnetic suscepti-

ek;gilities parallel to thec axis of CuFeQ, 5 below 16 K. The applied
magnetic field is 0.1 T. Each mark indicates as follollk: 5=
—0.026; A: 6=—-0.061;V: §=0.014; @: 5=0.085.(b) Oxygen
defect contents dependence of antiferromagnetic transition tem-
the ¢ axis is shown in Fig. 4. The magnetic susceptibilitiesPeraturesTy, and Ty, of CuFeQ, ; (6<0: oxygen deficiencys
increase with decreasing temperature almost following the”0: 0xygen excegs Each mark indicates as follow®: data of
Curie-Weiss law between room temperature and about 15 present studyM: data of stoichiometric CuFeietermined from
They suddenly decrease®f; and more af y,, as shown in temperature dependence of magnetic susceptibility uad& by
Fig. 4b). These drops correspond to the successive AF traﬁ6JIr0 etal. (Ref. 4.

sitions (T four-sublattice AF phasepartially disordered

AF phase, andly,, partially disordered AF phasespara- Ty, moves towards a high-temperature region with increas-

FIG. 4. Temperature dependence of the magnetic susceptibiliti
parallel to thec axis of CuFeQg7,4(5=—0.026);(a) below 300 K,
(b) below 25 K.

magnetic phage reported in the previous papérsAll ing deficient oxygen content. On the other hand, in the case
samples showed almost the same profile of temperature def oxygen excesdly, shifts towards the low-temperature
pendence of the magnetic suceptibilities. region with increasing excess oxygen content. These results

The temperature dependence of magnetic susceptibilitiemean that oxygen deficiency and excess, respectively, stabi-
of all samples below 16 K in a magnetic field of 0.1 T par- lize and destabilize the four-sublattice AF phase.
allel to thec axis is shown in Fig. &). The oxygen defect As mentioned in the introduction, in the case of the oxy-
content dependence of the AF phase transition temperaturgen deficiency iron ions are in the mixed-valence state of
Tni @and Ty, is also shown in Fig. ®). It is found that the Fe** and F&*, whereas the valence state of copper is kept
low transition temperatur€y, depends on the oxygen defect monovalent. In addition, the change of the ratia is small
concentration although the high transition temperaliygis  (6<0 region in Fig. 3. Therefore the magnetic configura-
not affected. It should be noted that the effects of the oxygetion in CuFeQ with layered frustrated triangular spin lattices
nonstoichiometry on the stability of the four-sublattice AFis almost kept even in oxygen deficient Cuke®. This
phase(low-temperature AF phagés definitely different in  indicates that disturbance in the spin structure of the four-
accordance with the defect type of either deficiency or excessublattice AF phase is effectively induced by the subordinate
(5<0 or §>0) of oxygen. In the case of oxygen deficiency, F€* ions which have magnetic moments different from
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FIG. 6. Magnetization curve parallel to tleeaxis of CuFeQ, 4
(6<0: oxygen deficiencyy>0: oxygen excesgsat 4.2 K.
FIG. 7. Oxygen defect contens,dependence of the metamag-

Fet. Accordingly, it can be considered that they relieve theM€lic transition magnetic fieldsl,, Hp, andH; parallel to thec
axis of CuFe®, s (6<0: oxygen deficiencyy>0: oxygen ex-

spln_frgstratlpn in the four_-sublattlce AF phase and result Inces$. Each mark indicates as follow@: data of present studyl:
stabilizing this phase against temperature.

data of stoichiometric CuF Ajiro et al. (Ref. 4.
In the case of the oxygen excess, the valence state in oy A ( K

copper appears in the mixed state of'Cand C#" although
the valence state of all iron ions is kept trivalent, as men-
tioned in the introduction. Since the divalent copper ions
posses magnetic moment, the perfect nonmagnetic copper Figure 6 show magnetization curves parallel to ¢hexis
layers below and above the iron layers in CugeQdisap- Of CuFeQ. ;below 40 T at 4.2 K for all samples. Analyses
pear_ In addition, the Oxygen excess induces Considerab@ the differential magnetization curves eXh|b|ted four Step
shrinkage of the distances between the Fe and Cu ldyys ~@nomalies with apparent hystereses for all samples jat
3). As a result, the magnetic configuration and interaction infl2, Hs, andH,, as shown in Fig. 6. Ajircet al. reported

the frustrated triangular spin lattices are changed by excedfree clear metamagnetic transitions in the curves below 40

oxygen. These situations promote the instability of the four-! Parallel to thec axis using a single-crystal sample of sto-

sublattice AF phase ichiometric CuFe@*° They reported three distinct transi-
Kasahareet al. reported that the four-sublattice AF phase tions at about 7, 13, and 20 T with increasing and decreasing

disappeared by the substitution of nonmagnetic Al ions o{;igonne;gigﬁ:gn?gg\év éSFLpon mgrgt?se;:gt%%rlgng):ﬁ trre;nu_lts
only less than 1 at. % to Fe ioh&In the present study all o

samples keep the four-sublattice AF phase although conteﬁtlsoen g‘;g‘i“f (‘)2 %;;?:l a'I:Iigsag(pi)lnedsié:Enge: rl)y C;P;ir\:ggﬁ the
of the divalent ions as “impurities” is 17% in maximum. X ' 4

S . | means that this transition is attributable to the oxygen
This distinct difference between Kasahara’s results and OUfSonstoichiometry and that the oxygen nonstoichiometry

suggests different impurity effects betweer®Al(Kasaha-  grongly affects the stability of the spin structure around
ra’s) and Fé" or CU** (ours in the magnetic disturbance in 23 T at 4.2 K.
the delafossite. It is also found that the oxygen nonstoichiometry affects
It is reasonable that the high transition temperafliig,  the three metamagnetic transition fields of stoichiometric
which corresponds to the transition between the paramagzuFeQ. Figure 7 shows the metamagnetic transition fields
netic and partially disordered AF phases, is not affected irH,, H,, andH; of CuFeQ, s, as a function of5 in both
any oxygen defect cases. Because the partially disorderaghses of deficiency &<0) and excess {>0). Stoichio-
AF phase already includes a lot of disturbance in the spimetric CuFeQ data by Ajiro et al. are also plotted in this
structure. figurel® It should be noted that the oxygen defect in both

B. Effects of oxygen nonstoichiometry on magnetic-field
stabilities of antiferromagnetic phase below 40 T
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types shifts these three transitions to the higher magnetigseen investigated using CuFgQ single crystals with sto-
field region with increasing the defect content. This meanschiometry varying from oxygen deficiencys¢& —0.026,

that it stabilizes every AF phase against magnetic field—0.061) to oxygen excesss€&0.014,0.085). The tempera-
However, the effects slightly depend on the type of oxygenure dependence of the magnetic susceptibility between 5
defect. Although excess oxygen simply stabilizes these Afand 300 K in 0.1 T parallel to the axis and the magnetic-
phases, a large amount of deficient oxygen makes them ufireld dependence of magnetization below 40 T parallel to the
stable. c axis at 4.2 K has been clarified.

Since the metamagnetic transition is strongly related to |t js found that stabilities of the AF phases are strongly
the magnetic anisotropy energy, the results in Fig. 7 refleciffected by the oxygen defects. The excess oxygen stabilizes
the effect of the nonstoichiometry on the magnetic anisotthe four-sublattice AF phase in magnetic fields against tem-
ropy of CuFeQ. It is interesting that both types of the oxy- perature. On the other hand, the deficient oxygen destabi-
gen defects in the present oxygen content region stabilizgzed this AF phase. These results are explained by changes
every AF phase in magnetic field parallel to thexis. This  in the lattice parameters and induced divalent cations on the
means that both types of oxygen defects increase magnetigndamental magnetic configuration of CukeO
anisotropy. Especially, the stabilization by the oxygen excess |t should be noted that both types of oxygen defects bring
is interesting because the fundamental magnetic configuramother metamagnetic transition around 23 T. Besides, they
tion of CuFeQ is destroyed by decreasing the rati@ and  stabilize AF phases at 4.2 K against the magnetic field par-
appearing Cti' magnetic ions in nonmagnetic Cuayers  allel to thec axis below 40 T. In the case of the oxygen
due to the excess oxygens, as mentioned in the previougeficiency, the effects are, however, not simple. That is, a
section. large amount of deficiency destabilizes the AF phases. These

Although it is difficult to explain these results explicitly, results indicate that oxygen nonstoichiometry enhances mag-
they may be related to the change in the lattice parametergetic anisotropy in both cases of deficient and excess oxy-
the site of deficient or excess oxygens. Besides, the magnetiens. The effects might be related to changes in the lattice
anisotropy of the induced divalent cations’F€L=2, S parameters, site of deficient or excess oxygens, and magnetic
=2) in the case of oxygen deficiency and*Cy(L=2, S  anisotropy of the induced divalent cations2FegL=2, S
= 3) ions in the case of oxygen excess may be also effective= 2) and in the octahedrally coordinated site or*Cions
because the former ions are in the octahedrally coordinated =2, S=1) in the linearly coordinated site.

Fe site and have a magnetic anisotropy due to the residual
orbital angular moments induced by the residual orbital ACKNOWLEDGMENTS
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In these references, the magnetic anisotropy energy of FeO in moments.

which Fé* ions were in the octahedral coordination site was*°T. Moriya and K. Yosida, Prog. Theor. Phy&. 663 (1957. In
discussed. In this case the orbital degeneracies ®f Ree not this reference, the origin of the magnetic anisotropy energy of
completely removed and the residual orbital angular momenta CuCh-H,O was discussed. In this case Cu ions are divalent and
play an important role through the presence of the spin-orbit S=%, and magnetic anisotropy energy results from the magnetic
coupling and through the direct effect of the orbital magnetic  dipole interaction and the anisotropic exchange interaction.
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