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Abstract

The investigation of Li(Ni_xFe)PO, by optical second harmonic generation yields the compatitif
the antiferromagnetic (AFM) structures and 1&®main patterns found in the end compounds LiNjPO
(point groupmnim, spins alongz) and LiFePQ (point groupmmmj, spins alongy). While AFM order
and the distribution of the AFM domains of LiNiRQre unaffected by the ion substitutionxat 0.06,
striking changes are observedyat 0.20. We find that F& is dominant in establishing the magnetic
order. Forx = 0.20 we find that the magnetic order of the solid solution iméfes the magnetic order of
its end compounds by exhibiting an orientation of the spinthe (100) plane which include an angle of
40° + 3° with respect to they axis toward 0 K (point groupn). In contrast to the two end members, the
associated AFM domains form rods of a few mm length arth um width occurring in neither of the end
compounds. Mechanisms responsible for the magnetic ordedamain pattern (180omains still being

one of the least explored aspects of AFM materials in spiteaf omnipresence) are discussed.

PACS numbers: 75.50.Ee, 75.60.Ch, 75.30.Gw, 42.65.Ky



. INTRODUCTION: 180° ANTIFERROMAGNETISM IN THE LiIMPO4 SYSTEM

The significance of antiferromagnetism for practical aggtions has continuously been in-
creasing during the past years. Antiferromagnetic (AFM)eotis predominant in strongly corre-
lated systems like colossal-magnetoresistance compéunds a precursor to high-temperature
superconductord. AFM nanostructures have even been shown to exhibit the typgsstable
switching that is fundamental for data storage applicatfoBue to the absence of a net mag-
netization, AFM compounds were furthermore proposed adidates for rapid spin manipula-
tion as no angular momentum has to be consefvédet, the main interest in AFM compounds
originates from the directional coupling between the spinsn antiferromagnet and those in an
adjacent ferromagnet, an effect termed exchange®dldme exchange-bias effect is a key to ad-
vanced magnetic devices such as magnetic read Hi&3aisd magnetic memory cells.

To a large extent the characteristics of the aforementigieshomena are defined by the re-
spective distribution of the AFM domains. As the energy deuander applied magnetic field is
close to zero in AFM compounds the distribution of domaindatermined by subtle, little un-
derstood criteria like gradient fields in domain walls, metgstriction, magnetic anisotropy, and
defects. Among the different types of AFM domain states 8@ Hiomain states are most subtle
because opposite 18@omains (also termed spin-reversal or anti-phase domdiffis) in the re-
versal of all their respective spins only. The walls betw&8@& domains are not subject to strain
or other mechanical or electrostatic effects so that thestigation of compounds with just a pair
of 180° domain states leads to magnetic interactions relevanhédistribution of AFM domains
that are otherwise obscured by stronger effects. In spitbef omnipresence, the distribution
of 180" domain states is one of the least explored aspects of aotiiegnetism which is mostly
caused by the experimental difficulties to access them.

An ideal system for probing such a domain structure is giwethie lithium orthophosphates
(LIMPO, with M = Fe, Ni, Co, Mn). All four compounds are crystallographigasostructural;
only their AFM order differs in the axis along which the spex® oriented. Thus, the system
offers the opportunity to study fundamental mechanisms86f-type AFM order in a range of
similar, yet not identical compounds. The structure of th&RO, compounds has been stud-
ied since the early 1960€-14 They are insulators which, crystallographically, beloagtte or-
thorhombic olivine family:® The orthorhombic cell contains four formula units and bgmto

the space groupnma(No. 62,D35).16-18Below the Néel temperatui®, which ranges between



20.8 and 50 K3141%ong-range AFM order emerges in all four compounds. Orifynaeutron
diffraction revealed the same type of compensated spimgeraent for all four compounds with
differences in the spin direction onf:alongx for Mn?*, alongy for Co?t and Fé*, and along
for Ni2+.13.14.19\ore recent neutron diffraction data revealed incommeatsyshasées or a small
canting of the spins away from the principal axes for soméeftompound$?2*The latter indi-
cates a lower magnetic symmetry than originally proposée. [dwer symmetry permits a variety
of unusual effects, such as a weak magnetic momilemnigthe spin directiorf>~2"a complex tem-
perature dependence of the linear magnetoelectric éftéétor ferrotoroidicity as a novel type
of ferroic order’®31 A detailed discussion of the mechanisms determining thenetagstructure
and their relation to the results presented here will foliov8ection 11 C.

Despite their similar crystallographic and magnetic gtrce, drastic differences in the domain
topography were observed in theMlPO; compounds2-34The three-dimensional distribution of
the domains in LiCoP@and LiFePQ was found to be isotropic, thus contrasting the pronounced
guasi-two-dimensional magnetic nature of the compoundenkr the case of LiNiIPQ where
an anisotropic domain structure is found, this anisotrapgschot correspond to the magnetic and
crystallographic anisotropy of the compound.

The first step in resolving the mechanisms leading to thewifft manifestation of the AFM
180° domains is to investigate the interplay of the competingspba For this purpose we ex-
tended our investigation beyond that of the two end memlzetsM PO, samples composed of
two constituentdv. In this report we analyze the magnetic phases and the pomdsig bulk
domain distribution in Li(N{_xFe)POy with x = 0.06,0.20 with optical second harmonic gener-
ation (SHG) coupling linearly to the AFM order parameter. kel a pronounced dominance of
the F&+ over the Nt ions in establishing the magnetic order. Whereas the magoreler of the
Fe-substituted samples interpolates the magnetic ordigs ehd compounds, the AFM domain
structure reveals fundamental differences with respetihase in LiNiPQ and LiFePQ. The
underlying mechanisms are discussed.

The Li(Ni;_xFe)POs samples were grown by the standard flux-growth method at thesA
Laboratory at lowa States University. The composition efehystals was confirmed by a chemical
analysis, and x-ray diffraction measurements that comatied the LMPOy-like crystallographic
structure and symmetry of the Fe-substituted samlédagnetic-susceptibility and neutron-
diffraction measurements favored a low-temperature gtatate of the Fe-substituted samples

that is AFM with a magnetic arrangement similar to that foimpure LiNiPQy.%° Furthermore, it
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was found that the incommensurate phase of LINFE@ continuously weakened with increasing

x and absent at= 0.20 where the transition to the AFM phase has become secatei28r

I1. EXPERIMENT

Experimental techniques for imaging AFM domain structuaes rare. The topography of
AFM 180° domains is particularly difficult to analyze by diffractibechniques because polarized
neutrons are required for their observation while magretti®n and linear x-ray dichroism do
not distinguish between the opposite domain st#tés very convenient way for imaging AFM
domains, particularly 180domains, is optical SHG. An electromagnetic light fieldt frequency
w is incident onto a crystal and induces a polarizattoat frequency @, which acts as source of

an emitted, frequency-doubled light wave. This is expre$ge
P (20) = &oXijk Ej (W) Ex(w) 1)

with X as SHG susceptibility. The tensgrcan include contributions that couple linearly to the
AFM order parameter and are therefore present béigwonly. In addition, SHG can distin-
guish between 180domain states with opposite orientation of the AFM ordeapseter through

a change of sign df’(Zw). The sign change corresponds to a“lphase difference between the
corresponding SHG light waves and can be converted intatansity difference in a SHG interfer-
ence experiment. This has been used to investigate thalspiatribution of AFM 180 domains

in a variety of oxide compound¥.Access to the magnetic and crystallographic structure b@ SH
is governed by the Neumann principle according to which amgrsetry operation applied to a
system leaves its physical properties invariant. Thisrdatees the set of nonzero and independent
tensor componentg;jk in Eq. (1)38 In turn, experimental determination of these tensor compo-
nents reveals the crystallographic and magnetic symmattysaucture of a compound. SHG in
the electric-dipole approximation of Eq. (1) is only allavi& noncentrosymmetric compounds.
In the case of the IMPQO, system the AFM spin arrangement breaks the inversion symroét
the otherwise centrosymmetric crystallographic lattiodlsat SHG provides a background-free
probe of the magnetic order. In the following symmetry as@yand in Table | we therefore re-
strict ourselves to the discussion of electric-dipole gbations of the electromagnetic light fields
to the SHG process whereas the generally much weaker higtier-multipole contributions are

omitted.



In the experiment sets of three Li(iNjsFep 06)POs and three Li(N goFen 20)POs bulk single
crystals with lateral dimensions 013 mm and a thickness of 10-3@0n were used. The three
platelets of a set were cut along the (100), (010), and (O@hep respectively, and polished with
an aqueous colloidal silica slurry. Several such sets werpgoed in order to verify the repro-
ducibility of the results among different samples. A trarssion setup was employed in which
the samples were mounted in a liquid-helium cooled vartsateperature cryostat and excited
with light pulses of 3 ns anéd 1 mJ emitted from an optical parametric oscillator. The poéa
tion of the incident light was set with a half-wave plate. Behthe cryostat, the SHG light was
analyzed with a polarization filter while the fundamentghliwas suppressed by high-pass color
filters. The SHG light was projected onto a liquid-nitrogeoled digital camera by a telephoto
lens3’

Because of optical absorption the illumination of the saaplith the laser beam lead to heat-
ing in the order of a few K. Temperature values in this repastehbeen corrected by this effect.
The correction value was determined by measuring the transemperaturdy for various laser
intensities. This allows to extrapolate the real valug&pand, thus, the laser-induced temperature
shift. In the case of Fig. 1(cJy was furthermore verified with an alternative laser systenttarg
pulses of 130 fs.

1. RESULTSAND DISCUSSION
A. SHG spectroscopy
1. Li(Nip.94Fe€0.06)POs4

Figure 1(a-b) shows the SHG spectra of LifbliFey 06)POy taken at 10 K with Bw rang-
ing from 1.8 to 3.0 eV. Non-zero contributions to SHG in LigNiFeyos)POy are obtained
from Xyyy, Xyzz Xzzy Xyxx. This points uniquely to the magnetic point symmaetrgim with spins
aligned along the axis3® Thus, SHG data, just like neutron diffraction data, revhat the low-
temperature ground state of LidNsFey.0s)POs is AFM with a magnetic arrangement similar to
that found in pure LiNiP@.3%:3°

The magnetic origin of the SHG contributions is confirmed émperature-dependent mea-
surements. In Fig. 1(c) the temperature dependence of tkéc®itribution fromyy,, measured

at 2.5 eV in the temperature range 10 — 18 K is shown. The SHEB&sitl decreases steadily with
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increasing temperature. Above 18.8 K the slope is lineat tlvet SHG signal disappears abruptly
at 20.6 K. An extrapolation of the linear dependence leadsztexo crossing at 22.0 K.

A similar behavior was observed in LiNiRQvhere the abrupt drop of the SHG intensity
was associated to the transition from the commensurateetintommensurate phade? (see
Fig. 1(d)). Apparently, the same intermediate incommeatsyshase, with only little modification

of the critical temperatures, is present in LigNiFey 0g)POs.

2. Li(Nip.goFep.20)PO4

Figures 2(a) to 2(c) display the SHG spectra of Ly pFey 20)PO4 obtained at 10 K with Bw
in the range 2.0-3.0 eV. As for Li(blbsFen 06)POy rich spectra with a pronounced polarization
dependence are found. As summarized in Table I, SHG cotitiiiziare obtained fronxzzz
Xzyy Xyyz Xzxo Xyxxe Strikingly, except fromxyxx none of these components coincide with the
ones expected for a magnetic point groupim, i.e., as in LiNiPQ with spins along the axis.
This was the spin structure favored for LigdpFey.20)POs thus far’® Instead, the additional four
componentXzxx Xzyy Xyyz andxzzzcoincide with tensor components allowed and experimgntall
observed for LiFeP@with the magnetic point groummni and spins aligned along tlyeaxis.

A straightforward explanation for the presence of the ole®itensor components that we
propose is a canted spin arrangement with spins pointinglireation in between thg and thez
axis. The magnetic point group compatible with such a caspéa arrangement i It permits
all the SHG tensor components of the point grooqmsm (~ LiNiPO4) andmmni (~ LiFePQy) to
be non-zero. These components are summarized in Table ¢ tNat in addition to the observed
components contributions from five more SHG susceptieditire also symmetry-allowed. Their
absence in our data is most likely caused by the specificrtrasgon and absorption properties of
Li(Ni o.goFen.20)POy at w and 2w.

In Fig. 3(a) an exemplary sketch of such a canted spin is tpi@long with its projection
of the spin onto the and z axis. In addition, the largest tensor component that isisemso
the respective spin direction is given. In tot@xx Xzyy Xyyz and xzzzare assigned to the spin
contribution parallel to thg axis, whilexyxx is attributed to the spin contribution along thaxis.

In order to verify the magnetic origin of the SHG signals amdedmine the order and tem-
perature of the phase transition, the temperature depeadsnthe SHG signal from the two

susceptibilities pointed out in Fig. 3(a) is depicted in.A@). The two SHG contributions exhibit



a strikingly different behavior. The SHG signal froxg« remains constant up to 15 K. Between
15 K to 18 K the SHG signal increases gradually by 20%, folldwg a rapid decrease above 18 K
until it reaches zero al, = 25.0 K. In contrast the SHG signal fronyx steadily decreases with
increasing temperature until it vanishesat= 22.5 K.

The different temperature dependence of the two tensor aoergs can be explained by taking
into account the orientation of the spins in the (100) plané i#s change with temperature as
sketched in Fig. 3(b). With increasing temperature the sspitate toward theg axis. This is
expressed by theéecreasef the SHG signal fronxyxy While a simultaneoumcreaseof the SHG
signal fromy;xx 0ccurs. The disappearance of the SHG sign@] at 22.5 K indicates the drop of
the spin-rotation angle to zero, i.e. abdyehe spins point straight along thexis. After passing a
maximum at 18 K SHG fronx,xxbegins to drop because of the characteristic decrease ofdbe
parameter toward the paramagnetic state which is entered thie net SHG intensity drops to zero
atTy = T, = 25.0 K. The temperature dependence of all SHG contributionsnsiicuous up tdy
which points to second-order phase transitions in LjdyFey 20)POs without any intermediate
incommensurate phase.

The rotation angléspin, here defined as the angle between the spin direction aryctkie [see
Fig. 3(a)], can be derived from the temperature dependeite GHG signalspc O | Xzxd? as a
geometric projection effec®4%As Fig. 3(a) shows, the rotation of the magnetic moment resluc
its y component, and with ik,xx according to a cosine relation. In terms of SHG intensiti¢s

is expressed as
ISHG(¢spin7T)
lSHG<O7T) .

Here, Ispa(@spin, T) is the measured SHG intensity frofaxx andlsys(0,T) is the SHG inten-

Pspin= arcco

)

sity that would be obtained in the absence of spin rotatiam.order to find the latter value,
a phenomenological relation of the typgyc(0,T) = Isns(0,0) - (1 — T /Ty)C is fitted to the
temperature-dependent SHG contribution framx in the range between 22.5 K and 25.0 K,
where the spins are aligned along thaxis, followed by an extrapolation of the fitted relation
down to 5 K (see Fig. 4(a)). Figure 4(b) shows the temperatependence of the spin angle thus
derived from Eq. (2). We find a valuf,in = 40° & 3° that remains stable up to about 15 K and is

followed by a continuous decrease downptgi, = 0° at T;.



B. Domain topography

As mentioned, LiNiPQand LiFePQ reveal very different distributions of their AFM domains:
a highly anisotropic one in the former and an isotropic ontélatter compound. Therefore the
observation of the AFM domains in Li(NixFe)POy with its competing spin orientations is of
particular interest. Figure 5 shows the distribution of 4tV 180° domains on the (100), (010),
and (001) faces of the Li(NbsFen.06)POs and Li(Nip goFen 20)POs samples at 10 K. The (100)
and (001) faces of Li(NigaFen 0s)POy reveal tightly spaced dark nonintersecting lines extend-
ing parallel to the crystallographizor x axis, respectively. The lines correspond to the walls
separating opposite 18@omains. Because of the aforementioned°l@@ase shift between the
SHG light waves emitted from opposite domains destructiterference at the walls leads to lo-
cal cancellatiorf! On the (010) face a network of curved intersecting lines isejvay isotropic
regions of different brightness with lateral dimensionghie order of 0.1 mm is observed. These
patterns are caused by platelets of AFM 180mains extended in the plane and stacked along
they axis. Perpendicular to the (010) face the domains are sdttairfight from two or more of
the stacked domains interferes, thus producing diffeyestthded regions and pseudo-intersections
of domain walls. The domain pattern observed in Figs. 5(&(¢) changes with every heating
cycle throughly but the qualitative structure remains unchanged in all $esnp

In total, Li(Nig.94Fen.06)PO4 reveals an anisotropic distribution of domains which does n
correspond to the magnetic anisotropy of the compound: Tisigwo-dimensional magnetic
order occurs with respect to the plane whereas the domain platelets are formed inxthe
plane. A combination of the SHG images obtained on the diffefaces of the sample leads
to a three-dimensional distribution as sketched in Fig).5(/e see that the domain structure
of Li(Ni.94Fen.06)POs fully resembles that observed in many LiNiPGamples? i.e., the Fe-
substitution of 6% has no detectable influence on the shapdiatribution of the AFM domains.

In contrast, the domain structure observed on Li@yFey 20)POs does not resemble either one
of its end compounds. The (001) face yields stripes varyutzsgantially in length, width, orien-
tation, and brightness. As before, the variation in brightis associated with the interference
of SHG from domains stacked perpendicular to the surfaceveer, instead of thgz platelets
found in LINiPO, we now have rod-shaped domains within Ryglane with straight walls point-
ing in directions that coincide neither with tk@or they axis. From the (100)- and (010)-oriented

sides these assemblies of rods lead to a grainy distribofitime SHG intensity. This is caused



by the distribution of domain walls that are so closely splabat they are not spatially separable
anymore within the optical resolution of about fith of the experiment. This arrangement is sum-
marized in the three-dimensional sketch in Fig. 5(h). Qataiely the domain structure is found
in all three Li(Nip.goFen.20)POs samples investigated by us even though the explicit digioh of
domains changes with each heating cycle throGighMinor sample-specific pinning effects are
present. For example, the line at which a change of slopesoddimain walls occurs as indicated
by the red arrow in Fig. 5(h) is present after each heatingecyit may be argued that the (100)
and (010) faces were imaged with SHG light coupling tozbemponent of the spins whereas the
(001) face shows the domain pattern for theomponent of the spins. However, here we found
that the orientation of the spins along thand thez axis is coupled: Both components lead to the
same domain structure in Figs. 6(a) and 6(b).

Figures 6(c) and 6(d) repeat the exposures of Figs. 6(a) d)dier heating the sample to a
temperature betweeh andT,. Figure 6(c) is now dark because it refers to fmmponent of
the spins which is zero in this temperature range. Figurgré(etals a homogeneous distribution
of the SHG intensity which shows that along with the orientabf the spins along thgaxis the
sample has dropped into a single-domain state. Althougisyiives are now ordered identical to

LiFePQy, the corresponding domain structure is neverthelesssglikdifferent.

C. Discussion of the magnetic structure

As mentioned, AFM 180domain structures are one of the least explored aspects bf AF
order. This shortcoming, which is explained by the expentakdifficulties to observe them,
sharply contrasts their relevance — AFM t8fbmain states occur iany type of AFM order.
Since there is no comprehensive theory yet describing gtaluition of AFM 180 domains we
will restrict ourselves to a cautious discussion of mecsasi that determine the magnetic order
and domain structures revealed by Figs. 1 to 6.

For the investigation of the magnetic order in th&IBO, family up to five magnetic exchange
paths are taken into account. The system is described agslisnbetween two and three dimen-
sions and composed of antiferromagnetically ordered gatedyz planes weakly coupled along
the x axis?* Within the yz planes nearest-neighbor (NN}-O-M superexchange competes with
higher-order NNN exchange vM—O—-0O-M or evenM—O—-P—OM paths?*? Although the NN su-

perexchange is strongest, the NNN interactions cannotdiected and promote frustratiGAThe



NN inter-plane coupling along a is of tid—O—-P—OM type and about one order of magnitude
weaker than the in-plane exchange. In the leading ordernnteeplane exchange is frustrated
but this frustration is resolved by higher-order coupliffges which are also suspected to be
responsible for a small spin canting away from the princgp@s and the “weak ferrimagnetism”
observed in the IMPOy series?®

Differences between the magnetic structure of the foMRO, compounds are small. First,
in spite of the identical type of AFM spin arrangement, thection of the magnetic moments
differs (Mn ~ x, Fe/Co~ y, Ni ~ 2).131419A]| structural analyses relate this to the single-ion
anisotropy. A model quantifying the actual spin directionthe different LMPO, compounds is
still under developmerft It can already be said that an important contribution to lieesingle-ion
anisotropy is the spin-orbit interaction. Since the chaoigghe orbital filling is one of the most
characteristic aspects of theNLPO; series, it is reasonable to assume that this comes along with
changes in the single-ion anisotropy.

Here our data indicate that the #eions are associated to an unusually large single-ion
anisotropy. A replacement of only 20% of the?Niions is sufficient to reset the easy-axis di-
rection . This is in agreement with experiments on LiMnR@nere a Fe substitution of 30% (or
less) achieves this purpo$&Furthermore, the Fe substitution readily suppresses tiwrimen-
surate magnetic phase of LiNiR@ith spin rotation in theyz plané®-3®which is also consistent
with a dominating F&" single-ion anisotropy.

The incommensurate magnetic state of LiNR@ng-range between 20.8 and 21.8 K and
short-range above, is the second outstanding feature lri MO, family.?! It points to the afore-
mentioned competition between the NN and NNN exchangedaot®ns within the/zplane which
promotes incommensurability. The magnetic in-plane exghas weakest alonyg directior?®
which may support that this is the orientation of the incomswgate propagation vector.

Here our data point to a relation between the incommensstate and the AFM 180do-
main structure. Platelet-like domains in LigNkFe)POy are observed in the samples where the
long-range incommensurate order is observed, but in notreeaither LMPO, compounds. This
strongly suggests that the domains are formed by breakimagh dbe continuously varying in-
commensurate spin spiral “wave front” alopgnto discrete commensurately ordered AFM 180
domain platelets stacked alogg In Li(Nig.goFen.20)POs the AFM domain structure is still not
of the isotropic type seen in LiCoR@r LiFeP(Q,. This may point to a residual tendency for an

incommensurate spin arrangement, possibly of the shogeréype that precedes the long-range
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incommensurate ordét.

V. SUMMARY AND CONCLUSIONS

In summary, the investigation of Li(NiyxFe)POy single crystals by SHG reveals the competi-
tion between the respective magnetic order and domaintsteuof its end compounds, LiNiRO
and LiFePQ. The magnetic structure of Li(RNbsFen0s)POs is the same as that of LINIPO
As in LiNiPQO4 an isotropic domain topography not reflecting the magnetisaropy is found.
We thus confirm earlier results obtained by neutron diffoact® A substitution of 6% is too
small for exerting fundamental changes in the magnetictira. The magnetic properties of
Li(Nig.goFen.20)POy are found to be quite different from those of the two constitumaterials.
The competition between the i and Fé* spin order leads to a low-symmetry magnetic struc-
ture which, according to the SHG data, has the point symmmetiy implies that below 10 K the
spins are rotated away from the principal axes in(th@0) plane, including an angle of 4@ 3°
with they axis. The spin rotation decreases with increasing sampipdeature until from 22.5 K
and up toTy = 25.8 K the spins point straight along thie@xis as in the LiFeP® At only 20%

Fe alloying, this is a surprisingly strong manifestatiortaf magnetic properties of the¥eions.
The AFM domains in Li(Ny.goFen.20)POs have a rod-like shape. The rods have a length of up to
1 mm and a width in the order of 10m. They are oriented in the (001) plane but with no preferred
direction within this plane.

These observations reveal a range of information aboutdimpetition between different AFM
180° domain states in the MPO, system which is a solid basis for understanding the mectmemnis
determining the formation of AFM 18Qdomain structures in general. In summary, we found the
following:

(i) The observation that Fe substitution of 6% is too smalkierting changes in the magnetic
structure of LiINIPQ may be regarded as an unimposing result on first glance. Hawiewoffers
prospects for the investigation of the magnetic order in moamds whose electronic transitions
are unfeasible for applying SHG. Here, low substitutionhvétlow concentration of ions whose
electronic transitions are in or close to the visible rangeil enable probing by SHG without
yet affecting the magnetic structure. In particular, ttas be applied to LiMnP@where the lack
of transitions in the visible range caused by the half-filedshell prevented an investigation of

the AFM domains so far. Such an investigation is highly ddde& because with its different spin

11



direction LiMnPQ, is a key compound for understanding the relation betweetrdhnsition-metal
ions, their spin orientation, and the domain structure ettMP Oy series.

(i) The magnetic structure of the Li(NixFe)POy system is revised. Note that the magnetic
structure proposed here far= 20% does not coincide with that of earlier neutron diffracti
measurement8 which favored the magnetic point symmetnyrim with spins aligned along the
axis up to the Néel temperature for which a value of 20.6 K girasn. Most likely the contradic-
tion was caused by the restricted set of diffraction reftexgithat focused on those dominated by
thezcomponent of the spin, liké0, 1,0). The low value of the transition temperature would be in
agreement with this assumption.

(iif) The investigation of the Li(Ni_yxFe)PO, domains ak = 0.20 reveals a variety of surpris-
ing aspects. An AFM structure with spins rotated in the (Ifl@he may be seen as a straightfor-
ward compromise between taeriented spins in LINiP@and they-oriented spins in LiFeP£
However, the distribution of the 18@omains, still a largely unexplored aspect of AFM materi-
als, is by no means an obvious interpolation between the sodustributions found in the end
compounds. Here, our work provides the basis for furthetagapon of this issue. In partic-
ular we observe a relation between the (short- andr longelaimcommensurate AFM state in
Li(Ni1_xFe)POys and the formation of the subsequent 18@mains in the commensurate AFM
phase.

(iv) The data point to an unusually large single-ion anispyrof the Fé* ions which is consis-
tent with other observations on theNLlPO, system. This information is important for developing

a model for the single-ion anisotropy in the AFMMLPQy family, which is currently in progres®.
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Compound Tensor components  Point group Spin

LiFePQy Xt Xbo Xon X Xoe mmmt

LINIPOs Xyt Xy Xorz Xowy Xzzy  MMim  z

Li(Ni 0.80Fe020POus X5z X Xnw Xooo Xoxx M (%)

TABLE I: SHG tensor components, magnetic point symmetrg, sin direction in LINiPQ, LiFePQ, and
Li(Nig.goFen20POs. Because of the breaking of inversion symmetry by the magoetier SHG contri-
butions are restricted to the electric-dipole approxioratf the involved light fields according to Eq. (1).

whereas the generally much weaker higher-order multipateributions are omitted
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FIG. 1: (a, b) Spectral and (c) temperature dependence of IBHGNi g.97F&.03)POs. (d) Temperature
dependence of SHG in LiNiP{shown for comparison. The SHG energy refers to the valuda@h&ith w

as frequency of the incident fundamental light.

FIG. 2: Spectral and temperature dependence of various SHtEutions in Li(Nb goFe.20)POy.

FIG. 3: (a) Relation between spin components and SHG sibiigies in the (100) plane of

Li(Nio.goFe20POs. (b) Sketch of the temperature dependent spin orientation.
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FIG. 4. Temperature dependence of the spin angle quargifgie spin rotation in the (100) plane of
Li(Nig.goFen20POs. (a) Data points: temperature dependence of the SHG ityeinsim X« at 2.40 eV.
Red line: Fit of the relatiofsp(0, T) = Ispg(0,0) - (1—T /Ty )€ to the temperature dependence of the SHG
intensity in (a). The fit was applied in the range 20-25 K aniagmolated toward 0 K. (b) Temperature
dependence of the spin angle derived from the differenosdmat the data points and the extrapolated fit

for a spin angle of zero in (a). Above 20 K the values of g, vary around 1 and are thus not shown.

FIG. 5: (a-c, e-g) Images of the AFM domain structure in Li{dFey 06)POs and Li(Nig.goFen 20)POy at

10 K and (d, h) three-dimensional sketches of the domaictstres. The broad vertical and horizontal dark
stripe in image (f) and (g), respectively, is caused by aerimal crack. The red arrow in the sketch in (h)
indicates a sample-specific pinning line at which a changaagfe of the domain walls is observed after

each heating cycle througly.

FIG. 6: Comparison of the domain structures associated doythand z component of the spins in
LiNiggoFe20POs. (a, €) Image taken on the (001) face with SHG frgmq, coupling to they compo-
nent. SHG energy is 2.35 eV. (b, d) Image taken on the (00®) fdath SHG fromy,xx coupling to thez
component. SHG energy is 2.35 eV. The dark horizontal reigidie upper part of the sample is caused by

an internal crack.
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