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Local symmetry breaking in K,V30g as studied by infrared spectroscopy
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We report the vibrational properties of quasi-two-dimensional Og as a function of temperature. Based
on the splitting of the 990-cAt c-axis phonon mode into a doublet, we conclude that the 110-K transition is
driven by a local distortion of the V§square pyramids. At lower temperature, red shifting of aeplane
phonon modes motivates us to identify an additional, more modest relaxation near 60 K. These observations
are supported by an analysis of the electronic structure as well as other physical-property measurements
including the permittivity, specific heat, and magnetization.
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I. INTRODUCTION Il. EXPERIMENTAL ASPECTS

. . . Single crystals of KV 305 were grown by cooling V@in
K2V5Og is @ member of the fresnoite-type vanadium ox-, 0, KVQ flux in a platinum crucible sealed inside a

ide family with the chemical formul&,V;0s (A=K, Rb, . : . : .
. . silica container. Typical dimensions of the resultant crystals
Tl, and NH,), which are tetragonal antiferromagnets. These . :
. : were~1x1x0.1cn?. Theab plane and the axis are iden-
layered vanadates consist of slabs of corner-sharing VO,

square pyramids and VjQetrahedrd, with A ions lying be- :leep?egt};vtehls large crystal face and the normal to the plane,

gzezra?:fr:]elalaer.nzgs |;O|2r§f lt\lh;eaiizltl'trr?et\:gf;f thr:f 0 Permittivity, heat capacity, susceptibility, and optical re-
P 9 YErs. & Py flectance measurements were carried out directly on the

mids contain the magnetic®V ions with S=1/2, whereas aforementioned crystals. For transmittance measurements, a

; - 5+ i 2-5
theTtrt]etrZh\e/dg cfo rrﬁm nforrl]m?grﬁﬁeho v ttlrontS. d attention pellet was prepared by mixing 560 ppm 0§\K;0g with KCI
€ A2VsLg Tamily of materials nas attracted atlention ., 4or Here, a small portion of K30 was cut from a

due_to their novel _Iow-tempe_rature_ magnetic Eropefnar_s. crystal, crushed and mixed with dry KCI powder, then
particular, KV30g is a two-dimensiona(2D) S=1/2 anti- pressed at 20 000 psi under vacuum. The resultant pellet was
fer.romagr)et T,\!~4 K) that_s_hows an unusuall f|eld—|nQUced transparent with a dark purple color.
spin reorientation. In addition to a conventional spin-flop  permittivity measurements were performed from 20 to
transition with the magnetic field applied along tbe@xis, 300 K using a Hewlett-Packard 4284A Precision LCR Meter
K2V 30g exhibits a striking continuous spin rotation when the 3ng 3 CTI Cryogenics closed cycle refrigerator. Heat capac-
magnetic field is applied in the basal planklore recently, ity measurements were performed in a commercial heat-
Bogdanovet al. suggested that /303 may have a chiral pulse calorimeter manufactured by Quantum Design. Mag-
cycloid magnetic structure, with a modulated weak ferro-netization measurements were performed in superconducting
magnetic moment; in this case, the spin reorientation is requantum interface device magnetometer manufactured by
lated to suppression of the modulated state by a magnetiQuantum Design.
field.® Complementary Raman measurements show a persis- Infrared measurements were performed in both reflec-
tent two-magnon scattering signal up+@ Ty, suggesting tance and transmittance modes using a Bruker Equinox 55
that the energy scale for magnetic excitations yVKOg is  Fourier transform infrare@TIR) spectrometer coupled with
dominated byJ rather thanTy, .’ a Bruker IR Scope Il equipped with MCT and InSb detec-
In addition to the aforementioned low-temperature mag+tors. We covered the frequency range from 600 to 12500
netic properties of KV;0g, several exploratory transport cm *. Spectral resolution was 1 and 2 ¢hin the middle-
and thermodynamic measurements have identified aand near-infrared, respectively. Appropriate wire grid and
anomaly of unknown origin near 110 K. In this investigation, film polarizers were employed as necessary. No polarization
we employ permittivity, specific heat, and susceptibility tech-dependence was observed in #ieplane spectra. For polar-
nigues to systematically characterize this feature for the firsized reflectance measurements in the interlayer direction, the
time and use temperature-dependent infrared spectroscopy $ample was mounted vertically, with the narrow side facing
investigate the microscopic nature of this transition, whichtoward the incident beam. Low-temperature measurements
we attribute to a local distortion of the \dBquare pyramids. were carried out with an Oxford Microstat He open-flow
In addition, our spectroscopic work points toward a secondhelium cryostat with KRS5 windows.
much weaker relaxation near 60 K. We briefly discuss the The optical conductivity spectra were obtained via
role of these two higher-temperature transitions in determinKramers-Kronig analysis of the reflectance spet@ad the
ing the parent state of the novel low-temperature magnetisrabsorption spectra were calculated from the transmittances
in K,V30g. using a(w) = —(1/hd)In T(w), whereh is the concentration
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susceptibility is not sensitive to the aforementioned changes
FIG. 1. Temperature variation of tlie) permittivity response in  negr 110 K. As seen in Fig.(d), the susceptibility is the
upsweep(solid squargand downsweefopen squaredirections at same forHlc axis andH.Lc axis, at “high” temperatures
10_kHz,(l_3) specific heatsolid line) and an extrapolation _based oN (above T~15 K). This isotropic response implies that the
alinear fit to the data above the 110 K anomgipshed linfand oo 4jum magnetic moment is insensitive to its environ-
dewatlo'n of the qs.tlfi fro.n;] the extrapo}l(gt:gn l"("l'_’sjb' anlii EC) h ment; it does not feel the modified surroundings arising from
magnetic susceptibility with a magnetic field a e arallel to the ; . . .
abglane directic?r(soli)c/i square)sar?d to thec axizrzopelf squares the ;10 K structgral distortion. Consequentiys a.s.”?o‘“h'
continuous function of temperature. The susceptibility can be
modeled by a Curie-Weiss temperature dependence with an

of K,V30g in '_[he KCI matrix, andl is the pellet thic_kness. N effective magnetic moment of a sing&= 1/2 ion per for-
order to assign the center frequencies of various phonom1a unit. as described in Refs. 2. 4.

modes, each peak was fit to a Gaussian lineshape, using a
peak fitting program.
B. Vibrational properties

Ill. RESULTS AND DISCUSSION Figures Za) and 3a) display the basalab plane and
A. Permittivity, specific heat, and magnetic response of interlayer(c ax-is) reflecpance of_I§V308. Both sets of spgc-
' ‘ Ko\ YO tra show a typical semiconducting response, characterized by
2¥svs strong phonon modes and a low, flat background reflectance.
Figure 1 displays the temperature dependence of the 10he strong anisotropy between thé-plane and thes-axis
KHz permittivity, specific heat, and magnetic susceptibility spectra demonstrates tha;\K;Og is a two-dimensional op-
(M/H) of K,V;04. Both the permittivity and specific heat tical material, consistent with expectation based upon the
data show modest changes near 110 K, possibly related tosdructure.
weak structural modification. The permittivity is low overall,  In the optical conductivity spectrigrigs. 2b) and 3b)],
with a characteristic signature at the transition temperature. lb-plane phonon modes are found near 925, 820, 745, and
displays an increased polarizability in the low-temperatures80 cm 1, andc-axis phonon modes are observed near 995
ground state compared with that above the transition temand 940 cm™.2° Longitudinal and transverse optic mode fre-
perature. The shape of the permittivity and specific-heat datquencies for these structures are tabulated in Table I. Previ-
near 110 K matches that expected for a continuous phassus investigations of vibrational modes in other vanadate
transition. The specific-heat data also shows an inflectiobased materiats'? allow us to assign the highest energy

point in this temperature regime. In contrast, the magnetistructure as a vanadium/apical oxygen stretching mode. This
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FIG. 3. Reflectancéa) and optical conductivityb) spectra of For investigations of vibrational properties, a group theo-

K2V3Og in the interlayer(c axis) direction at 30Qdashed lineand  retical analysis is useful to assign the experimentally ob-

10 K (solid line). served infrared and Raman active modesVOg has a

space groupP4bm. Each unit cell contains two formula

assignment is based on the characteristically short bong,iis “and a total of 26 atonié The total irreducible repre-
lengths between transition metal ions and apical oxygens iRentation iS T grq= 13A, + 9A,+ 7B, + 11B, + 19E. Here
otal " 1

the square pyramid building-block units of this class of ma-, .y A andE modes are infrared active. Excluding acoustic
terials; a short bond length translates into a tight "springmodeS there are 30 infrared active phonon modag:
constant” and thus, a high resonance frequency. More spe- ' i

o 4 =12A;+18E. A; modes arez (c axis) polarized, whereas
cmcallil, Galy an(d Car)p§/f|nd that the bond Ieggths of V-O o dolubly degénerat‘é modes arexy (gb plana directed.
(apica) and V-O(c axi9) are 1.582 and 1.628 A for the \LO B ¢ ducti lift the d f th
(square pyramidsand VO, (tetrahedrain K,V4O,, respec. ecause a symmetry reduction can lift the degeneracy of the

E modesab-plane polarized features are expected to be most

tively. These are the shortest V-O bond lengths in the matesansitive to formal, long-range symmetry breaking of the

rial. Thus, we expect stretching of these bonds to give rise t%rystal.

the highest-energy phonon modes iBM§0g. The c-axis Even though polarization information is lost in a transmit-
polarization of the 995 and 940 crhstretching modes fol- 450 experiment and subsequent calculation of the absorp-
lows dlre(_:tly from the orientation of the V-G)_aplcab and tion spectrum, transmittance measurements often have the
V-O (c axis) bonds for the V@ square pyramids and VIO a4y antage of a higher sensitivity to small changes. Figure 4
tetrahedra, respectively, in the crystal structure. Using S'm”aaisplays the absorption spectra 0f\Og as a function of
arguments, thab-plane phonon structures are likely stretch- o heratyre. Fortuitously, the aforementiorssiplane and

ing modes of vanadium and basal-plane oxygens in the VO¢_ayis phonon modes do not overlap. As clearly shown in the

and VQ, building-block units. absorption spectréFig. 4), thec-axis phonon mode near 990
cm ! displays doublet character below 110 K. This effect is

TABLE IB 'I'_randsvbers: and Ior;(gitut_jinal Opftic phc_)norf1 mohdelfgekquantified in Fig. 5, where the center frequency of the 990
quencies obtaine y Kramers-Kronig transformation for the 1 mode (and three Othe)SiS plotted as a function of

infrared reflect tra a-pl c-axis polarizat em
infrared refiectance specfra ai-plane an-axis polarizations. temperature. The 990 c¢m mode splitting increases with

decreasing temperature and saturates below 60 K, as shown

L N 1
Polarization wro (cm™) @Lo (Cm ™) in Fig. 5(d). Based upon our previous assignment of the 990
ab plane 745 766 cm ! mode as a V-Qlapica) stretching mode in the VO
820 934 square pyramids, the splitting of this structure indicates a
¢ axis 937 944 distortion of VQ; square pyramids at 110 K. The slight dis-
977 1006 placement of the apical oxygen from the apex of a perfect

square pyramid is a clear case of symmetry breaking. How-
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ever, based on the fact that only the 990 ¢ro-axis phonon  the 820 and 745 cit modes are quite pronounced consid-
mode displays splitting in the low-temperature phase ofring the simultaneous insensitivity of theaxis phonon
K,V30g, we conclude that the symmetry breaking is fairly modes to this relaxation. Thus, we conclude that the 60 K
weak and localrather than long ranggit does not seem to relaxation in KV3;0g is anab-plane phenomenon, perhaps
alter the space group. That the distortion is a local phenomrelated to a basal plane distortion of the y@uilding blocks.
enon is also supported by the other center frequency vs tendpon careful examination, a small inflection point in the
perature data in Fig. 5. permittivity may be observed near 60 [Ikig. 1(a)], again
The ab-plane phonon modes displays only weak steps osuggesting the possibility of an additional relaxation at 60 K
inflection points in the vicinity of the 110-K transition, indi- in K,V3;0g. In fact, this low-temperature relaxation has
cating only a slight sensitive to the distortion, andsome similarities to that in other low-dimensional magnetic
the c-polarized feature at 940 ch does not show a strong and molecular materials:*°
connection to the transition within our resolution. Curiously,
these results are in apparent disagreement with the aforemen-
tioned symmetry analysis, which predicts that symmetry
breaking ought to influence the doubly degenerate phonon The 300-K ab-plane optical conductivity spectrum of
modes polarized in the 2D layer direction. The lack ofK,;V30g shows a broad excitation near 8100 on{Fig.
formal, long-range symmetry breaking, as evidenced by(b)]. Based on the vacuum-ultraviolet reflectance and pho-
the insensitivity of theab-plane modes, thus supports a toemission study of vanadate compounds by Sttial,'’
local rather than extended structural distortion MKOg at  this band is assigned asda-d transition of vanadium ions
110 K. in VOs5. 6 Excitations of this sort have also been assigned as
The ab-plane phonon modegFigs. 5a) and 5b)] Hubbard band-gap excitatioh&:?° In any case, this struc-
blueshift with decreasing temperature unti0 K. A similar  ture shifts strongly to higher energy with decreasing tem-
blueshift is observed in the-axis phonon modes near 940 perature; it is centered near 9200 chat 10 K. An overall
cm * and 990 cm* (before splitting. However, the degree blueshift of this excitation is in line with the aforementioned
of blueshift observed in thab-plane phonon modes is al- ab-plane thermal contraction effects, which cause the V
most a factor of ten larger than that of the interlayer phonordd level splitting to increase due to a stronger crystal field
modes. Thus, we anticipate that thermal contraction ofit low temperature. At the same time, it is reasonable
K,V30g occurs predominantly in thab plane. to anticipate that the electronic structure of,\KOg
Below 60 K, the aforementioned blue shifting saturatesmay display some sensitivity to the 110 and 60 K
in the case of the 820 cm feature, the mode actually changes, which are intimately related to the /&nhd VO,
redshifts with further temperature reductigfig. 5(b)]. The  building blocks, superimposed on this overall hardening
abrupt change in slope of the 820 chmode below 60 K trend.
[also observed more weakly in the 745 chstructure, Fig. In order to quantify changes in the electronic structure of
5(a)] might be attributed to the saturation of thermal contracK,V3;0g through the 110 and 60 K changes, we plot the
tion and re-expansion of the crystal. More likely, it is the center peak position of the ¥—d excitation as a function
signature of a subtle relaxation near 60 K. These redshifts inf temperature in Fig. 6. The graph clearly highlights not

C. Electronic properties
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also supports our finding of a weab plane related relax-

TE 9200 e - ation near 60 K. As mentioned earlier, it may be related to a

L 9000} \ minute basal plane distortion of the ¥@quare pyramids.

S 88001 « The dlstort.ed. low-temperature structure of the VO

= o square pyramid is the parent state of the low-temperature

8 ss00l N | magnetic properties. While the vanadium moment is unaf-

o Q-“'\p fected by the distortion at 110 K, it is possible that the mo-

% 8400¢ e ment may be sensitive to the small local distortion in the

2 82001 \\.\ | VOs5 environment at very low temperaturéiselow 15 K),
e thus effecting both the spin flop and spin rotation in a mag-

8000+ 1 netic field.
0 50 100 150 200 250 300

IV. CONCLUSION

Temperature (K
P (K) We have carried out polarized infrared measurements on

FIG. 6. Peak position of thd—d transition of M+ as a func- K,V30Og in order to explore the high-temperature properties
tion of temperature. Dashed lines guide the eye. Error bars are oim this prototypical magnetic material. Based on a splitting of
the order of the symbol size. the 990-cm*? c-axis phonon mode, we conclude that the 110

K transition is driven by a slight distortion of the \dB@quare
only the overall blueshift of the band with decreasing tem-PYramids, whereas red shifting of twab-plane phonon
perature, but also three distinct temperature reginis: modes motivates us to cert_lfy an additional weak relaxat|on.
>100K, 50K<T<100K and T<50K. Near 100 K near 60 K. The_,-se observations are supported by an analyss
and again near 50 K, the center frequency vs temperatur%f the electro_nlc structure anq are _complemente_d_ b_y studies
slopes change rapidly, indicating the possibility of O.f .other physical properties, including the permittivity, spe-
phase transitions at these temperatures. While the overdific heat, and magnetization.
blueshift is due to thermal contraction iab plane, the
rapid change in slope near 100 (ig. 6) indicates an
additional change in crystal field, likely due to the distortion ~ Work at the University of Tennessee is supported by the
of the VO; square pyramid, because the transition temperaMaterials Science Division, Office of Basic Energy Sciences
ture (100 K) is nearly coincident with that discussed at the U.S. Department of Energy under Grant No. DE-
earlier (at 110 K and associated with the splitting of the FG02-01ER45885. Oak Ridge National Laboratory is man-
990 cm ! c-axis phonon mode and the permittivity jump. In aged by UT-Battelle, LLC, for the U.S. Department of En-
addition to the 110 K transition, the 50 K slope discontinuity ergy under Contract No. DE-AC05-000R22725.
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