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MAGNETIC STRUCTURE AND DOMAIN CONVERSIONOF THE QUASI-2D FRUSTRATED ANTIFERROMAGNET CuCrO2PROBED BY NMRYu. A. Sakhratov a;b, L. E. Svistov 
*, P. L. Kuhns a, H. D. Zhou a;d, A. P. Reyes aaNational High Magneti
 Field Laboratory, Tallahassee32310, Florida, USAbKazan State Power Engineering University420066, Kazan, Russia
Kapitza Institute for Physi
al Problems Russian A
ademy S
ien
es119334, Mos
ow, RussiadDepartment of Physi
s and Astronomy, University of Tennessee, Knoxville37996, Tennessee, USARe
eived June 17, 2014We measured 63;65Cu NMR spe
tra in a magneti
 �eld up to about 15:5 T on a single 
rystal of the multiferroi
triangular-latti
e antiferromagnet CuCrO2. The measurements were performed for perpendi
ular and parallelorientations of the magneti
 �eld with respe
t to the 
-axis of the 
rystal, and the detailed angle dependen
eof the spe
tra on the magneti
 �eld dire
tion in the ab-plane was studied. The shape of the spe
tra 
an bewell des
ribed in the model of spiral spin stru
ture suggested by re
ent neutron di�ra
tion experiments. Whenthe �eld is rotated perpendi
ular to the 
rystal 
-axis, we for the �rst time dire
tly observed a remarkablereorientation of the spin plane simultaneous with rotation of the in
ommensurate waveve
tor, by quantitativelydedu
ing the 
onversion of the energeti
ally less favorable domain to a more favorable one. At high enough�elds parallel to the 
-axis, the data are 
onsistent with either a �eld-indu
ed 
ommensurate spiral magneti
stru
ture or an in
ommensurate spiral magneti
 stru
ture with a disorder in the 
 dire
tion, suggesting thathigh �elds may have in�uen
e on interplanar ordering.DOI: 10.7868/S00444510141101211. INTRODUCTIONThe problem of an antiferromagnet on a triangularplanar latti
e has been intensively studied theoreti
al-ly [1�5℄. The ground state in the Heisenberg and XYmodels is a �triangular� planar spin stru
ture with threemagneti
 sublatti
es arranged 120Æ apart. The orien-tation of the spin plane is not �xed in the ex
hangeapproximation in the Heisenberg model. The appliedstati
 �eld does not remove the degenera
y of the 
las-si
al spin 
on�gurations. Therefore, the usual small
orre
tions su
h as quantum and thermal �u
tuationsand relativisti
 intera
tions in the geometri
ally frus-trated magnets play an important role in the formation*E-mail: svistov�kapitza.ras.ru

of the equilibrium state [2, 5, 6℄. The magneti
 phasediagrams of su
h two-dimensional magnets strongly de-pend on the spin value of magneti
 ions.CuCrO2 is an example of the quasi-two-dimensionalantiferromagnet (S = 3=2) with a triangular latti
estru
ture. Below TN � 24 K, CuCrO2 exhibits spiralordering to an in
ommensurate spiral magneti
 stru
-ture with a small deviation from the regular 120Æ stru
-ture. The transition to the magneti
ally ordered stateis a

ompanied by a small distortion of the triangularlatti
e. We present an NMR study of the low-tem-perature magneti
 stru
ture of CuCrO2 in the �eldsup to 15.5 T. These �elds are small in 
omparisonwith ex
hange intera
tions within the triangular plane(�0Hsat � 280 T). Hen
e, we 
an expe
t that in our ex-periments, the ex
hange stru
ture within an individualplane is not distorted signi�
antly and the �eld evo-1002
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onversion : : :lution of NMR spe
tra in our experiments is to spinplane reorientation or a 
hange in the interplane order-ing. The mi
ros
opi
 properties of magneti
 phases ofthis magnet are espe
ially interesting be
ause this ma-terial is multiferroi
 [7�9℄. The possibility to modifyele
tri
 and magneti
 domains with ele
tri
 and mag-neti
 �elds makes CuCrO2 attra
tive for experimentalstudy of the magnetoele
tri
 
oupling in this 
lass ofmaterials.2. CRYSTAL AND MAGNETIC STRUCTUREThe CuCrO2 stru
ture 
onsists of magneti
 Cr3+(3d3, S = 3=2), nonmagneti
 Cu+, and triangularO2� latti
e planes (TLPs), whi
h are sta
ked along the
-axis in the sequen
e Cr�O�Cu�O�Cr (spa
e groupR�3m, a = 2:98 Å, and 
 = 17:11 Å at room temper-ature [10℄). The respe
tive layer sta
king sequen
esare �
�, ��
, and ����

 for Cr, Cu, and O ions.The 
rystal stru
ture of CuCrO2 proje
ted on the ab-plane is shown in top portion of Fig. 1. The dis-tan
es between the nearest planes denoted by di�er-ent letters for 
opper and 
hromium ions and the pairsof planes for oxygen ions are 
=3, whereas the dis-tan
e between the nearest oxygen planes denoted bythe same letters is (1=3 � 0:22)
 (Ref. [10℄). Nostru
tural phase transition has been reported at tem-peratures higher than the Néel ordering temperature(T > TN � 24 K). In the magneti
ally ordered state,the triangular latti
e is distorted, su
h that one sideof the triangle be
omes slightly smaller than the othertwo sides: �a=a � 10�4 (Ref. [11℄).The magneti
 stru
ture of CuCrO2 has been in-tensively investigated by neutron di�ra
tion experi-ments [10; 12�15℄. It was found that the magneti
 or-dering in CuCrO2 o

urs in two stages [15, 16℄. At thehigher transition temperature TN1 = 24:2 K, a two-dimensional (2D) ordered state within ab-planes sets in,whereas below TN2 = 23:6 K, three-dimensional (3D)magneti
 order with the in
ommensurate propagationve
tor qi
 = (0:329; 0:329; 0) along the distorted sideof TLPs [11℄ is established. The magneti
 moments ofCr3+ ions 
an be des
ribed by the expressionMi =M1e1 
os(qi
 � ri+�)+M2e2 sin(qi
 � ri+�); (1)where e1 and e2 are two perpendi
ular unit ve
torsdetermining the spin plane orientation with the nor-mal ve
tor n = e1 � e2, ri is the ve
tor to the ithmagneti
 ion, and � is an arbitrary phase. The spin-plane orientation and the propagation ve
tor of the
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xFig. 1. Top: Crystal stru
ture of CuCrO2 proje
tedon the ab-plane. The three layers, ��
, are the posi-tions of Cr3+ ions. Bottom: Referen
e angles  and' as de�ned in the text; the grey bar 
orresponds tothe proje
tion of the spin plane. The in
ommensuratewaveve
tor qi
 is 
ollinear with the base of the triangle(thi
k line)magneti
 stru
ture are s
hemati
ally shown in the bot-tom of Fig. 1. For a zero magneti
 �eld, e1 is parallelto [001℄ with M1 = 2:8(2)�B , while e2 is parallel to[1�10℄ with M2 = 2:2(2)�B (Ref. [15℄). The pit
h anglebetween the neighboring Cr moments 
orresponding tothe observed value of qi
 along the distorted side ofthe TLP is equal to 118.5Æ whi
h is very 
lose to 120Æexpe
ted for the regular TLP stru
ture. Realization ofsu
h magneti
 stru
ture has the natural explanation inthe frame of Dzyaloshinskii�Landau theory of magneti
phase transitions (Ref. [17℄).Owing to the 
rystallographi
 symmetry in the or-dered phase, we 
an expe
t six magneti
 domains atT < TN . The propagation ve
tor of ea
h domain 
anbe dire
ted along one side of the triangle and 
an be1003
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Fig. 2. The 63;65Cu NMR spe
tra of a CuCrO2 single
rystal (a) in the paramagneti
 state and (b ) in theordered state at the external magneti
 �eld dire
tedperpendi
ular to 
 axis, H k [110℄. The two sets oflines 
orrespond to the signals from quadrupolar split63Cu and 65Cu nu
lei. The peaks marked with 
rossesare spurious 63;65Cu and 27Al NMR signals from theprobepositive or negative. As reported in Refs. [14; 18℄, thedistribution of the domains is strongly a�e
ted by the
ooling history of the sample.Inelasti
 neutron s
attering data [19℄ have shownthat CuCrO2 
an be regarded as a quasi-2D magnet.The spiral magneti
 stru
ture is de�ned by the strongex
hange intera
tion between the nearest Cr3+ ionswithin the TLPs with the ex
hange 
onstant Jab == 2:3 meV. The inter-planar intera
tion is at least oneorder of magnitude weaker than the in-plane intera
-tion.Results of the magnetization, ESR, and ele
tri
 po-larization experiments [9; 18℄ have been dis
ussed inthe framework of the planar spiral spin stru
ture at�elds studied experimentally: �0H < 14 T � �0Hsat(�0Hsat � 280 T). The orientation of the spin plane isde�ned by the biaxial 
rystal anisotropy. One hard axisfor the normal ve
tor n is parallel to the 
 dire
tion andthe se
ond axis is perpendi
ular to the dire
tion of thedistorted side of the triangle. The anisotropy along the
 dire
tion dominates, with the anisotropy 
onstant ap-proximately hundred times larger than that within the

T = 40 K, � = 137 MHzH k [001℄à
b

�0H; T10 11 12 139 14
�0H; T10 11 12 139 1465Cu 65Cu 65Cu63Cu

T = 20 K
63Cu 63Cu

Fig. 3. Spe
tra similar to those in Fig. 2 but with the�eld applied parallel to 
 axis, H k [001℄ab-plane resulting from distortions of the triangle stru
-ture. A magneti
 phase transition was observed for the�eld applied perpendi
ular to one side of the triangle(H k [1�10℄) at �0H
 = 5:3 T, whi
h was 
onsistently de-s
ribed [9; 14; 18℄ by the reorientation of the spin planefrom (110) (n ? H) to (1�10) (n k H). This spin reori-entation o

urs due to weak sus
eptibility anisotropyof the spin stru
ture �k � 1:05�?.3. SAMPLE PREPARATION ANDEXPERIMENTAL DETAILSA single 
rystal of CuCrO2 was grown by the �uxmethod following Ref. [15℄. The 
rystal stru
ture was
on�rmed by single-
rystal room-temperature X-rayspe
tros
opy. The magneti
 sus
eptibility M(T )=Hwas measured at �0H = 0:5 T in the temperaturerange 2�300 K using a SQUID magnetometer. The ob-tained sus
eptibility 
urve �
 was similar to the datain Refs. [8; 20℄. The Néel temperature TN � 24 K andthe Curie�Weiss temperature �CW = �204 K obtainedfrom the �tting of M(T ) at temperatures 150 K << T < 300 K are in agreement with the values givenin Ref. [8℄.NMR experiments were 
arried out using a home-built NMR spe
trometer. Measurements were taken1004
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Fig. 4. The 63Cu NMR spe
tra (mI = �1=2$ +1=2) measured at di�erent angles between H applied within the ab-planeand the [110℄ dire
tion of the sample (solid 
ir
les). ZFC to T = 20 K and � = 55:3 MHz. Solid lines are the 
al
ulatedspe
tra in the model of the magneti
 stru
ture (Eq. (1)) and orientations of spin planes (grey bars) shown in the bottom ofthe �gure. A, B, and C 
orrespond to three possible alignments of the propagation ve
tor of the magneti
 stru
ture (qi
 is
ollinear to the triangle side marked thi
k); �A, �B , �C are the relative weights of the NMR signals from A, B, C domains,whi
h were used for the best 
oin
iden
e with experimenton a 17.5 T Cryomagneti
s �eld-sweepable NMR mag-net at the National High Magneti
 Field Laboratory.The 63;65Cu nu
lei (nu
lear spins I = 3=2, gyromag-neti
 ratios 
63=2� = 11:285 MHz/T and 
65=2� == 12:089 MHz/T) were probed using the pulsed NMRte
hnique. In the �gures that follow, the spe
tra shownby solid lines were obtained by summing fast Fouriertransforms (FFT), while the spe
tra shown by 
ir-
les were obtained by integrating the averaged spin-e
ho signals as the �eld was swept through the reso-nan
e line. The NMR spin e
hoes were obtained us-ing 1:5 �s��D�3�s (H k 
), 1:8 �s��D�3:6 �s (H ? 
,�0H � 4:5 T), and 2:3 �s��D�4:6 �s (H ? 
, �0H �� 11:6 T) pulse sequen
es, where the respe
tive timesbetween pulses �D were 15, 20, and 15 �s. Mea-surements were 
arried out in the temperature range4:2 K � T � 40 K stabilized with a pre
ision better

than 0.03 K. The experimental setup allowed rotatingthe sample inside the ex
itation 
oil with respe
t to thestati
 �eld H ? 
 during the experiment.4. EXPERIMENTAL RESULTSThe 63;65Cu NMR spe
tra for the paramagneti
(Figs. 2a, 3a) and ordered (Figs. 2b, 3b ) states forH ? 
 and H k 
 
onsist of two sets of lines, 
orre-sponding to 63Cu and 65Cu isotopes. Ea
h set 
onsistsof three lines: one of them 
orresponds to the 
entralline (mI = �1=2 $ +1=2) and two quadrupole satel-lites 
orrespond to (�3=2$ �1=2) transitions.For the paramagneti
 state, the spe
tral shape wasfound to be independent of the magneti
 �eld orien-tation in the ab-plane. By 
ontrast, the shapes of the1005
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Fig. 5. Data similar to those in Fig. 4 but for ZFC to T = 4:2 Kspe
tra at temperatures below TN are strongly depen-dent on the �eld dire
tion and 
ooling history. Thespe
tra were studied under two 
ooling 
onditions: zero�eld 
ooling (ZFC) and �eld 
ooling (FC).In the �rst set of the experiments, the stati
 �eldwas oriented within the ab-plane (Figs. 4�9). The stati
magneti
 �eld during the FCs was dire
ted parallel(H k [110℄) or perpendi
ular (H k [1�10℄) to one sideof the triangular stru
ture. For all FC data, the sam-ple was 
ooled in a �eld of 16.9 T from 40 to 4.2 K(or 5 K) with the 
hara
teristi
 time t
ooling � 40 min,and then the measurements were performed. The sam-ple was rotated about the 
-axis. The dire
tion of theexternal �eld given in the �gures is measured with re-spe
t to the [110℄ dire
tion of the sample. Be
ause thedata obtained for the full rotation of the sample reveala 180Æ symmetry, only data from 0 to 150Æ are shownfor 
larity.The angular dependen
es in the ab-plane were mea-sured at the frequen
ies 55.3 MHz and 137 MHz. Thelower frequen
y is 
hosen su
h that the 
entral line of63Cu NMR is situated at �elds near 4.5 T, i. e., be-

low the reorientation �eld �0H
 = 5:3 T, whereas thehigher frequen
y pla
es the resonan
e above �0H
.The NMR spe
tra were measured at two tempera-tures Thigh = 20 K (Figs. 4 and 8) and Tlow = 4:2 K(Figs. 5, 6, 7) and Tlow = 5 K (Fig. 9). We 
hosethese two temperature sets, be
ause the domain wallsin CuCrO2 are mobile at high temperatures, whereasat low temperatures the walls are pinned [18℄.In the se
ond set of the experiments, the stati
 �eldwas oriented parallel to the 
 dire
tion. RepresentativeZFC spe
tra at 20 K measured at di�erent �elds areshown in Fig. 10. 5. DISCUSSIONWe dis
uss the results of the NMR experimentsin the framework of the planar spiral spin stru
ture(Eq. (1)) proposed from neutron di�ra
tion experi-ments [15℄ and 
arried out at H = 0. The spin planeorientation of su
h a stru
ture is de�ned by weak rela-tivisti
 intera
tions with the external �eld and 
rystal1006
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Fig. 6. Data similar to those in Fig. 4 but for FC H(16.9 T)k [110℄ ( = 0) to T = 4:2 K. The ba
kground in some panelsis due to the overlap with 65Cu NMR linesenvironment. Following Ref. [18℄, the anisotropi
 partof the magneti
 energy of CuCrO2 
an be written asU = ��k � �?2 (n �H)2 + A2 n2z + B2 n2y; (2)where A > B > 0. For an arbitrary �eld dire
tion inthe ab-plane, the ve
tor n monotoni
ally rotates fromn k [110℄ to n k H. This 
an be de�ned by minimizingEq. (2), whi
h 
an be rewritten asU = ���2 H2 
os2( �')��H
yH �2 sin2 '!++ A2 n2z: (3)Here, the angles  and ' de�ne the dire
tions of therespe
tive ve
tors H and n, as depi
ted in Fig. 1. Us-ing the reorientation �eld value �0H
y = 5:3 T, weobtain the expe
ted orientations of the spin planes rel-ative to the �eld dire
tions of our NMR experiments.For the �eld dire
ted along the �thi
k� side of the tri-angle in the ab-plane (i. e.,  = 0), ' = 0 at all �elds.

For the �eld dire
ted along the �thin� side of the trian-gle (i. e.,  = 60Æ), the expe
ted angles ' for a given�eld are '(�0H = 4:5 T) = 22:15Æ and '(�0H == 11:6 T) = 54:3Æ. For the �eld dire
tion perpendi
-ular to the �thi
k� side of the triangle (i. e.,  = 90Æ),'(�0H < �0H
y = 5:3 T) = 0 below spin-�op and'(�0H > �0H
y = 5:3 T) = 90Æ above spin-�op. Forthe �eld dire
tion perpendi
ular to the �thin� side ofthe triangle (i. e.,  = 30Æ), the spin plane orientationis de�ned by the angles '(�0H = 4:5 T) = 12:3Æ and'(�0H = 11:6 T) = 25:4Æ.For H k 
, the �eld of spin reorientation transi-tion H
z is expe
ted to be mu
h larger than the �eldsin our experiments [18℄. We therefore expe
t the spinplane orientation for H k 
 to be the same as at H = 0(n k [110℄).Analyzing the NMR spe
tral shapes, we found thatthey 
an be well des
ribed within the spiral spin stru
-ture model given by Eq. (1) with the in
ommensuratepropagation ve
tor dire
ted along one side of the tri-angle, qi
 = (0:329; 0:329; 0). Generally, the lo
al mag-1007
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Fig. 7. Data similar to those in Fig. 4 but for FC H(16.9 T)k [1�10℄ ( = 30Æ) to T = 4:2 K. The ba
kground in somepanels is due to the overlap with 65Cu NMR linesneti
 �eld at Cu sites is the sum of the long-range dipole�eld Hdip and the transferred hyper�ne 
onta
t �eldprodu
ed by the nearest Cr3+ moments. The 63;65CuNMR of CuCrO2 in the paramagneti
 state was stu-died in Ref. [21℄, where it was shown that the e�e
tive�eld at the 
opper site is proportional to the 
hromiummoment with a hyper�ne �eld of 3.3 T/�B . This valuedoes not depend on the dire
tion of the 
hromium mo-ment. The 
omputed dipolar �elds on the 
hromiumnu
lei in the paramagneti
 phase are anisotropi
 andessentially smaller than experimentally observed, andare respe
tively equal to 0.17 T/�B and �0:08 T/�Bfor H k [001℄ and H k [1�10℄. From these data, we pre-sume that the e�e
tive �eld measured in the paramag-neti
 phase [21℄ is mostly de�ned by the 
onta
t �eldsfrom six nearest 
hromium magneti
 ions. Althoughthe 
onta
t �eld 
reated by an individual neighbor-ing 
hromium moment ((1.3/6) T/�B = 0:55 T/�B)is mu
h larger than the dipole �eld, dipolar and 
on-ta
t hyper�ne 
ontributions prove to be 
omparable inthe ordered state. This is due to a strong 
ompensationof the 
onta
t �elds from the six nearest 
hromium mo-

ments in the ordered state. We took both 
ontributionsinto a

ount in our 
al
ulations. The dipolar �elds onthe 
opper nu
lei were 
omputed by numeri
ally sum-ming 
ontributions from nearest-neighbor Cr momentsin the sphere of the radius 20 Å; a

ounting for themoments farther away gives no noti
eable e�e
t. Theshape of the individual NMR line was taken Lorentzianfor the �ts.The best �t with experiment for H ? 
 was ob-tained with the value of Cr3+ magneti
 momentsM1 == M2 = 0:91(5)�B at low �elds �0H � 4:5 T (Figs. 4,5, 6, 7) andM1 =M2 = 1:15(9)�B at high �elds �0H �� 11:6 T (Figs. 8, 9). Ea
h individual linewidth is Æ == 20(5) mT for all �tted NMR spe
tra. This value is
onsistent with the linewidth measured in the param-agneti
 phase.Sin
e the 
opper nu
lei in CuCrO2 are situated at aposition of high symmetry, the NMR spe
tra from themagneti
 domains with opposite dire
tions of in
om-mensurate ve
tors +qi
 and �qi
 are identi
al. In theanalysis that follows, we assign the magneti
 domainsthe letters A, B, and C, having in mind that ea
h let-1008
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Fig. 8. Data similar to those in Fig. 4 but for ZFC to T = 20 K, � = 137 MHzter refers to two magneti
 domains indistinguishable bythe NMR method.The ZFC NMR spe
tra measured at the frequen
y55.3 MHz and temperatures 20 K and 4.2 K are shownin Figs. 4 and 5. For the �eld dire
ted parallel toone side of the triangle ( = 0, 60Æ, 120Æ), we ex-pe
t the resonan
e 
onditions of two domains (B, C)to be equivalent. A sket
h of the expe
ted spin-planeorientations within A ( = 0, ' = 0), B ( = 60Æ, ' == 22:15Æ), and C ( = 120Æ, ' = 157:85Æ) domains areshown at the bottom left of ea
h �gure. The dashedand dotted lines respe
tively show the 
omputed spe
-tra for domains A and B +C. The resulting spe
trumwas obtained by summing the spe
tra from the threedomains with relative weights �A, �B , �C and is shownwith solid lines in the �gures.If the relative sizes of the domains do not 
hangeduring the rotation of the �eld, we expe
t that thesum of the relative fra
tions �A of domain A measuredat three unique orientations  = 0, 60Æ, 120Æ, i. e.,�A(0)+�A(60Æ)+�A(120Æ), is equal to unity. The sameis true for the sum �C(30Æ)+�C(90Æ)+�C(150Æ). Howe-

ver, the experimental values of the sums at T = 20 K(Fig. 4) are �A(0) + �A(60Æ) + �A(120Æ) = 1:36 and�C(30Æ) + �C(90Æ) + �C(150Æ) = 0:65. This deviationfrom unity shows that the domain sizes of the sample
hange with �eld rotation. These observations showthat the size of the energeti
ally favorable domainsgrows at the expense of unfavorable domains. To ourknowledge, this phenomenon is dire
tly observed forthe �rst time via the NMR te
hnique.For measurements at T = 4:2 K (Fig. 5), the sumsare 
loser to unity: �A(0) + �A(60Æ) + �A(120Æ) = 1:17and �C(30Æ)+�C(90Æ)+�C(150Æ) = 0:88. This impliesthat the mobility of domain walls in
reases with thetemperature. We emphasize that the 
onversion of thedomain stru
ture implies 
hanges not only in the spinplane orientation but also in the dire
tion of the waveve
tor qi
.The �eld 
ooling of the sample enables us to preparethe sample with the energeti
ally preferable domains.If the �eld during the 
ooling pro
ess was dire
ted alongone side of the triangle ( = 0, Fig. 6), domain A ispreferable. In this 
ase, �eld-
ooling the sample results8 ÆÝÒÔ, âûï. 5 (11) 1009
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Fig. 9. Data similar to those in Fig. 4 but for ZFC to T = 5 K, � = 137 MHzin an approximately 85% domain A and approximately15 % B and C. If the 
ooling �eld is dire
ted perpen-di
ular to one side of the triangle ( = 30Æ, Fig. 7), do-mains B and C are preferable. In that 
ase, the NMRsignal from the unfavorable domain is negligibly smalland the two other domains have nearly the same sizes.Interestingly, the relative part of the sample where thedire
tion of qi
 
hanges with �eld rotation at T = 4:2Khas nearly the same intensity as for the ZFC pro
edure.The parameters de�ning the domain 
onversion for FCsamples are �A(0) + �A(60Æ) + �A(120Æ) = 1:12 and�C(30Æ) + �C(90Æ) + �C(150Æ) = 0:91 for the 
ooling�eld dire
tion  = 0 (Fig. 6). For the 
ooling �elddire
tion  = 30Æ (Fig. 7), these parameters are re-spe
tively 1.24 and 0.88. Thus, the domain 
onversionduring the rotation of the stati
 �eld �0H � 4:5 T atT = 4:2 K o

urs within 4�8% of the sample.Su
h domain 
onversion is more 
learly observed athigher �elds �0H � 11:6 T > �0H
 = 5:3 T and ahigher temperature T = 20 K (see Fig. 8). For the�elds dire
ted along one side of the triangular stru
-ture, the NMR spe
tra 
an be solely identi�ed with a

single energeti
ally preferable domain with qi
 parallelto the applied �eld ( = 0, 60Æ, 120Æ, spe
tra in the leftpanels of Fig. 8). This means that at T = 20K, the �eld(approximately 11:6 T) not only rotates the spin planeof the magneti
 stru
ture but also rebuilds the domainstru
ture, su
h that only the energeti
ally preferabledomains are established in the sample, namely, the do-mains with qi
 k H. For the �elds dire
ted perpendi
-ular to one side of the triangle ( = 30Æ, 90Æ, 150Æ,spe
tra in the right panels of Fig. 8), domains A andB are more energeti
ally preferable. The ZFC spe
-tra observed at high �elds (approximately 11:6 T) andlow temperature (5 K) (Fig. 9) are qualitatively similarto ZFC spe
tra measured at low �elds (approximately4:5 T). Only the sums de�ning the domain 
onversionof the sample, �A(0) + �A(60Æ) + �A(120Æ) = 1:27 and�C(30Æ) + �C(90Æ) + �C(150Æ) = 0:5, are larger thanthose for the low �eld (1.17 and 0.88, respe
tively).The NMR spe
tra measured at the �eld dire
tedalong the 
-axis (hard axis for the n ve
tor of the stru
-ture) is 2.5 times broader than those with �elds alignedwithin the ab-plane, Fig. 10. The shape of the spe
-1010
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Fig. 10. Representative 63;65Cu NMR spe
tra at di�erent �elds (solid lines) under the ZFC 
ondition, T = 20 K. Shownare data taken with ea
h �eld swept over a narrow range at �xed frequen
ies. The x axis was adjusted su
h that ea
h panel
overs the same �eld range. The dotted line is the spe
trum 
al
ulated using Eq. (1), dot-dashed and dashed lines are the
al
ulated spe
tra 
orresponding to the in
ommensurate spiral magneti
 stru
ture with disorder in the 
 dire
tion and the
ommensurate spiral magneti
 stru
turetra depends on the �eld value. In the low-�eld range(�0H . 10 T), the shape has two horns similar to thoseobserved for �elds oriented within the ab-plane. Forhigher �elds, an additional third peak appears in themiddle of the spe
tra. The low-�eld spe
tra 
an be satisfa
torily des
ribedby the model of in
ommensurate spiral spin stru
turesimilar to the stru
ture proposed for zero �eld (Eq. (1)).The best �t at T = 20 K and �0H � 9 T is obtainedwith M1 = M2 = 2:1 �B and Æ = 20 mT (Fig. 10, the1011 8*
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hange of the NMR spe
tral shape at higher�elds indi
ates the �eld evolution of the magneti
 stru
-ture. We suggest two possible models of the high-�eldmagneti
 stru
ture. The dash-dotted line in Fig. 10shows the NMR spe
tra 
omputed using Eq. (1) withrandom phases � for stru
tures within di�erent trian-gular planes with M1 = M2 = 2:2 �B and Æ = 20 mT.This model a

ounts for the in
ommensurate spiralmagneti
 stru
ture within every ab-plane with disor-der in the 
 dire
tion. In this 
ase, the experimentalspe
tra 
an be des
ribed by the sum of the spe
tra fromthe parts of the sample with order and disorder alongthe 
 dire
tion.Another model for the three-horn spe
tra is the
ommensurate magneti
 stru
ture with the pit
h an-gle 
lose to 120Æ, in whi
h one moment looks along[00�1℄ dire
tion, i. e., opposite to the applied �eldH. The NMR spe
trum 
omputed in that 
ase withM1 =M2 = 2:7 �B and Æ = 30 mT is shown in Fig. 10with the dashed line. A transition of the spiral stru
-ture from in
ommensurate to 
ommensurate in largeenough �elds has been observed in other 
ompoundswith a triangular stru
ture [22�24℄.For both models, the values ofM1 andM2 are 
loserto the maximum value expe
ted for the 
hromium mag-neti
 moment g�BS, 
ompared to those values for theperpendi
ular orientation. It is probable that the stati
�eld applied along the 
 dire
tion suppresses the �u
tu-ating part of the magneti
 moments of Cr ions, whi
h
ould explain its large value for H k 
 
ompared to itsvalue for H ? 
.The observed �third peak� pe
uliarity possibly 
or-responds to a phase transition also seen by re
ent ele
-tri
 polarization experiments [25℄.6. CONCLUSIONSThe 63;65Cu NMR spe
tra measured at H ? [001℄
an be well des
ribed by the planar spiral magneti
stru
ture with the os
illating 
omponents of the mo-ments approximately 2.5 times smaller than those ob-tained from neutron di�ra
tion experiments [10, 15℄.Rotation of the sample in a magneti
 �eld results inthe reorientation of the spin plane a

ompanied by re-orientation of the in
ommensurate wave ve
tor of thestru
ture. This wave ve
tor follows the dire
tion of themagneti
 �eld at high enough temperature and �elds,whereas at low temperatures or low �elds, the prop-agation ve
tor is de�ned by the 
ooling history of the

sample. The results are 
onsistent with previous resultsfor ele
tri
 polarization and with ESR studies [9; 18℄.The NMR study of the magneti
 stru
ture atH k [001℄ shows that the low-�eld magneti
 stru
tureis 
onsistent with the stru
ture suggested by neutrondi�ra
tion experiments. In �elds higher than 10 T,the magneti
 stru
ture is modi�ed. The results 
anbe des
ribed by the loss of long-range ordering in the
 dire
tion, or by the transition from the in
ommen-surate to 
ommensurate stru
ture. This observationopens interesting possibilities for future experimentalinvestigations.We thank V. I. Mar
henko and V. L. Matukhin forthe stimulating dis
ussions. Yu. A. S. is grateful tothe Institute of International Edu
ation, Fulbright Pro-gram, for �nan
ial support (Grant 68435029). H. D. Z.is grateful for the support from NSF-DMR throughaward DMR-1350002. This work was supported by theRFBR, Program of Russian S
ienti�
 S
hools (Grant13-02-00637). Work at the National High Magneti
Field Laboratory is supported by the NSF Coopera-tive Agreement No.DMR-0654118, and by the State ofFlorida. REFERENCES1. H. Kawamura and S. Miyashita, J. Phys. So
. Jpn. 54,4530 (1985).2. S. E. Korshunov, J. Phys. C: Sol. St. Phys. 19, 5927(1986).3. P. W. Anderson, S
ien
e 235, 1196 (1987).4. M. L. Plumer and A. Caille, Phys. Rev. B 42, 10388(1990).5. A. V. Chubukov and D. I. Golosov, J. Phys.: Condens.Matter 3, 69 (1991).6. E. Rastelli and A. Tassi, J. Phys.: Condens. Matter 8,1811 (1996).7. S. Seki, Y. Onose, and Y. Tokura, Phys. Rev. Lett.101, 067204 (2008).8. K. Kimura, H. Nakamura, K. Ohgushi, and T. Kimura,Phys. Rev. B 78, 140401(R) (2008).9. K. Kimura, H. Nakamura, S. Kimura, M. Hagiwara,and T. Kimura, Phys. Rev. Lett. 103, 107201 (2009).10. M. Poienar, F. Damay, C. Martin, V. Hardy, A. Maig-nan, and G. Andre, Phys. Rev. B 79, 014412 (2009).1012



ÆÝÒÔ, òîì 146, âûï. 5 (11), 2014 Magneti
 stru
ture and domain 
onversion : : :11. K. Kimura, T. Otani, H. Nakamura, Y. Wakabayashi,and T. Kimura, J. Phys. So
. Jpn. 78, 113710 (2009).12. H. Kadowaki, H. Kiku
hi and Y. Ajiro, J. Phys.: Con-dens. Matter 2, 4485 (1990).13. M. Soda, K. Kimura, T. Kimura, M. Matsuura, K. Hi-rota, J. Phys. So
. Jpn. 78, 124703 (2009).14. M. Soda, K. Kimura, T. Kimura, and K. Hirota, Phys.Rev. B 81, 100406(R) (2010).15. M. Frontzek, G. Ehlers, A. Podlesnyak, H. Cao,M. Matsuda, O. Zaharko, N. Aliouane, S. Barilo,S. V. Shiryaev, J. Phys.: Condens. Matter 24, 016004(2012).16. O. Aktas, G. Quirion, T. Otani, and T. Kimura, Phys.Rev. B 88, 224104 (2013).17. V. I. Mar
henko, Zh. Eksp. Teor. Fiz. 146, � 12(2014).18. A. M. Vasiliev, L. A. Prozorova, L. E. Svistov, V. Tsur-kan, V. Dziom, A. Shuvaev, Anna Pimenov, andA. Pimenov, Phys. Rev. B 88, 144403 (2013).

19. M. Poienar, F. Damay, C. Martin, J. Robert, andS. Petit, Phys. Rev. B 81, 104411 (2010).20. T. Okuda, N. Jufuku, S. Hidaka, and N. Terada, Phys.Rev. B 72, 144403 (2005).21. A. G. Smolnikov, V. V. Oglobli
hev, A. Yu. Yakubov-sky, Yu. V. Piskunov, S. V. Verkhovskii, A. P. Gera-shenko, K. N. Mikhalev, K. Kumagai, and S. Barilo, inPro
. of the XIV International Youth S
ientifi
 S
hool,Kazan, June 20�25 (2011), p. 65.22. I. M. Vitebskii, O. A. Petrenko, S. V. Petrov, andL. A. Prozorova, JETP 76, 178 (1993).23. S. S. Sosin, L. A. Prozorova, and M. E. Zhitomisrsky,Pis'ma v Zh. Eksp. Teor. Fiz. 79, 104 (2004).24. M. Kenzelmann, G. Lawes, A. B. Harris, G. Gas-parovi
, C. Broholm, A. P. Ramirez, G. A. Jorge,M. Jaime, S. Park, Q. Huang, A. Ya. Shapiro, andL. A. Demianets, Phys. Rev. Lett. 98, 267205 (2007).25. Eundeok Mun, M. Frontzek, A. Podlesnyak, G. Ehlers,S. Barilo, S. V. Shiryaev, and Vivien S. Zapf, Phys.Rev. B 89, 054411 (2014).

1013


